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• Current  work  studies  the  effect  of
macroscale  chemical  heterogeneities
on triple  line.

• Triple  line  shape  and  kinetics  are
studied,  especially  the  nature  of  pin-
ning.

• The  triple  line  shape  is shown  to
depend  on the  geometry  of  the chem-
ical heterogeneity.

• The  interfacial  energy  is  shown  to
reach a maximum  value  in  the pinned
state.

• The  system  energy  shows  a gradient
descent phase  prior  to the sudden
jump due to de-pinning.
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a  b  s  t r  a  c  t

Wetting  of smooth,  chemically  heterogeneous  surfaces  was  studied  experimentally  and  computationally
during  the  advancing  and  receding  processes.  The  motion  of  the  triple  line  is  known  to  play  an  impor-
tant  role  in  determining  the  macroscopic  contact  angle  due  to its  ability  to  be pinned  at  various  defect
locations  on  real surfaces.  This  effect  is known  to cause  contact  angle  hysteresis.  The  shape  of  the  triple
line  during  these  pinning/de-pinning  events  on various  chemically  heterogeneous  surfaces  was  captured
using  an  experimental  and  a  computational  technique.  The  experimental  study  employed  a Modified
Wilhelmy  Plate  Technique.  The  novelty  in the  current  experimental  setup  lies  in its  ability  to capture  the
microscopic  triple  line  shape  and  its  evolution  in  addition  to measuring  the local  contact  angles,  which
were  both  studied.  The  triple  line  shape  was  observed  to be very  sensitive  to  minor  imperfections  of  the
substrate.  In  addition,  Surface  Evolver  was  used  to study  the triple  line  shape  computationally.  Evolver
was  used  to solve  the  complete  three-dimensional  problem  by  minimization  of  the  total  energy  taking
into  consideration,  both  gravity  and  contact  angle  hysteresis.  The  studies  showed  that  the  temporal  evo-
lution of the  triple  line  was significantly  different  during  the  advancing  and  receding  processes  based  on
the  nature  of the  chemical  heterogeneity.  The  results  from  the  current  work  could  be  used  in the  design
and  fabrication  of  chemically  heterogeneous  surfaces  for desired  wetting  applications.
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1. Introduction

Wetting of chemically heterogeneous surfaces, fabricated from
two or more component materials with different wetting proper-
ties, has a wide range of practical applications [1]. For example,
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such composite surfaces can be engineered with the objective of
employing surface energy forces originating from the hydropho-
bic/hydrophilic interactions, to control the motion of the liquid [2].
In most instances, however, the component materials, themselves,
are not entirely defect free and could therefore exhibit intrinsic con-
tact angle hysteresis, apart from the hysteresis originating due to
the heterogeneity.

A fundamental property that characterizes wettability of a
material is the contact angle, �, which a sessile drop manifests on
the solid substrate. However, this macroscopic contact angle mea-
surement is observed to vastly vary with the triple line structure.1

In fact, for a real surface, it is not possible to identify a unique con-
tact angle for the sessile drop, as it varies locally around the triple
line [3]. The triple line is subject to local energy minima in the wet-
ting process, owing to which it is likely to be pinned at various
chemical and/or topological defects on the real surface [4–7]. This
phenomenon is believed to be one of the causes of contact angle
hysteresis [8]. Thus, a study of the triple line shape and its tempo-
ral evolution is important to understand contact angle hysteresis
on real surfaces as first pointed out by Shanahan [9]. For example,
triple line pinning and de-pinning events in the case of evaporat-
ing sessile drops has been shown to affect the rate of evaporation
[10,11].

The experimental studies of the wetting/de-wetting of liquid
on a solid surface are broadly performed by either sessile drop
spreading on a flat surface or by plunging/withdrawing a substrate
into/from a liquid [12]. The studies using a sessile drop capture
the two-dimensional shape of the drop and measure the contact
angle therein [13]. The traditional Wilhelmy technique, on the other
hand, is used to measure the forces acting on the plate, in order to
calculate the contact angle exhibited by the liquid meniscus on the
solid surface [14]. Both these approaches are consistent as far as
the measurement of the macroscopic contact angles [15] are con-
cerned but fail to capture the local triple line behavior. For instance,
in the sessile drop method, the triple line is curved and is difficult
to image. Most of the recent research in understanding the triple
line motion was performed either numerically or computationally
with very little validation against experiments [16–18]. The current
effort involves the use of a novel experimental setup to experi-
mentally capture the local triple line behavior and compare to the
results from a computational study.

The current experimental apparatus uses the setup of the tradi-
tional Wilhelmy plate [19], with two major modifications. Firstly,
the substrate is inserted/withdrawn into/from the liquid bath at an
angle and secondly, it includes the capability to capture the triple
line along the width of the surface. The triple line is captured both
during the insertion and withdrawal of the surface from a water
bath at very low speeds. This yields the shape of the triple line dur-
ing both the advancing and receding states. In this process, it is
ensured that the liquid meniscus is allowed to reach equilibrium at
each time instant; therefore, the process is quasistatic. The average
contact angle is measured using the height to which the free sur-
face rises/drops above the liquid meniscus surface. Thus the current
experimental technique, which is referred to as the modified Wil-
helmy plate technique is able to capture the microscopic triple line
shape in addition to the local and average contact angles during the
same experimental run, thus providing a more complete picture of
the wetting process useful for validating computational studies.

The computational study on wetting was performed by employ-
ing the Surface Evolver (SE) [20], an interactive program for the
study of surfaces shaped by surface tension, and gravity. The user
specifies an initial surface, the constraints that the surface should

1 The triple line in this context is the set of points where the solid, liquid and vapor
phases meet.

Fig. 1. (a) Schematic of a modified Wilhelmy plate apparatus. (b) Shape of the
meniscus for a hydrophobic surface submerged in a water bath.

satisfy throughout the evolution, and an energy function that
depends on the surface. SE then modifies the surface, subject to the
given constraints, so as to minimize the energy. This minimization
of energy is performed through a gradient descent method.

The strength of SE that makes it applicable to a breadth of
problems lies in its capability to handle arbitrary topology, vol-
ume  constraints, boundary constraints, boundary contact angles,
prescribed mean curvature, crystalline integrands, gravity, and
constraints expressed as surface integrals [21]. For this reason, SE
proved to be a good tool for capturing the triple line shapes and their
temporal evolution in the current computational study of chemi-
cally heterogeneous surfaces. However, being a gradient descent
algorithm devised to operate on the energy landscape, there is no
natural source of directional information. Directionality is impor-
tant to handling contact angle hysteresis, as the advancing and
receding angles are states, which are only accessible from specific
directions. If this information can be coupled into SE, it is likely
to become a tool with significantly expanded capabilities, espe-
cially in the realm of modeling wetting of real surfaces. Recently,
Santos and White [22,23] and Prabhala et al. [24] have indepen-
dently demonstrated a methodology by which the Dussan [25] and
Hocking [26] model for contact angle hysteresis can be coupled
into SE. This approach allows for the directional information to be
incorporated into SE. The mathematical description is briefly pre-
sented in the Computational method section hereunder. The results
from exercising this model on a wide range of model chemical het-
erogeneity surfaces are presented and discussed. We also present
experimental measurements of the triple line shape and contact
angles for the same cases. Finally, the experimental and computa-
tional results are compared and discussed. It must be mentioned
that the surfaces under study are smooth but chemically heteroge-
neous. But the arguments presented herein could also be extended
to triple line pinning due to topological heterogeneities.

2. Methods and materials

2.1. Experimental method

The experimental set up (see Fig. 1) consists of a substrate
oriented at angle,  ̨ (60◦, in this case) with respect to the liquid
interface. The specimen under study was cleaned thoroughly and
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