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Abstract:
Understanding the wetting behaviors of droplets on grooved surfaces is indispensable
in surface science and offers promising avenues for advancing industrial processes. The
droplet spreading on grooved surfaces can be discretized into a series of individual events
that the droplet across each groove with variations in capillary forces and a subsequent
re-equilibrium. In this work, a simplified model of droplet spreading on surface with
an individual groove on both the left and right sides was utilized in order to elucidate
the fundamental mechanisms underlying contact line pinning due to the groove. We
examined the effects of the groove position and the wettability of solid surfaces. The
contact line is observed to be pinned when the grooves are strategically positioned.
However, by reducing the distance between the grooves, the contact lines can cross them.
In such instances, the spreading process can be classified into four modes: Free spreading,
impeding spreading, pinning, and depinning. The pinning and depinning phenomenon are
explained by the balance between the driving force and pinning force on the contact
line. Based on simulation results, the maximum pinning force exerted on the contact
line by a certain solid surface can be theoretically predicted. Besides, the wettability of
the solid surface also contributes to the impeding effect. This work provides theoretical
guidance for the study of wetting on grooved surfaces at the nanoscale, which is essential
for developing a comprehensive understanding of the interactions between droplets and
structured surfaces, with potential applications in optimizing industrial processes and
advancing surface science.

1. Introduction
Wetting, a fundamental concept in surface science and

fluid dynamics, refers to the interaction between a liquid
and a solid surface. This phenomenon is governed by the
balance of adhesive and cohesive forces, influencing how a
liquid spread or adhere to a given substrate (De Gennes et
al., 2004; Bonn et al., 2009). The study of wetting has garnered
considerable attention due to its ubiquitous presence in both
everyday life and industrial applications. On the nanoscale,
where the surface area to volume ratio becomes highly sig-
nificant, surface forces, molecular interactions, and quantum
effects play a dominant role (Zarzar et al., 2015; Wang et

al., 2022b; Zhang et al., 2023). Wetting at the nanoscale is
crucial in designing advanced materials with specific prop-
erties, impacting domains such as nanofluidic, oil extraction
and biomimetics (Zhao et al., 2016; Cherukupally et al., 2021;
Wang et al., 2022a). Understanding the droplet spreading on
the nanoscale allows for the tailoring of surfaces to achieve
desired functionalities, offering unprecedented opportunities
for innovation in nanotechnology.

Surface wettability is the intrinsic characteristic of a solid
that dictates its capacity to either attract or repel a liquid. This
property is influenced by multiple factors, including surface
chemistry (Zhang et al., 2015), surface roughness (Fan et
al., 2021), and surface defects (Perrin et al., 2016). The strate-
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gic control of surface structures on the nanoscale serves as a
powerful tool to achieve specific wetting behaviors (Paxson
and Varanasi, 2013; Zhao, 2014; Sarshar et al., 2019). Some
researchers have attempted to study the spreading behavior of
liquid droplets on grooved surfaces. Experimental investiga-
tions have revealed that the spreading dynamics of droplets
on a micro-grooved surface are primarily dominated by the
capillary force (Ding et al., 2022). Moreover, the wetting shape
of the droplet is linked to its base area (Yang et al., 2009).
The anisotropy wetting behaviors were observed on sinusoidal
micro-grooved surfaces, with the equilibrium contact angle
across the grooves significantly larger than that parallel to
the grooves (Qi et al., 2018). The experimental exploration
of droplet movement on surface with V-shaped grooves has
revealed a transition of droplets from an immersed state to a
suspended state with decreasing cross-sectional angles of V-
shaped grooves (Xu et al., 2016). Understanding the spreading
behavior of liquid droplets on structured surfaces has become
a topic of significant interest due to its critical applications in
fields such as microfluidics (Wang et al., 2015).

The wetting state is primarily controlled by the contact line,
a tiny liquid corner where three phases intersect, spanning only
a few atomic distances and bearing capillary forces (Gao and
McCarthy, 2007; Fan et al., 2020). The contact line plays an
important role in controlling the wetting state by determining
the equilibrium shape and spreading dynamics of the droplet.
The behavior of the contact line, whether it remains pinned,
moves, or undergoes depinning, significantly influences the
wetting dynamics. The movement and stability of the contact
line are governed by a complex interplay of adhesive and
cohesive forces, capillary forces, and viscous forces (Cai et
al., 2021, 2022; Liu and Wang, 2022). Understanding this force
balance at the contact line is crucial for unraveling wetting
phenomena such as pinning and depinning (Liu et al., 2014;
Teshima et al., 2017). Pinning occurs when the contact line
resists movement due to a delicate balance between adhesive
and capillary forces, while depinning refers to the initiation
of contact line motion. Experimental studies have focused on
characterizing the forces acting on the contact line. On pillared
surfaces, the spacing between adjacent pillars influences the
forces experienced by the contact line, wherein an increase
in this spacing leads to a proportional increment in the force
acting on the contact line (Paxson and Varanasi, 2013). The
increased wettability of the solid substrate leads to a larger
pinning force for a droplet on a chemically homogeneous
surface (Putnam et al., 2012). On surfaces featuring multiple
grooved structures, each instance of droplet spreading across
a groove represents a change and subsequent rebalancing of
forces (Yada et al., 2021). Consequently, our investigation aims
to delve into the wetting of the contact line crossing an individ-
ual groove, elucidating the fundamental principles underlying
contact line pinning and its mechanisms. Basic theories of
pinning phenomenon at the contact line are essential to the
control and applications of nanofluids on grooved surface.

In this study, the spreading and wetting behaviors of
droplets are investigated when residing on surfaces with an
individual groove on both the left and right sides of the
surface, respectively. We examined the impact of varying

distance between the left and right grooves and distinct wetting
properties of the solid-liquid interface on droplet wetting.
Molecular dynamics (MD) simulations were applied to study
the spreading process and the equilibrium state of a droplet on
surface with grooves. The contact angle and the capillary force
on the contact line were analyzed to elucidate the spreading
process of the droplet. The force balance on the contact line
determines whether the contact line continues to spread or is
pinned by the surface. This work provides theoretical guidance
for wetting on the grooved surface.

2. Methodology and simulations

2.1 Model
The model of a liquid droplet spreading on solid surfaces

with grooves were employed to highlight the effect of an
individual groove on the contact line motion. Here, the solid
substrate was constructed using a simple cubic lattice, with a
lattice constant of a0 = 0.28 nm. The dimensions of the solid
substrate were 80a0 × 13a0 × 7a0. Rectangular grooves were
symmetrically carved on both sides of the solid surface, with
a varying distance denoted as L, which was shown in Fig.
1(a). The dimensions of each groove were 3a0 × 13a0 × 3a0.
A liquid droplet was modeled containing 6,075 argon atoms
with its initial radius 5.0 nm. Periodic boundary conditions
were employed in the x and y directions leading to the droplets
taking the shape of a long columnar cap. The droplet was first
placed approximately 0.2 nm away from the substrate, then
it came into contact with the solid and spread. The change
in the center of mass of the droplet in the z direction was
monitored to determine whether the droplet had reached its
equilibrium state. Meanwhile, a comparative analysis of a
droplet spreading on a smooth surface was conducted, which
further highlighted the impeding effect on the spreading due
to the presence of a groove.

2.2 Molecular dynamics simulations
During the MD simulations, the atomic interactions were

modeled by the standard 12/6 Lennard-Jones pairwise poten-
tial. The potential energy was calculated by the following
formula:

U (ri j) = 4χABεi j

[(
σi j

ri j

)12

−
(

σi j

ri j

)6
]

(1)

where εi j characterizes the strength of interactions, σi j stands
for the effective size of particles, χAB is a varying coefficient
to adjust the magnitude of the interaction potential energy
between different atomic types, and ri j is the distance between
atoms i and j. In our simulations, σ = 0.34 nm and ε/kB = 120
K (Huang et al., 2023), where kB is the Boltzmann constant.
For liquid-liquid interactions, χLL = 1.0, while for solid-
solid interactions, χSS = 0. The solid atoms were fixed at
their original position. Values of χSL were set to 0.30, 0.35
and 0.40 for solid-liquid interactions, resulting in equilibrium
contact angles of 101.4◦, 87.3◦ and 75.0◦ for droplets on
a smooth surface, respectively. For simplicity, these surfaces
were denoted as surfaces S0.30, S0.35 and S0.40, respectively.



Huang, X., et al. Capillarity, 2024, 13(1): 1-9 3

(a) (b) (c)

x
z
y

L 

d

(a)

(d) (e)

(b) (c)

0.1 1 10
60

80

100

120

140

160

180  Smooth surface
L = 41a0

 L = 49a0

C
on

ta
ct

 a
ng

le
 (d

eg
)

 t (ns)
0.1 1 10

0.4

0.6

0.8

1.0

1.2

N
or

m
al

iz
ed

 c
on

ta
ct

 d
ia

m
et

er

 t (ns)

 Smooth surface
L = 41a0

 L = 49a0

(d)

x
z
y

L 

d

(a)

(d) (e)

(b) (c)

0.1 1 10
60

80

100

120

140

160

180  Smooth surface
L = 41a0

 L = 49a0

C
on

ta
ct

 a
ng

le
 (d

eg
)

 t (ns)
0.1 1 10

0.4

0.6

0.8

1.0

1.2

N
or

m
al

iz
ed

 c
on

ta
ct

 d
ia

m
et

er

 t (ns)

 Smooth surface
L = 41a0

 L = 49a0

(e)

Fig. 1. (a) Molecular model of a nano-droplet on a solid surface. The transparent region indicates the equilibrium shape of a
droplet residing on a smooth surface. L is the distance between the left and right grooves. d is the distance between the groove
and the equilibrium position of a contact line, (b) and (c) equilibrium states of the nano-droplet on S0.35 surface for L = 41a0
and 49a0, respectively, (d) evolution of the contact angle versus spreading time on S0.35 surface for L = 41a0 and 49a0 and
(e) evolution of the contact diameter versus spreading time on S0.35 surface for L = 41a0 and 49a0. The contact diameters are
normalized by the equilibrium value of the droplet on a smooth surface.

All the interactions were considered within a cutoff of rc = 1.8
nm.

The size of the simulation box was 22.4 nm × 3.64 nm
× 13.0 nm and the length of the simulation box in the x-
direction was long enough to prevent the interactions between
the droplet and its periodic mirror images. The line tension
effect could be neglected (Lukyanov, 2022). The simulations
were conducted in canonical ensembles with a Nose-Hoover
thermostat to control the temperature at 90 K. The time step
was set to be 1.0 fs. All MD simulations were performed using
Large-scale Atomic/Molecular Massively Parallel Simulator
(Plimpton, 1995).

2.3 Contact angle & capillary force
measurement

To calculate the contact angle θ , the time-averaged liquid
density is computed in the x-z plane. The liquid-vapor interface
was distinguished by a threshold of 0.5ρbulk, where ρbulk
was the density of bulk liquid. A layered structure of liquid
formed near the solid substrate due to solid-liquid interactions
(Ruckenstein and Berim, 2010), which should be disregarded
in advance. Subsequently, the droplet profile was determined
by fitting a circular arc to the liquid-vapor interface, excluding
the layered structure (3 layers). Finally, the contact angle was
defined by measuring the tangent of this circular arc at the
solid (Ingebrigtsen and Toxvaerd, 2007).

When analyzing the forces on the contact line, there exists

a capillary force balance proposed in our previous work (Fan
et al., 2020). Here the capillary force is defined as the attractive
force exerted on the contact line by the solid substrate (Fan et
al., 2020). We first calculated the forces exerted by the liquid
atoms on the solid atoms (Seveno et al., 2013). The solid
substrate was meshed along the x direction with a width of
a0, where each mesh grid contained a single column of solid
atoms along the x-axis. Then the tangential capillary forces
τ|| on the solid were time-averaged on each mesh grid. For
simplicity, the region of the grooves is excluded to measure
the capillary force on the contact line. We integrated τ|| along
the x direction from the center of the droplet to the positions of
the contact lines on both sides. The mean value was considered
as the capillary force FS. The time-averaged interval of both
the liquid density and the capillary force is 12×106 timesteps
(12 ns).

3. Results

3.1 The wetting behavior
After the nano-droplet came into contact with the solid, it

began spreading. During this process, both the contact angle
and the distance between two contact lines (referred to as
the contact diameter subsequently) are measured. We found
that only when the grooves were positioned at an appropriate
location, they act as physical barriers that hinder the spreading.
In other words, the constraint effect on the contact line motion
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Fig. 2. The equilibrium contact angle (θ ) of a droplet on the (a) S0.40, (b) S0.35 and (c) S0.30 surfaces. The dashed lines
represent the equilibrium contact angle of the same droplet on a smooth surface. The blue region indicates the pinning range,
the green region indicates the depinning range, and the orange region indicates where the contact lines are unaffected by the
grooves.

by the groove depends on L. In the initial stages of spreading,
there exists a driving force resulting from the unbalanced
capillary forces, γLV (cosθt − cosθ0) where γLV is the liquid-
vapor interface tension, θt is the instant contact angle and θ0
is the equilibrium contact angle on a smooth surface. This
driving force is much greater than the maximum pinning
force that a solid substrate and the groove can provide. The
instantaneous contact angle will continue to decrease, leading
to the decreasing driving force on the contact line. If the
contact line meets the groove before the decreasing driving
force becomes smaller than the pinning force provided by
the groove, it can still cross the groove, albeit with certain
constraints. On the contrary, the contact line would be pinned
at the groove because the driving force is not large enough.
The evolutions of the contact angles and the contact diameters
of two typical constrained spreading behaviors are presented
in Fig. 1(d) and Fig. 1(e) for the cases on the surface S0.35 with
L = 41a0 and 49a0, respectively, which were compared with
the spreading behaviors of the same droplet but on a smooth
solid surface.

When L = 41a0, the spreading behavior encountered con-
straints imposed by surface grooves. However, as the droplet
spread, the liquid would gradually overcome these constraints,
ultimately crossing the grooves. Initially, the contact angle
decreased rapidly while the contact diameter increased quickly
as the droplet spread on the surface. This process exhibits
no significant difference compared to the spreading on the
smooth surfaces, which is referred to as the free spreading.
Subsequently, as the contact lines approached the grooves,
the spreading behavior became more intricate. Ultimately, the
droplet reached an equilibrium state where the contact angle
and contact diameter stabilize.

In another typical spreading scenario, L= 49a0, the contact
lines are unable to cross the grooves. After the free spreading,
the contact lines were pinned at edge of the grooves. The
droplet attained an equilibrium state characterized by the
stabilized contact angle and contact diameter. The duration for
droplet spreading to reach equilibrium was shorter compared
to the first scenario. Due to differences in the strength of the
solid-liquid interface, the locations where the contact line is
pinned were different, and the intensity of the pinning effect

varies. Nevertheless, despite these differences, the spreading
process of a droplet on surfaces S0.30 and S0.40 demonstrated
a similar behavior.

To further analyze the spreading behaviors on surfaces
with grooves, the equilibrium contact angle of droplets are
calculated with varying solid-liquid interaction coefficients and
different groove spacings L, as shown in Fig. 2. In the case of
a droplet on the S0.40 surface, the variation in the equilibrium
contact angle signified the pinning-depinning transition of the
contact lines. Initially, θ remains constant when L > 71a0,
indicating that the contact lines remain unaffected because the
contact line does not meet the grooves. As L is decreasing,
the contact lines are pinned by the grooves, leading to an
increasing contact angle. If the contact line meets the groove
with a large enough driving force on it (large current contact
angle), the contact lines will cross the groove, yet the equi-
librium angle is slightly lower than that on a smooth surface.
For the case that the grooves are inside the droplet and are
far away from the contact lines (L < 45a0), the contact angle
stabilized at a value equivalent to that on a smooth surface,
signifying that the contact lines were not influenced by the
grooves. Consistent tendencies were observed in the cases of
a droplet placed on the S0.35 and S0.30 surfaces.

Additionally, it can be found that L possesses a certain
range (referred to as the pinning range) within which the
contact line remains pinned. The pinning range characterizes
the strength of the pinning effect on the contact line. As L
continuously decreases, the pinning effect intensifies until the
contact lines are able to cross the grooves. This specific range
of pinning indicates that the pinning effect has an upper limit.
Meanwhile, there exists a range of L where the contact line
is depinning (referred to as the depinning range). Here, the
contact line depinning denotes the phenomenon where the
contact angle is influenced by the presence of grooves even
after the contact lines has crossed them. The depinning ceases
when the contact angle is restored to its equilibrium value, as
observed for a droplet on a smooth surface.

By comparing the equilibrium states of droplets on surfaces
with different wettability, it can be found that the pinning
and depinning range varied with the wettability of the solid-
liquid interface. The pinning range exhibits an expansion with
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Fig. 3. The distribution of the tangential capillary force (τ||) of a droplet on different surfaces. From top to bottom, the three
rows of images correspond to the S0.40, S0.35 and S0.30 surfaces, respectively. The shaded regions indicate the positions of the
grooves. The results on some representative surfaces were presented: (a) On a smooth surface, (b) when far from the contact
line, d =−8a0, (c) when pinned by the grooves, d = 0 and (d) when inside the droplet, d = 8a0.

a decrease in the wettability of the solid-liquid interface, while
the depinning range demonstrates a reduction. The pinning
and depinning phenomenon can be understood through the
principle of minimizing interfacial energy. Grooves on the
surface result in the local minima and maxima in the interfacial
energy of the entire system. When the contact line encounters a
groove, it experiences an energy barrier. If the energy barrier is
greater than the free energy of the contact line, the contact line
is pinned there. While if the energy barrier can be overcome,
the contact line will move past the groove. In such cases,
the droplet seeks to minimize its overall interfacial energy.
This process continues until the contact line reaches another
energy barrier or the system achieves an equilibrium state
where the interfacial energy is minimized. The wettability
of the solid surface, which is determined by the solid-liquid
interaction, affects the height of the energy barriers. Surfaces
with lower wettability exhibit higher solid-liquid interfacial
energy as the liquid tends to minimize its contact with the
solid. This results in a larger energy barrier that must be
overcome for the droplet to move or spread. Consequently,
the contact line becomes more easily pinned as it encounters
substantial energy barriers when attempting to traverse surface
groove. Furthermore, on surfaces with lower wettability, even
after the contact line progresses past a groove, the elevated
interfacial energy continues to influence the contact angle.

3.2 The tangential capillary force
We also computed the tangential capillary force τ|| exerted

by the liquid on the solid atoms, as depicted in Fig. 3.

Compared with the droplet on a smooth surface (Fig. 3(a)),
the droplet on surface with grooves (Figs. 3(b)-3(d)) exhibited
a different distribution of the tangential capillary force. We
investigated the influence of the distance between the groove
and the equilibrium position of a contact line, denoted as
d. Here, d is positive when the groove is inside the droplet
and negative when the groove is outside the droplet. For the
cases that the grooves were positioned outside the droplet,
located at a considerable distance from the contact lines (Fig.
3(b)), interactions between solid and liquid atoms led to the
adsorption of liquid atoms within the grooves. Consequently,
τ|| was not zero near the grooves. The stronger the solid-
liquid interaction coefficients, the more liquid atoms were
adsorbed into the grooves. But this force peak originating from
the grooves did not affect the contact lines, namely, did not
contribute to the capillary force acting on the contact line.
When the contact lines were pinned by the grooves (Fig.3(c)),
the distribution of τ|| changed. There existed two force peaks
on each side, exhibiting consistent directions on both sides.
The outer peak was attributed to the presence of grooves,
whereas the inner peak arose from the influence of the contact
line. When the grooves were inside the contact lines (Fig.
3(d)), fluctuations were observed at the groove locations. The
liquid atoms distributed left-right symmetrically around each
groove, ensuring that the resultant force on the solid equal to
zero. The actual capillary force originating from the contact
line was manifested by the outer force peak.

The integrated tangential capillary force FS was shown in
Fig. 4. For the cases the grooves were positioned outside of the
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Fig. 4. The integrated tangential capillary force (FS) of the droplet on the (a) S0.40, (b) S0.35 and (c) S0.30 surfaces. The dashed
lines represent the equilibrium value of the same droplet on a smooth surface. The inset is the sketch of the capillary force
balance at the contact line.
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Fig. 5. The comparison between the tangential capillary force (FS) obtained from Eq. (3) and MD simulations of a droplet on
the (a) S0.40, (b) S0.35 and (c) S0.30 surfaces.

droplet, the integration of τ|| are conducted from the center of
the droplet to the positions of the contact lines on both sides.
The region of the grooves was excluded and the resulting value
FS represented the capillary force from the contact line. For
the case that the grooves were at the inside of the droplet, τ||
are directly integrated from each side. In the circumstance of
a droplet on the S0.40 surface, FS remained constant when the
grooves were positioned far from the contact lines, regardless
of whether they were positioned inside or outside the droplet.
In this scenario, the equilibrium state of the droplet remained
unaffected by the grooves, with the capillary force experienced
by the contact lines remaining consistent with that observed on
a smooth surface. With an increase in L, the equilibrium state
of the droplet became constrained by the grooves, preventing
the contact lines from crossing them. In the initial state of
pinning, the pinning effect was strongest, resulting in the
maximum contact angle and the least capillary force exerted on
the contact line. As L increases, the droplet gradually relaxed,
and FS gradually increased. Consistent tendencies were found
in the droplet on the S0.35 and S0.30 surfaces.

The variations in tangential capillary force differ from
those in the contact angles, primarily concentrating on the
contact line pinning. Once the contact lines are able to cross
across the groove, the distribution of liquid atoms on both sides
of the grooves exhibits local left-right symmetry, ensuring that
the resultant force on the grooves equal to zero. Consequently,
in such cases, the capillary force acting on the contact line is

identical to that on a smooth surface. However, changes in
contact angles reflect both pinning and depinning phenomena.
Even after the contact line crosses the groove, it remains
subject to nearby geometric constraints, leading to deviations
from the equilibrium contact angle. This constraint effect
weakens as the contact line gradually moves away from the
groove, resulting in the depinning phenomenon.

4. Discussions
Young’s equation is a fundamental tool for describing and

predicting the wetting behavior at the contact line:

γSV − γSL = γLV cosθ (2)
where γSV and γLV are the solid-vapor and liquid-vapor in-
terface tensions, respectively and θ is the equilibrium contact
angle. For the equilibrium state of a droplet, there is a capillary
force balance at the contact line (Seveno et al., 2013; Fan et
al., 2020). In the tangential direction, it can be described as
following:

FS = γLV (1+ cosθ) (3)
This explains why, when the contact line is pinned, a larger

contact angle result in a smaller capillary force. A comparative
analysis between the tangential capillary force FS obtained
from Eq. (3) and the MD results is presented in Fig. 5. In
instances where the solid surface is lyophobic, Eq. (3) reliably



Huang, X., et al. Capillarity, 2024, 13(1): 1-9 7

0.1 1 10
-5

0

5

10

15
 Smooth surface
 L = 41a0
 L = 49a0

D
riv

in
g 

fo
rc

e 
(m

N
/m

)

 t (ns)

Fig. 6. Evolution of the driving force versus spreading time
on S0.35 surface for L = 41a0 and 49a0.

predicts the tangential capillary force. However, when the solid
surface is lyophilic, Eq. (3) yields slightly different results in
predicting the pinning of the contact line. This discrepancy
arises from stronger solid-liquid interactions, leading to a
greater number of liquid atoms being adsorbed within surface
grooves, forming a quasi-prewetting layer. Under thermal agi-
tation, liquid within the grooves is able to surpasses the energy
barrier imposed by the grooves, resulting in an exchange
of liquid with that along the contact line. Consequently, the
calculated values of the capillary force tend to underestimate
the actual force.

The equilibrium state of droplet is determined by the
force balance on the contact line. Owing to the out-of-balance
surface tension force, there exists a driving force on the contact
line during droplet spreading (Blake, 2006):

Fdriving = γLV (cosθt − cosθ0) (4)
where θt is the current contact angle and θ0 is the equilibrium
contact angle on a smooth surface. This driving force mini-
mizes the energy of the droplet by adjusting the contact angle,
thereby promoting the spreading of the droplet. Meanwhile,
the solid surface applies a pinning force on the contact line,
impeding its further expansion and constraining the droplet’s
morphology. This pinning force is a reaction force of the
driving force, with a maximum limit determined by the solid
surface (White and Schmucker, 2021). The grooves on the
surface can enlarge this maximum pinning force, highlighting
the pinning phenomenon of the contact lines. These two forces
compete with each other, jointly determining the state of the
contact line.

The competition relationship between the driving force and
the pinning force has a significant effect on the motion of the
contact line during the spreading process. The evolutions of the
driving force during spreading on S0.35 surface for two typical
scenario are shown in Fig. 6. At the beginning of the spreading,
the driving force, determined by a high value of the contact
angle, significantly exceeded the pinning force. Consequently,
the droplet spread continuously on the surface. As the contact
lines approached the grooves, the pinning force provided by
the solid surface increased. In both scenarios, L = 41a0 and
49a0, the maximum pinning forces remained the same, as the
grooves on the substrate have identical dimensions, differing

only in their positions. In the case of L = 41a0, the contact
lines encountered the grooves earlier than that in the latter
case, implying that the contact lines experienced a greater
driving force. As the driving force acting on the contact line
still exceeded the maximum pinning force, the contact line
crossed the groove.

Conversely, in the case of L= 49a0, where the driving force
failed to surpass the maximum pinning force, the contact lines
became pinned by the grooves. In such instance, although the
driving force retained a relatively high value owing to surface
tension, it was balanced by the pinning force, resulting in
the phenomenon of contact line pinning. In other word, the
pinning force on the contact line should be the same as the
driving force, when the contact line is fixed.

For a droplet spreading on a surface, its initial volume is
predetermined. Thus, by strategically designing the distance L
between two grooves, the contact angle of the droplet can be
controlled when it encounters the grooves, thereby determining
the equilibrium state of the droplet. Specifically, when the
droplet encounters the grooves with a sufficiently large contact
angle, the contact line overcomes the energy barrier imposed
by the grooves under the effect of driving force, and the contact
line succeed to cross them. However, if the contact angle is
insufficient to generate enough driving force to overcome the
energy barrier, the droplet becomes pinned by the grooves.
Therefore, whether the droplet is pinned or not depends on its
volume and the designed distance L.

Fig. 2 shows the range of L values and the corresponding
contact angles for which the droplet can be pinned by the
grooves. Applying Eq. (4), we can obtain the driving forces
acting on the contact line, which reflects the values of the
pinning force. Previous research revealed that the pinning
force provided by the solid surface is a self-mediated force to
maintain the balance on the contact line (Huang et al., 2023).
This explain why the pinning force is not a constant but varies
depending on the pinning state.

What matters is the maximum pinning force that the solid
surface can provide. Here, the grooves on the solid surface are
applied to strengthen this maximum pinning force. The value
of the maximum pinning force depends on the wettability of
the solid surface. The stronger the solid-liquid interaction, the
more easily the liquid spreads and flows on the solid surface,
reducing the effectiveness of surface microstructures in pin-
ning the liquid. Consequently, the maximum pinning force that
the solid can provide decreases. On the other hand, stronger
wettability reduces the contact angle hysteresis, resulting in a
smaller pinning force. We can predict the maximum pinning
force by analyzing the moment right before the contact line
cross the groove. Since the droplet is pinned, which means
that the pinning force should be equal to the driving force on
the contact line. We can thus measure the contact angle at this
moment and using Eq. (4) to obtain the maximum pinning
force. This provides us an approach to compute the pinning
force using the force balance on the contact line when the
contact line is pinned.
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5. Conclusion
In this work, the spreading dynamics and the equilibrium

states of a droplet are investigated on surfaces featuring
individual grooves positioned on both the left and right sides.
We examined the influence of varying distances between the
left and right grooves and the distinct wetting properties of the
solid-liquid interface. Our observations reveal that strategically
positioned grooves can lead to the pinning of the contact line.
However, reducing the distance between the grooves enables
the contact lines to cross them. In such instances, the spreading
process can be categorized into four modes: Free spreading,
impeding spreading, pinning, and depinning. Additionally, it
can be found that the wettability of the solid surface also
contributes to the pinning effect. Specifically, the stronger the
wettability of the solid surface, the weaker the ability of the
contact line pinning.

This study also revealed the distributions of the tangential
capillary force experienced by the contact line on the surface
with grooves. The Young’s equation on the contact line has
been verified at such case. The pinning and depinning phe-
nomenon are explained by the balance between the driving
force and pinning force on the contact line. The driving force
and the pinning force jointly determine the state of the contact
line. The primary cause of continuous spreading is when the
driving force surpasses the maximum pinning force provided
by the surface. If not, then the contact line will be pinned
on the solid surface. Based on simulation results, it provides
a method to theoretically predict the maximum pinning force
exerted on the contact line by a certain solid surface. This
work provides theoretical insights for wetting on the grooved
surface.
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