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ABSTRACT

Surface tension driven droplet transport in an open surface is increasingly becoming popular for various microfluidic applications. In this
work, efficient transport of a glycerin droplet on an open wettability gradient surface with controlled wettability and confinement is numeri-
cally investigated. Nondimensional track width w∗ (ratio of the width of the wettability gradient track w and the initial droplet diameter d0)
of a wettability gradient track laid on a superhydrophobic background represents wettability confinement. A lower value of w∗ represents
higher wettability confinement. Droplet behavior changes for different wettability confinements and gradients of the track. It is found that
droplet velocity is a function of the wettability confinement and the gradient; droplet transport velocity is maximum for w∗ = 0.8. Higher
confinement (w∗ < 0.8) leads to a significant reduction in droplet velocity. Droplet transport characteristics on hydrophilic–superhydrophilic,
hydrophobic–superhydrophilic, and superhydrophobic–superhydrophilic tracks are studied. It is found that for a fixed length of the track,
droplet velocity is maximum for the superhydrophobic–superhydrophilic track. A droplet transport regime is demonstrated for a wettability
gradient track with different confinements, and it is found that the droplet is transported for wettability confinement w∗ > 0.6 irrespective of
the wettability gradient of the track. These findings provide valuable insight into efficient droplet manipulation in microfluidic devices.
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I. INTRODUCTION

Droplet motion on a wettability controlled open surface
has broad prospective in different areas starting from textiles to
microfluidic devices and heat exchangers.1,2 Droplet transport on a
microfluidic device has the challenges because of the dominance of
surface force over inertia force. Transport of a droplet without an
external power source in a microfluidic device is possible by using
a surface tension gradient. Laplace pressure driven droplet trans-
port in an open surface by using wedge-shaped superhydrophilic
tracks laid on a superhydrophobic background was demonstrated
by Ghosh et al.3 They developed an efficient wedge-shaped track for
high rate pumpless liquid transport for the application of a lab-on-a-
chip (LOC) system. The various other ways of transporting a droplet
on surfaces are by creating a thermal gradient on the surface,4–7 elec-
trowetting,8–11 magnetic field,12 light-induced droplet transport,13

shape gradient droplet transport,14–16 and by using chemical or
physical textured gradient,17–19 which is known as wettability gra-
dient. All the techniques other than wettability gradient and shape
gradient are intrusive, i.e., the techniques may alter the properties of

the liquid droplet.20 When a droplet is placed on a wettability gra-
dient solid surface, a droplet tends to move from the low wettable
region to high wettable region due to the net driving force along the
direction of increasing surface wettability. This net driving force is
due to the curvature difference between the front and rear half of the
droplet.

Greenspan21 and Brochard22 performed a detailed analytical
study on droplet manipulation by a wettability gradient on a surface,
for the first time. Subramanian et al.23 analyzed the forces involved
during the motion of a droplet on a solid surface due to surface wet-
tability gradient. They demonstrated the hydrodynamic resistance
offered by the droplet by approximating the droplet shape as the col-
lection of wedges which is known as “wedge approximation.” They
also highlighted the hydrodynamic resistance by using the lubrica-
tion theory approximation. The first experimental observation of
droplet transport on a wettability gradient surface was demonstrated
by Chaudhury et al.24 They showed that it is possible to run a water
droplet uphill up to an inclination angle of ∼10○. Moumen et al.25

performed detailed experiments on droplet transport on a horizon-
tal solid surface using a wettability gradient. They observed that the
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velocity of the droplet is a function of the position of the droplet.
Velocity increases up to a certain distance along the direction of the
droplet motion, and it decreases further. They assumed the qua-
sisteady approximation to calculate the droplet velocity, theoreti-
cally. Chaudhury et al.26 showed various ways of droplet transport
on a solid surface. They also showed multiple methods of prepar-
ing wettability gradient surfaces. Bliznyuk et al.27 designed a smart
striped patterned gradient surface to control the droplet spread-
ing in a particular direction. They used an alternating hydrophilic
and hydrophobic strip. Wherein they observed that spreading of a
droplet on a smart patterned gradient surface is faster compared to a
normal wettability gradient surface. However, preparation of such a
thin alternating patterned strip is quite challenging. Ito et al.28 have
experimented with droplet motion on a wettability gradient surface
and found out that droplet velocity increases with the increase in
wettability gradient of the surface. Liu et al.29 have prepared a wet-
tability gradient surface from superhydrophobic static contact angle
(166○) to superhydrophilic static contact angle (15.5○). They have
experimented with both the nanopillar-Si surface and plane-Si sur-
face and observed that for the nanopillar-Si gradient surface, the
driving force is higher and resistive force is lower compared to the
plane-Si gradient surface.

Xu and Qian18 numerically analyzed the motion of a
nanometer-sized droplet on a heated solid substrate with wettability
gradients. They accurately modeled the fast variation of tempera-
ture from solid to fluid. Their numerical result showed that droplet
velocity is proportional to the wettability gradient as predicted by
Brochard.22 The proportionality constant is found to be linearly
dependent on the ratio of the slip length to the initial droplet diame-
ter. Liu and Xu30 performed the theoretical and molecular dynamic
simulation of transport of the water droplet on a wettability gradi-
ent surface. Raman31 used the phase field based Lattice Boltzmann
Method (LBM) to simulate the dynamics of two droplet coales-
cence on the wettability gradient surface. They observed that when
drops impinge on a wettability gradient surface, impact shape of
the droplets deviates from the spherical shape that leads to different
droplet morphologies near the connecting region of the droplet and
higher spreading factor. Huang et al.32 performed the 2D numeri-
cal simulation of droplet transport on a stepwise wettability gradient
surface by considering contact angle hysteresis (CAH) on the sur-
face. They used the Lattice Boltzmann Method (LBM) and found
that the velocity of the droplet has a strong dependency on viscos-
ity ratio, wetting gradient magnitude, and CAH. Ahmadlouydarab
and Feng33 numerically investigated the motion and coalescence of
a droplet by using a wettability gradient and external flow. They also
analyzed the transport of a single droplet on a wettability gradient
surface and validated the results with theoretical prediction (wedge
flow model) and experimental results of Moumen et al.25 Huang
et al.34 investigated the manipulation of a droplet by spatiotemporal
variation of wettability of the surface by using the Lattice Boltzmann
Method (LBM). They observed that droplet transport is faster for
alternating nonwetting and wetting units with proper nonwetting
confined stripes. Various droplet responses are observed for differ-
ent surface wettability controls. They optimized the size of the con-
fined strips and substrate wettability frequency by taking substrate
wettability as a single step gradient.

Although various researchers have performed experimental
and numerical studies on droplet transport on a uniform wettability

gradient surface, the behavior of a droplet on a confined wettability
gradient surface is unexplored. In the lab-on-a-chip (LOC) system,
due to the space constraint, it is essential to use the minimal track
width for droplet transport on an open surface. An attempt is being
made in the present work to obtain the wettability confined track
width for efficient droplet transport in an open microfluidics plat-
form. The behavior of a droplet under various wettability gradients
and confinements of the surface is analyzed. This fundamental study
provides essential insight into passive droplet manipulation on open
surface microfluidic devices.

II. NUMERICAL MODELING

Among the different conventional numerical methods that are
available to solve the two-phase flow situation, the Finite Element
Method (FEM) is a more robust technique. We have used FEM
based computational fluid dynamics (CFD) tool COMSOL Multi-
physics for modeling the problem. To track the interface, the Level
SetMethod35 is used. In thismethod, the interface is continuous, and
the calculation of the curvature and surface tension force is much
more accurate compared to the Volume of Fluid (VOF) method.35

The interface is modeled by using a level set function � whose value
varies from 0 to 1. The value of � is 0 for lighter fluid and 1 for a
heavy fluid. In the present work, lighter fluid is air, and heavier fluid
is glycerin. The nature of the interface is “diffuse” and we approx-
imated the value of � at the interface is 0.5. The level set function
� is advected with the flow and hence the interface. The following
equation is solved to track the interface:36–38

∂(φ)
∂t

+ u ⋅ ∇φ = γ∇ ⋅ ⎛⎝�∇φ + φ(1 − φ) ∇φ∣∇φ∣ ⎞⎠. (1)

At the sharp interface, a discontinuity appears when the fluid param-
eter changes at the interface. To avoid this difficulty, the interface
thickness � is defined, so the fluid parameter changes smoothly. The
value of �(m) is taken as half of the grid spacing h1.

36 The level
set function � varies linearly across the interface. The parameter
γ determines the amount of reinitialization or stabilization of the
level set function. The value of γ needs to be tuned for a specific
problem. If γ is too small, the thickness of the interface might not
remain constant, and oscillations in�may appear because of numer-
ical instabilities. On the other hand, if γ is too large, the interface
moves incorrectly. A suitable value for γ is the maximum magni-
tude of the velocity field u. To identify the sensitivity of γ, sev-
eral simulations were performed with the γ values in the ranges
of 1 m/s to 1 × 10−4 m/s. We have found out that for γ in the
range of 0.1–10−4 m/s (which is the range of expected contact line
speed), there is no effect of γ on the dynamics of the droplet trans-
port. Therefore, in the present simulations, we have chosen γ to be
0.1 m/s.

Two fluids are considered to be immiscible. Flow is assumed
to be laminar, incompressible, Newtonian, and isothermal. The
two-phase flow can be described by following a set of governing
equations in the Cartesian coordinate system

∇ ⋅ u = 0, (2)

ρa
∂u

∂t
+ ρa(u ⋅ ∇)u = ∇ ⋅ [ pI + µa(∇u +∇uT)] + ρg + Fst, (3)
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where Fst (N/m
2) is the interfacial force, u (m/s) is the velocity of the

fluid, t (s) is the time, p (Pa) is the fluid pressure, I is the position vec-
tor, ρa (kg/m

3) is the average density of the two fluid, and µa (Pa s)
is the average viscosity of the two fluid. Both ρa and µa are consid-
ered to be smooth at the interface and are calculated from level set
function � as follows:

ρa = ρ1 + (ρ2 − ρ1)φ, (4)

µa = µ1 + (µ2 − µ1)φ. (5)

From Eqs. (4) and (5), if the value of � is considered as 0, then the
average density ρa = ρ1, where ρ1 is the density of the lighter fluid, air.
Hence, � = 0 represents the air phase. Similarly, � = 1 represents the
droplet phase which is the heavier fluid. The surface tension force Fst
used in Eq. (3) can be expressed as

Fst = σκδn̂, (6)

where σ (N/m) is the surface tension force, κ (1/m) is the curvature
of the droplet, δ (m) is Dirac’s delta function which represents the
interface of the droplet. The curvature of the droplet is κ, and the
interface normal n̂ is defined as

n̂ =
∇φ∣∇φ∣ , (7)

κ = −∇ ⋅ n̂. (8)

All the boundaries are considered as “outlet” with zero pressure
except the wetted bottom wall. In the wetted wall, linear variation
of the static contact angle is prescribed. It is also assumed that the
surface has negligible hysteresis. In the wetted wall, the Navier slip
boundary condition is adopted and the contact angle between the
wetted wall and the interface of the two-phase fluid is assigned. The
Navier slip boundary condition of the interface along the wetted wall
adds a frictional force of the form,38

Ffr =
µφ

β
u. (9)

In the present work, the slip length is taken as half of the grid size
(0.5h1 ∼ µm).36,38 To numerically resolve the droplet motion by
avoiding the multiscale modeling approach, a comparatively large
slip length is considered. We have identified that for β ≤ 0.5h1, the
numerical solutions are insensitive to the choice of β . For β much
less than the grid size h1, the slip length is not resolved numerically
and hence the slip velocity u→ 0 at the wetted wall as well as the Ffr .
When Ffr → 0, the boundary condition in the wall is similar to the
no-slip condition. Another boundary condition at the wetted wall is
no penetration of fluid at the wall, which is defined as

u ⋅ n̂wall = 0. (10)

The unit normal vector to the wall is n̂wall. The above wetted wall
boundary conditions do not set the tangential velocity component
to be 0. Instead, the tangential velocity component is 0 at an extrap-
olated distance β outside of the wetted wall. In the level set method,
given the contact angle at the wall as θ, a weak boundary term adds
in the wetted wall boundary condition38

∫
δΩ

χ (u)[σ(n̂wall − n̂cosθ)δ]dS. (11)

This boundary term obtained from the partial integration of the sur-
face tension force Fst of the momentum equation is shown in Eq. (3).
The narrow weighted function around the contact line at the wetted
wall is represented by χ (u). The total force on the wetted wall is38

Fwall = σ(n̂wall − n̂cosθ)δ − µφ

β
u. (12)

Modeling of the laminar two-phase flow using level set method was
performed on the computational fluid dynamics module of a COM-
SOL Multiphysics solver. The grid-independent test was performed,

and the nondimensional grid size of h1
d0
= 0.11 is found to be the

independent grid. Here, d0 is the initial droplet diameter. Physics
controlled adaptive time stepping is used for all the simulations.

A. Problem setup

A glycerin droplet of diameter d0 is placed on a confined wet-
tability gradient surface. As shown in the Fig. 1, the computational
domain dimension is L × B × H. L represents the length of the sur-
face, the width of the surface is B, and H represents the height of
the computational domain. The density of the glycerin droplet is
ρ2 = 1220 kg/m3, the viscosity is µ2 = 0.116 Pa s, and the surface
tension of the droplet is σ = 0.063 N/m. The surrounding medium
is air. The density of air is ρ1 = 1.12 kg/m3, and the viscosity is
µ1 = 1.8 × 10−5 Pa s. The surrounding medium and the droplet
are at room temperature, and the changes in the properties due
to temperature variation are negligible. No initial impact velocity
is provided to the droplet. Droplet diameter is taken to be much
smaller than the capillary length scale (B0 ≪ 1); thus, the gravity
effect is negligible. It is observed that for droplet diameter less than
1mm, there is no effect of gravity on the droplet transport. Hence, all
the simulations were carried out with droplets of diameter less than
1mm. The nondimensional parameters used in the present work are,
nondimensional center position of the droplet x∗ = x/L, nondimen-
sional center of mass of the droplet along the direction of droplet
transport xc

∗
= xc/L, nondimensional front position x∗f = xf /L,

nondimensional height h∗ = h/L, nondimensional wetted area

FIG. 1. A glycerin droplet of diameter d0 is placed on a confined wettability gradi-
ent surface of length L = 7d0 and width B = 2.5d0. The height of the computational
domain is taken as H = 1.5d0. The downstream contact angle of the confined
wettability gradient track θL fixed as 10○. The upstream contact angle of the con-
fined track θH varies from 175○ to 90○ to obtain different wettability gradients.
The droplet is placed at a distance d0 from left to eliminate the effect of the left
boundary on the droplet. The wettability confined track width is w. The maximum
wettability confined track width is wmax = 2d0. Both sides of the wettability confined
gradient track are superhydrophobic (contact angle = 175○).
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A∗ = A(t)/A0, nondimensional time t∗ = tσ/Lµ1, nondimensional
track width w∗ = w/d0, and capillary number of the droplet
Ca = µ1U/σ . The droplet center position is represented by x. The
center of mass of the droplet along the direction of droplet trans-
port is represented by xc

∗. The front position of the droplet is xf , the
height of the droplet is h, the transient wetted area of the droplet rep-
resented by A(t). A0 = πd

2
0/4 represents the initial droplet footprint

area. The velocity of the droplet is U. Uniform wettability gradient
is considered, and the variation of contact angle on the wettability
gradient track is

θ = θ
H − (θH − θL)

L
x. (13)

Wettability gradient is defined as λ =
(θH−θL)d0

L
. It is assumed that

initially, the droplet is having a point contact with the wettability
gradient track and hence the droplet initial contact angle can be
considered as 180○. For a hydrophilic–superhydrophilic wettability
gradient track, a sharp spreading of the droplet occurs within a few
fractions of milliseconds because of the difference in the initial sur-
face energies between the droplet and the surface. Nondimensional
track widthw∗ denotes the wettability confinement. For track width
w greater than d0 (i.e., w

∗
> 2), it is observed that there is no sig-

nificant effect of wettability confinement on the droplet transport.
Wettability confinement increases by decreasing the value of w∗.

B. Validation

To validate our simulation approach using the COMSOL Mul-
tiphysics solver, the steady state simulation is performed in the
HyDro simulation solver developed by Matsui et al.39 HyDro has an
efficient algorithm to simulate the equilibrium shape of a microscale
droplet placed on a surface with hydrophilic-hydrophobic pattern-
ing. This solver uses hybrid energy minimization techniques to get
the equilibrium shape of a microdroplet. To validate our problem,
the droplet is placed at the junction of the wettability gradient step.

As our focus is on the confined wettability gradient surface, the step
wettability gradient surface is considered to have confined wettabil-
ity for differentw∗. The droplet moves from a lower wettable region
to a higher wettable region and attains a final steady-state shape of
the droplet. Simulations are performed for two different wettabil-
ity confinements w∗ = 0.8 and w∗ = 0.4. The lower value of w∗

represents higher wettability confinement. It is observed that steady
state droplet spreading is more and height is less in a more wetta-
bility confinement track. Validation of height, spreading, and 3D
shape of the droplet obtained from the COMSOL simulation is com-
pared with HyDro, which is shown in Fig. 2. A very good agreement
(within 5%) between the COMSOL simulation and HyDro solver is
found.

To validate the transient behavior of our solver, a flat immer-
sion oil droplet is placed at the junction of a wettability step gradi-
ent surface [see Fig. 3(a)]. Density of the droplet is ρ = 923 kg/m3,
dynamic viscosity is µ = 0.098 Pa s, and surface tension is
σ = 0.037 N/m. The droplet radius is taken as R = 1.5 mm. The sur-
rounding medium of the droplet is air. In the present simulations,
the capillary number Ca = µVdrop/σ is calculated for the average
velocity of the droplet Vdrop. Theoretical prediction of the capillary
number for a flat droplet on a stepwise wettability gradient surface is
calculated as32

Ca =
1

6l

√
θ21 + θ22

2

⎛⎝θ
2
1 − θ22
2

⎞⎠, (14)

where l = ln(kl/�1) is the constant prefactor. Nondimensional slip
length, �1 = ls/L = 1.33 × 10−2. The slip length is represented by ls.
In a real system, the slip length is usually of molecular scale (∼10−9),
and it is beyond our capability to numerically resolve such small slip
length.32 In the present validation, the slip length is taken as 20 µm,32

which is 2–3 order higher than the real slip length. kl is a constant
whose value is taken as 0.152.32 It is observed from Fig. 3(b) that
the capillary number of the droplet (Ca) increases with the increase

FIG. 2. A glycerin droplet of diameter d0 = 0.5 mm is placed
on a confined wettability step gradient surface. Initial droplet
position is at the junction of the wettability gradient step of
90○ and 50○. (a) 3D droplet shape of HyDro solver and
COMSOL simulations in the final steady state. (b) Compar-
ison of h vs x from HyDro solver and COMSOL simulations
for two different wettability confinements w∗. Outside of the
step wettability gradient track is taken as superhydrophobic
(contact angle = 175○).
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FIG. 3. A flat immersion oil droplet
is placed on a wettability step gradi-
ent surface having a computational 2D
domain dimension of 3 mm × 0.8 mm
as shown in (a). R is the initial radius
of the droplet, and its initial position is

(−
√
3R/2,L/3). For x < L/3, θ = θ1,

and for x ≥ L/3, θ = θ2. Downstream con-
tact angle, θ2, is maintained at 23○ and
upstream contact angle, θ1, is varying
from 30○ to 40○. (b) The variation of cap-
illary number of the droplet with different
wettability step gradients.

in wettability gradient due to the increase in the driving force. The
present numerical work and the numerical work by Huang et al.32

have almost the same difference (within 5%) with the theoretical
results obtained from Eq. (14). The difference between the present
numerical work and the numerical work by Huang et al.32 is because
of the two different numerical modeling approaches. We used the
level set method for interface tracking, whereas Huang et al.32 have
used the phase field method to track the interface. In the level set
method, we solve an algebraic equation of level set function � to
track the interface. On the other hand, in the phase field method, the
interface is determined by minimizing the free energy.

III. RESULTS AND DISCUSSION

The response of a droplet on a wettability gradient surface is
fascinating. The droplet tends to move from a low wettable region
to a high wettable region due to the curvature difference between
the rear and front of the droplet. The droplet velocity is propor-
tional to this curvature difference. In the present work, initial droplet
diameter d0 is taken such that the gravity effect can be neglected.
The hysteresis on the surface is assumed to be negligible. Hence,
there are two significant forces which govern the movement of the
droplet. One is the driving force, Fd, due to the contact angle differ-
ence between the rear and front of the droplet. The other force is the
hydrodynamic resistance force, Fr , exerted by the solid surface on
the droplet which tends to resist the droplet movement. The resul-
tant net force (Fd − Fr) is responsible for the droplet transport.When
a liquid droplet is placed on a confined wettability track, it forms an
elongated bulged shape due to the wettability gradient as shown in
Fig. 4. In the pinned liquid boundary, one additional force is added
in the direction of droplet transport due to the wettability confine-
ment. It is observed that the force due to the confinement effect is
smaller in magnitude as compared to the major driving force which
is due to the contact angle difference. The driving force Fd and the
hydrodynamic resistance force Fr are derived from Ref. 23, as shown
in the Appendix. The approximated Fd and Fr are expressed as

Fd ≈ A(t)σ d cosθ
dx

, (15)

Fr ≈ 6πR(t)µ2U
θavg(t) ln(2�), (16)

where σ denotes the surface tension of the droplet. Dynamic vis-
cosity of the droplet is µ2, and the velocity of the droplet is U.

The contact angle of the droplet with the wetted wall is θavg(t)≈ ((θe)f (t) + (θe)b)(t)/2 which is changing during the transport of
the droplet. The front static contact angle of the droplet is (θe)f (t),
and the rear static contact angle is (θe)b(t). The dimensionless
parameter � = ls1/R(t) represents the ratio of the slip length ls1 to the
footprint radius or wetted radius R(t) of the droplet. The transient
wetted area of the droplet A(t) is calculated by surface integration of
the droplet footprint, i.e., A(t) = ∬S dx dy (for � ≥ 0.5). As the foot-
print of the droplet is not circular, therefore, we have approximated

R(t) ∼ √A(t).
The net driving force (Fd − Fr) drives the droplet. A detailed

description of the change in capillary number Ca during the droplet
transport is presented in the Appendix. Using scaling analysis, a
scaled capillary number is derived from Fd and Fr and the effect of
the different parameters on the Ca is described.

A. Effect of wettability confined droplet transport
on a hydrophilic–superhydrophilic wettability
gradient track

A glycerin droplet of diameter d0 is placed on a uniform wet-
tability gradient track of length L = 7d0 with different wettability

FIG. 4. A droplet placed on a wettability confined gradient surface having confine-
ment width w. Due to the confinement, the droplet is bulge shaped and elongated
in the moving direction. Force balance is showed by red arrow lines.
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confinements w∗. A wettability gradient of the track is defined as

λ =
(θH−θL)d0

L
. The upstream contact angle is denoted by θH = 90○,

and the downstream contact angle is denoted by θL = 10○. Thus,
the wettability gradient for the present case is 11.5. As shown in
Fig. 5(a), at t∗ = 22, the droplet does not reach the end of the
track for all w∗. It is also observed that spreading of the droplet
in the direction of the droplet transport is also different for differ-
ent wettability confinements (w∗). Spreading of the droplet in the
direction of droplet transport is highest forw∗ = 0.8. Higher spread-
ing in the direction of the droplet transport increases the value of(cos(θe)f − cos(θe)b) and hence the driving force Fd as shown in
Eq. (15). As the driving force Fd is the highest for w∗ = 0.8, the
droplet velocity is maximum for w∗ = 0.8. Figure 5(b) shows that
the droplet is having highest x∗f for w∗ = 0.8, which means that

the droplet reaches the end of the track faster for w∗ = 0.8 com-
pared to all other w∗. It is observed in Fig. 5(c) that for t∗ = 22, the
nondimensional center of mass of the droplet along the direction of
the droplet transport x∗c is nearly identical for w∗ = 2 to w∗ = 0.8,
and it decreases for w∗ ≤ 0.8. In the present study, we considered
the racing of droplets on different wettability confinement tracks
and the track on which the droplet touches the end first is con-
sidered as the most efficient track. Up to wettability confinement
w∗ = 0.8, droplet velocity increases. Further increase in the wetta-
bility confinement by decreasing the value of w∗ leads to a rapid
decrease in droplet velocity; this is because of the restrictions in
spreading of the droplet in the lateral direction for higher wettability
confinement.

Although spreading of the droplet in the direction of the
droplet transport is highest for w∗ = 0.8, the overall wetted area is
maximum for w∗ = 2, as shown in Fig. 6(a). For w∗ = 2, the droplet
can spread freely in both the directions and hence nondimensional
wetted area A∗ is maximum. An increase in wettability confinement

leads to a decrease in A∗ because of the restriction on spreading
of the droplet in the lateral direction. The initial sharp increase in
nondimensional wetted area A∗ with t∗ is because of the initial
surface energy difference between the droplet and the wettability
gradient track as discussed in Subsection II A. Droplet spreads fast
and attains the surface contact angle within 1ms of touching the sur-
face for all different wettability confinements w∗ studied here. The
initial spreading speed (velocity) of the droplet for w∗ = 2 is
22 mm/s, and it is nearly the same up to w∗ = 0.8. Due to the con-
finement, the droplet speed reduces significantly for w∗ ≤ 0.8. The
initial droplet velocity on the w∗ = 0.4 confined track is 13 mm/s.
Figure 6(a) shows that the increase in A∗ with t∗ after initial spread-
ing of the droplet is approximately linear (R2 ∼ 0.98) for all differ-
ent w∗. The inset of Fig. 6(a) shows the variation of slope of the
curve m with w∗. It is observed that the slope m is the highest for
w∗ = 2 (m = 0.11). From w∗ = 2 to w∗ = 0.8, m decreases lin-
early from 0.11 to 0.075. However, m decreases linearly from 0.075
to 0.016 forw∗ = 0.8 tow∗ = 0.4. The rate of decrease in the slopem
fromw∗ = 2 tow∗ = 0.8 is less than the rate of decrease in the slopem
forw∗ ≤ 0.8 as shown in the inset of Fig. 6(a). Figure 6(b) shows that
the nondimensional height of the droplet h∗ decreases with increas-
ing w∗. This is due to the restriction of spreading of the droplet in
the lateral direction during transport. The inset of Fig. 6(b) shows
the variation of m with w∗. It is observed that from w∗ = 2 to
w∗ = 0.8, m is approximately constant (m = −0.465), whereas the
slope m increases linearly from −0.465 to −0.158 for w∗ = 0.8 to
w∗ = 0.4. The increase in slopem for w∗ ≤ 0.8 is linear.

For a wettability gradient of 11.5 (hydrophilic–superhydrophilic
surface), the maximum wettability confinement of w∗ = 0.3 can
be achieved. Further confinement leads to the insufficient driving
force due to less spreading, and hence the droplet does not move.
Figure 6(c) shows that nondimensional time t∗ taken by the droplet
front to reach the end of the track is minimum for w∗ = 0.8.

FIG. 5. A droplet of initial diameter d0 = 0.5 mm is placed
on a wettability confined gradient surface having nondi-
mensional wettability confinement w∗. (a) Droplet position
and shape with different t∗. (b) Variation of nondimensional
droplet front position x∗

f
for different wettability confine-

ments w∗ is plotted for two different t∗. (c) Variation of
nondimensional center of mass of the droplet along the
direction of the droplet transport x∗c for different w∗ is
plotted for two different t∗.
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FIG. 6. (a) Variation of the nondimensional wetted area of
the droplet with nondimensional time t∗ plotted for differ-
ent wettability confinements w∗. Slope of the linear part of
each curve is represented by m. (b) Variation of the nondi-
mensional height of the droplet h∗ plotted with the nondi-
mensional position of the droplet x∗ for different w∗. (c)
Variation of nondimensional time t∗ taken by the droplet
front to reach the end of the track is plotted with different
w∗. (d) Variation of the capillary number of the droplet Ca
with the nondimensional position of the droplet x∗ plotted
for different w∗.

Hence, w∗ = 0.8 is the most efficient wettability confinement in a
hydrophilic-superhydrophilic wettability gradient track that offers
the best performance in terms of droplet transport. As observed in
Fig. 6(d), the droplet capillary number Ca initially increases sharply
within 1 ms which is due to the sharp initial spreading of the droplet.
After that, Ca increases up to x∗ = 0.18 to a maximum value of 0.041.
On the other hand, Ca decreases for x∗ ⩾ 0.18. This change in the
Ca is because of the velocity of the droplet, and the velocity of the
droplet is a function of Fd and Fr . The driving force Fd is dependent
on the transient wetted area of the droplet A(t) and d cos θ/dx, as
shown in Eq. (15). The effect of A(t) and d cos θ/dx on Fd is dis-
cussed in the Appendix. As shown in Eq. (16), the resistive force Fr

is dependent on the velocity of the droplet U and the wetted radius

R(t) ∼ √A(t). The effect of U and R(t) on Fr is discussed in the
Appendix.

The net driving force (Fd − Fr) is responsible for driving
the droplet. Up to x∗ = 0.18, Fd and Fr are increasing, and also,
the net driving force (Fd − Fr) is increasing. Therefore, the capil-
lary number of the droplet Ca increases downstream and reaches
a maximum value of 0.041 at x∗ = 0.18. Fd − Fr start decreas-
ing for x∗ ⩾ 0.18, and thus, Ca decreases [refer to Fig. 12(a) in
the Appendix]. Scaling of Ca is performed using the expression of
Fd and Fr as shown in the Appendix. The change in the numer-
ical value of Ca during the droplet transport is found to have a
good agreement with Ca obtained from the scaling analysis [see
Fig. 11(a) in the Appendix]. The average capillary number of the
droplet Caavg represents the average velocity of the droplet during
the transport. The inset of Fig. 6(d) clearly shows that Caavg is maxi-
mum for wettability confinementw∗ = 0.8. Therefore, it is advisable
to use wettability confinement up to w∗ = 0.8 for all practical pur-
poses, further confinement (w∗ < 0.8) leads to a sharp reduction in
Caavg .

B. Effect of wettability gradient λ on confined
wettability gradient track of w∗ = 0.8

From the above study, we found out that wettability confine-
ment w∗ = 0.8 is the most efficient confinement for wettability gra-
dient λ = 11.5. Therefore, the effect of different wettability gradients
λ for w∗ = 0.8 is studied. The downstream contact angle of the con-
fined track is fixed at θL = 10○, and the upstream contact angle θH

varies from 175○ to 90○ as shown in the problem description in
Fig. 1. As θL is fixed at 10○, the different values of θH represent dif-
ferent wettability gradients λ for a fixed length of the track. λ for
the present case varies from 11.5 to 23.5. As shown in Fig. 7(a), the
variation of nondimensional wetted area of the droplet (A∗) with
nondimensional time (t∗) is linear (R2 ∼ 0.99). The inset of Fig. 7(a)
shows the variation of slope of the curvemwith λ. It is observed that
m is the highest (m = 0.2) for λ = 23.5. The slope m increases from
0.075 to 0.2 linearly with the increase in λ from 11.5 to 23.5. Due
to the minimal initial surface energy difference between the droplet
and the surface, there is no initial sharp spreading of the droplet [see
Fig. 7(a) for λ = 23.5].

Figure 7(b) shows that droplet capillary number Ca increases
with the nondimensional position of the droplet x∗ for over an ini-
tial distance due to the dominance of the driving force Fd over the
hydrodynamic resistance force Fr . After that, the droplet capillary
number decreases. For λ = 11.5, the dominance of driving force over
the hydrodynamic resistance force was obtained up to x∗ = 0.18,
whereas for λ = 11.5, it is up to x∗ = 0.5 as shown in Fig. 7(b).
For higher λ, the peak of the net driving force (Fd − Fr) shifts
toward downstream and hence the shift of the Ca peak as shown
in Figs. 12(a) and 12(b) of the Appendix. This shift of Ca peak is
true for any wettability confinement w∗. Scale analysis of Fd and Fr

is performed as shown in the Appendix and the change in numerical
capillary number Ca during the droplet transport for two different
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FIG. 7. (a) Nondimensional wetted area of the droplet A∗

with nondimensional time t∗ is plotted for different wetta-
bility gradients of the track λ. Slope of the linear part of
each curve is represented by m. (b) The variation of capil-
lary number of the droplet Ca with nondimensional position
of the droplet x∗ is plotted for different λ.

wettability gradients λ is found to have a good agreement with
the scaled capillary number [refer to Figs. 11(a) and 11(b) of the
Appendix]. The average capillary number of the droplet Caavg
increases with the increase in λ as shown in the inset of Fig. 7(b).
The average capillary number is maximum for λ = 23.5. Hence,
for the w∗ = 0.8 wettability confined gradient track, λ = 23.5
(superhydrophobic–superhydrophilic) offers higher droplet veloc-
ity. The average capillary number Caavg of the droplet is nearly
double for the λ = 23.5 (superhydrophobic–superhydrophilic) track
compared to the λ = 11.5 (hydrophilic–superhydrophilic) track [see
Fig. 7(b)].

C. Effect of w∗ on droplet transport for
superhydrophobic–superhydrophilic wettability
gradient track

From the above, we observed that wettability confinement
w∗ = 0.8 and wettability gradient λ = 23.5 offer the best perfor-
mance for droplet transport. In a surface of a wettability gradient
of λ = 11.5 (hydrophilic–superhydrophilic), maximum wettability
confinement can be achieved with as small as w∗ = 0.3. However, it
is possible to achieve wettability confinement as small as w∗ = 0.1
by considering the wettability gradient of the surface to be λ = 23.5
(superhydrophobic–superhydrophilic), this is because that the
droplet has a higher driving force Fd in the case of λ = 23.5 com-
pared to λ = 11.5. Hence, the droplet can move even in a confined
wettability track with w∗ = 0.1.

The droplet footprint area increases with the increase in w∗

as shown in the bottom view of Fig. 8. From the side view, it is
observed that droplets become more elongated on increasing w∗.
It is observed that for w∗ = 0.2, droplet front takes t∗ = 23 to reach
the end of the track. On decreasing the wettability confinement by
increasing the value of w∗, the droplet takes lesser time to reach
the end of the track. Hence, the droplet is transported faster for

FIG. 8. A droplet is placed on a confined wettability gradient track having wettability
confinement w∗. The droplet position and shape with different t∗ are shown for
three different w∗.

w∗ = 0.8. Figure 9(a) shows that the final droplet footprint area is
higher for w∗ = 0.8 compared to other w∗ values 0.2, 0.4, and 0.6. It
should be noted that A∗ is maximum forw∗ = 2, as the confinement
effect decreases with the increase in w∗. Figure 9(b) shows that the
nondimensional height of the droplet h∗ decreases with the nondi-
mensional position of the droplet x∗. Height reduction is higher
for w∗ = 0.8 compared to other lower values of w∗ because of less
restriction on droplet spreading. The variation of A∗ and h∗ with
t∗ and x∗, respectively, are linear (R2 = 0.97) because of linear vari-
ation of contact angle from upstream to downstream of the track
as shown in Eq. (13). Figure 9(a) shows that nondimensional wet-
ted area A∗ increases with the increase in w∗. The inset of Fig. 9(a)
shows the variation of slope of the curve m with w∗. It is observed
that m decreases linearly from 0.303 to 0.19 on increasing the con-
finement from w∗ = 2 to w∗ = 0.8. Further confinement (w∗ ≤ 0.8)
leads to a linear sharp reduction ofm from 0.19 to 0.029. The rate of
decrease in the slope m is less for w∗ = 2 to w∗ = 0.8 as compared
to the rate of decrease in slopem for w∗ ≤ 0.8. This is because of the
restriction on the spreading of the droplet for higher confinement
(for smaller w∗). Figure 9(b) shows that nondimensional height h∗

decreases with the increase in w∗. The inset of Fig. 9(b) represents
the variation of m with w∗. It is observed that m increases linearly
from −0.875 to −0.62 on increasing the confinement from w∗ = 2
to w∗ = 0.8. Further confinement (w∗ ≤ 0.8) leads to a sharp linear
increase in the slope m from −0.62 to −0.212. The rate of increase
in slope m is less for w∗ = 2 to w∗ = 0.8 as compared to the rate of
increase in slopem for w∗ ≤ 0.8.

Figures 9(c) and 9(d) shows that there is a small increase in
the average capillary number Caavg as we increase the confinement
from w∗ = 2 to w∗ = 0.8. Further increase in wettability confine-
ment w∗ leads to a sharp reduction of droplet capillary number Ca.
For a track of wettability gradient λ = 23.5, although it is possible
to transport a droplet up to wettability confinement w∗ = 0.1 but
w∗ = 0.8 is the most efficient wettability confinement. In the wetta-
bility gradient of the λ = 23.5 track, the average capillary number
of the droplet Caavg is almost constant up to wettability confine-
ment w∗ = 0.8, and it decreases sharply with further increase in the
wettability confinement as shown in Fig. 9(d).

D. Comparison of droplet transport characteristics
on different wettability gradient tracks

In this work, droplet transport characteristics on different
combinations of the wettability gradient track such as
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FIG. 9. (a) Nondimensional wetted area of the droplet A∗

with nondimensional time t∗ is plotted for different wettabil-
ity confinements w∗. Slope of the linear part of each curve
is represented by m. (b) The nondimensional height of the
droplet h∗ is plotted with the nondimensional position of the
droplet x∗ for different w∗. (c) Variation of capillary num-
ber of the droplet Ca with the nondimensional position x∗

is plotted for different w∗. (d) Variation of average capillary
number of the droplet Caavg with different w∗ is plotted.

hydrophilic–superhydrophilic and hydrophobic/superhydrophobic-
superhydrophilic are studied. All the cases are studied based
on the wettability gradient (represented by λ) provided on the
track. For example, wettability gradient λ = 11.5 and 23.5
represents hydrophilic–superhydrophilic and superhydrophobic–
superhydrophilic wettability gradient, respectively. A wettability
gradient λ in the range of 12–21.5 represents hydrophobic–
superhydrophilic wettability gradient. Droplet behavior changes for
different wettability gradients λ and wettability confinements (w∗)
of the track. For λ ranging from 12 to 21.5, droplet velocity increases
with the increase in λ. Droplet velocity almost becomes double for
λ = 23.5 as compared to λ = 11.5. For λ = 11.5, confinement can
be done up to w∗ ∼ 0.3, whereas for λ = 23.5, a confinement of
w∗ ∼ 0.1 is possible. For a track with λ = 11.5, droplet spreading
is higher compared to all other possible wettability gradients, and
hence this group of wettability can be used for the application of
droplet-based cooling techniques.

E. Regimes of droplet transport on wettability
gradient confined track

We find that droplet behavior depends on the wettability gra-
dient and confinement of the track. A regime plot of droplet trans-
port is shown for different wettability gradients and confinements
in Fig. 10. In the regime plot, wettability gradient λ ranges from 0
to 23.5. The droplet diameter is taken as d0 = 0.5 mm. We iden-
tified three regimes based on the transport of the droplet, namely:
(a) moving droplet, (b) stationary droplet, and (c) film. These three
regimes are differentiated with the combination of wettability gra-
dient and confinement values, as shown in Fig. 10. The regime in
which droplets are transported without creating a film is called the
moving droplet regime represented by (a) in Fig. 10. In this regime,
droplets travel smoothly from the upstream to the downstream end
of the track. It can be observed in Fig. 10 that the droplets do not

travel for wettability confinementw∗ < 0.1 irrespective of the wetta-
bility gradient of the track. In this stationary droplet regime [regime
(b)], the droplet footprint area is smaller because of the restriction
on spreading due to the confinement. Thus, the driving force is
not enough to transport the droplet. The droplets do not also get
transported for wettability gradient λ < 4 with wettability confine-
ment w∗ < 0.6 because of the inadequate wettability gradient to
drive the droplets. For w∗ ≥ 0.6 and λ approximately between 0 and
7.5, droplets become a thin film. The filming regime [regime (c)] is
approximated when the droplet footprint length in the direction of
droplet transport is greater than 3d0. As this criterion is imposed,
the border of the film regime becomes sharp; this leads to a sharp
transition from the moving droplet regime to the film regime and
the stationary droplet regime to the film regime. However, there

FIG. 10. Regimes of droplet transport are plotted for different wettability gradients
λ and wettability confinements w∗. Downstream contact angle θL is fixed as 10○.
The upstream contact angle θH varies from 175○ to 10○. Length of the track is
taken as L = 3.5 mm.
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is a smooth transition from the stationary droplet to the moving
droplet regime across the dashed line as shown in the regime plot in
Fig. 10. The representative droplet images of each regime are shown
in Fig. 10.

IV. CONCLUSION

Droplet transport on a confined wettability gradient surface
is numerically investigated by considering negligible hysteresis on
the surface. Droplet behavior changes for different wettability con-
finements and gradients of the track. In the hydrophilic wettabil-
ity gradient track, the droplet moves in the track for the wettabil-
ity confinement of w∗ > 0.3. However, it is possible to transport
the droplet for the wettability confinement up to w∗ ∼ 0.1 in
the case of a superhydrophobic–superhydrophilic wettability gra-
dient track. Droplet velocity was found to be the highest for the
superhydrophobic–superhydrophilic wettability gradient track with
a wettability confinement of w∗ = 0.8. After studying the effect of
wettability confinement and wettability gradient, it is observed that
a droplet does not travel for wettability confinement w∗ < 0.1 irre-
spective of the wettability gradient of the track. The droplet cannot
also get transported for wettability gradient λ < 4 and wettability
confinement w∗ < 0.6. For wettability confinement, w∗ > 0.6 and
wettability gradient λ < 7.5, a droplet creates a thin film. The out-
come of the present study provides the guidelines for the design of
efficient droplet transport mechanisms by surface wettability control
for lab-on-a-chip (LOC) systems and other microfluidic devices.

APPENDIX: FORCES INVOLVED DURING DROPLET
TRANSPORT ON A WETTABILITY GRADIENT TRACK

In the present case, there are only two significant forces which
govern the movement of the droplet. One is the driving force, Fd,
due to the contact angle difference between the rear and front of
the droplet. The other force is the hydrodynamic resistance force Fr

which resists the droplet movement. The driving force Fd is
23

Fd = 2σR∫
π

2

0
(cos(θe)f − cos(θe)b)cosφdφ ≈ Aσ d cosθ

dx
. (A1)

The resistive force Fr is
23

Fr ≈
6πRµ2U

θavg
ln(2�), (A2)

where σ denotes the surface tension of the droplet, R is the wetted
radius of the droplet, which is assumed as constant while deriving
Fr by Subramanian et al.23 The wetted area A = πR2 is considered
to be constant for deriving Fd by Subramanian et al.23 The contact
angle of the droplet with the wetted wall is θavg ≈ ((θe)f + (θe)b)/2.
The front static contact angle of the droplet is (θe)f , and the rear
static contact angle is (θe)b. The dimensionless parameter � = ls1/R
represents the ratio of the slip length ls1 to the footprint radius or the
wetted radius R of the droplet. The slip length is ls1 = 0.5 × 10−9.23

The dynamic viscosity of the droplet is µ2, and the velocity of the
droplet is U. In the present case, the droplet stretching is significant
and hence the wetted area is not circular so we modified Eqs. (A1)
and (A2) by considering the transient wetted area of the dropletA(t).

The approximated Fd and Fr are

Fd ≈ A(t)σ d cosθ
dx

, (A3)

Fr ≈
6πR(t)µ2U
θavg(t) ln(2�). (A4)

We have approximated R(t) ∼ √A(t), where θavg(t) is the aver-
age contact angle at which the droplet is exposed which is chang-
ing during the transport of the droplet, θavg(t) = ((θe)f (t)
+ (θe)b(t))/2.

The resultant net force (Fd − Fr) is responsible for the droplet
transport which is equal tom dU

dt
as per Newton’s law of motion

Fd − Fr = mdU

dt
, (A5)

wherem is mass of the droplet. The driving force Fd can be scaled as

Fd ∼ R(t)2σ (cosθH − cosθL)
L

. (A6)

Similarly, Fr can be scaled as

Fr ∼
µ2UR(t)
θavg(t) ln( ls

R(t)). (A7)

The right-hand side of Eq. (A5) can be scaled as

m
dU

dt
∼ ρR

3
0
U

τ
. (A8)

R0 is the initial droplet radius. The velocity of the droplet
U = x/τ, where x is the center position of the droplet. The refer-
ence time scale is considered to be τ. To obtain τ, we invoke the
idea that at any instant, the transport is caused by the capillary or

driving force Fd so that m dU
dt
∼ Fd ⇒ mx

τ2
∼ R(t)2σ (cosθH−cosθL)

L

⇒ τ ∼ L

√
ρR(t)x∗

σ(cosθH−cosθL)
. Here, x∗ = x

L
. The velocity of the droplet U

can be replaced by the capillary number of the droplet Ca by using
the expression Ca = µ2U/σ . By using the scaled expression of Fd, Fr ,

and m dU
dt

and also the expression of Ca in Eq. (A5), we will get the
following scaled expression of Ca:

Ca ∼
( R(t)2

L
)(cosθH − cosθL)

ρR3
0

µ2τ
+

R(t)ln(ls/R(t))
θavg(t)

, (A9)

Ca = K1

( R(t)2
L
)(cosθH − cosθL)

ρR3
0

µ2τ
+

R(t)ln(ls/R(t))
θavg(t)

, (A10)

where K1 is a fitting parameter whose value is 2.32 (with R2
∼ 0.9).

Equation (A10) gives the variation of Ca for different wettability
gradients ∼ (cos θH − cos θL)d0/L with different wetted radii R(t).
Figure 11 shows the variation of both scaled Ca [using Eq. (A10)]
and numerical Ca (using simulation results) during the transport of
the droplet for two different wettability gradients 11.5 and 23.5 hav-
ing w∗ = 2. For wettability gradient 11.5, scaled and numerical Ca
follow the same trend as shown in Fig. 11(a). The small jump in the

Phys. Fluids 31, 042111 (2019); doi: 10.1063/1.5088562 31, 042111-10

Published under license by AIP Publishing



Physics of Fluids ARTICLE scitation.org/journal/phf

FIG. 11. (a) Variation of the scaled Ca and the numerical
Ca of the droplet is plotted with the nondimensional position
of the droplet x∗ for wettability gradient λ = 11.5 and wet-
tability confinement w∗ = 2. (b) Variation of the scaled Ca
and the numerical Ca of the droplet is plotted with x∗ for
λ = 23.5 and w∗ = 2.

FIG. 12. (a) Variation of the net driving force (Fd − Fr ) and
capillary number of the droplet Ca is plotted with the nondi-
mensional position of the droplet x∗ for λ = 11.5 and w∗ = 2.
(b) Variation of Fd , Fr , and d cos θ/dx with x∗ is plotted
for λ = 11.5 and w∗ = 2. (c) Variation of the net driving
force (Fd − Fr ) and Ca is plotted with x∗ for λ = 23.5 and
w∗ = 2. (d) Variation of Fd , Fr , and d cos θ/dx with x∗ is
plotted for λ = 23.5 and w∗ = 2.

numerical Ca in the initial part of the curve is due to the initial sharp
spreading of the droplet, which is not accounted in the scaling of Ca.
For wettability gradient 23.5, the Ca increases up to x∗ = 0.4 and
decreases further as shown in Fig. 12(b).

As shown in Figs. 12(a) and 12(c), the magnitude of (Fd − Fr)
increases initially, and after some distance, it decreases. The droplet
velocity reaches its maximum velocity when the magnitude of
(Fd − Fr) is maximum. This is true for both λ = 11.5 and 23.5. The
variation of (Fd − Fr) and Ca with x∗ also follows a similar trend as
shown in Figs. 12(a) and 12(c). The variation of Fd, Fr , and d cos
θ/dx with x∗ is shown in Figs. 12(b) and 12(d) for λ = 11.5 and 23.5,
respectively. The driving force Fd is dependent on A(t) and d cos
θ/dx as shown in Eq. (A3). A(t) increases continuously during the
transport of the droplet. Initially, the decrease in d cos θ/dx is slow
compared to the increase in A(t). This results in the increase in Fd

up to x∗ = 0.3 as shown in Fig. 12(b). After that, because of the sharp
reduction of d cos θ/dx and slow increase in A(t), Fd decreases for
x∗ ⩾ 0.3.

As shown in Eq. (A4), the resistive force Fr is dependent on the

velocity of the droplet U and the wetted radius R(t) ∼ √A(t). The
continuous increase in R(t) along the direction of droplet transport
makes Fr to increase continuously. Fr will also increase on increasing

U, however, the effect of R(t) is more significant than U. Therefore,
the combined effect of U and R(t) makes the Fr to increase.
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