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ABSTRACT: Magnetic digital microfluidics is advantageous over
other existing droplet manipulation methods, which exploits
magnetic forces for actuation and offers the flexibility of
implementation in resource-limited point-of-care applications.
This article discusses the dynamic behavior of a pair of sessile
droplets on a hydrophobic surface under the presence of a
permanent magnetic field. A phase field method-based solver is
employed in a two-dimensional computational domain to
numerically capture the dynamic evolution of the droplet
interfaces, which again simultaneously solves the magnetic and
flow fields. On a superhydrophobic surface (ie., 6. = 150°), the
nonuniform magnetic field forces the pair of sessile droplets to
move toward each other, which eventually leads to a jumping oft

phenomenon of the merged droplet from the solid surface after coalescence. Also, there exists a critical magnetic Bond number Bog,
beyond which no coalescence event between droplets is observed. Moreover, on a less hydrophobic surface (6, < 120°), the droplets
still coalesce under a magnetic field, although the merged droplet does not experience any upward flight after coalescence. Also, the
merging phenomenon at lower contact angle values (i.e., §. = 90°) appears significantly different than at higher contact angle values
(ie, 6. = 120°). Additionally, if the pair of sessile droplets is dispersed to a different surrounding medium, the viscosity ratio plays a
significant role in the upward flight of the merged droplet, where the coalesced droplet exhibits increased vertical migration at higher

viscosity ratios.

B INTRODUCTION

Digital microfluidics deals with the behavior of sessile droplets
on an open surface and in combination with emulsion
microfluidics are crucial building blocks of droplet-based
microfluidics, which has been prevalent as a well-established
research field in the literature for over a decade now. One of the
main advantages of digital microfluidics over emulsion micro-
fluidics (also known as continuous flow droplet-based micro-
fluidics) is that emulsion microfluidics requires an external
pumping mechanism to attain continuous generation of droplets
through a closed microfluidic channel, whereas in digital
microfluidics, manipulation of droplets takes place on an open
plain surface without any confinement, which in turn enables
droplets to act as independent virtual reactors that are often
utilized in point-of-care diagnostics, which requires synthesis of
hazardous materials"” or preparation of complex samples®°
and cell-based assays.”

In general, the dynamic motion of a sessile droplet on a
substrate can be exploited using gravity, given the fact that the
droplet volume is large enough, which further can be magnified
through an increase in the tilting angle or the hydrophobicity of
the substrate, whereas surface tension plays a crucial role in the
dynamics of smaller volume droplets. However, because
gravitational and surface tension forces pose significant
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limitations, droplets in digital microfluidics can be actuated
through other mechanisms, such as, electrowetting on dielectric
(EWOD),sf10 magnetic,”f 15,16
Among the abovementioned mechanisms, EWOD is the most

14 .
and surface acoustic waves.

popular one, which is capable of splitting and dispensing
droplets, but requires electrodes to work that in turn provides
little flexibility in operations. In contrast, magnetic actuation
does not require any external sources and offers manual control,
which is critical in resource-limited environmental applications,
where availability of electricity is not always guaranteed. Another
great advantage of magnetic actuation is its higher tolerance to
liquid properties, while electrowetting actuation is massively
dependent on the permittivity, conductivity, and surface tension
of the liquid, which requires higher driving voltage in
manipulation operations.” An in-detailed description on the
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Figure 1. Graphical representation of a pair of sessile ferrofluid droplets dispersed in an immiscible and viscous continuous fluid phase under a

permanent magnetic field, Hy.

advantages of magnetic actuation over EWOD actuation is
provided by Zhang and Nguyen."’

Dual functionality of magnetic particles is one of the most
striking features in magnetic actuation-based digital micro-
fluidics, where the magnetic particles, in addition to droplet
actuation, function as a solid substrate for molecule adsorption.
Pipper et al.” found out that under the exposure to magnetic
forces, droplets containing silica-functionalized superparamag-
netic particles are capable of identifying pathogenic avian
influenza virus (HSN1) on a throat swab sample. Moreover,
Long et al.'® investigated the particle extraction behavior of
droplets and realized that the magnetic particles’ mass and
movement speed of a permanent magnet play a decisive role in
the manipulation of droplets, leading to breakup under certain
operating conditions, while the effects of different hydrophobic
surfaces on the magnetic actuated motion of droplets are
analyzed by Mats et al.'” Kim et al.”’ proposed a magnetic bead
droplet immunoassay microfluidic platform that is extremely
sensitive to the detection of oligomer Af for Alzheimer’s disease
and simultaneously simplifies the enzyme-linked immunosorb-
ent assay (ELISA) process. Similar investigations on the ELISA
process are also performed by several other authors, where the
magnetic particles are treated with antibodies to capture the
target molecules.”"*

Droplet manipulation in microfluidics applications is usually
accomplished either by controlling the behavior of magnetic
particles by a permanent magnet or an array of electromagnets
that consists of microcoils. Okochi et al.>> controlled droplets
with magnetic particles by placing a permanent magnet below
the channel surface and achieved coalescence with a lysis buffer
droplet, while a simple configuration of the total RNA extraction
droplet array is presented by Shi et al,** which facilitates the
transportation of magnetic beads through buffer solutions. In
contrast, several other analytical and numerical studies'***~>*
implemented microcoils as electromagnets in order to achieve
controlled transportation of magnetic droplets; however, one of
the major issues arises as a result of using electromagnets, which
is known as Joule heating and in turn requires a cooling
mechanism to mitigate the heating effect."’

Ferrofluids are another examples of a liquid magnet, which
contain colloidal suspensions of magnetic nanoparticles in a
carrier fluid and experience deformation under the exposure to
magnetic fields.”*™>* Also, due to the uniform distribution of
magnetic nanoparticles, ferrofluids can be transported to
different locations for liquid Gphase reactions” and are
conventionally used as a sealant™ in hard drives and a coolant
in loudspeakers.”” Nguyen et al.*® conducted experiments on the
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motion of a droplet under a moving permanent magnetic field
and derived a critical velocity, above which the droplet fails to
move with the same velocity as the moving magnet. Moreover,
Beyzavi and Nguyen demonstrated one-dimensional*® and two-
dimensional (2D)*” manipulation of the ferrofluid droplet using
micro coil arrays and found that a small magnetic field gradient is
enough to induce movement in a ferrofluid droplet, while Egatz-
Gomez et al.*” observed coalescence between two water drops
under a moving permanent magnetic field.

Droplet coalescence is an event where two or more droplets,
following large deformations and rupture of the interface
separating the droplets, merge into one single droplet upon
contact. Moreover, this coalescence process is critical to the
understanding of a range of science and engineerin§
applications, including raindrop formation in clouds,*"*
sintering in metallurgy,” and spray painting/coating."**> In
these applications, the coalescence rate of adjacent drops plays a
vital role in the determination of the material properties of the
solidified precursor. More importantly, coalescence of drops is
an integral step in controllable droplet-based functions in
microfluidics, such as micromixing10 ¢ and microreaction*”*® in
lab-on-a-chip devices, where advective mixing during coales-
cence is used to control chemical and biological assays. Several
numerical studies on the coalescence of sessile droplets have also
been reported in the literature.”” ' Shi et al.”” implemented a
lattice Boltzmann method to analyze the coalescence pattern of
droplets on a textured surface and found that surface roughness
affects the jumping phenomenon of the merged droplet. Liu et
al.>® performed an investigation on the coalescence-induced self-
propelled jumping behavior of droplets on a patterned
hydrophobic surface, while a similar analysis is conducted by
Wang et al.>* Recently, Liu and Liu>> have succeeded in
transporting a sessile droplet to different locations along a
hydrophobic surface through the application of an electric field.
However, the current numerical studies in the literature only
focused on larger-sized droplets,49’50 so that gravitational forces
can induce coalescence between droplets that are initially placed
in contact with each other or droplets on patterned surfaces.”>”
Moreover, as per our knowledge, till now, no one has ever
performed numerical analyses on the dynamic behavior of
micrometer-sized droplets (where gravitational forces are
negligible in compared to viscous forces) on an open surface
under the presence of magnetic fields that will be useful to a wide
range of microfluidics agzplications, including biological and
chemical assays.35’38’56_ As a result, in this article, we
numerically investigate the dynamics of a pair of sessile droplets
on a hydrophobic surface under the effect of a permanent
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magnetic field, which ultimately leads to a coalescence-induced
jumping/no jumping phenomenon under certain operating
conditions. Here, a 2D computational scheme is adopted, which
is widely proven to capture the dynamic evolution of the droplet
interface with great precision, while minimizing the use of a
considerable amount of computational resources,”~** which
further facilitates in the investigation on the effects of a wide
range of parameters, that is, magnetic field strength, contact
angle, and viscosity ratio on the dynamics of droplets on
hydrophobic surfaces.

The paper is organized as follows: in the Numerical Model
section, we depict the numerical setup of the computational
model, while an in-detailed description of the computational
algorithm and governing equations are provided in the
Numerical Method section. Next, the effects of different
parameters, that is, magnetic field strength, contact angle, and
viscosity ratio on the dynamic behavior of a pair of sessile
droplets are explained in Results and Discussions, which is
subsequently followed by the validation of the numerical model
and behavior of droplets under a solitary magnetic field. Finally,
the critical findings are summarized in the Conclusion section.
Additionally, the efficacy of the phase-field (PF) method in
conserving the mass of the droplet and grid independence check
is provided in the Supporting Information.

B NUMERICAL MODEL

Figure 1 depicts the graphical representation of a pair of sessile
terrofluid droplets dispersed in another fluid medium under a
permanent magnetic field, Hy. In this investigation, both fluid
phases (i.e,, continuous and droplet phases) are treated as
immiscible, viscous, and Newtonian fluids. In the beginning, the
droplet phase is considered equally dense and viscous as the
continuous phase (i.e., pg = p. and 174 = 71.), where the subscripts
d and c denote the droplet and continuous phases, respectively.
Also, the droplet contains magnetic properties and has a
magnetic permeability equal to Sy, (i.e., #g = Sp), while the
surrounding medium is treated as a nonmagnetic fluid (i.e., g,
Ho)- The height of the computational domain is considered five
times the initial radius of the droplet R (i.e., Hy = SR,), while the
width equals to SHy (i.e., Wy = SHy) to ignore the effect of the
side walls on the dynamic behavior of the droplets.

Initially, a pair of identical ferrofluid droplets with initial radii
R, are separated by a distance AX, in the horizontal direction,
while maintaining an initial contact with the solid surface at the
bottom interface of the droplet. Next, a permanent magnetic
field, H, is applied at the bottom of the droplet domain, which
maintains a vertical separation distance AY, between the top
surface of the magnet and bottom wall of the droplet domain.
Also, the distance between the center of the magnet and the
centroids of droplets along the horizontal direction are set equal
to each other. Under the combined effects of the wetted wall
condition and magnetic field, the wettability of the droplets
changes, and the wettability of the droplets can be characterized
by the spreading diameter b and apex height h, respectively.
Additionally, as the wettability of the droplets changes, the
contact angle 0, of the droplets undergoes a transition, which
can be defined as the angle the droplet interface makes with the
outline of the contact surface (horizontal solid surface) and is
useful in determining the surface free energy of a solid material.
In order to perform numerical simulations, the bottom wall of
the computational domain is subjected to a wetted wall
condition, while a pressure outlet boundary condition is
employed to the top wall to ensure that the droplets are free
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from any pressure and velocity gradient effects. The PF method
uses a condition called “wetted wall”, which defines the contact
angle between the droplets and bottom substrate in two-phase
flows.* Additionally, a periodic boundary condition is applied
to the side walls to ensure infinite periodicity in the x direction.
Next, a magnetization constitutive relation is applied to the
permanent magnet to generate the magnetic fields. Finally, a
finite element method-based commercial numerical solver
(COMSOL §.3) is implemented to capture the dynamic
behavior of droplet interfaces under permanent magnetic fields,
which couples both flow and magnetic fields. For the
convenience of the readers, the simulation parameters and the
corresponding magnitudes are listed in Table 1.

Table 1. Simulation Parameters and Magnitudes

parameter symbol value unit
channel width Wy 500 pm
channel height Hy 100 pm
permeability of vacuum Ho 4rx 1077 H/m
initial droplet radius R, 20 pm
interfacial tension c 0.0135 N/m
density of the droplet phase P 1260 kg/m?
viscosity of the droplet phase 14 0.105 Pas
horizontal separation distance AX, 60 pHm
vertical separation distance AY, 15 pm
magnetic permeability of the droplet phase 4 Sy H/m
magnetic permeability of the continuous He Ho H/m

phase

B NUMERICAL METHOD

PF Method. Multiphase flows, in general, can occur in
various forms, such as transition of the liquid phase into the
vapor phase due to external heating and dispersed flows, where
one phase exists in the form of particles, droplets, or bubbles in a
continuous phase, that is, liquid or gas. However, one of the
most common difficulties that arises in solving multiphase flow
problems involving droplets is to track the free interface of the
droplet that experiences severe deformation over time under
external forces and flow conditions. As a result, a PF method,
governed by a Cahn—Hilliard equation, is implemented in our
model to track the diffuse interface of the droplet separating the
immiscible fluid phases, which also provides a greater advantage
over the level set (LS) method in terms of conserving the mass of
droplets. Note that the numerical methods involving diffuse
interfaces are usually constructed with an idea that they are not
sharp boundaries, rather have finite width, and are distinguished
by smooth and rapid transitions in different physical quantities,
that is, density, viscosity, and so forth.

The PF method involves a dimensionless variable ¢ that
differentiates different phases, which has a constant value —1 in
the bulk phase (i.e., ¢). = —1) and 1 in the dispersed droplet
phase (i.e., ¢pg = 1), followed by a smooth transition between —1
and 1 (ie, —1 < ¢ < 1) in a hyperbolic tangent or similar
manners. When ¢ = 0, it defines the exact interface of the
droplet. Because the Cahn—Hilliard equation involves fourth-
order derivative, our finite element method-based numerical
solver splits the equation into two second-order equations

https://doi.org/10.1021/acs.langmuir.1c00141
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Figure 2. Equilibrium droplet shapes with the contact angle on a solid horizontal surface. (2) 8, = 90°%; (b) 6, = 120°%; (c) 6, = 150°; (d) base diameter b
vs contact angle 0; (e) height /i vs contact angle 0,; (f) schematic for derivation of the contact angle relationship in terms of base diameter and height of
a droplet; and (g) comparison of simulated contact angle 0, results against analytical relationships.

% +uV = VyVG

2
6= v+ S8

(1)

where u and G denote the flow velocity in the domain (m/s) and
chemical potential of the system, respectively. The parameter y
represents the mobility (m*s/kg), which also determines the
time scale of diffusion and is related to the thickness of the
droplet interface ¢ (m) through the following equation
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y = x€ @)

where y is the mobility tuning parameter (m-s/kg). The mobility
parameter y needs a careful handling in the numerical approach,
so that it is large enough to retain a constant interfacial thickness
but small enough to avoid the overdamping of the convective
terms. Moreover, the relationship among the mixing energy
density 4, interface thickness €, and surface tension coefficient &

can be expressed through the following equation

https://doi.org/10.1021/acs.langmuir.1c00141
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In our model, the interface thickness € is considered half the
maximum mesh size h, in the region passed by the droplet
interface during its movement along the domain (i.e., € = h,/2).
In the PF method, the volume fractions of different fluid phases
are described as

_1-9¢

Vo= Vo =

1+
2

(4)

Moreover, because the PF method considers a multiphase
flow as a single phase flow, the different properties in the flow
domain such as density (p) and viscosity (#7) can be calculated
using volume fractions of fluid phases as

p=pn+ =)V n=u_+ (g — 1)V (s)

Governing Equations. The flow dynamics of an isothermal
and incompressible system involving two different Newtonian
fluid phases is governed by the incompressible Navier—Stokes
equations

Vau=0 (6)

and
()ll T
p; +p(aV)u=—=Vp + Vy[(Vu) + (Vu)'] + E,

+E + E, (7)

In the abovementioned equations, p denotes the terms related
to pressure, while the viscous stress tensor terms are denoted by
n[(Vu) + (Vu)T]. On the other hand, the gravitational forces
are represented by F,, which again equals to pg, and the
magnetic and surface tension forces are portrayed by the
symbols F_, and F,, respectively. The surface tension force F,,
can be calculated using the chemical potential of the system G
(mentioned in eq 1) and PF variable ¢ as

E, =GV (8)

Due to the application of the magnetic field, the droplet
interface experiences additional magnetic stresses, which can be
expressed as 7, and are required to evaluate magnetic forces F.
The quantification of the magnetic force F, is as follows®*

E, =V, = V-(,MHH - ﬁHZI)

In eq 9, u represents the permeability of the flow domain,
which can be evaluated using PF variable ¢, and H* = [HP,
whereas I denotes the identity operator. Additionally, the
calculation of magnetic stresses requires an inclusive under-
standing of Maxwell equations and the constitutive relationships
among magnetization M, magnetic field H, and magnetic
induction B, which are elucidated as follows

M=yH, VXH=0, VB=0, and B = y;(H + M)

= p,(1 + y)H (10)

where p, denotes the permeability of vacuum, which again
equals to 1.257 X 107® H/m. A magnetic scalar potential v is
defined, so that H = —Vy;, which eventually leads to the
following relationship

V-(pVy) =0 (11)
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In our numerical simulation, the magnetic field H is solved
using eq 11, which then contributes to the quantification of the
magnetic forces in eq 9.

B RESULTS AND DISCUSSION

Droplet Dynamics on a Solid Surface. The flow dynamics
of sessile droplets is dependent on the deformation experienced
by the droplets, which is predominantly influenced by the
competition among viscous forces, surface tension forces,
magnetic forces, and surface adhesion forces. Here, in this
section, at first, we analyze the dynamic behavior of a solitary
sessile droplet on a horizontal smooth surface under different
wetting wall conditions. Note that the dimensions in the x and y
axes are nondimensionalized by the initial radius of the droplet
Ry, while density p, initial radius of the droplet R, and surface
tension coefficient o are used as scaling parameters for
dimensionless time, which are as follows

x

X*=—, Y* L, and t*
R, R,

c
PR03

(12)

Figure 2 depicts the equilibrium droplet shapes with the
contact angle on a solid horizontal surface, and from Figure 2a—
¢, the equilibrium droplet shapes suggest that as the contact
angle between the droplet interface and bottom wall increases
(i.e., more hydrophobic), the wettability of the droplet
decreases. Consequently, the base diameter of the droplet b
decreases, which in turn gives rise to the magnitude of apex
height  in order to conserve the total volume of the droplet.
Moreover, the contact angle in each case is found to be in good
agreement with the set wetted wall conditions, which again
proves the accuracy of the model. Furthermore, the magnitudes
of the base diameter b and height / of the droplet under different
wetted wall conditions are illustrated in Figure 2d,e, which
shows a decreasing and increasing trend in magnitudes with the
increases in contact angle values, respectively.

In the absence of gravitational forces, a sessile droplet will
form a perfect spherical cap on the bottom substrate. Figure 2f
represents the schematic for derivation of the contact angle
relationship in terms of base diameter b and height of the droplet
h, where R is the radius of the sphere and 6. is the contact angle.
Now, applying the Pythagorean theorem in AOAB, we have

R=R-h?+ad (13)
Because, in our case, a = b/2, eq 13 becomes

b\
R*=(R-h)’+ (—)

2 (14)

Simplifying eq 14, the radius of the sphere R can be expressed
in terms of b and h
41" + b
8h (15)

Subsequently, the radius of the droplet R is utilized in finding
the contact angle 6, which can be approximated as follows

R =

1

2R - h)

6 = tan~
(16)

Using the abovementioned geometrical relationships (eqs 15
and 16), the contact angles are calculated and compared against
simulated contact angles (Figure 2g), which appear to agree
quantitatively very well with each other. Even, for the maximum

https://doi.org/10.1021/acs.langmuir.1c00141
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Figure 3. Steady-state shapes of the droplet on a hydrophilic smooth solid surface under a permanent magnetic field with an initial contact angle 6° =
72°. (a) B=0.078 T; (b) B = 0.157 T; and (c) B = 0.2 T. (d—f) Variation in spreading characteristics of a droplet on a homogeneous solid surface
under a permanent magnet along the central portion of the droplet. (d) Base diameter b; (e) height 4; and (f) contact angle 0..

contact angle value used in the analysis (6, = 150°), the
numerical error between the analytical and simulated contact
angle is found to be approximately 2.79%.

Sessile Droplet under the Nonuniform Magnetic Field.
Now, we investigate the effect of a permanent magnetic field on
the wetting phenomenon of a sessile ferrofluid droplet (also
known as magnetowetting), and the steady-state shapes of a
sessile ferrofluid droplet under a nonuniform magnetic field are
illustrated in Figure 3a—c. In the absence of a magnetic field, the
droplet assumes a contact angle of 72° with the solid surface;
however, as the magnetic field is applied, the shape of the droplet
changes, which eventually changes the spreading dynamics of a
terrofluid droplet under magnetic fields. Figure 3a—c demon-
strates that a stronger magnetic field pulls down and laterally
stretches the droplet, causing an increase in the base diameter of
the droplet, which in turn augments the wettability of a sessile
ferrofluid droplet. Consequently, the droplet experiences a
decline in its apex height and contact angle with the increase in
wettability of the droplet. Moreover, the magnetic field profiles
in Figure 3a—c suggest that the magnetic field lines exit the north
pole of the magnet and enters the south pole through an elliptic
fashion, while being parallel to each other and maintaining a
symmetric profile with respect to the y axis of the computational
domain. Also, the magnetic field is strongest near the vicinity of
the magnet, which is eventually encountered by the ferrofluid
droplet and diminishes to zero far away from the magnet.

Furthermore, the spreading characteristics of a sessile
ferrofluid droplet under a nonuniform magnetic field are
shown in Figure 3d—f, which indicate an increase in base
diameter b (Figure 3d) and decrease in height i (Figure 3e) and
contact angle 0, (Figure 3f) magnitudes of the droplet with the
increase in magnetic field strengths, and these results agree
qualitatively well with the experimental findings of Nguyen et
al.** Additionally, the spreading characteristics of the ferrofluid
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droplet in Figure 3d—f are found to match perfectly with a third-
order polynomial fitting curve under the presence of a
nonuniform magnetic field.

Magnetic Field-Induced Coalescence of Sessile Drop-
lets. The results from previous sections indicate that the
spreading characteristics of a solitary sessile ferrofluid droplet
can be modified using different magnetic field strengths and
wetted wall conditions. Now, in this section, we analyze the
pairwise interaction between a pair of sessile ferrofluid droplets
on a hydrophobic surface under the action of a permanent
magnetic field. Here, some dimensionless groups (i.e., { and 1)
are introduced, which signify the density and viscosity ratios,
respectively, and are defined as

Py A

=2 1=
e

(17)

whereas the magnetic Bond number Bo,, relates the magnetic
and surface tension forces through the following relationship

2
_ /’tOROHO
20

[

Bo

" (18)

Figure 4a illustrates the effect of the nonuniform magnetic
field on the interaction phenomenon between a pair of sessile
droplets on a hydrophobic surface (6, = 150°) at Bo,,, = 0.145, {
=1,and A = 1, and it can be seen that with the evolution of time
(#* = 5489.4, 7429), as the magnetic field activates, the droplets
start to approach each other along the direction of the magnet.
During this sliding motion, the interface of the droplets closer to
the permanent magnet experiences larger deformation due to
greater magnitudes of the magnetic force and tends to drag the
droplet toward the magnet, while the droplet interfaces on the
opposite side, being approximately circular in shape, strive to
resist the movement and keep the droplet attached to the

https://doi.org/10.1021/acs.langmuir.1c00141
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Figure 4. (a) Time evolution of the sessile droplet movement leading to coalescence and jumping off the hydrophobic surface under the permanent
magnetic field at Bo,, = 0.145, 0, = 150°, { = 1, and 4 = 1. (b,c) Trajectory of sessile droplets on a hydrophobic surface under the permanent magnetic
field at Bo,, = 0.145, 6. = 150° ¢ = 1, and A = 1. (b) Overall trajectory and (c) trajectory of the merged droplet.

bottom surface of the domain. As a result, during the motion, a
difference between the advancing contact angle 8, and receding
contact angle 6, emerges, which ultimately gives rise to the
capillary force that eventually provides resistance to the droplet
movement along the direction of the magnet. Moreover, the
capillary force F. is dependent on the base diameter b and
surface tension coefficient o, which can be expressed as

E = bo(cos 6. — cos ) (19)

Subsequently, the magnetic field brings the droplets in close
proximity with each other, where the drainage of the fluid film
between the droplets occurs, which is ultimately followed by the
flattening of the interfaces in the merging region (t* = 7483.9).
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Eventually, the van der Waals intermolecular forces come into
play and dominate the coalescence phenomenon between the
droplets, and this event is similar to the coalescence
phenomenon observed between droplet pairs in shear flows in
our previous work.””** Also, the force balance along the x axis
during the sliding motion leading to coalescence can be
demonstrated in the following form

Fm = Fc + Fad (20)
where F_4 represents the adhesion forces during the motion and
is proportional to the base diameter of the droplet (i.e., F,q o b).
Note that the capillary force appears in a droplet due to cohesive
forces, where the molecules of the droplet attract each other. In

https://doi.org/10.1021/acs.langmuir.1c00141
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Figure S. Time evolution of velocity contours both inside and outside of sessile droplets on a hydrophobic surface under a permanent magnetic field at

Bo,, =0.145,6.=150°, ¢ = 1,and A = 1.

contrast, the adhesive force is the main reason behind the
adhesion force, where the molecules of the droplet interact with
the molecules of the bottom substrate, thereby generating a
resistive force that provides resistance against the droplet
motion along the substrate. Under the presence of a magnetic
field, the magnetic force F,, dominates over F_ and F 4, which
eventually results in the horizontal movement of the droplets
along the direction of the magnet, leading to coalescence
between droplets at Bo,, = 0.145.

Moreover, during the merging process, the surface energy of
the droplets converts into kinetic energy, which in turn aids the
merged droplet in jumping upward in the vertical direction from
the hydrophobic surface (t* = 7648.6), followed by a gradual
decline in the base diameter of the merged droplet (#* = 7538.8).
Eventually, as the droplet takes off from the hydrophobic
surface, the kinetic energy of the droplet dissipates into the
surrounding viscous fluid medium, and the droplet reaches a
maximum point where the velocity diminishes to zero (#* =
7977.9). Consequently, as the intensity of kinetic energy
diminishes, the magnetic force becomes dominant and drags
the droplet back toward the bottom surface of the domain.
Finally, the droplet reaches an equilibrium stage where the
droplet shape, in addition to the wetted wall condition, is defined
by the magnetic and surface tension forces (t* = 8966). The
force balance during the droplet jumping phenomenon in the
vertical direction (i.e., y axis) can be approximated in the
following form

However, when the characteristic dimension of droplets
decreases from the macroscopic to the micrometer scale, the
effects of gravity become negligible compared to the surface
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tension and viscous forces, which ultimately govern the droplet
dynamics. In general, the gravitational effect can be ignored for
droplets that have diameter smaller than the capillary length. In
our case, the capillary length is estimated to be 1.04 mm, which is
approximately 26 times larger than the droplet size (micrometer
size). As a result, the contribution of the gravitational force F,
(i.e., standard gravity) can be ignored compared to the magnetic
force F,,, which ultimately reduces eq 21 in the following format

F,~E, + K (22)
where F4 denotes the drag force experienced by the droplet
during the upward motion in the opposite direction.
Additionally, the overall trajectory of the droplets in Figure 4b
indicates that during the initial stage of the sliding motion, the
droplets experience a decline in the apex height and then
approach each other along the horizontal direction. Next, as the
droplet interfaces come in close contact with each other, the
droplets experience an increase in the apex height, which
ultimately leads to an upward shift of the droplet positions
during the merging stage of droplets. Afterward, following the
merging phenomenon, the merged droplet continues to move
upward until the kinetic energy of the droplet diminishes to zero
through viscous dissipation and then reaches the steady shape
under the attractive forces of the magnetic field. Note that a
MATLAB code is developed to track the centroids of droplets
during the motion, which eventually defines the trajectory of the
droplets in Figure 4b,c. Moreover, the trajectory of the merged
droplet is illustrated in Figure 4c, which shows that the merged
droplet takes a considerable amount of time in reaching the
maximum peak during ascension in the vertical direction, while
descension leading to a steady-state droplet position is
comparatively faster under the influence of the magnetic field.

https://doi.org/10.1021/acs.langmuir.1c00141
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Furthermore, the complex flow dynamics behind the
interaction between a pair of sessile ferrofluid droplets under a
permanent magnetic field can be better explained by the velocity
contours around the droplets, and Figure S depicts the time
evolution of velocity contours both inside and outside of sessile
droplets on a hydrophobic surface under a permanent magnetic
field at Bo,, = 0.145,60.=150° { = 1,and A = 1. It can be seen that
as the magnetic field is activated, a flow field is created along the
horizontal direction, which in turn starts to push the droplets
toward the magnet, and as they approach each other, the fluid
region between the droplets is squeezed, which gives rise to a
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larger velocity gradient (t* = 5489.4). Also, during the sliding
motion, counter-rotating vortices appear in the bottom and top
region of the droplet, where the size of the vortices near the top
surface is much larger compared to the vortices near the bottom
interface. Consequently, the droplets come into close contact
with each other and coalesce into one, which is further followed
by a rapid surge in the velocity of the fluid region trapped
between the droplets just before merging (#* = 7429). Because
the surface energy of the droplets converts into kinetic energy
during merging, a larger velocity gradient appears around the
merged droplet, where the vortices near the bottom interface

https://doi.org/10.1021/acs.langmuir.1c00141
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consistently attempt to adhere the droplet to the hydrophobic
surface, but eventually fail due to the presence of stronger
vortices near the top interface that aid the droplet in taking off
from the hydrophobic surface (t* = 7538.8). Eventually, the
droplet reaches a maximum peak during jumping, followed by
the dissipation of droplet kinetic energy in the surrounding
viscous medium (#* = 7977.9) and comes back rapidly on the
horizontal surface under the influence of the magnetic field and
reaches an equilibrium shape under the prescribed wetted wall
condition (t* 8966). Note that, during the coalescence
phenomenon, a drainage of the fluid film between the droplets
occurs, which is ultimately followed by the flattening of the
interfaces in the merging region. Upon coalescence, a large
amount of interfacial energy is released near the merging point,
which can be considered as a potential reason behind the
increase in the size of the vortices near the top surface compared
to the bottom surface at Bo,,, = 0.145,6.=150°,{ = 1,and A = 1.

Next, we expose the droplets to a comparatively larger
magnetic field strength (Bo,, = 0.581) to observe how it affects
the overall dynamics of a pair of sessile ferrofluid droplets on a
hydrophobic surface under similar wetted wall conditions, and
Figure 6 represents the time evolution of sessile droplets on the
same surface under a permanent magnetic field at Bo, = 0.581,
0.=150° ¢ =1, and A = 1. Figure 6a indicates that the droplets
undergo greater deformation under stronger magnetic fields (a
clear deformation comparison is shown in Figure 6¢), which in
turn forces the droplet interfaces closer to the magnet to move
toward the magnet even more, while experiencing resistance
from the interfaces far away from the magnet (t* = 1829.8).
Eventually, as time goes on, the droplets spread more under the
action of the magnetic field, giving an increase to the magnitude
of the base diameter of the droplets (t* 5489.4).
Consequently, the adhesion energy of the droplets due to
their larger spread becomes more intense compared to the
magnetic force experienced by the droplets (¥ = 9149). As a
result, the droplets ultimately reach a steady state without
undergoing coalescence at t* = 12,808.6.

Moreover, the flow-field profiles around the droplets in Figure
6b suggest that during the motion of droplets toward the
magnet, a high-pressure region is formed between the droplets
near the hydrophobic surface due to the squeezing of the region
in between droplets (#* = 1829.8), while a high-pressure region
appeared near the top surface of the droplets under
comparatively smaller magnetic field strengths at t* = 5489.4
in Figure 5. Also, a significant number of smaller vortices are
found to appear near the bottom interface of the droplets, which
eventually aid in the movement along the horizontal direction,
whereas the larger vortices near the top interface of the droplets
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tend to resist the motion of droplets, which again emerges due to
the movement of the deformed droplets toward the magnet in
the horizontal direction (#* = 9149). Finally, under the
combined interaction of the magnetic field and droplet
adhesion, the droplets reach equilibrium positions on the
hydrophobic surface at t* = 12,808.6.

Lastly, the dynamic behavior of sessile droplets under variable
magnetic field strengths at . = 150°, { = 1, and 4 = 1 is
summarized in Figure 7. From Figure 74, it can be seen that as
the magnetic field strength increases upto Bo,, = 0.372, the
droplets experience faster coalescence and the maximum peak
reached by the merged droplet decreases. This decrease in the
maximum peak can be explained by the fact that due to the
increase in the magnetic Bond number, the magnetic force
encountered by the merged droplet increases, which in turn
provides more resistance during the upward jump from the
surface (i.e, maximum peak decreases). Also, as the magnetic
field strength starts increasing beyond Bo, > 0.24S, the droplets
still coalesce and undergo a jumping phenomenon; however, a
slight increase in coalescence time is observed compared to the
previous lower magnetic Bond number (i.e., Bo,, = 0.245). This
phenomenon emerges because as the droplets are exposed to
much stronger magnetic fields, the spreading of the droplet
under the action of the magnetic field increases (Figure 7b),
which ultimately increases the adhesion energy of the droplets.
As a result, the magnetic field requires a longer time to bring the
droplets into closer contact that eventually initiates coalescence
and jumping phenomenon off the surface. Moreover, if a
significantly stronger magnetic field (i.e., Bo,, = 0.581) is applied
to the droplets, the droplets experience no coalescence at all and
reach steady-state shapes under the combined effect of the
magnetic field and wetted wall conditions. Additionally, the
effect of magnetic field strength on the spreading diameter of the
droplets is depicted in Figure 7b, which clearly shows an increase
in the base diameter of the droplets at higher magnetic Bond
numbers before and after the coalescence process.

Figure 7a provides very interesting and useful information on
the conditions required to induce coalescence/no coalescence
between sessile droplets during sliding motion under magnetic
fields. Also, during the analysis of this critical condition, unity
density and viscosity ratios are used in order to eliminate
additional complexities, so that the readers have an easy
understanding about the coalescence dynamics of droplets.
Here, a dimensionless number (magnetic Bond number Bo,,) is
used to relate the contribution of magnetic and surface tension
forces, the magnitude of which again can be manually controlled
through a change in the magnitude of either initial droplet radius
and magnetic field strength or surface tension values. As a result,

https://doi.org/10.1021/acs.langmuir.1c00141
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this analysis can be very beneficial to the experimental design
because it clearly provides the magnitudes of all the parameters
required to replicate these phenomena during experiments
under unity density and viscosity ratios at g, = 150°.

Effect of Contact Angles. Now, we investigate the effect of
contact angles on the interaction phenomenon between a pair of
sessile ferrofluid droplets under magnetic fields, and Figure 8a
depicts the time evolution of spreading dynamics of sessile
droplets on a hydrophobic surface under the permanent
magnetic field at Bo, = 0.145, 8. = 90°, { = 1, and 4 = 1. The
shapes of droplets suggest that as they are exposed to a
permanent magnetic field at 6, = 90°, the wettability of the
droplets increases and the existence of nonuniform magnetic
field contributes in the generation of an asymmetric droplet
shapes with respect to the y axis (i.e., the interface of the droplets
closer to the permanent magnet experiences greater deformation
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than the interface far away from the magnet) at t* = 548.9.
Moreover, during the spreading process, the interface of the
droplets comes closer to each other at t* = 695.3, where a sharp
flattening of the interfaces closer to the bottom wall occurs,
which eventually initiates the coalescence phenomenon at t* =
713.6. It is important to note that upon initiation of contact, the
surface tension force drives a swift motion perpendicular to the
line of centers that combines the droplets and causes a decrease
in the total surface area (t* = 713.6). Also, as the surface tension
force drives the merging process, two large vortices appear on
the sides of droplets, while a smaller-sized vortex emerges near
the center of the top interface of the merged droplet (t* =
805.1). Subsequently, with the evolution of time, the two large
vortices are pushed toward the bottom, while the vortex on the
top interface disappears at t* = 1024.6. Finally, the droplet
reaches an equilibrium shape at t* = 5855.4.

https://doi.org/10.1021/acs.langmuir.1c00141
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Next, the wetted wall condition of the droplets is changed
from 6, = 90° to 6, = 120° under the same magnetic field
strength, and Figure 8b represents the time evolution of velocity
contours around the sessile droplets under a permanent
magnetic fleld at Bo, = 0.145, . = 120°, { = 1, and 4 = L
Compared to the previous case, here, under similar magnetic
field strength, the base diameter of the droplets decreases (t* =
7319.2) and the magnetic field forces the droplet interface closer
to the magnet to approach each other (t* = 7721.8), which
begins the coalescence process at t* = 7740.1. However, because
the coalescence process starts around the center of the droplet
interfaces, a void appears in the middle near the bottom interface
(#* = 8051.1) during merging, and the droplet tends to take off
from the solid surface, which eventually fails due to the
dominant nature of magnetic attraction forces and presence of
high-pressure regions near the bottom interface of the droplet.
Lastly, the droplet settles down and assumes a steady-state shape
at t* = 13,174.6. Note that the merged droplet also takes
significantly longer time in reaching a steady-state shape at 6, =
120° than at 6, = 90°.

Furthermore, the trajectory of the droplets in Figure 9a
indicates that as the contact angle increases upto 6, = 120°, the
merged droplet do not experience any jumping phenomenon,
but experiences an increase in its height at the steady state,
followed by a decline in height during the approach stage. Also,
the time required to initiate coalescence increases with the
increase in contact angle values. This phenomenon can be
explained by the fact that as the solid surface becomes more
hydrophobic, the wettability of the droplet decreases under the
same magnetic field strength, which in turn requires more time
for the droplets to come into closer contact under the action of

the magnetic field. However, as the solid surface starts to
become superhydrophobic (6, > 135°), the kinetic energy of the
droplets after the coalescence overcomes the adhesive energy
and the droplet ultimately jumps off the surface. Moreover, the
merged droplet experiences higher jumping in the vertical
direction, as the hydrophobicity of the bottom surface increases,
which is attributed by the decrease in the adhesive energy of the
droplets (i.e., reduction in base diameter) during the
coalescence process (Figure 9b).

The coalescence point between two droplets is a complex
phenomenon and strongly dependent on the wettability of the
surface (i.e., contact angle) and magnetic field strengths. Figure
9b demonstrates the droplet shapes during merging at Bo,, =
0.14S5, and the shapes suggest that at . = 90°, the coalescence
point occurs near the bottom interface of the droplets, whereas
at 105°, the droplets coalesce approximately near the middle of
the droplet interfaces. However, as the hydrophobicity of the
bottom substrate increases (i.e., 6. > 120°), the coalescence
point appears near the middle of the top half of the droplet
interfaces. Nevertheless, the droplet shapes indicate an
interesting shift of the coalescence point between droplets
from the bottom interface toward the top interface with an
increase in the hydrophobicity of the bottom substrate under
magnetic fields. Finally, the steady-state characteristics of the
merged droplet are illustrated in Figure 9¢,d, which shows a
decrease and an increase in the base diameter and the height of
the droplet, respectively, under increasing contact angle values.

Effect of Viscosity Ratios. In the final section, we focus on
analyzing the effect of viscosity ratios on the coalescence
phenomenon between a pair of hydrophobic sessile droplets
under the permanent magnetic field at Bo,, = 0.145, 8. = 150°,

https://doi.org/10.1021/acs.langmuir.1c00141
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and § = 1. Here, the viscosity of the droplets is kept constant,
while the viscosity of the continuous phase is varied to observe
how the behavior of sessile droplets change in different
surrounding media under the nonuniform magnetic field,
including air where the properties of air medium give rise to
huge contrast in viscosity ratios (i.e., 4 & 5000).

From Figure 10a it can be seen that irrespective of viscosity
ratios, the droplets, followed by a sliding motion toward the
magnet, coalesce and experience the jumping phenomenon
under the exposure to a permanent magnetic field; however, the
maximum peak reached by the merged droplet during jumping
increases with the increase in viscosity ratios. This happens
because as the viscosity of the surrounding medium decreases,
the kinetic energy of the droplets after merging requires longer
time to get dissipated into the surroundings, that is, the droplet
undergoes higher jumping in the vertical direction. Also, in
addition to a decline in the coalescence time with the increase in
viscosity ratios, the merged droplet requires comparatively
smaller time to return to the solid surface and reach a steady
state under a magnetic field. Interestingly, the trajectory of
droplets at a viscosity ratio beyond 2000 (i.e., A > 2000) is found
to overlap with each other, which also indicates the dominant
behavior of the magnetic field at higher viscosity ratios.
Furthermore, the droplet shapes at maximum peaks for some
representative viscosity ratios are depicted in Figure 10b, which
demonstrates a small increase in the droplet jumping in the
vertical direction compared to the massive change in viscosity
ratios.

In the research community, 2D studies are extremely popular
compared to three-dimensional (3D) studies for providing
flexibilities in terms of investigating the effects of a wide range of
parameters on droplet dynamics, while saving a considerable
amount of computational resources. Also, before moving on to
the in-detailed investigation of the droplet dynamics under
magnetic fields, the 2D model is systematically validated against
benchmark solutions and existing experimental works in the
literature to make sure that it is capable of capturing the correct
droplet interface and producing accurate results. Although a 3D
model would be more realistic than a 2D model, it would
generate a similar coalescence phenomenon under similar
conditions; however, the droplet shapes could be slightly
different due to the effect of surface tension in the z-direction.

B CONCLUSIONS

A systematic numerical inquiry on the dynamics between a pair
of sessile droplets on a smooth hydrophobic surface under a
permanent magnetic field is carried out in this paper. The results
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indicate that a nonuniform magnetic field is capable of
increasing the wettability of a hydrophobic surface, which
usually has lower surface energy and interfacial tension between
the droplet and solid surface. Consequently, the base diameter of
the sessile droplet experiences an increase at higher magnetic
field strengths, while the apex height and equilibrium contact
angle decreases. Also, when a pair of sessile droplets are
symmetrically separated with respect to the center of the magnet
along y-axis on a superhydrophobic surface (i.e., 6. = 150°), the
merged droplet experiences a jumping phenomenon off the solid
surface, which is eventually followed by the migration of the
droplets along the horizontal direction that ultimately leads to
coalescence under the action of the nonuniform magnetic field.
Moreover, as the magnetic field strength increases upto Bo,, =
0.372, the droplets still experience coalescence at a faster rate;
however, the maximum peak reached by the merged droplet
during the upward flight decreases. Furthermore, if the magnetic
field strength is allowed to increase above Bo,, > 0.372, at Bo,,, =
0.581, the droplets do not encounter any coalescence
phenomenon anymore, instead reach equilibrium shapes
under the combined effects of the magnetic field and wetted
wall conditions.

Additionally, we investigated the effect of contact angles on
the dynamic interaction behavior between a pair of sessile
droplets under magnetic fields, and the findings suggest the
existence of a critical contact angle value, below which the
droplets do not experience any jumping off phenomenon after
undergoing coalescence. In our investigation, the critical contact
angle value is found to be approximately 120° (i.e., 65 =~ 120°).
Also, the merging pattern of droplets changes at lower contact
angle values (ie, 6. = 90°). Moreover, the merged droplet
sustains an attenuation in equilibrium base diameter magni-
tudes, while experiencing an increase in the apex height on more
hydrophobic surfaces. Furthermore, on a superhydrophobic
surface (i.e., 6. = 150°), as the viscosity ratio increases (i.e., A =
5000 in case of air as the surrounding medium), the droplets
encounter rapid coalescence under the attraction forces of the
magnetic field, and the merged droplet experiences higher
jumping at higher magnitudes of viscosity ratios. Nevertheless,
the findings signify the massive potential of the magnetic field in
the controlled transportation of sessile droplets on a hydro-
phobic surface that will be critical to a significant number of
biological and chemical assays.
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