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Thermofluidic Transport in Droplets 
under Electromagnetic Stimulus: A Comprehensive 
Review

1 Introduction
“You are not a drop in the ocean. You are the 
entire ocean in a drop”—Immortal words by the 
thirteenth-century Persian scholar and mystic, 
Rumi. While the philosopher might have aimed 
his words towards the generic human spirit, 
the quote in itself is very true for drops as well. 
Droplets1–3 despite being minuscule fluid entities 
are among the most important elements in the 
vast gamut of fluid dynamics and thermal sci-
ences. In fact, droplets constitute the final com-
ponent of the water cycle, whereby water is shed 
by clouds in the form of raindrops. Thus, in a 

A droplet is a diminutive 
drop with diameter less 
than ~ 0.5 mm.

A drop may be defined 
as a small mass of liquid, 
bounded completely or nearly 
completely by free surfaces by 
virtue of surface/interfacial 
forces.
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Abstract | In the vast expanse and scope of fluid mechanics, thermal 
and species transport, droplets have carved out an important niche 
for themselves. These microscopic fluid entities, bounded to shape by 
surface tension and/or interfacial forces, play important roles in variant 
capacities in the physical world, biological systems as well as man-
made technological applications. Thereby, understanding of droplet 
dynamics is an essential area in research and development. To add to 
the complexity of interfacial thermofluidic transport in droplets, presence 
of electric and/or magnetic fields yields interesting and rich physics to 
the problem. Additionally, such field-induced transport in droplets has 
found applications in several systems, ranging from macro- to micro-
scale. Consequently, research on the physics of thermofluidic transport 
in the presence of electromagnetic stimulus has gained wide attention 
in the academic community. The present article discusses the present 
status of research, development and knowledge base on the topic. The 
physics of the problem, scope and extent of work realized by the aca-
demic community till date, potential applications and future directions 
have been discussed in an effort to provide a comprehensive review. 
The article shall be able to provide the readers a precis of the research 
and developmental work in the field thus far and acquaint them with an 
idea of the path ahead.
Keywords: Droplets, Pendant drop, Sessile drop, Electric field, Magnetic field, Microfluidics, 
Electrohydrodynamics, Magnetohydrodynamics, Transport phenomena
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sense, droplets hold the key to the essence of life 
force and of the human civilization. Such is the 
significance of these small fluid elements to life as 
we know. The present article shall, however, aim 
to discuss the more techno-scientific aspects of 
droplets, mostly bordering on the latest research 
and developments in a small niche of the field. 
The crux of this perspective article shall be to 
comprehend the rich thermofluidic multiphys-
ics phenomena in droplets under the influence of 
electric and/or magnetic fields.
Droplets are the direct manifestation of the sur-
face tension of a fluid. A sphere has the minimum 

Surface tension of a fluid 
maybe defined as the elastic 
characteristics of a fluid 
surface by virtue of which 
it attains the least surface 
area possible under a given 
thermodynamic scenario.
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surface area per unit volume among three-
dimensional symmetric shape forms, and thereby 
surface/interfacial tension ensures that droplets 
are spherical (or near spherical) at rest. From 
a technical perspective, two generic static drop 
shapes are possible, the pendant and the sessile. 
The pendant shape is realized when a droplet is 
suspended from the end of a thin tube (such as 
needles) and it rests hanging in the ambient 
phase4–7. The pendant remains stably suspended 
as long as the surface tension force dominates 
over the weight of the droplet. In a pendant drop, 
only a minute portion of the liquid is in con-
tact with the tube (or needle) and nearly > 95% 
of the surface area is in contact with the ambi-
ent phase. Thus, the pendant drop provides the 
closest scientific approach to realizing a droplet 
in free suspension (like raindrops). Of course, 
it is possible to realize freely suspended droplets 
using ultrasonic levitation; however, such droplets 
exhibit oscillatory behavior and thus fall under a 
different umbrella of research8–11. Accordingly, in 
recent times, research on pedant drops has seen 
steadfast growth since the thermofluidics and 
species transport features, such as internal advec-
tion12–15, heat transfer and evaporation dynam-
ics16–18, in case of pendant droplets are devoid of 
surface effects. This is very important for under-
standing spray evaporations and combustion19, 

20, aerosols21, fumigants22, aeroponics23, mist and 
fog formation24, cloud dynamics25, etc. Addition-
ally, the pendent drop method has proven to be 
the most robust mechanism to deduce surface 
tension of fluids.
The sessile drop, on the contrary, is linked 
innately to an additional surface. The typical 
static sessile drop rests on a surface in the form 
of a spherical cap. The angle that the cap makes 
with the solid surface, called the contact angle. 
The contact angle for a droplet under equilib-
rium is governed by Young’s equation and is a 
function of the interfacial energies of the gas–
liquid, gas–solid and solid–liquid pairs. Such 
interactions thereby make the sessile droplet a 
more complex system in comparison to the pen-
dant drop. In fact, the sessile drop method is the 
most effective way to determine the wettability 
of a solid with respect to a liquid, in the ambi-
ence of a given gas phase, and the associated phe-
nomena, such as wetting and spreading26–29. As a 
consequence of the surface playing a major role, 
the thermofluidic behavior of the sessile drop is 
largely regulated by the characteristics of the sur-
face. Recent developments have seen attempts to 
tune the wettability of a liquid on solid surfaces, 
giving rise to asymptotic wettability regimes 

The contact angle is the angle 
extended from the solid–
liquid interface, through the 
liquid, up to the gas–liquid 
interface of a sessile droplet. 
Acute angles, typically up to 
70°–80°, indicate hydrophilic 
surfaces, the range of 90°–
120° constitutes hydrophobic, 
120°–150° constitute super-
hydrophobic and beyond that 
indicates ultrahydrophobic.

from superhydrophilic30–32 to super/ultrahydro-
phobic33–35. Sessile droplets have been studied to 
understand droplet evaporation36, 37, heat trans-
fer38, 39 and deposition patterns40, 41, self-cleaning 
surfaces42, 43, scaling44, condensation and water 
harvesting45, 46, microscale device thermal man-
agement47, 48, bio-diagnosis49, 50, etc.

Apart from these two fundamental drop-
let forms, it is also possible to envisage droplets 
dispersed in another liquid. In fact, mist and fog 
droplets are dispersed in a gas media, and liquid 
droplets dispersed in another continuous liquid 
medium constitute an emulsion. In recent times, 
research on such individual liquid globules or 
vesicles dispersed in continuous liquid media has 
gained a lot of attention, typically due to their 
importance in pathological diagnostics51, 52, med-
ical treatment53–55, microscale testing of industrial 
processes56–59, etc. Of course, research in the area 
is focused on understanding the dynamics of sin-
gle or a few dispersed droplets and not on a col-
lective system such as a true emulsion. In fact, the 
whole area of understanding dispersed individual 
droplet behavior in microscale flow domains and 
engineering application from such flows has con-
stituted the field commonly described as droplet 
microfluidics60–62. A large volume of literature 
has been dedicated to the study of such solitary 
droplets dispersed in another liquid phase and 
the majority of the works employ microfluidic 
devices and systems to study such systems.

Electromagnetic interactions with thermo-
fluidic transport phenomena pose several inter-
esting physical insights. Droplet interaction with 
electromagnetic fields serves as an area of rich 
multiphysics, where fluid dynamics, interfacial 
phenomena and their co-existence with electro-
magnetism generate atypical thermal and species 
transport regimes. With the advent of micro-
scale device systems, droplet dynamics, their 
control, actuation and manipulation have found 
important roles in systems such as micro-nano-
lithography, deposition techniques, printing, 
thermal management of devices, liquid displays 
and logic control. Such techniques require accu-
racy and precision in control. Further, micro-
scale fluid droplets require robust manipulation 
with accurate spatio-temporal variation, which 
cannot be achieved by direct contact methods 
at reduced dimensions. In such scenarios, non-
contact method of manipulation, such as by 
electromagnetic fields, acoustic techniques and 
optical control are very popular. Among these, 
the use of electric and magnetic fields to manipu-
late microscale fluid systems has received wide 
attention due to the ease of use and control and 

An excellent example of an 
emulsion is milk, wherein 
minute fatty globules are 
dispersed stably in watery 
medium containing carbohy-
drates, proteins and minerals.

Ultrasonic levitation is 
the method of utilizing the 
acoustic pressure generated by 
high-frequency sound waves 
to suspend materials against 
the gravitational pull.
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easy integration of such systems into microscale 
devices. However, before directly using at a device 
level, the intrinsic physics of fluid transport and 
heat transfer in droplets due to such electro-
magnetic fields needs thorough understanding. 
Accordingly, a populous array of literature on 
the topic exists and the present article puts forth 
a comprehensive review on the subject matter, as 
to where droplet thermofluidics under electro-
magnetic stimulus stands and what are the future 
avenues.

2  Influence of Magnetic Field
The influence of magnetic fields on droplets and 
its implications vis-à-vis thermofluidic trans-
port is an area of academic interest and research 
which has been in the limelight for quite some 
time now. Rich multiphysics phenomena such as 
magnetohydrodynamics, magnetic advection, and 
magneto-solutal transport have been reported 
in case of droplets of magnetically active fluids. 
A major portion of studies on the conglomera-
tion of droplet dynamics and magnetic field has 
been the evolution of shape and behavior of ses-
sile droplets under the intervention of a magnetic 
field. The basic genesis of the field may be traced 
back to the controlled shaping of liquid metallic 
droplets by high-frequency alternating magnetic 
field63. It has been discussed that in liquid met-
als, the Lorentz forces induced within the droplet 
is confined along its periphery (due to the skin 
effect in conductors), which manifests itself as 
a form of magnetic pressure on the droplet sur-
face. It is shown that such alternating magnetic 
fields can squeeze a metallic droplet to the desired 
shape while conserving the volume. It was further 
noted that high field amplitude and frequency 
can induce oscillations in the droplet, leading to 
complex mode shapes. A similar analysis on the 
droplet oscillation mode shapes in case of mag-
netically levitated liquid metal droplet has also 
been reported64. It is reported that the magnetic 
force deforms the droplet and the shape at static 
equilibrium shape is aspherical and asymmetric. 
The oscillation spectrum under the influence of 
the Lorentz force induced by the field has also 
been reported for different electrical conductiv-
ity and viscosity values (or in other words, for 
different Hartmann numbers). A similar report 
discusses the flow dynamics in an electromag-
netically levitated droplet due to the alternating 
magnetic field component65. The linear stability 
analysis presented yielded that the flow became 
unconditionally unstable at and above Reynolds 
numbers of ~ 100. It was further noted that an 

The Hartmann number (Ha) 
is an important dimensionless 
number in magnetohydrody-
namics and is the ratio of the 
electromagnetic force to the 
viscous force in a fluid.

additional direct magnetic field may be applied 
along the droplet axis to subdue such instabilities.
Studies also reveal that wettability66 as well as 
movement67 of liquid metal droplets can be tuned 
and governed by application of magnetic field 
environments. The major application of such 
manipulation and control of liquid metal droplets 
using magnetic fields is in the areas of arc weld-
ing68, microscale circuit patterning69, etc. Another 
important area with rich physics where droplet 
dynamics under the influence of magnetic field is 
important is the case of magnetic colloidal drop-
lets, also termed as ferrofluids (in the event the 
dispersed particles contain iron and are nanoscale 
in size). Some very interesting reports on the fluid 
dynamics of ferrofluid droplets exist in the litera-
ture when in the form of a liquid marbles. Liquid 
marbles synthesized using commercially avail-
able ferrofluids and polytetrafluorethylene micro-
particles were experimented upon in the presence 
of magnetic field70, 71. It has been shown that an 
external magnetic field can deform the shape of 
the marble and lead to large degrees of distor-
tion and spread despite the hydrophobic nature 
of the marble. It is further observed that the non-
dimensionalized forms of the marble radius and 
height scale to the fourth root and the inverse sec-
ond root of the magnetic Bond number, respec-
tively. It was, however, observed that in case of a 
dynamic marble in motion under the actuation 
of a magnet, the deformation is proportional to 
the Capillary number.

A large body of literature exists on the actua-
tion dynamics, distortion, deformation and insta-
bilities of ferrofluid droplets under the influence 
of magnetic field. Such studies can be further 
categorized into sessile droplet behavior and 
behavior of droplets dispersed in another liq-
uid, which could be static or in motion. Novel 
flow focusing and control devices for ferrofluid 
droplet actuation have been widely reported72–74, 
with the essence being the achievement of one-
dimensional droplet motion with control over 
shape and velocity. The spreading dynamics and 
motion of ferrofluid droplets on generic surfaces 
under the effect of magnetic field have also been 
widely studied75–78. Fluid dynamics and magne-
tohydrodynamic interactivities such as deforma-
tion and subsequent breakup of the ferrofluid 
droplets with increasing field strength have been 
reported. The breakup pattern and kinetics of the 
sister droplets have been explained on the basis of 
the classical Rosensweig instability in ferrofluids 
under field stimulus. It is reported that the inter-
action of the magnetic Bond number and surface 
wettability governs the breakup mode. Analysis 

The Capillary number 
(Ca) is a non-dimensional 
number in interfacial physics 
which determines the relative 
importance of viscous forces 
over surface or interfacial 
tension force.

In interfacial physics, the 
Bond number (Bo) describes 
the relative importance of 
gravitational forces over the 
surface or interfacial tension 
force, and is used to deter-
mine the shapes of drops and 
bubbles with respect to an 
ambient fluid.
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of droplet motion under the action of a moving 
field showed that the deformation of the droplet 
shape, change in height and contact radius var-
ies non-linearly with the magnetic field intensity. 
It was further observed that the advancing and 
receding contact angles during the field actuated 
motion responded differently to the field veloc-
ity and showed different behavior with respect to 
field intensity.

Breakup dynamics of ferrofluid droplets in a 
magnetic field also poses excellent fluid dynam-
ics aspects. It has been reported that a pendant 
ferrofluid droplet breaks up and ruptures in a 
magnetic field environment79, 80. It has been dis-
cussed that magnetic fields can induce droplet 
separation instabilities in ferrofluid jets and can 
lead to oscillations of freely suspended ferro-
fluid droplets. Studies also show81 that magnetic 
fields can induce freestanding surface waves on 
ferrofluid droplets. Even more interesting physi-
cal phenomena are observed in case of ferrofluid 
droplets traveling through fluid columns under 
the influence of external field82–86. It is reported 
that for immiscible droplet and surrounding 
fluid system, the droplet conforms to the asymp-
totic small deformation theory under low field 
strength. At high fields, the interfacial tension is 
a strong function of the magnetic field strength, 
and the deformation observed is pronounced and 
the droplet distorts in shape. It is further shown 
that the nature of deformation and regime of 
transport (inertia dominated or magnetic body 
force dominated) can be identified from the rela-
tive values of the magnetic Laplace number (La) 
[or magnetic Suratman number (Su)] and mag-
netic Bond numbers. It is further discussed that 
the magnetic susceptibility of the ferrofluid mate-
rial strongly governs the deformed shape, and 
can lead to teardrop or distorted oblate shapes 
in case of high-susceptibility fluids. In case of 
highly viscous external fluid medium and strong 
fields, the teardrop shape in conjunction with 
viscous drag often leads to pinch-off to form 
microscale daughter droplets at the tail of the 
tear. The motion of minute ferrofluid droplets 
through such viscous media has been shown to 
have promise in field-guided treatment for retinal 
detachment87, 88.

Ferrofluid droplets are also known to show 
intriguing physics in the presence of rotating or 
spatially variant magnetic fields89–92. Simulations 
and experimental observations reveal that the 
dynamics of a ferrofluid droplet in the presence of 
a rotating magnetic field is complex and intrigu-
ing. Analysis of the angular momentum of the 
droplet with respect to the fields and correlating 

In fluid dynamics, very low 
Reynolds number flows 
(Stokes flow) through the in-
finitesimally small separation 
between two large parallel 
plates constitute the Hele-
Shaw flows.

with the magnetic Bond number reveals transi-
tion to chaotic behavior in the droplet’s rotation. 
For ferrofluid droplets miscible in the ambient 
fluid, a rotating magnetic field induces visco-cap-
illary fingering instabilities. Star-shaped evolu-
tion of the initially spherical droplet is reported 
due to field rotation and the process is found to 
corroborate to a universal 4/3 power law with 
field intensity and time. Reports also discuss that 
in case of Hele-Shaw flows for ferrofluid drop-
lets in the presence of a rotating magnetic field, 
the droplet may assume a ring shape under cer-
tain flow and field conditions. For immiscible 
droplet and fluids, the physics is observed to be 
even more interesting. In the event, the viscosity 
of the ferrofluid is greater than the surrounding 
liquid, the droplet distorts and exhibits bend-
ing instability. It distorts to an S shape under the 
influence of the external rotating magnetic field. 
Instabilities in ferrofluid droplets under the influ-
ence of rotating magnetic field can also exhibit 
novel patterns and modes93–96. Depending on 
the field rotational parameters, the droplets have 
been observed to assume variant shapes, such as 
starfish, rod-like or pancake (in rotating with the 
applied field), creeping snakes, swirling loops, 
and rings and polygons. The interplay of capil-
lary and elastic forces within the droplet at differ-
ent magnetic fields can induce excellent patterns, 
folds and striations in ferrofluid droplets. It has 
been shown that magnetic fields can be employed 
to induce such capillary origami in ferrofluid 
droplets. In the event, the droplet is immersed 
in a thin layer of non-magnetic fluid; the drop-
let exhibits ferrohydrodynamic instability under 
field effect. It has been shown that peculiar laby-
rinth structures and peaks are formed due to the 
field.

Understanding the dynamics of magnetic 
fluid droplets in the presence of magnetic fields 
can lead to strong implications in different appli-
cations. It has been shown that actuating fer-
rofluid droplets can behave as a print head and 
can be manipulated to create intricate patterns 
on elastomer matrices97. Such processes require 
intrinsic knowledge of droplet coalescence and 
merging and it has been shown that the mag-
netic field strength directly influences the coales-
cence behavior in ferrofluids98, 99. It has been also 
shown that such magnetic fluid droplets undergo 
self-assembly under a static external magnetic 
field to form simple patterns. This can be further 
switched to complex dynamic structures in the 
presence of a time-varying magnetic field100, 101. It 
has also been shown that the coalescence and de-
coalescence of such droplets can be modulated 
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using external fields102. The elongation of laterally 
confined droplets is observed to scale logarith-
mically with the ratio of the droplet thickness to 
its original radius. This is also found to be unlike 
the behavior of unconfined droplets103, 104. In 
fact, the fingering instability is also found to be 
controllable by the field direction, strength and 
frequency. Increase in vertical field strength has 
been shown to modulate the wetting and wet-
ting hysteresis behavior of oleic ferrofluid drop-
lets on water-wetted surfaces105. It is additionally 
observed that Cassie to Wenzel wetting state tran-
sition occurs when the excitation frequency of the 
magnetic field is in close vicinity of the resonant 
frequency for the droplet. It is theorized that such 
transition occurs due to change in the Laplace 
pressure caused by the large deformation in drop-
let shape106, 107. Ferrofluid droplet hydrodynamics 
has been shown to modulate heat transfer fea-
tures, combustion dynamics, opto-acoustic trans-
port characteristics108–111 and so on.

Dispersed magnetic fluid droplets in micro-
scale flow domains or microfluidic systems have 
also gathered much interest and have shown 
excellent magnetic field-influenced thermofluid-
ics phenomena. It has been shown that ferrofluid 
droplet sizes linearly decrease with increase in 
continuous flow velocity at a microscale junc-
tion. In the presence of field, the droplet size 
can be controlled as a function of material mag-
netization, field strength and gradient112, 113. The 
attractive magnetic force acts as a body force, 
which tunes the surface forces at the interface and 
controls the droplet size. It is observed that radial 
magnetic field at the junction controls the droplet 
expansion process while an axial field governs the 
breakup process114. The width of the ferrofluid 
thread formed by the sheared detachment of the 
droplet is found to scale as a power law with time 
under field effect. It is also possible to convert the 
time-asymmetric breakup dynamics under zero-
field to a time-symmetric breakup event at finite 
fields115–117. The formation frequency and size of 
the daughter droplets formed are found to scale 
to the magnetic Bond number and magnetic cap-
illary number118. For coalescence of ferrofluid 
droplets in a microscale channel, it is observed 
that a critical separation and magnetic field 
strength govern the coalescence process119. Mag-
netic field can be effectively used to process and 
synthesize stable and size-controlled ferrofluid 
emulsion droplets in micro-mixers120. It is dem-
onstrated that such precise control of ferrofluid 
microdroplets in microscale flow systems can 
be effectively used in liquid logic circuits121 and 
functional opto-magnetic lenses122.

3  Influence of Electric Field
The inherent dielectric behavior of most fluids 
ensures that the transport phenomenon of drop-
lets under electric field stimulus is wide and rich 
in multiphysics phenomena. Physical phenomena 
such as electrohydrodynamics, electrokinetics, 
electroosmotic flows, electrodiffusion, electro-
phoresis, dielectrophoresis, and electro-solutal 
effect form a rich envelope of transport events 
in case of electric field-modulated thermoflu-
idics. In case of droplet transport, it has been 
shown that microscale methanol droplets can be 
distorted, can be split to form daughter drop-
lets and even form microscopic jets and Taylor 
cones from the droplet surface. The polarity of 
the field also determines the directionality of dis-
tortion in the droplet123. It is further shown that 
usage of electric fields can modulate the jetting 
and spray formation behavior at nozzle tips by 
tuning the surface tension force124. Droplets can 
be forced to exhibit rhythmic behavior between 
electrodes and undergo small amplitude oscilla-
tions125. For a fluid droplet suspended in another 
leaky dielectric fluid, charge buildup at the inter-
face leads to electrohydrodynamic advection cells 
within the droplet126. Another important aspect 
of droplet dynamics under electric stimulus is 
the electro-Leidenfrost effect. It has been shown 
that increasing the electric field strength across a 
droplet undergoing Leidenfrost bouncing reduces 
the vapor layer thickness127. Beyond a certain 
voltage level, the Liedenfrost effect is suppressed 
and the droplet undergoes boiling. Such obser-
vations are important from aspects of metallur-
gical cooling, nuclear thermal reactors, turbines, 
etc., where film boiling and Leidenfrost effects are 
undesirable.

Hydrophobicity and strip electrode arrays can 
be combined to obtain electric field-governed 
propulsion of droplets. Such propulsion finds 
importance in cooling of micro devices via tar-
geted droplet actuation. Direct voltages can be 
employed on the strip electrodes, which induce 
deformation of the droplet. The deformation 
leads to imbalanced Maxwell stresses, leading to 
translation of the droplet128, 129. Increased volt-
ages applied to a superhydrophobic surface are 
reported to propel droplets vertically away from 
the surface due to electrical stress developed at 
the solid–liquid interface130. In case of partially 
hydrophobic surface, the droplet tends to oscillate 
on the surface than be propelled away131. Appli-
cation of electrical discharge across a mist of 
microscale droplets is found to enhance the inter-
droplet collision frequency and has implications 
towards understanding cloud dynamics during 
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thunderstorms132. Similar droplet deformations 
and distortions are also observed for individual 
aerosol droplets133 which may lead to coalescence, 
thereby leading to excellent water harvesting tech-
niques from fog and mist. Such philosophies of 
electrostatic manipulation of capillary waves for 
droplet and spray ejection systems have been pro-
posed as well134. Nematic liquid crystal droplets 
are also observed to respond to electrical stimulus 
and exhibit internal alignment and external dis-
tortions135, 136. In the event of droplet dispersed in 
a leaky dielectric continuous phase, two types of 
distortion phenomena are reported, the continu-
ous deformation and deformation hysteresis137, 

138. Likewise, for a double component emulsion 
annular droplet dispersed in a different continu-
ous phase, the electric field is potent enough to 
induce differential circulation patterns within the 
two components of the droplet139.

In case of sessile droplets resting on surfaces 
and under the influence of strong electric fields, 
the wettability is shown to be modulated. Under 
field effect, the polar water molecules realign 
themselves along the surface and along with 
intermolecular interactions, cause the droplet to 
deform, spread and induce enhanced wetting140. 
For an alternating field applied across a droplet 
resting on hydrophobic surface, resonant vibra-
tions of the droplet within a certain frequency 
band are noted141. The Taylor–Melcher leaky 
dielectric model with finite charge relaxation has 
been found to be accurate to model the electro-
deformation of droplets142. Electric field is also 
observed to modulate heat transfer processes 
in droplets143, 144. Hydrophobic surfaces in con-
junction with electric fields are shown to largely 
improve the droplet condensation heat transfer 
rates. The field-induced coalescence and removal 
by jumping off the surface due to enhanced inter-
facial tension lead to improved condensation 
heat transfer similar to dropwise condensation. 
The field strength is noted to modulate the coa-
lescence rate, jumping caliber and heat transfer 
rates. Electrohydrodynamics within a pendant 
droplet leads to formation of distinct circulation 
cells in the droplet interior, leading to improved 
heat transfer to and from the droplet due to inter-
nal advection. Strong electric fields can produce 
excellent applications of droplets, such as electro-
spraying of extremely fine mist145–147 and elec-
tric control of microliquid crystal droplet-based 
lenses148, 149. It is further shown that the electro-
spraying phenomenon under alternating field is 
greatly governed by the electric Reynolds num-
ber and the Strouhal number150. Optimal spray 

In fluid dynamics, the 
Strouhal number (St) is 
a non-dimensional entity 
which governs oscillatory flow 
phenomena.

discharge is observed when the product of the 
electric Re and the St scales as the order of 1.

Presence of electric fields across droplets is 
also reported to bring about Cassie to Wenzel state 
transitions as well as modify the rate of evaporative 
mass flux from the droplet151, 152. Electric field can 
be used to switch on and off the adhesion of drop-
lets on superhydrophobic surfaces153 and stability 
criteria for the field strength, direction and vor-
tex structures inside the droplet during actuation 
have been established154. For a droplet dispersed 
in another viscous liquid, a direct field above a 
critical strength is shown to induce ellipsoid for-
mation of the droplet, leading to rotational flow 
field around the droplet155. With increase in field 
strength, the droplet continues to elongate and 
finally distorts and disintegrates by jetting from the 
ends156. Charging of a sessile liquid droplet surface 
via ion bombardment is shown to lead to buildup 
of interfacial electric pressure, which causes the 
resting drop to spread out and the spread event is 
found to be similar to squeezed spreading between 
two parallel plates157. Electrowetting of a sessile 
droplet is also observed to be strong functions of 
the zero-field wetting hysteresis for the surface as 
well as the frequency of the applied field158. Apart 
from fluid dynamics and heat transfer processes, 
electric field is also observed to strongly influence 
droplet combustion processes. The electric field 
induces a body force on the flame, thereby com-
pressing it and changing the combustion dynamics 
on a whole159. It is shown that the flame deforma-
tion scales directly to the electric field strength 
and inversely to the 1.5th power of the electrode 
spacing. Variant modes of atomization using elec-
tric field have been studied and the effect of field 
parameters on final droplet distribution is widely 
probed160, 161. The electrohydrodynamic behavior 
of the ensuing jet stream of mist and droplet coa-
lescence behavior downstream under field effect 
are also found to have excellent utilities in dust and 
foreign particle capture162.

Wettability and electric field can interplay 
to form fascinating fluid dynamics in dielec-
tric droplets. Under the effect of electric field, a 
dielectric droplet dispersed in a magnetic fluid 
exhibits new modes of instabilities. With increas-
ing electric field strength, the droplet deforms to 
form an oblate, further a toroid, further a thin 
and long closed loop, and beyond this it shatters 
to form multiple daughter droplets163. Electro-
elastocapillarity is another novel phenomenon 
to induce motion to resting droplets employing 
electric fields. Droplets have been made to oscil-
late and rebound with quick repetitions on elec-
trically actuated substrates164. At weak fields, the 
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droplets deform but attain a steady-state shape, 
while in case of strong fields; the Maxwell stresses 
lead to rupture of the droplet by jetting, and such 
phenomena are strongly governed by the wetta-
bility of the surface at zero-field condition165, 166. 
It is also shown that for strong alternating fields, 
the droplet can exhibit corona discharge from 
its apex, and jetting of microscale droplets from 
the droplet surface is possible, leading to shat-
tering of the droplet167. Droplet actuation using 
opto-electrowetting is also shown to be possible 
with the help of laser actuation using photocon-
ductive substrates168. Other important applica-
tions of electrowetting and electrospray are the 
formation of droplets and control process in case 
of electric arc wire spraying169. As such, electric 
fields are so potent in distorting the shape of pen-
dant or sessile or dispersed droplets; a vast spec-
trum of works has focused on understanding the 
very nature of such droplets at steady state in the 
presence of field170–174. While the electrowetta-
bility of polar liquids on polar surfaces has been 
understood to some extent, the scenario for insu-
lating surfaces and non-polar fluids is yet to yield 
conclusive physics. Determination of equilibrium 
drop shapes under electric field stimulus is widely 
studied175–177 in terms of the electric Bond num-
ber and droplet deformation employing field has 
been found to have use in stabilization of fuel 
droplets in zero-gravity conditions178.

Sessile droplet electrohydrodynamics or elec-
trowetting has been an active area of research 
and development. Applications such as targeted 
cooling of micro devices, actuation of chemical 
droplets in requisite volumes within microfluidic 
devices, and control of wetting and patterning 
have rapidly evolved as utilities of droplet elec-
trowetting. A very wide area of research is elec-
trowetting on dielectrics (EWOD) 179–181 where 
the sessile drop rests on a dielectric surface and 
the charge developed at the interface due to field 
leads to electrowetting or actuation. In the event 
of rotating electric field and a sessile droplet, the 
rotating field induces oscillations, drop rotations 
as well as rotation-induced coalescence of neigh-
boring droplets along with deformation of the 
coalescence droplet182. It is also established theo-
retically that the droplet aspect ratio after defor-
mation scales to the 6/7th power of the applied 
field intensity183. Droplet formation dynamics in 
the presence of an electric field also leads to dif-
ferent droplet behavior, due to morphed jetting 
dynamics caused by electro-capillarity184, 185. In 
case of non-Newtonian droplets or submerged 
sessile droplets in immiscible media, the viscous 
behavior of the fluid in conjunction with field 

strength is observed to have a profound effect on 
droplet behavior186, 187. It is reported that critical 
field strength exists beyond which electrowetted 
droplets exhibit instability and nonlinear oscil-
lations lead to droplet deformation, detachment 
or rupture188, 189. Additionally it is shown that the 
electrostatic force can be employed to levitate a 
conducting fluid droplet submerged in another 
dielectric fluid190, 191. Detachment of droplets 
from wetted surfaces by tuning the capillary 
forces by electric field is also shown to be possi-
ble192. Such electrowetting phenomena may find 
applications in dewetting of electrical compo-
nents for safety193, in guided traverse of droplets 
in electronic systems194, and in enhancement of 
heat transfer by internal electro-advection195.

Like any droplet-based systems, the biggest 
exploited and studied electrohydrodynamics of 
droplets is in the field of microfluidics. Forma-
tion196, size control197, reaction and bio-syn-
thesis198, targeted transport199, actuation200 and 
controls of droplets within microfluidic devices 
have got immense attention from the research 
community and numerous applications201–204 
as well as rich physics205–209 has been brought 
forth. Given the rapid actuation, fast control and 
ease of integration, electro-microfluidic devices 
have become exceedingly ubiquitous in today’s 
research endeavors to bring forth newer innova-
tions in microfluidic engineering and medical 
systems. Microfluidic devices have been shown to 
cater to several applications and utilities employ-
ing droplets and electric fields, such as coalescence 
and mixing210, 211, generation of droplets212–214, 
droplet sorting and distribution215–217, biological 
assays at droplet and emulsion interfaces218–220, 
and similar other applications221–225. Large-scale 
research and development of such lab-on-a-chip 
devices and systems have led to electrical modules 
being integrated to the devices to harness control 
and actuation of droplets for engineering226–228 
and biomedical229, 230 applications.

4  Perspectives and Future Directions
The present article attempts to paint a fairly 
comprehensive landscape of the research devel-
opments and knowledge base with respect to 
fluid dynamics and thermal transport in drop-
lets in the presence of electric and/or magnetic 
field stimulus. Initially, a fairly complete review 
of droplets has been presented to introduce the 
reader to the vast expanse of the field and to get 
acquainted with the intricacies. Typical physi-
cal phenomena and applications of droplets have 
also been put forward in the introduction. Next, 
magnetohydrodynamics of ferrofluids and other 
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magnetic fluid droplets have been reviewed. 
Important physics, innovative applications and 
essential theories available have been put forward. 
Next, the same protocol has been traced for the 
topic on electrohydrodynamics of droplets. By 
this point, the author hopes that the potential 
reader has achieved a fair picture of the research 
and development in the area of droplet ther-
mofluidics and electromagnetism multiphysics. 
Although a huge amount of work has been pre-
sented by the research community, there is a vast 
scope for droplet electromagnetic multiphysics. 
Several future directions maybe mapped; how-
ever, the author would like to put forward a few 
potential and important aspects. Miniaturiza-
tion of microfluidic devices as well as advent of 
flexible microfluidics, understanding the fluid 
dynamics and heat transfer aspects in droplets 
in conjunction with elastocapillarity is essential. 
In case of sessile droplets, the understanding of 
wettability, wetting hysteresis, drying and pat-
tern formation is important for several applica-
tions such as patterning and colloidal assembly 
for nanostructures. In both cases, the presence 
of electromagnetic fields can influence fluid–
structure interaction patterns, thereby yielding 
richer physics well as potential applications in 
nanotechnology, microfluidics, patterning, etc. 
Flow dynamics of non-Newtonian droplets in 
the presence of electromagnetic fields as well as 
oscillatory transport of droplets is yet another 
area fairly untouched, and has excellent potential 
in understanding vesicle dynamics and reactions 
under field influence within microfluidic systems. 
Manipulation of biological cells has been shown 
to respond to electromagnetic fields within drop-
let microfluidic systems. Applications such as tar-
geted drug reaction within microscale droplets, 
cell and droplet sorting employing field effects, 
and synthesis of field-mediated nanostructures 
and emulsions as potential drugs are all new 
directions where the field can grow exponentially.
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