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SYNOPSIS

Self-organized Dynamics of Mesoscale Particles and Droplets

Intelligent artificial robots are designed and developed to accomplish routine activities of
daily human life. They are envisioned to alleviate the human work load, which are mainly
repetitive in nature, in the diverse areas such as cleaning, washing, managing,
communicating, computing, and treatment, in order to improve the quality of human life
and their expectancy. The robots are also tipped to be employed for advanced
technological events such as high-precision sensing, interaction with humans, operations
of aircrafts or artilleries, energy harvesting, and environmental remediation. Interestingly,
robot manufacturing is often inspired from the various living objects present in the nature,
such as humans, plants, extra-terrestrial elements, animals, insects, bacteria, viruses, and
parasites, among others.

The present era has witnessed the use of robots having different length scales ranging from
a few meters to the level of a few nanometers targeting different applications. For
example, a collection of macroscopic swarm ‘kilobots” with programmable controllers and
locomotive capacity can show collective artificial intelligence such as sync, transport,
assembly to realize routine jobs. On the other hand, self-propelling micro or nanoscopic
robots, also popularly known as micro or nanobots, find important futuristic applications
in the domains of targeted drug delivery, payload transport, therapeutics, diagnostics,
imaging, and high precision sensing, among others.

In this regard, the fabrication of the micro or nanoscale robots undergoing controlled
migration is one of the very challenging fields of research. Largely, the micro or
nanomotors can be classified into hard-non-deformable and soft-deformable types. The

non-deformable micro or nanomotors are mechanically tough and in general composed of
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metals or metal-alloy, hard polymers, piezoelectric or other smart materials with higher
elastic modulus. In contrast, the soft micro or nanobots is capable of changing their shape
during migration and are composed of liquid droplets or soft-viscoelastic polymers or
hydrogels with relatively smaller elastic rigidity. Interestingly, the motions of the soft or
hard mesoscale self-propelling objects are very often controlled by different in situ or
remote guidance such as chemical potential, photonic excitation, electromagnetic field,
acoustic waves, and thermal energy, among others.

An extensive literature survey suggested that there are many areas, which require
immediate attention for a rapid progress of the design and development of commercial
micro or nanobots. This include, (i) design and development biocompatible ‘superbots’ —
micro or nanobots capable of self-propulsion through multiple external stimuli such as
chemical potential, electric or magnetic fields; (ii) use of soft and hard materials to design
and develop superbots undergoing chemotaxis, galvanotaxis, or magnetotaxis; (iii) study
the effects of the fluid properties on the different motions of the microbots; (iv) develop
theoretical and computational models to explain the various features of their movement;
(v) apply the self-propelling motions of the soft and hard motors for payload transport,
drug delivery, or emulsification; (vi) improve the fundamental understanding of the
response of a soft or hard motor in presence of chemical, electric or magnetic stimuli.

In view of the above, the present thesis reports the design and development of a host of
biocompatible soft and hard microbots composed of graphene coated on glass microbeads,
metal nanoparticles coated on glass microbeads, oil or water droplets. These microbots are
capable of showing controlled motion under the influence of either in situ chemical
potential gradient or externally applied electric or magnetic field. While the hard
‘superbot’ composed of graphene coated glass bead have shown chemotaxis and

galvanotaxis under the influence of in situ chemical potential gradient and externally
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vii
applied electric field, deposition of a trace of iron nanoparticles on the surface of this
motor infuses the capacity to move under magnetic field to demonstrate magnetotaxis.
Further, the soft ‘liquibots’ such as the ‘waterbot’ and the ‘oilbot’ have been prepared
infusing paramagnetic and diamagnetic salts into the water or the oil droplets. The salt
laden oilbots and waterbots showed curious push and pull magnetotactic motility under the
remote magnetic guidance. Fascinatingly, under the sole influence of electric field, oil
droplets on a continuous water bath have shown interesting galvanotactic locomotion such
as oscillation, spreading or ejection while under Lorenz force the same system showed
clockwise and counter clockwise rotational locomotion. In addition, a droplet breaking
mechanism under a chemical stimulus has been uncovered, which is capable of generating
a microemulsion from a macroscopic water droplet in a single step process. In such a
scenario, the droplet shows interesting spreading and dewetting of the macroscopic droplet
before forming metastable fluidic structures such as toroid, liquid sheet, or high aspect
ratio liquid thread, among others.

The aforementioned prototypes and their response to the external stimulus can be
employed for a number of futuristic applications. For example, (i) the graphene coated
glass microbots can perform payload transport, drug delivery or as a stent for cleaning of
blood vessels, (ii) the water or oilbots can be employed for drug delivery applications, (iii)
the rotating or oscillating incompressible droplets can be employed for pumping
applications inside the microfluidic devices, (iv) the chemical stimuli induced droplet
breakup can be employed as a single step methodology to form micro or nanoemulsion,
(v) the droplet breakup experiments can be employed to synthesize miniaturized droplets
with very high surface-to-volume ratio. In what following, the details of the objectives of

the thesis discussed has been divided into five following chapters before summarizing in

TH-1656_126107028



viii
the sixth one. Thereafter, we provide a brief detail on the publications, patents, and

conferences as an outcome of the thesis work.

(A) (B)
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Electric ﬁeld-induced motion
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Figure 1. Motions of graphene superbots under electric field, chemical potential gradient,

and magnetic field.

Graphene is a recently invented 2D material, which has exceptional properties such as
high surface area and young modulus suitable for making micro or nanobots. Thus, in the
Chapter 2, we report the synthesis of a versatile graphene coated glass microswimmer,
which displayed directed motions under the influence of applied electric field, chemical
potential gradient and external magnetic field, as shown in the Figure 1. The directed
chemical locomotion took place from the region of lower to higher pH with speed ~13
body lengths per second due to asymmetric catalytic decomposition of dilute hydrogen
peroxide across the motor surface. The negative surface potential of graphene-coated
motor developed an electrical double layer in an alkaline medium, which in turn
engendered electrophoretic mobility towards anode when the external electrostatic field
was applied. Inclusion of sparsely populated ferromagnetic iron nanoparticles on the
surface of the motor offered the magnetic remote control on the motion. The coupled in
situ and external controls enabled the motor to develop complex motions in diverse open

and confined environments. For example, the motor could approach, pick-up, tow, and
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IX
release a heavy cargo inside microchannel. Remarkably, the motor (~67 pg) could
successfully drive out a ~1000 times heavier payload (~0.67 mg) displaying the ability to
overcome the drag force of ~2619 pN with the help of coupled in situand remote

guidance.

Mdgnetophoretlc Liquidbots

I

(]
aq. MnCl, in Oleic acid © 0g

Figure 2. Schematic illustration of liquibots undergoing magnetic field induced motion.

Microdroplets of oil and water can be employed to fabricate soft micro or nanobots, which
are yet to appear in the literature. In the Chapter 3, it is shown that the liquid droplets
loaded with paramagnetic or diamagnetic salts, namely liquibots, can show controlled
migration inside a fluid medium and on slippery solid surfaces under remote magnetic
guidance, as shown in the Figure 2. The water or oilbots of size ranging from a millimetre
to a few microns showed facile attraction, repulsion, division, and coalescence when
guided by a magnetic field. The speed of the liquibots could be tuned by varying the size,
salt loading, and magnetic field strength. While the paramagnetic liquibots migrated
towards a magnet with a velocity as high as ~8 body lengths per second, the diamagnetic
one migrated away from the field with a maximum velocity of ~1 body lengths per

second. The liquibots transported and delivered commercially available drugs to targeted
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locations showing their potential as drug-delivery vehicles. Remarkably, the experiments
showed the utility of the liquibots in digital microfluidics because they moved easily on
slippery solid surfaces. For example, a waterbot was split into many droplets on an oil
coated solid surface before forming the patterns resembling polygons under magnetic
guidance. Further, the liquibots based Packman™ game could also be played with the help
of magnetic guidance. The extent of control demonstrated on the motions of the remotely
guided liquibots could be useful in diverse futuristic applications including drug-transport,

digital-microfluidics, and droplet-electronics.
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Figure 3. Schematically show the for experimental setup for the electrowetting on a liquid
(EWOL) layer.

In the Chapter 4, it is shown that the application of an electric field on an oil droplet
floated on the surface of a deionized water bath showed interesting motions such as
spreading, oscillation, and ejection, as schematically shown in the Figure 3. The electric
field was generated by connecting a pointed platinum cathode from the top of the oil
droplet and a copper anode coated with polymer from the bottom of the water layer. The
experimental setup mimicked a conventional electrowetting setup with the exception that

the oil was spreading on a soft and deformable water isolator. While at relatively lower
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field intensities, we observed spreading of the droplet, at the intermediate field intensities
the droplet oscillated around the platinum cathode before ejecting out at a speed as high as
~ 5 body lengths per second, at even stronger field intensities. The experiments suggested
that when the electric field was ramped up abruptly to a particular voltage, any of the
spreading, oscillation, or ejection of the droplet could be engendered at lower,
intermediate and higher field intensities, respectively. However, when the field was
ramped up progressively by increasing a definite amount of voltage per unit time, all three
aforementioned motions could be generated simultaneously with the increase in the field
intensity. Remarkably, when the aforementioned setup was placed on a magnet the droplet
showed a rotational motion under the influence of the Lorentz force, which generated
because of the coupling of the weak leakage current with the externally applied magnetic
field. The spreading, oscillation, ejection, and rotation of the droplet were found to be the
functions of the oil-water interfacial tension, viscosity, and size of the oil droplet. We
developed simple theoretical models to explain the experimental results obtained.
Importantly, rotating at a higher speed broke the droplet into a number of smaller ones
owing to the combined influence of the spreading due to the centripetal force and the shear
at the oil-water interface. While the oscillatory and rotational motions of the
incompressible droplet could be employed as stirrers or impellers inside the microfluidics
devices for mixing applications, the droplet ejection could be employed for futuristic
applications such as payload transport or delivery of drugs.

In the Chapter 5, it is shown that a simple chemical trigger can self-organize an oil
droplet on a water surface into a toroidal shape in absence of any rotational influence. The
abrupt reduction of interfacial tension due to the chemical trigger stimulates a rapid
spreading of the oil droplet on the water surface to develop the metastable toroidal

structure. The experimental setup is schematically shown in the Figure 4.
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Figure 4. Schematically shows the experimental setup in which oil droplet floating on

water while a water with surfactant trigger is introduced from the top of the oil droplet.

High speed imaging of the process uncovers the inclusive dynamics consisting of seven
stages: (i) droplet spreading, (ii) formation of toroid connected to a thin liquid-sheet, (iii)
separation of the toroid and liquid-sheet, (iv) dewetting of the liquid-sheet on the water
surface to form microdroplets, (v) expansion of the toroid, (vi) breakup of the toroid into
threads, and (vii) formation of microdroplets from the toroid. A parametric study with the
variations in the viscosities of the fluids and the interfacial tensions at the fluid boundaries
uncover two different pathways of toroid formation: laminar mode — where the symmetric
toroids are observed at lower Reynolds (Re) number and turbulent mode — formation of
the asymmetric toroids at a higher Re. Simple theoretical models have been developed
based on the thin film equations of a liquid droplet resting on a fluid surface and
subsequently a linear stability analysis is performed to predict, (i) the cross-sections of a
toroid resting on a liquid surface under the varied experimental conditions and (ii) length
scale of the disintegration of the toroids on a soft-deformable liquid surface. Interestingly,
at the intermediate stages, the toroid formation phenomenon is also associated with an oil-

sheet formation on the water surface. The proposed methodology to develop the
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metastable fluidic objects such as toroids, sheets, or threads and their breakup can be
useful for a number of applications such as emulsifiers, 3D-printing, droplet or digital
microfluidics, microreactors.

In summary, this thesis uncovers a variety of techniques to synthesize soft and hard micro
or nanobots capable of directional migrations towards various in situ and external stimuli
such as chemical potential gradient, electric or magnetic field. A host of theoretical,
computational, and experimental pathways have been employed to understand the origin
of the motions of these mesoscale systems under various conditions. The studies also find
out the applicability of these systems in the sensing, payload transport, drug-delivery,
energy harvesting, emulsification, 3D-printing, miniaturization, and biomedical
applications, among many others. In future, the reported works can be extended to, (i) in
vivo experiments for targeted drug delivery, (ii) directional motions of multiple micro
nanobots for a common objective; (iii) infusion of the decision making capacity inside the
robots mimicking the bacterial or viral migrations; (iv) development of micropumps based
on oscillating or rotating incompressible droplets; and (v) miniaturization of size of soft
motors, loading of life saving drugs, and targeted in vivo delivery of the same for

biomedical applications.
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{-potential on the motor surface helped the migration towards the
anode in alkaline medium when subjected to an electric field. (c)
Chemotaxis of RGO motor in alkaline peroxide bath. (d) Magnetic
field induced motion of RGO motor.

(a) Field emission scanning electron microscopy (FESEM) image of
a ~ 80 um spherical RGO motor. The length of the scale bar at the
bottom is 10 um. (b) Magnified FESEM image of the surface of RGO
motor. The image shows the folds of the RGO layers on the glass
bead. The scale bar at the bottom is of 1 um.

Electric field induced migration of the negatively charged RGO motor
towards anode in aqueous NaOH solution (pH 10.1) inside a PDMS
microchannel of ~800 um width. The numbers 1, 2, and 3 on the
image represent the position of the motor after 0 s, 30 s, and 60 s. The
scale bar shown is of 100 pm.

The chemotactic motion of the motor (dia. ~ 80 pum) towards a thread
under a pH gradient. The numbers 1 — 4 represent the position of the
motor after 0's, 2 s, 4 s, and 6 s, respectively. The scale bar at the
bottom is of 0.5 mm.

Controlled migration of the RGO motor through magnetic guidance
and pH gradient. The precise magnetic-field induced navigation was
used to move the motor in (a) English numeric ‘8’ inside water
medium and (b) English word ‘S’ inside H202 medium. The blue
(darker) arrows depicted the magnetic controlled trajectory and the
green (lighter) arrows show the trajectory under the influence of
internal pH gradient. The numbers depict the instantaneous position
of the microbot at different time intervals. The scale bar shown is of
0.5 mm length.

The image shows (a) ‘seek’, (b) ‘upload’, and (¢) ‘drag’ operations of
magnetically-guided polymeric cargo (1 mm diameter) inside a water
medium. The scale bar at the bottom is of 1 mm. The arrow represents

the trajectory of the motor.
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(a) Shows magnetically guided migration of motor towards spherical
polymeric cargo (~350 um diameter), (b) ‘pick-up’, (C) ‘transport’,
and (d) ‘release’ inside a water medium. The arrows represent the
direction of the motion. The scale bar at the bottom is of 160 um.
The image shows “Drag and Drop” cargo transportation under the
coupled control of pH imposed gradient and external magnetic field.
(a) The motor migrated towards the cargo with the aid of external
magnet, (b) The motor was attached to the cargo, (c) the motor
dragged the “heavy” cargo towards the higher pH zone under the
influence of imposed pH gradient, (d) The motor migrated and
collided to the alkali source. The scale bar at the bottom is of 1 mm.
Variation in average velocity (Ve) of the RGO motor inside alkaline
water solution (pH 10.1) with the variation in the electric field
intensity (E).

Variation in the average velocity (Vc) of the RGO motor inside 9%
(v/v) H202 bath when the pH was varied.

Variation in effective rate constant (ketf) of hydrogen peroxide (H202)
decomposition with change in pH for a catalytic motor.

Variation in average velocity (Vwm) of the spherical RGO motor inside
aqueous medium under the influence of magnetic field (Fmag).
Schematic illustration of liquibots undergoing magnetic field induced
motion. A diamagnetic waterbot (aq. NaCl soln.) showing a push
motion, a paramagnetic waterbot (ag. MnClz soln.) showing a pull
motion, and a paramagnetic oilbot (droplets of ag. MnClz soln.
suspended in oleic acid) showing pull and delivery motions.

Images (a-d) show the magnetic field induced ‘pull’ motion of a 5 pLL
paramagnetic waterbot loaded with 0.5M MnClz2 at0s, 0.8 s, 2.08 s,
and 3.2 s, respectively, on a petri dish filled with chloroform and
under the influence of an electromagnet of strength 148 mT. Images
(e-h) show the magnetic field induced ‘push’ motion of 3 uL
diamagnetic waterbot loaded with 1M NaCl at0's, 2.48 s, 6.32 s, and
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10 s, respectively, on chloroform filled petri dish and under the
influence of a permanent magnet of strength 120 mT. The minimum
box dimension of graph was 1 mm x 1 mm.

Images (a-d) show the magnetic field induced motion attraction
and repulsion motion of diamagnetic and paramagnetic droplet
The minimum box dimension of graph was 1 mm x 1 mm, Images
(e-f) show the 40 um paramagnetic droplet motion under
magnetic field, Images (g-h) show the multiple droplet motion
This experiment has the scale bar 100 um.

Images (a-d) show the magnetic field induced motion of a drug loaded
paramagnetic waterbot at 0's, 3 s, 5 s, and 7s, respectively, petri dish
filled with chloroform and under the influence of an electromagnet of
strength 148 mT. The minimum box dimension of graph was 1 mm x
1 mm. Images (e-h) show the motion of a paramagnetic waterbot
tagged with a fluorescent probe under the influence of a permanent
magnet of strength 80 mT. The scale bar in these images represents 1
mm.

Plot (a) shows the variation in the average velocity (Vm) of
paramagnetic waterbot with its volume (¢) when the concentration of
MnCl2 was Cwn = 0.5M, magnetic field strength was B = 148 mT, and
viscosity of the waterbot and medium was, x = 0.001 Pa.s and zm
respectively. Plot (b) shows the variation of Vm with Cvn when B =
148 mT, u =0.001 Pas, and ¢ = 5 pL. Plot (c) shows the variation in
Vm with B when Cun = 0.5M, ¢ =5 pL, and ¢z = 0.001 Pa s. Plot (d)
shows the variation in Vm of diamagnetic waterbot with ¢ when Cna =
1M, B =240 mT, and ¢ = 0.001 Pa. Plot (e) shows the variation in
Vm of paramagnetic waterbot with zm when Cuvn=0.5 M, B =148 mT,
and ¢ = 5 ulL. The symbols (solid lines) represent experiments

(theoretical prediction).
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Image (a) shows the schematic representation of transport, delivery,
and release of an oilbot having dispersed paramagnetic waterbots
trapped in a continuous oil phase. The grayscale optical micrograph
shows the typical dispersion of microscale waterbots in the oil matrix.
Images (b—e) show the magnetic field induced motion of an oilbot
loaded with paracetamol drug at0s, 3s, 5.8 s, and 16.9 s, respectively,
and subsequent release of the drug when ¢ = 10 uL and B = 80 mT.
The scale bar in the image represents 2.5 mm. Plot (f) shows the
variation in Vm of the oilbot with the salt loading in the water phase
(Cm) when ¢ = 5 uL and B = 240 mT. Plot (g) shows the time of
release of the waterbots (tr) for different water to oil ratios,
respectively.

Preparation of water-in-oil (W/O) emulsions (v/v) of water
(transparent) and oleic acid (pale yellow). Row (a) showing the
images of different initial volumes in the vials having W/O ratios of,
1:1,1:2, 1:3, and 1:5, respectively. Row (b) shows the situation of the
same vials after vigorously shaking for 5 min. Row (c) shows the vials
after, 0.67, 3.12, 4.37, and 9.12 min when complete phase separation
took place.

Controlled migration of FeCls loaded paramagnetic waterbots. Image
(a) shows the intricate movement represented by the broken line
representing telephone dialing when, ¢ =5 ul, Cre = 2M, B =80 mT,
and p = 0.001 Pa s. The scale bar in the image represents 5 mm.
Images (b) and (c) show magnetic field induced merging of waterbots
emulating the ‘Packman’™ game, when, Cre =2M, B =80 mT, and
4 =0.001 Pas.

Droplet splitting phenomena. Image (a) shows a schematic diagram
of breaking a single waterbot into many and simultaneously ordering
them. Images (b-g) show the stage wise splitting of a single FeCls
waterbot into 2 — 7 droplets and then ordering them in the shape of a

line, triangle, pentagon, hexagon, and heptagon, respectively. Here
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Cre =2M, B =80 mT, and ¢ = 0.001 Pa s. The scale bar shown here
iS5 mm.

Vibrating sample magnetometry (VSM) hysteresis loop for the
aqueous solutions of (a) MnClz, (b) NaCl, and (c) FeCls.

Images (a) — (d) schematically show the EWOL experimental setup
employed for the droplet expansion, oscillation, ejection, and rotation,
respectively. Image (a) shows a glass substrate covered with a Cu
anode which in turn was coated with a dielectric
polytetrafluoroethylene (PTFE) layer. A thick water (w) reservoir was
created on PTFE before dispensing hexadecane oil (0) droplet on the
water layer. A pointed Pt cathode was connected from the top of the
oil droplet. Application of an external electric field through the
electrodes led to the (a) expansion, (b) oscillation, and (c) ejection of
the droplet with increasing field intensity. Image (d) shows that
placing a magnet in the perpendicular to the plane of the paper led to
the rotational motion of the droplet. The notations yow, yoa, and ywa
represent interfacial tensions at the oil-water, oil-air, and water-air
interfaces, respectively. The notations o, and pw denote the viscosity
of the oil and water and «, £, and 6 represent contact angles.
Different motions of the oil droplet under the influence of an
externally applied electric field. Images (a) — (d) show the expansion
of the oil droplet at different time intervals when applied potential ()
was 500 V. Images (e) — (h) show the oscillation of the oil droplet
when  was 550 V and images (i) — (I) show the ejection of the oil
droplet when y was 800 V. In these experiments the volume of the
droplet (¢o) was 1 pl. The scale bar shown on the images is of 2 mm.
Other necessary properties are shown in the Table 4.1.

Plot (a) shows the variation in the normalized diameter of the droplet,
D = d/D;i, with time (t) for a series of applied voltage (v) where d is

the variable diameter and Di is the initial diameter of an oil droplet of
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volume ¢ = 1 pl. Plot (b) shows the variation in the amplitude of
oscillation (L) with time (t) at 550 V for an oil droplet of ¢ = 1 pl.
Plot (c) shows the variation in the average ejection velocity (V) with
the volume of oil droplet (¢) at 800 V. Plot (d) shows the variation
in Capillary number (Ca) and the ejection velocity (V) of the oil
droplets composed of oils of different viscosity when ¢o =1 pl and y
=800 V. Image (e) shows the directions of the interfacial tensions at
the three-phase contact line when electric field was applied to an oil
droplet resting on a water surface. Plot (f) shows that the progressive
change in the contact angle and diameter of a hexadecane oil droplet
(¢o =1 pl) with y, for different oil-water interfacial tension.

Plot (a) shows the typical variation in the normalized droplet diameter
(D) with w when the voltage was changed at a rate of 8 /s for ¢ = 1
upl. Plot (b) shows the variation in the amplitude of oscillation (L) with
time (t) during the oscillation and the voltage was increased at a rate
of 8 VIs.

Rotational motion of oil droplet on water surface under the Lorentz
force. Images (a-d) show the clockwise spinning and the images (e-f)
show the anticlockwise spinning of the droplet. The experimental
parameter in the EWOL setup were, ¢ = 1 pl, w = 300 V, and
magnetic field, B = 240 mT. The scale bar is 1 mm as shown in the
image (a).

Image (a) shows the magnitude of leakage current (J.) at different w
with oil and without oil droplet. Image (b) shows the speed of rotation
(w) with time (t) for the droplets composed of silicon oil, oleic acid
and hexadecane on water bath at y = 300 V, B =120 mT, and ¢ =1
pl. The plot also shows the effects of hexadecane droplet size (¢o, 1 —
4uL) atw =300V, B=120 mT, and magnetic field (B, 120 mT and
240 mT) at w = 200 V, ¢ = 1 pul. Plot (c) shows the experimental
rotation speed (bar diagrams) when applied potential = 200 to 400
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V, B =120 mT, and ¢ = 1 pl and solid lines represents the theoretical
prediction for B= 120 mT (darker shade in black) and B = 240 mT
(lighter shade in red) when y = 200 to 400 V.

Schematic images (a) — (f) show the typical breaking of a spinning
hexadecane droplet under the influence of the Lorentz force. Images
(9) — (1) show the real-time images of the same phenomenon. In this
experiment, ¢o =1 pl, B =120 mT, and w = 300 V. The plots (m) and
(n) show the variations in the diameter of the droplet (d), speed of
rotation (w), and drag force (Fd) on the droplet with time (t). The scale
bar is 2.5 mm as shown in image (g).

The variations in the interfacial tensions at the oil-water interface (

7w ) and water-air interface (y, ) with the variation in the surfactant
loading (Cs , % V/v).

Front view or cross-sectional view of the toroid represented
schematically. The lower liquid layer (L) film and the combined lower
and middle (M) liquid layer film thicknesses are denoted by hz (r, t)
and hz (r, t), respectively. The mean film thickness of the lower layer
is hio. Inner and outer radii of the middle liquid layer are denoted by
r1 and r2 (> ri1), respectively. The contact angles of the both middle
and lower liquid layers with the mean lower film thickness at the inner
edge [outer edge] are specified as 61 and 65 [62 and 64], respectively.
Image (1) schematically shows the experimental setup in which a glass
petri dish was filled with a water layer (lower layer, L) and a droplet

of oleic acid (middle layer, M and volume, ¢, =20 ul) was dispensed
on it. Thereafter, a chemical trigger (upper layer U, volume ¢, =5 ul)

of water droplet loaded with surfactants (cg’ ,% Vv/v) was dispensed.

The symbols ymL, yma, and yLa denote the interfacial tensions in which
the subscripts M, L, and A denote middle and lower layer, and the

bounding fluid air, respectively. The symbols yu, ym, and yL denote
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the surface tension of the respective phases. Images 11(a) — I1(e) show
the top view of the spatiotemporal evolution of the oleic acid droplet

when cg was 0.05 %. Images (a) initial configuration (0 s), (b)

droplet spreading (0.58 s), (c) sheet and toroid formation (1.9 s), (d)
toroid formation and breaking of sheet (4.2 s), and (e) droplets from

toroid-braking (10.5 s) where the scale bar is 1 cm. The images 111(a)

— 11(c) show the variation in the maximum diameter (D;') of the
toroid when C;’ was, 0.1%, 0.5%, and 1%, respectively. Plot 111(d)
shows the variation in Df" with C; . The images IV(a) — IV(c) show
the variation in the number of droplets (N, ) formed due to the toroid-
breaking when C;’ was, 0.1%, 0.5%, and 1%, respectively. The plot

I\VV(d) shows the variation in N, with C .

Images (a) — (e) in the row (1) show the steps to toroid formation of
an oleic acid droplet (layer M) on water surface (layer L) with a
pentanol trigger from the top (layer U). Images (a) — (e) show

snapshots after 49 ms, 58 ms, 64 ms, 90 ms, and 110 ms, respectively,
when ¢, = 20 ul and ¢, = 5 pl. The scale bar shown on the image I(e)

is 1 cm. Images (a) — (e) in the row (I1) show the time evolution of the
magnified zone of an oil-sheet breakup under pentanol trigger after,

32 ms, 104 ms, 160 ms, 188 ms, and 46 ms, respectively, when u, =

27, ¢, = 1 pl and ¢, = 0.5 pl. The scale bar shown on the image 1l(e)

is1 mm.

Plot (a) shows the variation of the normalized diameter of the

spreading front of the oil droplet, d,, =d,, /d2 , with time (t) for the
surfactant-water (SW) chemical trigger when C;’ was 0.5 %. Here
d, and d, are the variable and initial diameters of the oil droplet.

Plot (b) shows variation of the d,, with t for the pentanol chemical
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trigger. Plot (c) shows the variation of the d,, with t when

i, =, | u, was varied for the chemical trigger, C{ = 0.5 % and
pentanol. Plot (d) shows the variation in the Weber number (We,

puVady /7, ) with Reynolds number (Re, p,,V,,d,, / 14, ) at different

u, for the chemical trigger, C;J = 0.5 % and pentanol. Plot (e) shows
the variation in We with Re for different chemical triggers such as

C;’ = 0.05% — 1%, methanol, ethanol, propanol, and pentanol. Plot

(f) shows the variation in the capillary number (Ca, v, / 7, ) with
Re for two different middle layers, hexadecane oil and oleic acid, with

the chemical trigger pentanol. In all the plots, ¢,= 20 pl, ¢,= 5 pl,

and x,, =1 mPa s and for plot (f), 4, =3 mPas.

Front view or cross-sectional view of the toroid where the lower
liquid layer (L) film and the combined lower and middle (M) liquid
layer film thicknesses are denoted by hi (r, t) and hz (r, 1),
respectively. The mean film thickness of the lower layer is hio. Inner
and outer radii of the middle liquid layer are denoted by r1 and r2 (>
ri), respectively. The contact angles of the both middle and lower
liquid layers with the mean lower film thickness at the inner edge
[outer edge] are specified as 61 and 83 [62 and 64], respectively. Image
(a) show the Side view of the toroid and upper part and lower part of
toroid at 45°, Change Shape of the toroid in Plot (b) shows the contact
ratio & with the surface tension jr, Plot (c) Thickness verses height of
the toroid varying with initial volume of pm= 20, 50, 100, 150 pl,
HL=0.001 pa. s, p.= 1000 kg/m?, C{ = 0.5 %, gu=5ul, ym.= 48 and
yma =32 mN/m?, Plot (d) show the experimental thickness of toroid

different time evolution, u=0.001 pa. s, pL= 1000 kg/m?, ym.=48 and
yma =32 mN/m?, C¢ = 0.5 %, gw=20ul, gu=5ul, Plot () shows the

spacing between the droplet for ratio of different thickness / toroid
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radius, Plot (f) shows the spacing between the droplet for different
viscosity ratio (ur = v/ o).
Images in the columns (a) — (e) show the snapshots of the time

evolution of a toroidal object when the surfactant concentration (C¢

, % vIv) was varied from 0.01% — 1% in the SW chemical trigger
(surfactant loaded water droplet, ¢, =5 ul). The rows (I) — (I11) show
the introduction of the chemical trigger, the maximum diameter of the
toroid formed, and breaking of the toroid into droplet, respectively.
The respective time for evolution are shown on the images. The
volume of the oleic acid middle layer was kept constant at, ¢gwm =20 ul
in all the experiments. The images (f) — (g) show the variations in the
normalized spacing between the droplets, A/w and A/r alongside

the average diameter of the droplets ( D, ) due to the breakup of the

oil-toroid with C¢ . In this figure, the parameter, 4/w, is ratio of the
dimensional distance between the droplets to the radius of the oil-
toroid of diameter, 2w. The parameter, A/r, is ratio of the
dimensional distance between the droplets to the radius of the oil-
droplet, r, after breakup of the toroid. The scale bar shown in the
image I(a) corresponds to 1 cm.

Images in the columns (a) — (d) show the snapshots of the time

evolution of a toroidal object when ¢, was varied from 20 — 150 pl

keeping the SW trigger volumeg, =5 pl and C{ = 0.5% v/v. The

rows (1) — (I11) show the introduction of the chemical trigger, the
maximum diameter of the toroid formed, and breaking of the toroid
into droplet, respectively. The images (e) — (g) show the variations in
Dy, Ny, A/w,and A/r with ¢, . The scale bar shown in the image
I(a) corresponds to 5 mm.

Images in the columns (a) — (b) show the snapshots of the time

evolution of a toroidal object when y, was varied from 27 and 5
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keeping the SW trigger volume ¢, =5 pul andg, =20 ul. Images in the
columns (b) — (d) show the snapshots of the time evolution of a

toroidal object when 4, was varied from 27 and 0.9 keeping the

pentanol trigger volumed, =5 pl andg, =20 pl. The rows (1) — (I11)

show the introduction of the chemical trigger, the maximum diameter

of the toroid formed, and breaking of the toroid into droplet,

m

respectively. The images (e) — (g) show the variations inN,, D/,

Alw, and A/r with g for surfactant trigger (0.5% v/v C¢ ). The
scale bar shown in the image I(a) corresponds to 5 mm.

The plot (a) shows the variation in the number density of holes (
N, / A) with t when the oil-sheet and oil-toroid separate from each
other under the pentanol trigger scale, as shown in the row (I) of the
figure 5.3. The plot (b) shows the typical number of droplets per unit
area (N, / A) and their average size (D, ) distribution due to the
breakup of the oil-sheet, as shown in the row (1) of the figure 5.3. The
plot (c) shows the variation in the number of beads per unit length of
the contact line (N, /L,) with t when the oil-sheet dewet the water-
sublayer, as shown in the row (Il) of the figure 5.3. The plot (d) shows
the variation in the hole-radius (R,) with time t for three different
holes when the oil-sheet dewet the water-sublayer, as shown in the

row (I1) of the figure 5.3. The experimental conditions for this plot

was kept similar to as mentioned in the row (I) of the figure 5.3 as,

u,=27, ¢, =1 pl, and ¢, =0.5 pl.
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Plot (a) shows the variation of the normalized diameter of the
spreading front of the oil droplet, d,, =d,, /d, , with time (t) for the
SW chemical trigger when C¢ was varied from 0.05% to 1 %. Plot
(b) shows variation of the d,, with t for the methanol, ethanol,
propanol, and pentanol chemical triggers. Plot (c) shows variation of
the d,, with t when the middle fluid was altered from oleic acid to
hexadecane and the chemical trigger was pentanol. In all the
experiments, u, =27, ¢, =20 pl, and ¢, =5 pl whereas in the plot (c),

u, = 3 for hexadecane system.
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NOMENCLATURE

Height of the layer (m)

Distance between the electrodes (m)
Normalized droplet diameter

Time (s)

Direction x-axis, y-axis, z-axis

Magnetic field (T)

Concentration of MnCl2 or NaCl in water (M)
Molecular weight

Effective rate constant (s)

Drag force, Lorenz force (N)

Amplitude of oscillation (mm)

Viscosity of the liquid (Viscosity of the i"" layer) (Pa s)

Surface tension, M- middle layer, U- upper layer, L-lower layer (N/m)
Interfacial tension (N/m)

Dielectric permittivity of free space (Fm™)

Dielectric constant of the i layer

Applied voltage between the electrodes (V)
Speed of rotation (deg/s)

Volume of droplet (ml)

Magnetic susceptibility

Density of the fluid (kg/m?)



XXXIV

& Zeta potential (mV)

A Spacing between the droplet (m)

n Magnetic susceptibility of vacuum (NA2)
Acronyms

DC Direct current

CNT Carbon nanotubes

EWOL Electrowetting on liquid

FESEM Field Emission scanning electron microscopy
FeNP Iron nanoparticles

FeNP@RGO Iron nanoparticle impregnated reduced graphene oxide

GO Graphene oxide

PTFE Polytetrafluoroethylene
PDMS Polydimethylsiloxane
RGO Reduced graphene oxide
VSM Vibrating sample magnetometry
XRD X ray diffraction

W/O Water in oil
Dimensionless

Ca Capillary number

Re Reynolds number

We Weber number

TH-1656_126107028



Chapter 1

Introduction

TH-1656_126107028



Introduction 2

1.1 OVERVIEW

A machine is an artificial engineering device performing a sequence of jobs with the help
of different forms of energy such as chemical, thermal, or electrical, among others [1]. They
are often designed and developed after taking inspiration from various living objects in
nature such as animals, birds, insects, bacteria, viruses, and parasites [2-4]. The machines
are termed as robots when they perform activities of repetitive nature mimicking the human
actions or perform jobs dictated by the human while in the close proximity with them. The
robots can be of diverse size ranging from a few meters [5] to the level of few nanometers.
The macroscopic robots are envisioned to accomplish complex targeted jobs defined by
humans, for example, a surgery with improved efficiency, safety, state-of-art stitching, force
sensing, and high-precision positioning of the probes and cutters are expected to be done by
humanoid robots [6,7]. In the similar lines, micro or nanoscopic particles or droplets are
expected to perform important futuristic activities such as digital microfluidics, on-job-
sensing and heling, targeted drug-delivery, bio-synthesis, bio-computation, energy
harvesting, and biomedical operations [8].

In view of the above, of late, the fabrication of micro or nanoscale motors and their
controlled motion have emerged to be a very promising field of research [9]. The micro or
nanomotors are in general prepared from different metal or polymer nanoparticles, liquid
metal, salts, or biomolecules [10]. In near future, these miniaturized self-propelling artificial
objects are anticipated to contribute significantly in the field of targeted drug delivery, non-
invasive therapeutics and imaging, and high-precision sensing, among others [11,12]. Micro
and nanomotors are designed to perform selected mechanical movements, for example,
rotation, rolling, shuttling, delivery, contraction, and collective behavior, in response to

either in situ or external stimulus [13]. They are built from a few micro and nanoscale
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components, functionalized biologically or chemically and operated using various energy
sources such as, light, magnetic fields, surface tension or thermal gradients, electric fields,
or ultrasonic acoustic waves, among others [14]. The micro or nano objects are also pertinent
to various other upcoming engineering trends such as nanomotor lithography, dynamic
imaging, and analytical measurements [15,16]. Largely, based on their materials of
construction, the micro/nano motors can be classified into biological and artificial types in
which further classification can be made based on their mechanical strength, namely, the

hard and soft motors.

1.1.1 Biological and Artificial motors

The naturally abundant biological motors can be of many different types such as the DNA
motors, cell cytoskeletons, enzymes, bacterial, viruses, and other microorganisms [17-19].
However, biomaterials have also been employed to develop artificial self-propelling objects
in the recent years. For example, a single DNA molecule has been used as an artificial self-
propelling nanomotor [20], having tetraplex or duplex conformations. The motion of such
DNA nanomotor was found to function efficiently in solution as well as on nanoparticle
surfaces. Apart from DNA, the enzymes [21] has also been used to develop chemiosmotic
thrust for the fluid flows [21, 22]. Until now, many different enzymatic reactions (viz.,
catalase, lipase, urease, and glucose oxidase) generated the fluid flow in which the pumping
velocity increased with increasing substrate concentration and reaction rate [23]. These
rechargeable pumps might enable the design of futuristic enzyme-based devices that act
both as sensor and pump. Further, the singular biomolecules have also been employed as
motors [24], which led to the discovery rewarded with Nobel Prize in Chemistry [25]. In
2017, the scientific community have also witnessed the development of nano-car, which

achieved 150 nm runway under scanning tunneling microscope at ~ 95 nm/hour speed [26].
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1.1.2 Solid motor

In comparison to the biomotors, the mechanically non-deformable solid motors at the micro
or nanoscale have been prepared by using different metals, polymers, and nano materials,
which could be of different shapes and size [27, 28]. For example, the metal microparticle
of Al-Pd Janus microspheres could show autonomous propulsion at high speeds (~200 um
s 1) and long lifetimes (~8 min) inside peroxide fuel [29]. Lee et al. 2014 [30] synthesized
~30 nm artificial (Pt—Au) Janus nanoparticles (JNPs), which could catalyze the
decomposition of hydrogen peroxide for its propulsion apart from showing the auto-
electrophoresis. The polymeric motors [31] decorated with iron nanoparticles on the surface
could also undergo a pH directed taxis inside a bath of peroxide fuel. The pH-directed
motion of the motor was influenced by the decomposition of H20: in the bulk of the solution
as well as by the nanoparticle catalyst. The motion of these catalytic motors could remotely
be controlled by ‘external” magnetic field induced migration in addition to the ‘internal’ pH
driven motion. The platinum decorated graphene oxide [32] sheets could self-propel as
microjet engine by ejecting Oz bubbles while decomposing peroxide fuel. Balloon-like
MnOx—graphene crumples [33] was also synthesized by an ultrasonic spray pyrolysis
method. It may be noted here although we have discussed only a few varieties of solid
motors pertinent to the thesis, there are lots of other developments related to this area ably

summarized in some of the recent reviews [34-36].

1.1.3 Soft motor

Apart from the solid motor, in recent times, the liquid droplets have been emerging to be
another alternative as soft motors having higher degree of flexibility and functionality.
Fabrication of miniaturized droplets and controlling their motion have far reaching

consequence in the development of next-generation microfluidic devices, drug delivery
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devices, digital microfluidic, liquid transporters, and energy harvesters [37]. In this regard,
fabrication of micro or nanoscale droplets exploiting the instabilities of metastable liquid
sheets, threads, toroids, or ellipsoids have also been explored since ages. For example,
experiments by Plateau to develop toroidal fluidic object on liquid bath improved by the
Pairam [38] has been perhaps some of the excellent examples in this direction [39,40]. The
spreading, actuation, and motion of droplets as subsequently their interactions with the
surrounding medium have also been some of the exciting areas of fundamental research for
ages.

Of late, the movement of the soft droplet motors are found to be controlled by the electric,
magnetic field, chemical reaction [41], and surface tension force [42], among others. The
commonly known processes in this regard are electrowetting on dielectric [EWOD],
electrohydrodynamics, magnetohydrodynamics, optoelectrowetting, light-actuated
molecular conformation change, and thermal or solutal Marangoni motions [43], among
others. In conventional electrowetting setup, droplets have been actuated by changing the
contact angles through and externally applied electric field [44]. In comparison, the
optoelectrowetting method uses light to change the impedance of a semiconductor
resulting in the change of contact angle. The light-actuated molecular conformation
change is based on the switch between hydrophobic and hydrophilic surfaces caused by
the conformation change of the surface-immobilized molecules driven by the gradient of
light intensity on substrates [45-47]. Interestingly, the ferrofluids droplets have not only
shown their ability to move under remote magnetic guidance but also to actuate, split,
spin, and accelerate under the influence of external magnetic field [48]. Movement of the

soft and deformable droplet composed of various viscous fluids have also been studied on
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the various nano-structured surfaces [49-52]. Self-motile droplets have now been employed

for DNA sequencing, single-cell analysis, and advanced flow chemical reactors [53-54].

1.1.4 Driving Forces

Apart from the types of motors, the driving forces necessary for the motion of these self-
propelling objects is another interesting aspect of the topics discussed in the present thesis.
The response of the particles and droplets in various in situ and external stimuli have been
one of the fascinating areas of research over the years. In particular, the advent of various
fabrication and characterization techniques for the micro or nanoscale particles and droplets
have made these explorations even more interesting. The micro or nanoscale particles can
move under various in situ and external stimuli such as light, sound waves, heat effects,
chemical potential gradient, electrostatic field, magnetic field, or surface tension forces,
when they subdue various resistances of surrounding mediums such as the drag, friction, or
the body force due to gravity [11, 14]. In this regard, the magnitude of the driving forces is
such that they can move these objects only when the size and shape of the particles are
expected to be below a critical limit, especially at the mesoscale.

For example, the motion of glassy carbon microsphere under electrical field is found to have
its origin in the induced polarization, which may not manifest in the macroscopic carbon
spheres [55]. The chemiosmotic motion of the micromotors are found to have their origin
in the solute pressure imbalance across the motor surface due to the concentration gradient
[56], which is again possible when the size of the motor is at the mesoscale. Further, the
magnetic field induced migrations of the rod, spherical and helical shaped micromotors are
possible only when the applied force on the motor is larger than the resistive forces present

in the surrounding atmosphere [57-59].
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1.1.5 Background Literature

Previously, many literatures have reported directional motions such as rotation,
deformation, and splitting of the solid and liquid objects. Such motions are usually
stimulated by diverse external or in situ excitations which include the electric field [60],
magnetic field [61], photons [62], or chemical potential gradients [63] and useful for the
applications such as targeted drug delivery [64], non-invasive penetration [65], high
precision sensing [66], and biomedical devices [67]. However, most of these
aforementioned self-propelling objects were non-deformable in nature. Similar to their solid
counterparts, the soft and deformable liquid droplets are also found to self-propel by
Marangoni effect [68], chemiosmotic force [69], electric field [70], photonic or acoustic
excitations [71], and electromagnetic fields [72]. These motile droplet has shown significant
potential in staging paradigm shifts in the technologies related to the biomolecule detection,
drug-delivery, 3-D printing, theranostics, digital electronics [73-76] and transportation of
essential bio-materials such as the vitamins, antibiotics, minerals, and anti-cancer agents
[77-79].

The liquid droplets have also shown fascinating self-propulsion behaviour such as periodic
deformation, rotation, and actuation on the rough-solid and soft-liquid surfaces under the
influence of the externally applied electric field [80, 81]. Many review articles have
summarized the scientific progresses on the self-propulsion due to the electrowetting (EW)
processes involving these soft-microsystems [82, 83] useful for microscale mixing, reaction
engineering, energy harvesting, droplet actuation, electronic displays, biomedical
engineering, bio-MEMS devices, and droplet or digital microfluidics [84-88].

In this regard, previous studies have shown the importance of the complex shape formation

involving soft materials and the subsequent management of the shape targeting various
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applications [89-91]. For example, the freely falling droplets [92], the droplets bouncing on
the super-repellant surfaces [93], or a solid object hitting a liquid surface [94] can also lead
to fascinating shape-formation such as toroid, crown, doughnut, peanut, prolate, or oblate
[95]. The different shapes of the fluidic objects and their breakup can also be used for
multiphase emulsification [96], 3D-printing [97], digital microfluidics [98], and

microreactors [99].

1.2 OBJECTIVES AND LAYOUT OF THE THESIS

With these brief overview on the salient features of the happenings and possibilities of bio,
solid, and soft motors under various stimuli, the objectives of the present thesis have been
directed to achieve precise control over motion of mesoscale particles and liquid droplets
by the in situ and external stimuli. It may be noted here that a more detailed introduction is
presented along with each chapter of the thesis to showcase the prior art related to the
objectives chosen. In the Chapter 2, we present multimodal control over the chemotaxis of
a catalytic motor with the application of magnetic and electric fields — namely a ‘superbot’.
The superbots can be used for pick and drop of payload as a cargo to the target. In the
Chapter 3, we present the migration of a soft water droplet motor loaded with paramagnetic
or diamagnetic salts — namely ‘liquibot’, capable of movement under an externally applied
magnetic field. These liquibots can be employed as a drug carrier or a component of various
digital microfluidic devices. In Chapter 4, we present the effect of electric field induced
deformations, such as, spreading, oscillation, ejection and spinning of microdroplets. These
deformations can successfully be employed in various applications, such as, in micromixing
and micropump. In Chapter 5, we show a simple methodology to synthesize the micro or
nanodroplets in a single step from a macroscopic one. For this purpose, we uncover the self-

organized superspreading of droplets to form fluidic toroids, sheets, and threads with the
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help of a simple chemical trigger and in the absence of any rotational influence. These
metastable structures break to form an array of micro or nanoscale soft motors, which can
be further employed for various applications related to emulsification, digital microfluidic,
energy harvesting, preparation of drug delivery vehicles, among others. Finally, we

summarize the thesis and outline the possibilities for future studies in Chapter 6.
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2.1 INTRODUCTION

Directed migrations of the microorganisms are stimulated by diverse external or in situ
excitations which include the electric field - galvanotaxis, magnetic field - magnetotaxis,
light - phototaxis, or chemical potential gradient - chemotaxis. Emulating these events,
miniaturized self-propelling artificial objects can be synthesized for the applications such
as targeted drug delivery [1-3], non-invasive penetration [4, 5], high precision sensing [6,
7] and biomedical devices [8]. In particular, the chemically empowered nano-locomotives
[9-17] are envisioned to perform complex in vivo or ex vivo tasks with functional efficacy
similar to their biological counterparts. The recent advancements on the fabrication of self-
propelling objects are directed towards this end where the nanoscale objects have shown
motions under various internal and external triggers such as the gradients of magnetic field
[18-20], electric field [21], temperature [22], surface tension [23-24], and electromagnetic
[25] or acoustic [26] potential. The existing challenges are to infuse biocompatibility,
attain multimodal in situ and remote control on the motion, tune the directionality at a
faster response time, and add functionalities specific to the engineering processes.
Interestingly, the present decade has also experienced another important paradigm-shift in
which the metal based applications have been transformed into the biocompatible carbon
based processes [27]. In this direction, the artificial locomotives have also been benefitted
by the specialties of the carbon nanotubes, carbon nanofibres, fullerene, and graphene
surfaces which includes the higher electrical and thermal conductivities [28, 29], ease of
functionalization [30], availability of the larger surface to volume ratio [31] and
biocompatibility [32]. A few recent studies indicated that the inclusion of carbon
nanotubes (CNT/Au/Pt), reduced graphene oxide (RGO/MnOx), and graphene oxide

(GO/Ti/Pt) along with metal or metal oxides or metal alloys could significantly improve
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the catalytic and transport properties of the motors [33-36]. However, most of these
studies focused on a single stimulus for the migration and barring a few studies, the
motions demonstrated to be rather random and uncontrolled.

Herein, we report the fabrication of a reduced graphene oxide (RGO) based microbot,
which was capable of showing all three types of directed migrations — chemotaxis in
alkaline peroxide fuel, electrophoresis in alkaline fluid medium, and the external magnetic
field induced motion. The RGO motor (size ~ 80 um) was composed of a glass microbead
coated with thin graphene sheets. The motor harnessed the chemical energy for migration
through catalytic surface decomposition of the peroxide fuel. The difference in peroxide
concentration across the motor due to the imposed pH gradient created a difference in
solute concentration across the motor, which resulted in a solute pressure imbalance to
drive the motor from the region of lower pH to the higher one. The negative (-potential of
the graphene coated motor in alkaline medium helped in a directed electrophoretic
migration under the externally applied electric field. The velocities obtained for the
electrophoretic migration was found to be comparable with the theoretical values obtained
from the Smoluchowski equation. Further, the sparsely distributed ferromagnetic iron
nanoparticles (FeNPs) on the surface infused the magnetic sensitivity to the motor. The
multimodal electric, chemical, and magnetic control on the migration of the RGO motor
helped in the approach, capture, transport, and delivery of payloads inside the microfluidic
environments. The motor could be remotely controlled for transporting cargoes of nearly
1000 times heavier and ~13 times larger than the size of the motor. Remarkably, the RGO
motor could subdue a drag force of ~ 2619 pN while undergoing an in situ migration. The
results reported can contribute to the development of the next generation superbots [37,

38] helpful for the applications related to the pharmaceutical devices [39-41], in situ

TH-1656_126107028



18 Chapter 2

catalysis [42], environmental remediation [43, 44], payload transport [45-49], sensing [50,

51], diagnostics [52, 53] and micro-devices [54].

2.2. EXPERIMENTAL SECTION

2.2.1. Materials

Hydrochloric acid (HCI), 50% hydrogen peroxide (H202), sodium hydroxide (NaOH)
pellets, sodium chloride (NaCl), potassium permanganate (KMnOs), 98% sulfuric acid
(H2S04), 125 mm filter paper (grade 1), acetone (CH3COCHS3s), and 84% ortho-phosphoric
acid (HsPOa4) were obtained from Merck (India). Poly-(methyl methacrylate) (PMMA),
Phenolphthalein, iron (Ill) chloride hexahydrate (FeCls.6H20), sodium borohydride
(NaBHa4), phosphorous pentoxide (P20s), 98% hydrazine monohydrate (N2H4), glass beads
were obtained from Sigma-Aldrich (India). Graphite flakes (99.99%) and anhydrous
barium chloride (BaCl2) were obtained Alfa Aesar and Fisher Scientific, respectively.
Platinum (Pt) wires of length 2.5 cm and diameter 150 pm were procured from Surgeon
Sons, India. For microchannel fabrication poly-dimethylsiloxane (PDMS) was purchased
from Dow Corning, India (SYLGARD® 184 kit). The chemicals mentioned above were of
analytical grade and used for the experiments without further purification. The Milli-Q

grade water was used for cleaning and to prepare the solutions.

2.2.2. Graphene Oxide (GO) synthesis method

GO solution was prepared from graphite flakes following the improved synthesis method
[55]. The graphite flakes (0.5 g) and KMnO4 (3.0 g) were added in a mixture of 63 mL of
concentrated H2SO4 and 7 mL of HaPOa. The resulting solution was heated at 50 'C and
stirred for 12 h. Following this, 30% H202 (3 mL) and 50 mL of water was added into the

solution. The exothermic reaction was carried out in an ice cooled environment (0 "C) and
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after completion 100 mL of water was added into the solution. The solution was then
cooled down to room temperature and centrifuged (8000 rpm for 15 min) to discard the
supernatant liquid. The precipitate was washed 3 to 4 times periodically with 10% HCI
and water, until sulfate was not detected by addition of BaClz. The precipitate was washed
repeatedly with water until a neutral pH was reached. The precipitate was then dried with
P20s in vacuum at room temperature before dispersing in water and sonication for 2 h to

obtain the GO solution for the experiments.

2.2.3. Fabrication of reduced graphene oxide coated (RGO) motors

Glass beads (1 g) were washed 2-3 times in 10% HCI and water and then dried at 65 "C.
The dried glass beads were then suspended in the 3 mL of GO solution (1 mg/mL) and
heated at 80 "C. This procedure was repeated thrice. Then, by using hydrazine vapors, GO
coated glass beads were reduced at 120°C for 3 h and washed with water [56, 57]. Finally,

the RGO motors were dried at 65°C.

Figure 2.1. (a) Uncoated glass beads and (b) reduced graphene oxide (RGO) coated glass

beads.
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The uncoated glass beads were white in colour as shown in Figure 2.1 (a) However, after
the deposition of the reduced graphene oxide (RGO), the coated glass beads turned black
in colour, as shown in Figure 2.1 (b). The average diameter of the freshly prepared

spherical motors were of ~80 pm.

2.2.4. Fabrication of magnetic RGO (FeENP@RGO) motors

Glass beads (1 g) were rinsed with 10% HCI and water, respectively, and dried at 65°C.
The washed glass beads were suspended in 20 mL of 1M FeCls-6H20 solution for 4 h.
Then the FeCls-6H20 solution was decanted off and the glass beads were dried at 110°C
[58]. Following this, the dry glass beads were suspended in 30 mL of water and the
NaBHa4 solution (20 mg/mL) was added drop-wise [59]. The suspension was then heated at
80°C for 45 min. The FeNP-coated glass beads were washed 2-3 times with water before
dipping into the GO solution. After 1 h, the beads were removed from GO solution and
dried at 80°C. This procedure was repeated 3 times. The GO coated glass beads were
reduced by hydrazine vapors at 120°C for 3 hours. The FeNP@RGO motors were washed

2-3 times with water and dried at 65°C before using for the experiments.

2.2.5. PDMS microchannel fabrication

The PDMS and curing agent were mixed for 30 min in 1:10 ratio, avoiding the air bubble
formation while mixing. Following this, the mixture was poured inside a mold having the
shape of the microchannel [60]. Following this, it was put in an air oven at 60 "C for 40

min. The cast was removed carefully from the mold with the help of acetone.

2.2.6. Velocity measurements under the influence of pH gradient
A RGO motor (size ~80 pm) was placed in 7 mL of 9% (v/v) aqueous H20: inside a

petridish (3 cm diameter). The 0.3 M NaOH solution was introduced at the center of the
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petridish through a cotton thread connected to a reservoir. The petridish was placed over a
paper having a scale bar of 0.5 mm to measure the displacement of the motor. The pattern
of NaOH diffusion in H202 bath was observed by adding phenolphthalein indicator in the
H202 solution. The velocity of the motor was studied at different pH values of the alkaline
solution. The velocity of the motor was measured at a position away (~4 mm) from the
thread in order to minimize the influence of the thread on the motor movement [12, 15].
The experiments were repeated thrice for every pH value and the average velocity (Vc)

was reported.

2.2.7. Velocity measurements under the influence of magnetic field

The PDMS microchannel was placed in between the poles of an electromagnet. A
FeNP@RGO motor (size ~80 pm) was placed in a microchannel filled with aqueous H20
solution. The petridish was placed on a paper decorated with a 0.5 mm scale bar on it,
which helped in measuring the displacement of the motor. The velocity of the
FeENP@RGO motor was tuned by varying the magnetic field strength across the
microchannel with the help of an electromagnet and the variation in the magnetic field was
measured by Gaussmeter [15]. The experiments were repeated thrice for each pH value

and the average velocity (Vm) was reported.

2.2.8. Velocity measurements under the influence of electric field

The microchannel was filled with pH 10.1 NaOH solution. A RGO motor (size ~80 um)
was introduced in the solution inside the microchannel between a pair of Pt electrodes,
which were 10 mm apart. The microchannel was placed on a paper having a 0.5 mm scale
bar to measure the displacement of the motor. The velocity of the RGO was observed by

varying the voltage across electrodes with the help of a DC (direct current) power supply
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unit. The experiments were repeated thrice for each pH value and the average velocity

(VE) was reported.

2.2.9. Pickup, transport, and delivery of cargoes

A FeNP@RGO motor (size ~80pum) was suspended in a 9% (v/v) aqueous H20:2 filled
inside the microchannel. The movement of the motor was remotely controlled with the
help of an external permanent magnet. For pick-up, drag, and drop of the cargoes, the
FeENP@RGO motor was immersed in the petridish filled with H202. The motor was
guided towards and away from the cargo by an external magnet. The velocity of the motor
during cargo delivery was measured from the recorded video. Further, in order to
introduce chemotactic migration coupled with the magnetic field driven motion, the pH
gradient was introduced in the chamber by dripping 0.3 M NaOH solution at the center of

the petridish through a cotton thread connected to a reservoir.

2.2.10. Rate constant measurement for H,O, decomposition

The rate of decomposition of H202 solution on the surface of RGO motor was analyzed by
the volumetric analysis with KMnOs [12, 15]. The strength of the KMnOs was
standardized by 0.2 N oxalic acid. Firstly, a 5 mL of 9% (v/v) H202 was pH adjusted by
adding 0.3 M NaOH solution. Then, the RGO motors (0.3 g) were immersed in the
peroxide solution. A series of such solutions were prepared to estimate the depletion rate
of H202at various time intervals. For a given time-interval, a 300 pL aliquot was
withdrawn and added to 10 mL 0.2 N H2SOs solution. Following this, the sample was
titrated against standard 0.2 N KMnOa solutions in which a permanent pink coloration
indicated the end point. The rate constant (k) for the H2O2 decomposition was estimated

from the change in H202 concentration with time. The straight line of the plot confirmed
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that H202 decomposition followed first-order kinetics. This process was repeated for all
the pH values in the presence of the catalytic (RGO coated beads) and non-catalytic beads
(uncoated beads). The catalytic rate constant (kca) was measured alongside the non-
catalytic rate constant (knon-cat) for the H202 decomposition in the presence of the same
amount of beads. The net rate constant (kne) was calculated from the difference
between Keat and knon-cat. The effective rate constant (keir) of a single RGO motor was
estimated by dividing knet with the number of microbeads employed for the peroxide

decomposition.

2.2.11. Characterization

Field emission scanning electron microscopy (FESEM, Sigma, Zeiss, Germany) and
scanning electron microscopy (SEM, LEO, 1430vp, US) were used to examine the surface
morphology of the motors. The magnetization curve was determined by vibrating sample
magnetometer (VSM, Lakeshore GMW magnetic systems 3474-140). The pH of the
solutions was measured by pH meter (CyberScan pH 510, Eutech Instruments). The (-
potential was measured by Malvern, Zeta-Size-Analyser, NanoZS. The motion of the
motor was recorded with a Sony Cybershot DSC-HX100V digital camera (Sony Corp.,
Japan). The diameter of motors was measured under Leica DM 2500 upright microscope.
The electromagnet Model EMU-50V with a constant current power supply unit (DPS —
50) was used to apply the magnetic field in the experiments and the applied magnetic field
was measured by Digital Gaussmeter (Model DGM-102, SES instruments, India). The
regulated DC power supply unit (Model 1252, Aplab, India) was used for the electric field
experiments. The Raman characterization was done by micro-Raman spectrometer (Jovin

Horiba, LabRam HR800) at 532 nm laser excitations.
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Figure 2.2. (a) FESEM image of an uncoated glass bead. The scale bar at the bottom is of
10 um, (b) Magnified FESEM image of the uncoated glass bead surface. The scale bar at
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the bottom is of 3 um, (c) Magnified FESEM image of a reduced graphene oxide (RGO)
coated glass beads. The scale bar at the bottom is of 10 um, (d) FESEM image of a RGO
glass bead surface. The yellow arrows show the thickness of the wrinkled RGO sheets.
The scale bar at the bottom is of 1 um, (e) SEM image of freshly prepared iron
nanoparticle (FeNP) impregnated RGO glass beads. The scale bar at the bottom is of 20
um, (f) SEM image of surface of iron nanoparticle (FeNP) impregnated RGO glass beads.
The scale bar at the bottom is of 3 um, (g) Spot EDX of uncoated glass beads. (h) Spot
EDX of RGO coated glass beads, (i) Spot EDX of iron nanoparticle (FeNP) deposited on
the RGO (FeENP@RGO) coated glass beads, which shows the elemental Fe peak.

The uncoated glass beads and the freshly prepared RGO micromotors were characterized
using the FESEM and SEM. Figure 2.2 (a) and (b) shows the surface of uncoated glass
beads. The spot EDX of uncoated beads (Figure 2.2 (g)) shows the presence of elemental
Sodium (Na), Silicon (Si), Calcium (Ca) and Magnesium (Mg) as the constituents of
uncoated glass bead. Figure 2.2 (d) shows the wrinkles of multi-layered RGO on the glass
bead. The typical lateral widths of the multilayer RGO wrinkles estimated to be ~ 66 nm,
as shown by the arrows. The presence of the elemental carbon (C) and oxygen (O) peaks
of the spot EDX spectra on these RGO sheets confirmed the presence of the RGO
multilayers (Figure 2.2 (h)). The SEM image of a single FeNP@RGO motor surface
showed the agglomerates of FeNPs of varying size (Figure 2.2 (f)). The spot EDX on the
agglomerates confirmed the presence of the FeNP clusters (Figure 2.2 (i)). The glass bead

contributed for the elemental Ca, Na, Si, and Mg peaks in the Figure 2.2 (h) and (1).

Figure 2.3 (a) shows the 2D and G band peaks at 2734 cm™ and 1582 cm™ Raman shift for
graphite [61, 62]. Figure 2.3 (a) also shows the appearance of the 2D band at 2734 cm™* for

bulk graphite. This peak originated from the stacking of graphitic sp? materials [63]. In
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case of graphene oxide (GO), the D and G bands peaks appeared at 1349 cm™ and 1594

cm?, respectively, as shown in Figure 2.3 (b) [61, 62].

700
180 (a) 600 (b)
3 = s00f
8 =
120t & op
s 2 300t
) W
bl Ty
E 60 - _E 200 F
100}
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
Raman shift lem-1 Raman shift /em-1
1400} (C) 1500 (d
= 1200 =. 1200 b
S el
= —
& 1000¢ & 900}
S 800f = Goo}
& 3
= =
=~ 600} =~ 300
400 . . - 0 . . . .
500 1000 1500 2000 1500 2000 2500 3000
Raman shift /cm~1 Raman shift /em~1
380
700H(e@
©) s D
S 600) S 340f
8 =
2 St = 30}
'-n‘ =
] - N
S a00f 5 300
= = 280}
~ 300} S Lol
200

' 'S A A A A 24“ i i L i A A
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
Raman shift [em~1 Raman shift /cm~1

Figure 2.3. Raman spectra at 514 nm laser excitation for (a) graphite, (b) graphene oxide,
(c) uncoated glass beads, (d) RGO flakes, (¢) RGO motors, and (f) FeENP@RGO motors.

Figure 2.3 (c) shows the Raman spectra of the glass beads in the 10 - 1500 cm™ range [64,
65]. In the case of RGO (Figure 2.3 (d)), the G band appeared at 1584 c¢cm™, which

indicated the hexagonal network recovery of defects in carbon atoms. The D band peak of
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RGO was higher compared to the G band peak [61]. The formation of GO and RGO layers
resulted in decrement of the symmetrical and sharp 2D-band Raman peak. According to
the literature [66], it had been observed that with increase in the number of graphene
layers, the amplitude of 2D-band peak decreases and the width broadens. The oxidation of
graphite into GO/RGO disordered the stacking of graphitic sp? resulting in broadening of
2D peak within range of 2695-2927 cm™, as was observed in Figure 2.3 (b) and (d).
Further, the hydrazine-mediated reduction of GO into RGO also led to noise and
additional broadening of peaks due to presence of nitrogen impurities [1]. Figure 2.3 (e)
shows the Raman spectra of the RGO motors in which the 250 - 1300 cm™ peak range
confirmed the presence of the glass and 1342/1584 cm* peaks for D and G bands indicated
the presence of the RGO. The Raman spectra for magnetic FeENP@RGO motors (Figure
2.3 (f)) showed the peaks for RGO, the D, G, and 2D + G band peaks were observed at
1341 cmt, 1584 cm, and 2695-2927 cm, respectively [67]. The peak around 700 cm™
accounted for partial surface oxidation of FeNPs due to air exposure. The FeNPs did not

exhibit any dominant peak in Figure 2.3 ().
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Figure 2.4. Vibrating sample magnetometry (VSM) hysteresis loop for RGO motors.
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The magnetization curve of FeNP@RGO micromotor was obtained from the VSM at
room temperature by varying the magnetic field from —20 to 20 kOe as shown in Plot 2.4.
The S-shaped magnetization hysteresis curve suggests that the magnetic motors were

ferromagnetic in nature.
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Figure 2.5. X-Ray diffraction of iron nanoparticle (FeNP) impregnated RGO
(FeENP@RGO) micromotor.

The XRD of the iron nanoparticle (FeENP) impregnated RGO (FeNP@RGQO) micromotor
showed in Plot 2.5 a broad peak at 20 = 44.5. The value was close to the body centred
cubic a-Fe for principal plane (110) at 26 = 44.671 (JCPDS 06-0696) [67]. The multi-
layered coating of RGO on the glass beads masked the characteristic diffusive peak of
amorphous silica dioxide (SiO2) and thus no peak was observed for glass beads.

2.3. RESULT AND DISCUSSION

Figure 2.6 (a) schematically shows the synthesis of the RGO motor (dia. ~80 um) where

RGO layers were coated on the spherical glass beads. Images 2.6 (b)-(d) represent the
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directional motion of the micromotor under the influence of electric field, pH taxis and

magnetic field.
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Figure 2.6. (a) Preparation of reduced graphene oxide-coated (RGO) motor. The RGO

layers were coated over spherical glass beads, (b) Electrophoresis of a RGO motor in the
alkaline medium. The negative (-potential on the motor surface helped the migration
towards the anode in alkaline medium when subjected to an electric field, (c) Chemotaxis
of RGO motor in alkaline peroxide bath, (d) Magnetic field induced motion of RGO

motor.
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Figure 2.7. (a) Field emission scanning electron microscopy (FESEM) image of a ~ 80
pm spherical RGO motor. The length of the scale bar at the bottom is 10 um, (b)
Magnified FESEM image of the surface of RGO motor. The image shows the folds of the
RGO layers on the glass bead. The scale bar at the bottom is of 1 um.
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Presence of multilayer RGO sheets on the motor helped in retaining the catalytic activity
inside peroxide fuel for a longer timespan [68]. The FESEM images in the Figure 2.7
clearly show that the glass bead was coated with multi-layered RGO sheets (Figure
2.7(a)). The wrinkled sheets of the RGO were visible through the magnified FESEM
image in the Figure 2.7 (b). The RGO coating on the motor resulted in a negatively
charged motor surface which in turn imparted the electric field sensitivity to the motor, as

schematically shown in the Figure 2.6 (b). The {-potential of the RGO motor in alkaline

water solution (pH 10.1) was measured to be — 41.6 mV [69-71].

Figure 2.8. Electric field induced migration of the negatively charged RGO motor towards
anode in aqueous NaOH solution (pH 10.1) inside a PDMS microchannel of ~800 um
width. The numbers 1, 2, and 3 on the image represent the position of the motor after O s,
30 s, and 60 s. The scale bar shown is of 100 um.

Figure 2.8 show that when the RGO motor was put in an aqueous NaOH solution of pH
10.1, it migrated towards the anode, inside a PDMS microchannel. The applied electric
field intensity was 0.5 kVm™. The electrically inert ~85 pm PMMA polymer beads under
similar conditions was found to be stationary. This observation confirmed that the RGO
motor indeed showed an electrophoretic migration. The experiment shown in the Figure
2.8 was an example where the transport of the RGO motor could be remotely regulated by

the external electric field.
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Figure 2.9. The chemotactic motion of the motor (dia. ~ 80 um) towards a thread under a
pH gradient. The numbers 1 — 4 represent the position of the motor after0s, 2 s, 4 s, and

6s, respectively. The scale bar at the bottom is of 0.5 mm.

Apart from the sensitivity towards the electric field in the alkaline medium, the RGO
motor could also display chemotactic migration inside peroxide fuel. The chemical
potential induced migrations were similar to the previously reported pH directed
chemotaxis of the metal-nanoparticle coated polymeric microbeads [12, 15]. However, in
the present motor for the catalytic activity the metal nanoparticles on the surface were
replaced by the graphene sheets and the polymeric core was replaced by a glass bead. The
RGO motors exhibited a directed motion when immersed in a bath of aqueous H20:
solution (9% v/v) and then an alkali source (0.3M NaOH drip) was introduced near the
motor to create a gradient of H202 concentration across the path of the motor. The RGO
motor sensed the pH gradient and migrated towards the higher pH region as shown in the
Figure 2.9. The RGO layers on the motor provided the catalytic activity originating from
the heterogeneous surface decomposition of peroxide fuel to H20 and O: [36]. The
migration of RGO motor towards the imposed pH gradient took place due to the coupling

effect between the two different types of H202 depletion, (a) heterogeneous catalytic
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surface decomposition of H202 on the RGO layer, and (b) homogeneous catalytic
decomposition of H202 due to the imposed pH gradient. The random decomposition of
peroxide fuel on the RGO surface created a local imbalance of peroxide concentration
surrounding the motor. This local imbalance of solute concentration was magnified by
imposed the pH gradient. The differential pH gradient inside the peroxide bath was
established by dripping alkali at the center of the petridish, which provided the necessary
thrust for the migration of the motor towards the higher pH domain. The local
heterogeneous decomposition of H202 across the motor surface was indicated by the
issuance of O2 bubbles while the motor migrated towards the target. The color gradient
originating from the phenolphthalein indicator showed the spread of global pH gradient.
Interestingly, Figure 2.9 shows that sometimes the Oz bubbles nucleated on the motor-

surface and grew in size to temporarily halt the motion.

Figure 2.10. Controlled migration of the RGO motor through magnetic guidance and pH
gradient. The precise magnetic-field induced navigation was used to move the motor in (a)
English numeric ‘8’ inside water medium and (b) English word ‘S’ inside H202 medium.
The blue (darker) arrows depicted the magnetic controlled trajectory and the green
(lighter) arrows show the trajectory under the influence of internal pH gradient. The
numbers depict the instantaneous position of the microbot at different time intervals. The
scale bar shown is of 0.5 mm length.
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In such situations, the motor also exhibited migrations due to the bubble recoil when the
O2 bubble ejected out of the surface. The control experiments show that the uncoated glass
beads did not move under similar condition. The experiments corroborated that the RGO
motors could act as a carbon-based analogue of the previously designed metal-
nanoparticle based motors. Embedding a small amount of the iron nanoparticles (FeNP)
underneath the RGO layers of the motor not only increased the catalytic activity, but also
allowed the FeNP@RGO motor to be sensitive towards the magnetic field, as
schematically shown in the Figure 2.5 (c). Figure 2.9 show the guided motion of a
FeNP@RGO motor, which was controlled solely by external magnet to migrate with the

trajectory design of the number 8’.
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Figure 2.11. The image shows (a) ‘seek’, (b) ‘upload’, and (C) ‘drag’ operations of
magnetically-guided polymeric cargo (1 mm diameter) inside a water medium. The scale

bar at the bottom is of 1 mm. The arrow represents the trajectory of the motor.
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The motor also navigated in predetermined trajectory of letter ‘S’ in aqueous medium
under the coupled influence of pH gradient and magnetic field, as shown in the Figure 2.9
(b). These figures suggest that while in motion, the motor responded swiftly to the
incessant change in spatial position of the external magnet. The ability of FeENP@RGO
motors to migrate in a preselected route made it suitable for various biological and

microfluidic applications.

One such example is the control of the movement of the motor for transportation and
delivery a cargo inside confined environment. Figure 2.11 show that when exposed to an
external magnetic field, the ~80 um motor (~ 67 pg) was able to linearly drag a non-
magnetic Amberlite polymer bead of ~ 1000 times heavier and ~13 times larger in size
inside a petridish filled with water. The figure together show that the polymer bead was
stationary before the motor got attached to the surface. However, after the attachment, the
polymeric bead moved with a significantly higher speed inside the channel. The
experiment suggested that the RGO motors could act as a cleansing agent, which can
easily drag out non-useful items from the work area such as a blood vessel through remote
control. The motor could also perform magnetically directed ‘pick-up’ and ‘drop-oftf’
operations inside a microchannel. Images (a) — (c) in the Figure 2.12 show that the motor
could push a heavier/larger polymeric bead (~0.449 pg and ~350 pm in diameter)
following a magnetically guided path to a target with the help of an external magnet.
Following this, the image (d) shows that the motor was detached from the payload before
could be taken back to the initial position, with the help of the magnetic guidance. We also
performed experiments to show the coupled effects of chemical and magnetic control on

the payload transport of RGO motor. As stated earlier, the motor autonomously migrated
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towards the higher pH region in the presence of an imposed pH gradient. At this pH-
induced motion, the remote magnetic control played a crucial role in tuning the course of

motion.

Figure 2.12. (a) Shows magnetically guided migration of motor towards spherical
polymeric cargo (350 um diameter), (b) ‘pick-up’, (C) ‘transport’, and (d) ‘release’ inside a
water medium. The arrows represent the direction of the motion. The scale bar at the

bottom is of 160 um.

Figure 2.13 show the non-magnetic ~400 um polymer bead (~0.67 pg) was loaded on the
motor with the help of the magnetic guidance. Following this, the motor-polymer couple
migrated towards the higher pH region in which the catalytic activity of the motor dragged
the loaded cargo under the influence of the pH gradient. Concisely, the Figure 2.9 — 2.12
show some interesting applications through the multimodal controlled migrations of the
RGO motor. The ability of the RGO motors to carry larger objects made it a potential

candidate for dynamic payload transporter. At low Reynolds number, it can be assumed
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that the force for propulsion (Fp) was balanced by the drag force (Fd) as, Fp = Fa = 6myRU.
Here 7 is the dynamic viscosity of the solution, R is the radius of the cargo with payload,

and U is the linear velocity of the motor-polymer couple inside the solution.
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Figure 2.13. The image shows “Drag and Drop” cargo transportation under the coupled
control of pH imposed gradient and external magnetic field, (a) The motor is migrated
towards the cargo with the aid of external magnet, (b) The motor was attached to the cargo
(c) the motor dragged the “heavy” cargo towards the higher pH zone under the influence
of imposed pH gradient, (d) The motor migrated and collided to the alkali source. The

scale bar at the bottom is of 1 mm.

For the polymeric bead of 1 mm diameter the experimental estimate of the maximum
velocity was ~278 pms™, which suggests that the motor motion could generate force up to
~ 2619 pN under the magnetic guidance (Table 2.2). Similarly, for the pH triggered cargo
transportation, the 350 um polymer bead and 80 pum motor pair could overcome a drag
force of ~754 pN. The analysis provides a decent estimate of the competence of the motor

as a payload transporter inside microchannel network and drug delivery modules.
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In order to study the velocity of the motor inside the tunable electric field, a series of
experiments were performed by introducing the motor in alkaline pH 10.1 NaOH solution
inside the PDMS microchannel. The cathode and anode (platinum electrodes) were
separated by a distance of ~10 mm and the motor was introduced in a position in the

alkaline solution, which was equidistance away from the electrodes.
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Figure 2.14. Variation in average velocity (Ve) of the RGO motor inside alkaline water
solution (pH 10.1) with the variation in the electric field intensity (E).

The electric field intensity was varied from 0.4 to 0.7 kVm™ and the motor migrated
towards the cathode. The average velocity (Ve) was obtained from the time taken for a
travelled distance of 1 mm from the origin. Figure 2.14 shows that at 0.4 kvVm™ the motor
attained the speed of ~ 10 x 10® ms™ and with an increase in the electric field intensity
(E), the motor attained a maximum speed of ~ 24 x 10° ms™? at 0.7 kVm™, which was
equivalent to ~ 0.3 body lengths per second. The field intensity was not increased beyond
a threshold value to avoid electro-splitting of the alkaline water solution. Further,

Smoluchowski’s equation [72] for the electrophoretic mobility of the particle and
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electroosmotic mobility of the fluid inside the channel were employed to theoretically
evaluate the speed of the RGO motor. We assumed that the electrophoretic motion of the
motor was solely due to development of {-potential on the motor surface in the alkali
solution of pH 10.1 while the {-potential on the surface of the PDMS channel stimulated
the electroosmotic flow. The detailed procedure for the theoretical calculations parameter
is provided in the Table 2.1 Figure 2.14 shows that the experimentally determined velocity
of the RGO motor was the same order of magnitude as was predicted theoretically. The
plot also shows that Ve increased with E in both experiments (symbols) and theoretical
predictions (solid line). The difference in the magnitudes of the values in the experiments
and the theoretical predictions could be attributed to the non-rigorous nature of the
Smoluchowski’s equation while theoretically evaluating the electrophoretic mobility.

2.3.1 Calculations for theoretical velocity of the RGO motor

The RGO motor was suspended in agueous NaOH solution of pH 10.1 and subjected to an
external DC electric field. The motor assumed to have negligible influence due to the
buoyancy and Brownian motion. Under this condition, the {-potential of the RGO ({rco)

was found to be of - 41.6 mV [70], which was employed to calculate the theoretical

electrophoretic velocity (Vep) from Smoluchowski’s equation,V,, :%E [74, 75].
n

The C(-potential of PDMS (Cpoms) surface was found to be -30 mV [73], which was

employed to calculate the theoretical electroosmotic velocity from Smoluchowski’s

equation, Vg, ZME [75]. We assumed that electroosmotic flow profile to be
n

uniform inside the microchannel, which had dimensions much larger than the Debye

length and uniform surface charge density. The Ver and Veo were in the same direction

towards the anode and the theoretical velocity of the motor (Ve) at any instant was
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considered to be summation of the electroosmotic and electrophoretic mobility,

Ve =V +Vo [74, 75]. The necessary parameters to evaluate the theoretical velocity of

the RGO motor are tabulated in Table 2.1.

Table 2.1. Parameters for calculation of theoretical velocity (Ve) for the RGO motor under

electric field
CrGO CroMsS Viscosity of [ Dielectric constant of | Permittivity of free
water water space
(n) (e) (£0)
-0.0416V | -0.030V [ 0.001Pas 78.5 8.854 x 10> F m™*

The experiments were also performed to investigate the characteristics of the sole pH
induced motion employing a RGO motor inside a bath of 9.0% (v/v) aqueous H20:2
solution while the pH of the reservoir was varied from 10.1 to 12.5 in absence of electric

and/or magnetic field.
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Figure 2.15. Variation in the average velocity (Vc) of the RGO motor inside 9% (v/v)
H202 bath when the pH was varied.
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Figure 2.15 shows that at lower pH the average speed (Vc) attained by the motor was
around 4.1 x 10* ms™. However, with an increase in the pH value, the Vc increased
significantly. The motor speed was as high as ~10° ms™, which was ~13 body lengths per

second, at the pH value of ~12.5.
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Figure 2.16. Variation in effective rate constant (kef) of hydrogen peroxide (H202)

decomposition with change in pH for a catalytic motor.

The plot 2.15 shows the variation in the effective rate constant (kett) for the 9% (v/v)
hydrogen peroxide (H202) decomposition by a single catalytic motor at different pH. In
presence of RGO motor, the rate of decomposition of 9% (v/v) H202 on the motor surface
grew linearly with increase in the pH of H202 bath. The effect of magnetic field on
average velocity (Vm) of the FeENP@RGO motor was also obtained by varying the
magnetic field from 40 mT to 110 mT. Figure 2.17 shows that the velocity increased with
increasing magnetic strength (Fmag) exerted on the motor. The average speed (Vwm) attained
by the motor was around 1.8 x 10* ms™* at ~43 mT. However, with increase in magnetic

field strength, the Vi increased to as high as 10 ms™ at ~103 mT.
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Figure 2.17. Variation in average velocity (Vm) of the spherical RGO motor inside
aqueous medium under the influence of magnetic field (Fmag).

The plot confirmed that the motors could be easily guided magnetically in an aqueous
environment. Figures 2.14 — 2.17 together suggest that by coupling the chemical,
magnetic, and electric field induced motions the motor can further be accelerated or
decelerated inside open and confined surroundings, as previously shown in the Figures 2.8

and 2.13.

2.3.2 Calculations for the maximum drag force exerted by RGO motor

Dynamic viscosity (r) of diluted aqueous 9% (v/v) H202 solution in water at room
temperature was considered to be 10 Pa s. The gravitational effect was neglected as the
polystyrene beads were neutrally buoyant in the solution. The linear velocity of the cargo
was estimated from the experimental videos for magnetic and pH gradient guidance while
in transit with the motor. The experiments were repeated thrice in order to determine the

average linear speed (U) of the cargo and to calculate the drag force (Fd). The expression
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for Stokes drag force (Fa = 6myRU) for a spherical particle was employed for the

calculations.

Table 2.2. Calculation of the drag force (Fd) experienced by motor for transportation of

the cargo
Type of controlled motion Radius of the Cargo  Average Velocity Drag
R (um) U (um/s) Force
Fda (pN)
Magnetic (inside petridish) 500 278 2618.76
Magnetic (inside 175 88.3 291.12
microchannel)
pH gradient & magnetic field 200 200 753.6

(inside petridish)

Table 2.3. Calculation of the mass-ratio and size-ratio

Radius Density Mass Mass-ratio | Size-ratio
(m) (kgm=) (kg)

Amberlite 5.00 x 10 1280 6.70 x 1077 1000 12.5
bead

Amberlite 1.75 x 10 1280 2.87 x 108 42.88 4.38
bead

Amberlite 2.00 x 10 1280 4.29 x 108 64 5
bead

RGO motor | 4.00 x 10° 2500 6.70 x 1010 - -

M 4.E Mass of Amberlite bead (2.3.1)
ass ratioe Mass of Graphene coated glass bead o

i tio = Size of Amberlite bead 2.3.2)
1Ze Tat0 = Gize of Graphene coated glass bead ' -

The calculations suggest that the RGO motor (~67 pg) successfully drove out a ~1000
times heavier and ~13 larger Amberlite payload (~0.67 mg) to display the ability to

overcome a drag force of ~2619 pN (Table 2.2) with the magnetic guidance.
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2.4. SUMMARY

We demonstrate the synthesis and applications of versatile RGO superbot, which is
responsive towards the electrical, magnetic, and chemical triggers. While the chemical
locomotion recorded a speed as high as ~13 body lengths per second, the external
magnetic field could move the motor at a speed many fold larger than the chemical trigger.
Importantly, the multimodal control on the motor could engender complex coupled
motions useful for many futuristic applications. For example, the microbot exhibited
interesting actions such as ‘approach’, ‘attach’, ‘drag’, and ‘drop’ of polymeric inert
payloads of ~1000 times heavier and ~13 times bigger in size. The motor could overpower
a drag force as high as ~2619 pN with the guidance from magnetic field and the pH
gradient. The in situ and external triggers showed precise galvanotactic, magnetotactic,
and chemotactic migrations in a targeted direction inside the liquid medium. This is in
stark contrast to the recently reported random migrations of graphene — metal oxide based
motors [35]. The reported RGO motors could find important applications in clinical
restoration of stenotic blood vessels, cleaning of blockages in blood vessels, drug delivery,
and diverse bio-carriers. The pH sensitivity of the motors could also enable them to
selectively trace out the diseased cells out of a cell population by sensing the variation in

the pH across the healthy and infected cells.
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Chapter 3

Magnetically Guided Push-Pull Motility of
Liquibots for Drug-Delivery
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3.1 INTRODUCTION

Over the past few decades, droplet microfluidics has shown significant potential in
staging paradigm shifts in the technologies related to the biomolecule detection,
drug-delivery, 3-D printing, therapeutics, diagnostics, and digital electronics [1-5].
In particular, the self-motile microscale digitized objects guided by various in-situ
or external stimulants have shown their remarkable potential as the next generation
transporters of essential vitamins, antibiotics, minerals, anti-cancer agents, or
enzymes [6-8]. A number of pioneering works have shown that these futuristic
devices can be propelled by Marangoni effect [9-10], chemiosmotic force [11],
electric field [12], photonic [13] or acoustic [14] excitations, and electromagnetic
fields [15-16]. These studies also unveiled the pathways to include the specialties of
nanoscale particles, rods, tubes, or fibres on the solid or soft-solid objects targeting
various cutting-edge applications [17-19]. In comparison, the liquid micro-
propellers having efficacies very similar to or better than their nano-enabled solid or
soft-solid counterparts have started making appearance in the academic arena only
in the recent years [11,20]. However, integrating the specialties of these nanoscale
materials into the liquid droplets has largely been limited by the conditional
agglomeration of solids from the bulk, which has somewhat clipped the flight of the
applications associated with the droplet based locomotion [21,22].

In this direction, one of the major challenges has been to infuse magnetic properties
to the micro or nanoscopic liquid droplets [23]. A droplet suspended with the
magnetic micro or nanoscale particles or fibres often encounter the problem of
phase-separation of the nanoparticles or nanofibres due to nucleation followed by

settling [24]. The problem becomes more severe in presence of an external
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magnetic field where the nanoscopic objects are preferentially attracted towards the
magnet causing a faster solid-liquid separation from a suspension [25]. Previous
studies suggest that the use of surfactant coated nanoparticles can be one of the
temporary solutions to stabilize solid-liquid suspensions at the microscale [26] and
delay the phase separation [27]. Alternatively, use of paramagnetic ionic liquids and
ferrofluids has also been suggested to resolve this problem [28-31]. However, most
of these solutions are either temporary or costly or toxic. Further, infusing different
types of magnetic properties to the microdroplets composed of commonly available

materials has been an open challenge so far.

3.2 EXPERIMENTAL SECTION

3.2.1 Materials

The chemicals, chloroform (CHCIs), silicone oil (CeH180Si2), oleic acid
(C18H3402), manganese(ll) chloride teterahydrate (MnCl2'4H20) and sodium
chloride (NaCl) was purchased from Merck (India) Itd. Fluorescein sodium salt dye
was purchased from Sisco Research Laboratories Pvt. Ltd. Ferrous chloride (FeCls)
was purchased from the Sigma-Aldrich chemicals. The milli-Q grade deionized
water was used for cleaning and to prepare the solutions. The drug Paracetamol (P-

500, Apex India) was purchased from local medical store.

3.2.2 Methods

Synthesis and motions of waterbots and oilbots: The waterbots were prepared by
mixing a known amount of paramagnetic manganese (MnClz'4H20) or iron (FeCls3)
salts in DI water. The manganese salt in water dissolved fully (limiting solubility

4.5 M) to give a transparent waterbot and the iron salt dissolved in water led to a
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greenish yellow waterbot. The oilbots were prepared by emulsifying water loaded
salt into the oil, which were rather opaque. A 40 mm petri dish filled with 7 mL of
either chloroform (for a waterbot) or water (for an oilbot) was the in vitro system to
perform the experiments on the motion of the liquibots. The petri dish was cleaned
after every experiment and the external vibrations and disturbances were avoided
during the experiments. In order to show the motion of a paramagnetic waterbot, a
droplet of aqueous manganese chloride (volume 1 — 10 pL) or ferrous chloride
(volume 1 — 50 pL) was put on the surface of chloroform bath and then pulled by
either an electromagnet or a permanent magnet. The motion of the diamagnetic
waterbot was shown by putting a droplet of aqueous sodium chloride on the surface
of chloroform bath and then pushed by a permanent magnet. The 1 ml oilbot was
prepared from an emulsion using 1:1 W/O ratio of aqueous MnCl2 solution and
oleic acid with 5 mg paracetamol drug. The emulsion was found to be stable after 5
min vigorous shaking. The oilbot could also be made paramagnetic based on the
choice of the salt for emulsification and was moved on a water surface with the help
the permanent magnet. Paracetamol and fluorescent particles could be mixed with
all types of reported liquibots and was transported and delivered to the targeted

locations. The motions were recorded with a camcorder for further analysis.

3.2.3 Velocity measurements

In order to measure the velocities of the paramagnetic waterbots, the petri dish
filled with chloroform was placed in between two poles of an electromagnet. The
waterbot was placed carefully on the chloroform bath with the help of suitable

micropipette, near one of the poles of the magnet. A constant magnetic field was
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applied with the help of electromagnet or permanent magnet while the liquibot
migrated. In order to measure the velocities of the diamagnetic waterbots, the
permanent magnet was placed underneath a petri dish filled with chloroform before
the waterbot was dispensed at the air-chloroform interface of the bath. A graph
paper with 1 mm scale bar was placed underneath to measure the distance travelled
by the liquibots. The migration towards (away) the poles of the paramagnetic
(diamagnetic) liquibots was recorded with a camcorder to measure the time for
displacements. Instantaneous velocity (Vi) was calculated for every 1 mm
displacement per unit time and then the average velocity (Vm) was calculated for 1
cm displacement per unit time. The experiments were repeated thrice in order to
confirm the repeatability of the reported velocities. Droplet splitting experiments
were performed by initially attaching a transparent sheet on a paper surface, then
coating the open surface of the transparent sheet with a very thin layer of oleic acid,
and thereafter placing a FeCls loaded waterbot on the surface coated with oleic acid.
A permanent magnet was employed to stretch the waterbots for splitting into parts

and then join them.

3.2.4 Characterizations

The magnetization was determined by vibrating sample magnetometer (VSM,
Lakeshore GMW magnetic systems 3474-140). The motion of the droplet was
recorded with a Sony HD Camcorder (model: HDR-XR160E). The electromagnet
model EMU-50V with a constant current power supply unit (DPS-50) was
employed to apply magnetic field and the field strength was measured by a Digital
Gaussmeter Model DGM-102 (SES Instruments, India). The migrations of the

microscopic and fluorescent liquibots were observed under the Leica DM2500
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upright microscope. The motions of the microemulsion oilbot image were recorder
by the Leica DM2500 upright microscope.

The magnetization curve for the paramagnetic and diamagnetic liquibots were
obtained from the VSM data at 25°C by varying the magnetic field from —15 to 15
kG. The magnetization curves in Supporting Figure Sla show that the liquibot
loaded with manganese (I1) chloride was highly paramagnetic. The magnetization
curves in Figure 3.9 (b) show that liquibot loaded with sodium chloride was
diamagnetic in nature. The other paramagnetic salt FeCls also showed paramagnetic

behaviour when loaded inside the liquibot as shown by Figure 3.9 (c).

3.3 RESULT AND DISCUSSION

I

©
aq. MnCl, in Olcic acid X
Figure 3.1. Schematic illustration of liquibots undergoing magnetic field induced motion.

A diamagnetic waterbot (ag. NaCl soln.) showing a push motion, a paramagnetic waterbot
(ag. MnCl: soln.) showing a pull motion, and a paramagnetic oilbot (droplets of ag. MnCl2

soln. suspended in oleic acid) showing pull and delivery motions.

Figure 3.1 schematically shows that liquid droplets composed of aqueous solutions

of the paramagnetic or diamagnetic salts could engender interesting magnetic field
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induced motions. The transparent to translucent to opaque salt-laden droplets,
namely, the ‘liquibots’ could show facile pull, push, veer, halt, or reverse motions
under the remote guidance of an external magnet. For example, a ‘waterbot’ loaded
with paramagnetic salt could be pulled while the same loaded with diamagnetic salt
could be pushed with the help of a magnetic guidance. The speed of the liquibots
could be modulated by altering the size, magnetic field strength, and salt-loading. In
addition, the proposed liquibots could be split into parts or joined or arranged in an
ordered manner on a slippery solid surface, which was previously possible only
through ferrofluids®’. The magnetic field guided actuation and migration shown by
the liquibots indicated that they might be suitable for a number of recently proposed

droplet microfluidic applications based on electric field [32-33].

Figure 3.2. Images (a-d) show the magnetic field induced ‘pull’ motion of a 5 pL
paramagnetic waterbot loaded with 0.5M MnCl; at 0 s, 0.8 s, 2.08 s, and 3.2 s,
respectively, on a petri dish filled with chloroform and under the influence of a
electromagnet of strength 148 mT. Images (e-h) show the magnetic field induced ‘push’
motion of 3 pL diamagnetic waterbot loaded with 1M NaCl at0s, 2.48 s, 6.32 s, and 10 s,
respectively, on chloroform filled petri dish and under the influence of a permanent

magnet of strength 120 mT. The minimum box dimension of graph was 1 mm x 1 mm.
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Importantly, we have also shown a recipe to synthesize water-in-oil liquibots,
which could fluoresce, transport as well as release drugs to the targeted locations
through remote magnetic guidance. The reported prototype is expected to improve
the efficiency of many recently reported droplets based sensors [34,35], drug
transporters [36-38], environmental remediates [39], and microreactors [40-43].

Figure 3.2 (a-d) show that a transparent paramagnetic waterbot composed of 0.5M
aqueous MnCl2 was ‘pulled’ by an electromagnet having field strength of 148 mT
on a chloroform bath at a maximum speed of 3.44 mm/s. In comparison, Figure 3.2
(e-h) show that a transparent diamagnetic waterbot composed of aqueous solution
of 1M NaCl could be ‘pushed’ by a permanent magnet of strength 120 mT at a

maximum speed of ~1.4 mm/s on the same bath.

© Q (®

@) 100 iR 100 pm
® Motion Motion @ (h)
R

- O -

Figure 3.3. Images (a-d) show the magnetic field induced motion attraction and
repulsion motion of diamagnetic and paramagnetic droplet The minimum box
dimension of graph was 1 mm x 1 mm, Images (e-f) show the 40 um paramagnetic
droplet motion under magnetic field, Images (g-h) show the multiple droplet motion

This experiment has the scale bar 100 um.
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Control experiments suggested that a de-ionized (DI) waterbot was unable to show
such motions on the same chloroform bath.

Both the diamagnetic and paramagnetic waterbots moved at the air-chloroform
interface because of the higher density of chloroform than the waterbots. Figure 3.3
(a-d) show a contrasting pull and push (attractive and repulsive) reciprocating
motion of the 10 ul transparent paramagnetic (right side) and diamagnetic (left side)
waterbots when placed near a permanent magnet of strength 240 mT. In the Figure
3.3 (e-h), we have shown the motion of a miniaturized version of the single and
multiple paramagnetic waterbot of diameter of 40 um moving at a speed of ~2 body

lengths per second when placed near a permanent magnet of strength 80 mT.

() ;}@#, lﬁ)i

: ma
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Figure 3.4. Images (a-d) show the magnetic field induced motion of a drug loaded
paramagnetic waterbot at 0 s, 3 s, 5 s, and 7s, respectively, petri dish filled with
chloroform and under the influence of an electromagnet of strength 148 mT. The
minimum box dimension of graph was 1 mm x 1 mm. Images (e-h) show the motion of a
paramagnetic waterbot tagged with a fluorescent probe under the influence of a permanent
magnet of strength 80 mT. The scale bar in these images represents 1 mm.

Figure 3.4 (a-d) show that an opaque paramagnetic waterbot loaded with
paracetamol drug (0.5M) was pulled by a magnet on a chloroform bath at a
maximum speed of 2 mm/s. In such a situation, the fluorescent tracer provided an

optical indication of the local position of the motile droplet, as shown in the Figure
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Figure 3.5. Plot (a) shows the variation in the average velocity (Vm) of paramagnetic
waterbot with its volume (¢) when the concentration of MnCl2 was Cwvn = 0.5M, magnetic
field strength was B = 148 mT, and viscosity of the waterbot and medium was, ¢ = 0.001
Pa.s and um respectively. Plot (b) shows the variation of Vm with Cmn when B = 148 mT,
4 =0.001 Pa.s, and ¢ = 5 L. Plot (c) shows the variation in Vm with B when Cmn = 0.5M,
¢ =5 uL, and 4 = 0.001 Pa.s. Plot (d) shows the variation in Vm of diamagnetic waterbot
with ¢ when Cna =1 M, B = 240 mT, and g = 0.001 Pa. Plot (e) shows the variation in Vm
of paramagnetic waterbot with zm when Cvn = 0.5 M, B = 148 mT, and ¢ = 5 pL. The

symbols (solid lines) represent experiments (theoretical prediction).
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3.4 (e-h). Figures 3.1-3.3 together showed diverse pull-push migrations of the
waterbots, which can be of importance for in-vivo applications of the proposed
liquibots.

The magnetic force exerted on the waterbot could be evaluated from the expression,

F. :V(A;(/n)B-VB, [44-45] in which v was the gradient operator, B was the
magnetic field vector, V was the volume of the droplet, A;(:ZBAC+)5X, was the

difference in the magnetic susceptibility where ;(2" and ;(X, are the molar and

volume susceptibilities of salt and water, C was the concentration of the salt, and 7

was the magnetic susceptibility of vacuum (4 x 10™).

The theoretical average velocity of the droplet could be obtained by applying the

Newton’s second law of motion (F,+F, =ma) in which the drag force on the
droplet was evaluated by the Stokes formula, F, = 67zurv [46]. Where m and a were

the mass and acceleration of the droplet, x was the viscosity of the bounding
medium, r was the radius of the droplet, and v was the average velocity of the
droplet.

We measured the time to traverse 1 cm in order to obtain the experimental average

velocity of the liquibots. Further, to evaluate the theoretical average velocity we

enforced Newton’s 2" law in the Stokes flow limit, F, +F, =0, which provided the
expression for theoretical velocity of the droplet as, v= [(ZrzA;()/(&u)n] B-VB. For

a unidirectional magnetic field the expression could further simplify into the form,

v:[(ZrzA;{)/(gw)] B, (6B, /0x), where x is the direction of the movement of the

liquibot. Plots (a) — (d) in the Figure 3.5 show a comparison between the average
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velocities (Vm) obtained from the theoretical calculations (solid line) and the
experiments (symbols) with the variations in the volume of the paramagnetic
droplet (¢), paramagnetic salt concentration (Cmn), magnetic field strength (B), and
volume of the diamagnetic droplet (¢). Table 3.1 shows the typical properties
employed for the calculations in the present manuscript:

Table 3.1. Physical properties of fluid in the experiments [47-50]

M Y4 Mw ll\l\/llln Zl’\\lﬂa ZV
(Pas) (kg/m3) | (MnCl2.4H20) | (m3.mol?) (m3.mol-) w
0.001 1000 198 1.8x10* 30x10° 9 x10

The plots (a) — (c) suggest that Vm monotonically increased with the increase in ¢,
Cwmn, and B. Interestingly, the proposed theoretical model could not only predict the
trend of the variations in Vm with ¢, Cmn, and B but also quantitatively corroborated
the experimentally measured values. The Vm attained by a 2 pl paramagnetic
waterbot was ~2.19 x 10 ms™, which increased to ~ 6.34 x 10 ms™ for a ~9
waterbot. Further, a waterbot containing 2M MnCl2 showed a speed as high as 11.9
x 10 ms™ when the applied field strength was 148 mT. Increase in volume, salt
loading, and magnetic field strength led to the manifestation of larger amount of
magnetic body force on the waterbot. Plot (d) shows that even for a diamagnetic
waterbot Vm monotonically increased with ¢. We also observed (not reported here)
that Vm increased with the NaCl loading (Cna) inside the droplet. The Vm attained by
the liquid motor was ~1.36 x 102 ms® when Cna ~1 M and B was 240 mT.
However, with the increase in Cna to ~5 M, Vi increased ~1.95 x 10 ms™. Further,
with increase in ¢, Vm increased to ~2.66 x 102 ms™ for a ~10 pl waterbot. The
plot (d) showed that diamagnetic waterbots could also be pushed strongly with the

help of remote magnetic guidance inside a fluidic environment, which was also in
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well accordance with the theoretically predicted average velocity. Plot (e) showed
the for influence of droplet motion for different viscosity of the medium. When we
increase the viscosity of the system, velocity of the droplet decrease and droplet
does not show the motion at viscosity (> 0.2 Pa.s) for given magnetic field. This is
happening that viscous force dominate to stop the waterbot. The difference in the
magnitude of the values in the experiments and the theoretical predictions could be
bridged through a more rigorous analysis of the force balance equations, which was
kept as a future scope of research work.

Apart from the waterbots, we also prepared emulsion based oilbots where a 1 M
aqueous MnClz solution was mixed with commercially available paracetamol
before shaken vigorously with oleic acid at different volumetric proportions. The
drug and the paramagnetic salt were initially loaded in the water phase and then the
drug loaded waterbots were dispersed through shaking inside oleic acid to prepare
the oilbots. Figure 3.6 (a) schematically shows the transport and release of the drug
loaded waterbots from the oilbots under magnetic guidance. The optical image
shows the dispersion of waterbots in the oil matrix. Images 3.6 (b—e) show motion
of the drug-loaded oilbot with the help of permanent magnet (80 mT) in a water
bath. The images and video show the transport of the oilbot loaded with the drug
embedded waterbots under the remote magnetic guidance before the release of the
drug ~16.9 s in the bath. The plot (f) shows that the average velocity (Vm) of these
oilbots could be modulated by tuning the salt loading in the waterbots. The plot (g)
suggests that the time for drug release (tr) could also be controlled by tuning the
water to oil loading in the oilbot. In particular, dispersing lower amount of water

into the oil-phase showed a larger time of release under these conditions. Concisely,
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Figure 3.6 suggest that an emulsion of paramagnetic waterbots in oil can be
employed for drug transport and delivery under magnetic guidance. The drug
loaded paramagnetic waterbots having dimensions of few microns to few hundred
microns dispersed inside the oilbots could act as in-vivo transporters of drugs in
diverse body fluids [51-52] such as blood stream, cerebrospinal fluid, mucus,

lymph, bile, saliva, tear, or extracellular fluids.

8 x103
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Figure 3.6. Image (a) shows the schematic representation of transport, delivery, and
release of an oilbot having dispersed paramagnetic waterbots trapped in a continuous oil
phase. The grayscale optical micrograph shows the typical dispersion of microscale
waterbots in the oil matrix. Images (b—e) show the magnetic field induced motion of an
oilbot loaded with paracetamol drug at 0 s, 3 s, 5.8 s, and 16.9 s, respectively, and
subsequent release of the drug when ¢ = 10 uL. and B = 80 mT. The scale bar in the image
represents 2.5 mm. Plot (f) shows the variation in Vm of the oilbot with the salt loading in
the water phase (Cm) when ¢ =5 ulL and B = 240 mT. Plot (g) shows the time of release of

the waterbots (tr) for different water to oil ratios, respectively.

A typical phase separation experiment of oleic acid and water shown in the Figure
3.7 supported the observations of the release in the Figure 3.6. In the beginning of
this experiment, different water-in-oil emulsions were prepared by mixing 1M

aqueous MnCl2 with oleic acid through adequate shaking at proportions (v/v), 1:1,
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1:2, 1:3 and 1:5, as shown in the rows (a) and (b). The images (c) show that the 1:1,
1:2, 1:3 and 1:5 emulsions phase separated at different time intervals 0.67, 3.12,

4.37, and 9.12 min, respectively.

Figure 3.7. Preparation of water-in-oil (W/O) emulsions (v/v) of water (transparent) and
oleic acid (pale yellow). Row (a) showing the images of different initial volumes in the
vials having W/O ratios of, 1:1, 1:2, 1:3, and 1:5, respectively. Row (b) shows the
situation of the same vials after vigorously shaking for 5 min. Row (c) shows the vials
after, 0.67, 3.12, 4.37, and 9.12 min when complete phase separation took place.
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It may be noted here that the use of surfactants or surface active agents in these
experiments could further help in modulating the time for mixing and phase
separation. The experiment indicated that the release mechanisms of the oilbots
could efficiently be designed by tuning the tr of these emulsions to ensure targeted

release at stipulated time.

Figure 3.8. Controlled migration of FeCls loaded paramagnetic waterbots. Image (a)
shows the intricate movement represented by the broken line representing telephone
dialling when, ¢ =5 pl, Cre = 2M, B = 80 mT, and x = 0.001 Pa s. The scale bar in the
image represents 5 mm. Images (b) and (c) show magnetic field induced merging of
waterbots emulating the ‘Packman’TM game, when, Cre = 2M, B =80 mT, and x = 0.001

Pas.

Remarkably, apart from the facile movement inside the liquid mediums, the
waterbots could also show controlled migration on the solid surfaces coated with
thin oil layer, as shown in the Figure 3.8 (a). In this case, initially dialling patterns

were drawn on a white paper with the help of a pen and then covered by a
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transparent plastic sheet. Following this, the transparent sheet was coated with a
thin layer of oleic acid to reduce the surface friction before dispensing FeCls loaded
paramagnetic waterbots. The camera recorded the motion from the top while the
magnetic control was offered from the bottom of the paper surface. The magnet was
not visible in the figures or video because it was masked by the opaque paper
surface. The broken line on the image shows the migration path of the waterbot
with the remote magnetic guidance on the solid surface. Using a similar setup, we
performed the experiments shown in the Figure 3.8 (b-c), which show that the
smaller waterbots from different corners could be merged and coalesced into a
bigger one emulating the popular ‘Packman’™ game on a solid surface.

Figure 3.9 show that a paramagnetic waterbot (Cre, 2M aqueous FeCls) could be
split into multiple droplets with the remote guidance of the magnet. Again, in this
experiment, a paper was initially coated with a transparent sheet before a thin layer
of oleic acid was coated on it to reduce the friction of the waterbot dispensed on it.
The magnet was placed underneath the surface while the camera recorded the
motion from the top. The movement of the magnet pulled the paramagnetic
waterbot towards it against the surface friction on the slippery surface, which
caused the splitting of the waterbot into parts.

Image (b—g) show the splitting of a parent waterbot into 2 — 7 daughters and then
ordering them in the shape of a line, triangle, pentagon, hexagon, and heptagon,
respectively. A very recent work had shown similar happenings with a droplet
composed of ferrofluid [31]. Here we could achieve analogous findings employing

a much simpler, non-toxic, and transparent system in place.
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In the present case, the paramagnetic waterbots behaved like a magnet under the
influence of magnetic field, which underwent cohesive failure due to viscous stress
at the droplet-oil interface [53] to cause splitting while moving under the magnetic

guidance on a slippery solid surface coated with a thin oil layer.

(a

) w
Single ®

Waterhbot Daughter droplet

Figure 3.9. Droplet splitting phenomena. Image (a) shows a schematic diagram of
breaking a single waterbot into many and simultaneously ordering them. Images (b-g)
show the stage wise splitting of a single FeCls waterbot into 2 — 7 droplets and then
ordering them in the shape of a line, triangle, pentagon, hexagon, and heptagon,
respectively. Here Cre = 2M, B = 80 mT, and x = 0.001 Pa s. The scale bar shown here is
5 mm.

The magnetically guided droplet actuation shown in the Figure 3.7 and 3.8 had
various advantages in the domain of droplet microfluidics over the previously
reported methodologies, which employ the electric field as the driving force
[32,33]. For example, (a) the electrically modulated migrations required high

intensity AC or DC fields while the proposed methodology suggested the use of

magnets for similar operations; (b) the embedded electrical circuits for electrically
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actuated drop migration were labile to intense heat generation, which could be
avoided employing the proposed methodology; (c) the embedded electrical circuit
for the electric field induced motions required complex surface patterning of
electrodes employing costly fabrications methodologies. In comparison, the
proposed methodology was simple to operate, devoid of the problems associated
with heat generation, independent of any circuitry, and did not demand any costly

fabrication technique for preparation.
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Figure 3.10. Vibrating sample magnetometry (VSM) hysteresis loop for the aqueous
solutions of (a) MnClz, (b) NaCl, and (c) FeCls.

The magnetization curve for the paramagnetic and diamagnetic liquidbots were
obtained from the VSM data at 25°C by varying the magnetic field from —15 to 15

kG. The magnetization curves in Figure 3.10 (a) show that the liquidbot loaded with
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manganese (I1) chloride was highly paramagnetic. The magnetization curves in
Figure 3.10 (b) show that liquidbot loaded with sodium chloride was diamagnetic in
nature. The other paramagnetic salt FeCls also showed paramagnetic behavior when

loaded inside the liquidbot, Figures 3.10 (c).

3.4 SUMMARY

In summary, we demonstrated attractive (repulsive) motions of paramagnetic
(diamagnetic) salt laden liquibots under remote magnetic guidance. The non-toxic
oilbots or waterbots were prepared employing simple methodologies in which either
the salt was dissolved in water or the salt laden water medium was emulsified in oil.
This is in stark contrast to the preparation of the previously reported nano-enabled
solid or soft-solid self-propellers, which required the involvement of costly and
complex fabrication mythologies [54]. The proposed waterbot was devoid of any
phase-separation during its migration whereas the oilbots showed a tuneable phase-
separation suitable for delivery of commercial drugs like Doxorubicin, Lopressor
drug, Efavirenz for cancer treatment, multiple cardiovascular drug for heart related
problem and HIV antiviral [55-57]. The paramagnetic (diamagnetic) waterbot could
migrate, ~8 body length/s (~ 1 body length/s) under remote magnetic guidance,
which could further be increased by enhancing the strength of the external magnetic
field. Facile controls on the direction and speed of the motions were shown by
varying the size and salt loading. The drug loaded water or oilbots could be
envisioned as future in vivo transporters of drugs inside diverse body fluids such as
blood stream, cerebrospinal fluid, mucus, lymph, bile, tear, mucus, or extracellular

fluids [51-52]. In addition, the waterbot was split into many smaller parts on an oil
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coated solid surface and then arranged in the shapes of polygons. A liquibot based

‘Packman’™ game was also demonstrated where the bots moved on the slippery

solid surfaces under the magnetic guidance. The experiments pointed the suitability

of the proposed liquibots in diverse droplet microfluidic applications.
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4.1. INTRODUCTION

Electrowetting of a liquid droplet on a homogeneous solid surface under the influence of
an externally applied electric field has fascinated the researchers for ages [1-3]. Lippmann
was among the pioneers to identify the physics behind this process through his seminal
contribution on the theory of electrocapillarity [1]. The formulation uncovered the reasons
behind the capillary depression of mercury when in contact with electrolyte solutions in
presence of an external electric field4. Later, interesting behaviours of the electrically
conducting liquid droplets on different types of surfaces under the influence of alternating
(AC) or direct (DC) current electric fields were explored [5-7]. Much later, Taylor [3]
unveiled the role of electro-hydrodynamic (EHD) stresses originating from the
accumulation of the induced charges at the droplet-substrate interface as the major reason
behind the change in the equilibrium contact angle of the liquid droplet during
electrowetting (EW). The term ‘electrowetting’ was coined much later by Beni and
Hackwood while they employed this phenomenon to design display devices8. A number
of review articles have been written over the years to summarize the scientific and
technological progresses of diverse EW processes [9-12].

In recent times, the EW process has been employed as a model prototype to study the field
induced deformation or actuation of soft and deformable microsystems [13-16]. However,
after the invention, for a long period the applicability of the EW processes were rather
limited because the droplets composed of electrolytes were placed on one of the
electrodes, which caused electrolysis [17]. The utility of the EW processes escalated only
after the introduction of the concept of electrowetting on dielectric (EWOD) materials
[18]. The EWOD setup proposed the placement of the droplet on a hydrophobic insulating

isolator which in turn was placed on the electrode substrate19. In a typical EWOD setup
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the electric field was applied through an external circuit in which the bottom substrate
acted as one of the electrodes while an electrically conducting wire touching the droplet
from the top acted as the other electrode. The placement of the thin hydrophobic isolator
between the droplet and the substrate electrode at the bottom in the EWOD setup helped
in, (i) arresting the electrolysis, (ii) making the process reversible, (iii) developing enough
EHD stresses [20-23] for rapid EW, and (v) tuning the electrical, thermal, and surface
properties of the isolator to develop a wide range of applications.

In the recent past, the EW processes have been employed for microscale mixing24,
reaction engineering [25], energy harvesting [26-27], droplet actuation [28-29], electronic
displays [30], biomedical engineering [31,32], bio-MEMS devices [33], and droplet or
digital microfluidics [34-36], among others. In particular, the hydrodynamic, elastic, and
interfacial properties of the isolator was found to markedly influence the electro-capillarity
of the droplet. For example, while the superhydrophobic isolators composed nanowires or
nanorods showed a reversible EW [37-42], an inverse EW process of a large number of
microdroplets could harvest high density power [43] by converting mechanical energy into
the electrical one [44]. Interestingly, a number of recent works have shown that the energy
storage and dissipation at the three-phase contact line of the advancing front of a
microdroplet undergoing EW could provide additional control over the EW behavior [45-
47]. Requirement of ultra-low voltages have shown the pathways to develop energy
efficient EW processes [47]. In particular, the elasto-capillary effects at the soft and
deformable isolators or viscous dissipation on the liquid isolators could develop EW
processes having reversible to transient responses important for various optoelectronic

applications [48,49]. In this direction, the EW of a microdroplet on strongly slipping
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surface can be one interesting system where the contact-line may show interesting

motions, which is yet to be explored in detail.

4.2. EXPERIMENTAL SECTION

4.2.1. Materials

We purchased Cu and double sided tapes from local venders. The oil hexadecane (CisHs4)
was purchased from the Sigma Aldrich, India, oleic acid (C1sH3202) was purchased from
the Merck, India, iodine was purchased from the SRL India, and silicon oil was purchased
from the Loba Chemie Pvt. Ltd., India. Platinum (Pt) wires of length 2.5 cm and diameter
150 um were procured from Surgeon Sons, India. Polydimethylsiloxane (PDMS) was
purchased from Dow Corning, India (SYLGARD® 184 kit), and polytetrafluoroethylene
(PTFE) was purchased from Nastro Professionale Tenuta Filetti. Deionized water (Dl,
Merck Millipore, grade 1) was used for all the experiments. Rectangular rare earth
Neodymium magnets (N52) of known strength and dimension 40 mm x 25 mm x 10 mm

were purchased online.

4.2.2. Methods

The EWOL setup was fabricated on a plain glass plate. A reservoir of dimension (1.5 cm
x 6 cm x 0.2 cm) was made with double sided tapes and in the middle of the reservoir a
copper tape having thickness of ~ 160 um was pasted on the glass plate to prepare the
anode. The bottom of the reservoir along with the copper tape was covered with a PTFE
isolator layer of thickness ~160 um to avoid electrolysis. Then the reservoir was filled
with water, as schematically shown in the Figure 1 (a). The oil droplets (silicon oil,
hexadecane, or oleic acid) of size varying from 0.5 - 5 pl were dispensed on the water bath

before a Pt cathode of 150 um diameter was connected to the oil droplet from the top. The
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electrodes were connected to a DC Power source (SES Instruments Pvt. Ltd., range: 0 —
1500 V) to supply electric field. For the magnetic field experiments, the EWOL setup on
the Neodymium magnets in a such a manner that a Lorentz force could rotate the oil

droplet, as schematically shown in the Figure 1 (d).

(b)
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Figure 4.1. Images (a) — (d) schematically show the EWOL experimental setup employed
for the droplet expansion, oscillation, ejection, and rotation, respectively. Image (a) shows
a glass substrate covered with a Cu anode which in turn was coated with a dielectric
polytetrafluoroethylene (PTFE) layer. A thick water (w) reservoir was created on PTFE
before dispensing hexadecane oil (0) droplet on the water layer. A pointed Pt cathode was
connected from the top of the oil droplet. Application of an external electric field through
the electrodes led to the (a) expansion, (b) oscillation, and (c) ejection of the droplet with
increasing field intensity. Image (d) shows that placing a magnet in the perpendicular to
the plane of the paper led to the rotational motion of the droplet. The notations yow, yoa, and
ywa represent interfacial tensions at the oil-water, oil-air, and water-air interfaces,
respectively. The notations o, and pw denote the viscosity of the oil and water and «, 5,

and 4 represent contact angles.
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The resistance or the flow of current across the EWOL system was measured with the help
of a digital multimeter (Mastech India, range: 0 — 2 MQ =+ 1.0%). The droplet motion was
recorded with a digital camera (Cybershot DSC-HX100v, SONY Corp. Japan). The open
source imageJ software was used for the image analysis of droplet movements, oscillation,
rotation, and breaking. We have measured the angle traversed by the droplet with colored
glass particles for calculating the rotational speed.

Herein we show a collage of interesting motions of an oil droplet when placed on a bath of
deionized (DI) water which in turn was placed on a polytetrafluoroethylene (PTFE)
isolator coated on a copper (Cu) electrode. Figure 1 (a) shows the schematic diagram of
the experimental setup in which the layer of DI water and the PTFE coating together
formed the isolator while the electric field was applied from the top of the droplet with the
help of a Platinum (Pt) cathode while the Cu substrate was made anode. In comparison to
the widely employed EWOD setup [18], in the present study, we used a water column on
which the oil droplet was expected to undergo EW. We termed the setup as electrowetting
on liquid (EWOL) in the entire manuscript. In the EWOL setup, at lower field intensities,
we observed no deformation of the droplet. However, beyond a critical field intensity,
when the applied electric field could overcome the restoring surface tension and frictional
forces, we observed spreading of the droplet similar to the EW processes, as shown in the
Figure 1 (a). At intermediate field intensities the droplet started oscillating around the Pt
electrode showing a transient phenomenon (Figure 1 (b)), and at even higher field
intensities the droplet ejected to show a field induced locomotion (Figure 1(c)). The
observed reversible droplet expansion and contraction of the oil droplet under the sole
influence of electric field at lower field intensities and the oscillatory motion at moderately

higher field intensities in the EWOL setup could be employed for micromixing of
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multicomponent systems inside the microfluidic devices. The droplet ejection under the
influence of a high intensity electric field was an example of an galvanotaxis and could be
employed as transport and delivery of payloads inside the small scale devices.

Importantly, when the EWOL setup was placed on a permanent magnet, the droplet
showed rotational motions for which the rotations could be made clockwise or

anticlockwise by changing either the direction of the magnet or the electric field. It is well

known that when the electric (J, ) and the magnetic field (B) are placed perpendicular to

each other, the Lorentz force (F, =J, xB) [50] can be generated in the direction normal to

both the fields, as shown on the Figure 4.1 (d). A number of previous studies have shown
that the Lorentz force can be employed to move conducting fluids inside the microdevices
[51-53], to develop micropumps [54-59] or mixers [60-63], and rotate solid particles [64].
In the present study, we showed that a viscous and incompressible oil droplet could easily
be rotated with the help of Lorentz force, which could be employed as a rotor to develop
an electro-magneto-hydrodynamic (EMHD) pump for microdevices. Further, simple
theoretical formulations were proposed to explain the EHD and Lorentz force induced
motions of the oil droplet in the EWOL setup.

Table 4.1: Physical properties of the experimental materials and fluid [65-71]

£ 80 2 2.5 2.5 2.1
y 72 - 21 42 27

- - 24 64 52
p 1000 - 971 895 770
p o 0.001 - 0.33 0.027 0.003
o 56 = 0.8 x10® 10° 10°®
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4.3. RESULT AND DISCUSSION

Figure 4.2. Different motions of the oil droplet under the influence of an externally

applied electric field. Images (a) — (d) show the expansion of the oil droplet at different
time intervals when applied potential (1) was 500 V. Images (e) — (h) show the oscillation
of the oil droplet when y was 550 V and images (i) — (I) show the ejection of the oil
droplet when y was 800 V. In these experiments the volume of the droplet () was 1 pl.

The scale bar shown on the images is of 2 mm. Other necessary properties are shown in
the Table 4.1.

In the proposed EWOL setup the water layer was kept thicker in order to avoid electrolysis
and also to nullify the increase in temperature of isolator due to Joule heating. In this
situation, when the electric field was turned on, the isolator layer allowed accumulation of
large amount of induced charges at the oil-water interface, which in turn generated EHD
stress for the droplet motions. It may be noted here that the physics near the contact line

for the proposed EWOL setup was very different from the same proposed by Lippmann-
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Young for the EWOD setup, where the isolator was considered to be a solid non-
deformable surface [9].

Figure 4.1 (a) shows the behaviour of the three-phase contact line of an oil droplet resting
on a deformable water surface and bounded by air. The equilibrium state of the three-
phase contact line in the EWOL setup could be described by the Neumann’s triangle in

which a, g, and @ are the angles as shown with the constrain, o+ S+ 6 =2z . When the

electric field was turned on, the oil droplet was expected to expand radially to release the
EHD stress developed at the oil-water and oil-air interfaces by reducing the angle, 6 and
increasing the circumference of the contact line.

The Figures 4.2 (a-d) show that the hexadecane oil droplet started spreading on water
surface when 500 V electric field was abruptly generated. The phenomenon was found to
be similar to be EWOD process where the droplet spread under the influence of the
electric field. In this situation, the spreading of the droplet under electric field was a
measure of EHD stress relaxation. In the proposed EWOL setup the droplet did not show
spreading when the applied electric field was below 300 V because a critical field was
required to overcome the surface tension force of the droplet. Figure 4.3 (a) shows the
progressive increase in the diameter of the spreading droplet (D) with time (t) when the
voltage was abruptly ramped up to different values ranging from 200 V to 600 V. In all
these experiments the droplet was initially stationary in absence of the electric field and
the videos are recorded only after abruptly ramping up the voltage to the values reported.
Figures 4.2 (e-h) show that, beyond 550 V, the droplet started oscillating around the Pt

electrode after the initial spreading. Figure 4.3 (b) shows the typical amplitude (L) of the
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Figure 4.3. Plot (a) shows the variation in the normalized diameter of the droplet, D =
d/Di, with time (t) for a series of applied voltage () where d is the variable diameter and
Di is the initial diameter of an oil droplet of volume ¢ = 1 pl. Plot (b) shows the variation
in the amplitude of oscillation (L) with time (t) at 550 V for an oil droplet of ¢ = 1 pl. Plot
(c) shows the variation in the average ejection velocity (V) with the volume of oil droplet
(#) at 800 V. Plot (d) shows the variation in Capillary number (Ca) and the ejection
velocity (V) of the oil droplets composed of oils of different viscosity when ¢o = 1 pl and
w = 800 V. Image (e) shows the directions of the interfacial tensions at the three-phase
contact line when electric field was applied to an oil droplet resting on a water surface.
Plot (f) shows that the progressive change in the contact angle and diameter of a
hexadecane oil droplet (¢ =1 pl) with y, for different oil-water interfacial tension. Other

necessary properties are tabulated in the Table 4.1.
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oscillation of droplet around the Pt electrode. Here the position of the stationary Pt
electrode was set as the zero to evaluate the amplitude of the oscillation.

It may be noted here that the electrode was never placed exactly at the centre of the oll
droplet, which ensured the asymmetric distribution of induced dipoles across oil-air and
oil-water interfaces. Thus, when an electric field of moderately high intensity was abruptly
generated across the electrodes, the oil-water-air contact line near the electrode underwent
rapid change in contact angle as compared to the other part of the droplet. As a measure of
relaxation of the EHD stress and also to achieve an equilibrium contact angle in presence
of the electric field, the droplet oscillated around the electrode. The water layer under the
droplet facilitated the oscillation allowing strong slippage at the oil-water interface.
Figures 4.2 (i-1) show that when the strength of the electric field was increased to 800 V,
the droplet ejected out of the Pt electrode to relax the EHD stresses. The figures and the
video suggest that the droplet ejected out at a very high speed from the Pt electrode before
slowing down on the water surface at a distance, owing to the friction at the water-oil
interface. Figure 4.3 (c) and 4.3 (d) show that the magnitude of the ejection velocity was
as high as ~ 5 body length/s and with increase in the viscosity and size of the droplet the
ejection velocity reduced. Here we reported the average velocities of the droplets, which
were measured as the time taken to travel 1 cm distance after ejection. The plots suggest
that increase in viscosity of the droplet enhanced the frictional resistance against the
motion while increase in the size led to the enhanced drag force and the body force due to
gravity, which led to the reduction in velocity. The magnitudes of Capillary number, Ca =
MoV/yo, in the Figure 4.3 (d) show the roles of viscosity and surface tension on the speed of
the ejected droplet. The plot suggests that the velocity of the oil droplet increased with

reduction in the magnitude of Ca.
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Figure 4.3 (e) shows a typical Neumann’s triangle for an oil droplet resting on a water

layer where, o+ f+60=2randa, f, and 0 are the angles as shown. We assumed that
the electric field (AG, =0.5Cy”) was effective in the direction of y,, to spread the oil

droplet, which led to the following set of energy balances for the proposed EWOL setup,

(7, +0.5Cy* ) +7,,008 B+7,C0sx =0, (4.3.1)
7, +(;/W+O.5C1//2)005a+yow cosd=0, (4.3.2)
Vou+ 7o cosH+(;/W+O.5C1//2)cos,B=0. (4.3.3)

Here yw, yow and yo were the interfacial tensions of water-air, oil-water, and oil-air

interfaces, respectively. The capacitance (C) for the oil, water, and PTFE was obtained

assuming a parallel plate capacitor as, C™ =ZCi‘1 where C, =¢,& /h . Here C;, &, and
h. denoted the capacitance, dielectric constant, and thickness of the i layer ( where ‘0’ is

oil, ‘w’ is water, and ‘T’ is PTFE) and &, was the dielectric permittivity of the free space.

We solved the three energy equations to obtain the anglesa, £, and @ for a known y .

The typical values for the aforementioned parameters in the EWOL setup is shown in the
Table 5.1 [65-71]. The solid lines in the Figure 4.3 (f) shows the theoretical reduction in 6
as the droplet expanded when the electric field potential was increased, as observed in the
experiments. Under these circumstances, considering the droplet to be an ellipsoid of

volume, (4/3)zabc, where the length of the major (a), minor (b), and vertical (c) axes as

denoted, we evaluated the variation in the diameter of the droplet as per the expression,

a=3/3/4rtan @, plotted as broken lines in the Figure 4.3 (f). The theoretical calculations

suggested that, under the given parametric space, the droplet expansion was significant
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only beyond an electric field potential of ~400 V, which was very similar to the

experimental observations.
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Figure 4.4. Plot (a) shows the typical variation in the normalized droplet diameter (D)
with y when the voltage was changed at a rate of 8 V/s for ¢ = 1 pl. Plot (b) shows the
variation in the amplitude of oscillation (L) with time (t) during the oscillation and the
voltage was increased at a rate of 8 VV/s. Other necessary properties are tabulated in Table
4.1.

Figure 4.4 show another interesting situation where the applied potential was
progressively increased at a rate of 8 V/s. Interestingly, the video shows all the three
motions such as expansion, oscillation, and ejection with progressive increase in the
voltage. Plot (a) shows the typical rate of expansion when the rate of increase in the
voltage was 8 V/s. Following this, the droplets started showing an oscillatory behavior
before ejecting out of the electrode. The plot (b) shows the amplitude of oscillation (L)
progressively increased with time before the droplet ejected out of the zone of electric
field exposure. Concisely, the Figures 4.2 — 4.4 together show interesting droplet motions
such as spreading, oscillation, and ejection when electric field was applied in an EWOL

setup.
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Figure 4.1 (d) schematically showed that the addition of a permanent magnet of field
strength, B, to the EWOL setup could develop Lorentz force (F, =J, xB). The electric

field component of the Lorentz force was expected to arise from the form the leakage

current density (Jo) through the DI water and PTFE isolators in the EWOL setup when a

relatively high intensity electric field was generated across the electrodes.

Figure 4.5. Rotational motion of oil droplet on water surface under the Lorentz force.
Images (a-d) show the clockwise spinning and the images (e-f) show the anticlockwise
spinning of the droplet. The experimental parameter in the EWOL setup were, ¢ = 1 ul, w
= 300 V, and magnetic field, B = 240 mT. The scale bar is 1 mm as shown in the image

(a). Other necessary properties are tabulated in the Table 4.1.

Figure 4.5 show the rotational motions were observed in the EWOL setup when placed on
a permanent magnet. The clockwise [images (a) — (d)] and anticlockwise [images (e) - (h)]
rotations of the droplets took place due to the change in the direction of the Lorentz force
when the direction of the poles of the magnet changed. We could achieve rotational speed
as high as 300 degrees per second when the magnetic field strength was 240 mT and when

the applied potential was about 300 V.
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Figure 4.6 shows the parametric variations of the spinning droplet under the influence of
the Lorentz force. The plot (a) shows the magnitude of the leakage current (I) with the

variation in y in presence and absence of the oil droplet.
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Figure 4.6. Image (a) shows the magnitude of leakage current (J) at different y with oil
and without oil droplet. Image (b) shows the speed of rotation (w) with time (t) for the
droplets composed of silicon oil, oleic acid and hexadecane on water bath at = 300 V, B
=120 mT, and ¢ = 1 pl. The plot also shows the effects of hexadecane droplet size (¢, 1
—4 L) atw =300V, B =120 mT, and magnetic field (B, 120 mT and 240 mT) at y =
200 V, ¢o = 1 pl. Plot (c) shows the experimental rotation speed (bar diagrams) when
applied potential y = 200 to 400 V, B = 120 mT, and ¢ = 1 pl and solid lines represents
the theoretical prediction for B= 120 mT (darker shade in black) and B = 240 mT (lighter
shade in red) when y = 200 to 400 V. Other necessary properties are tabulated Table 4.1.

The plot suggests that the typical range of IL was about a few pA — mA. Importantly, the

leakage current ensured accumulation of the electrons or holes near the oil-water interface,
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which in coupling with the magnetic field could generate enough Lorentz force to rotate
the droplet on the water bath. Plot (b) shows the typical variations in the speed of rotation
(w) with time (t) when the size of the droplet, electric field potential, strength of the
magnetic field, and the viscosity of the droplets were varied. The plots show that at the
initial stages the droplets started rotating at a smaller speed, which settled to a constant
value after a definite time period. Understandably, the speed of rotation of the droplet was
found to be higher with reduction in the size of the droplet, increase in the electric or
magnetic field strength, and reduction in the viscosity of the droplet.

The speed of rotation for the droplet obtained from the experiments (bar diagrams) were

compared and contrasted with a simple theoretical (solid line) model, as shown in the plot

(c). We applied the Newton’s second law of motion (F +F, =0) in the limit of

Stokes flow where the torque (r=87r,uwa)r3) on a steady rotating body led to a drag

force of, F, =87zywa)r2,[72] against the Lorentz force, F =J B¢, ,[73] for a droplet of
radius r. The expression for the theoretical rotational speed from these expressions was
obtained as, w=J, B¢,/ 87r,uwr2, which was plotted against the experimental values

obtained in the plot (c). The predictions from the theory matched fairly well with the
measured experimental values. The theoretical expression corroborated that indeed the
rotational speed would be higher for the cases where the applied field intensity or the
magnetic field strength were higher and the size of the droplet and the frictional influences
were lower.

Figure 4.7 show another interesting case when the droplet was rotated at a higher speed for

a longer duration under the influence the stronger Lorentz force. Images (a) — (f)
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schematically show the mechanism of the breaking of the droplet during rotation while

images (g) — (I) show the real time images of the same phenomenon.
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Figure 4.7. Schematic images (a) — (f) show the typical breaking of a spinning hexadecane
droplet under the influence of the Lorentz force. Images (g) — (I) show the real-time
images of the same phenomenon. In this experiment, ¢ =1 pl, B =120 mT, and y =300 V.
The plots (m) and (n) show the variations in the diameter of the droplet (d), speed of
rotation (w), and drag force (Fd) on the droplet with time (t). The scale bar is 2.5 mm as

shown in image (g). Other necessary properties are tabulated in Table 4.1.

The motion shown here initiated with the spreading of the droplet in the EWOL setup at

the initial stages due to the EHD stresses accumulated near the three-phase contact line
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and also because of the centripetal force originating from the rotation of the droplet. The
combined influence of the electric and magnetic fields generated enough centripetal force,
which helped the droplet to spread while rotating at a higher speed on a strongly slipping
water surface. The water surface also provided the necessary shear after a prolonged
rotation to cause the cohesive failure and slowly disintegrate the droplet into many parts.
Plots (m) and (n) show the typical variations in the diameter of the droplet (D), speed of
rotation (w), and drag force (Fd) on the droplet with time (t). In parallel to the spreading
and rotation, a few bubbles were also observed during the droplet rotation due to the
electrolysis of water. The bubbles acted as nucleation sites for the breakup of the droplet
although the cohesive failure took place mainly due to a higher degree of shear exerted
[plot (n)] on the spreading droplet during its rotation at a relatively higher speed [plot
(m)]. Briefly, the Figures 4.5 — 4.7 show some interesting rotational behaviours and

subsequent breaking of droplets employing an EWOL setup.

4.4 SUMMARY

In summary, we have shown a host of technologically important motions of a droplet on
an electrowetting setup composed of an oil microdroplet resting on liquid water layer. The
study uncovers that the oil droplet could be deformed only after a critical strength of the
applied electric field when it overpowers the restoring surface tension and viscous forces.
Beyond a critical limit of the electric field, the droplet showed spreading, oscillation, and
ejection motions on the water surface with the increase in the applied field intensities.
Smaller and less viscous droplets showed speed of ejection as high as 5 body length per
second owing to the lower drag force at the oil-water interface. A simple theoretical model
based energy equations corresponding to the Neumann’s triangle modified with the

electric field component has been proposed to theoretically calculate the change in the

TH-1656_126107028



Electric Field Induced Spreading, Oscillation, Ejection, and spinning of Oilbots 91

contact angle of the droplet and the subsequent change in the diameter during spreading.
Placing the EWOL setup on a permanent magnet could engender interesting rotational
motion, which was attuned to the change in the electric or magnetic field intensity. Even
the direction of rotation could be controlled by changing the direction of the poles or the
applied electric field. A simple theoretical model based on Stokes flow could explain the
Lorentz force induced rotational motion of the oil droplet. Increasing the speed of rotation
led to the spreading of the droplet under the influence of the centripetal force, which in
conjunction with the EHD stress at the oil-water interface led to the cohesive failure of the
droplet to form a number of miniaturized ones. The reported oscillatory and rotational
motions of the incompressible droplet could be employed as stirrers or impellers inside the
microfluidics devices for mixing or pumping applications. Further, the droplet ejection
could be employed to develop futuristic devices such as the payload transporters or drug

delivery vehicles.
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Chapter 5

Self-organized Superspreading of Droplets to

form Fluid-Toroids
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5.1 INTRODUCTION

The solid objects can be of various size and shapes because of their capacity to retain the
same owing to the presence of the restoring elastic forces [1-6]. In comparison, the
supremacy of the capillary forces ensures that ever-yielding fluidic objects always settle
with the shapes of minimum surface energy [7,8]. One of the very long-standing
challenges in this regard has been the fabrication of metastable liquid sheets [9], threads
[10], toroids [11], or ellipsoids [12], which transiently show up in many artificial as well
as natural processes. For example, the dolphins or smokers are famous for creating
toroidal rings [13,14] while the formation and collapse of DNA-protein nano-toroids at
the sub-cellular level is also fascinating scientific phenomenon, yet to be understood in
details [15]. The freely falling droplets [16-18] or bubbles [19], the droplets bouncing on
the super-repellant surfaces [20], or solid objects hitting the liquid surface momentarily
develop shapes resembling toroid, crown, doughnut, peanut, prolate, or oblate
geometrical patterns. A bubble or a droplet can also form a torus or triangle when
mechanically vibrated [21] or rotated under the electromagnetic fields [22,23]. In general,
to minimize the surface energy most of the fluidic objects with non-minimum surface
energies transform into spherical droplets undergoing the capillary instability.

Centuries back, Plateau assisted by the able hands of Mensbrugghe pioneered the
development of toroidal fluidic objects by piercing a liquid droplet at the center with a
metal shaft before rotating at different speeds [24] Since then, lots of efforts have been
invested on the development of liquid objects of metastable shape and size [25-27]. A
number of theoretical works have demonstrated the diverse stability characteristics of
toroidal liquid objects resting on the sold surface [28, 29]. A recent seminal study has

shown that rather than rotating the droplet another alternative can be to inject a less
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viscous liquid into a rotating bath of a more viscous and immiscible liquid to form a
toroidal object [11, 30-31]. In this case, the Kinetic stabilization of the interfacial
deformation originating from the interplay between the centripetal, viscous, and capillary
forces leads to the formation of the liquid-toroid. However, almost all the experimental
methodologies invented so far employ rotation of either the droplet or the surrounding
medium to develop the toroidal fluidic structures. There is no report as such, which can
form toroidal objects composed of fluids in absence of rotational influence.

Herein, we demonstrate that a simple chemical trigger can self-organize an oil droplet on
a water surface into a toroidal shape in absence of any rotational influence. The abrupt
reduction of interfacial tension due to the chemical trigger stimulates a rapid spreading of
the oil droplet on the water surface to develop the metastable toroidal structure. High
speed imaging of the process uncovers the inclusive dynamics consisting of seven stages:
(i) droplet spreading, (ii) formation of toroid connected to a thin liquid-sheet, (iii)
separation of the toroid and liquid-sheet, (iv) dewetting of the liquid-sheet on the eater
surface to form microdroplets, (v) expansion of the toroid, (vi) breakup of the toroid into
threads, and (vii) formation of microdroplets from the toroid. A parametric study with the
variations in the viscosities of the fluids and the interfacial tensions at the fluid
boundaries uncover two different pathways of toroid formation: laminar mode — where
the symmetric toroids are observed at lower Reynolds (Re) number and turbulent mode —
formation of the asymmetric toroids at a higher Re. Simple theoretical models have been
developed based on the thin film equations of a liquid droplet resting on a fluid surface
and subsequently a linear stability analysis is performed to predict, (i) the cross-sections
of a toroid resting on a liquid surface under the varied experimental conditions and (ii)

length scale of the disintegration of the toroids on a soft-deformable liquid surface.
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Interestingly, at the intermediate stages, the toroid formation phenomenon is also
associated with an oil-sheet formation on the water surface. The dewetting of this oil-
sheet forms an ‘oil-in-water’ microemulsion inside the toroidal territory, which is found
to be very different from the previously reported dewetting of thin films on the
homogeneous [33-46], patterned [47-50], or slipping [51] surfaces to develop ordered
micro or nanostructures [52-55]. The proposed methodology to develop the metastable
fluidic objects such as toroids, sheets, or threads and their breakup can be useful for a
number of applications such as emulsifiers [56], 3D-printing [57], droplet or digital

microfluidics [58-60], microreactors [61].

5.2 EXPERIMENTAL SECTION

5.2.1 Materials

Pentanol (CsH1,0OH), 99.8% methanol (CH3OH), 99.5% ethanol (C2HsOH) and oleic acid
(C18H3402) were procured from Merck (India) Ltd. Surfactant, polysorbate — Tween 20
(CssH114026) was purchased from Sisco Research laboratories Pvt. Ltd. Rhodhamine 6G
dye (C2gH31CIN203), toluene (C7Hs) and polystyrene [(CsHg)n — (Mw 2500 g mol~'] were
purchased from Sigma Aldrich (India). All the chemicals were of analytical grade and
used without further purification. The Milli-Q grade water was used to prepare all the
solutions and also for cleaning the glassware.

5.2.2 Methods

For experimental setup, a glass petri dish of 90 mm diameter was initially filled with 30
ml of water. After that, 20 pl of oleic acid was dispensed through a micropipette on the
water bath, which led to the formation of an oleic acid droplet or lens on the water

surface. Following this, 5 pl pentanol was dispensed on the oleic acid droplet, which
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broke down the oleic acid droplet into smaller ones. The breaking of the oleic acid droplet
was recorded with a digital camera (Make — Cybershot DSC-HX100V, Sony Corp.,
Japan). The dynamics were also followed under an upright microscope (Make - Leica DM
2500) with a high speed-high resolution digital camera (Make — Fastcam Mini UX100,
Photron Ltd.). The image analyses of the movies were performed by open source imageJ
software. Similar experiments were performed with, (i) pentanol was replaced by a
solution of water and surfactant keeping the other components similar to aforementioned
system, (ii) oleic acid was replaced by silicone oil, (iii) glycerol is added to the water bath
at the bottom, and (iv) oleic acid was replaced by a solution of polystyrene in toluene.

Table 5.1. Experimental determination of physical properties [62]

Materials  Viscosity Surface tension Density Solubility
(Pas) (mN/m) (kg/mq)
Water 0.001 69.3 1000
Oleic acid 0.0277 42.0 895 Insoluble in
water
Glycerol 0.90568 62.4 1260 Soluble in water
Pentanol 0.004 32.1 814 Soluble in water
(25 g/L)
Methanol 0.00543 22 792 Soluble in water
Ethanol 0.00109 22 789 Soluble in water
Propanol 0.00192 20 803 Soluble in water
Hexadecane 0.003 27 770 Insoluble in
water

The surface and interfacial tensions were measured at room temperature (25°C) using a
digital tensiometer (Make — Kriss, K9) employing the du Nody ring (Pt/Ir) method where
ASTM standard procedure D1331-11 (2001) was followed. Table | shows the typical
values of surface or interfacial tensions measured for the fluids used in this study. The

viscosity of the fluids was measured using an interfacial rheometer (Make — Anton Paar,
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Physica MCR 301) in which the cone and plate setup was used to measure the bulk

viscosity. Table 5.1 shows the typical values of viscosities measured for the fluids used.
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Figure 5.1. The variations in the interfacial tensions at the oil-water interface (y,, ) and

water-air interface (7, ) with the variation in the surfactant loading (C, % V/v).

Figure 5.1 shows the typical variations in the variations in the interfacial tensions at the
oil-water interface (y,, ) and water-air interface () with the variation in the surfactant
loading (C, % v/v). The data were evaluated from the tensiometer experiments for the

materials, (a) water loaded with surfactant, and (b) oleic acid-water interface loaded with
surfactant. The plots suggest that in both the situations the interfacial tensions reduced

significantly.
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5.2.3 Theoretical Formulation

& Ligqud

f, f, ==h, (r. )]
INJef g
g Liquid h
=h,(r. 0| Layer (L) 1

Figure 5.2. Front view or cross-sectional view of the toroid represented schematically.
The lower liquid layer (L) film and the combined lower and middle (M) liquid layer film
thicknesses are denoted by ha (r, t) and hz (r, t), respectively. The mean film thickness of
the lower layer is hio. Inner and outer radii of the middle liquid layer are denoted by r1
and r2 (> r1), respectively. The contact angles of the both middle and lower liquid layers
with the mean lower film thickness at the inner edge [outer edge] are specified as 61 and
03 [62 and 04], respectively.

The typical thickness profile of the toroid formed by the liquid layers (L and M) is

explained by solving a static base state obtained within the framework of the nonlinear
long-wave hydrodynamics theory for thin liquid bilayers with free surface [45,46]. Figure
5.2 schematically illustrates the front view geometry of the problem and introduces all
important variables such as film thicknesses of the liquid layers, radii and contact angles
at the inner and the outer contact lines. A cylindrical coordinated system (r, ¢, z) is used
where r, ¢ and z represent the radial, the azimuthal and the axial coordinates, and t
represents time. Owing to the symmetry of the problem, it is natural to assume an
axisymmetric toroid and we will restrict the formulation in the r and z-direction only. We

follow the convention where the subscript i denotes the lower layer L (i = 1) and the

middle layer M (i = 2). For the i"" layer: v, {v,i,vzi}, M, 7;,and p, denoted the velocity
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vector, viscosity, surface tension and static pressure in the liquid films, respectively,

whereas y;; denotes the interfacial tension at the liquid-liquid interface.

We assumed that both the L and M layers are Newtonian thus, the equations of motion for
the two layers in the long-wave regime, —op,/or+ u 82vri /822 =0and
—0p,/0z=0=p, # f(z), together with the continuity equation for the incompressible
films, G/ar(rvri )+ rov, /82 =0, govern the hydrodynamics of the viscous bilayer shown
in the figure 5.1. Following this, no-slip (v, =0) and impermeability (v, =0) boundary
conditions at the liquid-solid interface (z=0), continuity of velocities (v, =v, and
v, =V,,) at the liquid-liquid interface (z = h1 (r, t)), together with the tangential (
o OV, /82— 14 OV, /az =0, and, ov, /az =0, respectively) and normal stress balances (
p, = p, —7,0%h, /or? —y,6%h Jor?, and, p,=p, -y, 8h,/or?) at the liquid-liquid (z =

h1 (r, t)) and liquid-air (z = h2 (r, t)) interfaces are used to solve the components of the

velocity vector. Here, p,is the ambient gas pressure. Replacing the solutions of the

velocities into the kinematic conditions for individual layers, oh, /ot +v,

_oh, jor=v,

lead to the following set of nonlinear partial differential equations (PDEs) for the

evolving interfaces of the liquid layers [45],

oh o L(ffé‘puma&ﬂ:o,

f— — — _

ot or| | 3 ar 2 or

(5.2.1)

ra_hz_g‘L[[(hzhl)3+ﬂ2h1(h2hl)[hz_5)]%+&£(hz_mj%}]_o_ 522

ot or| u, 3 yA 2))or g 2 3)or
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Above set of nonlinear PDEs are made non-dimensional using the following
dimensionless variables, H,=h/h,, H,=h,/hy, R=r/hy, P=p/(r,/h).

M=y,/r,, T=t/(how/n,), . =,/ 1, . The resulting non-dimensional equations are,

3 H2(H,—H
gOHL_ 0 |p[HiR Hi(H-H)ap || o (5.2.3)
aT @R 3 @R 2 R
H,-H,)’ )
(H;—H,) +H1(H2—Hl)(H2—ij i
oH, & 3u, 2 )| eR
R e R =0, (5.2.4)
H_f(H _ij@
2% 3)J6R |
R =P —MH;z —Hi, (5.2.5)
P, =P —MH . (5.2.6)

Typically with our aim to obtain radial thickness of the toroid, we have considered the

base-state solutions of the two interfaces (L — M interface and M — air interface)

introducing ~ the  following  perturbations, ~ H,(R,T)=H,(R)+&H;,(R,T)and

H,(R,T)=H,(R)+¢&H,(R,T), where s <<1. By replacing these expressions into the
Egs. (5.2.3) — (5.2.6), and retaining only the base states and imposing the zero film

thickness condition [28] at the contact lines (Hy|, —Hy|, =0andH|, —Hy|, =0),

we have the equilibrium equations as,

HS Hp(Hy—Hy) d®H, HE d°H
M 10 + 10 20 10 20 + 10 10 _ 0’ 2.
( 3 2 drR® 3 dR’ (-2.7)
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Hyo —Hy )’ 2
M(( —~ 10) +H10(H20_Hlo)(Hzo_EJ"'E(Hzo_ﬂjjdeo+

B, oy
2 L ® 3

(5.2.8)
drR®

Along with the boundary conditions at fixed radii R1 and Rz, contact angles of the both
interfaces with mean lower film thickness at R1 and Rz can also be postulated as
dH,/dR|, =tand,, dH,/dR|, =—tand,, dH,/dR|, =—tand,, dH,/dR| =tand),
[28-29]. Egs. (5.2.7) and (5.2.8) together with the boundary conditions stated above are

solved numerically by employing the commercial package Mathematica™.

5.3 RESULTS AND DISCUSSION

Image (1) in the Figure 5.3 schematically shows the experimental setup in which a 90 mm
glass petri dish was initially filled with 30 ml water (lower layer, ‘L”) and an immiscible
20 ul oleic acid droplet (middle layer, ‘M’) was dispensed on the water surface. It is well
known that oleic acid forms a droplet-lens when it is dispensed in a little excess on a
water surface although it has a lower surface tension than water. Image (1) also shows that
the oleic acid droplet resting on the water surface satisfy the surface energy balances

expressed by the Neumann’s triangle, a+f+6 =27, ¥+ ¥y COSLB+yusC0Sa =0,
Vwa+7aCOSax+y,, C0sO@=0, andy,, +yaC0sO+y ,c0sBF=0, wherea, g, and 0
are the angles as shown, .., 7y and y,, corresponds to the interfacial tensions of

water-air, oil-water, and oil-air interfaces, respectively. Following this, a 5 pl liquid

droplet (upper layer, ‘U’) composed of water loaded with surfactants (C¢, 0.05 % v/v)

was dispensed on the oleic acid droplet. The densities of the fluids were chosen in such a
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manner that they ensured that the middle (upper) layer floats on the lower (middle) layer (

oL > Pu > Py ), asshown in the Table 5.1.
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Figure 5.3. Image (I) schematically shows the experimental setup in which a glass petri
dish was filled with a water layer (lower layer, L) and a droplet of oleic acid (middle
layer, M and volume, ¢, = 20 ul) was dispensed on it. Thereafter, a chemical trigger
(upper layer U, volume ¢, =5 pl) of water droplet loaded with surfactants (C;J % VIv)

was dispensed. The symbols ymi, yma, and yLa denote the interfacial tensions in which the
subscripts M, L, and A denote middle and lower layer, and the bounding fluid air,
respectively. The symbols yu, ym, and yL denote the surface tension of the respective

phases. Images 11(a) — I1(e) show the top view of the spatiotemporal evolution of the oleic
acid droplet when C;’ was 0.05 %. Images (a) initial configuration (0 s), (b) droplet

spreading (0.58 s), (c) sheet and toroid formation (1.9 s), (d) toroid formation and
breaking of sheet (4.2 s), and (e) droplets from toroid-braking (10.5 s) where the scale bar

is 1 cm. The images 111(a) — 111(c) show the variation in the maximum diameter (D) of
the toroid when Cé’ was, 0.1%, 0.5%, and 1%, respectively. Plot 11I(d) shows the
variation in D;' with Cg . The images 1V(a) — 1V(c) show the variation in the number of
droplets (N,) formed due to the toroid-breaking when Cg was, 0.1%, 0.5%, and 1%,

respectively. The plot 1\VV(d) shows the variation in N, with Cé’.
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The images 11(a) and 11(b) shows that the water loaded with surfactants led to the rapidly
spreading of the oleic acid droplet. The system was chosen in such a manner that the

configuration had the combination of surface tension as, y, > y,, > 7, ,» Which resulted in
a positive spreading coefficient, S, =7, — 7w — 7w >0, Suitable for the droplet

spreading [63, 64]. The experimental and theoretical values of surface tension necessary
for the calculation of spreading coefficients are provided in the Table 5.1. The images
I1(c) — 1l(e) suggest that the advancing front of the rapidly spreading droplet on the soft,
deformable, and low friction oil-water interface formed a thin oleic acid sheet in the
middle surrounded by a toroidal rim at the periphery. With time, the thin oil sheet in the
middle broke away from the peripheral toroid, as shown by the image 11(d) before the
toroid Rayleigh-Plateau instability to form a collection of droplets, as shown by the image

[1(e). Interestingly, the size, shape, and stability of the toroid formed could be controlled

by varying the surfactant loading (c;’) in the upper droplet. The images Il (a) — (c) and
plot 111(d) show the increase in the toroidal diameter with increase in Cé’ . Further, the
images IV(a) — (c) show increase in the number of droplets [N,, plot IV(d)] and
reduction in the average diameter [D,, plot 1V(e)] after the breaking of the toroid with

increase in Cg . Importantly, the aforementioned methodology could be also employed to

create toroids of fluids other than oleic acid such as silicone oil or hexadecane when the
conditions p, > p,, > p, and y_ >y, >y, were met.

In fact, the chemical trigger could also be changed from water loaded with surfactants.
For example, we repeated the same experiment where a 5 pl n-pentanol droplet was

dispensed as a chemical trigger on the 20 ul oleic acid droplet resting on water surface.
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Again, the chosen fluids for this experiment ensured that, p, > p,, > g, andy,_ >, >,

.Pentanol is a moderately volatile liquid, partially/sparingly soluble with water and oleic

acid at room temperature, and well known for its surfactant like behavior, which enables

its use as a co-surfactant to generate microemulsions [62, 65].

Figure 5.4. Images (a) — (e) in the row (1) show the steps to toroid formation of an oleic
acid droplet (layer M) on water surface (layer L) with a pentanol trigger from the top
(layer U). Images (a) — (e) show snapshots after 49 ms, 58 ms, 64 ms, 90 ms, and 110 ms,

respectively, when ¢, = 20 ul and ¢, =5 ul. The scale bar shown on the image I(e) is 1

cm. Images (a) — (e) in the row (11) show the time evolution of the magnified zone of an
oil-sheet breakup under pentanol trigger after, 32 ms, 104 ms, 160 ms, 188 ms, and 46
ms, respectively, when g, =27, ¢, =1 pul and ¢, = 0.5 pl. The scale bar shown on the

image Il(e) is 1 mm.

Remarkably, the high speed high resolution video images 1(a) — (e) in the Figure 5.4 show
that pentanol trigger led to a series of interesting phenomena, in addition the events
observed in the Figure 5.3. For example, in the beginning, addition of the pentanol trigger
reduced the interfacial tension at the oleic acid and pentanol interface, which led to the
rapid spreading of the oleic acid droplet, as shown in the image I(a). Following this, as
the oleic acid droplet was stretched horizontally due to the rapid spreading, a thin sheet of

oleic acid was formed at the central part surrounded by a toroidal drop-rim at the
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boundaries. With time, a number of holes appeared near the drop-rim where a zone of
depression was formed at junction of the central sheet and toroidal periphery, as shown
by the images I(a) — I(c). Thereafter, the holes grew fast to achieve equilibrium contact
angle and hole-rims coalesced with each other to form a network of oleic acid ribbons, as
shown in the images I(c) — I(e). Finally, the drop-rim was completely detached from
central part of the droplet to form an outer toroidal ring, which underwent Rayleigh-
Plateau instability to form microdroplets. We could reproduce the aforementioned
phenomenon for a number of other chemical triggers such as methanol, ethanol, and
propanol.

The images l1(a) — (e) and the captured the details of the dewetting of the oleic acid sheet
on the water surface under microscope. The sheet breaking was initiated by the formation
of holes due to the stretching of the sheet while the droplet spread on water surface.
Interestingly the contact line near the dewetted liquid sheets possessed periodic ‘beads’,
which were previously observed for the dewetting layers on the soft and slippery surfaces.
The breaking of the oil-sheet showed some of the distinct features of the liquid sheet
instabilities such as the destabilization due to oscillations and perforations alongside the
unique rim-instabilities near the contact line, as reported previously. Figures 5.3 and 5.4
uncovered that the surfactant-water (SW) chemical trigger led to a much slower spreading
and a symmetric toroid formation as compared to the much faster asymmetric toroid
formation in case of the pentanol trigger. Figure 5.5 summarizes various characteristics of
the reported phenomenon with the variation in the type of the chemical triggers, oil
droplets, and the water sublayer. The plots (a) and (b) in this figure show the typical

variation in the normalized diameter of the spreading front of the oil droplet,

d,, =d,, /d, with time (t) for the SW and pentanol triggers.
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Figure 5.5. Plot (a) shows the variation of the normalized diameter of the spreading front

of the oil droplet, d,, =d,, /dJ, with time (t) for the surfactant-water (SW) chemical

trigger when C; was 0.5 %. Here d,, and dy, are the variable and initial diameters of the

oil droplet. Plot (b) shows variation of the JM with t for the pentanol chemical trigger.

Plot (c) shows the variation of the d,, with t when g,

chemical trigger, C¢
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number (We, pMVfAdM I'7y) with Reynolds number (Re, o,V dy, / £4,) at different z, for
the chemical trigger, Cg = 0.5 % and pentanol. Plot (e) shows the variation in We with

Re for different chemical triggers such as Cg = 0.05% — 1%, methanol, ethanol,

propanol, and pentanol. Plot (f) shows the variation in the capillary number (Ca,

v |7 ) with Re for two different middle layers, hexadecane oil and oleic acid, with
the chemical trigger pentanol. In all the plots, ¢, =20 ul, ¢, =5 ul, and g, =1 mPas

and for plot (f), x4 =3 mPas.

It may be noted here that we considered the maximum diameter of the oil droplet at a

given time to experimentally determine thed,, , which meant at the initial stages d,, was

the diameter inclusive of the oil-sheet and the peripheral toroid while near the end it was

the end-to-end diameter of the toroid. The plots show a non-monotonic variation in d,,

with t at the different stages of the phenomenon, including, initiation, droplet spreading,
sheet-toroid separation, sheet breakup and toroid breakup stages. While the system with
pentanol trigger showed a much faster kinetics associated with the asymmetric breaking,
the SW trigger showed a much slower Kinetics. Interestingly, the plot (c) shows that
introduction of glycerol to the water sub-layer could slow down the kinetics of the

asymmetric droplet spreading («, = 27) and transform the toroid formation mechanism
into the symmetric one when g, = 0.37. In fact, the kinetics of the oil-droplet spreading

and toroid formation became much slower even for the SW cases, as shown in the plots.

Importantly, with the reduction in , , the end-to-end diameter of the toroid formed

(maximum value ofd,, ) became much smaller, as shown in the plot (c). The viscosity of

bottom fluid is influence the speed of the process and tune the number of droplets (Na).
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Further, we analyzed the dynamics of the oil layer with the help of the parameters such as

the instantaneous spreading velocity (vm), initial diameter (d ), surface tension (ym),
density (pm), and dynamic viscosity (um) of the oil-droplet, which led to the
dimensionless Weber number (We, p,Vudy /74 ), Reynolds number (Re, oy, Vi, dyy / 24, ),
and the capillary number (Ca, u,v,, /7, )- In these calculations, the instantaneous
spreading velocity (vm) was evaluated from the variation in d,, at small time intervals At,

from the plots (a) — (c). The plot (d) in the Figure 5.5 shows the typical variation in the Re

with We when SW (C{ = 0.5 %) and pentanol triggers were employed and subsequently
4, was reduced by introducing glycerol to water. The plot clearly shows the conditions

where the drop spreading and toroid formation was symmetric and laminar flow regime
(We < 0.1 and Re < 10), pseudo-symmetric and transition flow regime (0.1<We < 5 and
10 < Re < 100), and asymmetric and turbulent flow regime (We > 5 and Re > 100) [67-
78]. The plot (e) in the Figure 5.5 shows the typical variation in the Re with We when the
trigger was varied from SW with different surfactant loading to different types of alcohols
such as methanol, ethanol, propanol and pentanol. Again, the plot shows the symmetric
and laminar flow regime (We < 0.1 and Re < 10), pseudo-symmetric and transition flow
regime (0.1<We < 5 and 10 < Re < 100), and asymmetric and turbulent flow regime (We
> 5 and Re > 100) with the variation in the type of the chemical trigger. Further, plot (f)
in the Figure 5.5 shows that replacing the oil droplet from more viscous oleic acid to less
viscous hexadecane could lead to a faster spreading and toroid formation, which was

reflected in the reduction of Ca and increase in Re.
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Tt ' 2wir,

Figure 5.6. Front view or cross-sectional view of the toroid where the lower liquid layer
(L) film and the combined lower and middle (M) liquid layer film thicknesses are denoted
by ha (r, t) and hz (r, t), respectively. The mean film thickness of the lower layer is hio.
Inner and outer radii of the middle liquid layer are denoted by ri and r2 (> ri),
respectively. The contact angles of the both middle and lower liquid layers with the mean
lower film thickness at the inner edge [outer edge] are specified as 61 and 63 [62 and 64],
respectively. Image (a) show the Side view of the toroid and upper part and lower part of
toroid at 45°, Change Shape of the toroid in Plot (b) shows the contact ratio & with the
surface tension jr, Plot (c) Thickness verses height of the toroid varying with initial

volume of ¢w = 20, 50, 100, 150 pl, p=0.001 pa. s, pi= 1000 kg/m?, C{= 0.5 %,

du=>5pl, ymL= 48 and yma =32 mN/m?, Plot (d) show the experimental thickness of toroid
different time evolution, puL=0.001 pa s, p.= 1000 kg/m?, ymL=48 and yma =32 mN/m?,
Cy = 0.5 %, ¢gm=20ul, gu=5pl, Plot () shows the spacing between the droplet for ratio of

different thickness / toroid radius, Plot (f) shows the spacing between the droplet for

different viscosity ratio (ur = gl ).

Image 5.6 (a) schematically illustrates the front view geometry of the problem and

introduces all important variables such as film thicknesses of the liquid layers, radii and
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contact angles at the inner and the outer contact lines. Our aim to obtain theoretical radial
thickness of the toroid, we have considered the base-state solutions of the two interfaces

(L — M interface and M — air interface) introducing the following perturbations,
H,(RT)=Hy(R)+eH (R T)and H, (R, T)=H,(R)+&H(R,T), wheree<<1. The
base states and imposing the zero film thickness condition [28] at the contact lines (

Haoly —Hulg, =0andHy|, —Hy[, =0), we have obtain the two equilibrium equations

5.2.7and 5.2.8.
Along with the boundary conditions at fixed radii R1 and Rz, contact angles of the both

interfaces with mean lower film thickness at Ri1 and Rz can also be postulated as

dH,,/dR|, =tand;,dH,,/dR|, =—tand,,dH,/dR|, =—tand,,dH,,/dR|, =tano,. We

have solved the equation (5.2.7) and (5.2.8) together with the boundary conditions stated
above are solved numerically by employing the commercial package Mathematica™.
Image 5.6 (a) shows the side view of the toroid which is calculated by the equation (5.2.7)
and (5.2.8) where we have observed toroid upper part and lower part have different
shapes, which is dependent upon the surface tension of three layer. In plot 5.6 (b-d) show
the inserted images which shows different shapes of the toroid with time evolution for
different interfacial tension, different volume and different time at 0.5 % surfactant of U
layer on M layer and reaching the equilibrium thickness which further fragmented into
small segments and to form droplets. The toroid expands until it does no reach

equilibrium thickness when G = Ay - A > 1. Here G is Gibbs free energy, Ay is change

in surface tension, A is surface area of toroid. Toroid is stable or in equilibrium condition

where Gibbs free energy G <1 [79].
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During the experiment, there are several possible configurations of toroid, which depend
upon the surface tension of all the three mediums. Plot 5.6 (b) shows the variation of the
contact ratio & = 61/ 65 with the surface tension ratio ()r =n/2). The plot indicates the
cross section of the toroid changes from oblate, prolate, rugby ball to pear shapes under
different conditions [80]. Plot 5.6 (c) shows that the thickness (2w) of the toroid changes
with varying initial volume ¢w, as observed in the experiments. Plot 5.6 (d) shows that the
decrease in the thickness of the toroid (2w) with time (t) for 0.5 % surfactant water in U
layer on M layer, which is also found to be comparable with the experimental results. Plot
5.6 (e) show the ratio (A/w) of spacing between the generated droplets and thickness of
toroid for ratio (2w/ r1) of different thickness and initial radius (r1) of the toroid. Plot 5.6
(F) show the ratio (A/w) of spacing between the generated droplet and thickness of toroid
for different viscosity ratio (u) of the between M layer and L layer. The theoretical results
are almost similar to the experimental results for different viscosity ratio (z«).

The rows (1) — (I11) in the Figure 5.7 shows the spatiotemporal variation in the flow
morphologies when the surfactant loading inside the SW chemical trigger was varied.
While the columns correspond to the surfactant loading of 0.01%, 0.05%, 0.1%, 0.5%,

and 1%, respectively, the images in the row (1) corresponds to the initial state, row (II)
corresponds to the maximum diameter of the toroid ( D7), and the row (I11) corresponds

to droplets formed after the toroid breaks. The images (f) — (g) show spacing between the

droplets (A/w), (A/r) reduced, and average diameter of the droplets (Dd) reduced with the

variation inC; .
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Figure 5.7. Images in the columns (a) — (e) show the snapshots of the time evolution of a
toroidal object when the surfactant concentration (C¢', % v/v) was varied from 0.01% —
1% in the SW chemical trigger (surfactant loaded water droplet, ¢, =5 ul). The rows (I)
— (1) show the introduction of the chemical trigger, the maximum diameter of the toroid
formed, and breaking of the toroid into droplet, respectively. The respective time for
evolution are shown on the images. The volume of the oleic acid middle layer was kept
constant at, ¢m =20 pl in all the experiments. The images (f) — (g) show the variations in
the normalized spacing between the droplets, A/w and A/r alongside the average

diameter of the droplets (D, ) due to the breakup of the oil-toroid with C¢ . In this figure,

the parameter, A/w, is ratio of the dimensional distance between the droplets to the
radius of the oil-toroid of diameter, 2w. The parameter, A/r, is ratio of the dimensional
distance between the droplets to the radius of the oil-droplet, r, after breakup of the

toroid. The scale bar shown in the image I(a) corresponds to 1 cm.
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Figure 5.8. Images in the columns (a) — (d) show the snapshots of the time evolution of a

toroidal object when ¢, was varied from 20 — 150 pl keeping the SW trigger volume ¢,
=5 pl and CJ = 0.5% v/v. The rows (1) — (I1l) show the introduction of the chemical

trigger, the maximum diameter of the toroid formed, and breaking of the toroid into

droplet, respectively. The images (e) — (g) show the variations in D,, N,, A/w, and

A1t with g, . The scale bar shown in the image 1(a) corresponds to 5 mm.

The rows (1) — (l1) in the Figure 5.8 shows the spatiotemporal variation in the droplet
morphologies when Cé’ = 0.5% v/v and the oil droplet volume ¢, was varied from 20 —

150 uL, as shown on the image (a) — (d). The images in the row (I) corresponds to the
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initial state, row (Il) corresponds to the maximum diameter of the toroid (D;"), and the

row (I11) corresponds to droplets formed after the toroid breaks. The images (e) — (g)

show average diameter of droplet (Dd), number of droplet (Nd) and spacing between the

droplets (A/w), (A/r) reduced with the variation in Cg :

3.01 0.1 1 10 100 0.1 1 10 100 23.7 55 24 0.8
Hy He H,

Figure 5.9. Images in the columns (a) — (b) show the snapshots of the time evolution of a

toroidal object when x, was varied from 27 and 5 keeping the SW trigger volume ¢, =5
ul andg, =20 pl. Images in the columns (b) — (d) show the snapshots of the time
evolution of a toroidal object when 4, was varied from 27 and 0.9 keeping the pentanol
trigger volume ¢, =5 pl andg,, =20 pl. The rows (I) — (I11) show the introduction of the
chemical trigger, the maximum diameter of the toroid formed, and breaking of the toroid
into droplet, respectively. The images (e) — (g) show the variations inN,, D', A/w, and
Alr with g, for surfactant trigger (C; ,0.5% v/v). The scale bar shown in the image 1(a)

corresponds to 5 mm.
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We observe that the torus can break via Rayleigh-Plateau instabilities to form a number of
spherical droplets depends upon the L layer of viscosity as shown by the series of images
in Figure 5.9 (a-d). The first row of image corresponds to the initial state, right after the
surfactant droplet is dropped, the second row of image corresponds to a time slightly
before break up, and the third row of images corresponds to the end of the process, right
after break up had occurred. The image 5.9 (a-b) in I-11l row show the change in the size
of the toroid with the change of viscosity (x+) where the trigger by the surfactant. In the
image 5.9 (c-d) I-11l row show the asymmetric to symmetric toroid of the droplet with
(ur) where the trigger by the surfactant. We obtained the different range of number of
droplet (Nq) for viscosity of L layer as shown in Figure 5.9 (€). The viscous force restricts
the fast spreading of the droplet and also decrease the generated number of droplets. For
the low viscous ratio s have decrease the diameter of the toroid as shown in Plot 5.9 (f).
The plot (g) shows spacing between the droplets (A/w), (A/r) with the variation in ur .
After spreading of the droplet, a sheet is formed which further generated the holes. These
number of holes (Nn/A) per unit area were increased upto 46 ms after that these holes
collapses and create different segments with further form a sheets as shown in Plot 5.10
() and image 5.4 (b).

Plot 5.10 (b) shows the number of droplets per unit area (Nd/A) of different droplet size
(Da) of oil generated which is best way to produce one shot emulsification of the droplet.
Plot 5.10 (c) and image 5.4 (c) are showing the number of beads per unit length (Nb/Lc)
for different time scale. The beads are merging with the time increase and finally form a
drop as shown in image 5.3 (e). Plot 5.10 (d) and image 5.4 11(b) shows the growth rate of

these holes (Rn) which is grow upto 1 um to 200 um within 70 ms.
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Figure 5.10. The plot (a) shows the variation in the number density of holes (N, / A)

with t when the oil-sheet and oil-toroid separate from each other under the pentanol
trigger scale, as shown in the row (I) of the figure 5.3. The plot (b) shows the typical

number of droplets per unit area (N, / A) and their average size (D, ) distribution due to

the breakup of the oil-sheet, as shown in the row (I) of the figure 5.3. The plot (c) shows
the variation in the number of beads per unit length of the contact line (N, /L_) with t
when the oil-sheet dewet the water-sublayer, as shown in the row (I1) of the figure 5.3.

The plot (d) shows the variation in the hole-radius (R, ) with time t for three different

holes when the oil-sheet dewet the water-sublayer, as shown in the row (Il) of the figure
5.3. The experimental conditions for this plot was kept similar to as mentioned in the row
(I1) of the figure 5.3 as, y, =27, ¢, =1 pl, and ¢, =0.5 pl.
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Figure 5.11. Plot (a) shows the variation of the normalized diameter of the spreading

front of the oil droplet, d,, =d,, /d;, , with time (t) for the SW chemical trigger when c?
was varied from 0.05% to 1 %. Plot (b) shows variation of the d,, with t for the methanol,

ethanol, propanol, and pentanol chemical triggers. Plot (c) shows variation of the d,, with

t when the middle fluid was altered from oleic acid to hexadecane and the chemical

trigger was pentanol. In all the experiments, u =27, ¢, =20 ul, and ¢, =5 pl whereas in
the plot (c), w, = 3 for hexadecane system.

Plot 5.11. (a) and Images 5.3 (b) show the diameter growth of the drop to toroid
formation (D) which are for different surfactant water composition (C;’) of upper layer.
Initially, drop become unstable and form sheet which further sheets break and form the
toroid which breaks and generate the droplets as shown Images 5.3 (b). Plot 5.11 (b)

shows the diameter growth (D) of the drop to toroid formation which is for different
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alcohol (C") of upper layer which shows this system is very fast and breaking is unstable

and generate many number of droplet as shown in Plot 5.10 (c). Plot 5.11 (c) shows the

diameter growth of the drop to toroid formation which is for different oil (Cwm).

5.4 SUMMARY

In summary, we investigate breaking of oil droplet on a water surface stimulated by an
external chemical trigger such as a surfactant. The breaking phenomena is controlled by
the kinetic parameters such as viscosity and thermodynamic parameters such as the
droplet size, surface tensions of the fluids or the surfactant loading in the chemical
trigger. The droplet breaking is in the slow laminar regime when the fluids are highly
viscous whereas a turbulent breakup is observed for the case when the fluids are of low
viscosity. We show that the tuning of the laminar to turbulent regimes are possible by
tuning the various thermodynamic and kinetic process parameters. Phase diagrams are
presented to show the different regimes of droplet breakup such as spreading, sheet and
toroid formation, toroid expansion, sheet breakup, toroid breakup, and microdroplet
formation. The study highlights a new phenomena associated with toroid formation on

soft surface in absence of any rotational influence.
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Summary and scope for future work
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6.1 SUMMARY

In the present thesis, we have described a host of interesting behaviors related to a number
of solid and soft motors. The solid motors were prepared using glass beads coated with the
smart materials such as graphene whereas the soft motors were synthesized from water or
oil loaded with functional materials. Further, the dynamics of the non-deformable solid
and deformable liquid motors were studied under the influence by external field, chemical
potential gradient, surface tension force, Lorenz force, electrical and magnetic fields. The
dynamics of prototypes developed have also been supported with the theoretical
calculation using Neumann construction force surface tension, Lorenz force, drag force,
Stokes-Einstein equation and stability analysis. The major conclusions from the study are

summarized chapter wise.

Multifunctional graphene superbots for chemo-magneto-galvanotaxis

e The RGO superbots were responsive towards the electrical, magnetic, and
chemical triggers.

e The chemical locomotion recorded a maximum speed ~13 body lengths per
second, the external magnetic field could move the motor at a speed many fold
larger than the chemical trigger. The RGO microbots under electrical field across
the electrode was also shown directional motion on the water surface. The
superbots also shows the both control motion by magnetic and pH taxis.

e The microbot performed interesting task such as ‘approach’, ‘attach’, ‘drag’, and
‘drop’ of polymeric inert payloads of ~1000 times heavier and ~13 times bigger in

size.
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e This superbots could find important applications in clinical restoration of stenotic
blood vessels, cleaning of blockages in blood vessels, drug delivery, and diverse

bio-carriers.

Magnetically guided push-pull motility of liquibots for drug-delivery

e The attractive (repulsive) of paramagnetic (diamagnetic) salt laden liquibots
were show motion under remotely magnetic guidance.

e The paramagnetic (diamagnetic) waterbot could migrate, ~8 body length/s (~
1 body length/s) under remote magnetic guidance, which could further be
increased by enhancing the strength of the external magnetic field.

e The waterbot was split into many smaller parts on an oil coated solid surface
and then arranged in the shapes of polygons.

e A liquibot based ‘Packman’™ game was also demonstrated on the slippery
solid surfaces under the varying magnetic guidance.

e This liquibots experiments is suitable in diverse droplet microfluidic

applications.

Electric field induced spreading, oscillation, ejection, spinning, and breaking of
oilbots

e Instead of the electrowetting on solid surface, the droplet showed spreading,
oscillation, and ejection motions on the slippery (water) beyond a critical limit of
the electric field.

e Smaller and less viscous droplets showed speed of ejection as high as ~5 body

length per second owing to the lower drag force at the oil-water interface.
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e A simple theoretical model based energy equations corresponding to the
Neumann'’s triangle modified with the electric field component has been proposed
to theoretically calculate the change in the contact angle of the droplet and the
subsequent change in the diameter during spreading.

e The EWOL setup on a permanent magnet could engender interesting both
(clockwise and anticlockwise) direction rotational motion, which was attuned to
the change in the electric or magnetic field intensity and direction.

e A simple theoretical model based on Stokes flow could explain the Lorentz force
induced rotational motion of the oil droplet. Increasing the speed of rotation led to
the spreading of the droplet under the influence of the centripetal force, which in
conjunction with the EHD stress at the oil-water interface led to the cohesive
failure of the droplet to form a number of miniaturized ones.

e The reported oscillatory and rotational motions of the incompressible droplet could
be employed as stirrers or impellers inside the microfluidics devices for mixing or

pumping applications.

Self-organized superspreading of droplets to form fluid-toroids
e The oil droplet forms a lens on water surface which follows the Neumann tringle,
which became unstable by the varying of the surface tension of layers.
e By surfactant or alcohol trigger, oil droplet deformed with elliptical to sheet, sheet
to toroid, and generated daughter droplets.
e The laminar to turbulent dynamics of oil layer was influence with viscosity and
surface tension of three layer of which further explained by dimensionless

numbers, D, We, Ca, and Re number.
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e The linear stability analysis provides the basis for the cross-sectional shapes of the
toroid with change in the process parameters. The experimental spacing between
the droplet on the slipping surface was compared and contrasted with the help of

linear stability analysis.

6.2 FUTURE SCOPE OF RESEARCH
In this thesis, the presented work can be extended in many different ways. Some of
the interesting systems are as follows.

e The work in Chapter 2 explains how graphene based superbot shows the
controlled motion under different external fields. In future, the exploration
and synthesis of the other 2D material like MoS2, phosphorene, silicene and
single molecule can be used for micro/nanomotor with the biocompatibility
to human body. The miniaturization of the size of the microbot into nanobots
can facilitate motions under ultrasonication, infrared, X-rays, and light.

e The work in Chapter 3 shows the pull and push motion of paramagnetic and
diamagnetic salt loaded water droplet under magnetic field. In future, the
miniaturized the size of droplet, Janus liquibots, and active droplets can be
synthesized and used for microfluidic application. These liquibots can be
used as a microreactor and sensors.

e Chapter 4 details in explaining the deformation of oil droplet on slippery
surface under electric and electromagnetic field. In this regard, the magnetic
particle laden oil can also give different types of deformation under external
field, applicable for electrospraying, pumping, mixing and drug delivery.

e Summarizing Chapter 5 shows an external trigger to a floating oil drop on

the slippery surface can generate miniaturized droplets. During this
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phenomena, the work done can be employed for harvesting high density
power. Instead of the oil and water, studies on the active fluids can be the

next step to explore the hydrodynamics of the complex fluids.
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APPENDIX
The linear stability equation (5.3.8) is solved by the given code in Mathematica.
ya@ =0.032;
703 = 0.046;
yof =0.072;
{ya9+7aﬂx+7/0ﬂy ==0,ya0y + y0B + yaffz = 0, yaOX + Y007 + ya f == 0} a
{x .7} |
x1=Part[x/.sol,1];yl=Part[y/.sol,1]; zZ1= Part[z/.sol,1];
adr =arccos [ x1];

sol = Solve

&1r =arccos| y1];
Blr =arccos|z1];

=
o

ald =arccos|x1]*

o

T
1d = arccos| yl]*g;
T

[EY
o

£ld = arccos[zl]*i;
T

total = ¢1d + 61d + f51d;
01=Pi—alr;

03 = Pi— plr;
y2=0.032;

712 =0.046;

p1=1;u2=0.0%u= 'u—;; r1=0.018;r2=0.01903;
U

sol = NDSolve[{LyZ*[(3'*?52[;1]2,Er?;0[rmhzo'“[r]+(712*h10"'[r]) =0,

{“*(hzo[r]_mo[r])s]+(((h20[r]— h10[r])*h10[r])*[h20[r]‘MZ—MJL

3.

h20'“[r]+[712*[(hlo['r])2 (hgo[r]_hlo[r]mhlo-"[r] =0,h20[r1] == 0.,h10[r1] == 0.,
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h20[r2]==0.,h10[r2]==0.,h20°[r1]==tan[61],h10'[r1] == —tan [63]}, {h10,h20},{r, r1, r2}];
PIot[EvaIuate [{th[r],hZO[r]} / .sol],{r, rl, r2}, PlotRange — AII]
solh10 = Part[EvaIuate[th[r] / 50l | ,1];

s0lh20 = Part| Evaluate[ h20[r]/.sol ],1];

Write["D :\\data.dat","Variables =","h1","h2","r"];
Write ["D ‘\\data.dat","ZONE T =","Viscosity"," ="];
ril=rl,

countl=0;

While[(r11<r2),

h11=solh10/.(r —ril);

h21=s0lh20/.(r — ril);

Write ["D :\\ data.dat", OutputForm [TabIeForm [{{hll, h21, rll}} ,TableSpacing — {0,6, G}JH ;

If [r11 <650000,r11=r11+0.0001,r11=r11+ 0.0001];
countl=countl+1;

]
Close["D :\\ data.dat"];

Eql=-h20"[r2]/ sol;

Eq2=h10"[r2]/.sol;

S1=Part[EqL1];

S2="Part[Eq2,1];

62 = Simplify | arctan[S1] |;

04 = Simplify[ arctan[S2]];
62*180

V4
64*180

/a

62d =

04d =
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