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Abstract:

Spontaneous droplet movement has gained increased interest in many applications, includ-
ing microfluidics and microfabrication. This study focuses on the numerical investigation of
driving mechanisms of spontaneous droplet motion. The numerical model using the phase-
field method was validated by available experimental data. In this study, a heterogeneous
wettability condition is implemented to reproduce contact angle hysteresis for the accurate
prediction of spontaneous droplet dynamics. Through analysing the capillary pressure
within the droplet, the driving mechanism is identified as being governed by the pressure
difference between the two interfaces which depends on channel configuration, wettability,
and contact angle hysteresis. The impact of channel deformability was further studied,
revealing that channel deformability leads to significant changes in velocity or even
reversed droplet movement direction. This study provides a novel numerical framework
for controllable spontaneous droplet movement in flexible channels.

1. Introduction

Controlled droplet movement has attracted significant at-

structures (Feng et al., 2021; Yang et al., 2024). A sponta-
neous movement requires no external energy input and offers
potential for a wide range of technological applications.

tention in many technological applications, e.g., microfluidics
(Squires et al., 2005), hairy coating (Wang et al., 2015),
microchemical reactions (Li et al., 2020a, 2020b), and textile
products (Wang et al., 2020; Guan et al., 2021). Bio-inspired
droplet transports have gained increased interest, particularly
the spontaneous droplet transport, including the self-removal
of water from legs of water-striders (Wang et al., 2015),
gravity-opposing feeding process of shorebirds facilitated by
their beak geometry (Prakash et al., 2008), and transport of
liquid on the leaves and shoots of some plants by surface
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These capillary-driven droplet movements can be cate-
gorised into two types depending on the deformability of the
solid structure. For a non-deformable structure, or fixed solid
boundary, spontaneous liquid movement has been achieved in
wedge-shaped (Reyssat, 2014) or on conical (Lv et al., 2014)
geometry. The second scenario is where the solid structure may
deform under the capillary interaction of the droplet, which
subsequently facilitates the droplet motion. Examples include
durotaxis where the deformation is attributed to stiffness gra-
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Fig. 1. Droplet model setup: (a) The fluid (blue) is placed
between the non-parallel channels with an opening angle
a, (b) magnified schematic showing the dimension of the
droplet between the channels, and (c) details of phase-field
model at liquid-gas contact line and applied contact angle
waveform function on the wall boundary. The alternating
yellow and green strips on the solid surface indicate the region
with receding and advancing contact angles, respectively. The
interface thickness for the phase-field model is indicated by €.

dients (Style et al., 2013), tensotaxis during which the defor-
mation is induced by strain gradients (Bueno et al., 2017),
and bendotaxis where deformable parallel channels drive the
droplet to the free end (Bradley et al., 2019). Recently, Zhong
et al. (2025) experimentally investigated the spontaneous
droplet movement involving solid-liquid interaction. Extending
from bendotaxis, the droplet movement between a pair of
nonparallel flexible channels was examined, highlighting that
the droplet movement direction can be controlled by carefully
tuning the channel inclination angle, contact angle, and bend-
ability.

One of the remaining challenges is to understand the
role of Contact Angle Hysteresis (CAH) during spontaneous
droplet movement (Bradley et al., 2019; Zhong et al., 2025).
CAH is the difference in the contact angles between the
advancing (liquid-invading-vapor, 6,) and the receding (vapor-
invading-liquid, 6,) fronts of a moving droplet. It originates
from surface chemical heterogeneity, roughness, deformation,
and adaptation of the solid surface to a fluid during their
interaction, etc (Butt et al., 2022), and therefore CAH cannot
be avoided in most situations (McCarthy et al., 2019). For

theoretical works, CAH is usually neglected for simplicity,
typically leading to the overestimation of the droplet motion
(Lvetal., 2014). As CAH is an inherent physical phenomenon,
it is essential to incorporate CAH to precisely predict the
droplet transport behaviour (Shi et al., 2018).

Recently, many researchers have attempted to reproduce
CAH by investigating the effects of surface heterogeneity
on droplet dynamics with acceptable accuracy (Snoeijer et
al., 2013) . Experimental and numerical works have shown that
chemically patterned surfaces can successfully produce desired
CAH effects (Kusumaatmaja and Yeomans, 2007; Varagnolo et
al., 2014). Luo et al. (2017) modelled topologically rough sur-
faces, used to investigate CAH by simulating droplet spread-
ing, verified by numerical simulations. Inspired by these prior
approaches, this study adopts a similar static heterogeneous
waveform boundary condition as it is computationally efficient
while sufficiently captures CAH effects.

This study investigates the effects of CAH and solid
deformability on spontaneous droplet transport between a pair
of deformable nonparallel channels. To fully understand the
coupled effects of deformability and CAH, a numerical model
implementing the phase-field method (Jacqmin, 1999) with a
contact angle boundary condition generated using waveform
function was developed (Kusumaatmaja and Yeomans, 2007;
Varagnolo et al., 2014). The model was firstly calibrated
and validated against the experimental work by Prakash et
al. (2008) and then applied to investigate the effects of solid
deformability. This study provides a numerical framework for
further understanding of influences of channel configuration,
CAH, and channel flexibility on spontaneous droplet motion,
with potential applications to microfluidics and biomedical
devices.

2. Methodology

A 2D numerical model was developed in COMSOL Mul-
tiphysics® 6.1. The model closely replicates the experimental
setup described in Prakash et al. (2008), as illustrated in
Fig. 1. A rectangular computational domain contains a non-
parallel channel with an opening angle ¢, in which a droplet
is placed, as shown in Fig. 1(a). The channel consists of a
liquid droplet of length d (Fig. 1(b)) placed between two
solid substrates that are symmetrical about the horizontal axis.
The origin, (x,y) = (0,0), is defined on the symmetry axis,
at the narrow and fixed end. The substrates are linear elastic
materials and with the length, [, and the thickness, b, is purely
elastic denoted by Young’s modulus, E, and Poisson’s ratio v.
Given the symmetrical geometric dimension of the liquid, the
gravitational force is ignored.

2.1 Governing equations

The phase-field method is adopted to capture the dynamics
of droplet movement (Jacqmin, 1999; Yue et al., 2004; Suo et
al., 2024), which couples the Stokes equations with the Cahn-
Hillard equations, establishing the relationship between the
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pressure p, velocity v, and the phase-field variable ¢ € [—1,1]
representing the fluid fraction, where ¢ = 1 and —1 are for
the pure liquid and the gas phases, respectively. The gas-liquid
interface is at ¢ = 0. The mass conservation, scalar transport,
and momentum balance are formulated in order:

v-v=0 (1)
%—‘p+v-v¢=Mv2G )

t
—Vp+u(9)Vv+Gv9=0 3)

where ¢ is time, M is the mobility parameter, G/ ¢ the
interfacial force, u the viscosity of the mixed fluid, and G
the bulk chemical potential:

G=o[-*9+(9*—1)¢/e°] @)
where € characterizes the interface thickness (Fig. 1(c)), while
o represents the mixing energy density, which is linked to
the surface tension through the relation o = 2v2w/(3¢). It
is assumed that (@) conforms to an arithmetic mean of the
liquid (;) and gas (U,) viscosities:

wo) =20 0y, 5)

Such a definition gives a smooth viscosity transition be-
tween the two phases. The present study adopts the steady-
state Navier-Stokes equations without the convection term,
consistent with the phase-field-based modelling framework
described by Wang et al. (2019). This simplification is par-
ticularly appropriate for interfacial two-phase flows under
low Reynolds number conditions, where viscous and capillary
effects dominate, and inertia is negligible. More details of the
phase field model can be referred to (Jacqmin, 1999).

Macroscopic length scales in the Cahn-Hilliard model
play a crucial role in capillary-dominated flows, and it is
important to select appropriate model parameters (Suo et
al., 2024). Particularly, the assumed interface thickness € is
an influencing factor of the bulk chemical potential G. The
interfacial diffusion length [; of G was introduced by Yue et
al. (2004) and defined as l; = /M U,, where U, is the effective
viscosity of the two phases, defined as U, = /[ [, and the
artificial parameter M serves as the diffusion coefficient. To
select appropriate values for M and I;, the slip length I
derived from microscopic contact line motion provides a useful
framework for modelling macroscopic hydrodynamics away
from the contact line (Cox, 1986; Eggers, 2005). Jacqmin et
al. (2000) first proposed the relation between /; and I;, which
was later refined by Yue and Feng (2011). They suggested
the criterion [y = 2.5/;, which was further validated by Gao et
al. (2019).

Liquid-vapour interfaces are generally at the nanoscale,
which makes smaller interface thickness (€) values preferable,
as they can more accurately represent physical phenomena by
reducing artificial energy dissipation and better approximating
a sharp interface. However, decreasing the interface thick-
ness requires finer mesh and smaller time steps to maintain
numerical stability, significantly increasing the computational

cost. Hence, the selection of &, characterised by the Cahn
number C, = €/H (H is the average channel height), should
balance accuracy and computational efficiency. To ensure
reliable results, € should be chosen such that the numerical
solution reaches the sharp-interface limit, beyond which fur-
ther reduction has a negligible effect on the results, indicating
the independence on C, (Suo et al., 2024). Previous studies
have suggested several selection criteria. Gao et al. (2019)
and Peng et al. (2021) suggested that C, < 0.025 ensures
numerical convergence, while Yue et al. (2010) recommended
that C, < 4S, where S = I;/H is the relative slip length.
For problems with a characteristic capillary length on the
order of Imm, the corresponding C, and S are on the order
of 107>, which poses computational challenge for the phase
field method (Suo et al.,, 2024). In this study, C, = 0.01
and S = 0.004 is adopted (Suo et al.,, 2024), resulting in
Iy = 0.01H, which is appropriate for capturing geometric
effects on interfacial dynamics with reasonable computational
effort. Therefore, in this study, € = 1.6 x 107° m.

2.2 Meshing and boundary conditions

Triangular meshing is applied to the entire fluid domain,
while a quadratic mesh is used for the solid substrates.
Additionally, to avoid meshing issues that arise from sharp
corners or severe mesh distortion, geometric smoothing is
applied in the fluid domain between the solid substrates.
The model employs linear shape functions for fluid flow and
quadratic shape functions for solid mechanics problems, en-
suring accuracy in fluid-structure interactions. Outlet boundary
conditions were applied to the left and right boundaries, while
wall boundary conditions were applied to the top and the
bottom boundaries. Fixed boundary conditions are assigned
to the ends of substrates at the narrow opening, illustrated in
Fig. 1(a).

2.3 CAH

To consider CAH effects in this numerical study, a spatially
heterogeneous wetting condition was implemented using a
square waveform function along the solid substrate to define
the local contact angle 6(x). Each period contains an advanc-
ing and receding contact angle segment, as shown in Fig. 1(c),
representing microscale surface heterogeneity. This method
has been widely used (Kusumaatmaja and Yeomans, 2007;
Varagnolo et al., 2014) for its efficiency in replicating CAH
effects in phase-field simulations. The variation of the contact
angle along the substrate can be expressed as:

A
0,=6,+A0, if x mod Ah<7h
0(x) = (6)

A
6, =6,— A0, if x mod AhzTh

where A0 represents the magnitude of the CAH, and 6,
corresponds to the equilibrium contact angle.

It should be noted that the chosen wavelength can affect
the droplet motion and may lead to undesired nonphysical
behaviours if not properly defined. To avoid artificial pinning,
the size of the microscale surface heterogeneity should be
much smaller than the radius of curvature of the contact line
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Fig. 2. Droplet motion for calibrating CAH value, with 25° as
the equilibrium contact angle and hysteresis values 6, of 0°,
2°, 3°, 4° and 6°, and a channel opening o of 1.9° (i.e., o
from Prakash et al. (2008).

(Butt et al., 2022), and larger than the interfacial thickness to
provide prescribed CAH. Based on this assumption, a criterion
for implementing the CAH boundary condition was proposed
as such:

d>Ah>¢ )
where d is the initial droplet length, representing the char-
acteristic length scale of the droplet. This criterion helps
reduce numerical errors in the boundary condition equations
by averaging the influence of local heterogeneity introduced
through the waveform function.

2.4 Model parameters and calibration

The problem setup is based on the experiments conducted
by Prakash et al. (2008), the results of which are also used for
model parameter calibration and validation. Several parameters
were adopted directly from the original experimental specifi-
cations as follows. The solid substrates have a length / of 20
mm, thickness b of 0.15 mm. The working fluid is silicone oil
with dynamic viscosity 1 =0.01 Pa s, the ambient fluid is air
with the dynamic viscosity 7 = 1.81 x 107> Pa s, and surface
tension coefficient y of the interface is 0.02 N/m (silicone
oil in air at ambient conditions). The configuration featured
three predefined values for the opening angle o, ¢ = 1.9,
o =2.8, az =4.2. The droplet volume based on their results
was approximately 1 pL and the equilibrium contact angle was
measured to be around 25°. Since the CAH was not explicitly
reported, the following section presents a calibration process
to acquire a reasonable A6.

Simulations were conducted to determine the most suitable
CAH value, in order to recreate the experiment by Prakash et
al. (2008) in simulation. Model setup remains identical to the
experiment except for a changing A8 value, increasing from
0° to 6°. The implemented CAH is validated by simulating

a droplet on a tilting plane. Fig. 2 shows the displacement
of the droplet centre (Ax) of the silicone oil droplet with
time. The CAH effects have been demonstrated among these
cases, showing a decreasing average moving speed with an
increasing CAH effect. The case illustrated by solid line
AB = 4° in Fig. 2 is best matched with the experimental
movement of the droplet. There are two temporary stagnant
stages observed in the numerical model, which are also likely
in the experiments if the time intervals are sufficiently small in
the observation. The average moving speed, i.e., the slope of
the droplet displacement curves, is the key factor determining
the goodness of predictions. Therefore, a CAH A0 =4° is
adopted for all subsequent simulations.

3. Results and discussions

3.1 Validation results

Fig. 3 compares the computed results from the calibrated
model with the experimental data on the opening angle re-
ported by Prakash et al. (2008). It should be noted that the
centre of the droplet is tracked for representing the droplet
motion instead of its trailing edge as in the original experi-
ments, since this treatment separates the droplet motion and
spreading, in particular for later results on deformable chan-
nels. In general, the numerical model using the implemented
CAH can well capture the trend of droplet movement over
time for three different opening angles. Simulation results
and experimental data shows especially good agreement at
large opening angle (i.e., 03), with a R-squared value of 0.93.
However, discrepancies are more pronounced in the other two
values of o, with a lowest R-squared value of 0.74 between
the computed and experimental results. This can be attributed
to two possible reasons: 1) Uncertainty in droplet volume. The
droplet volume used in the experimental study is around 1 uL.
Achieving precise volume control at this scale is challenging,
and even a small volume residual in the micropipette tip can
introduce errors. 2) Surface roughness. The experimental study
used stainless steel polished with diamond slurry for droplet
transport, and the reached surface roughness may still contain
uncertainty in CAH in different cases. As the opening angle
decreases (i.e., the capillary pressure gradient weakens, to be
discussed in the next section), the increased adhesion due to
roughness can hinder droplet movement (Imani et al., 2023).
Consequently, compared to idealised conditions in simulations,
the droplet moves relatively slower in experiments. Overall,
numerical simulations present reasonable alignment with the
experimental data, proving the capability of predicting the
capillary-driven droplet movement accounting for the CAH.

3.2 Effects of opening angle and CAH

As discussed in the calibration and validation sections, the
channel opening angle and hysteresis value play important
roles in the spontaneous motion of the droplet. To further
investigate the underlying mechanism, this section proposed a
simplified mathematical model for explanation. The schematic
of the system is illustrated in Fig. 1(b). Subscripts “-” and “+”
are used to differentiate the left and right gas-liquid interfaces
of the droplet at a given time, respectively. 6; is the contact



8 Chen, D., et al. Capillarity, 2025, 15(1): 4-11

R? =0.74 R? =10.86
a, = 2.8° a; =1.9°
@
R?=0.93 ®
8 az = 4.2° o °
[} %) °
] @
~ 6 ° °
g ° ° o
£ . .
3 ®
g, °
® @
2 °® @®  Experiment
e = Simulation
[
0,
0 0.25 0.5 0.75 1 1.25 1.5
t(s)

Fig. 3. Comparison of experimental and simulation results for
different opening angles, oy = 1.9°, ap =2.8°, a3 =4.2° , and
the contact angles 6 = 25° +4°.

angle of the corresponding interface, H; is the channel height
from y = 0 at interface 7, and x; is the x coordinate.

Here, the capillary pressure contribution is dominated by
the out-of-plane curvature, which is much greater than that of
the in-plane curvature. Thus, the curved in-plane contact line
can be ignored, simplifying the model to this 2D assumption
of the (x,y) plane of the slender channels. The well-known
Young-Laplace equation is used to describe the capillary pres-
sure across the air-oil interface. Hence, the capillary pressure
p;i at the two menisci can be written as:

p o= ;Tf cos (6 - %) ®)
Py = ;Ti/cos (6+ + %) )

where H; is calculated using H; = xitan%. Thus, Hy = H_ +
d- tan% . The net pressure across the droplet can be expressed
as:

_ g _ & 9, L&
P 2)+COS(++22,> (10)

H_ H_+d~tan2

This equation explains the influence of the opening angle.
When « increases, the channel becomes more diverging.
The capillary pressure at the left interface increases due to
changes in curvature, whereas for the right interface, capillary
pressure decreases. Simultaneously, the difference in the radii
of curvature between the two interfaces also increases, further
decreasing the driving capillary pressure for the right inter-
face. Consequently, the capillary pressure across the droplet
expressed in Eq. (10) shows that as channel opening increases,
capillary pressure at the left interface becomes more dominant,
which drives the droplet towards the apex.

When assuming that the droplet is in motion towards the
narrow end, which is commonly observed in this study, 6_
is the advancing contact angle and 6, is the receding con-
tact angle. Incorporating the CAH in the driving mechanism

expression gives:

Ap—y —cos (6. + 20— %) cos(@e—AG—&;%) an
H_ H_-i-d'tal‘l?

The above equation considers the effect of contact angle
0, and the CAH A6 on the curvature of the interfaces.
As expressed in Eq. (11), increasing contact angle and the
hysteresis effect leads to decreased pressure difference and
impeded contact line motion. Heterogeneous surface feature
is a major contribution factor to CAH. In this numerical
model, the applied heterogeneous boundary condition slows
down the contact line motion, simulating such hysteresis
effects. The mathematical equation developed here provides
analytical insight into the simulation and experimental trends,
complementing the quantitative comparison shown in Figs. 2
and 3 and help to reveal the physical mechanism underlying
the trends.

3.3 Effects of solid deformability

Previous sections primarily focused on investigating
droplet motion within fixed channels (i.e., £ — Infinity).
As demonstrated in recent experiments, structural deformabil-
ity can introduce additional complexity to droplet dynamics
(Zhong et al., 2025). In this study, the material is assumed
to be linear elastic and isotropic and is subjected to uniaxial
loading, conditions under which Young’s modulus reliably
characterises its stiffness. Moreover, the substrate is modelled
as a cantilever beam deformed by the capillary force, with
its bending behaviour governed by 1/(EI) where I depends
on the substrate thickness. In this framework, variations in £
have equivalent effects to changes in substrate thickness on
bendability, thereby justifying the use of Young’s modulus as
an effective descriptor of the solid deformability.

As the Young’s modulus of the channels decreases beyond
a certain threshold, the capillary force can deform the channel
sufficiently such that channel becomes converging or diverging
depending on the combination of the wettability condition and
channel flexibility. As shown in Fig. 4(a), the free ends initially
move toward the centreline, indicating that channel converges
and the degree of deformation increases with solid flexibil-
ity. Interestingly, the channel exhibits a gradual restoration
afterward, except the extremely soft channels (i.e., E = 0.7
GPa). This is attributed to the deformation induced by the
droplet motion, keeping the opening angle in a diverging
configuration. In these cases, the pressure gradient as described
by Eq. (11) continues to drive the droplet toward the fixed end,
as illustrated in Case (ii) in Fig. 4(c). Simultaneously, the force
application point shifts toward the fixed end, which shortens
the effective lever arm and results in reduced deflection. While
for the extremely soft case, the capillary force is strong enough
to deform the channels from a diverging shape to a converging
shape, as in Case (iii) in Fig. 4(c). Hence, for sufficiently large
deformation due to small E, the free ends become even nar-
rower than the left fixed end, resulting in opposite movement
direction for the droplet. Such a phenomenon, where there is
an interplay between solid deformation and droplet motion,
can be observed in some biological systems. For example,
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Fig. 4. Effect of channel deformability: (a) The free-end vertical displacement of the solid substrate versus time, (b) droplet
centre displacement versus time and (c) contour plots of velocity magnitude for Cases (i), (ii) and (iii) shown in (a). (Channels

left ends are fixed and right ends are free.)

Wang et al. (2015) observed that in water striders, the setac on
the leg are repeatedly tapered by the generation and movement
of water droplets.

The channel deformation can further affect the droplet
motion, as presented in Fig. 4(b). As the Young’s modulus
increases except the extremely soft channels (i.e., £ = 0.7
GPa), the droplet motion towards the fixed end is slowed, as
shown in Cases (i) and (ii) in Fig. 4(c). This occurs due to the
pressure gradient driving the droplet decrease as the channel
becomes more converging. This observation aligns with the
theoretical model proposed in Section 3.2. A particularly
interesting case arises when E = 0.7 GPa. The extremely soft

channels are significantly deformed by the capillary force,
eventually shifting the channel from diverging to converging,
as shown in Case (iii) in Fig. 4(c). Once the effective opening
angle o becomes negative, the pressure gradient reverses,
driving the droplet towards the free ends. These findings
demonstrate that by manipulating influencing factors such as
structural flexibility (by controlling the material stiffness and
plate thickness), the droplet movement can be tuneable, which
has also been reported by Zhong et al. (2025).

The investigation in this work is centred on hydrophilic
surfaces, as in Prakash et al. (2008). The cases explored
in this paper are limited to the given wettability conditions.
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Recent experimental work (Zhong et al., 2025) presented a
combined effect from the interplay between wettability and
deformability conditions. Further studies using this numerical
framework can cover a wider range of wettability conditions
(e.g., the combination of equivalent and hysteretic contact
angles) exploring ranges exceeding experiments, enabling ac-
curate predictions of droplet motion in deformable channels
of arbitrary geometry and providing access to the internal
dynamics within moving droplets.

4. Conclusions

In this study, a numerical framework for modelling the dy-
namics of spontaneous droplet motion in flexible channels was
implemented. The focus is the interplay between deformable
solid substrates and liquid interfaces incorporating the CAH
effects. Key findings are as listed:

1) The numerical model based on the phase field method
for describing the liquid-gas interface and fluid-structure
interaction for considering the solid deformation is pro-
posed and shows the capability for solving the class of
problems related to capillary interactions in deformable
structures.

2) A specific boundary condition was developed to consider
the CAH. It was validated by comparing with the existing
experimental results. A proper consideration of CAH pro-
vides reliable numerical predictions, benchmarking to the
experimental results. The absence of such consideration
can lead to significant error.

3) Channel flexibility significantly influences droplet be-
haviour both in terms of moving velocity and direc-
tion. As the flexibility of channel decreases, the channel
configuration changes and hence the capillary pressure
gradient, as the driving force for the motion. At suffi-
ciently low deformability, the droplet motion can even
be reversed in moving direction, thereby enabling the
tuneable spontaneous droplet movement.

These findings enhance the understanding of the fluid-solid
interactions by incorporating the effects of CAH using a wave-
form boundary condition. The results reveal the fundamental
mechanisms governing spontaneous droplet transport, partic-
ularly highlighting the interplay between structural flexibility,
wettability, and channel configuration. By clarifying the role
of these factors, this study contributes valuable guidelines for
precise control and tuning of droplet motion, with applications
in designing the self-cleaning surfaces.
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