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Abstract

Droplet based Digital Microfluidics (DMF) has emerged as a promising enabling
technology for a wide range of applications in the areas of low-cost biosensors and
molecular diagnostics. In an Open-surface Magnetic Digital Microfluidics (OMDMF)
nano-liter to micro-liter sized, magnetically responsive droplets, containing samples and
reagents can be manipulated on a liquid-film coated or a hydrophobic surface, executing
key tasks of a micro-total analysis system (u-TAS). An OMDMF platform uses magnetic
forces to transport droplets, presenting a few exclusive benefits over the conventional
digital microfluidic platform. Effective deployment of such OMDMF would warrant
precise manipulation of the magnetically responsive droplets — usually a stable suspension
of magnetic nanoparticles dispersed in a nonmagnetic liquid — using chip-embedded
miniaturized magnetic coils that are electrically insulated from the liquid medium. The
driving magnetic force should, in one hand be strong enough to overcome the capillary
pinning and viscous forces, while on the other hand it has to be spatially and temporally
resolved with sufficient accuracy to engender directional transport; such action-at-a-
distance is challenging and requires delicate combination of operating parameters, e.g.,
magnetizing current and timing of switching of the chip-embedded coils, fluid viscosity,
droplet size, etc. Unlike microchannel-based fluidics, in magnetic OMDMEF system,
multiple droplets can be steered concurrently using sequentially switched array of chip-
embedded micro-coils; at the same time strategic manipulation of droplets can be attained
using such design. Here, two magnetic force-based droplet manipulation strategies have
been proposed where an array of planar electromagnetic micro-coils embedded in a
substrate provides the motive force. In the first scheme a numerical analysis is performed
where the manipulation of an immiscible, microliter-scale ferrofluid droplet over a thin
aqueous film on a solid substrate, using embedded micro-electromagnet coils, is
performed. The numerical model is first validated against an experimentally observed
droplet trajectory in a simple, single-coil configuration. Subsequently, simulation of the
ferrofluid droplets transport on a liquid film is carried out under a magnetic field that is

produced by a sequentially-switched array of square-spiral micro electromagnets. Guided

viii



transport of the droplet in predefined meandering path over an active substrate area is
achieved through precisely tuning the operating parameters. The droplets clearly display
two distinct regimes of transport — one dominated by viscosity and the other by inertia. In
the viscous-regime, the time-of-flight of a given ferrofluid droplet over the magnetic
actuator section is found to scale with a generalized group-variable involving the
operating parameters, viz., the field current, droplet size, and the viscosities of the
magnetic fluid and the film-liquid. The second strategy demonstrates two distinct
transport models of a spherical-cap ferrofluid droplet that is manipulated on solid surface.
The first transport model proposed a microliter-volume droplet manipulation in a
sequence of rectilinear paths using an array of double-layer electromagnetic micro-coils
embedded in the substrate. Appropriate sequence of coil energization for attaining the
desired trajectory of the droplet is described. The study paves the foundation of
developing an OMDMF platform for more complex digital microfluidic manipulations
that are pertinent to different bio-microfluidic applications. The second transport model
proposes a concept of several two-dimensional multi-droplet manipulations, such as
multiple droplets sorting, sequential merging as well as pooling on a solid hydrophobic
surface by the sequentially switched array of electromagnetic micro-coils. By applying
appropriate sequences of micro-coil switching multiple droplets can be manipulated
simultaneously and various droplet operations can be attained. Results of the study lead
to the formulation of design bases for magnetically manipulated, configurable, multi-

tasking open-surfaced, digital microfluidic platforms.



Overview of Chapters

This thesis describes series of study that that | have completed during my Ph.D. at
Department of Power Engineering, Jadavpur University, Kolkata, India. My thesis on
“Field-Induced Transport of Ferrofluid Droplets on a Multitasking Surface
Microfluidic Platform” illustrates concept of a multi-tasking, magnetic force-based
droplet manipulation strategy using an array of planar electromagnetic microcoils
embedded in a substrate. This thesis consists of four distinct chapters which provide the
pertinent background of the work, identify the gap area, delineate the objectives, provide
the theoretical formulation and solution strategy, discuss the results and finally, draw out
the salient conclusions and suggest the future course of research that the current study may

engender.

Chapter One provides the background literature review on Open-surface Magnetic Digital
Microfluidics (OMDMF) with specific importance on its attributes studied in the thesis.
This chapter describes an overview of Digital Microfluidics (DMF) along with its
importance, applications and current challenges. Subsequently, it introduces the concept of
Droplet-based Magnetic Digital Microfluidics (MDMF) along with its importance and
application over other DMF. The chapter then highlights the relatively new concept of
Open-surface Droplet-based magnetic Digital Mocrofluidics (OMDMF) and identifies the
research gaps in this field. Finally, the proposed objectives and novelties of this study are

mentioned.

Chapter Two portrays the theoretical formulation involved in this study. The salient forces
at play in determining the transport of a magnetically actuated ferrofluid droplet are taken
into consideration. The chapter deduces the governing equations of droplet transport from
the first-principle and presents the ensuing transport models in an OMDMF platform. The
design of planar coil and coil array, along with the rationale of the magnetic field
computation due to current through the loops are explained, and calculation of the resulting

magnetic force on the ferrofluid droplet is performed.



Chapter Three describes the results of the simulation of magnetic actuation on the
OMDMF platform and discussion of different study corresponding to magnetic force-based
droplet transport models. Two magnetic force-based droplet manipulation strategies have
been proposed in this chapter. In the first scheme the manipulation of an immiscible,
microliter-scale ferrofluid droplet over a thin aqueous film on a solid substrate, using
embedded micro-electromagnet coils, is analyzed. For the second case, simulation of the
ferrofluid droplets transport on a liquid film is carried out under a magnetic field that is
produced by a sequentially-switched array of square-spiral micro electromagnets. Guided
transport of the droplets in predefined meandering path over an active substrate area is
achieved through precisely tuning the operating parameters. Time evolutions of different
forces for both models have been discussed. Droplet multiplexing and complex transport
on solid surface such as targeted delivery of multiple monodisperse droplets,
spatiotemporal separation of multiple polydisperse droplets and multiple droplets merging

and pooling are described.

Chapter Four summarizes key findings of this study based on flexible magnetic force-
based droplet manipulation strategy using an array of planar electromagnetic micro-coils
embedded in a substrate. It also draws out the salient conclusions from the previous
chapters and discusses the potential areas of improvement of OMDMF and highlights the

future scopes of work for the study.

Appendix includes supporting information relevant to this study such as calculation of the
deformed spherical cap volume of a sessile droplet, as well as the computation of the viscus
drag of spherical cap ferrofluid droplet sliding over a solid substrate. This chapter also
includes theoretical determination of Contact Angle Hysteresis (CAH) on droplet

manipulations.
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Chapter 1: Introduction

Microfluidics is an emerging technology of handling fluid flow in diminutive amounts,
either in the form of flow through microfluidic channels or in the form of discrete droplets
from nanoliter to microliter, in micro total analysis systems (U-TAS). These devices can
perform varied bioanalytical tasks, which are normally carried out in a lab, like sample
preparation, purification, separation, reaction, transport, immobilization, labelling,
biosensing and detection on a chip [1, 2]. Microfluidics offer salient advantages over the
conventional bioanalytical protocol through reduced biochemical reaction time, enhanced
efficiency and mobility and reduced sample and reagent consumption. Small reactor
volumes are also favored where the analyzed sample is available in extremely small
amount, e.g., in case of forensic detection. The key generic steps in any MEMS
(Microelectromechanical Systems)-based bioanalytical device (e.g., a biosensor) involves
sample handling for mixing, reaction and separation. Therefore, development in each of
these attributes of microfluidic transport serves as the key enabler for the development of
miniature biosensors for healthcare, food, agriculture, low-cost biomedical diagnostic
devices, and platforms for drug development or unraveling new biological phenomena [3,
4, 5].

1.1. Overview of Digital Microfluidics (DMF)

There has been a recent shift of sample handling strategy from the continuous-flow to the
droplet-based digital microfluidics (DMF) system, which focuses on generation and
manipulation of discrete nanoliter to microliter droplets in microfluidic environment. DMF
can be used to manipulate reagents and biochemical entities like DNA, proteins, or cells in
very small liquid volumes using lesser quantities of costly reagents with better biochemical
reaction efficiency within shorter operating times. Due to handling of individual droplets
each reagent can be addressed individually with no need for complex networks and the
sample volume is further reduced to nano-liter or pico-liter which implies to get faster result
as lower the reagent volume. The scaling of volumes used also reduces the device size thus
creating several opportunities for portable devices which can be easily used. DMF is

relatively free from the common problems of flow-through microfluidics like sample



dilution and cross-contamination [6,7]. Several useful applications of droplet-based
microfluidics, e.g., protein purification [8], biosensor [9], immunoassays [10], DNA-
replication [11, 12], cell-based assays [13], bio-molecular extraction [14], point of care
diagnostics [15] etc. have underscored the importance of on-chip droplet manipulation
[16,17]. In droplet-based digital microfluidics, isolated liquid droplets are generated and
transported in an immiscible liquid medium, either in a closed, flow-through microchannel
configuration [18,19,20], or in an open environment, e.g., atop an open liquid film or a solid
surface [21]. In closed-channel confinement cross-contamination and evaporation of the
droplets are minimized, ensuring their integrity and stability throughout the process of
manipulation. One of the significant advantages of DMF is the ability to achieve complex
biochemical reactions on a small scale with high accuracy and control. It also allows for
the execution of multi-step processes and on-demand droplet manipulation. DMF can
handle very small volumes of fluid, typically in the range of microliters to nanoliters, which
is convenient for reducing rare or expensive sample and reagent consumption. DMF can
also be programmed, which reduces manual involvement and increases the reproducibility
and accuracy of experiments. DMF has many potential applications in fields such as
biotechnology, diagnostics, and drug discovery, where it can be used to perform a wide
range of assays and reactions with high efficiency and accuracy. DMF can also be
combined with other technologies, such as sensors and microcontrollers, enabling the
creation of complex, multifunctional systems. It enables the integration of multiple assay
steps into a single device, which can simplify experimental workflows and reduce the risk
of cross-contamination between samples. Droplet-based compartmentalization can be
implemented in DMF to increase the sensitivity and specificity of assays. However, DMF
also faces several challenges that limit its widespread adoption and scalability. In DMF the
stability of droplets can be affected by factors such as surface tension, contact angle
hysteresis, and electrostatic effects. The number of droplets manipulated at once is often
limited in high-throughput applications. Increasing the number of droplets that can be
manipulated requires complex designs and fabrication processes, which can be costly and
time-consuming. DMF devices can encounter compatibility issues when working with
biological samples due to factors such as surface tension, cell adhesion, and surface

chemistry. These compatibility issues can limit the range of applications for DMF in



biology and biomedicine. The fabrication of DMF devices can be challenging and
expensive, requiring specialized equipment and materials. The complexity of the designs
and the need for high precision can also make fabrication time-consuming and error prone.
While DMF can be integrated with other technologies, such as sensors and
microcontrollers, there are still challenges to achieving seamless integration. The
compatibility of different technologies, the need for specialized interfaces, and the

complexity of the overall system can limit integration and increase costs.

In digital microfluidics discrete droplet can be manipulated in both close and open
environment. Both open and closed digital microfluidic systems extend benefits in terms
of reducing reagent consumption and increasing automation, allowing parallel processing
and decreasing the time needed for completing the requisite protocol. In a closed channel
environment, droplets are contained within microchannels or chambers, reducing the risk
of evaporation and contamination. However, droplet insertion, access and dispensing can
be arduous due to the confinement and may often require significant off-chip infrastructure
(e.g., the need for a syringe pump to flow the host fluid through the microchannel).
Fabricating microchannels and enclosed structures can also pose complexity as it requires
specialized microfabrication techniques. On the contrary, open surface systems are more
versatile and can accommodate a wider range of applications and offer easy access for
droplet dispensing and manipulation, and allow easy detection (e.g., colorimetric detection
using a simple image analysis). Open surface setups can be simpler to fabricate. Due to the
direct access to droplets, open surface microfluidics is also easier to integrate with

interfacing devices.

Generation of discrete droplets in an immiscible host fluid is a prerequisite in digital
microfluidics [22, 23]. In a typical DMF platform, droplets are generated in-situ using a
competition between surface tension and another force, e.g., viscous [24, 25], electric [26,
27] or magnetic force [28, 29, 30]. In a typical closed-channel microfluidic platform,
droplets are generated using flow-focusing in a coaxial-flow [31] or parallel-flow [32]
arrangement, and Y- shaped [33], T-shaped [34,35,36] or cross-type [37, 38] flow focusing
junctions. Once these droplets are generated, the next task is to manipulate these droplets

as per the required protocol of the micrototal analytical system supported on the DMF



platform. The following sub-sections discuss different mechanisms of droplet manipulation
in closed channel and open-surface DMF platforms, and the salient attributes of droplet

transports on DMF platforms.
1.2.Mechanisms of droplet manipulation in closed channel DMF

Active droplet manipulation in closed channel may be achieved by electrostatic force
[39,40,41], dielectric force [42], electrowetting on dielectric[43], magnetic force [44, 45,
46, 47, 33], shear gradients [48], thermal actuation [49, 50], surface acoustic waves (SAW)
[51,52,53, 54], sequential modulation of hydrodynamic resistance [55], laser-induced
actuation [56], or under competitive influences of surface free energy-based confining force
and the hydrodynamic force [57, 58]. The following section summarizes the salient traits

of droplet manipulation in a closed DMF platform.

Dielectrophoresis: (DEP): Dielectrophoresis (DEP) is the method which drives a
polarizable object under a non-uniform AC electric field [59]. For small droplets DEP
leverages the charge distribution within the droplet and generates a net force based on the
charge and the electric field gradient. Wu et al. [60] proposed a low-voltage electrostatic
droplet manipulation technique where a dielectric droplet of silicon oil moved between two
ITO (Indium Tin oxide) electrodes (see Figure 1.1(a)) which further demonstrated
experimentally [61]. In another technique silicone oil droplets and dielectric organic
solvent droplets along with decane and hexadecane was successfully manipulated in
parallel-plate devices by DEP [62]. Different droplet operation such as generation,
transportation, splitting and merging could be performed simultaneously on a single plate
by Liquid Dielectrophoresis (L-DEP) for both nonconductive (dielectric) and conductive
(DI water with/without surfactant) fluids in an open environment [63]. In this device
fringing electric field generated by interdigitated electrodes which penetrate the dielectric
liquid and the corresponding L-DEP force changes the wetting property of liquid on a single
substrate. The contact angle of dielectric liquid varies upon the applied voltage and
performs the various fundamental operations in digital microfluidic circuit. EWOD is
another very popular droplet manipulation techniques which is more flexible and versatile

and faster response compared to DEP.



Electro Wetting on Dielectric (EWOD): Electro Wetting on Dielectric (EWOD) has been
by far the most widely deployed means of digital microfluidics. EWOD leverages the
change of local surface energy of a droplet with the DC electric potential applied to the
underlying substrate. When a droplet sits atop a pair of electrically insulated surfaces
(electrodes) at two different potentials, a net unbalanced driving force emerges due to
asymmetric contact angles subtended by the droplet on the electrodes. Thus, directed
motion of the droplets on an array of sequentially energized electrodes is realized in EWOD
(see Figure 1.1(b):(i) and (ii)) [64, 65, 66]. Fan et al. [67] advanced the technique to
manipulate multiple droplets by cross-reference driving concept with EWOD-based digital
microfluidic circuits, performing essential fluidic functions such as creation, cutting,
merging, and mixing of droplets. Widespread use of EWOD has also elicited detailed work
to resolve the dynamics of flow in EWOD, through several numerical and experimental
works [68, 69]. Despite the maturity of EWOD technology, the method suffers from a few
salient drawback. Firstly, the elaborate arrangement of electrodes drives up the cost of the
device. Also, studies have indicated anomalies in the EWOD transports, such as instabilities
at higher voltage and fluids with higher dielectric constants. Often a high applied voltage

large force may generate large enough force leading to droplet breakup [68].

Surface Acoustic Waves (SAW): Surface Acoustic Waves (SAW) is another very popular
droplet manipulation techniques which does not require any external voltage source and
surface treatment for droplet manipulation. Moreover this method is more energy efficient,
faster and has a higher range of operation compared to EWOD. Droplet manipulation using
surface acoustic wave was successfully employed in digital microfluidics. The benefits of
this actuation technique are simple fabrication, compact, high biocompatibility, fast fluid
actuation, contact-free particle manipulation, high energy density and compatibility with
other microfluidic components. A SAW device consists of a piezoelectric substrate and at
least one set of metallic interdigital transducers (IDTs) to generate SAWSs to the
piezoelectric material [70]. When SAW input wave increased beyond a critical value then
the pressure gradient inside the droplet to be larger than the surface tension which in turn
drives the droplet along the wave propagation direction. This device requires higher power
to drive droplet as the piezoelectric ceramics’ substrate is naturally hydrophilic and

therefore surface treatment technique is required to improve the droplet actuation
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performance by adding different materials [71, 72]. Cecchini et al. proposed a
microchannel-based, SAW-driven device where SAW-aided coalescence is able to lead to
liquid counterflow with respect to the SAW propagation direction. This process produces
effective water injection into the microchannels at a convenient rate (see Figure 1.1(c))
[73]. Thalhammer et al. [74] reported SAW controlled droplet actuation technique to
perform serial DNA- isolation, amplification, and array detection on a modified chip
surface. In SAW-based systems, acoustic radiation may cause unnecessary disruptions to
nearby components or samples. Thermocapillary actuation can be an alternative approach

here as this method does not generate acoustic waves, mitigating this concern.

Thermocapillary actuation: Thermocapillary actuation is another important droplet
manipulation technique in microfluidics. It refers to the manipulation of a liquid droplet
within a channel using temperature gradients. This method provides a way to manipulate
droplets without direct physical contact and external pumps, which can be advantageous in
certain microfluidic applications. Tafti et al. proposed a droplet manipulation method on a
free surface of immiscible liquid then droplet can move in either direction from warm to
cold region or vice-versa depending on the shape of the droplet [75]. In this scheme the
liquid droplets manipulate on a free surface of a chemically inert and thermally stable liquid
carrier platform using thermal gradient. Droplets which maintain spherical are propelled
from cold to warm region and the others break up into a sessile lens move in the opposite
direction. Droplets are not experienced heating directly as these are not in direct contact
with solid substrates and this free surface droplet transports are achieved much higher
speeds (~4 mm/s) using least thermal fluctuation (<5°C). The speed of the binary drop is
linearly proportional to its diameter and the imposed temperature gradient, with an offset
accounting for the hysteresis force. The different techniques of droplet actuation normally
used in recent microfluidic device already been discussed in previous sections. Jiao et al.
proposed a channel-based thermocapillary droplet actuation method where droplets were
driven in a closed loop using various heating schemes of the heaters were located at the
channel sides(see Figure 1.1(d)) [76].

Magnetic actuation: Magnetic actuation in closed channel involves manipulating droplets
using magnetic forces in a closed microfluidic channel system Its contactless nature, precise

control, and ability to handle multiple droplets simultaneously make it a valuable tool for a
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wide range of applications, from biology and chemistry to material science and diagnostics.
Teste et al. proposed a droplet manipulation technique using miniaturized magnetic rails.
This proposed digital microfluidic device able to implement sorting, trapping and merging
operations by combination of magnetic rails network and trapping structures employed at
the end of each rail [77]. Zhang et al. demonstrated a microfluidic chip-based
superparamagnetic droplets manipulation technique into the designated sub microchannels
by changing the position of the external magnetic field [45]. Chiou et al. proposed
automated electromagnetic droplet manipulation platform to actuate magnetic particles by
magnetic field gradients using electromagnetic coil array and topographical barriers. This
automated magnetic droplet-based system is capable of whole blood genetic testing, nucleic

acid extraction, amplification, and real time fluorescence detection (see Figure 1.1(e)) [78].
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Figure:1.1: Schematics of different active droplet manipulation in closed DMF platforms
(@) Liquid DEP on electret (L-DEPOE) [61] (b): (i) EWOD-based droplet manipulating
device Cross-sectional view [66] (ii) Top view (c): (i) IDT at the channel entrance is used
generate SAWSs toward its outlet (Direct Drive (DD)) (ii) Other IDT at the channel outlet
is used to spread SAWSs toward its inlet (Inverted Drive (ID)) [73] (d): (i) schematic of
Experimental setup with 4 heater coil.(ii) — (iv) Image of droplet motion under periodic
heating scheme[76] (e) Topography-assisted droplet splitting where magnetic particle
cluster is squeeze out from the mother droplet [78]. Inset figures reproduced from (a) Ref.
[61] with permission from the Royal Society of Chemistry, (b) Ref. [66] with permission
from IEEE (c) Ref. [73] with permission from AIP Publishing and (d) Ref. [76] with
permission from Institute of Physics Publishing (e) Ref.[78] with permission from
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1.3. Mechanisms of droplet manipulations in open surface DMF (ODMF)
platforms

In spite of higher- stability and controllability, closed channel droplet actuation technique
restricts droplet manipulation flexibility and entail large pressure drops [79]. Establishing
complicated channel networks with precise dimensions increases overall fabrication and
operational cost. Moreover, narrow channels in such systems are more liable to clogging.
To circumvent these difficulties, flexible and wide-range, two-dimensional droplet
manipulation on open surface may be adopted. Open-surface droplet-based digital
microfluidics (ODMF) is more accessible to fabrication by simple surface modifications or
coatings. Droplet manipulation in such system, including reagent mixing, droplet splitting,
merging, sorting had been demonstrated with a large variety of active and passive
techniques [80]. Direct accessibility of droplets on open surface facilitates the integration
of external components, such as sensors, electrodes, magnet, electromagnetic coil which
can otherwise be challenging in closed-channel systems. Open surface DMF requires
reduced sample volumes compared to closed channel systems and hence has decreased risk
of cross-contamination between droplets because each droplet dwells on a distinct location
on the surface. Like the closed channel counterpart, droplet manipulation on open surfaces
has also attracted intense research effort where active and passive manipulations strategies
have been put forth [ 81].

1.3.1. Passive manipulation strategies on ODMF

Passive manipulation of discrete droplets on ODMF platform requires no external energy,
but they harness the capillary force generated by substrate wettability patterning in terms
of surface energy gradient [82, 83,84, 85] surface roughness heterogeneity [86, 87, 88,
89, 90] and a combination of both [91]. Surface energy gradient may be created
appropriate wettability patterning, where selected areas of the substrate are coated with
low surface-energy substances like Teflon [92] and fluoroalkyl silanes [93]. Surface
roughness also plays a role in determining the apparent surface energy density, and
creation of micro- nano- roughness through a combination of micromachining, etching
and nanocomposite-deposition can lead to spatial heterogeneity in surface wettability [94,
95]. Such spatial heterogeneity in wettability lead to unbalanced capillary force on a liquid

droplet on a wettability-engineered surface, which in turn moves the droplet. While most
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of the works on capillary-driven passive manipulation of droplets have demonstrated
relatively simpler modes of transport (e.g., linear movement of droplet over the surface),
few works have shown effective manipulation and complicated droplet-transport, e.g.,
metering, merging and splitting [96,97]. Figure 1.2 shows a few salient mechanisms of
passive droplet manipulation strategies on ODMF platforms. Figure (a) shows a
separation device to achieve multilevel separation and create additional split droplets.
This device contains a small reservoir connected with four first-level branched reservoirs
which farther connect to another level of reservoirs. Droplets dispensed in the first small
reservoir were continuously carried to the two-level reservoirs in sequence and divided
into eight separated droplets of nearly equal-volume [90]. Figure (b) exemplifies a multi-
inlet, single-outlet model on the micropatterned superhydrophobic textiles platform
employing the independent interfacial transportation concept [84]. Figure (c) shows
photographs of liquid accumulation on a polyethylene terephthalate (PET) film substrate
on the track when the device pumped for 1, 4, 7 and 10 non-stop cycles. The drained liquid
rests on the track indicating a expand morphology, with the liquid attached on the
wettability contrast track along the margin of the larger track (see Fig. (c.b3) and (c.b4))
[96]. Fig. (d) demonstrates a two-dimensional wettability gradient surface from
superhydrophobic to common hydrophobic along the x direction and from hydrophobic
to hydrophilic along the y direction. The consecutive images in Fig. d(i)—d(i) represent
the self-transport of an individual droplet on the gradient surface.

10
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Figure 1.2: A few salient mechanisms of passive droplet manipulation on open surface
microfluidic (ODMF) platforms (a): (i)Top view of a multilevel separation device (ii)
Time-span image indicating separation method while first droplet was dispensed in the
middle reservoir (iii) Digital image of the equilibrium state after the second, fifth, eighth
and tenth droplet was separated.[90] (b) A multi-inlet-single-outlet strategy on the
Micropatterned Superhydrophobic Textiles platform employing the autonomous interfacial
transport concept [84] (c) Collection of liquid on the bridge circuit on a horizontal
polyethyl-terephthalate (PET) film substrate after pumping for (b1) 1 cycle (~56 uL), (b2)
4 cycles (~226 uL), (b3) 7 cycles (~395 pL), and (b4) 10 cycles (~564 pL) [96] (d) (i) The
static contact angle of the double-direction wettability gradient surface; (ii)—(vi) motion of
a droplet on the double-direction wettability gradient surface [89] Inset images reproduced
from (a) Ref. [90] with permission from Springer Nature, (b) Ref. [84], (c) Ref. [96] (d)
Ref.[89] with permission from Royal Society of Chemistry
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1.3.2. Active manipulation strategies on ODMF

On the contrary, active droplet sorting, which requires external force and/or energy input
for droplet manipulation, has greater controllability over the passive modes. Like the
closed-channel DMF, active droplet manipulation on open surfaces is also based on
different external forces, such as electrostatic [98, 99], electrowetting [100], magnetic
[101,102], thermal [103, 104], surface acoustic wave [105, 106], pneumatic [107, 108],
triboelectric [109], etc. Figure 1.3 shows a few examples of active droplet manipulation
strategies on ODMF platform. Figure 1.3 (a) describes an ODMF platform that leverages
pneumatic suction force to actuate droplet on Polydimethylsiloxane (PDMS) substrates
which was rendered superhydrophobic using an air-cushion to float the droplets, and
suction-induced drag to pull them at the same time, the technique achieved simultaneous
and precise droplet positioning on-chip [108]. Du et al. proposed an SAW based droplet
actuation schemes where ZnO film on silicon substrate used to manipulate a droplet of
10uL (see Figure 1.3 (b)) [105]. Zhang et al. presented a scheme of generating serial
dilutions in the form of droplet on an open surface platform through surface energy traps-
assisted magnetic droplet manipulation (see Figure 1.3(c)) [110]. A two-dimensional open
surface droplet manipulation technique proposed by Yang et al. (see Figure 1.3(d)) [102],
accommodates a superhydrophobic magnetic film (SHMF) and an electromagnetic pillar
array (EMPA) to frame the active surface of droplet manipulation with conjunction of

gravity.
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Figure 1.3: A few salient mechanisms of active droplet manipulation on open surface

microfluidic (ODMF) platforms (a) Schematic illustration of the colorimetric detection for

rapid identification of multi-nucleotide polymorphisms based on the hybridization-

mediated growth AuNP probe [108] (b) Schematic drawing of interaction between Surface
Acoustic Wave (SAW) and a liquid droplet and defining the Rayleigh angle [105] (c) (i)

Ilustration of droplet operations on SETs enabled open-surface platform (ii) Side view of

a SETs device [110] (d) Schematic illustration of the principle for programmable droplet

manipulation with the electromagnetic pillar array [102] Inset figures reproduced from (a)
Ref.[108] and (c) Ref.[110] with permission from Royal Society of Chemistry (b) Ref.
[105] with permission from AIP Publishing (d) Ref. [102] with permission from Elsevier
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1.4.Different attributes of droplet transports in open and closed channel DMFs:

Salient attributes of droplet transport in open and closed-channel droplet-based digital
microfluidic platform include operations like droplet sorting, merging and pooling. The

following subsections discuss the salient attributes of these transports.
1.4.1. Droplet sorting

Varieties of chemical and biological applications are there in digital microfluidics which
demand different size of droplets for specific applications. To fulfil this objective, droplet
sorting is a very important issue in digital microfluidics. There are two types of droplets
sorting such as passive droplet sorting and active droplet sorting depending on the
requirement of external force. Passive droplet sorting requires no external force, only
internal hydrodynamic force based on fluid property, flow condition and channel geometry
actuate the droplets position. Pinched flow fractionation technique [111] is an example of
passive droplet sorting micro scale hydrodynamics. Another very important size based
passive droplet sorting method is deterministic lateral displacement (DLD) [112]. Though
this droplet sorting scheme is very simple in fabrication but unable to sort droplets in same
size if required. On the other way active droplet sorting is more beneficial over passive
droplet sorting which requires external force for manipulation the droplet position. This
category includes droplet sorting based on different external forces such as electric, SAW,

thermal, pneumatic and magnetic forces.

Sorting by electric force: This method of droplet sorting is useful regarding on demand
control with higher preciseness using rapid electric detection. Electric force is used to
actuate droplets with presence of free charges in liquid droplet using interfacial stresses on
the droplets. This method is categorised into two types, such as direct current control and
alternating current control. Link et al. [40] demonstrated a droplet sorting method using
direct current into a T-Junction bifurcation where droplets enter in selected channels as per
direction of electric field applied. Droplets can be charged by exposing it to an energised
electrode before going to the bifurcation channel as demonstrated by Niu et al. [113]. Ahn
et al. [114] demonstrated a microfluidic device for high-speed sorting of water drops using

dielectrophoresis. The dielectrophoretic force characterize by measuring the dependence of
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the drop velocity on the drop size and the applied voltage. In a symmetric Y junction
channel in the absence of electric field all the drops flow along the shorter channel with
lower hydrodynamic resistance but with an electric field applied through electrode at other
channel drops are attracted toward the energized electrode and flow into the second channel
of Y junction. Individual water-in-oil droplets can generate charge and sort one by one in
a controlled fashion. In this system researchers showed triple sorting of positively charged,
negatively charged, and uncharged droplets without cell encapsulation with sorting rates as
high as 600 droplets/s. In another precharging scheme by the same researchers (See Figure
1.4 (a)) [39].

Sorting by SAW: Droplet sorting using Surface Acoustic Wave (SAW) is another reliable
technique. AC electric field is used to excite Interdigitated Transducer (IDT) to generated
SAW, travelling on the surface of a piezoelectric substrate in Microfluidic channels [115].
The IDT consists of two microfabricated electrodes on a piezoelectric substrate. SAW can
be controlled in two manner, Travelling SAW (TSAW) and Standing SAW (SSAW).
Figure 1.4 (b) illustrates the droplet sorter setup (top view). A is the Inlet channel, B and
C are the top and bottom focusing channels which focus the droplets on the way to the
center of the channel to direct the droplets into the lower default outlet. Now when a
surface acoustic wave (SAW) is applied via path F, droplets were directed upwards into
the upper outlet H [53]. Franke et al. [51] Proposed a TSAW based droplet sorting method
using a'Y junction PDMS microchannel where droplets flow towards the upper branch of
Y junction microchannel having a lower flow resistance when IDT is switched off, but
later droplets deflect toward the lower channel when the IDT is excited. This concept
further developed to fluorescence activated droplet sorting system by same researchers
[52] where droplets are sorted in different channel depending on their fluorescence
intensity using tapered IDTs. Standing SAW (SSAW) field can be generated using two
IDTs excited with the same AC signal.

Thermal sorting: Thermal control droplet sorting can be performed by utilizing the
thermocapillary effect on a very small scale. This thermocapillary force can be generated
by both resistive heating and focused laser beam. Microheater and temperature sensor are
required for resistive heating for precise alignment at a specific location [49,116].

Additional resistive elements can be linked to resistive heating to provide in site localized
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temperature readings. On the contrary laser beam extends the resilience to transport
droplets to several locations as required. Thermal sorting method commonly limited to
specific applications as excessive temperature rise can vaporised the droplets or can
damage the chemical or biological reagents. First thermally controlled droplet sorting
scheme [50] presented in a T-junction bifurcation channel where a mother droplet splits
up and a greater segment of it is taken into the lower branch due to its high temperature
gradient at the lower channel as shown in figure 1.4 (c). Figure 1.4 (d) represents a
suction-based droplet sorting logic with two W/O emulsions by asymmetric
hydrodynamic resistances. After being slowed down by the two bypasses, the red droplets
were subjected to the suction force and sorted into the collection channel, while other

droplets continued to flow into the waste chamber [117].

Magnetic sorting: Droplet sorting using magnetic force is used to separate droplets
containing magnetic particles based on their physical and magnetic properties. The basic
principle behind this technique is that droplets containing magnetic particles experience a
magnetic force when placed in a magnetic field. The magnitude and direction of the
magnetic force depend on the size and magnetic properties of the particles, as well as the
strength and direction of the magnetic field. By adjusting the strengths and directions of the
external magnetic fields, the droplets can be separated into different chambers based on
their magnetic properties [118]. One common method for droplet sorting using magnetic
force is to use a microfluidic chip that contains a series of channels and chambers. Another
method involves the use of a magnetophoretic cell sorting system, which uses a
combination of magnetic fields and hydrodynamic forces to sort droplets containing
magnetic particles [119]. This technique is particularly useful in biological and biomedical
applications, such as cell sorting and drug screening. The advantages of droplet sorting
using magnetic force include high sorting efficiency, low sample consumption, and the
ability to sort droplets containing a wide range of magnetic particles. Additionally, the
technique is relatively simple to implement and does not require complex microfabrication
processes. Figure 1.5 shows some prominent ways of active droplet sorting using magnetic
force. Zhang et al. present a microfluidic chip-based CMDM (Continuous Magnetic
Droplet Manipulation) approach to direct superparamagnetic droplets into the specified

submicrochannels. An external magnetic field was applied perpendicular to the main-
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microchannel (see Fig. 1.5 (a)) to deflect droplets into two different submicrochannels (2
and 3). Droplets deflection was controlled by the magnetic nanoparticle concentration, the
magnetic field gradient and the position of the magnet [45]. Hetlani et al proposed a
ferrofluid sorting method by employing a permanent magnet positioned beneath a
microfluidic channel where the droplets would be deflected with respect to the size of the
magnet [120]. Figure 1.5 displays the sketch of microfluidic chip in which external
magnetic field gradient accessed by employing the main-channel close to the chip edge
(see Figure 1.5 c. (i)). This microfluidic device was capable to implement precise
dispensation of single droplet and any numbers of droplets into the specified sub-channels
2 and 3. Zhang et al. proposed another ferrofluid droplet sorting scheme based on flow

speed or droplet size (see Figure 1.5 d).
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Figure 1.4: A few salient mechanisms of active droplet sorting: (a) Schematic diagram of
the on-demand electrostatic droplet charging and sorting device [39] (b) SAW based
Droplet sorter setup (top view) [52] (c) A microheater reduces the flow resistance on the
lower branch and droplets are sorted to the lower branch [50] (d) Suction-based droplet
sorting logic with two W/O emulsions by asymmetric hydrodynamic resistances [117] Inset
figures reproduced from (a) Ref. [39] with permission from Biomicrofluidics, (b) Ref. [52]
and (d) Ref.[117] with permission from Royal Society of Chemistry, (c) Ref. [50] with

permission from IOP Publishing
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Figure 1.5: A few means of magnetic droplet sorting: (a) Schematic diagram of
superparamagnetic droplets pulled into the sub-microchannel 2 or 3 depending on
magnetic nanoparticle concentration, magnetic field gradient and the position of the
magnet [45] (b) Deflection of the magnetic droplets in the y-direction across the chamber
in presence of the magnetic field [120] (c): (i) Schematic diagram of microfluidic device
containing the place and direction of applied magnetic repulsion (ii) Droplets contained
in ferrofluid are selectively allotted into sub-channels 1, 2 and 3 by translating magnet
[118] (d) Magnetic sorting methods based on the difference in flow speed and droplet size
[119] Inset figures reproduced from (a) Ref.[45], (c) Ref.[118] and Ref.[119] with
permission from Royal Society of Chemistry, (b) Ref. [120] with permission from AIP
Publishing
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1.4.2. Droplet merging

Droplet merging is a major operation in digital microfluidics, dealing with manipulating
and supervising tiny liquid droplets on a microscale. It performs an important role in
several applications, ranging from chemical and biological analysis to lab-on-a-chip
systems. It is utilized to merge reagents or samples in exact proportions to allow controlled
chemical reactions and medical diagnostics. Truthful merging confirms accurate sample
preparation, lowering experimental errors and improving the consistency of results.
Droplet merging can be applied for diluting concentrated samples or reagents to specific
concentrations. Several biochemical assays require various reaction steps which can be
enabled by droplet merging in a sequential manner. Figure 1.6 (a) demonstrates merging
of the ferrofluid droplet (FFD) in a microchannel with mineral oil as a CM (Continuous
Medium)(see Figure a.(i)). Figure a.(ii) indicates simulation results of FFDs (red) ina CM
(blue). It has been observed that commencement of experimental merging (10 ms) is
slightly longer than that from the simulated results (6 ms). Figure a.(iii) shows generation
of Rhodamine and FFDs in a double T-junction with mineral oil as a CM. Figure a.(iv)
indicates complete merging of the rhodamine-FFD along the Y-direction [121]. Varma et
al. reported experimental studies of two different type of uniform magnetic field-induced
droplet merging (Figure 1.6 (b)). Figure b.(i) shows generation and merging of two
ferrofluid droplets under an applied uniform magnetic field (H) while Figure b.(ii)
represents generation and merging of color dye and ferrofluid composite droplets [122].
Figure 1.6 (c) shows another permanent magnet-induced droplet merging technique where
the droplets deflect towards the magnet on the way of its moving along the cross-shaped

channel and merged into a larger droplet [123].
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Figure 1.6: A few salient schemes of droplet merging: (a) Experimental micrographs of
FFD’s (black) in a transparent CM (i), simulation results of FFD’s (red) in a CM (blue)

(i), an array of rhodamine (red) and FFD (black) generated by a double T-junction (iii),

and experimental micrographs of rhodamine and FFD’s merging with time (iv) [121] (b)

Two ferrofluid droplets ‘a’ and ‘b’ with different velocity merge and formed the new

droplet “‘ab’(i) and the dye-ferrofluid composite droplets (ii) [122] (c) permanent magnet

induced droplet merging in a cross shaped channel [123]. Reproduced (a) Ref.[121] with
permission from IEEE (b) Ref.[122] (open access) and (c) Ref.[123] from Elsevier
1.5. Applications of DMF

As already mentioned, digital microfluidics is a very popular technology amongst all other

recent microfluidic systems. It is a micro scale liquid handling technique characterizes by

the manipulation of droplets with actuation of different force. Each picoliter to microliter

sized droplet serves as an isolated vessel for chemical processes which can be moved,

merge, split, and dispense from reservoirs. Because of its unique advantages, including

simple instrumentation, flexible device geometry, and easy coupling with other
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technologies, DMF is being applied to a wide range of fields. Different areas of DMF
application discussed as follows.

Chemical Application: This platform can actuate different organic solvents including
acetone, acetonitrile, ethanol, dichloromethane, and others [124]. A broad collection of
micro-particles, along with semiconducting microbeads and capsules can be synthesized
[125]. Dubois et al. [126] proposed a method to synthesize tetrahydroquinolines by
Grieco’s reaction with ionic liquid droplets as microreactors. A two-plate DMF platform
for chemical synthesis was first introduced by Jebrail et al. which is convenient to control
multi-step parallel functions [127]. This platform can synchronize synthesis of five peptide
macrocycles from three different components. In another application a radiotracer is
synthesized with reliable radio-fluorination efficiency using two-plate DMF device with
four concentric heaters (see Figure 1.7 (a))[128].

Biochemical Application: Digital microfluidics (DMF) has discovered several applications
in the field of biochemistry due to its capability to manipulate tiny droplets with accuracy
and control. It is used to make the typical and cumbersome laboratory procedures easier
by manipulating micro-droplets. These latest developments of DMF are used in several
biochemical applications. Sista et al. proposed a technique to employ DMF platform for
collection and analysis of anonymous and affected newborn dried blood spots samples to
screen for Pompe and Fabry diseases [129].The cumulative effects of these parameters’
variability can be studied by applying Monte Carlo simulations [130]. In some cases
analytes may exist in substantial quantities of diluted concentration, however investigation
procedures require small volume. This problem can be tied out by integrating Solid-phase
micro extraction (SPME) with high-performance liquid chromatography (HPLC) utilized
DMF as the interface (Figure 1.7 (b)) [131].In another application a parallel-plate DMF
device utilized to synthesize a large array of Metal-Organic Frameworks (MOFs) crystals
with high parallelism without any complicated and expensive equipment (Figure
1.7(b))[132]. In this method HKUST-1 [Cu3 (BTC) 2] crystals were printed by actuating a
mother droplet of HKUST-1 precursor solution were actuated over 20 pm x 20 um ITO

coated top plate (Figure 1.7 (c)).
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Biological Application: DMF platform also utilized for biological applications using costly
or precious reagents. There are some challenges regarding sample loss or cross-
contamination due to absorption of biological molecules[133] . This sticking behavior can
be decrease by using an oil matrix which reduces the probability for biomolecules to
encounter surfaces [134]. Samples and reagents which are incompatible with oil, can be
mix with Pluronic [135, 136] or graphene oxide [137]. Consecutive experiment can be
achieved on a fresh device surface using removable hydrophobic insulator [138].
Barbulovic-Nad et al. [139] employed a toxicity assay where droplets carrying cell initially
merged with droplets containing surfactant and later merged with droplets carrying viability
dyes. In this method reagent consumption was reduced almost 30 times. Bogojevic et al.
[13] developed an alternative method where several cell samples are exposed to varying
concentrations of drug at the same time resulting in very little cell de-lamination from the
surfaces. A concept of 3D cell cultures was proposed by Fiddes et al. [140] where
cylindrical hydrogel discs were integrated onto DMF devices. George and Moon [141]
utilized DMF into an enhanced chemical investigation system using the 3D cell culture
technique. Manipulating and characterizing DNA samples are other important MFD
applications. Hung et al. [142] developed a DMF-based DNA extraction protocol with a
smaller number of the washing cycles. Initially magnetic particles collected onto one side
of the droplet and then the unbound reagents or DNA washed out from magnetic particles.
Manipulating and characterizing DNA samples are other important MFD applications.

Digital microfluidic applications in portability: Portable DMF platform is the most
important development of DMF technology[143].This portable device can perform certain
applications such as clinical diagnostics, enzymatic assays, and immunoassays but to
perform the entire assay process (from sampling to sensing) is still under development.
Sista et al. [144] reported an electrowetting-based digital microfluidics platform for
development of immunoassays and DNA amplification with reduced the time-to-result and
integrated sample-to-answer functionality. Kim et al. [145] (see Figurel.7(c)). developed a
portable DMF hub using a capillary-based interface for direct sample delivery. Yafia et al.
proposed another smart phone operated sample processing and detection technique by

means of a colorimetric method [146].
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Figure 1.7: A few salient schemes of Applications of DMF: (a) Top and side views of the
digital microfluidic device used for peptide-based macrocycle (PM) synthesis [127] (b)
SPME-DMF Schematics and digital microfluidic chip designed for printing of MOF
crystals (i) Top-view (upper) and (ii) side-view (lower) schematics of the SPME-DMF
interface [131] (c) DMF hub for DNA applications with capillary-based interface for
sample delivery [145]. Inset figures reproduced from (a) Ref.[127] with permission from
John Wiley and Sons, (b) Ref.[131] with permission from Elsevier and (c) Ref. [145] (Open
access)

1.6. Overview of salient surface phenomenon for open surface DMF

Characterization of surface of digital microfluidic platform is the most important task in
design of digital microfluidic device. Droplet manipulation techniques and their
characteristics mostly depend on the surface property of digital microfluidic platform.
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Presently two types of droplet manipulation techniques are mostly adopted, droplet can be
handled on digital microfluidic platform with contact under different actuation mechanism,
on the other hand a host fluid liquid film on a microfluidic substrate may be used to
transport droplet. Surface characteristics such as wettability gradient, contact angle
hysteresis, temperature gradient influence the droplet actuation method on solid substrate,
where as host fluid liquid film property such as viscosity, surface tension mostly influence
the droplet manipulation velocity in case of host fluid film-based contact less droplet
manipulation.

1.6.1. Fundamentals of droplet manipulation on solid substrates

Droplet manipulation in Digital Microfluidic System performs various chemical or
biological functions on small microchips. At initial stage microfluidic systems use
microchannels for continuous fluid flow which require complicated micropumps,
microvalves and voluminous peripheral apparatus to drive the liquid through the channel
networks [147]. Compared to continuous flow liquid system in micro channels, the discrete
microdroplet manipulation on open surface microfluidic substrate offers higher flexibility,
limited sample consumption with lower cost of device fabrication. Yang et al. [147]
proposed a method of droplet manipulation on a hydrophobic surface using variable
Laplace pressures. Surface wettability gradients created by patterning microstructure
distributions which are composed of several textured regions with gradually increased
structural roughness. Laplace pressures exerted on a droplet due to variation of
hydrophobicity of surfaces whereas resistance forces come from the contact-angle
hysteresis. Another technique of high-speed droplet manipulation on a hydrophobic surface
is displacing a permanent magnet where microliter droplets (5 — 15 pL) containing
paramagnetic particles can be transport with a speed around 7 cm/s [148]. Different
operations such as movement, coalescence and splitting of drops of water as well as drops
of biological fluids can be performed using paramagnetic microparticles chains. Marston
et al. [149] demonstrated an experimental analysis of liquid drop’s initial dynamics onto a
powder surface using high-speed photography. The qualitative features of this drop
dynamics strongly depend on the bed packing fraction (¢), the impact Weber number (We)
and Ohnesorge number (Oh) which characterizing the role of viscosity and the Bond

number (Bo). Yonemoto et al. [150] experimentally demonstrated the sliding behavior of
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water—ethanol mixture droplets on a low surface energy solid surface inclined with constant
angular velocities.
1.6.1.1. Contact Angle Hysteresis (CAH)

When a droplet is placed on a plane, horizontal solid surface then the contact angle defined
as the angle formed by a liquid at the three-phase boundary where a solid surface, liquid,
and vapor meet. The dynamic contact angle implies the measurement of the contact angle
of a liquid droplet on a solid surface while the droplet is in motion, typically advancing or
receding [151]. Contact angle hysteresis refers to the difference in contact angles observed

when a liquid is advancing (spreading, #a) on a solid surface versus when it is receding

(retracting, 6r) and represented by the expression (cos 6r - cos On).
Liquid

Vapour \ 6>90 vapour / Liquid 6<90
Solid Solid
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Figure 1.8: Schematics of contact angle and CAH (a) Equilibrium contact angle on a
hydrophobic surface (b) Equilibrium contact angle on a hydrophilic surface. (c) Advancing
and receding contact angles on a sliding droplet on an inclined plane (d) and (e) faand 6r

measurement using goniometer. (f) Variation of 6a and 6r with contact line velocity

The interface where solid, liquid, and vapour coincide is referred to as the “three phase
contact line” (see Figurel.4 (a) and (b)).Contact angle hysteresis is defined as the difference
in advancing contact angle 6a and the receding contact angle . It can be understood by
observing a droplet resting on an inclined substrate (Figure 1.4(c)) .Here Gravity pulls (mg

sina) acting on the droplet trying to drive it downward while CAH will hold the droplet in
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place. Therefore droplets will turn distorted and will stick in place. The upper portion of
the droplet becomes thin, with a reduced contact angle, while the lower part of the droplet
becomes broad, with a high contact angle. Advancing and receding contact angles are
typically measured by a Goniometer (see Figurel.4 (d) and (e)). Here a needle is bought to
close to the substrate surface and liquid is dispensed slowly to increase the volume of the
drop. As the contact line between the substrate and the drop is increasing, the advancing
contact angle is measured. When the liquid is sucked slowly off the substrate and the
contact line is withdrawing, the receding contact angle is measured. The relation between
contact line velocity and dynamic contact angle for advancing contact line dynamics and
receding contact line dynamics is shown in Figurel.4 (f), which implies that droplet motion

Is impeded by contact angle hysteresis (CAH). This is further elucidated below.

1.6.1.2. Effect of contact angle hysteresis on droplet manipulation

The effect of contact angle hysteresis on droplet manipulation is an important issue in
digital microfluidics. Eisherbini et al. [152] experimentally describe the geometric shapes
of liquid drops at various inclination angles with eight surfaces covering a range of
advancing contact angles from 49° to 112° and receding angles from 12° to 78°. The
dimensionless retentive force can be related to the contact angle hysteresis by

Fs = kyR(cosb, —cosb,) (1)

Where y denotes the liquid—vapour surface tension, k is a constant and R is the equivalent
radius of the droplet footprint [153, 154]. A numerical model proposed by Annapragada et
al. [155] to predict static spherical-cap droplet shapes, critical droplet motion on an inclined
plane and the critical angle of inclination as a function of droplet size at which droplet about
to start. Droplet profile, advancing and receding contact angles for different droplet sizes
and surface inclinations also experimentally measured [156]. Deflection of droplet is a
function of droplet size, droplet speed, the angle of transition, contact angle hysteresis
created in the direction of droplet motion and Weber number. Change of contact angle
hysteresis from a region of higher to lower results deflection of droplets towards the
transition line whereas transition of contact angle hysteresis from lower to higher deflect
the droplet away from the transition line. On the other hand, transition from high to low

hysteresis results in some of the drop’s interfacial energy converted into kinetic energy as
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the deformation of the droplet is reduced. A droplet’s velocity either increases or reduces
in the normal to the line of transition depending on whether the drop transitions onto a
surface of a higher or lower receding contact angle. Overall deflection can be decreased on
the downstream with high hysteresis as it creates higher surface drag. The motion of a
droplet sliding down in an inclined substrate under gravity also depends on contact angle
hysteresis at different stages of motion [157]. Another simple analytical model based on
Newton’s second law reproduced to predict the dynamics of the sliding motion which does
not depart too much from spherical cap configuration. In some cases, the forces due to
hysteresis may overcome the forces present due to gravitational pull which results in the
droplet sticking to the substrate. The droplet with small equilibrium contact angle form long
tail when sliding down in the inclined surface, alternately the droplet likely to have shapes
closer to teardrops for droplets with large equilibrium contact angle. Substrate wettability

gradient can influence droplet manipulation and its speed in DMF platform.
1.6.1.3. Effect of Substrate wettability on droplet manipulation

Droplet manipulation with wettability gradient surface has attained a remarkable role in
Digital Microfluidics (DMF). Various techniques have been used to fabricate desired
wettability gradients, for example, using chemical patterning [158,159], physical texturing
[86,160,161,87], or combination of both [162,89]. Various wettability gradient surfaces
with low CAH can be fabricated where droplets can be manipulated in a pre-defined path
with a minimum distance maintained between droplets. Subramanian et al. [82] reported a
spherical cap droplet motion on a wettability gradient surface where the variation in droplet
velocity is a consequence of change in driving force as well as the change in hydrodynamic
resistance that occurs along the gradient surface. This theoretical model farther validated
experimentally with tetraethylene glycol droplet in a wettability gradient present on a
silicon surface [163]. Droplets of magnetic bead can be handled magnetically using
wettability gradient and surface tension between different liquids without sticking the beads
to the glass surface [164]. Sample bead droplets can be extracted as well as diluted and
finally confirmed that beads can be effectively collected and rinsed using extraction and
dilution units. Another process to generate alternating wettability is to incorporate
anisotropic chemically defined linear-stripe-patterned surfaces where fluorinated self-

assembled monolayer creates the hydrophobic stripes and the hydrophilic stripes generated
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by SiO> substrate [165]. Gosh et al. [96] presented substrate-independent and wettability
patterning method to transport a large volume of droplet (up to 350 puL s—1) in a tapered,
superhydrophilic, open microfluidic tracks overcoming viscous and other opposing forces

(e.g., gravity) without power input.

1.7. Magnetic Digital Microfluidics (MDMF)

Magnetic digital microfluidics (MDMF) is a technology that combines digital microfluidics
and magnetic fields to manipulate small volumes of liquids, typically in the range of
microliters or nanoliters [166]. This technology enables precise and automated control of
droplet size, shape, movement, mixing and formation for various applications such as
chemical analysis, medical diagnostics, and biotechnology [9,167,168]. A magnetic field
is applied to manipulate the particles, and hence, control the movement of the liquid
droplets. Droplet manipulation using magnetic force is achieved by adding magnetic
nanoparticles (ferromagnetic, paramagnetic, and superparamagnetic particles) to the liquid
or by using a ferrofluid, which is a liquid that contains suspended magnetic
particles[169,170,171]. Ferrofluid droplets in magnetic digital microfluidics refer to tiny
droplets of a liquid containing colloidal suspensions of single domain magnetic
nanoparticles such as Ni, Co, Mg, or Zn compositions of ferrite (Fe204), magnetite (Fez0a),
or maghemite (y-Fe-Oz) in a nonmagnetic liquid carrier phase [172]. The droplets can be
moved along pre-defined pathways, merged, or separated by changing the magnetic field
strength and direction. MDMF can handle a wider range of sample types and volumes from
nanoliters to microliters, compared to other digital microfluidic technologies. Magnetic
particles used in MDMF can be functionalized to specifically bind to different types of
molecules, including proteins, nucleic acids [173], and cells. MDMF can be easily
integrated with other technologies such as optics, sensors, and electronics, making it a
powerful tool for various applications. For example, MDMF can be used to perform
multiplexed immunoassays [174,175] using magnetic beads as detection labels, or to
perform cell sorting and manipulation using magnetic nanoparticles. This is a cost-effective
and easy-to-fabricate technology. It can be fabricated using standard microfabrication
techniques, and the magnetic particles used in MDMF are commercially available and

relatively inexpensive. Overall, magnetic digital microfluidics has several advantages over
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other digital microfluidic technologies, making it a promising tool for various applications
in healthcare [176,177,178,179], environmental monitoring and biotechnology. There are
mainly two type of approach in MDMF, Close channel digital microfluidics and open
surface digital microfluidics. Closed channels MDMF present a controlled environment,
where enclosed channels allow precise and controlled manipulation of droplet with
curtailing the risk of contamination and evaporation. Most techniques are channel-based
and paths of magnetic field-movement are predefined, underlining the issue of lack of
controllability. Closed channel droplet actuation technique restricts droplet manipulation
resiliency [79]. Constructing microchannels with the necessitated accuracy can be
complicated and may include advanced microfabrication techniques. This approach can be
disposed to clogging due to particulate matter or biological samples. In closed channel
direct surveillance might be more challenging, possibly needing dedicated imaging
techniques. Compared to closed channel MDMF, open surface has simpler fabrication
processes since this approach does not require complicated microchannel designs
[180,181,182]. Droplets can be more dynamically manipulated on an open surface without
the restrictions of confined channels. Absenteeism of microchannels lessens the risk of
clogging due to particles or debris. This systems allow for a wide range of fluidic
operations, such as droplet merging, splitting, mixing, and transporting. Therefore, to
achieve more precise, flexible, and wide range two-dimensional droplet manipulation, open
surface microfluidic platform is preferred where micro-coil array can be an appropriate
alternative to attain two-dimensional control of magnetic force [183, 184].

1.7.1.Open Surface Magnetic Digital Microfluidics (OMDMF)

Out of the different droplet manipulations strategies discussed so far, magnetic force offers
a viable alternative for open-surface magnetic digital microfluidic (OMDMF) platforms. In
OMDMF, liquid droplets are impregnated with magnetic nano- or microparticles, which
may be functionalized with reactive entities (e.g., molecules, ligands, polymers, proteins,
or even cells) to perform a host of different bioanalytical tasks. For transport of non-
magnetic biological samples, such as blood, saliva, or urine, such samples may be infused
with the functionalized magnetic nano- or micro-particles, and liquid droplets containing
the suspension may be transported using appropriately designed magnetic field gradients

[185]. Thus, the droplets can serve as mobile reactors in an OMDMF. Such platform is easy
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to implement in term of fabrication and integration, can actuate droplets containing
minuscule volume of biological reagents and chemical samples with flexible controllability
and high accuracy. The underlying substrate requires a minimal preparation, e.g., surface
coating with a hydrophobic material such as Teflon AF (amorphous fluoropolymer) or
coating with an immiscible liquid film, so as to minimize the undesirable droplet pinning
on the surface. For effective magnetic fluid droplet manipulation in a microfluidic device
the imposed magnetic field should be strong enough to overcome the viscous resistance,
but at the same time should not lead to particle aggregation and droplet splitting. The
requisite localized magnetic field gradients can be created by using minimized permanent
magnet (see Figure 1.9 (a) and (b)) [186, 187] or electromagnetic coils [78] or by
combination of both [188]. Figure 1.9(a) show a movement and merging of liquid droplets
on Teflon coated glass using permanent magnet and figure 1.9(b) demonstrate another
droplet manipulation technique using permanent magnet on magnetically deformable
flexible substrates. Figure 1.9 (c) illustrate a concept of water droplet movement on a soot-
wax coated PDMS-iron particle composite substrate using a permanent magnet with
focused mild steel cone. Here the deformed surface profile (by movement of the cone)

forms sufficient roll off angle for droplet movement [189].

Reckoning the current widespread relevance of EWOD in the microfluidic community, it
is important to introspect the salient differences between the two techniques (see Table 1.1).
There are few distinct advantages of OMDMF over the traditional DMF mode employing
electrowetting on dielectric (EWOD), thermal or acoustic actuations. For example,
dielectric control involves applying high potential difference (~kV), which often associates
with the phenomenon of gas evolution due to electrolysis; it may also affect the viability of
bioparticles due to Joule heating and dielectric breakdown. In thermal control, droplet
sorting requires a threshold level of temperature difference which may not be viable for
some reagents; additionally, generation of the requisite thermal gradient may either
increase the requirement of the chip infrastructure, or the temperature range may interfere
with the viability of the biological moieties. SAW-based droplet sorting requires heavy
investment in terms of RF oscillating materials with high modulus of elasticity, e.g.,
platinum; embedding the oscillators in the chip is often cumbersome. One major

shortcoming in realizing widespread OMDMF stems from the fact that the actuation is still
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hardwired into the system (the substrate), and hence flexibility and versatility in droplet

manipulation is missing.

Table 1.1: Comparison of EWOD and magnetic manipulation of discrete droplets

EWOD manipulation

Magnetic manipulation

It modulates the wettability of a surface
with respect to a liquid by applying an
electric field to a thin dielectric layer on a
hydrophobic surface. This alters the
contact angle of the liquid droplet,

enabling precise manipulation.

It uses magnetic fields to control the
movement of droplets with magnetic
nanoparticles within it. External magnetic
fields exert forces on the droplets, directing

their motion.

The apparent contact angle of a sessile
droplet under an applied electric field is
governed by an interplay of surface and
electrostatic energy, as per the Lippman-
Young equation [190]. Droplet motion is
caused by an asymmetric change in the
contact angle of a droplet when
asymmetric voltage is applied through

multiple electrodes.

The apparent contact angle of a sessile
droplet under an applied magnetic field is
governed by an interplay of surface and
magnetostatic energy [191, 192]. Droplet
motion is primarily caused by magnetic
polarization force [172] under a magnetic
field gradient. The role of change of
apparent contact angle on droplet transport
is less [191].

Requires high electric potential (~ kV)
[193]

Requires spatial gradient of magnetic field
[194].

EWOD

manipulation, but the transport speed is

offers precise droplet

most often limited to ~3 mm/s [195].

Magnetic manipulation is faster (velocity ~
11.5 cm/s) but precision is less than that of
EWOD [196].
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EWOD manipulation Magnetic manipulation

EWOD systems can be complex, requiring | Magnetic systems may have simpler setups,
precise control of voltages and elaborate | but incorporating magnetic components
electrode assembly within the substrate | may introduce complexities [198].

[197].

Nguyen et al. [199] experimentally demonstrate the effect of magnetowetting and sliding
motion of a sessile ferrofluid droplet on a planar homogeneous surface using permanent
magnets of different sizes and strengths. The magnetic force should be large enough to
overcome the resistive friction and the capillary force to actuate the droplet (see figure
1.9(d)) .Nguyen et al. [200] reported a simple actuation system to drive ferrofluid droplet
by four planar coils in combination with a pair of permanent magnets and a soft magnetic
steel sheet. A closed loop two-dimensional, programmable actuation of a ferrofluid droplet
using four planar micro-coils demonstrated by Ali Beyzavi et al. [194]. Magnetic beads
assigned in an oil-coated aqueous droplet can be actuated by an external magnet along with
different operation such as coalescence and splitting on an open hydrophobic surface (see
figure 1.9(c)) [189]. Assadsangabi et al. [188] studied a new method to actuate ferrofluid
droplet using micropatterned planar coils coupled with bias field of permanent magnets.
Precise manipulation of large amounts of individual droplets with controlled flexible
trajectory was achieved by an approach developed by Chen et al. [201]. Ganguly et al. [202]
provided an insight into the transport of ferrofluid and magnetic microspheres for droplet-
based microfluidics and presented a review of their applications in microscale devices. The
Kelvin body force on the magnetic nanoparticles is proportional to both the gradient of the
magnetic field and the field strength [172]. Thus, on a microfluidic platform, it is possible
to create strong localized magnetic force-fields by deploying static or rail-mounted
miniaturized permanent magnets next to the chip, or embedding miniature electromagnet
coils [203, 204, 205, 206], sometimes a combination of an active electromagnet, for
creating localized gradient, and a macroscale magnet for creating the magnetic bias has also

been used (see Figure 1.9(e)) [207]. Deng et al. [208] employed lithographically developed
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micro-electromagnets in a superposed biasing external magnetic field to realize controlled
movement of superparamagnetic microbeads in a suspension. More recent applications
have shown better on-chip maneuverability, lower power consumption and high throughput
using sequentially switchable multiple-coils and arrays [209]. A new dynamic and compact
technology by Fulcrand et al. [210] demonstrated simultaneous manipulation of microbead
batches in continuous flow along controlled spatial pathways by synchronizing the injection
of beads in the channel and the actuation of micro-coils. While most of these above
techniques manipulated individual magnetic microbeads (micron sized polystyrene beads
containing superparamagnetic nanoparticles) in a suspension, similar manipulation of
ferrofluid droplets have not been undertaken widely. On-chip transport of ferrofluid
droplets have initially been carried out by the group of Nguyen et al. [211], who reported a
system for magnetic manipulation of ferrofluid droplets by an array of PCB-based planar
coils in conjunction with permanent magnets. Probst et al. [183] developed a strategy for
optimally controlled planar steering of ferrofluid droplet using four electromagnets. Studies
on manipulation of magnetic particle-laden droplet on superhydrophobic substrates have
provided an insight of the relevant operating regimes (see figure 1.9(b)). Nguyen et al. have
investigated the fluid dynamic aspect of ferrofluid droplet manipulation on an open
substrate that is covered with an immiscible liquid or a superhydrophobic coating [212].
Bijarchi et al. proposed a platform to pull a fully immersed water-based ferrofluid droplets
in a pool of olive oil (carrying substrate) using switching two electromagnet in either
direction [213] see (Figure 1.9(f)). While these works have nicely portrayed the
controllability of the ferrofluid droplets in one or two dimensions on the substrates through
controlling the excitations in the field-producing coils, ferrofluid transport behaviors using
multiple-coil arrays have not yet been studied.
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Figure 1.9: A few relevant scheme of open Surface Magnetic Digital Microfluidics: (a)
Movement and merging of droplets containing magnetic particles by permanent magnet
beneath a Teflon coated glass [186] (b) Droplet actuation approach on a magnetically
deformable flexible substrate using permanent magnet [187] (c) Droplet movement on a
(magnetic nanoparticles) MNP-embedded PDMS chip using a permanent magnet [189] (d)
Schematics of experimental setup of a static and sliding water based ferrofluid droplet on a
Teflon coated glass substrate [199] (e) Actuation of ferrofluid droplets using combination
of permanent and electromagnetic fields [207] (f) Schematics of a fully immersed water-
based ferrofluid droplet pull [213] Inset figures reproduced (a)[186] with permission from
IOP Publishing (b) [187] and (d) [199] with permission from Elsevier (c) [189] with
permission from Langmuir (e) [207] with permission from Royel Society of Chemistry (f)

[213] with permission from Wiley and Sons
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1.7.2. Electromagnets and their configuration

Electromagnets are commonly used in digital microfluidics to manipulate and control the
movement of droplets or particles within a microfluidic system. The configuration of the
electromagnet can be either planar or vertical. In planar electromagnets, the coil is laid flat
on a substrate, while in vertical electromagnets, the coil is wound around a vertical axis.
Planar electromagnets are commonly used in digital microfluidics because they can be
integrated with other components on a single substrate, which simplifies the fabrication
process and reduces the overall cost. In digital microfluidics, the droplets are typically
manipulated by changing the magnetic field around them. This can be accomplished by
controlling the current flowing through the coil, which in turn changes the magnetic field
strength and direction. By changing the magnetic field, it is possible to attract, repel, and
move droplets along specific paths, enabling precise control over their movement. The
configuration of the electromagnet used in digital microfluidics depends on the specific
application and design requirements. Planar and vertical configurations both have their
advantages and disadvantages, and the choice depends on factors such as the size of the
droplets, the complexity of the device, and the required precision of the manipulation. In
open surface Magnetic force-based droplet manipulation technique droplets can be
conducted in a host fluid film or can be actuated on solid surface. In both techniques

droplets are manipulated under the influence of external magnetic field.
1.7.3. Magnetic force-based droplet manipulation in host fluid film

Magnetic force-based droplet manipulation in a host fluid film is a technique that implies
the manipulation of small droplets of one liquid suspended in a thin film of another liquid
using magnetic fields. The film of the host fluid is spread over a surface, and droplets
containing magnetic nanoparticles are deposited on the film. The suspended droplets can
be manipulated by applying an external magnetic field to the surface. The magnetic
nanoparticles in the droplet align with the field, creating a magnetic moment in the droplet.
This magnetic moment interacts with the external magnetic field and generates a force on
the droplet, allowing it to be moved or positioned as desired. Confined droplets in a thin
film limit its drive in the vertical direction and allows more precise control over the

droplet’s position and movement. Additionally, the host fluid film can be planned to have
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specific properties, such as viscosity or surface tension, which can be used to control the
droplet’s behavior. It provides a versatile and powerful tool for manipulating small droplets
in a controlled and precise manner. This technique has applications in microfluidics, lab-
on-a-chip systems, and biomedical engineering. This provides a more flexible and versatile

approach to droplet manipulation and enables the creation of complex droplet patterns.

1.7.4. Magnetic force-based droplet manipulation on solid substrate

This technique is used to manipulate and control the movement of droplets on a surface
using magnetic fields. This method is particularly useful in microfluidic systems and lab-
on-a-chip devices, where precise control over droplet position and movement is critical.
Here droplets can be functionalized with magnetic nanoparticles, which can be manipulated
using external magnetic fields. By controlling the direction and strength of the magnetic
field generated by an electromagnet or a permanent magnet, the droplets can be controlled
to direct at specific locations on the substrate, merged, or split into smaller droplets. The
advantages of magnetic force-based droplet manipulation on a solid substrate include high
precision and repeatability, as well as the ability to manipulate droplets non-invasively
without the need for direct contact with the droplets or substrate. Additionally, the
technique is relatively simple to implement and does not require complex microfabrication
processes.

1.8.Research gaps

Magnetic digital microfluidics is a relatively new and emerging field that combines digital
microfluidics and magnetic actuation to control the movement of droplets in small volumes.
It is a promising technology for various applications, including lab-on-a-chip devices,
point-of-care diagnostics and drug discovery. While there has been some notable prior work
around contact-less manipulation of magnetically polarizable liquids on open-surface
microfluidic platform, the state-of-art is still far from the stage of commercial
implementation, and there are definite gaps that need to be addressed for its continued

development and field-deployment of the technology. Identified gaps are as follows:-

1. One of the major gap is that relatively simple mode of droplet manipulation that is
achieved. For example, the works reported in Ref [186,187,199,211] have primarily
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demonstrated field-induced droplet movement on open surface platforms along a straight
line only.

2. There are again very few reports [78,207] where droplets are manipulated along a more
complicated, predesignated path.

3. The chip real estate and magnetic circuitry deployed for most of the existing magnetic
micro-manipulators are custom designed for only one specific purpose. For widespread
practical usage, it is imperative that the chip design has high operational flexibility.

4. It is necessary for MDMF to manage the expanding complication of bioassays where
multiple reactions can be carried out in parallel for high-throughput analysis. Therefore,
multiple droplets must be manipulated simultaneously.

5. Although some earlier works demonstrated parallel magnetic droplet manipulation
where droplets move along a single path. [214, 215] those did not strive to tackle more
complex manipulation like multiplexing, merging, and sorting of discrete droplets.

6. Another major gap in the existing on-chip droplet manipulation strategies is the lack of
configurability in terms of droplet manipulation. Existing works in literature have shown
proven capabilities of dedicated transport but have not demonstrated the ability of changing
the transport on-the-go, and transport reversibility. MDMF reported in the literature have
shown great potential for automation, but still, it is required to improve control and

accuracy for point-of-care diagnostics in low-resource settings.

1.9. Intent and objective of present work

Considering the aforementioned gaps in the literature, the present study attempts to identify
a versatile design of droplet actuation on surface microfluidic platform with more precise
control over droplet movement and positioning. In this study, two adaptable magnetic
force-based droplet manipulation strategies have been proposed using an array of planar
electromagnetic micro coils embedded in a substrate. The first approach presents a proof-
of-concept demonstration of transporting microliter-size, oil-based ferrofluid droplets over
a thin aqueous film on a flat substrate under the spatiotemporal distribution of magnetic
field produced by a substrate-embedded circular micro coil. Subsequently, a numerical
model is presented to describe the directional transport of the ferrofluid droplets on the

liquid film overlaying the substrate using sequentially switched double stranded array of
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electromagnetic micro-coils. Influence of the salient design and operating parameters like
coil current, ferrofluid droplet size and magnetizing current, fluid viscosities, etc. are also
studied. Ferrofluid droplet transport time over the length of the active substrate is
characterized in terms of a group variable that can serve as the basis of a general design

criterion for similar ferrofluid droplet-based micro-manipulation devices.

In the second approach two distinct transport models are discussed where cap volume
ferrofluid droplet manipulated on solid surface. In the first transport model an array of
double layer electromagnetic micro-coils is used to actuate a cap volume ferrofluid droplet
in a rectilinear path on a solid substrate. Like the previous case, a sequentially switched
array of electromagnetic micro-coils is used to generate a spatio-temporal distribution of
magnetic field that steers the ferrofluid droplet on the surface. A square coil with different
orientation and dimension is used to get better packing density (minimizing the dead space
between the neighbouring coils). The second transport model demonstrates exclusive two-
dimensional droplet manipulations such as multiple droplets sorting, sequential merging as
well as pooling on a solid hydrophobic surface by sequentially switched array of 31 square-
shaped electromagnetic micro-coils. A numerical model is proposed to analyze controlled
manipulation of spherical cap ferrofluid droplets on a solid substrate. This numerical model
is used to analyze the behavior of droplets under various external factor such as magnetic
field strength, surface frictional drag, droplet size and contact angle hysteresis and help to
design of optimal experimental conditions for droplet manipulation. It can be used to
predict the movement and positioning of the droplets and to optimize the magnetic field
parameters to achieve desired droplet operations such as sorting, merging, and pooling. A
concept of spherical cap ferrofluid droplet sorting on a solid hydrophobic surface actuated
by sequentially switched array of electromagnetic micro-coils is demonstrated. The
technique of multiple droplets sequentially merging as well as pooling on solid
hydrophobic substrate is also proposed. Such a type of transport in digital microfluidics
offers a versatile platform for performing a wide range of chemical and biological assays
with high precision and accuracy. Sequential merging of multiple droplets increases the
volume of liquid that can be manipulated on the substrate where small volumes of liquid
need to be combined or diluted. It enables the mixing of their contents to initiate a chemical

reaction. By pooling droplets, it is possible to create a higher concentration of a particular
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sample, or to combine different samples for analysis or reaction. Such droplets essentially
remain as spherical cap volumes on a solid surface, with slight to moderate deformation in
shape arising of contact angle hysteresis. The study reports the influence of the operating
parameters like the coil current, droplet volume and contact angle hysteresis. Various
microfluidic functions require different amount of reagent and sample volumes for specific
functional objectives [216,217] which can be successfully achieved and precisely
controlled by the present approach of polydisperse droplet-sorting on digital microfluidic
platform. In the next paragraph, an overview of Digital Microfluidics (DMF) has been
discussed in detail. The predicted motion of ferrofluid droplets offers possibility of on-chip

handling of biochemically functionalized droplets for different microfluidic tasks.

Specific objectives of the current work is to

1. Develop a numerical model for magnetic manipulation of a ferrofluid droplet on an open
surface digital microfluidic (OMDMF) platform deploying switchable array of embedded
electromagnetic micro-coils. The theoretical model is capable of resolving different forces,
e.g., magnetic, viscous, surface tension (contact pinning) while describing droplet
manipulation on

i) a liquid film atop a solid substrate, and
i) a hydrophobic solid substrate

2. Validate the models against benchmark experimental results

3. Describe the transport of a spherical-cap ferrofluid droplet on a liquid film atop a
substrate and characterize the transport time in terms of the salient operating parameters,
e.g., coil-current, droplet size, and host-fluid viscosity.

4. Describe the droplet transport and precise positioning on a hydrophobic solid platform
using sequentially switchable array.

5. Describe complex droplet manipulations, e.g., sorting, merging and pooling using a
versatile, configurable magnetic micro-coil array, and characterize the requisite switching

sequences of the magnetic microcoils.
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1.10.Exclusiveness and novelty of the work

Based on literature reviews and identified research gaps, in this study certain exclusive

methods are proposed for ferrofluid droplet manipulation by planar electromagnetic micro

coil in magnetic digital microfluidics system. These offers several novel features and

advantages compared to traditional microfluidic systems.

1.

The use of ferrofluid droplets enables the manipulation of droplets using magnetic fields,
which provides highly precise means of control.

Magnetic fields generated by planar electromagnetic micro coil, which can manipulate
the droplets in a wide range of directions with high accuracy thereby enabling non-
contact manipulation of ferrofluid droplets, minimizing the risk of contamination and
damage to the droplets.

The planar electromagnetic micro coil facilitates high-speed manipulation of ferrofluid
droplets, which is essential for applications such as droplet sorting and merging.

The planar electromagnetic micro coils can be promptly switched on and off for speedy
movement and manipulation of the droplets. The use of ferrofluid droplets and the planar
electromagnetic micro coils allow for manipulation at small scales, which is particularly
useful for applications in microscale manufacturing, chemical analysis, and biological
assays.

The arrays of planar electromagnetic micro coils are designed and operated in such a
way that it provides real-time control and monitors the actuation of droplets with high
operational flexibility.

The most glaring novelty of this study is configurability of planar electromagnetic micro
coils arrays in terms of droplet manipulation. By adjusting coil geometry, orientation,
magnetic field strength and coil switching droplets actuation speed, direction and droplet
transport route can be controlled and even reconfigured to meet specific requirements.
This reconfigurable design enables manipulation of multiple droplets simultaneously,
which is necessary to manage the expanding complication of bioassays where multiple
reactions are required to be carried out in parallel for high-throughput analysis. This is

one major novel attribute of the work.
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8. This feature can improve the accuracy and efficiency of droplet manipulation and reduce
the amount of time and resources needed for testing.

The abovementioned attributes underscores the exclusiveness and novelty of the current work.
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Chapter 2: Theoretical Formulation

This chapter describes the physical arrangement of planar micro-coil array, the magnetic
field produced by the coils as current flow through them, magnetic force created by the
magnetic field on magnetic fluid droplets and the ensuring ferrofluid droplet transport
equations that are complied. As already mentioned in the previous section the physical
arrangement comprises an array of microfluidic chip embedded electromagnetic coil which
are energized appropriately to produce a directional transport to individual droplets in a
predetermined fashion. Configurations of the magnetic coils play an important role in
creating droplet manipulation in digital microfluidic platform and thereby require special
attention.

2.1. Specification of planar coils and coil array

The configuration of micro coils is an important issue in magnetic digital microfluidics
because it directly affects the magnetic field generated and, therefore, the ability to
manipulate droplets. The strength and directionality of the magnetic field is important
because it affects the force exerted on the droplets and the ability to manipulate the droplets
in specific directions and patterns. Furthermore, the configuration of micro coils can also
impact the uniformity of the magnetic field generated. A non-uniform magnetic field can
cause droplets to move in unpredictable directions, making it difficult to accurately
manipulate droplets for various assays. A planar coil is a type of electromagnetic coil that
is flat and has a square or circular shape. When a current passes through the coil, it generates
a magnetic field that can be used to manipulate ferrofluid droplets. The magnetic field
generated by a planar coil can be described by the Biot-Savart law, which states that the
magnetic field at a point due to a current element is proportional to the current and inversely
proportional to the distance from the point to the current element. When a ferrofluid droplet
is placed in a magnetic field generated by a planar coil, it experiences a magnetic force due
to the interaction between the magnetic moment of the droplet and the magnetic field. In
this study three distinct strategy have been proposed where in all approach square coils of
different specifications and corresponding arrays are employed to manipulate ferrofluid
droplets. Square coils are chosen over the traditional circular coils as the former provide

the greater packing, allowing minimum gap between two adjacent coils. An array of
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circular coils would have left empty spaces between coils that do not contribute to the

magnetic field.

1t Trasport model: Figure 2.1(a) shows the arrangement of a planar square coil of 10
mmx10 mm size in a double-stranded array. Ten coils are placed under an 18 mmx60 mm
flat substrate (dimension typical of a microfluidic chip) on which a thin (2mm) film of
aqueous solution renders mobility of the ferrofluid droplet. Figure 2.1 (b) shows a single
square coil with detailed specifications while the inset (upper left corner) shows a cross-
section view of the bottom substrate, embedded conductors under the substrate, the
overlaying liquid film on top. Each square spiral consists of 6 turns of conductors at 800
um pitch. The conductors have 800 um x 800 um square cross section. Each conductor of
the planar coils is considered as composed of a bundle of 5x3 slender of current-carrying
wires (see the inset (lower left corner) of Figure 2.1 (b)). This array of electromagnetic
micro-coils is employed to manipulate ferrofluid droplets over a thin aqueous film (at AA’
plane, see figure 2.1(c)) on a flat substrate at. The micro-coils array embedded under the

substrate to generate a field required to actuate droplets.
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Figure 2.1: Arrangements of planar square coil (First transport model): (a) Array of the
square coils arranged in double row (b) A single coil (coil subsequent array shown in Figure

2.1(a)) is shown with its specifications. (c) Schematic arrangement showing the relative
positions of the coil and the AA” plane

2" Transport model: Figure 2.2(a) shows the arrangement of double-layer planar square
coils of two different size (six 20 mm? square coil in lower layer and six 10 mm? square
coils in upper layer) in a two stranded array of 12 coils (Typical dimension of a stranded
array is 40 mm x 60 mm) fabricated on a flat PDMS substrate of 50 mm x 70 mm. The
smaller coils are positioned in the upper tier accurately in between two larger coils (20
mm?) which act as a booster-field to accelerate the droplets as they pass over one coil to

the other. The two layers of coils are separated by an insulating layer of 350 pum thickness
(see figure 2.2(d)).
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The substrate can be assembled in two layers —the lower portion may be built from a soft
polymeric material (e.g., a polydimethylsiloxane or PDMS) in which the millimetric-scale
electromagnet coil may be set in. A thin (~ 2000 um) layer of the identical substrate
material may be placed atop the coil to provide electrical insulation. Lastly, a coating of a
hydrophobic (HPB) material, such as Teflon AF or a fluoroalkylsilane, is positioned atop
the upper layer The hydrophobic coating is meant to offer nominal droplet pinning (e.g., a
low contact angle hysteresis), permitting the droplet actuation with lowest restraining force.
Figure 2.2 (b) and Figure 2.1 (e) show the smaller and larger square coils of with detail
specification respectively. Each square spiral consists of 12 turns of conductors at 500 um
pitch. The conductors have 500 um x 500 um square cross section. This array of double-
layer planar square coils fabricated on a flat PDMS substrate and used for controlled
manipulation of spherical cap ferrofluid droplets on a solid substrate. Figure 2.2 (c)
symbolizes zoomed in image from a specific section of four conductors (two conductors
from lower tire and two from upper tire as shown in in figure) from the two tire array of
planar coils. Figure 2.2(d) indicates a cross-section view of the bottom substrate, embedded
two tire conductors, insulating layer between two layer of array, the overlaying substrate

and the HPB coating on top.
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Figure 2.2: Arrangements of planar square coil (Second transport model): (a) Arrangement
of double layer planar square coil (number of coils arel2) (b) and (e): Distinct coil
specification of smaller coil (upper tire 10 mmx10) mm and larger coil (lower tire 20
mmx20 mm) respectively.(c) Zoomed in image of four conductors from the two tire array
of planar coils. (d) A cross-section view of the bottom substrate, embedded two tire
conductors (two conductors from lower tire and two from upper tire as shown in in figure
(c)), insulating layer between two layer of array, the overlaying substrate and the HPB

coating on top
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3" Transport model: Fig 2.3 (a) shows the schematic arrangement of 31planar square coils
of 15 mmx15 mm size, embedded in a 60 mmx150 mm substrate in an array of five rows
—having 5, 6, 9, 6 and 5 coils, respectively. The substrate may, in reality, be fabricated in
two layers — the lower section may be made from a soft polymeric material (e.g., a
polydimethylsiloxane or PDMS) in which the millimetric-scale electromagnet coil may be
embedded. A thin (~ 2000 um) layer of the same substrate material may be deposited atop
the coil to provide electrical insulation. Finally, a coating of a hydrophobic (HPB) material,
such as Teflon AF or a fluoroalkylsilane, is laid atop the upper layer (Fig 2.3 (c) shows a
3-d rendering of the coil array embedded in the substrate). The hydrophobic coating is
meant to offer minimal droplet pinning (e.g., a low contact angle hysteresis), allowing the
droplet actuation with minimum restraining force. Fig 2.3 (b) shows a single square coil
with detailed specification, while the inset shows a cross-section view of the bottom
substrate, embedded conductors, the overlaying substrate and the HPB coating on top. Each
square spiral consists of 12 turns of conductor at 500 um pitch. The conductors have 500

um x 500 um square cross section.
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Figure 2.3: Arrangements of planar square coil (Third transport model): (a) Arrangement
of a 31 planar square coil of 15 mmx15 mm size in a five stranded array with their coil
number (b) Structure of the stranded array fabricated on a flat solid substrate (c) Single
square coil structure with detailed specification; inset shows a cross-section view of the
bottom substrate, embedded conductors, the overlaying substrate and the hydrophobic
(HPB) coating on top
2.2. Magnetic field due to planar micro-coil
The Biot-Savart law [218] can be used to calculate the magnetic field produced by a
current-carrying wire at a given point in space. In this study the planar microcoils are flat,
square loop of wire, and the magnetic field can be calculated following the approach of
Santra et al. [219] for each slender conductor segment in a coil and then by superposing the

resulting fields.
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2.2.1. Computation of magnetic field due to current through a loop

Figure 2.2 shows a single conductor segment of the coil placed in x-y plane. The magnetic
field at a point P in the 3-D space for a single conductor can be calculated using the Biot

Savart Law as
= ol , . . ~
B = h (sing, —singp,)e (2

The coordinates of endpoints of the conductors are known from the geometry and the
orientation of the coil. The coordinate of the point P is an input parameter, where the field
Is to be measured. To determine the sine component of the initial and final angle @: and @,
the lengths: Dst, Dng and Pin are calculated from the geometry (see Figure 2.2). Pin is the
distance between the point P and the conductor (extended) which is mentioned as s’ in the
Equation (2). Thus, after determining all the required distances, Equation (2) is applied to
find the magnetic field of a single conductor segment. In a similar manner the magnetic
field at point P for all the conductors in the x-y plane can be calculated. And then the
superposition of the magnetic fields of all these segments results in the total magnetic field
of the coil. Thus, for every point in the 3-D space the total magnetic field can be calculated
for the planar spiral coil using a simple coordinate geometry and application of Biot-

Savart’s Law.

2.3. Magnetic force due to current carrying planar microcoil

The information of the local magnetic force field is important for predicting the magnetic
manipulation of the microliter volume ferrofluid droplet. Considering each ferrofluid
droplet to have homogeneous magnetization M induced due to an imposed field H, the
magnetic force on such a droplet within the magnetic field is calculated from the general
expression [219]

Fnag = Mo [ (M.V)Hd?r) 3
The integral is taken over the volume of the magnetic object (the ferrofluid droplet is
spherical for simplicity, irrespective of the magnetic field), and H is the magnetic field at

the droplet center. In Eq. (3), H denotes the field in the absence of the magnetic object, i.e.,
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it does not consider the demagnetization effect caused by the magnetic material due to
magnetic polarization. To account for the demagnetization effect for a spherical droplet in

a homogeneous magnetizing field, the magnetization M inside the bead is given by [220]

_ Xi o Mr—1
Xm = Szl 3 ﬂr"'ZH “)

Where yi the intrinsic susceptibility of the magnetic bead material is ym the measured
susceptibility of a single magnetic bead including demagnetization effects, and pir=1+y; is
the relative permeability of the magnetic bead material. Substituting Eq. (4) in Eq. (3) and
getting the force equation [219].

Fnag = Ho J(M.VIHA®r = o350 [(H.V)HA®T = 5 poVir 2V (1H?)) (5)

It is assumed that the integrand is constant over the volume Vre of ferrofluid droplet with
radius Rrr (valid for a very small drop size, such that the local field is almost constant over
the entire volume of the droplet), and that H is curl free (since there are no free currents

outside the copper coils).
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Figure 2.4: Geometrical configuration for calculation of the magnetic field due to a current

carrying segment of conductor
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2.4. Droplet transport model on open surface microfluidic platform

This section illustrated the droplet transport model on an open surface magnetic digital
microfluidic platform using electromagnetic micro coils. These micro coils generate
localized magnetic fields that interact with magnetic particles within the droplets, enabling
their manipulation and transport both within a liquid film and on a solid surface. This
transport model used to analyze the behavior of droplets under various external factor such
as magnetic field strength, surface frictional drag, droplet size and contact angle hysteresis
and help to design of optimal experimental conditions for droplet manipulation. It can be
used to predict the movement and positioning of the droplets and to optimize the magnetic
field parameters to achieve desired droplet operations such as sorting, merging, and
pooling. In the case of a liquid film-based open surface magnetic digital microfluidic
platform an array of electromagnetic micro coils is positioned beneath the liquid film. The
liquid film acts as a medium for droplet transport, while the magnetic fields generated by
micro coils control the movement of the droplets. This manipulation enables precise control
over the position and movement of the droplets on the liquid film. In the case of a solid
surface-based open surface magnetic digital microfluidic platform, electromagnetic micro
coils are integrated into the surface. These micro coils generate localized magnetic fields
that interact with the magnetic particles within the droplets, facilitating their manipulation
and transport.

2.4.1. Droplet transport model within liquid film

In this study the ferrofluid droplets stably floating on the agueous film have been considered
spherical droplets. The droplet creates a curvature on the water surface due to the mutual
interaction of the ferrofluid and water surfaces (see the inset of Figure 2.3) which produces
a net vertical contact force component Fs balancing the apparent weight W, of the droplet
and the vertical component of magnetic force Fn;. It has also been observed during
experiment that the droplets remained afloat irrespective of the vertical component of the
magnetic force (i.e., there is no appreciable droplet motion in the z-direction) for the entire
course of manipulation. Fmy and Fmy are the x and y components of magnetic force which

produces a net acceleration of the ferrofluid droplet. As the droplet starts to move on the x-
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y plane on the aqueous surface, a resistive fluidic drag D acts against the direction of

motion.

Coil center line 7

"0 000000000000 O
Coil conductors

Figure 2.5: Forces on a ferrofluid droplet (FF), half-immersed at the surface of water. D
denotes the fluid drag and Fs denotes vertical contact forces due the surface tension at the

water-air-ferrofluid contact line (inset), Wa denotes the apparent weight (i.e., weight minus

the buoyancy force) of a droplet

The equations of motion for the droplet of mass mer in terms of the x and y components are
obtained by balancing the net unbalanced forces with the inertial one (the product of mass
and acceleration), i.e.,

d?x N
mFFF:Fm(x;y:Z)ex‘l'D (6)

d? A
Mpp d—tf = Fn(x,y,2)é, + D @)

Along the z axis, it is assumed that the surface tension-induced reaction force can nullify

the z component of magnetic force and the buoyancy force, i.e.
0=FK-F\(xyz2).6,-W, (8)

where W, denotes the apparent weight (i.e., weight minus the buoyancy force) of the
ferrofluid droplet. Clearly, the pertinent equations of motion for this case are only the Egs.
(6) and not (7), as the droplet does not exhibit any z-directional movement. The drag force
on a fully immersed ferrofluid sphere of viscosity #er moving with a velocity U through

another stationary fluid of viscosity # is obtained considering Stokes flow regime for the
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droplets [221,222] (an assumption that is valid considering the extremely small size and

velocity scales involved, so that Re =2pURgr/7 <1), so that

2+3
Dsphere = 27TRFFUU( - C) 9)

1+¢

where, ¢ = nrr/ Considering the ferrofluid droplet to be half-immersed, the drag force

D is equal to half of Dsphere as predicted by Eq. (9).

Here U is the droplet velocity which consider dx/dt and dy/dt along x axis and y axis
respectively and the Eq. (6) and (7) they can be written as:

2+3
mFF Tz X+ TRppnU (_;)E —E,(x,y,2)é, =0 (10)
d?y 2+3
Mpp 25 2+ T[RFFnU( k ;) b n(x,y,2)é, = (11)

Now the x and y components of magnetic force on a ferrofluid droplet from Eq. (5) are:
Fnx = Ho 3 T[RFFXma ( HZ) and Fny = Wo 3 nRFFXma ( HZ)

So, Eq. (10) and (11) can be written as in following forms:

4 d? 243

gﬂRgF,DFF d_tf + TRppn (T:) 7 Moz 7TRFF)(m Py ( HZ) =0 (12)
4 d? 2+3¢\ d

ET[RE'FPFF d—tf + TRppn (ﬁ) d_jt] —Mo3 ”RFFXm 2y ( HZ) =0 (13)

Thus, the equations of motion of the ferrofluid droplets (Eg. (12) and (13)) assume the
following forms:

d?x 2+3 dx " 1
ac T3 ( 1+c€) = f(x)uo T[RFFXma ( Hz) =0 (14)

Rgp PFF dt

a?y | 3 (2+3¢ N 4y  loXm 4 53 8 (1.2) _
dat? = 4 ( 1+¢ ) Rip ppr dt  prp fOuo 37TRFFXm ox (2 H ) =0 (15)

Here f(x) = %GHZ) and f(y) = aa—y(%Hz) are derived from the computed magnetic
field profile (see Section 2.2) using central differencing finite difference approximation
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[219]. Equations (14) & (15) are second order ordinary differential equations, which are
solved with initial conditions of stationary droplet at the point of their release, i.e., at t = 0,
X = Xo and dx/dt=0 for Eq. (14), y = yo and dy/dt=0 for Eq. (15). The locus of a ferrofluid
droplet is obtained from numerical integration of Egs. (14) and (15) using an explicit Euler
integration method [223]. The time step of the integration is chosen so that the droplet does
not travel more than 1/100™ of its diameter in a single time step to accurately simulate the

motion of a droplet and ensure stability in simulations.
2.4.2. Droplet transport model on solid surface

The transport of the droplet on the solid surface can be modeled using a combination of
resistive surface frictional drag, contact angle hysteresis, and the magnetic force acting on
the droplet. The droplet will move along the surface in response to the magnetic force, with
the direction and speed of motion depending on the strength and direction of the magnetic
field. In this study spherical cap ferrofluid droplets are assumed to move on a solid
hydrophobic surface under actuation of magnetic force generated by planar electromagnet
coil (shown in set of Figure 2.4). Here a resistive surface frictional drag and contact angle
hysteresis force act against the droplet motion. Fmagnxy) iS the x and y components of
magnetic force which produces a net acceleration of the ferrofluid droplet against opposing
forces. As the droplet starts to move on the x-y plane on the solid hydrophobic surface, a
resistive friction Fny) acts against the direction of motion along with another resistive
force due to contact angle hysteresis Fnyst(x, y). The equation of motion for the spherical cap
ferrofluid droplet of mass merin the x-y plane on a solid surface is obtained by balancing

the net unbalanced forces due to frictional drag and contact angle hysteresis, i.e.,

dzs
Mpp qc = Fmag(x,y) - thst(x,y) - Fn(x,y) (16)

Where mer and S denote the mass and position vector of spherical cap ferrofluid droplet

on the x-y plane respectively.

Mass of the droplet mer =Vsd p , Where p is the density of droplet and Vsq is the volume of
spherical cap ferrofluid droplet at rest or equilibrium condition is [154] (without effect of

contact angle hysteresis).
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nD3 (2-3 cos 0+cos3 9)

VSd = Z( sin3 0 (17)

Where D is the diameter of circular footprint of the spherical cap droplet and h is the height
of droplet. Droplet equilibrium contact angle is 8. The volume of asymmetrical spherical
cap ferrofluid droplet sliding on a solid substrate due to an external force (with effect of

contact angle hysteresis) is discussed in Appendix Al.

Resistive frictional drag on the spherical cap ferrofluid droplet acting against the sliding
motion on solid hydrophobic surface can be obtained. This frictional drag determined by
the following equation [ 224] is:

F b Xmax dx
Frictional drag F, = 3nprmrU fxmin 7 (18)
Where #ner and r are the viscosity and foot-print radius of the cap volume droplet

respectively. Where U = dS/dt represents velocity of the droplet in x-y plane.

£(x) = 0.5(—2R cos 6 + /(2R cos 8)2 — 4(x% — 2x sin6) (See details in Appendix
A2)

&(x) = 0.5(-2Rcos0 + 1/ (2Rcos0)2-4(x2-2xRsind)

The upper limit x,,,,, of integration on the right-hand side of Equation 18 arises from the
physical length-scale of the droplet, so that xmax = D (the foot-print diameter of the spherical
cap droplet). The lower limit xmin = 10" mm [224] is of the order of molecular length scale
[225]. Physically consistent quantitative values of this lower length-scale obtained from

molecular dynamic simulations [226] also conforms closely with this value.

The effect of Contact Angle Hysteresis is an important issue in digital microfluidics for
successful droplet manipulation. This can be achieved through careful selection of surface
materials and surface modification techniques. By minimizing contact angle hysteresis,
digital microfluidic systems can achieve more precise and reliable droplet manipulation,
which is critical for a wide range of applications. For a liquid drop resting on a flat,
horizontal solid surface, the static contact angle is defined as the angle formed by the
intersection of the liquid-solid interface and the liquid-vapor interface (6m). The interface

where solid, liquid, and vapor co inside is referred to as the “three phase contact line”. If
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the three-phase contact line is in actual motion, the contact angle produced is called a
“dynamic” contact angle [151]. In particular, the contact angles formed by expanding and
contracting the liquid are referred to as the advancing contact angle 6a and the receding
contact angle 6r, respectively. Contact angle hysteresis is defined as difference in
advancing contact angle da and the receding contact angle 6z although the term also used
to describe the expression (cos 6r - cos 6a) [152]. Several numerical studies proposed to
predict droplet profile and motion on an inclined plane under the action of a gravitational
force, the advancing and receding contact angles for different droplet sizes and surface
inclinations. Eisherbini et al. experimentally described the geometric shapes of liquid drops
on vertical and inclined plane surfaces [153]. The retentive force due to the contact angle

hysteresis is given by

Fhyst = YiwRk(cos Og — cos 0,) (19)
Where k is a constant, y is the liquid—vapor surface tension, and R is a length scale taken
as the equivalent radius of the droplet contour, as recommended in prior work of Eisherbini
[154]. Initially when droplet velocity U = 0 then both advancing and receding contact angle
are equal to static contact angle (6a = 6r = ). Initially despite certain force applied to the
droplet, it will not move although the advancing contact angle 6 and the receding contact
angle 6r start varying (6a increases and 6r decreases). The maximum force for the droplet
about to start is called static contact angle hysteresis. As soon as the applied force
conquered static contact angle hysteresis, droplets start moving and the difference (6 — 6r)
increases with increasing capillary number (Ca = 5 U/ y), which denotes the ratio of viscous
to surface tension force [227]. This hysteresis is called dynamic contact angle hysteresis.
A combined molecular-hydrodynamic model [228] derived from a combination of
hydrodynamic model [229, 230] and molecular kinetic model [231,232] is used to calculate
modified advancing contact angle éa and the receding contact angle 6r for every new

velocity,
03 = [cos‘1 {cos O — ]Z/Z—E;sinh_l (2:0/1)}]3 +9Caln (LLS) 03 =
[cos'1 {cos O - jf:; sinh? (213))\)}]3 + 9Caln (LLS) (20)
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03 = [cos‘1 {cos Om + — Sinh™* (ﬁ)}] —9Ca ln( )63 = [cos {cos O +

seazsind(7))| -ocam (L—Z) @

Where kg is Boltzmann Constant, L is characteristic capillary length and Ls is the slip

length, T is the absolute temperature. Here, k® and A are the fitting parameters. Now
substituting all the forces in equation (4) can be reduces to

d?s max d
Viab gz = 3 HoVsaXmV (IH2]) = YiuRK(cos O = cos 6,) = 3ngemrl [[7 55 (22)

Rearranging, the equations of motion of the spherical cap ferrofluid droplets in following

forms
d?s _ 1M0Xm‘7(|H2D YRk 3npFmr Xmax dx
— =3 . - (cos Oz — cos 0,) — v fxmin o (23)

Equation (23) is a second order ordinary differential equation for droplet position vector S,
which is solved with initial condition of droplet released velocity at the point of their
release, i.e.,att =0, U = Uo, S = Spand z = zo. Here an explicit Euler integration method
[223] is used to obtain the locus of this ferrofluid droplet from numerical integration of Eq.
(22).
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Figure 2.6: Forces model of a spherical cap ferrofluid droplets on a solid hydrophobic
surface over planar electromagnet coil. Fmag denotes the magnetic force, Fn and Fnyst acts
against the droplet motion representing resistive surface frictional drag and contact angle

hysteresis force respectively



All over this chapter the theoretical formulation of different transport models used in this
study along with the design of planar coil and coil array and its magnetic field computation
are described. Objective equations of droplet transport models are also derived. Now it is
important to focus on the field plot of different coil in the coil array, the motion of ferrofluid
droplets and its trajectories and validation of mentioned transport models. Next chapter
describes all the mentioned issues along with effect of different driving parameters on time

of flight of droplets of the droplets.
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Chapter 3: Results and Discussion

In this chapter the motion two distinct types of droplet manipulation strategy in magnetic
digital microfluidic platform have been discussed. In one configuration, the ferrofluid
droplet floats on an immiscible liquid film on the surface, while in the second configuration,
the ferrofluid droplet slides over a hydrophobic solid surface. In both cases, the planar
electromagnetic micro coil provides the actuating magnetic field, and their sequence and
duration of switching lends the controllability. The response of the ferrofluid droplet to the
actuating field and the precise manipulation is characterized in terms of the droplet
trajectory, velocity and transport time. Influence of specific parameters, such as the field
current in the coil, coil design, fluid viscosity and droplet size are portrayed for various

manipulation processes in a realistic magnetic digital microfluidic configuration.
3.1. Description of magnetic field plot for different coil structures

A field plot of different coil structures typically refers to a visual representation of the
magnetic field distribution around different coil configurations. Coil structures in the
present study is varied in terms of their shape, size, number of turns, and orientation,
resulting in different magnetic field patterns. Different arrays of square electromagnetic
microcoils are used to actuate the ferrofluid droplets to enable precise manipulation and
control over droplet movement. Square coil allows more compact and space-efficient
design resulting in a higher and uniform magnetic field distribution within their plane.
These features are desirable for generating consistent and controllable magnetic forces on
ferrofluid droplets to ensure predictable and precise manipulation. Computation method of
magnetic field distribution at any point P for all the conductors of a planar square coil in a
x-y plane already discussed in previous section. Magnetic field plot of three distinct square
coils with different specifications and orientation shown in Figure 3.1. Figure 3.1 (d),(e)
and (f) show Magnetic field (Tesla) computed at a height of 2 mm from the coil shown in
Figure 3.1 (a), (b) and (c) respectively. As can be seen from magnetic field plot that the

magnetic field peaks at the center of the spiral and it drops sharply towards the periphery.
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Figure 3.1: Magnetic field plot of square coils: (a) to (c): Three distinct square coils
different size and orientation. (d) to (f): Magnetic field (Tesla) computed on the
hydrophobic surface (i.e., at z = 2000 pum) for square coils shown in (a) to (c) respectively

3.2 Motion of ferrofluid droplets stably floating on the aqueous film

Here the motion of a half immersed stably floating ferrofluid droplet on the aqueous film
atop a solid substrate has been discussed. An array of planar electromagnetic micro coil is
placed beneath an aqueous film, an electromagnetic field is generated. The ferrofluid
droplet contains magnetic nanoparticles that respond to the magnetic field. By controlling
the current passing through the planar coil, the magnetic field strength and direction can be
manipulated. The magnetic field interacts with the magnetic nanoparticles in the droplet,
exerting a force on the droplet. By varying the magnetic field strength and direction, the
droplet can be manipulated on the aqueous film. The precise manipulation of the magnetic
field allows for the precise control of the droplet's position and movement on the aqueous
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film. Predictions of the magnetic force field and the resulting transient transport of
ferrofluid droplet are validated experimentally in a single-coil configuration with the
numerical model by comparing the predicted and observed motions of ferrofluid droplet.
3.2.1. Validation of the droplet transport model

The proposed transport model was validated with prior experimental result [233]. Figure
3.2 (a) illustrate schematic of experimental configuration for which the validation was
carried out. In [233], the experiment was repeated for different initial droplet positions and
for two levels of current, i.e., | = 1.85 and 2.25 A. Figure 3.b (b) shows the processed
composite image showing the droplet trajectory. Simulation of droplet motion was carried
out under the same geometrical configuration. The properties of EFH-1 (Ferrotec, USA)
ferrofluid were chosen from the literature [234, 235]: prr = 1169 kg/m?®, yi = 1.0, saturation
magnetization = 398 G, nre= 0.006 Pa.s (at 27°C). In the experiment, ferrofluid droplets of
~ 0.5 pL volume has been used, which correspond to Rer= 500 um. Also, for water, at
room temperature, = 0.001 Pa.s has been chosen. Figure 3.2 (c) shows the radial variation
of the x component of grad (H?) at different heights z above the coil for different current
strengths. Spatial variation of grad (H?) is used to calculate the E,(x,y,z)é, and
En(x,y,z)é, in Eqg. (10) and (11), which enable computing the droplet trajectory (refer to
the plots in Figure 3.2 (d)). Figure 3.2 (d) shows the times-of-flight of the ferrofluid droplets
as observed experimentally, superposed on the same data obtained from simulation. Results
show a reasonably good match between the simulation and the experiment. The time-of-
flight increases sharply as the initial dispensing distance Xois increases. Also, the time is
smaller for the larger current through the coil. The simulated and observed results match
well particularly at the lower field values (I = 1.85 A) and dispensing distance. The
difference between the theoretically predicted and experimentally observed transport-times
in Figure 3.2(d) can be attributed to the variability in the dispensed droplet size and
departure in droplet. Nevertheless, the results match in their order of magnitude, justifying

the validity of the assumptions made for the analysis of droplet motion.
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Figure 3.2: Validation of the droplet transport model: (a) Schematics diagram of
experimental setup (b) processed composite image showing droplet trajectory. Legend:
Al1-AT7: moving ferrofluid droplet at different time-stamps (B) ferrofluid accumulated from
previously transported droplets Validation of droplet transport model (c) Theoretically
calculated x component of grad (H?) (d)Variation of the predicted time-of-flight of
ferrofluid droplets validation between simulation and experimental results

3.2.2. Ferrofluid droplet trajectory using sequentially switchable array of microcoils
This section illustrated the half immersed stably floating ferrofluid droplet trajectory using
a sequentially switchable array of electromagnetic micro-coils described in Figure 2.1(a).
As a base case, a 1.7 mm diameter (the chosen droplet size is typical of an open-surface
digital microfluidic platform [236]) ferrofluid droplet having viscosity #rs=0.005 Pa.s
[179] is manipulated by a current of 2.5 A. The droplet is assumed to be suspended on the
surface of an immiscible liquid ( = 0.003 Pa.s, which is nearly three times larger than that
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of water, is chosen to include the possibility of using biological samples of higher viscosity)
film of 2 mm thickness (i.e., which is enough to suspend the ferrofluid droplet) deposited

over the micro-coil array substrate.
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Figure 3.3: Ferrofluid droplet trajectory and corresponding coil switching (a) Trajectory of
a 1.1 mm diameter ferrofluid droplet at z=2 mm (b) The corresponding switching durations
(for which the relevant coil was at “switched on” states) of coil-1 through coil-9 which are
turned ‘on’ and ‘off” in sequence. Time evolution of the magnetic, drag and inertial forces
on the droplet at the instants of (c) the first switching (coil-1 turns off, coil-2 turns on) and
(d) the second switching (coil-2 turns off, coil-3 turns on)

Figure 3.3 (a) shows the trajectory of the ferrofluid droplet at z=2 mm with the coils of the
double stranded array energized in a sequence from coil-1 to coil-9. The trajectory of the
droplet shown in Figure 17 (a) corresponds to the base case. Figure 3.3 (b) shows the

corresponding switching interval of coil-1 to coil-9, i.e., the duration for which a given coil
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remained switched on as the ferrofluid droplet was transported over the coil array. In the
beginning, the ferrofluid droplet is released at the center of coil-0 when coil-1 is switched
on. The coil-1 remains switched on, passing a current of 2.5 A, until the x position of the
droplet exceeds the x-location of the center of coil-1, after which coil-2 is turned on (passing
the same current of 2.5 A). The instantaneous velocity of the droplet at this location is
0.0028 m/s, corresponding to a drag force of 0.045 uN on the droplet. As the coil-1 is turned
off and coil-2 is turned on, the magnetic force changes instantly from 0.0195uN to 0.0122
KN in magnitude, and in direction (by almost 90 degrees), a sudden spike in droplet inertia
is observed (see Figure 3.3 (c)). Therefore, the magnetic force is strong enough to change
the droplet trajectory towards the center of coil-2. Coil-2 remains energized with the same
current as long the x position of the ferrofluid droplet remains in between the x-positions
of the coil centers of coil-2 and coil-3. The coil-3 turns on as soon as coil-2 is switched off.
The corresponding jump in magnetic force and the resulting inertial effect described in
Figure 3.3 (d) clearly indicates another change in direction of the droplet. This way, each
of the coils from coil-1 through coil-9 are sequentially energized as long as the x position
of the ferrofluid droplet lies between the x locations of the centers of the pertinent coil and
its predecessor. Under the action of the sequentially altered magnetic force field, the droplet
is steered ultimately to coil-9 in a zigzag manner. Apparently, the odd-numbered coils
(except coil-7) require less time of energizing (2 — 2.6 s) while the even-numbered coils
required 3.5 — 4 seconds of excitation. The overall time of transport for the coil is 29 s.
Having identified the global trajectory of the ferrofluid droplets under the influence of
sequentially switched array of electromagnet coils, a parametric investigation has
undertaken to check the effect of coil-current on the droplet trajectory for the same set of
its starting and finishing points on the substrate. Variation of field current of micro-coils
allowed precise control of the droplet movement and enables adjustments to ensure that the
droplets were manipulated accurately and precisely. The current in the micro-coils can be
adjusted to change the strength or direction of the magnetic field, which will affect the
behavior of the droplet.
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3.2.3. Effect of variation of field current

Figure 3.4 (a) shows variation of ferrofluid droplet trajectories (at z = 2 mm) for different
values of current in the coil. The rationale of sequential switching of the electromagnet is
retained as described in Section 3.2.2 (the i coil remains energized as long as X1 < x < xi,
where x; denotes the x position of the center of the ith coil). For current varying from 1.7A
to 3.75 A, droplet trajectories are found not to deviate much from that of the base case
although the total time taken by the droplet to move over the coil array decreases. As the
ferrofluid droplet moves along the liquid-film surface over the array of planar micro coils,
it primarily experiences two forces: the magnetic field towards center of the planar coil,
and the opposing viscous force. However, at larger magnetic field, the driving force
becomes large and the effect of droplet inertia on its trajectory becomes increasingly
prominent. For | = 6 A the droplet trajectory shows a small, but discernable deviation from
the base case, albeit it still follows a zigzag trajectory passing over all the coil centers. The
trajectory differs further as current in the planar coil increases. For | =8 A, the magnetic
force exceeds the viscous force appreciably (the difference being the inertia force) so that
the droplet can no longer execute a sharp turn on every coil. For example, the magnetic
force on the droplet by the coil-1 becomes so large that the droplet acquires a high velocity
(~ 0.055 m/s) as it travels over the center of coil-1. The drag force on the droplet right at
the instant when coil-1 is switched off is 0.863 uN, which in the instantaneous decline of
magnetic field (from 0.45 uN to 0.38 uN; the closest coil-1 being switched off, and the
coil-2 offering very weak force due to its distance from the droplet) should be comparable
to the inertia force. The momentum of the droplet allows it to keep moving in straight line
even after crossing the center of coil-1. This over-travel reduces the influence of coil-2 on
the droplet. The droplet only partially passes over coil-2. On the other hand, relative initial
proximity of the droplet to the coil-3 at the time of its switching on leads to an enhanced
magnetic pull. Therefore, the droplet passes over the coil center with such a high inertia
that it escapes the attraction of coil-4. Downstream, the droplet similarly passes over the
centers of coil-5, coil-7, and coil-9 with high velocity, bypassing coil-6 and partially
covering coil-8. For I = 10 A, the trajectory differs even further, as the effect of inertia
becomes more prominent. The droplet distinctly bypasses coil-2, coil-5 and coil-8, finally

reaching coil-9. Although the trajectories differed considerably for different values of
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currents, particularly above | = 3.75A, the overall time-of-flight of the droplet over the
entire coil array decreased monotonically. This is obvious, as the increased magnetic force
propels the droplets faster. Figure 3.4 (b) shows that at or below | = 3.75A, when the droplet
trajectory did not differ much from the base case, the time-of-flight follows the relationship
t oc I't% (thus giving in a straight line in a logarithmic plot). The plot in figure 3.4(b)
deviates from a straight line (on the logarithmic | scale) at larger currents, indicating the
influence of droplet inertia. Figure 3.4 (b) also shows that the operating condition for base
case falls well within the straight-line regime (the viscous regime) of the plot. To evaluate
the relative influence of inertial effect, temporal variations of the force magnitudes (on the
droplet) are plotted. Figure 3.4 (c) shows the time evolution of the magnitudes of the
magnetic, drag and inertial forces on the droplet during its passage for | = 2.5 A. The kinks
in the plot approximately denote the instants of coil-switching. Although the inertial effect
becomes comparable at the instants of switching, its overall magnitude for the base case
remains considerably smaller than the magnetic and viscous drag forces. The time averaged
magnetic, drag and inertial forces for base case (I =2.5 A) are 0.047, 0.035 and 0.015 pN,
respectively, implying that the inertial force is only ~32% of the magnetic force. However,
for the case of | =8 A, these are found to be 0.503, 0.279, and 0.383 uN, respectively. Thus,
the inertial force accounts for nearly 76% of the magnetic force, which also corroborates to

the relatively larger peaks of inertial forces in Figure 3.4 (d).
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Figure 3.4: Droplet trajectories for different values of current in the coil and force plot (a)

Variation of 1.7 mm diameter ferrofluid droplet trajectories (at z = 2 mm) for different

values of current in the coil (in terms of percentage of the base current of 2.5 A) (b) The

total time-of-flight required decreases with increasing current in the coils (CJ simulation

results,---- trendline t oc

I -1.95

). Time evolutions of the magnitudes of magnetic, viscous

drag and inertial forces on the droplets for (c) I=2.5 A, and (d) I=8 A. The peaks in inertial

force denote sharp turns of the droplets (difficult to differentiate the forces)
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The variation of host fluid viscosity during transport of immiscible ferrofluid droplets on a
fluid film atop a solid substrate is also important as viscosity influences the speed of droplet
movement. By manipulating the host fluid viscosity, droplet transport can precisely control
and the accuracy and predictability of droplet manipulation enhanced.

3.2.4. Effect of variation of host fluid viscosity

Figure 3.5 (a) shows the variation of ferrofluid droplet trajectories for different values of
host fluid viscosity (keeping the ferrofluid viscosity constant at 0.005 Pa.s). Droplet
trajectories are portrayed for five values of fluid viscosity starting from 0.0005 Pa.s to 0.01
Pa.s, which correspond to a realistic range of fluids being transported in a surface
microfluidic device. For fluid viscosity values between 0.003 — 0.01 Pa.s, the droplet
trajectories do not differ much, although the total transport time taken by the droplet
increases (see Figure 3.5(b)). The identity of droplet trajectories arises because with
increased viscosity both the x and y components of viscous drags are equally strengthened.
On the other hand, with increasing viscosity a proportionately lower slip velocity (between
the ferrofluid droplet and the host fluid, see Eqg. (14) and (15)) can produce a drag force
comparable to the magnetic force, thus resulting in increased time-of-flight. For 7=0.0015
Pa.s, minor variation of trajectory is observed. A larger droplet velocity is warranted at this
viscosity for the drag force to compete with the magnetic force, implying that the droplet
inertia is larger. This is manifested in the departure of the droplet trajectory from the base
case. This deviation increases further as the viscosity is lowered to 0.001 Pa.s, even though
the droplet still executes the zigzag path. With further reduction of viscosity, e.g., at 7 =
0.0005 Pa.s, the inertia dominates so much over the viscous force that the droplet bypasses
coil-2, coil-5 and coil-8 finally reaching coil coil-9. The reduced drag force leads to a
monotonic reduction in the droplet time-of-flight. It is important to note that the effect of
varying fluid viscosity manifests in the equation of motion of the droplet (Egs. 14 and 15)
through the product of [(2 + 3¢)/(1 + ¢)] and n instead of the latter alone. Therefore, the
droplet time of flight in Figure 9(b) is plotted against the parameter [1(2 + 3¢)/(1 + ¢)]
instead of against n alone. Above a host fluid viscosity of 0.0025 Pa.s, the plot is almost
linear (t « [n(2 + 3¢)/(1 + ¢)]°8) denoting a viscosity dominated regime. For smaller

viscosity values the plot departs from linearity, indicating the effect of inertia.
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Figure 3.5: Droplet trajectories for different values of host fluid viscosity and
corresponding time of flight plot (a) Variation of 1.1 mm diameter ferrofluid droplet
trajectories at z =2 mm for different values of host fluid viscosity (expressed in Pa.s) (b)
The total time required as a function of the parameter »(2+3&)/(1+¢&) (A simulation

results, ----- trendline t oc [ 7(2+3&)/(1+ 5)]0'98)

Variation of droplet size is important for droplet actuation in magnetic digital microfluidics
because it affects the behaviour of the droplet when subjected to a magnetic field. This
understanding can help optimize the parameters used to manipulate the droplets, including
the current flow through the micro-coils and the switching sequence used to generate the

magnetic field.

3.2.5. Effect of ferrofluid droplet size

It is apparent from the foregoing discussions that the droplet trajectories remain nearly
unchanged as long as the effect of inertia remains negligible, although the time-of-flight
decreases as the magnetic force becomes dominant over the viscous one due to a change in
current or the host fluid viscosity. A third possibility of having nontrivial inertial effect
would arise if the droplet mass (i.e., size) increases. Figure 3.6 (a) shows variation of
ferrofluid droplet trajectories for different realistic values of droplet radius relevant for

surface microfluidic devices [236], starting from 300 um to 1900 um. It can be seen from
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Figure 3.8 (a), the droplet trajectory does not alter appreciably for the given set of operating
conditions for droplet radii of 425 um and 850pum. However, the total time taken to transfer
the droplet decreases. The effect of droplet inertia (and resulting departure from the base
trajectory) is first observed for ferrofluid droplet radius of 1062.5 um. Figure 3.6(a) also
shows that up to Rrr = 1275 pm, the droplet trajectory remains confined in zigzag path
though. For a droplet radius of 1870 um, the inertial effect becomes dominant enough so
that the droplet bypass coil coil-2, coil-5 and coil-8 before reaching coil coil-9. If the droplet
radius is increased to 300 % of base value the droplet bypasses coil-2, coil-5 and coil-8,
before reaching coil-9. The time-of-flight of the droplet is found to vary as t o< Rz2%8
(Figure 3.6(b)), i.e., almost inversely with the square of the droplet radius, for droplet radius
below 977.5 um. This corresponds to a regime where the droplet trajectory is influenced
by the competing magnetic and viscous forces and the effect of inertia is negligible. For
droplets having Rer greater than 1 mm, the effect of droplet inertia becomes apparent as the

time-of-flight data departs from the relationship t o< Rz2%8.
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Figure 3.6: Droplet trajectories for different values of radius Rrr of the droplet and
corresponding time of flight plot (a) Variation of ferrofluid droplet trajectories (at z = 2
mm) for different values of radius Rrr of the droplet. (b) The total time required decreases

with increasing radius of the droplet (¢ denotes simulation results, ----- denotes the

trendline t «c R;H%)
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3.2.6. Scaling argument

Influence of the individual variations of the operating parameters (current and droplet
radius) and fluid properties (host fluid viscosity) cans lead to a wide variety of droplet
trajectories and the times of flight, which is discussed in Sections 3.2.3 — 3.2.5. While the
results clearly indicate the existence of two distinct regimes in which the droplet transport
takes place (i.e., inertia-dominated and viscosity dominated), they also underscore the need

for a more general criterion that alone can be used for identifying the operating regime. A
2
scaling analysis of Eq. (14) shows for cases when the inertial effects are negligible, % ~0

Therefore, the second and the third terms would balance each other. Since the magnetic

field function f(x)~I?, a balance between the viscous and magnetic force term would

2+3¢

; ax p2 g2
warrant the droplet velocity to scale as " RE:1? /1 ( e

). Thus, the overall time-of

flight across the coil array is expected to scale as

~ () ox (24)

1+¢ J REpI2

Equation (24) clearly indicate that for traversing over a given length [(Xeo — Xo) ~ 49 mm],
the time of flight would scale as the dimensional group-variable C = [n(2 + 3¢)/(1 +¢)]/
[I2R%z]. When the time-of-flight data from the parametric studies conducted in Sections
3.2.4 — 3.2.6 are plotted against this group variable C (see Figure 3.7), all the data points
are found to merge on a single line for the viscosity-dominated regime. This validates the
scaling hypothesis proposed in Eq. (24). For the inertia dominated regime, the overall time
of flight is found to be higher than that proposed by Eq. (24) for nearly all the cases
investigated in this paper. The increased time of flight can be attributed to the over-travels
(beyond the coil centres in the positive and negative y- direction) exhibited by the droplets

under inertia-dominated regimes.
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Figure 3.7: Combined plots of droplet transport time as function of the group-variable C =
[n(2 + 3¢)/(1 + ¢)1/[I?R%¢] The plot on the left-hand side of the vertical dotted line
(regime A) denotes inertia-dominated droplet transport, while the right-hand side (regime

B) follows viscosity-controlled transport. Solid line denotes the curve-fit t ocC

Within the parametric regime investigated in the foregoing sections, the largest magnetic
field encountered was 3.18 mT, which is an order of magnitude below the saturation
magnetic field strength of EFH1 (~400 G). Therefore, the above scaling analysis leads to
Eqg. (24) did not have to account for magnetic saturation. For a more general scaling
analysis, which would apply even to the cases where the imposed magnetic field exceeds
the saturation magnetic field, the magnetic susceptibility of ferrofluid may be approximated
as [218]:

Xm = Xmo for H < Hsqp, and xo, = sat/H for H> Hgqt. (25)

Below saturation magnetization, the expression of magnetic force is represented well by

the right-most term of Eq. (5). For H >Hsat, the expression of magnetic force reduces to
r—1
Fn = o [ (M.V)HA®r = 341 " (Msqc. VH) (26)

Therefore, when the ferrofluid is magnetically saturated (thus resulting in a uniform

magnetization |Msa irrespective of the imposed field) by the micro-coil current, Fn~1. A
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balance between the viscous and magnetic force under this condition would warrant that

the overall time-of-flight scales as:

e~ (25) x 27)

1+¢ /) REpl

3.3 Motion of a spherical cap ferrofluid droplet on solid surface.

In the previous section a complex, two-dimensional manipulation of liquid droplets over a
thin aqueous film on an open surface is explained where droplet is actuated using a
periodically switched array of electromagnetic micro-coils. Despite precise and flexible
droplet manipulation in liquid film, droplet speed could be restrained to some extent by
surface tension and viscosity of the aqueous phase. Selection of host fluid medium is also
a very important constraint so that some reagent carried by the droplet should not be
influenced. Considering these limitations of droplet actuation in host fluid medium recent
trends of digital microfluidics application demands droplet manipulation on solid surface
for more precise control over droplet movement and positioning. It also reduces the risk of
cross-contamination between different droplets, as the droplets are physically separated
from each other on the solid surface. A host fluid medium may be incompatible with certain
fluids which limits the range of applications whereas solid surface is typically non-reactive
and making it compatible with a wide range of fluids. This section illustrated the motion of
spherical cap ferrofluid droplets on a solid surface through the application of magnetic
fields using a planar electromagnetic coil. Electromagnetic coil is positioned beneath the
solid surface. The field generated by electromagnetic coil is applied to the droplet and
aligned with the desired direction of motion. The magnetic nanoparticles within the droplet
align with the field, causing the droplet to move accordingly. The field strength and gradient
can be adjusted to control the droplet's movement. In this section two distinct transport
models of spherical cap ferrofluid droplets on a solid surface have been studied based on
the array of electromagnetic coils used to actuate the droplets and their unique manipulation
strategies. In the first transport model a double layer array of electromagnetic micro-coil
(see Figure 2.1(c)) is used to generate a spatio-temporal distribution of magnetic field that
steers the ferrofluid droplet in a rectilinear path on a solid substrate. This two-dimensional

manipulation of a microliter-volume droplet indicates the prospect of multifaceted on-chip

74



handling of numerous reaction processes that will enable simple and compact designs of
surface microfluidic manipulator. In the other transport model, a concept of spherical cap
ferrofluid droplet sorting on a solid hydrophobic surface is proposed where the droplets are
actuated by array of electromagnetic micro-coils arranged in a five stranded row (see Figure
2.3(q)). This model also includes the operation of multiple droplets sequential merging as
well as pooling on solid hydrophobic substrate which offers a versatile platform for
performing a wide range of chemical and biological assays with high precision and
accuracy. Sequential merging of multiple droplets increases the volume of liquid that can
be manipulated on the substrate where small volumes of liquid need to be combined or
diluted. It enables the mixing of their contents to initiate a chemical reaction. By pooling
droplets, it is possible to create a higher concentration of a particular sample, or to combine
different samples for analysis or reaction. All the equations of motion and different forces
corresponding to the transport model of spherical cap ferrofluid droplets on a solid surface
have been discussed in the previous section. Now validation of this droplet transport model
Is essential to establish its accuracy. It enhances the reliability and credibility of the model.
In the following section validation of this transport model will be discussed.

3.3.1 Validation of the droplet transport model

The numerical model to describe the manipulation of spherical cap volume droplets on
solid substrate using periodically switching array of electromagnetic micro-coil was
thoroughly validated against relevant experimental studies [210,237,238]. First, the
computed magnetic field from substrate-embedded microcoils and the ensuing force fields
were validated, and then the predicted motion of ferrofluid droplet under the magnetic field
created by micro-coil is validated against prior experiments [233]. The technique of
computing the magnetic field distribution by the electromagnet array which is described in
section 2.2 was also being validated as shown in section 3.2.1 . For further validation, the
magnetic force computed by the present model was compared with the results of Fulcrand
et al. [210], who used, akin to the present work, multiple electromagnetic micro-coils to
manipulate magnetic particles suspended in laminar flow inside a microfluidic channel with
flow velocity below 1pum/min. Magnetic force on magnetic microbeads having diameter of

2.8 um, particle density of 1.6 g cm and an effective magnetic susceptibility of 0.17, was
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calculated using Biot-Savart law for different z-distance of from the coils. Figure 3.8 (a)
shows the coil-configurations (5 turn square coil) considered from the work of Fulcrand et
al. [210] adopted for validating the transport model. Figure 3.8 (b) shows the comparison
of magnetic force on the magnetic particles calculated as a function of height from the coil
plane. Figure 3.8 (c) shows the microbead velocity as a function of its distance from the
coil center obtained from both experiments as well as simulation. Having established the
validity of the computed magnetic field and the resulting particle-transport model for a
suspended magnetic bead, the magnetic fluid droplet transport model on a surface is
validated thereafter. The closest configuration of transport of a spherical cap droplet,
involving mutual interactions of the driving force, viscous drag and contact angle hysteresis
force, has been found in the experimental observation of Podgorski et al. [237], who
realized the droplet actuation in sliding mode on an inclined surface under the influence of
gravity (transport model shown in Figure 3.8 (d)). In this model, the magnetic actuation
force is replaced with the in-plane component of the weight of the droplet. Depending upon
the droplet size, fluid viscosity and the inclination of the plate, the droplet velocity would
vary. Figure 3.8 (e) and 3.8 (f) show the droplet sliding behavior in terms of the capillary
number (Ca) and Bond number (Bo = pglL?/y) for two different microdroplets sizes, i.e.,
5.5 mm3 and 3mma3, respectively. The Ca vs Bo plots, describing the in-plane sliding
behavior, as obtained from Podgorski’s experiment and simulation match well with mean
deviation of 4.8 and 5.6% only, for the 5.5 pL and 3 pL droplets, respectively. For a sliding
spherical cap droplet, contact angle hysteresis leads to unequal contact angles at the
advancing and receding ends of the droplet (see Figure 3.8 (g)); the advancing and receding
contact angles depend on the substrate wettability and on droplet velocity [228]. This
velocity dependency of advancing and receding contact angles of spherical cap droplet (as
described in Eqg. (21) and (28)) is also validated with experimental observations of
Schneemilch et al. [238]. Figure 3.8 (h) and Figure 3.8 (i) shows the variations of advancing
and the receding contact angles, respectively, against the droplet velocity for hexadecane;
the plots indicate excellent match with experiments, with mean percentage deviations of

0.4 and 0.88, respectively, for the advancing contact angle and receding contact angle.
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3.3.2 Spherical cap ferrofluid droplet trajectory using two-tier array of electromagnet

coils

Having validated the droplet transport model, trajectory of a spherical cap ferrofluid droplet
on the solid hydrophobic surface, under the actuation of magnetic force generated by the
two-tier array of planar electromagnet coils implanted underneath the solid hydrophobic
surface (shown in set of Figure 2.1(c)) is estimated. Figure 3.9 (a) shows the droplet
trajectory where a 3mm [239] base diameter spherical cap volume ferrofluid droplet
(viscosity of 0.005 Pa.s [234] and surface tension of 26.9 mN/m [75]) is released on the
solid surface at the edge of coil number 1 (See Figure 3.9 (a)). Initially, the droplet starts
from rest with very low acceleration as the net force acting on the droplet is very small due
to its large distance from the coil center ahead of it. As it slowly moves towards center of
the coil, the force, and hence the acceleration increases, and so does the droplet velocity.
Here coil-1 is switched on for 0.77 s when a droplet is transported from the edge of this
coil to the coil center. As soon as the droplet reaches the center of the first coil (Coil-1), it
is switched off with simultaneous switching on of the next coil (the Coil-2). Right after this
coil-switching, the droplet velocity falls sharply as the magnetic force on the droplet
reduces suddenly because its large initial distance from Coil-2 immediately after the coil-
switching event, but it again picks up as the droplet continues its journey towards the center
of Coil-2. This sequential operation of Coil-1 and Coil-2 allows the droplet to move ahead
in a straight line with a nearly saw-tooth type velocity profile. Figure 3.9 (a) shows the
droplet actuation starting from edge of Coil-1 up to center of the Coil-5. Figure 3.9 (b) to
3.9 (f) shows the magnetic field (Tesla) plot computed on the hydrophobic surface (i.e., at
z = 2 mm) for coil-1 to coil-5 while droplet actuates by sequentially switching through the
mentioned electromagnetic micro-coils. Figure 3.9 (g) shows variation of driving force
(magnetic force, Fmag) due to electromagnetic micro coil with frictional drag (Fdrag) and
contact angle hysteresis force (Fnyst) acting against the droplet motion. In the same way, to
achieve two-dimensional transport, the droplet is further pulled by the next coils in
sequence until the droplet finally reached coil-12. The complete droplet trajectory and

detailed switching pulses of different coil used in this operation is shown in Figure 3.10
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(@). There are three right-angle turns on the way of droplet transport (indicated by A, B and
C in Figure 3.10 (a)) at the end of which, the droplet speed reduced to zero; this was
achieved by switching off the particular coil (underneath the droplet) at an instant little
sooner than when the droplet reached the coil-center (this is unlike the other coils which
remain on until the droplet reaches its center) and a time delay of one second is applied
prior to switching on next coil (pointed by A, B and C in Figure 3.10 (b)). In this way, the
droplet can be turned at a right angle smoothly without over-travelling in the previous path.
Figure 3.10 (b) shows the coil pulses (coil-1 to coil-12) used to actuate droplet by
sequentially switching through the mentioned electromagnetic micro-coils for the entire
droplet trajectory. The time delay between the consecutive coil switching events during
every right turn is pointed by A, B and C. It has been observed that the pulse width for the
coils after each right turn (coil-6, coil-8 and coil-12, as shown in figure) are higher
compared to other coil pulses. Here droplet takes longer time to reach next coil (smaller
coil at upper tier) primarily due to its higher distance from the predecessor coil (larger coil

at lower tier) and moreover droplet starts from rest.
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The force diagram in Fig. 3.9 can also be used to verify the assumption that the droplets
retain spherical cap shape throughout the parametric range of simulation. Conformity of a
droplet is governed by the Bond number Bo = paD?/y, where p denotes the liquid density,
a the acceleration field, D the droplet diameter and y the surface tension. Droplet retains
its spherical shape for Bo < 1. Throughout the present study, the droplet size is small
enough to remain in a low Bond number regime, and hence the possibility distortion and
droplet-fragmentation is neglected. For example, for the case described Figure 3.9, a 3 mm
base diameter (D) spherical cap droplet is subjected to a peak magnetic force of F,,,, ~ 16
uN. Neglecting other forces, the maximum droplet acceleration is a = Fyq4/(0Varopier )~
2.2 m/s2. In reality, the CAH and viscous resistance impede the droplet motion, and the
actual acceleration is even less. Assuming a ferrofluid surface tension of y ~ 27 mN/m [75],
this translates into a Bond number of Bo = paD?/y ~ 0.75. This is too small for even a
tangible departure of droplet shape from spherical cap, let alone the possibility of droplet
fragmentation. The viscous force on the same droplet, as evident from Fig 3.9, is less than

10 uN, thus precluding the possibility of any shear-induced splitting of droplet either.

The analysis also assumes that the temperature of the planar surface is not altered despite
the current flowing through the conductors. This is expected, since coils are energized for
a very short duration, and the heat dissipation from each coil was considered to be

negligible. To verify the veracity of this assumption, a transient heat conduction analysis is
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carried out to estimate the temperature rise — due to sudden Joule heat flux from the coil —
at the open surface of the substrate (e.g., the PDMS layer) that is interspaced between the
coil and the droplet. Considering the coil structure of Figure 2.3 as an example, which has
a total conductor length of 27.53 cm, and conductor cross-section of 500um x500um and
taking the electrical resistivity of copper as 1.7x10® Qm, the electrical resistance of each
coil is found out to be 0.0187 Q2. A maximum current of 10 A (which is on the highest end
of the parametric study) through the coil would entail a dissipation of 1.9 W of heat
(corresponding to a heat flux g"~0.83 W/cm?). Considering that this heat is conducted
upward to the surface of the substrate of thickness & (2mm in the present situation), the
temperature rise ATs of the surface of the substrate over a time t of coil-excitation is

expressed as [240]:

= 240 |4t —(8%/aat) _9'8[1 _ 5
ATS_kA\/;e( “ kA [1 erf(zm)] (28)

Taking the standard thermophysical properties of PDMS, viz., thermal conductivity k =
0.16 W/mK, thermal diffusivity & = 0.095 mm?/s [241], the value of AT turns out to be
less than 1 mK. Therefore, the Joule heating produced within the wire is not expected to

induce evaporation of the ferrofluid droplet or influence the liquid surface tension.

3.3.3 Spherical cap ferrofluid manipulation using array of single layer

electromagnetic micro-coils arranged in a five stranded row

Magnetic manipulation of the spherical cap volume droplet on the solid surface under the
influence of the sequentially switched array of electromagnetic micro-coils shown in figure
3.11(a). Real-time monitoring and control of droplet movement are essential to ensure
accurate and precise manipulation of droplets on surface microfluidic platforms. To achieve
real-time connectivity, sensors can be used to monitor the position of the droplets as they
move on the substrate under the influence of the magnetic field. This information can then
be fed back to a control system, which would adjust the switching sequence of the micro-
coils to ensure accurate and precise manipulation of the droplets. Ferrofluid droplet having

3 mm base diameter and a spherical cap shape is chosen for the simulation, the droplet size
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is typical for open surface microfluidic manipulation and sorting [239]. Ferrofluid viscosity
is chosen to be 0.005 Pa.s [234] while an actuating current of 4.5 A is applied through the
coils. Figure 3.13(a) shows the droplet trajectory after being released near the edge of coil-
12 and transported to coil-1 by sequentially actuating the intermediate coils coil-12, coil-
13, coil-14, coil-11 and finally coil-1. Figure 3.11(b) shows the magnified view of the
droplet trajectory over coil-12, coil-13, coil-14, coil-11 and coil-1. Initially ferrofluid
droplet is released at a position before the coil-12 (shown by the vertical, blue arrow in
Figure 3.11(b)) with this coil is turned on with a current of 4.5 A and is kept energized until
the droplet passes over the center of the coil. As soon as coil-12 is turned off, Coil-13 is
energized with the same current. The velocity of the droplet at the instant of switching (coil-
13 on and coil-12 off) is 0.28 m/s in the x-direction, corresponding to a net force of 4.4 uN
on the droplet. During this switching, the magnetic force changes instantly from 8.55 puN
(due to coil-12) to 0.01 pN (due to coil-13) in magnitude as now the droplet is far away
from the active coil-13 center. At the same time, the opposing forces (drag plus contact
angle hysteresis) still acting and net force is -4.13 pN; this results in the deceleration of the
droplet. As the droplet velocity start to decrease, the velocity-dependent viscous drag and
contact angle hysteresis force also decrease; at the same time droplet keeps moving towards
the coil-13, when the magnetic force increases. This drives the net force to return to positive
value within a short while (27 ms). Coil-13 remains energized as long as the ferrofluid
droplet reaches the coil-13 center, after which it is switched off, and coil-14 energized. All
corresponding forces on the droplet and the droplet velocity vary like that observed during
the previous switching event. Figure 3.11(b) clearly shows after third switching, the droplet
transport direction changes (almost 45°) as coil-11 is turned on with simultaneous turning
off coil-14. Figure 3.11(b) clearly shows that droplet slightly overshoots the center of the
coil-14 due to inertia (droplet speed was the highest at the center of the coil-14) before it
changes direction. After final switching (between coils-11 and coil-1) the droplet volume
moves towards center of active coil-1 (destination). Finally, coil-1 is turned off when the
droplet is marginally ahead of the coil center (unlike previous switching events that take
place when the droplet gets transported past the coil centers). This is done deliberately so
that the droplet stops at the coil enter of coil-1. Once coil-1 is switched off, the magnetic

force and net force change instantly from 8.52 uN and 4.87 uN to zero and -4.07 pN,
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respectively. Thereafter, the droplet speed start decreasing as the opposing forces still exist

and the net force eventually turns zero when the droplet stops at the coil-1 center.

3.3.3.1 Time evolution of different forces on the spherical cap volume ferrofluid

droplet

Physical variation of different forces acting on droplets in motion on a solid surface is
important because it can affect their behavior and trajectory. This understanding is essential
for accurately predicting and controlling droplet movement warranted in different surface
microfluidic tasks. To evaluate physical variation of different forces acting on droplet in
motion on solid surface are plotted in Figure 3.11(c). This Figure shows the variation of the
driving force (Magnetic force) due to electromagnetic micro coil (Fmag) with frictional drag
(Farag) and contact angle hysteresis force (Fnyst) acting against the droplet motion. Both
contending forces are velocity dependent. Initially released droplet at edge of the coil-12
starts with very low speed as lower magnetic force (due to its distance from coil center)
acting on the droplet is counterbalanced by the force due to contact angle hysteresis and
frictional drag. The droplet steadily moves with this low starting speed towards coil center
still the magnetic force gets comparably higher than Farag and Fryst near the coil center
which induces higher droplet speed. As soon as the droplet is reached at center of first coil
(coil-12), it is turned off with simultaneous turning on the next coil. Magnetic force along
with droplet speed are momentarily reduced to very low value due to a far distance from
the next active coil center. The droplet accelerates from its low speed when magnetic force
overshoots against the opposing forces near the next coil center. In the same way the droplet
travels over the rest of the coils and finally reaches its assigned destination. To prevent
overshoot due to inertia, the last coil is switched off ~0.11 s prior to the droplet reaching
its center. It is clear from the force and velocity timelines that the droplet transport is
strongly impeded by the drag and hysteresis forces. Also, the magnetic force is highly
localized in nature, and the relative spacing of the coils and the switching sequence has an

important role in ensuring seamless droplet transport.
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Figure 3.11: Spherical cap ferrofluid droplet trajectory and corresponding force plot (a)
Trajectory of a spherical cap ferrofluid droplet having 3 mm base (footprint) diameter on solid
substrate with coil current of 4.5 Amp, (b) inset view. (c) Temporal variation of the driving
(magnetic) force (Fmag), frictional drag (Farag) and contact angle hysteresis force (Fnyst) on the
droplet, and the resulting droplet speed (secondary axis) during the droplet motion. Coil
activation starts at t = 0, and the final coil is switched off at t = 1.53 s (shown by the brown

arrow)

3.3.3.2 Effect of variation of field current

Having identified the global trajectory of the ferrofluid droplets under the influence of
sequentially switched array of electromagnet coils, now a parametric investigation is
undertaken to check the effect of coil-current on the droplet trajectory for the same set of its
starting and finishing points on the substrate. Variation of field current of micro-coils allows
precise control of the droplet movement and enables adjustments to ensure that the droplets
are manipulated accurately and precisely. The current in the micro-coils can be adjusted to

change the strength or direction of the magnetic field, which will affect the behavior of the
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droplet. For this study, the current magnitude in all the pertinent coils (viz. coil-12, coil-13,
coil-14, coil-11 and finally coil-1) are changed from the base value to the same extent, and
their energization durations are adjusted such that the droplet trajectory remains nearly the
same, but the overall travel time changes. The resulting droplet trajectories for different values
of current through the specific coils (i.e., coil-12, coil-13, coil-14, coil-11 and coil-1) are
overlaid in figure 3.12 (a). Sequencing of the coil-energization remains the same as in section
4.1 (implying that a particular coil remains energized as long as droplet outstrip its center).
For current varying from 3 Amps to 6 Amps, droplet trajectories are found to vary only a little,
although the total time taken by the droplet to move from the starting to the designated
finishing point decreases (see figure 3.12(b)). Here magnetic force drives the droplet towards
the center of the planar coil. At higher value coil magnetic field (Higher field current in the
coil), the driving force becomes large and the effect of droplet inertia on its trajectory becomes
slightly prominent where droplet swivels from its straight path shortly after coil-14 center. The

time-of-flight of the droplet is found to vary as toc 12 (see figure 3.12(b)).
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Figure 3.12: Variation of droplet trajectories and time of flight with respect to field current
and droplet base diameter (a) Variation of 3 mm base diameter (footprint) spherical cap
ferrofluid droplet trajectories on solid substrate for different values of current I (in A)
passing through the coil (b) Time of flight to reach center of 1% electromagnetic coil from
starting point with different actuation current in the coil (c) Variation of ferrofluid droplet
trajectories on solid surface for different values of cap volume ferrofluid droplet base
diameter (2000 pum to 3500 pum). (d) Time of flight (t) to reach center of 1 electromagnetic

coil from starting point with different droplet base diameter

3.3.3.3 Effect of variation of droplet base diameter

Variation of droplet base diameter is important for droplet actuation on a solid surface in
magnetic digital microfluidics because it affects the behavior of the droplet when subjected

to a magnetic field. This understanding can help optimize the parameters used to manipulate

87



the droplets, including the current flow through the micro-coils and the switching sequence
used to generate the magnetic field. figure 3.12 (c) shows variation of ferrofluid droplet
trajectories on solid surface for different values of cap volume (corresponding to ferrofluid
droplet ranging between 2000 — 3500 um) over specific coils (coil-12, coil-13, coil-14, coil-
11 and finally coil-1). It can be seen from figure 3.12 (c) that for different sized droplets,
the trajectories do not differ noticeably in its straight part (i.e., during droplet transport over
coil-12 and coil-13), but they deviate slightly from one another near the zone of its first
turn (i.e., over coil-14). At higher base diameter of the spherical cap droplet, the trajectory
swerves from its straight path later since the inertial effect becomes dominant. However,
the total time taken by the droplet to move over the coil array decreases (see figure 3.12

(d)). The time-of-flight of the droplet is found to vary as t oc D82 (Figure 3.12(d)).

3.3.4. Droplet multiplexing and complex transport

Controlled magnetophoretic transport of spherical cap ferrofluid droplets on solid substrate
using sequentially switched planar micro-coils embedded underneath the substrate is
demonstrated in the previous section. This section illustrates the feasibility of multiple
droplets manipulation on the same array of micro-coils (Figure 3.13 (a)) by periodic
sequential switching of the coils, to achieve droplet-specific predefined direction with
respect to coil switching. This multiplexing and complex transport of multiple droplets has
several advantages over traditional methods of bioassay and medical diagnostics, including
reduced sample volumes, faster reaction times, and the ability to perform multiple assays
simultaneously on a single platform. The droplets containing biological samples such as
blood, saliva, or urine are manipulated to specific locations on the surface, where they can
be combined with reagents or other samples for analysis. Here three different types of
droplet manipulations strategy were reported. First, multiple monodisperse (11 droplets)
droplets are manipulated where these droplets are released sequentially on PDMS substrate
and consequently transported in different predefined destinations using appropriately timed
switching of the microcoils as shown in Figure 3.13(a). In the second approach, five
multiple polydisperse droplets are pooled and trapped in five different preordained
destinations on the substrate using appropriately timed switching of planar micro coils as

shown in Figure 3.14(a). Finally, sequential merging of multiple droplets and their pooling
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on the substrate has been reported in Figure 3.15(a). All these mentioned droplet
manipulations of droplets on a solid hydrophobic substrate in digital microfluidics offer a
versatile platform for performing a wide range of chemical and biological assays with high
precision and accuracy. Sequentially released multiple droplet manipulation can perform
sequential chemical reactions, mixing, and sample analysis. Beforehand please Each
droplet can contain different sensing elements for multi-parameter analysis in a single
platform. The droplets can be transported to specific detection zones, where their contents
are analyzed for rapid and precise testing in a compact format. Sequential merging of
multiple droplets increases the volume of liquid that can be manipulated on the substrate
where small volumes of liquid need to be combined or diluted. It enables the mixing of
their contents to initiate a chemical reaction. By pooling droplets, it is possible to create a
higher concentration of a particular sample, or to combine different samples for analysis or

reaction.

3.3.4.1. Targeted delivery of multiple monodisperse droplets

Targeted delivery of multiple monodisperse droplets ensure consistency in size and
properties which enables accurate delivery of specific volumes of reagents. Monodisperse
droplets facilitate accurate and consistent screening across multiple experiments during
high-throughput screening. For quantitative analysis monodisperse droplets are essential as
consistent droplet sizes lead to accurate measurements of concentrations, reactions rates,
and other quantitative parameters. This section demonstrates the driving concept of
multiple monodisperse droplets on solid substrate. Eleven identical spherical cap ferrofluid
droplets (having 3mm base diameter) are released sequentially on the PDMS substrate at 7
mm from the center of the Coil-12 and finally pooled along their pre-assigned independent
paths, eventually trapping them at the centers of some pre-designated coils. Table 1 lists
the coils to be energized in sequence for achieving this this for droplet 1 through 11. The
last coil in each set (in bold) designates the target coil where the droplet is finally
immobilized. Figure 3.13(a) shows droplet trajectories towards different destinations
(shown by dark red arrow from D1 through D11) with droplet number with reference to
their sequential release. Importance of such a trapping stem from the concept of holding
multiplexed reactions on the same microfluidic platform. For example, all the destination

locations (of trapping the ferrofluid droplet in Figure 3.13 (a)) may be construed as different
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miniature reaction sites where the droplet needs to reside for the necessary reaction to

occur. Multiple monodisperse droplets simultaneously react with numerous compositions

at different reaction chambers at the same time. Thus, multiple studies can be performed

on a single chip with reduced analysis time by manipulating each droplet independently on

a single planar microcoil array. Here, the time gap between the releases of consecutive

droplets is maintained at 2 seconds. This optimized intervening distance and frequency of

release of ferrofluid droplet have been chosen carefully so that once a droplet passes over

a certain coil (and it switches off, as shown in Figure 3.13 (b)) it traverses far enough (under

the pull of the next downstream coil) and subsequent turning on of the upstream coil does

not pull the droplet back.

Table 3.1: Set of coils to be energized to transport a specific droplet to a pre-designated

location on the substrate. Each droplet is finally immobilized at the center of the last coils (in

bold) of the sets (the sequence energizing the electromagnetic coils are assigned based on

predefine path to target destination coil )

Droplet Sequence of energizing Droplet Sequence of energizing the
the electromagnetic coils electromagnetic coils

1% Droplet 12,13,14,11,1 7" Droplet 12,13,14,15,16,17,8,4

2" Droplet 12,13,14,26,31 8" Droplet 12,13,14,15,16,17,23,28

3" Droplet 12,13,14,15,10, 2 9" Droplet 12,13,14,15,16,17,18,7,5

4" Droplet 12,13,14,15,25,30 10" Droplet 12,13,14,15,16,17,18,22,27

51 Droplet 12,13,14,15,16,9,3 11" Droplet 12,13,14,15,16,17,18,19,20

6™ Droplet 12,13,14,15,16,24,29
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Figure 3.13: Monodisperse droplet trajectories and corresponding coil switching pulses (a)
Transport of eleven monodispersed spherical cap ferrofluid droplets, released ahead of coil
12 (shown by the blue arrow), showing their trajectories towards different destinations
(shown by dark red arrow from D1 through D11) on the same substrate; droplets are
numbered with reference to their sequence of release. (b) Coil switching pulse for the first

4 droplets for the multiplexed droplet-manipulations.

The numbers under the pulses denote the droplet serials. Coil-switching pulses for the first
four droplets are shown in Figure 3.13 (b). Initially, the first ferrofluid droplet is released
at a position before the coil 12 (shown by the vertical, blue arrow in Figure 3.13 (a)) and
finally transport through subsequent switching of specific coils (coil-12, coil-13, coil-14,
coil-11 and finally coil-1), reaching a pre-ordained target (coil-1) at 3.75 second. While the
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second droplet is released at the same location (denoted by the blue arrow in Figure 3.13
(a)) after 2 seconds and the coil-12 is switched on, the first droplet passes over the center
of coil-13 at a velocity of 9.67 cm/s. From the coil-switching timeline (Figure 3.13 (b)) it
IS interesting to note that at this moment, both coils-12 and coil-14 are switched on, and
coil 13 is turned off. Therefore, the first droplet would experience the magnetic influence
of both coil-12 and coil-14. However, the forward velocity of the first droplet biases it more
toward coil-14 and sweeps it out of the influence of coil-12. Timing of the subsequent
switching of coils-14, coil-11 and coil-1 are synchronized to ensure the passage of the first
droplet to coil-1 center. A similar sequence of coil switching (coil-12, coil-13, coil-14, coil-
26 and finally coil coil-31; see Table 1) ensures the forward traction of the second droplet
in the same manner down the line, leading to its entrapment over coil-31. For the third and
fourth droplets, the coil switching sequences are coil coil-12, coil-13, coil-14, coil-15, coil-
10, coil-2 and coil-12, coil-13, coil-14, coil-15, coil-25, coil-30 respectively (see Table 1)
leading to the trapping of the droplets over coil-2 (third droplet) and coil-30 (fourth
droplet). Droplet numbers are mentioned in respective coil pulses shown in Figure 3.13(b).
The sorting scheme (e.g., the first droplet over coil-1, second over coil-31, third over coil-
2 and the fourth over coil-30) is cited as an example only, and different temporal and spatial
combinations are possible with the same configuration of coil assembly and different
switching sequences. Such spatiotemporal separations offer viable tools for sample
isolations on-chip according to different bioanalytical protocols. This underscores the

operational flexibility of the droplet manipulating platform.

3.3.4.2. Spatiotemporal separation of multiple polydisperse droplets

Akin to the previous example, which proposed a sequential transport and spatial sorting of
monodispersed droplets. The spatiotemporal separation of multiple polydisperse droplets
in magnetic digital microfluidics enables the selective manipulation and sorting of droplets
based on their physical properties such as size, shape, and composition. This can be useful
in various applications, such as cell sorting, particle separation, and bioassays. By using
different magnetic field strengths and gradients, droplets with different physical properties
can be selectively moved and sorted in specific locations on the surface. Here

spatiotemporal separation of five polydisperse droplets in specific target locations are
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explained as shown in Figure 3.14 (a). Multiple applications can be performed sequentially
on such a single DMF device by manipulating each droplet. Conforming to the typical DMF
volumes, five different volumes of spherical cap ferrofluid droplets have been chosen,
corresponding to base diameters of 3 mm to 3.4 mm respectively (with increment of 0.1
mm), released from the same location on the substrate (shown by the blue arrow in Figure
3.14 (a)), in a decreasing sequence of volume (i.e., the base diameter). Droplets are released
with a time gap of 3 seconds (typical hiatus in common digital droplet dispensers) to avoid
interfering “pull-back” force from adjacent coils during switching transitions and any
resulting untoward reverse-motion or coalescence of the droplets, as they are and
manipulated independently through distinct path to its respective destination. Initially, the
first ferrofluid droplet of 3.4 mm base diameter is released on the substrate at the same
starting position as mentioned earlier, and then pooled along and trapped at their pre-
designated independent path (in straight line through subsequent switching of coil-12
through coil-20), and finally bringing the droplet at pre-set destination (at the center of coil-
20) as shown in Figure 3.14(a) (pink line). Energizing current pulses of different coils used
to drive these specific polydisperse droplets are shown in Figure 3.14(b). For the initial
three droplets (which are comparatively heavier), no two alternate coils remain
simultaneously active; thus, there is no chance of droplet coalescence till 11.5 second.
When the fourth droplet passes over the center of coil-13 at 11.72 second, coil-14 is
switched on with simultaneous switching-off of coil-13. In a short while (at t = 12 s), the
fifth droplet is released with coil-12 switched on. Interestingly, at this moment, two
alternative coils (coil-12 and coil-14) remain active on either side of the fourth droplet.
However, that does not impact the unidirectional motion of the fourth droplet, as it moves
toward coil-14 due to its antecedent high velocity; and continues its transport through
subsequent switching of coil-15, coil-16, coil-24 and finally coil-29. Afterward, in the same
way, the fifth droplet is transported forward through alternate consecutive coil-3 and coil-
15 are switched on during t= 13.27 to 14.68 s and both coil-14 and coil-16 are switched on
during t= 14.9 to 16.25s. Eventually, all the five droplets are manipulated individually
through specific path to its corresponding target within 20.3s (see Figure 3.14(b)). Such

operation underscores the feasibility of manipulating droplets of different functional tasks
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through different parts (and hence possibly different biochemical conditions) of the same

chip.
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Figure 3.14: Polydisperse droplet trajectories and corresponding coil switching pulses (a)
Sequential transport of five droplets of progressively diminishing size (base diameters of
3.4, 3.3,3.2,3.1, and 3 mm, respectively) towards specific targets on the chip. Blue arrow
denotes the initial droplet dispensing location on the chip (b) Coil-switching pulse for the

five poly-dispersed droplets. The numbers under the pulses denote the droplet serials
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3.3.4.3. Multiple droplets merging and pooling

Merging and pooling of multiple droplets in magnetic digital microfluidics has a wide range
of useful applications like in microreactors, medical diagnostics, and drug delivery. By
coalescing discrete droplets containing measured quantities of different reagents and
analyte samples, one may initiate an intended biochemical reaction, and then transport the
resulting droplet containing the products to targeted areas on chip. Sequential merging and
transport of droplets, in the same philosophy, may be used to carry out a sequence of
biochemical reactions. This section demonstrates sequential merging of multiple droplets
and subsequent pooling using the same array of microcoils, but a different switching
strategy to suit the specific functional objective. Here, initially a seeding ferrofluid-droplet
(D1) having a base diameter of 3.4 mm is released on the substrate at the starting position
(shown by the blue arrow in Figure 3.15(a)). Thereafter, it is magnetically steered and
sequentially merged with four identical ferrofluid daughter-droplets (D2, D3, D4 and D5,
respectively, each spherical cap droplets having footprint diameter of 2 mm) that are
dispensed at strategic times at different coil centers (viz., at position A, B, C and D,
respectively, as shown in Figure 3.15 (a)) enroute the desired droplet actuation path (shown
by the red line). In actual applications, the droplet merging locations (shown by the brown
arrows in Figure 3.15. (a)) represent localized on-chip sites of specific reactions that need
to take place in a pre-designated sequence [242,243]. This sequenced actuation and
merging of droplets [102] create additional functionalities in digital microfluidics, such as
immunoassay [244], cell manipulation, tissue culture, drug efficacy [245,121]. The time
instants of these droplet-dispensing sequence are marked in Figure 3.15(b). Strategically,
the respective coils are switched off immediately before the seeding droplet reaches the
coil center (as it travels from the previous coil location). This allows the main droplet to
decelerate to a near-zero velocity and merge impact-free with the daughter droplet. For this,
a time delay of 1 second is allowed, before the subsequent coil is switched on and the
merged droplet begins its onward journey and repeats similar merging operations. Detailed
switching pulses of different coil is used in this operation as shown in Figure 3.15(b). At
first, the droplet D1 is transported by successive switching on coil-12, coil-13 and coil-14.
Coil-14 is switched off as the droplet reaches a point 3 mm ahead of the coil-center; the

droplet inertia takes it slowly towards the center of coil-14. By this time the second
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ferrofluid droplet D2 (footprint diameter 2mm) is released at position ‘A’ (see Figure8(b)),
which merges with the first droplet. After merging, the merged spherical cap ferrofluid
droplet (which now has a footprint diameter of 3.62 mm) is transported forward by
successive switching of coils-11, coil-1, coil-2, coil-9, etc. Enroute, the droplet is pooled
and merged with the third (D3), fourth (D4) and fifth (D5) daughter droplets at point B, C
and D, respectively. Finally, the last formed droplet (footprint diameter 3.985 mm) is
transported to the center of coil-10 through consecutive switching of coil-16 and coil-15 as

shown in Figure8 (b).
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Figure 3.15: Multiple droplets merging and pooling trajectories and corresponding coil
switching pulses (a) A spherical cap, seeding ferrofluid-droplet D1 of footprint diameter
3.4 mm droplet sequentially merged with ferrofluid daughter-droplets (D2 through D5, all
having footprint diameter of 2 mm) and pooled enroute the droplet actuation path (the red
line) and reached the preordained destination. (b) Coil-switching pulse for the intended
droplet merging and pooling
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3.4 Closing remark

It is worth noticing that the foregoing numerical simulations do not consider the effect of
thermocapillary actuation. In case of a high circuit current (and a coil material of low or
moderate electrical conductivity), Joule heating may create temperature gradient along the
free surface, entailing thermocapillary migration of the droplet. This would alter the overall
droplet transport and would impair the maneuverability, since the thermal signature of the
coils would change sluggishly and will not be synchronized with the rapidly changing
magnetic field. For systems handling higher currents (e.g., the system studied in some of
the simulation cases), one must therefore ensure very good thermal insulation on the top
side and excellent heat dissipation at the bottom side of the coils to curb the effect of
thermocapillary migration. It must also be noted that for successful on-chip droplet
manipulation, the droplet liquid (the host liquid of the ferrofluid in the present case) should
be immiscible in the carrier liquid of the film. Thus, oil or lipid droplets in aqueous medium
[18], water-based droplets in oil medium [7], droplet interface bilayers [246], or even
droplets of aqueous two-phase system [5] would work, if the magnetic nanoparticles can
be homogeneously pre-dispersed in the droplet liquid to enable the requisite magnetic
actuation. Similar mode of droplet transport may also be realized in nano-liter scale
droplets, impregnated with magnetic microspheres [163].For all these cases, the droplet
size (and therefore, the Capillary [247]and magnetic Bond [248] numbers) should be small
enough to maintain the integrity of the liquid droplet even when the maximum magnetic

and shear forces are at play.
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Chapter 4: Conclusions and Scope of future work

4.1. Conclusion:

Two versatile magnetic force-based droplet manipulation strategies have been proposed
using an array of planar electromagnetic microcoils embedded in a substrate. The first
approach demonstrates controlled manipulation of half-immersed ferrofluid droplets over
a thin aqueous film on a flat solid substrate by a periodically switched array of square
electromagnetic micro-coils. Magnetic actuation of the droplets is achieved using
substrate-embedded array of current carrying micro-coils. First, the field produced by an
individual micro-coil is simulated. Predictions of the magnetic force field from a single-
coil configuration, and the resulting transient transport of ferrofluid droplet are validated
experimentally. Subsequently, the numerical model is used to characterize two-
dimensional manipulation of the ferrofluid droplets on the liquid film using periodically
switchable array of square-electromagnetic micro-spirals embedded in the flat surface.
Ferrofluid droplet motion induced by the micro-coil array is subsequently analyzed for
different values of field current, fluid viscosity and droplet size. At relatively low current,
ferrofluid droplets exhibit zigzag motion, passing through the centers of the excited coils.
However, at larger field currents, the droplet picks up relatively larger momentum and
requires high inertial force to steer their trajectories. For cases when the magnetic force
falls short of the inertial one, droplet trajectory remains less sensitive to the switching of
the coil, deviating from the zigzag path and missing a few coil centers during its transport.
Similar behavior is also observed if the host fluid viscosity is reduced or the droplet size
is increased since both leads to an increase in magnetic force over the viscous drag. For
the regime of viscosity-dominated transport (e.g., at small current I, large fluid viscosity
nor small droplet radius Rer), the droplet time-of-flight t over the coil-array (length of ~
49 mm) follows the relationships t o< 1719, o [n(2 + 38) /(1 + §)]°°®and t o« Ry28.
Overall, the droplet transport time over the length of the active substrate is found to scale
linearly with a group-variable C = [n(2 + 38)/(1 + &)]/xmI?R%; for the viscosity-
dominated regime of transport. For inertia-dominated transports (e.g., at higher I, smaller
n or larger Reg), droplet time-of-flight slightly exceeds this scaling relationship due to

inertia-driven over-travels in the positive and negative y-directions. The two-dimensional
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manipulation of ferrofluid droplets reported here shows the possibility of complex on-
chip handling of biochemically functionalized droplets for different microfluidic tasks.
The study can also serve as the basis of a general design criterion for similar ferrofluid
droplet-based micro-manipulation devices.

In the second approach two distinct transport models have been discussed where cap
volume ferrofluid droplet was manipulated on solid surface. In the first transport model an
array of double layer electromagnetic micro-coils is used to actuate a cap volume ferrofluid
droplet in a rectilinear path on a solid substrate. Droplet motion was actuated by a
periodically switched array of a double layer electromagnetic micro-coils. The two-
dimensional rectilinear path of the droplet indicates the prospect of multifaceted on-chip
handling of numerous reaction processes. The second transport model demonstrates three
exclusive two-dimensional droplet manipulations on a s solid hydrophobic surface in the
context of proposing a configurable, multitasking surface microfluidic platform by
sequentially switched array of electromagnetic micro-coils. In the first two approaches,
multiple monodispersed as well as polydispersed ferrofluid droplets were pooled and
trapped in different preordained destinations on the chip. In the third embodiment,
sequential merging of a seeding ferrofluid droplet with four daughter ferrofluid-droplets at
four locations on the chip and pooling of the merged droplets to a target location on the
substrate were designed. This magnetic fluid droplet transport model is validated against
prior experimental results of gravity-driven sliding on an inclined plane. The velocity
dependency of advancing and receding contact angles of the spherical-cap droplet was also
validated with experimental observation. It was observed that the droplet transport is
strongly impeded by the drag and hysteresis forces. The highly localized nature of the
magnetic force implies that the relative spacing of the coils and the switching sequences
have important roles in ensuring seamless droplet transport. For the demonstrated on-chip
directional transport of the droplet, the transport time t was found to scale with the droplet
diameter D and the coil current l as t &< 1732 and t « D~%2. All these complex on-chip
handling of microliter-volume droplets were achieved with the same design of substrate-
embedded coils, only with different switching strategies. The study shows the prospect of
developing programmable, multitasking on-chip droplet manipulation for versatile surface

microfluidic applications.
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4.2. Scope of future work

Droplet-based Magnetic Digital Microfluidics is an emerging area and holds significant
potential for upcoming development and several uses with promising future prospects. It
combines the principles of microfluidics, droplet manipulation, and magnetic actuation to
enable precise control and manipulation of droplets on a digital platform. Some potential

future scopes of work in this field are as follows:

1. CFD simulation of droplet transport including the simulations of the transient
switching of the electromagnetic coils: The model will consider solutions of the Navier
Stokes equation and will implement volume of fluid (VoF) method to capture the free
surface of the droplet. The effect of the transient magnetic field, due to coil-switching, will
be considered by appropriately solving Maxwell equations. The effect coil-heating due to
the current will be considered by incorporating conjugate heat transfer through the substrate
into the liquid. The ensuing temperature gradient may be strong enough to induce
thermocapillary actuation, which will also be considered. At a later stage, simulation of
multi-component mixing and droplet-mediated biochemical reactions may
also be conducted.

2. Experimental demonstration of droplet transport and complex manipulation
strategies: As suggested in the present work, surface fabrication may be done on a simple
PDMS platform with electrodeposited coils. Surface functionalization may be realized on
the top layer of the substrate using Teflon-coating or grafting a self-assembled monolayer
of a fluoroalkylsilane.

3. Device level integration: At the third stage, device level integration of an OMDMF-
based microfluidic sensor may be taken up. Configurability of the actuating field may be
enhanced by real-time feedback of the droplet position signal to actuate the substrate-
embedded coils.

Present level serves as the starting point for accomplishing the aforementioned future work.
Findings of the present work serves as the design bases for developing the experimental
OMDMF platforms. A first-hand idea on the choice of electromagnet size, current level,
coil position, switching sequence, substrate size and the target manipulations of the droplet

may be derived from the present work. Even at the design and implementation phases in
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these future works, the present model and the numerical model may be used for getting

quick prediction of the target mode of droplet transport.
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Appendix

Al: Volume of asymmetrical spherical cap ferrofluid droplet sliding on
a solid substrate due to an external force

A liquid drop on a horizontal plane takes the shape of a spherical cap, where the base

contour is circular, and the contact angle is constant around the base.
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Figure Al: Schematic of a spherical cap droplet and its sliding profile with nomenclature
with two-circle method: (a) Schematic diagram of a spherical cap ferrofluid droplet (b)
Midsection of spherical cap droplet profile sliding on a solid substrate due to an external
force F with the nomenclature for the two-circle method [154]. Inset figures A1(b)

reproduced with permission from Elsevier

A schematic diagram of a spherical cap droplet is shown in Figure 1(a) where D is the
diameter of circular footprint of the spherical cap droplet and h is the height of droplet.
Droplet equilibrium contact angle is 6. The volume of spherical cap ferrofluid droplet at
rest or equilibrium condition is (without effect of contact angle hysteresis)

V= 1T_D3(2—3c056+cos39) [Al]

24 sin36
Now when droplet tends to move or slide on a solid substrate due to any external force F,
then droplet will not retain in equilibrium shape due to contact angle hysteresis. The volume
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of asymmetrical spherical cap droplet was determined by Eisherbini et al can be obtained
from Figure Al(b) [154].

The length at the base of the droplet is given as 2(, and the contact angles 01 and 0, are
advancing contact angle and receding contact angle respectively. These two circles meet at
the highest point of the profile, where x = Xo and y =Yo. The circle with a contact angle 61
and 02 is named C1 (origin Xo, 0) and C2 (Xo, Yo) respectively. Equating the height of the
droplet from C1 and C2,

.L— _L1 cos@lz_l‘—z— _L2
Sing,  Sing, Sing, Sing,

cosé, [A2]

; L, _ Sing (1-cosé,)

0 =
L, Sindg,(1-cosd,)

[A3]

Sind,(1-cosd,)
Sind,(1—-cosd,)

For simplification L1 can be expressed as Li1= LoLt where L; =
In figure 2(b), 61 means 0a (Advance contact angle) and 62 means Or (Receding contact
angle)

Since L1 +L2 =2 (length of the base of the droplet under CAH),

The variable L1 and L2 can be expressed as

2
L R T
1+L, 1+ L,
L 12 ,
Ya=L tan0;,y, = / Yo =.|=%—-X; Where Xo=(-Ls
a 2 2 b Slnﬁz c Sln292 0

Yo =ya_L1C0t€1=yb_%n@l

V1 and V- represent the part of the volume of ferrofluid droplet generated by C1and C»

respectively.
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_ 3
. (Y, 3Yo) (2-3c0s6, +€05° 6) + X4 (Y, —Y)26, — X, (Y, =Y, )(y, —Y,)sin 6,
V=] "
2 2 X2 A
° +X§(yb—ya)—§y§+§y§yc—xgyb+?°yc+xoyg(5_3.n 1&]}

[A4]

3z

3 (2, X2 3 _ o
Vv, = J-|:yc(§ Yo +?°j— VY, +%— X2y, + X,Y.Y,sin 6, — Xoyé[sm 1(%}-%+ezﬂd¢
i b

[AS]
Total volume of the droplet V =V, +V,

A2: Derivation of the equation to determine thickness or height of the
droplet to find resistive frictional drag on the spherical cap ferrofluid

droplet

A liquid droplet on a horizontal plane takes the shape of a spherical cap, where the base

contour is circular, and the contact angle is constant around the base.

(a) (b)

Figure A2: The schematic diagram of extended sphere profile of cap volume droplet at

equilibrium position (a) Extended sphere profile of cap volume droplet at equilibrium
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position. (b) Midsection profile of spherical cap droplet at rest on a horizontal surface fit

by extended circle

Figure 2 (a) shows the schematic diagram of extended sphere profile of cap volume droplet
at equilibrium position where S is the footprint of the spherical cap droplet and R is the
radius of extended sphere. Figure 2(b) represents midsection profile of spherical cap droplet
at rest on a horizontal surface fit by extended circle where r is the radius footprint, R radius
of the extended circle. Here AB is the droplet diameter. Let co-ordinate of A is (0, 0) and
Straight-line AB on the x axis. So, height of arc from different position of AB is nothing
but the co-ordinate of y which therefore represents the height or thickness of the droplet

from different position of its footprint diameter (§(x)). Then

AC = R sin6,0C = R cosf

So, co-ordinate of center of circle is (R sinf, - R cos6)

So, equation of arc is nothing but equation of circle itself.

Hence

(x — R sinf)? + (y + R cosf)? = R? [A64]

y? + 2yRcosO + R%?cos?0 = R? — x? + 2xRsinf — R?sin?0 [A6b]

y? + 2yRcosO + (x? — 2xRsinf) = 0 [A6C]

__ —2Rcos0++/(2Rcos0)2—4(x%—2xR sinb)
- 2

[A6d]

considering only +ve sign to satisfy above figure.

__ —2Rc0s0+/(2Rcos0)%—4(xZ—2xR sinh)
2

[A6e]

Here y represents instantaneous value of height of the droplet with respect to its footprint

diameter &(X) SO,

&(x) = 0.5(—2Rcosf + /(2R cosf) 2 — 4(x% — 2xR sinf) [AT]
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Resistive frictional drag on the spherical cap ferrofluid droplet represented by

max d
FTL = BTIFFan f;mln ?i) [A8]

Where nrr and r are the viscosity and foot-print radius of the cap volume droplet

respectively. Where U =dsS/dt U = dS/dt represents velocity of the droplet in x-y plane.
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Magnetically actuated transport of ferrofluid droplets over micro-coil @,MM

Debiprasad Chakrabarty, Susovan Dutta, Niladri Chakraborty, Ranjan Ganguly*

Magnetic manipulation of liquid droplets in microfluidic environment offers a promising tool for sample
handling in lab-on-chip devices, piofunctionalized ferrofluid droplets can effectively carry a measured
volume of analytes or reagents on a flat microfluidic platform, executing key tasks of a micrototal anal-
ysis system (u-TAS). However, achieving precise control using on-chip miniaturized magnetic coils is
licate combination of operating parameters, €.z, magnetizing current and
timing of switching, fluid viscosity, droplet size, etc. Here we present numerical analysis of magnetic
manipulation of an immiscible, microliter-scale ferrofluid droplet over a thin aqueous film on 2 solid
substrate using embedded micro-clectromagnet coils,
experimentally observed droplet trajectory in a simple, single-coil configuration, Subsequently, two-
dimensional manipulation of the ferrofluid droplets on the liquid film is predicted numerically when the
magnetic field is produced by a sequentially switched array of square spiral microelectromagnets, By
adjusting the operating parameters, we show that the droplet can be moved in predefined meandering

The numerical model is first validated agamst th

path over an active substrate area. The transport is broadly classified into viscosity- and inertia-influenced
regimes. Transport time of the droplet for the viscous regime is expressed in terms of a generalized group-
variable involving the operating parameters. The study is important for selecting the design bases for a
magnetically manipulated sample handling system for digital microfluidic platforms.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Microfluidics is the enabling technology of handling fluid
flow in diminutive amounts, typically ranging from nanoliters to
microlitres, in micro total analysis systems (p.-TAS). These devices
are capable of performing varied bioanalytical tasks, which are nor-
mally carried out in a 1ab, like sample preparation, purification,
separation, reaction, transport, immobilization, labeling, biosens-
ing and detectionon a chip[1]. These devices offer advantages over
the conventional bioanalytical protocol through reduced biochem-
ical reaction time, enhanced efficiency and mobility and reduced
sample and reagent consumptions. Small reactor volumes are also
favored where the analyze sample is available in extremely small
amount, e.g., in case of a forensic detection. The key generic steps
in any MEMS Microelectromechanical Systems) based bioanalyt-
ical device (e.g. a biosensor) involves sample handling for mixing,
reaction and separation. Active microfluidics refers to the defined
manipulation of the working fluid by active (micro) components

* Corresponding author.
E-mail addresses: ranjan@pe jusl.ac.in, rgangu200yahun.com (R. Ganguly).
hittp:j/dx.doiorg/10.101 6/3.50b.2016.06.001
0925-4005/© 2016 Elsevier B.V. All rights reserved.

such as micropump or micro valves. There has been a recent
shift of sample handling strategy from the continuous-flow to the
droplet-based system, where sample droplets can be stored and
manipulated in an immiscible liquid. Samples and reagents can
be confined in an immiscible carrier in spherical droplets which
are dispersed in another immiscible fluid that is flown through
the channel. Droplet-based microfluidics is relatively free from the
common problems of flow-through microfluidics like sample dilu-
tion and cross-contamination [2,3]. several useful applications of
droplet-based microfluidics, e.g., protein purification [4]. biosensor
(5], immunoassays (6], DNA-replication [7], cell-based assays 18],
bio-molecular extraction [9] etc. have underscored the importance
of on-chip droplet manipulation [10,11]. Magnetic force offers a
viable alternative for the manipulation of microdroplets. Func-
tionalized magnetic nanoparticles, either in the form of ferrofluid
droplets or magnetic microspheres offer a facile tool for microma-
nipulation on microfluidic platform. Magnetic force is used widely
for handling magnetic beads [12,1 3] in microchannels and capil-
laries in the context of active mixing | 14] and immunomagnetic
separation in microfluidic devices [15], or in studies related to
magnetic drug targeting [16,17]. Ganguly et al. (18] provides an
insight into the transport of ferrofluid and magnetic microspheres
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ABSTRACT
The role of non-contact manipulation of discrete droplets on
surface mmcroflwdic platforms have wide applications in
development  of low<ost biosensors and  biomedical
diagnostic systems. Magnetic digital microfluidic platforms
utilize magnetic force to actuate ferrofluid droplets on open
hyvdrophobic surface and offers distinctive benefits compared
10 other digital microfluidic actuation schemes. This allows
droplets — contaiming different type of sample and reagents —
10 be actuated and controlled independently; this can be
Jeveraged to achieve different bioanalytical protocols for
pomnt of carc diagnosis and other different micro-total
analyvoical systems. Here investigate, through a physically
realisic model. magnetic field-actuated transport of a
sphencal cap ferroflmd droplet on a surface microfluidic
platform. Manipulation of a microliter-volume droplet in a
sequence of rectilinear paths, leading to a guided-transport is
achicved through an array of double-layer, planar, square-
shaped clectromagnetic  micro-coils embedded in the
substraic. Appropriate sequence of coil energization for
attaming the desired trajectory of the droplet is described. The
study paves the foundation of developing more complex
digital mucrofluidic devices for different biomicrofluidic

apphications.

Keywords: Magnetic fluid; Microfluidics; Droplets; Surface
tension; Numernical model

INTRODUCTION
Digital microfluidics (DMF) is an emerging fluid handiing
technology, which has a wide range of significant
applications in the areas of automation, miniaturization an.d
biochemical applications. In surface-type DMF, quuid. is
manipulated in the form of discrete droplets conlaimn_g
samples and reagents on an open, integrated microfluidic
platform [1,2,3,4] instead of an enclosed microchannel.
Droplet-based surface-type DMF (SDMF) has many
outstanding features such as portability, less sgn.u'alc
consumption, shorter chemical reaction time anq ﬂcxlpl!nty
compared to the conventional flow-through mlCl’Oﬂu'ldlCS.
Here each droplet can be controlled independently wnh’out
complex networks of channels, pumps, valves, or mcchapncal
mixers. Thus, numerous reaction processes can be achlevgd
at the same time with a simple and compact design. Magnetic
forced-based SDMF offer distinctive advantaggs where
droplet filled with magnetic particles actuates uqdcr mﬂuenge
of magnetic force. Magnetic SDMF is easy to lmpleme‘nt in
term of fabrication and integration for point-of-care
diagnostics with flexible controllability and high accuracy.

Here flat surfaces of Silica, PMMA or PDMA, coated with a
low surface-energy materials such as Teflon AF (amorphoris
fluoropolymer) may be used to support droplets with limited
spreading, and transport those using localized magnetic field
gradients using miniaturized permanent magnet [5] or
electromagnet coils [6] or by combination of both permanent
magnet and electromagnet. Prior works on flow-through
magnetic DMF (7,8] have shown the feasibility of droplet
actuation using permanent magnet or electromagnetic rail
based approaches, but they are limited in terms of flexibility.
and sans the controllability, for example, the capability of
droplet operation along predefined paths. To attain two-
dimensional flexible and controllable operation of ferrofluid
droplets on a hydrophobic surface, planner microcoil array
[9,10] or combination of planar coils coupled with bias field
of permanent magnets [9] can be a more suitable substitute.
Nguyen et al. [11] proposed a simple magnetic digital
microfluidic device to drive ferrofluid droplet by four planar
coils in combination with a pair of permanent magnets and a
soft magnetic steel sheet. Manipulation of large amounts of
individual droplets using a deformable magnetic membrane
was achieved by Chen et al. [12]. In our previous study, we
demonstrated a complex, two-dimensional manipulation of
liquid droplets over a thin aqueous film on an open surface
using a periodically switched array of electromagnetic micro-
coils [13]. However. compatibility of the film-fluid with the
droplet liquid and the stability of the film pose constraints. So
to achieve more precise, flexible and wide range two-
dimensional droplet manipulation, solid surface with
adequate repellence to the droplet fluid is preferred.
Repellence of the surface to the droplet fluid (rendering a high
sessile-droplet contact angle) is a necessary condition to
attain a distinct, transportable droplet as opposed to a liquid
that wets, spreads and sticks to the surface. Here we present a
numerical model to analyse controlled manipulation of
spherical cap ferrofluid droplets on a solid substrate.
Periodically switched array of electromagnetic micro-coils
are used to generate a spatio-temporal distribution of
magnetic field that steers the ferrofluid droplet on the surface.
We use square coil with different orientation and dimension
to get better packing density (minimizing the dead space
between the neighbouring coils).

2. THEORETICAL FORMULATION

Figure 1 (a) shows the arrangement of double-layer planar
square coils of two different siz_e _(Six 20 mm? square coil in 1%
layer and six 10 mm’ square coil in 2" layer) in a two stranded
array of 12 coils (Typical dimension of a stranded array is 40
mm % 60 mm) fabricated on a flat PDMS substrate of 50 i
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