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Understanding the role of pinning force in droplet dynamic wetting is of critical importance for surface
science studies. Generally, the pinning force is only related to the surface tension and the change of contact
angle. However, there is an obvious correlation between the pinning force and the surface geometry. In this
paper, the relation between the surface geometry and contact line pinning was studied with systematical
experiments and theoretical analysis. We compared the samples with different edge angles and carried out
plenty experiments with different liquids. Meanwhile, the theoretical analysis and molecular simulation
were carried out. The results show that the sharp edge has a strong pinning effect on the contact line and
can significantly change the contact angle and wetting state of droplets. Themaximumcontact angle of dro-
plethas a linear relationwith the edgeangle of substrate. The formulaofpinning forcewas revised to consider
the impact of surface topography. According to the relationship between surface defect and contact line, we
proposed a model to classify the cases of contact line pinning for the first time. Our research will deepen the
understanding of contact line pinning and provide help for potentially industrial production designs.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction Natural solid surfaces or artificial surfaces [15,16] are rough gener-
Droplet wetting on a solid surface is ubiquitous, and it is applied
in numerous fields, e.g., super-hydrophobic surfaces [1–3], printing
[4], self-cleaning surfaces [5,6], water harvesting [7,8], heat
exchangers [9–11], self-assembly [12,13] and microfluidics [14].
ally, and the liquid spreading on these surfaces is often affected by
the surface defects. During the droplet spreading, when the contact
line encounters these defects, the contact line will be pinned. The
force that prevents the contact line from moving is called the pin-
ning force [17,18]. On specifically designed surfaces, the pinning
force enables the ability to control droplet movement [19], particle
self-assembly [13] and various deposit patterns formation [20–22].
Hindered by pillars of solid surfaces, a receding contact line exhi-
bits the shape of a logarithmic function [23], and the contact line
depends on the defect microstructure. The elastic restoring force
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follows Hooke’s law and is dependent on the properties of the fluid
and contact angle on the underlying surface [24].

For a droplet on a solid surface, its wetting state is controlled by
liquid-vapor and solid-vapor surface tension, and the liquid-solid
interface tension [25,26]. On rough surfaces, wetting is not only
affected by surface tension, but surface imperfections also play an
important role in droplet spreading. This is due to the pinning of
moving contact line by the surface defects [23]. The pinning force
is crucial in changing the droplet’s wetting state [18,27,28]. It usu-
ally originates from the roughness of the surface and expressed as:

Fp ¼ clv cosh� cosheð Þ ð1Þ
whereclv is the liquid-vapor surface tension, h is the real-time contact
angle, he is the equilibrium contact angle (ECA). In this formula, the
pinning force is only related to the changes of surface tension and
contact angle, and the influence of surface geometry on the pinning
force is not considered. Mason et al. mentioned that the sharp edge
significantly hinders the movement of contact line and curved
smooth surfaces have better wetting and dewetting properties than
surfaceswith sharp edges [29]. Hensel et al. compared the hydropho-
bic properties of surfaces coveredby tinymushroomandserif T struc-
tures and the results indicated the decisive role of the sectional
profile of overhanging structures to form a robust heterogeneous
wetting state for low-surface-tension liquids that enables the omni-
phobicity [30]. De Wijs et al. employed a modified Wilhelmy plate
testing technique andmeasured the force for meniscus shape transi-
tions over edge geometries under quasi-static conditions. Moreover,
wetting effects directly linked to surface defects can be detected
qualitatively [31]. All these studies show that the pinning of the con-
tact line shows obvious geometric dependence [29–34]. As a further
illustration, as depicted in Fig. 1, a diglycol droplet is deposited on a
Polydimethylsiloxane (PDMS) solid block with four edge angles
(EAs) of 60�, 80�, 90� and90�, respectively. The ECAof diglycol droplet
is 70 ± 3� and the advancing contact angle (ACA) is 80 ± 3�. The max-
imumcontact angle (MCA)of the droplet exceeds 150�. This also indi-
cates that the sharp edge has a strong pinning effect on the
movement of moving contact line can significantly alter the wetting
Fig. 1. The process of a droplet collapsing from a trapezoidal substrate with different EA
90�, left side EA is 60�. A droplet is deposited on the trapezoidal substrate. (b) ACA is
increases. (e) The contact angle approaches 180�. (f) The droplet collapses over the side
state of the droplets. This phenomenon can be seen everywhere in
daily life, such as the process of watering flowers, etc. Despite the
numerous examples in life and lots of research has been done on this,
how the droplet wetting state changes with the sharp edge and how
the pinning force is related to geometric factors has not been well
solved. Pinning force originates from surface defect or discontinuity
of surface properties, even for the weak nanoscale defects can be
the source of a plethora of hysteretical phenomena [35,36]. The stud-
ies carried out byWang et al. [35] and Giacomello et al. [36] revealed
that thepinning force originates fromananoscopic effects. Chan et al.
[37] reported the fast dynamics of a three phase contact line moving
over surface nanobubbles, polymeric droplets, and hydrophobic par-
ticles, and found the fast receding and pinning-depinning processes
for polymeric droplets and solid particles, respectively. Fetzer et al.
[38] studied the advancing and recedingwater contact angles on tai-
lored rough surfaces, and found the asymmetries in terms of contact
angle values and the shape of the contact area. They attributed these
discrepancies to the contact line curvature and different pinning
forces, which reflecting the surface geometry. Kalinin et al. [39] indi-
cated that the microscale topography of a solid surface affects the
apparent advancing and receding angles at the contact line of a liquid
drop pinned to this surface. Perrin et al. [40] also points out that the
defects even at the atomic scale affect the contact line motion. So,
how the sharp edges of different edge angles affect the wetting pro-
cess at atomic scale? Defects of different densities will lead to differ-
ent contact line shapes and hence different pinning strength [41].
Whether can we classify the situation of the contact line pinning
according to the defect density?

In this paper, we carried out a detailed experimental study com-
paring the effects of different angular sharp edge on the wetting
process of liquid. The relation between the droplet wetting state
and the edge geometry angle was given. The expression formula
of pinning force was revised. The high energy barrier for liquid
molecules to cross the sharp edge was observed from themolecular
point of view. In addition, the cases of contact line pinning were
classified into three models according the relation of defects and
contact line. Our research may deepen the understanding of the
s. From (a) to (e), the volume of droplet increases. (a) The front EA of PDMS block is
�80�. (c, d) The droplet contact line approaches the substrate edge as the volume
where the EA is equal to 90�. Insert: the illustration of the EAs of the substrate.



Fig. 2. The schematic diagram of PDMS trapezoidal substrate and the schematic
diagram of measurement setup.
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pinning effect in droplet wetting, and contribute to the design of
super lyophobic or droplet movement-controlling surfaces, etc. in
the future [3,13,19].

2. Materials and methods

2.1. Materials

The substrates used in experiments are made of PDMS (Sylgard
184, Dow Corning). The solid blocks of PDMS are fabricated in two
steps: (i) Mixing PDMS with resin and a curing agent (Dow Chem-
ical Co.) at a ratio of 10:1 by mass. The PDMS is then made into sev-
eral small cuboids, 0.5 � 2 � 5 cm3 in size, and solidified at 80 �C for
4 h; (ii) Cutting the cuboids into trapezoids, with different EAs on
each of the four faces. The elastic modulus of the PDMS used in this
paper is larger than 3 MPa [42]. The true advancing and receding
contact angle can be calculated with the following formulas [43]:

ha � ha
�
þ6csinha

bE
ð2Þ

hr � hr
�
þ6csinhr

bE
ð3Þ

where ha, hr , ha
�
and hr

�
are the observed advancing, recending contact

angle on soft substrates, and the true advancing, receding contact
angle on polymers without the surface deformation, respectively.
c, E and b are the surface tension of liquid, elastic modulus and a
typical length scale of micron order that remained unspecified.

According to the equations above, we can get that ha � ha
�

and

hr � hr
�
. Therefore, the influence of substrate softness on contact

angle can be neglected.
In our experiments, silicone oil, diglycol and deionized water

(DI water) are employed. The properties of these liquids are listed
in Table 1. The droplets of DI water and diglycol partially wets the
substrate with an ECA of �110 ± 3� and �75 ± 3�, respectively. The
droplet of silicone oil totally wets the substrate surface.

The droplet contact angle is captured by a contact angle mea-
surement system (OCA 20, Dataphysics). The volume of the droplet
during the experiments is controlled by the injection system of the
OCA 20. We control the injection velocity to ensure the stable
growth of the droplet. The schematic diagrams of PDMS trape-
zoidal substrate and measurement setup are shown in Fig. 2.

2.2. Schematic diagram of edge effect

The interaction of droplet and substrate edge contains the cases
that adroplet spreadsuphill anddownhill (Fig. 3).During thedroplet
spreading, the sharp edge will exert an additional force Fa on the
contact line. In the downhill spreading, the additional force acting
as pinning force Fp points to the reverse direction of droplet spread-
ing. Therefore, the additional force prevents the droplet from
spreading (Fig. 3a and b). At the moving contact line, the force bal-
ance is expressed as csl þ Fp � csv � clvcosh ¼ 0, where clv, csl and
csv are the surface tension of liquid-vapor, solid-liquid and solid-
vapor, respectively. In Fig. 3, h is the real-time contact angle of dro-
plet, andu is the EA of substrate. In another case, the additional force
will draw the droplet uphill, and contribute to the droplet spreading.
Table 1
The properties of liquids used in experiments.

Liquid (298 K) Surface tension
(mN/m)

Density
(g/cm3)

Viscosity
(mPa s)

Silicone oil 20.9 0.963 50.0
Diglycol 42.1 1.118 30.0
DI water 72.0 1.000 0.895
Ethanol 21.97 0.789 1.074
The additional force acts as an attraction and the forces balance as
csl � Fa � csv � clvcosh ¼ 0 (Fig. 3c and d). Here, we mainly focus
on the case where droplet spreads downhill, i.e., the case that the
pinning force prevents the droplet from spreading. Droplets stay
on the solid surface in two states: (I) the droplet stays totally on
the horizontal surface, (II) the droplet crosses the substrate edge
and some liquid occupies the slope side (Fig. 3e). In different cases,
the force balance at the contact line varies. In Case I, csl and csv work
along the horizontal surface, and clv works along the droplet surface.
In Case II, csl and csv work along the slope surface (Fig. 3f). In Fig. 3g,
the diagrams of ECA, ACA andMCA are also given. As the contact line
approaches the substrate edge, the droplet maintains the ACA until
the contact line reaches the edge, and after that, the droplet contact
angle changes from the ACA to theMCA before the droplet collapses
from the horizontal surface to the slope surface [30,44].

In droplet wetting, two dimensionless numbers must be consid-
ered, the Capillary number and the Bond number, which represent
the competition between viscosity and surface tension, gravity and
surface tension, respectively. The Capillary number is defined as
Ca ¼ lv=c, and the Bond number is defined as Bo ¼ qgr2=c, where
l, v , q, g, r are viscosity, velocity of droplet movement, density,
gravitational acceleration and droplet radius, respectively. The cap-
illary numbers are of Ca � 10�4 � � � 10�3 � 1 for the liquids used in
experiments, and the effect of liquid viscosity on droplet contact
angle can be ignored. In the experiments, as the liquid is injected
into the droplet, the Bond number becomes larger. However, the
droplets will retain their constant ACAs as the Bond number
increases [45,46]. Therefore, we can regard the effect of gravity
on the experimental results to be small.
3. Theoretically analysis

The contact line is usually pinnedwhen itmeets an edgewith the
spreading of a droplet on a rough surface. The pinning force arises as
the contact angle increases. In previous works [18,27,28], the pin-
ning force can be expressed by Eq. (1). When the contact line is
pinned by the edge on horizontal surface, the pinning force as the
contact angle changes from ACA to MCA can be expressed as:

Fp ¼ clv cosha � coshMð Þ ð4Þ

where ha is the ACA, and hM is theMCA.When the droplet overcomes
the barrier, the contact line will pass over the sharp edge, and the



Fig. 4. The theoretical analysis MCA and energy barrier versus EA. (a) Variation of
the MCA against different EAs. The MCA increases linearly with EA before reaching
180�. (b) The variation of energy barriers with EA. The energy barrier increases as
the EA increases. When the edge angle is fixed, the energy barrier increases with
ACA for different liquids.

Fig. 3. Droplet spreading on a solid trapezoidal substrate. (a) The droplet spreads downhill. (b) The stress analysis at the edge of the substrate. The pinning force prevents the
droplet from spreading. (c) The droplet spreads uphill. (d) The stress analysis on an uphill substrate and the edge contributes to the spreading. (e) The two states that a droplet
crosses the substrate edge. The molecular schematic diagram also shows the difference. (f) The analysis of the forces at the contact line. Case I: The pinning force acts along
the horizontal plane. Case II: The pinning force points to the direction of slope plane. (g) The diagram of ECA, ACA and MCA.
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contact angle between the droplet and the inclined surface will
become hM � u. The contact angle changes from hM to hM � u. Since
the displacement of the contact line is assumed to be infinitesimally
small, only from the horizontal plane across the edge to the inclined
plane, it can be assumed that the contact line does not move. The
change of free energy is only related to the change of gas-liquid
interface contact angle, i.e DE = clv[cos(hM � u) � coshM]dA. Thus,
the force related to the released energy per unit length is:

Fs ¼ clv cos hM �uð Þ � coshM½ � ð5Þ
The pinning force before the droplet crosses the sharp edge is

the same as the force needed to cross the overcome the energy bar-
rier, namely:

Fp ¼ Fs ð6Þ
Thus, we can get the relationship between the contact angle and

the EA:

cosha � coshM ¼ cos hM �uð Þ � coshM ð7Þ
namely:

cosha ¼ cos hM �uð Þ ð8Þ
The relation can then be expressed as:

hM ¼ ha þu ð9Þ
or

hM ¼ he þuþ 1
2
hh ð10Þ

where hh is the contact angle hysteresis. hM is not larger than180�. For
differentmaterials, the slope of hMwith respect tou is different. Here,
we introduce a parameter 1 to show this difference. So the pinning
force of contact angle changing from ECA to MCA is expressed as:

F ¼ clv coshe � cos ha þ 1uð Þ½ � ð11Þ
where 1 is the slope of contact angle with edge angle, and it
depends on the properties of materials. The energy released as
the contact line travels from the horizontal surface to the slope sur-
face can be expressed as:

DE ¼ clv cos hM �uð Þ � coshM½ �dA ð12Þ
where dA is the area of the increased droplet-solid interface. The
contact line was pinned at the solid edge, and the energy increases
as the droplet volume increases. The contact line moves from the
horizontal surface to the slope surface when droplet collapses.
Fig. 4 shows the theoretical results of the variation of the MCA
and the energy barrier with EA.
4. Results and discussions

4.1. Theoretical analysis of the MCA with varying EAs

Fig. 4 shows the theoretical prediction of the MCA versus the
EA. The theoretical analysis shows that MCA varies with EA linearly
(Fig. 4a). For substrates with different EAs, the variation between
the MCA and EA follows the same law. We assume that the contact
angle is no larger than 180�. In Fig. 4(b), the free energy difference
(FED) before and after the contact line crosses the edge is shown
theoretically. The theoretical analysis of free energy shows that
FED is related to the EA by a cosine function. For most liquids, as
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the EA increases, FED increases. When the EA is fixed, the FED is
different for different liquids.
4.2. The collapse of droplet and the MCA that the substrate can support

When a droplet is placed on an infinitely smooth surface, the
droplet will continue to advance forward with a constant ACA as
the liquid continues to be injected into the droplet. However, when
the droplet is placed on a bounded substrate, the contact line of the
droplet will be pinned by the edge when the contact line meets the
edge. And the spreading of droplet will be impeded. As the contact
line is pinned, the droplet will have a contact angle greater than
the ACA with the continuous injection of liquid. Fig. 5 shows the
edge effect on the wetting state of droplets (also see Movies S1,
S2 and S3). In Fig. 5(a) and (b), as the droplet grows, it maintains
a constant contact angle on the infinite surface, and presents an
increasing contact angle on the trapezoidal finite boundary sub-
strate. For different liquids, the droplets obey the same rule. On
these trapezoidal substrates, different liquids will have different
MCAs, and this is due to the properties of liquids and substrates.
Movie S1.

Movie S2.

Movie S3.
Here, the droplet of diglycol is used to illustrate this. As shown
in Fig. 6(a), the ECA of the droplet is 75 ± 3� (high), the ACA is
80 ± 3� and the receding contact angle is 70 ± 3�. The contact angle
hysteresis is �10�. For illustration, we compare two cases of trape-
zoidal substrates with the obtuse (Fig. 6b) and acute angles
(Fig. 6c) on the right side, respectively. The EAs of the two sub-
strates are u = 90 ± 3�, 110 ± 3� (Fig. 6b) and u = 90 ± 3�, 60 ± 3�
(Fig. 6c), respectively. When the liquid is continuously injected
into the droplet, the contact angle of the droplet becomes larger
and larger. As the droplet grows, the contact angle reaches 180�
(Fig. 6b and c; middle). When the volume of the droplet exceeds
the critical value, the droplet collapses from the side of the EA
u = 90 ± 3� (Fig. 6b) and u = 60 ± 3� (Fig. 6c), respectively. This phe-
nomenon occurs for all the liquids used in experiments. In Fig. 6
(d), the profile details of droplets near the substrate edge is shown.
As the droplet becomes larger, the profile gradually flattens. The
contact angle approaches 180� as the contact angle changes from
hV1 to hV3.
4.3. The relation between MCA and substrate EA

In Fig. 7, we compared the growth and collapse of droplets on
substrates with different EAs. In Fig. 7(a), the EAs of these sub-
strates are 46 ± 3�, 68 ± 3� and 77 ± 3�, respectively. From the left
to the right, the figure shows the process of droplet dropping and
spreading successively, including: droplet dropping on the surface
of the substrate, droplet spreading with ACA, contact line being
pinned, and droplet collapses from horizontal surface after over-
coming the pinning force. On these three substrates, the MCAs
are 82 ± 3�, 95 ± 3� and 103 ± 3�, respectively (Movie S4). The
cases of alcohol droplet are shown in Movie S5. This is also
reflected in Fig. 7(b). In Fig. 7(b), we can see that the MCA follows
a linear relationship with EA. The same trend holds true for the
different liquids used in the experiment. The experimental results
are consistent with the theoretical analysis (Fig. 4a). From the
experimental results, we also find that the MCA of DI water dro-
plets can reach 180� with a relatively small EA. And for diethy-
lene glycol droplet, it needs a larger EA, and silicone oil droplet
needs an even larger EA. For different liquids, when the EA is
fixed, the droplet of higher surface tension will have a larger
MCA (Movie S6). When the droplet drops on a smooth and flat
surface, namely, the EA is zero, the MCA of the droplet is equal
to the ACA. For DI water, diglycol and silicone oil droplets on
PDMS substrate, their ACAs are 118 ± 3�, 80 ± 3� and 20 ± 3�,
respectively. And the ECAs of these droplets are 108 ± 3�, 75 ± 3�
and 0 ± 3�, respectively.
Movie S4.



Movie S5.

Movie S6.

Movie S7.
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Fig. 8 illustrates the collapse process of a droplet (Movie S7).
Initially, the droplet becomes larger as liquid is continuously
injected, and the contact angle increases from the ACA to the
MCA. Then, when the contact angle exceeds the MCA, the droplet
breaks out from the substrate horizontal surface. And some of liq-
uid, which is originally pinned at the edge, slips to the slope sur-
face. Finally, as the liquids lapse from the horizontal surface, the
droplet volume begins to diminish and the contact angle returns
to ACA from MCA (Fig. 8a). During this process, the lapsed liquids
propagate along the slope surface with a contact angle of ACA. As
the liquid lapses continuously, the droplet returns to its initial
state where the contact angle is the ACA. The maximum droplet
volume that the substrate supports is fixed. In Fig. 8(b), the varia-
Fig. 5. The collapse of droplets on a solid surface with different EAs. (a) The comparison
The droplet remains a consistent contact angle during the droplet growth on the i
collapses from the trapezoidal substrate. The MCA is 180� (Movie S1). (b) The case of a dig
(Movie S2).
tion of the droplet contact angle corresponding to Fig. 8(a) is
shown. From the experimental data, we can see that the contact
angle of a droplet increases initially as the droplet grows, from
the ACA to the MCA. After reaching the MCA, the contact angle
drops from the MCA to the ACA as the droplet begins to collapse
from the substrate. With the continuous injection of liquid into
the droplet, the next cycle of contact angle variation begins.
4.4. Molecular dynamics simulation of the energy barrier

Molecular dynamics simulation is adopted to study the energy
barrier of one water molecule crossing the substrate edge. The
EAs adopted in these simulations are 18.4�, 26.6�, 45.0�, 63.4�,
90�, 116.6� and 135.0�, respectively. The Lennard-Jones (L-J) poten-
tial energy, water molecule and substrate made of Au atoms are
employed in the simulations. The radius of Au atom is 134 pm,
and the surface tension is around 1798 mN/m. Molecular dynamics
simulation is carried out in LAMMPS, and the potential energy is
the Lennard-Jones (LJ) potential energy:

Eij ¼ 4eij
rij

rij

� �12

� rij

rij

� �6
" #

ð13Þ

where eij is the depth of the potential well, rij is the zerocrossing
distance for the potential, rij is the distance between the two atoms.
of a growing droplet of DI water on an infinite substrate and a trapezoidal substrate.
nfinite substrate. And the contact angle continues to increase until the droplet
lycol droplet on different substrates. The result is similar to that of DI water droplet



Fig. 6. Droplet contact angles and the collapse from substrate. (a) Diglycol droplet
on PDMS surface. he is of 74 ± 3� (upper), ha is 80 ± 3� (middle) and hr (receding
contact angle) is 70 ± 3� (lower). (b) Diglycol droplets on PDMS substrate, with u
being 110 ± 3�. The droplet collapses from the left side of the substrate while the
left EA is less than the right EA. (c) Diglycol droplets on PDMS substrate with u
being 60 ± 3�. As the droplet grows, it collapses from the right side of the substrate.
(d) The micro view of the pinned section of droplet. As the droplet volume
increases, the profile near the contact line flattens, as illustrated by the yellow
dashed line. The contact angle approaches 180� from hV1 to hV3.

Fig. 7. The relation between MCA and EA. (a) Silicone oil droplet with substrates
EA: u = 46 ± 3�, 68 ± 3�, 77 ± 3�, respectively. The MCAs on these substrates are
82 ± 3�, 95 ± 3� and 103 ± 3�, respectively. The pictures, from left to right, depict the
droplets states from growth to collapse. (b) The experimental data comparing the
MCA against the EA. The MCA changes with the EA in a linear relationship. This
agrees with the theoretical analysis.

Fig. 8. The variation of contact angle during the process of droplet collapse. (a) The
illustration of growth and collapse process of a diglycol droplet on trapezoidal
substrate. When the droplet size exceeds the critical volume, the contact line begins
to cross the sharp edge, and the front-end liquid spreads to the inclined plane with a
contact angle of ACA. This process stops after the contact angle of droplet changes
from MCA to ACA. (b) The change of droplet contact angle with time. The injection
rate of liquid is 0.025 ll/s. The contact angle increases initially from the ACA to the
MCA and then drops to ACA as the droplet collapses. The contact angle starts the
next cycle with the continuous injected liquid. The range of the contact angle
increases as the EA increases (Movie S7). Insert: the MCAs of droplets on different
substrates with different EAs.
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The simulation results are shown in Fig. 9. In the simulation, the
molecule starts at a distance of 30 Å from the substrate edge, and
the distance traveled is denoted as D. Fig. 9(a) shows some samples
used in the simulation.
Fig. 9(b) shows how the potential energy changes as the mole-
cules move. At the initial distance of 20 Å, the molecular potential
energy is almost constant and then increases rapidly as the mole-
cule gets closer to the edge. When the molecule crosses the edge,
i.e. when D is 30 Å, the potential energy reaches its maximum.
After that, the potential energy decreases rapidly, and then reverts
to the initial value as it moves horizontally (Fig. 9b). From the
result, we can see that the sharp edge makes the molecular poten-
tial energy increase rapidly. To cross the edge, molecules have to
overcome very high energy barriers. For substrates with different
EAs, the movement of liquid molecule on the surface shows similar
behavior.

The potential energy decreases for most samples with a small
EA between D = 10 Å and D = 20 Å. The potential energy of water
molecule on these samples decreases before 20 Å and increases
as D continues to increase. For most samples that had a large EA,
the potential energy plateaus as the water molecular transitions
from 10 Å to 20 Å (Fig. 9c). In the process of molecular motion,
the energy barrier that molecule needs to overcome increases with
the increase of EA. This indicates that with increasing EA, it is more
difficult for droplet molecules to cross the edge. As a result, the
droplets have a larger MCA. The relation between maximum
potential energy and EA follows a cosine function, which is consis-
tent with the theoretical analysis results (Fig. 9d).



Fig. 9. Molecular dynamics of water molecules passing through sharp edges of substrates. (a) Some samples adopted in the simulation. (b) The variation of potential energy of
water molecule on the substrate of different EAs. (c) The change in potential energy between 10 Å and 20 Å. (d) Simulation and theoretical results of the maximum potential
energy of water molecules on the substrates of different EAs, with dots representing simulation results and dotted lines representing theoretical results, respectively.
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4.5. Discussions

The analysis presented above is rather generic. For surfaces
with blunt imperfections, droplets can pass through them rela-
tively easily. In this case, the moving contact line wraps around
the relatively blunt defects, and the droplet can easily overcome
these obstacles and continue to spread. In this case, surface tension
plays a leading role in droplet spreading. In some cases, for exam-
ple, arrays of micro-pillars surfaces, these defects can even speed
up the spreading of droplets. This mainly comes down to the fol-
lowing reasons: (i) the attraction between the liquid and the pillars
as the droplet approaches these pillars, (ii) the capillary forces
formed between the micro-pillars and the substrate surface during
droplet spreading [27,47]. We classify these situations as ‘‘Contact
line Wraps Defects (CWD)”. On the other hand, as shown in the
experimental results above, the droplet spreading is hindered by
the circular connection edge, and the contact line is strongly
pinned (Figs. 5 and 7). In this case, the pinning force plays a leading
role in the droplet spreading. And the edge can be regarded as a
defect of connectivity, which prevents the propagation of liquids
significantly. We classify this case as ‘‘Defects Wrap Liquids
(DWC).” A state between these two cases is also possible. For
example, on the surface of arrays of micro-pillars, the degree to
which contact lines are pinned depends on the density of micro-
pillars [48–50]. This case was classified as ‘‘Mixed Pinning”. On
the surfaces of plenty of natural and industrial products (e.g., micro
channels [51], leaves of plants [52–54] and feather of birds [55]),
the second and third states are most common. In these cases, the
contact line is difficult to cross the defects, leading to the direc-
tional spreading of the droplet along the grooves on channeled sur-
faces [5], or the immersion of liquids on super-hydrophobic
surfaces.

The pinning effect originating from sharp boundaries also pro-
vides an effective method for obtaining a fixed volume droplet.
As shown in Fig. 8, the droplet size that can be supported for a par-
ticular substrate is constant. When the volume of the droplet
exceeds the threshold, the droplet will collapse from the substrate.
We can also see this phenomenon via the variation of the contact
angle as the volume increases, which is shown in Fig. 9(b). As the
droplet grows, the contact angle increases. When the contact angle
reaches the maximum, the droplet collapses and the contact angle
returns to the initial value. Then, as the liquid continues to be
injected into the droplet, the variation of the contact angle recom-
mences. Hence, for a given substrate, liquid and a fixed EA, the dro-
plet size supported by the substrate is fixed.
5. Conclusions

In this paper, we prepared the PDMS substrates of different EAs,
and carried out the experiments with different liquids whose sur-
face tension changing from large to small. Meanwhile, we carried
out relevant theoretical analysis and molecular simulation. The
results indicated that the sharp edges have a significant influence
on the droplet wetting and dewetting process, which is consistent
with the previous results [29–34]. Moreover, our experimental
results found that even the totally wetting liquids can have a large
contact angle due to the pinning of solid edge, and for more liquids
with higher surface tension they can get an apparent contact angle
of 180� on substrates with proper EAs. And this result provides a
theoretical basis for the preparation of superhydrophobic surfaces.
Experimental and simulation results showed that the sharper the
edge, the more firmly the droplet contact line is pinned, and the
larger the MCA. The MCA of droplet has a linear relation with EA.
Meanwhile, for the first time, we proposed a classification model
of pinning effects according to the defects density. The model
may cover all cases of droplet contact line pinning. Moving contact
line pinning is of great significance for droplet control and
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self-assembly. A large number of studies have been conducted on
the close relationship between surface and geometrical morphol-
ogy of defects, and the establishment of geometrical dependence
of pinning force is of great research and application value.
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