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patterned, hybrid surfaces. In this paper, the pseudo-line ten-
sion is incorporated into a formally developed slip boundary
model to capture CAH dynamics on flat surfaces with nano-
scale topological and/or chemical heterogeneity. The inclined
plate method is used to measure the advancing and receding
angles as well as the critical roll-off conditions. Continuum
simulations have been tested for four droplet sizes ranging
from 4 to 30 µL on a flat polytetrafluoroethylene (PTFE) sub-
strates. Numerical results have been compared with experi-
ments, and good agreements have been found.

Experimental setup
In this study, we examine a water droplet sitting on a horizontal
or inclined flat surface at room temperature. The droplet vol-
umes used in this study are 4, 10, 20, and 30 µL, and are depos-
ited and measured using a manual syringe. An experimental
system was built for the sliding-angle measurement, which con-
sisted of a rotation stage sub-system and an image capturing
sub-system as shown in Supplementary Fig. S1. The dynamic
images of droplets were captured using a high speed camera.

The PTFE substrate was used after being cleansed in an ultra-
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The unbalanced Young’s stress will be nonzero only when
σts goes beyond the two bounds in Eq. (9)

if sts , (gSLVkgs)r,
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critical roll-off angle in the simulation are found the same as in
the experiment.

To validate whether the advancing and receding stresses in
Fig. 2(b) are the unique stress pair, more stress pairs are tested
in simulations, and two of them are shown in Fig. 2(c),
(γSLVκgs)a = 5 mN/m, (γSLVκgs)r = −80 mN/m, and in Fig. 2
(d), (γSLVκgs)a = 50 mN/m, (γSLVκgs)r = −10 mN/m. These
two in Figs. 2(c) and 2(d) are two extreme conditions: (i) het-
erogeneity of strong adhesion on the receding site in Fig. 2(c)
and (ii) heterogeneity of strong adhesion on the advancing
site in Fig. 2(d). Both cases yield droplet contours far away

from the experiment, and both droplets do not roll off the plate
at the tilting angle of 49.2°. Especially, we note that when
(γSLVκgs)a−(γ
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deviate it from the experimental shape. Thus, we conclude that
the values of 12 and −33 mN/m are the unique pair for the case
of a 20 µL water droplet on this specific PTFE plate.

Figure 3 presents the three-dimensional contours and top
view of the contact line for the same cases in Fig. 2. The results
demonstrate the advantage and capability of our numerical sim-
ulations, as these details cannot be easily captured in experi-
ments because of light scattering. Note that with different
stress pairs, the contact line contour differs in length, but has
almost the same width.

A 30 µL droplet on a tilted plate
A 30 µL droplet has a much smaller critical roll-off angle than
the 20 µL droplet presented in the previous subsection, because
the droplet weight increases. The average critical roll-off angle
is 22.6° for 30 µL, and thus, the experimental case, whose crit-
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mN/m, −10 mN/m), (3 mN/m, −80 mN/m), and (50 mN/m,
−5 mN/m). Although (14 mN/m, −10 mN/m) is not far from
to the correct stress pair, its contour plotted in red clearly devi-
ates from the experimental shape. Supplementary Figure S7
presents the three-dimensional view of the droplet contours at
(10 mN/m, −14 mN/m), (3 mN/m, −80 mN/m), and (50 mN/
m, −5 mN/m) and their top view of the contact lines.

Equilibrium, advancing and receding contact
angles
The experimental and simulation results of contact angles
are presented in Supplementary Fig. S8. Error bars are shown
for experimental data, while our simulations do not have an
obvious error, since the continuum model itself is a determin-
istic system. The hysteresis in the experiments of 4, 10, 20,
and 30 µL droplets are 16.7°, 29.3°, 32.3°, and 21.7°, respec-
tively. Our simulation results agree well with the experiments,
and most numerical contact angles fall into the experimental
ranges, except for the advancing contact angle in the 20 µL
case, whose value is just slightly below the lower bound. In
addition, a water droplet on a copper substrate has been studied
experimentally and numerically in this paper. Experimental and
simulation results of 4, 10, 20, and 30 µL water droplets are pre-
sented in Sect. 8 of the Supplementary Material. Our simulation
results match well with the experiments.

Discussions on pseudo-line tensions
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between the droplet and the plate. The pillared pattern is used
only to illustrate the randomly distributed, nanoscale roughness
on the PTFE plate. Because the roughness size is in the nano-
scale, the wetting condition shall be in the Wenzel state. The
illustration shows that the 20 µL case has more liquid–solid
contact areas than the 30 µL case, and as a result, the 20 µL
case will have a larger receding stress.

Concluding remarks
A N–S-type slip boundary model for the contact line dynamics
has been developed in our previous work.[12] In this paper, our
model is extended to capture CAH using the advancing and
receding pseudo-line tensions, which represent either or both
the topological and chemical heterogeneity in the nanoscale
on a solid surface. Based on the pseudo-line tensions, the
advancing and receding pseudo-line stresses are calibrated
using the tilting plate method through comparisons between
simulations and experiments. Four droplet volumes from 4 to
30 µL have been rigorously experimented and simulated.
Good agreements have been found between simulations and
experiments for all the contact angles and critical roll-off
angles. Moreover, this study reveals that pseudo-line tension
is not a material property, but a mode coefficient. The pseudo-
line tension varies at the advancing and receding modes, drop-
let sizes, and tilting angles. Future studies are needed to
develop a constitutive relation between pseudo-line tension
and the interacting mode. The new model developed in this
paper can be utilized to model a liquid droplet interacting
with hierarchical surfaces, in which the microscale roughness
is modeled as the domain boundary and nanoscale roughness
is modeled using pseudo-line tensions.

Supplementary material
The supplementary material for this article can be found at
https://doi.org/10.1557/mrc.2019.92.
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