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SUMMARY

Spontaneous pumpless transport of liquid droplets on wettability-patterned tracks is impor-
tant for a number of diverse applications such as rapid transport and mixing of fluid droplets,
enhancing dropwise condensation on surfaces, and in the biomedical sector as well. Recent
studies point to the fact that, on an open surface, a superhydrophilic diverging track laid on
a superhydrophobic background results in pumpless transport of water from the narrow end
to the wide end at unprecedented rates. However, the interplay between the driving capillary
force and the resisting viscous force, which governs the spreading behavior of liquid droplets
on such surfaces have so far not been characterized. Potential applications for transporting or-
ganic liquids and in point-of-care devices hence calls for understanding the spreading behavior
of viscous droplets on such surfaces. An effort to do the same has been made in the present
work by experimentally observing the spreading of liquid droplets of different viscosities and
surface tensions on the aforementioned wettability-patterned diverging or wedge-shaped tracks.
An universal relationship of the spreading behavior in terms of two dimensionless variables is
obtained. The liquid spreading front was found to follow three distinct temporal scales, tran-
sitioning from a Washburn-type spreading to a much faster Laplace-pressure driven spreading,

and finally to an extremely slow, density augmented-Tanner-type spreading.

xii



CHAPTER 1

INTRODUCTION

Microfluidic systems are ubiquitous in the modern world, capable of performing a variety
of practical tasks in applications where precise handling of liquid microvolumes is paramount.
Such systems are characterized by their high surface area-to-volume ratio, which results in their
ability to handle liquid microvolumes with a high level of accuracy and at a much reduced cost
as compared to their macroscale counterparts. These advantages have made microfluidic devices
immensely suitable for a range of applications, primarily in the medical, chemical, and biological
sectors (1). The development of a vast number of techniques for fluid volume manipulation in
microfluidic devices (2), such as capillary (3) and pressure-driven flows (4), electrokinetics (5),
centrifugal (6), magnetic (7), and acoustic forces (8) has made handling and manipulating fluid
microvolumes much easier. However, conventional 3D channel-based microfluidics have several
practical problems such as non-specific interactions of the analyte/reagent with the walls of the
channel, bubble clogging (9), and fouling by debris (10). These challenges are non-existent in
microfluidic devices where the liquid is handled on an open surface instead of a closed channel,
which in turn has led to the proliferation of open-surface microfluidic devices for a variety of
applications (11). Apart from the mitigation of the aforementioned difficulties associated with
closed-channel microfluidic systems, the 2D nature of open-surface microfluidics also results in
a manifold reduction of the fabrication time. Moreover, there is no requirement of impervious

solid walls for fluid confinement in open-surface microfluidics, resulting in its applicability over
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Figure 1. (a) Equilibrium contact angle of a sessile droplet and (b) wetting regimes for sessile
drops

a diverse range of surfaces such as rigid and flexible substrates (12), porous materials (13), and
even liquid-infused hybrid materials (14).

Open-surface microfluidics is essentially a subset of digital microfluidics (15), where instead
of a continuous fluid stream, a single droplet is handled as the analyte for the microfluidic
task. The characteristic length scale of the droplet in such devices is almost always less than
the capillary length scale (16), which entails that forces generated due to the liquid surface
tension, originating from spatial changes in the surface energy of the substrate or the droplet,
can give rise to motion of the liquid volume. A surface is said to be hydrophobic if it repels
water and hydrophilic if it attracts water. The most primitive test to check the affinity of a
surface towards water is to deposit a droplet of water (having diameter less than the capillary
length scale) on the substrate and measure the sessile or equilibrium contact angle (6, as shown
in Figure 1a). Hydrophobic surfaces have 8 > 90° while hydrophilic surfaces have § < 90°. The

prefix ‘super’ is applied to a hydrophobic surface if § > 150° and to a hydrophilic surface when



f < 5°. The affinity of a liquid towards a substrate is essentially determined by the liquid-vapor
(7), solid-vapor (7sy), and solid-liquid () interfacial tensions. The balance of the interfacial

forces at the contact line (Figure la) leads to the very well-known Young’s equation (16):

vcos0 = Vs — Vsl (1.1)

The contact angle, 6, is observed when the droplet is sessile or at rest. If the droplet starts
to move in one direction, then the contact angles at its leading and trailing edges are usually
different, and not equal to the sessile or equilibrium contact angle (16). In order to quantify
whether a liquid droplet will spread on a solid surface or not, a metric known as the spreading

parameter (S) is often used. The spreading parameter can be expressed as:

S =0~ (Y1 +7) (1.2)

Physically, the spreading parameter represents the difference in the surface energy (per unit
area) of the substrate when the it is dry and wet. A positive value of the spreading parameter
(S > 0, Figure 1(b)) refers to a partial wetting scenario, while for a negative value (S < 0,
Figure 1(b)), the liquid will completely wet the surface. Hence, for S > 0, a spherical bead-
shaped droplet is formed, while a nanoscopic film of the liquid rests on the substrate when
S < 0. When S > 0, for a homogeneous surface, a droplet of liquid will spread uniformly

in all radial directions until it reaches the equilibrium configuration. The different modes of



droplet spreading on a homogeneous substrate due to the equilibrium of various forces have
been extensively reviewed by Bonn et al. (17).

Water droplets can be confined by the energy barrier at the superhydrophobic-superhydro-
philic contrast line (18), and the maximum volume of water that can be confined is governed
by the sessile-droplet contact angles at the superhydrophobic and superhydrophilic domains
(19). Several facile techniques for creation of surfaces with extreme wettability contrast have
been developed recently (20), which in turn has led to the impetus in scientific research on
confining droplets on the surface of a chip or a substrate using hydrophilic and hydrophobic
domains (21; 22; 23; 24; 25). Applications as diverse as atmospheric water collection (26) and
surface-enhanced Raman spectroscopy (27; 28; 29) have been developed with such techniques
of wettability patterning. Manipulation of liquids using patterned wettability can be employed
not only to solid substrates, but on paper (30) and fabrics (31) as well.

In general, a source of actuation, such as gravity (24) or the Laplace pressure difference
between two droplets of different diameters (25), is always required for transporting droplets
on surface-tension confined tracks. However, a plethora of methods (32) exist for ‘pumpless’
manipulation of droplets on such wettability patterned tracks by dynamically changing the
surface energy of the droplet. The tendency of a liquid droplet to attain a morphology on the
substrate in order to minimize the overall energy of the system can be harnessed to achieve
spontaneous, directional movement of the droplet on an aptly designed substrate. The most
popular technique to achieve this has been physical texturing or micropatterning of the sub-

strate (33; 34; 35; 36), where a spatial variation of the surface roughness parameter of the



substrate leads to a spatial heterogeneity of the affinity of the substrate towards the droplet.
However, ‘pumpless’ transport of liquid droplets can also be achieved by a surface energy
gradient due to chemical modification of the substrate (37) or the droplet (38; 39), differential
heating of the substrate in the presence of a hydrophilicity gradient (40; 41), chemically-assisted
thermocapillary migration (42), photo-irradiated liquid manipulation (43) and by harnessing
the Leidenfrost effect (44; 45). An extensive review of wettability gradients created by external
agents can be found in (46). Unidirectional ‘pumpless’ transport of liquids on porous substrates
can be achieved by utilizing the wicking phenomenon, where a droplet volume is transported
from one point on the substrate to the other by gradually filling the microcapillaries present
in the porous substrate. Wicking-based transport is most commonly observed in the case of
paper-based microfluidics, which has shown great promise in biodiagnostics (47) and also oil
recovery (48). Recent review articles (49; 50) have extensively studied the growth and future
of paper-based microfluidic devices. Apart from paper substrates, wicking-based microfluidics
have been employed in textile substrates (51; 52) as well.

A novel liquid manipulation technique was recently introduced by Ghosh et al. (12) where
self-propulsion of a water droplet was observed from the narrow end to the wide end of a
diverging or wedge-shaped superhydrophilic track laid on a superhydrophobic substrate. The
driving mechanism is shown as a schematic in Figure 2. The diverging nature of the track
resulted in a constantly changing droplet footprint area. This further leads to an axial variation
of the curvature of the liquid meniscus, resulting in a Laplace-pressure generated force along

the axial direction of the track. This force will always push the droplet from a smaller wetted
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Figure 2. Origin of the driving force on a liquid droplet being transported along a
wettability-confined wedge-shaped track. Reproduced from (12) with permission from The
Royal Society of Chemistry

footprint to a larger one as it reduces the overall energy of the system. Further details on
the motion of droplets on such wettability-patterned tracks are mentioned in Chapter 3 of the
present work. Apart from horizontal substrates, such wettability-patterned wedge-shaped tracks
have also been shown to transport water droplets up an incline against gravity (12; 53; 54).
This particular geometrical configuration bears resemblance to a two-dimensional analog of
spontaneous droplet transport on conical wires that has been studied previously (55). The
wettability contrast in such configurations can be created by functionalizing a single substrate
(12) or by leveraging the difference in water contact angles of two dissimilar materials (56).
Literature bears testimony to the fact that such wettability-patterned wedge-shaped tracks are

immensely useful for a diverse array of applications such as liquid manipulation using multiple



triangular patches (57), spontaneous mixing of aqueous droplets containing different reagents
(58), and enhancing heat transfer performance in dropwise condensation studies (59; 60; 61)
and for electronics cooling (62).

The aforementioned wettability-confined wedge tracks are not only limited to transporting
aqueous droplets — as evident from recent studies that have used such tracks for transporting
organic liquid droplets under water (63) and ferrofluids (64). Surface tension and viscosity of
the fluids being transported are the two most important properties that determine the transport
characteristics. The difference in the liquid contact angles between the lyophilic (surface on
which a liquid spreads spontaneously) and lyophobic (surface on which a liquid does not spread
spontaneously) domains is the principal driving force for the liquid droplet. Hence the surface
tension of the fluid affects the transport in a way that a higher wettability contrast results in
a larger magnitude of the driving force. However, the influence of viscosity on dynamics of the
liquid transport cannot be guessed a priori, thus calling for rigorous experimental characteri-
zation. Although a plethora of studies exists on dynamic spreading of liquids on homogeneous
unconfined substrates (65; 66; 67; 17), no such literature is available on the spreading dynamics
of droplets on wedge-shaped wettability-confined tracks. Moreover, microfluidic devices are
frequently used in the biomedical sector (68) as point-of-care devices, where the working fluid
is seldom aqueous. Thus the need to understand the role of viscosity in pumpless transport of
liquid droplets on wettability-patterned wedge-shaped tracks cannot be overemphasized, and

an effort to study the same has been made in the present work.



The objectives of the present work can be briefly summarized as:
e Develop wettability-patterned substrates for pumpless liquid transport on metal substrates
(A1)
e Study the effect of fluid viscosity on the transport rate of droplets on such substrates
e Develop a scaling analysis to characterize the relative importance of the viscous drag and the
driving capillary forces

The organization of the thesis is as follows: the experimental methods and the materials
used are described in Chapter 2. Chapter 3 details the experimental results. The morphological
evolution of a droplet placed on an aforementioned wettability-confined diverging track is pre-
sented first. Subsequently, the development of the scaling arguments leading to the description
of universal behavior is highlighted. Finally, Chapter 4 concludes the thesis by summarizing

the key results of the work and outlining its future scope.



CHAPTER 2

MATERIALS AND METHODS

The superhydrophobic and superhydrophilic domains were produced by a facile and scalable
approach on rectangular aluminum samples 50 mm long and 25 mm wide (mirror-finish 601
aluminum sheets, 2 mm thick, McMaster-Carr). The sample fabrication procedure was identical
to the one reported by Koukoravas et al. (62), where the samples were first treated with a 4 M
HCl solution (ACS Reagent 37%, Sigma-Aldrich) for 5 minutes (Figure 3a) before passivation in
boiling deionized water for 60 minutes (Figure 3c). This results in the formation of micro-nano
structures on the aluminum surface, with the boiling step also resulting in the formation of
a thin layer of aluminum oxide hydroxide (Al(O)OH), commonly known as bohmite (69), on
the surface of the substrate. Taking cue from existing literature (70; 71), the superhydrophilic
etched-and-boiled aluminum samples were immersed in an 1% (by weight) ethanolic (200 proof,
Decon Labs) solution of 1H, 1H, 2H, 2H-Perfluorodecyltriethoxysilane (97%, Sigma-Aldrich,
abbreviated as FAS for fluoro-alkyl silane) for 8-10 hours (Figure 3e). A monolayer of FAS thus
formed on the roughened Al samples, imparting superhydrophobicity.

A ‘zoomed-in’ view of the micro-nano structures formed on the sample can be obtained
through scanning electron micrographs (obtained using the imaging module of a Raith 100
eLINE Electron Beam Lithography System), as shown in Figure 3b and Figure 3d. The acid
etching step results in the formation of microscale terraces and caverns (Figure 3b), which

are subsequently covered by nanoscale bohmite needles (Figure 3d) upon passivation. Such
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Figure 3. Schematic of the sample preparation procedure: (a) Al samples were first treated
with a 4 M HCI solution for 5 minutes; (b) scanning electron micrograph of acid-etched
sample; (c) acid-etched samples were passivated in boiling deionized water for 60 minutes; (d)
scanning electron micrograph of etched-and-boiled sample; (e) the etched-and-boiled samles
were then treated in an ethanolic solution of fluoro-alkyl silane (FAS) and kept undisturbed
for 8-10 hours; (f) a CAD-based design was patterned onto the substrate by laser ablation; (g)
top view of final sample containing the superhydrophobic and the superhydrophilic domains;
(h) sessile water droplet on superhydrophobic domain (the scale bar denotes 1 mm)
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Light source
Direction of fluid movement

==

Patterned sample

High speed camera

Figure 4. Schematic of the experimental setup

surface features where nanoscale structures are formed on top of microscale structures are
known as hierarchical structures, and are essential for superhydrophilic and superhydrophobic
behavior. The average roughness features of the surface were found to be of the order of 25
pum (measured using a Wyko NT3300 Optical Profilometer). The roughness features when
covered by a monolayer of FAS reduces the surface energy of the exposed area. An in-house
goniometer was used to measure the sessile contact angle of the superhydrophobic domain
(Figure 3h), which was found to be 152 £+ 1°. On the other hand, a droplet deposited on the
superhydrophilic domain spread instantly with a contact angle less than 5°.

A laser marking system (EMS400, TYKMA Electrox) fitted with a Yb laser (20% power,
20 kHz frequency, 200 mm/s traverse speed, Scorpion Rapide, TYKMA Electrox), along with a
computer-aided design (CAD) file as vector image input, was used to selectively ablate the FAS
coating on the Al samples (Figure 4). The underlying superhydrophililc domain was exposed via

the ablation procedure, while the unharmed regions continued to exhibit superhydrophobicity.



12

A schematic top view of the finished sample, as obtained from the aforementioned procedure, is
shown in Figure 3g, along with the salient dimensions. For the present work, a track of length
(L) of 30 mm, narrow end width (dg) of 500 pm, and divergence angle («) of 4° was chosen for
experimental observations.

Glycerol-deionized water solutions (99+%, Alfa Aesar), having mass fractions of glycerol
varying from 0.1-0.5, were used as the working fluid. The experimental setup is shown as a
schematic in Figure 4. A syringe infusion pump (PHD Ultra, Harvard Apparatus) was used to
dispense a single drop (mass ~ 4.5 mg) through a 100 ym inner diameter needle (32GA GP,
Nordson EFD) onto the superhydrophilic tracks. The droplet was dispensed in a way that there
were no intertial effects, and while dispensing did not touch the needle and the substrate at
the same time. In other words, the droplet detached from the nozzle before its bottom came
into contact with the substrate. A high-speed camera (Phantom Miro 310, Vision Research
AMETEK) mounted with a prime lens (Nikkor 50 mm, Nikon) was used to capture high speed
videos, at 1000 fps (frames-per-second), of the fluid flow on the superhydrophilic tracks. A
portable halogen light source (L860, 250 W, Workforce) was used for illuminating the sample
through a rectangular diffuser sheet (Lumen XT LT LW7, Makrolon). The image processing
feature of the commercial software MATLAB was used to analyze the sequential high speed
images obtained from the high speed videography, where the instantaneous position of the liquid

front was demarcated by a sharp jump in the pixel intensity.



CHAPTER 3

RESULTS AND DISCUSSION

Aqueous solutions of glycerol (having glycerol mass fractions, C,,, ranging from 0.1-0.5),

and water were used as working fluids in the present work. For each of the working fluids, a

droplet of ~ 4.5 mg was deposited at the narrow-end of a wedge-shaped track of length 30 mm,

initial width 500 pm, and divergence angle of 4°. The experiments were performed at 25° C,

and the salient properties of the fluids at that condition are presented in Table I (72; 73).

3.1 Liquid spreading

Figure 5 presents time lapse images of different stages of a water droplet spreading on a

wedge-shaped wettability-patterned track. A spherical droplet, when dispensed on the narrow

end (left) of the track without any initial velocity (Figure 5a), remains confined on the two

TABLE 1

PROPERTIES OF THE DIFFERENT WORKING FLUIDS USED IN THE PRESENT
WORK (AT 25° C) (72; 73)

Glycerol mass fraction, Cp,

Density (kg/m?)

Surface Tension (mN/m)

Viscosity (mPa.s)

0 (water)
0.1
0.2
0.3
0.4
0.5

997.0
1021.3
1045.5
1072.3
1099.0
1125.3

72.45
71.83
71.20
70.28
69.35
68.63

0.903
0.928
1.555
2.185
3.220
5.105

13
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transverse sides of the track by the wettability-contrast line, and can spread only in the length-
wise direction to the wider end of the track (right). The bulk of the liquid volume is initially
at rest, with a liquid front advancing as a film along the track (as marked in Figure 5b). The
high mass of the bulge keeps it stationary, while the roughness features of the superhydrophilic
domain prompts the liquid film to advance through it via hemiwicking (74). The liquid bulge
starts to move after some time (Figure 5¢), gradually decreasing in height as it spreads (Fig-
ure 5d), and ultimately catches up with the liquid front (Figure 5e). Soon after, the liquid
bulge disappears and the entire spreading liquid volume resembles a rivulet (Figure 5f). The
contact angle subtended by the liquid volume along the wettability-contrast line decreases as
the droplet spreads, its value at any given instant staying between the respective sessile droplet
contact angles of the superhydrophobic and superhydrophilic domains. The cross-section of the
spreading liquid volume transitions from the morphology shown in Figure 6a2 (corresponding
to section A-A’ of Figure 6al) to the one in Figure 6b2, with the contact angle () at the
wettability-contrast line changing from obtuse to acute as the liquid spreads. For rectangular
channels, Brinkmann and Lipowsky (75) had pointed out that a spreading droplet forms a
liquid bulge (which is confined in the transverse and elongated in the axial directions) when
the local contact angle along the wettability-contrast line is greater than 90°, the morphology
being reversible with the bulge disappearing when the same angle is less than 90°. A similar
argument can be made for these aforementioned wedge-shaped tracks, where the liquid indeed
forms a moving bulge in the initial phase of spreading. However, a detailed analysis is required

to identify the critical local contact angle for bulge formation — a study which was beyond the
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scope of the present work. The liquid droplet spreads as the fluid volume tries to minimize
its surface energy. The leading edge of the spreading liquid bulge has a longer contact contact
line than the trailing edge (leading and trailing edges marked as LE and TE, respectively in
Figure 5d), which leads to an unbalanced capillary force (marked as Fq, in Figure 5) driving
the liquid from the narrow end to the wide end of the track. A forward-direction capillary force
exists as long as a distinct liquid bulge exists, and the axial component of the net capillary
force results in motion of the liquid volume. The bulge height decreases as the liquid spreads
further; the bulge ultimately disappearing after some finite spread distance. When the bulge
has disappeared, a reversal of the direction of the net capillary force occurs, resulting in a
retardation of the liquid volume. The forward motion of the liquid volume is also hindered by
the presence of viscous drag, which results in an increasingly slower motion. Finally, an instant
can be identified beyond which the bulk liquid spreads extremely slowly, almost coming to a
halt (Figure 5g). However, the local curvature of the stationary liquid volume is sufficient for
driving a thin film that creeps sluggishly towards the wider end of the track (Figure 5h).
Time lapse images of the spreading of a droplet of an aqueous solution of 50% (by mass)
glycerol on an identical track are shown in Figure 7. The spreading features are exactly identical
to that of a water droplet (Figure 5). However, the time instants at which each mode is observed
are drastically different, clearly indicating that the glycrerol solution, expectedly, spreads much
slower than water. The approximately 5 times higher viscosity of the glycerol solution (as
shown in Table I) is responsible for this behavior. The viscous force, by its nature, opposes

fluid motion, hence acting against the capillary force. This results in a much weaker net driving
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3 mm

t = 0.360 s

t = 1.200 s

Figure 5. Time lapse images of water spreading on a wettability-patterned wedge-shaped
track: (a) instant of droplet touching the narrow end of the track (t = 0.001 s); (b) bulge
volume stationary while hemiwicking front (HF) advances (t = 0.010 s); (c, d, e) both bulge
and liquid front move together, with the advancing bulge (AB) gradually decreasing in height
(t = 0.020, 0.040, 0.080 s); (f) bulge has disappeared and entire liquid volume moves as a
rivulet (t = 0.120 s); (g) bulk liquid has become almost stationary and acts as a source for
liquid spreading on superhydrophilic surface at a much slower rate (t = 0.360 s); (h) liquid
front reaches the end of the track (t = 1.200 s)
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a 0

Section A-A’
(al) (a2)

____—4‘

CA Section A-A’
(b1) (b2)
Figure 6. Liquid distribution on wedge-shaped track: (al) Generic liquid volume side view
when bulge exists; (a2) cross-section of liquid volume (at section A-A’) when bulge exists,
contact angle (0) at wettability-contrast line greater than 90°; (b1l) generic liquid volume

morphology when bulge has disappeared; (b2) cross-section of liquid volume (at section A-A’)
when bulge has disappeared, contact angle () at wettability-contrast line smaller than 90°

force for the liquid volume. The capillary force also decreases with decreasing surface tension
(12), but as Table I shows, the surface tension values of the all the working fluids tested in
the present study are similar with little variation. Hence, there is minimal reduction of the
capillary force due to surface-tension changes. A lower net driving force results in a more
sluggish spreading of the droplet, which for the case shown in Figure 7, does not even reach the
end of the track at the end of the recording window (Figure 7h).

3.2 Dynamics of spreading

A quantitative variation of the liquid front position (x) with time (¢) is obtained from
image processing of the high-speed videos, which has been subsequently plotted in Figure 8 for

different mass fractions (Cy,) of glycerol in solution. All the curves show similar trend, with the



18

3 mm

‘:l}aﬂmg edge /Leading edge t = 0.180 s

Figure 7. Time lapse images of droplet of 50% aqueous solution of glycerol spreading on a
wettability-patterned wedge-shaped track: (a) instant of droplet touching the narrow end of
the track (t = 0.001 s); bulge volume stationary while hemiwicking front advances (t = 0.060
s); (c, d, e) both bulge and liquid front move together, with the bulge gradually decreasing in

height (t = 0.080, 0.180, 0.340 s); (f) bulge has disappeared and entire liquid volume moves as
a rivulet (t = 0.520 s); (g) bulk liquid has become almost stationary and acts as a source for
liquid spreading on superhydrophilic surface at a much slower rate (t = 1.100 s); (h) liquid
front still does not reach the end of the track at t = 3.870 s

front position initially increasing rapidly in time, but then progressing rather sluggishly. The
trend observed with increasing glycerol mass fractions is also unsurprising — a water droplet
(Cy, = 0) having the lowest viscosity among all the fluids reaches the end of the track in 1.2
s, while a droplet having C,, = 0.5 (which has the highest viscosity among the fluids tested)
does not reach the end of the track even after 3.87 s. The similarity in the trends observed in
Figure 8 suggests that a proper non-dimensionalization of the relevant spreading parameters
may reveal a universal curve highlighting the underlying physics of the problem.

Two dimensionless quantities were introduced — a dimensionless liquid front location, X,

defined as /L, and a dimensionless time, T', defined as (yt/uL), where v and p respectively
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Figure 8. Liquid front location (x) at different time instants (t); C,, indicates the mass
fraction of glycerol in solution; shaded zones represent error limits corresponding to each color

denote the surface tension and the viscosity of the fluid. The variation of X with T', as observed
in the present work for all the working fluids considered, is shown in Figure 9. The non-
dimensional curves for all the fluids are found to collapse upon each other, and three distinct
regimes of spreading are observed, henceforth denoted as I, I1, and III. Regime I corresponds to
the time period when the liquid bulge has not yet picked up a discernible velocity and only a thin
film advances from it (Figure 5b and Figure 7b); hemiwicking is responsible for the spreading
of the liquid through the textured superhydrophilic track. Two forces primarily influence the
spreading in this regime — the capillary-pull through the crevices (which may be assumed

analogous to a bundle of hydrophilic microchannels (24)) on the rough track, and the viscous
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force opposing the flow. For spreading of viscous droplets on unconfined substrates, researchers
(76; 77) have shown that an early spreading regime exists where the spreading distance varies as
t1/2, the scaling being identical to the Washburn spreading law (78). The Washburn spreading
law is commonly observed in wicking-based devices (79). Schutzius et al. (24) obtained the
same scaling relationship for uni-directional droplet spreading on rectangular surface tension
confined tracks. The variation of X with 77/2 is shown in the lower left inset of Figure 9. The
data points for all the fluids follow, approximately, a straight line (represented by the dashed
line). After being dispensed from the nozzle, the droplet undergoes oscillations as it tries to
simultaneously adjust its shape as well as spread along the track — these coupled phenomena
lead to the observed deviations of some of the data points from straight line behavior. If the
spreading distance, x, is larger (by more than two orders of magnitude in the present work)
than the average diameter of the roughness structures of the surface, dyore, a Poiseuille flow

approximation of the velocity of the liquid front, u, leads to

U~ d]230re %

- (3.1)

where Ap is the capillary pressure difference driving the flow. The liquid meniscus has a mean

curvature ~ 1/dpore at the crevices of the surface microstructure, leading to

v
Ap ~ 3.9
p doore (3.2)
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Rewriting u as z/t, the expression of u in Equation 3.1 becomes

22
t

~

dpore (33)

= |2

The approximate straight line behavior of the datapoints in the lower left inset of Figure 9
confirms the Washburn behavior, indicating that the liquid front spreading is primarily governed
by the hemiwicking on the rough superhydrophilic surface. Regime I extends from the moment
the droplet touches the superhydrophilic track to the point where the liquid bulge overcomes
its inertia and starts to move.

A balance between the unbalanced capillary force (due to the shape of the liquid meniscus
of the traveling liquid bulge) propelling the liquid bulge forward and the resistive viscous force
gives rise to the second regime of spreading. The axial force acting on the liquid bulge is
estimated as

s (3.4)

with dp/dx denoting the axial variation of the Laplace pressure and A.s the cross-sectional area
of the liquid upon which the Laplace pressure acts. Taking cue from (12), the pressure gradient
can be expressed as

dp . 1
i 2732129%9?& (3.5)

where 6,,4 is the average contact angle along the wettability-contrast line over the length of the

bulge and ¢ denotes the local track width. The spreading liquid volume causes 04,4 to gradually
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Figure 9. Dimensionless front location (X) plotted against dimensionless time instant (T);
three regimes marked as I, II, and III; inset (lower left) shows regime I plotted against the
Washburn scale of droplet spreading; inset (upper right) shows regime III plotted against the
density augmented-Tanner scale spreading. The dashed line in the lower left inset shows the
straight line that the data points approximately follow. The location of the transition from
one regime to the next has been determined by plotting X against T" in the log-log scale, as
shown in Figure 10 of the Appendix
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change from an obtuse to an acute angle, which further results in sinfl,,, to change sign over
the course of this spreading. Moreover, a diverging track means that § increases with increasing
axial distance, resulting in a gradual decrease of the pressure gradient. These two effects result
in a decreasing net driving force of the liquid bulge. The cross-section of the liquid bulge can
be assumed to be a sector of circle; thus A.s ~ §2. Therefore, for a given a, Feop ~ vz, The
viscous resistance, on the other hand, is primarily experienced near the base of the liquid bulge
where it is in contact with the solid substrate, and can be approximated as

Y Apaee (3.6)

Fvisc'\’uh

with u being the linear velocity of the liquid volume, h the height of the liquid bulge, and Apgse
representing the basal (footprint) area of the bulge volume. As previously mentioned, the bulge
cross-section is considered to be the sector of a circle, which leads to h ~ J. The bulge volume is
also assumed to have a trapezoidal footprint due to the diverging nature of the track, resulting

in Apgse ~ %mé . Therefore, the expression for the viscous force can be rewritten as

2
u x
Fpise ~ [LE:L‘d ~H (3.7)

A balance between Fi,, and F;s. yields
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which is a linear relationship between the front position and time. The experimental data
(Figure 9) also shows the same linear scaling (X ~ T); which has been termed as Regime
II. Regime II starts when the liquid bulge first starts to move and terminates as the bulge
disappears and the bulk liquid becomes almost stationary.

Regime III commences with the bulk liquid volume coming nearly to rest and a thin liquid
film creeping on the superhydrophilic substrate (Figure 5g and Figure 7g). This regime is pri-
marily governed by the energy dissipation during viscous spreading, which has been classically
attributed to three components (65) — viscous dissipation in the bulk of the droplet, dissipation
at the contact line (80), and dissipation at the spreading precursor film (16). As a liquid droplet
spreads, a ‘rolling motion’, similar to a caterpillar track, is observed on its surface, resulting in
the viscous dissipation in the bulk droplet. This rolling motion results in packets of fluid from
the free surface of the liquid volume to eventually end up at the vicinity of the solid substrate.
Dissipation-governed spreading on unbounded substrates follows the well-known Tanner’s law
(81), where the spreading radius scales as #1/10. The lubrication approximation for such a flow

results in an expression for the liquid front velocity (assuming Poiseuille flow) given by

h? A
un~ 2P (3.9)
[T
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where h denotes the height of the spreading liquid volume. When h < x, the mean curvature

of the spreading liquid front is ~ h/x? (82), and the pressure drop is given by
h
Ap ~ g (3.10)

Hence, the spreading velocity can be rewritten as

x  yh?
U~ — ~

Lo 11
= (3.11)

However, h is not constant in Regime III, but varies with x. Instead, the spreading volume,
), is constant. The diverging nature of the track allows the spreading liquid volume to be

considered a part of a trapezoidal prism, and volume conservation yields
Q ~ hxd (3.12)

When « is small, § ~ az, leading to Q ~ ahz?. This further results in

Q

The pendant droplet size changes with fluid properties, which means that €2 is not constant
for runs with different fluids. The quantity of dispensed droplet is, in essence, governed by a

balance between gravity (shedding the droplet) and surface tension (restraining the droplet at
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the needle tip) (83; 84). Hence, the effect of density variation on the dispensed liquid volume
can be accounted for by

Q~ Q2 (3.14)
p

where the subscript ‘0’ corresponds to water. The effect of surface tension is ignored in Equa-
tion 3.14, since it does not change appreciably for the fluid samples used (Table I) as compared

to the density. Hence,

x v 1 (P 1
T 0 <p3 — (3.15)
Q3 a1
N%;§W3ﬁ (3.16)

with ¥ denoting the ratio of pg and p, p being the density of the working fluid and py being

that of water. Hence, the scaling relationship for spreading in Regime III can be expressed as

1/10
2 o U0 (Z) "o (3.17)

This scaling relationship closely resembles the Tanner spreading law (81), with a weak density
dependence augmented to that. The X against U3/1071/10 plot obtained from the experiments
is shown in the upper right inset of Figure 9. The curves are observed to overlap on each
other, and also follow a straight line. Hence, it is conclusive that the spreading front in Regime
III adheres to the X ~ W3/1071/10 gealing law — which can be called a density-augmented

Tanner-spreading law.



CHAPTER 4

CONCLUSIONS AND FUTURE SCOPE

The present work is a first-hand characterization of directional liquid spreading on diverging,
wettability-confined tracks, highlighting the difference between classical spreading (on uncon-
fined substrates or parallel tracks) and the pumpless rapid transport observed in wettability-
patterned, diverging tracks. The droplet spreading behavior on a superhydrophilic wettability-
confined, wedge-shaped track laid on a superhydrophobic background was studied. Water and
aqueous solutions of glycerol, having mass fractions ranging from 0.1 through 0.5, were used as
the working fluids to mimic a range of bio-fluids. High speed images revealed similar droplet
spreading morphologies for the range of viscosities tested, the major difference being that the
time taken by the liquid front to reach a particular axial location on the superhydrophilic track
increases with increasing viscosity. Initially the droplet remains almost stationary in the form
of a liquid bulge, having a thin precursor film of liquid hemiwicking through the roughness
structures of the superhydrophilic track. In time, both the liquid front and the bulge move,
with the bulge gradually decreasing in height as it spread. After some time, no discernible bulge
volume can be observed, with the entire liquid volume spreading as a slender rivulet. The final
stage of this spreading is when the bulk liquid volume becomes stationary, and a thin liquid
front creeps across the rest of the superhydrophilic track.

The experimentally obtained dimensional liquid front position plotted against dimensional

time accurately represents the spreading speeds and spreading morphologies. As expected,

27
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the fluid with the lowest viscosity spreads the fastest, while the one with the highest viscosity
spreads the slowest. All the other intermediate fluids have spreading characteristics between
these two limits, and in ascending order of viscosity.

Introduction of a suitable dimensionless front position and a dimensionless time results in
all the curves to collapse upon each other, suggesting universal behavior. Three regimes of
spreading are identified, which correlate well with the changing liquid morphologies. In the
first regime, the directional transport resembles the early-stage spreading of unconfined viscous
droplets through hemiwicking, and the spreading front follows the Washburn scale (X ~ TY 2,
A balance between the net capillary force driving the liquid bulge and the resistive force results
in the second regime of spreading, which is characterized by a linear scaling relationship (X ~
T'). The third regime is contact line dissipation dominated, and a density-augmented Tanner’s
law (X ~ W3/1071/10) is found to be the prevailing scaling relationship. It should be pointed
out that such multiscale spreading of liquid droplets has been observed by other researchers
(82; 76; 77) as well, but for unconfined homogeneous substrates. This is the first work that
identifies multiple regimes of spreading of a droplet on a wettability-confined, diverging track.

The present study satisfactorily describes the directional spreading behavior of a viscous
liquid droplet on wettability-patterned diverging or wedge-shaped tracks, highlighting the uni-
versal scaling of the spreading liquid front with time. Such tracks have potential applications
in point-of-care devices, liquid mixing, and transport of oils and organic solvents — applications

involving non-aqueous fluids having a diverse range of fluid properties. Such applications call
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for the knowledge of how far and how fast a given fluid will spread on a particular geometry,
hence facilitating design decisions and performance improvement of the device.

The present work highlights the first steps towards identifying the transport characteristics
of complex fluids on wettability-confined, diverging tracks. Aqueous solutions of glycerol, which
are used in the present work as the working fluid, exhibit Newtonian behavior, while almost all
bio-fluids are non-Newtonian. Hence, a logical future step in this work would be to characterize
the transport of non-Newtonian fluids on the same tracks. Moreover, the transport of the liquid
in Regime II is governed by the magnitude of the wettability contrast between the hydropho-
bic and hydrophilic domains, and the effect of that can be investigated in a subsequent study.
Furthermore, one can also use this design for point-of-care and point-of-injury diagnostic de-
vices. One such application can be modifying existing wound dressings and coupling them with
sensing and diagnostic modules where the liquid transport mechanism would be these tracks.
Wound dressings are made from porous materials — which means that the transport of liquids
on these diverging tracks laid out on porous substrates has to be characterized as well. Finally,
the speed at which a blood sample spreads across the aforementioned tracks may be related
to its health and coagulation parameters. Others (85) have shown that the hemostasis process
is associated with a change in the dielectric permittivity of blood, which further relates to its
coagulation parameters. The same can be explored in relation to the transport properties of

blood as well.
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Appendix A

DETERMINATION OF REGIME TRANSITIONS

The average variation of dimensionless front location (X) with dimensionless time (T) is
plotted in the log-log scale in Figure 10. A change in the power law behavior in the linear scale
manifests itself as a change in slope in the logarithmic scale. Two such changes are observed
in Figure 10 — a change of slope from 0.5 to 1 marking the transition from Regime I to Regime
II, and another change in slope from 1 to 0.1 corresponding to the transition from Regime II
to Regime III. Regime transition points identified from the logarithmic plot have been used to

demarcate spreading regimes in Figure 9.
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Figure 10. Average dimensionless front location (X) plotted against dimensionless time
instant (7) in log-log scale. The changes in slope demarcate the transition from one regime of
spreading to the next
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Appendix B

EFFECT OF SURFACE TENSION VARIATION

In order to understand the role of surface tension on the transport of liquids on the aforemen-
tioned wettability-patterned, diverging tracks, an experiment with a 0.01M aqueous solution of
sodium dodecyl sulfate (SDS, Sigma-Aldrich) is performed on a track of the same design as the
experiments mentioned in Chapter 3. The surface tension of the solution is 37 mN/m (86; 87),
while the viscosity is assumed to be that of water as very little amount of solid material is
added. The SDS droplet is observed to move much slower than water due to its surface tension
being smaller by approximately a factor of 2. The variation of X with 7T in the logarithmic
scale is presented in Figure 11, along with the average curve for the experiments with water
and the aqueous solutions of glycerol. The curves overlap each other satisfactorily, indicating
the universal behavior identified in this study appropriately captures the effects of both surface

tension and viscosity of the fluid being transported.



34
Appendix B (Continued)

10 '
<
10°% ]
X xR
X opl x Average curve
% XX x 0.01M SDS
x
10° 10! 102 103 104

T

Figure 11. Dimensionless front location, X, plotted against dimensionless time, T', for a 0.01M
aqueous solution of sodium dodecyl sulfate (SDS, v = 37 mN/m) along with the average
variation of X with T for water and the aqueous solutions of glycerol
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Appendix C

IMAGE ANALYSIS ALGORITHM

The fundamentals of the image analysis algorithm used in the present work are presented
in this section. The commercial software MATLAB is utilized to perform this. Time-lapsed
images are obtained from the high-speed video recordings, which were then read using inbuilt
commands in MATLAB. MATLAB reads each image as an array of the x-y coordinates of each
pixel of the image and the intensity of that pixel. For a particular y coordinate, if all the
pixels along that coordinate are sampled for their intensity, an abrupt jump is observed at the
pixels corresponding to the spreading liquid front, as demonstrated through a representative
snapshot in Figure 12. For each image within a sequence, the x coordinate of this intensity
jump, after averaging over a number of y coordinates comprising the liquid volume, is noted
and subsequently plotted against time for the entire video sequence to reveal the evolution of

the liquid spreading front position with time.
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Figure 12. A representative image showing the change of pixel intensity (I) along the
spreading liquid volume
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