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Abstract

Spontaneous pumpless transport of droplets on
wettability-confined tracks is important for var-
ious applications, such as rapid transport and
mixing of fluid droplets, enhanced dropwise
condensation, biomedical devices, etc. Recent
studies have shown that on an open surface, a
superhydrophilic track of diverging width, laid
on a superhydrophobic background, facilitates
the transport of water from the narrower end to
the wider end at unprecedented rates (up to 40
cm/s), without external actuation. The spread-
ing behavior on such surfaces, however, has only
been characterized for water. Keeping in mind
that such designs play a key role for a diverse
range of applications handling organic liquids
and in point-of-care devices, the importance of
characterizing the spreading behavior of vis-
cous liquids on such surfaces cannot be over-
emphasized. In the present work, the spread-
ing behavior on the aforementioned wettability-
patterned diverging tracks was observed for flu-
ids of different viscosities. Two dimension-
less variables were identified, and a comprehen-
sive relationship was obtained. Three distinct
temporal scales of droplet spreading were es-
tablished: first, a Washburn-type slow spread-
ing, followed by a much faster Laplace-pressure
driven spreading, and finally, a sluggish density

augmented-Tanner-type film spreading. The
results offer design guidance for tracks that can
pumplessly manage fluids of various viscosities
and surface tensions.

Introduction

Open-surface microfluidics, a subgenre that
deals with liquid microvolumes on open sur-
faces, has recently developed into an important
strategy for performing various microdroplet
handling tasks.! Such devices are essentially of
two-dimensional nature, and can be fabricated
in a timespan that is, in most cases, an order of
magnitude shorter than the times required for
conventional three-dimensional closed channel
microfluidic systems, which typically are fabri-
cated using complex and costly fabrication pro-
cedures. Moreover, closed-channel microfluidic
systems are associated with several practical
difficulties, such as channel clogging by bub-
bles? and fouling by debris.? Non-specific in-
teractions of the analyte/reagent with the walls
of the channel also cannot be avoided in some
cases, which leads to false analysis outcomes.
These issues are non-existent in open-channel
microfluidic systems, where the liquid need not
be confined by solid channel walls. This allows
for a diverse range of substrates, such as rigid



and flexible solids,* porous materials,® and even
liquid-infused hybrid materials.®

Open-surface or open-channel microfluidics
are, in essence, a category of digital microflu-
idics,” where individual fluid droplets, instead
of a continuous fluid volume, are handled as
the analyte. Actuation of droplets on such de-
vices can be achieved by several methods, such
as electrowetting on dielectric (EWOD),® opto-
electrowetting (OEW),? magnetic, '° and acous-
tic!! approaches, among others. Since the char-
acteristic length scale of the droplet in such
devices is almost always below the capillary
length,'? forces due to the liquid surface ten-
sion, arising from spatial changes in the surface
energy of the substrate or the droplet itself,
can be harnessed for manipulating the liquid
volume. The surface energy barrier at the con-
trast line between superhydrophobic and super-
hydrophilic domains can be utilized to confine
droplets of water,!® with the maximum liquid
handling capacity being dictated by the sessile-
droplet contact angles at the two domains.!*
The recent proliferation of facile techniques to
create surfaces'® with extreme wettability con-
trast has led to the development of technolo-
gies1920 that can handle liquid droplets on the
surface of a chip or a substrate using the so-
called surface tension confinement, where a lig-
uid volume is confined on a wettable region
bounded by a repellent domain. Such tech-
niques of wettability patterning have also been
used in applications as diverse as atmospheric
water collection?! and surface-enhanced Raman
spectroscopy (SERS).?22* Tt is important to
note that strategies for handling liquids could
be extended to porous substrates, such as pa-
per?® and fabrics as well.?°

Droplet transport on surface tension-confined
tracks requires a source of actuation, such as
gravity!¥ or a difference in the Laplace pres-
sure of two droplets (of different diameters) con-
nected by a track.?’ However, ‘pumpless’ ac-
tuation of droplets on surface-tension-confined
tracks can be achieved if one is able to change
the surface energy of the liquid in a dynamic
fashion.?” A droplet on a substrate will al-
ways seek to minimize the overall energy of the
system, which can be used to achieve sponta-

neous, directional movement of the droplet on a
suitably-designed substrate. Physical texturing
or micropatterning of the substrate is a popular
technique in this regard,?*3° where the rough-
ness of the substrate varies in space, which leads
to a spatial nonuniformity in the affinity of
the droplet towards the substrate. Other tech-
niques of pumpless transport include creation of
a surface energy gradient by chemical modifica-
tion of the substrate3! or the droplet, 333 differ-
ential heating of the substrate in the presence of
a hydrophilicity gradient,?* photo irradiation, >
and chemically-assisted thermocapillary migra-
tion,¢ among others. The various methods of
creating wettability gradients by way of exter-
nal fields have been extensively reviewed by Li
et al.?”

Recently, Ghosh et al.? introduced a liquid
manipulation technique where a water droplet
was observed to undergo self-propulsion from
the narrower end to the wider end of a di-
verging or wedge-shaped superhydrophilic track
laid on a superhydrophobic substrate. The con-
stantly changing droplet footprint area on such
a track, and the resulting axial variation of the
curvature of the liquid meniscus led to a net
Laplace pressure-generated force along the axial
direction of the track, which drove the droplet.
Such a configuration can also be used for tran-
porting water droplets up an incline against
gravity. #3839 The geometry of this particular
design resembles a two-dimensional analog of
spontaneous, unidirectional droplet spreading
on a conical wire.?® Khoo and Tseng?*! used the
same configuration for pumpless transport of
subnanoliter droplets, while Alheshibri et al.*?
leveraged the difference in contact angles of wa-
ter on copper and aluminium to create planar
domains possessing contrasting wettability in
order to drive a droplet. The usefulness and
versatility of the wettability-confined diverging
track is evident from the diverse array of ap-
plications in which such a design has been em-
ployed. Nakajima et al.*® used several such tri-
angular patches for liquid manipulation, while
Morrissette et al.** used the design for spon-
taneous transport, mixing, and reaction of two
aqueous droplets containing different reagents.
Wettability patterns with the superhydrophilic



wedge tracks as key functional element have
also been shown to enhance the heat trans-
fer performance in dropwise condensation stud-
ies¥47 and for electronics cooling.*®

Use of wettability-confined tracks is not lim-
ited to transporting water only; recent stud-
ies have shown that such a configuration can
be also used for transporting droplets of or-
ganic liquids under water®® and ferrofluids®® as
well. When transporting different liquids on
the wedge-shaped tracks, two fluid properties
play crucial roles — surface tension and viscos-
ity. The effect of surface tension is apparent,
since it is responsible for the Laplace pressure
driving the fluid. The extent of the role of vis-
cosity, however, cannot be inferred right away,
as it would warrant a priori knowledge of the
transport dynamics on the wedge track. This
calls for a rigorous experimental investigation
of the effect of viscosity on the pumping abil-
ity of such wedge-shaped tracks. Moreover,
since a major application area of microfluidics is
the healthcare industry (point-of-care devices),
where the liquid being transported is a complex
fluid, studying fluids other than water is of ut-
most importance. Although a vast pool of liter-
ature exists on dynamic spreading of liquids on
homogeneous surfaces,®®* no such work exists
on the spreading dynamics on wedge-shaped
wettability-confined tracks. Hence, an attempt
to understand the same in pumpless transport
of aqueous liquids on wettability-confined di-
verging tracks through a parametric variation
of the liquid viscosity is made in the present
work. The transport characteristics are studied
with aqueous solutions of glycerol having differ-
ent mass fractions, hence different viscosities. A
common behavior of such droplets is revealed,
where the spreading front follows three distinct
and successive temporal scaling laws.

Materials and Methods

A facile and scalable approach towards produc-
ing superhydrophobic and superhydrophilic do-
mains on rectangular aluminum samples of di-
mensions 25 mm X 50 mm (mirror-finish 6061
aluminum sheets, 2 mm thick, McMaster-Carr),

was followed in the present work. The method
is identical to the one employed by Kouko-
ravas et al.,®® and is shown schematically in
Fig. 1. The samples were initially treated with
a 4 M HCI solution (ACS Reagent 37%, Sigma-
Aldrich) for 5 minutes (Fig. la) and then pas-
sivated in boiling deionized water for 60 min-
utes (Fig. 1c). This facilitated the growth
of micro-nano structures on the surface of the
sample. The boiling step resulted in the forma-
tion of a thin layer of aluminum oxide hydrox-
ide (A1(O)OH) or béhmite on the surface of the
substrate, resulting in superhydrophilic be-
havior (water contact angles ~ 0°). As done by
previous researchers,?%>” the superhydrophilic
aluminum samples were then immersed in a 1%
(by weight) solution of 1H, 1H, 2H, 2H - Perflu-
orodecyltriethoxysilane (97%, Sigma-Aldrich,
abbreviated as FAS for fluoro-alkyl silane) in
ethanol (200 proof, Decon Labs) for 8 - 10 hours
(Fig. 1le). This step resulted in the deposi-
tion of a monolayer of FAS on the roughened
Al substrates, thus imparting superhydropho-
bicity to the surface. Scanning electron micro-
graphs (obtained using the imaging module of
a Raith 100 eLINE Electron Beam Lithogra-
phy System) at different stages of sample prepa-
ration are shown in Figs. 1b and 1d. Mi-
croscale terraces and caverns are formed after
acid-etching (Fig. 1b), which are subsequently
covered by nanoscale bohmite needles (Fig. le)
upon passivation in boiling water. Such surface
roughness features with nanoscale structures
formed on top (hierarchical structure) are crit-
ical for achieving either superhydrophilic or su-
perhydrophobic behavior. The average rough-
ness of the surfaces was found to be ~ 25 pym
(measured using a Wyko NT3300 Optical Pro-
filometer). The surface energy of the exposed
area of the sample is reduced when covered
with a monolayer of FAS. A computer-aided de-
sign (CAD) file was fed as a vector image to a
laser marking system (EMS400, TYKMA Elec-
trox), and the FAS coating on the Al samples
was ablated using a Yb laser (20% power, 20
kHz frequency, 200 mm/s traverse speed, Scor-
pion Rapide, TYKMA Electrox)(Fig. 1f). The
laser ablation exposed the underlying superhy-
drophilic structure, while the unablated regions



retained their superhydrophobic property. Ex-
pectedly, a scanning electron micrograph of the
laser-ablated region (Fig. S1 of the Supplemen-
tary Information) looks similar to that of the
superhydrophilic region (Fig. 1d). The sessile
water droplet contact angles on the superhy-
drophobic domains, as measured by an in-house
goniometer, was found to be 152 £ 5° (Fig. 1h);
a droplet deposited on the superhydrophilic do-
main spread instantly with a contact angle be-
low 5°. A schematic top view of the finished
sample obtained from the above procedure is
shown in Fig. 1g, along with its salient dimen-
sions. In the present work, a track of length
(L) 30 mm, narrow end width (d) of 500 pm,
and divergence angle («) of 4° was chosen for
all tests.

Solutions of glycerol (99+%, Alfa Aesar) of
different mass fractions in deioinized water,
varying from 0.1 — 0.5 in steps of 0.1, were used
as working fluids. A schematic of the experi-
mental setup is shown in Fig. 2. A single drop
(~ 4.5 mg) was dispensed onto the superhy-
drophilic tracks using a syringe infusion pump
(PHD Ultra, Harvard Apparatus) through a
100 pm inner diameter needle (32GA GP, Nord-
son EFD). The needle distance from the sub-
strate was adjusted so that the droplet detached
from the needle just before its bottom touched
the track. This assured that the droplet was
dispensed at the desired location of the sub-
strate with negligible inertial effects. The fluid
flow on the superhydrophilic tracks was imaged
at 1000 fps using a high-speed camera (Phan-
tom Miro 310, Vision Research AMETEK with
Nikkor 50 mm, Nikon lens). A portable halogen
light source (L860, 250 W, Workforce) was used
to illuminate the sample through a rectangular
diffuser sheet (Lumen XT LT LW7, Makrolon).
Sequential time-lapsed images obtained from
the high-speed camera were analyzed using the
image processing feature of MATLAB, where
the instantaneous position of the liquid front
was identified by a sharp jump in pixel inten-
sity.

Results and Discussion

Water and aqueous solutions of glycerol (having
glycerol mass fraction, C,,, ranging from 0.1 —
0.5) were used as working fluids. In each case,
a droplet of ~ 4.5 mg was deposited at the nar-
rower end of a wedge-shaped track of length 30
mm, initial width 500 pm, and divergence an-
gle of 4°. All the experiments were performed
at an ambient temperature of 25° C, and the
salient properties of the fluids at that condition
are presented in Table 1.

Liquid spreading

Time-lapse images of different stages of spread-
ing of a water droplet on the wedge-shaped
track are shown in Fig. 3. The nearly-spherical
water droplet is dispensed on the narrow end
(left) of the track without any initial velocity
(Fig. 3a). The droplet is confined on two sides
by the wettability-contrast line, and can only
spread in the lengthwise direction toward the
wider end of the track (right). Initially, the
bulk of the liquid volume remains stationary
in the form of a bulge, while a liquid front in
the form of a film advances along the track (as
marked in Fig. 3b). The bulge remains station-
ary due to its high inertia, while the liquid film
advances as a hemiwicking front® through the
textured superhydrophilic domain. After some
time, the liquid bulge starts to move (Fig. 3c),
gradually decreasing in height (Fig. 3d), and
soon catches up with the advancing liquid front
(Fig. 3e). Subsequently, the liquid bulge disap-
pears and the entire liquid volume spreads as a
rivulet (Fig. 3f). The contact angle subtended
by the liquid volume along the wettability con-
trast line on the two sides is not the Young’s
angle;'? instead it lies between the respective
sessile droplet contact angles on the superhy-
drophobic and superhydrophilic domains, and
gradually decreases as the droplet spreads. As
the liquid starts spreading, a cross-section of
the liquid film at the section A-A’ of Fig. 4al
will initially look like Fig. 4a2; it will gradually
transition to the Fig. 4b2 shape as the liquid
front progresses along the track. Brinkmann
and Lipowsky%! pointed out, albeit for rectan-
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Figure 1: Schematic of the sample preparation procedure: (a) Al samples were treated with 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 samples 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 (scale bar denotes 1 mm)

Table 1: Properties of the different working fluids used in the present work (at 25° C)585

Glycerol mass fraction, C,, Density (kg/m?) Surface Tension (mN/m) Viscosity (mPa.s)

0 (water) 997.0 72.45 0.903
0.1 1021.3 71.83 0.928
0.2 1045.5 71.20 1.555
0.3 1072.3 70.28 2.185
0.4 1099.0 69.35 3.220
0.5 1125.3 68.63 5.105
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Figure 2: Schematic of the experimental setup
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gular channels, that a spreading droplet will
form a liquid bulge (which is confined in the
transverse and elongated in the axial directions)
when the local contact angle along the wetta-
bility contrast line exceeds 90°; the morphology
is reversible, meaning that the bulge will disap-
pear when the same contact angle becomes less
than 90°. The argument can be extended to
these diverging tracks — the liquid does form a
moving bulge in the initial phase of spreading —
although whether the critical local contact an-
gle is still 90° requires detailed theoretical anal-
ysis — which is beyond the scope of the present
work. The spreading of the liquid droplet essen-
tially occurs as the fluid volume inherently tries
to minimize its surface energy. The spreading
liquid bulge has a longer contact line on its lead-
ing edge as compared to its trailing edge (lead-
ing and trailing edges marked as LE and TE,
respectively in Fig. 3d). This leads to an unbal-
anced capillary force (marked as Fi,, in Figs. 3c
and 3d) that drives the liquid volume from the
narrow end to the wide end of the track. This
capillary force is in the forward direction, as
long as the local contact angle of the liquid vol-
ume at the wettability-contrast line is greater
than 90°, i.e., when there is a distinct liquid
bulge and the cross-section of the liquid volume
resembles Fig. 4a. In this configuration, the net
capillary force has a lengthwise component that
propels the liquid volume in the forward direc-
tion. However, when the bulge has disappeared
(cross-section resembles Fig. 4b), the net capil-
lary force reverses its direction and retards the
spreading of the droplet, causing the fluid to
slow down. The liquid volume still moves for-
ward, decelerating along the course due to vis-
cous drag, and finally there is an instant when
the liquid spreads at an extremely slow rate,

almost coming to a halt (Fig. 3g). This near-
stationary liquid volume still has a local curva-
ture, and acts as a source for the thin film that
creeps sluggishly towards the wider end of the
track (Fig. 3h).

Figure 5 shows time-lapse images of a 50%
(by mass) glycerol in water droplet spreading
on an identical track. The modes of spreading
are identical to those of a water droplet (Fig. 3),
with the only difference being the time instants
at which the aforementioned salient spreading
features are observed. The time stamps in
Fig. 5 clearly indicate that the glycerol solu-
tion spreads much slower than water. This is
expected, as the viscosity of this solution is ap-
proximately 5 times that of water; Table 1. The
viscous force opposes the capillary force, result-
ing in a much weaker net driving force acting
on the liquid volume. The magnitude of the
capillary force is directly proportional to the
liquid surface tension* which, as per Table 1,
decreases slightly due to the addition of glyc-
erol in the water. However, this reduction in
surface tension is minimal (Table 1). Weaken-
ing of the net driving force results in the droplet
to spread much slower; even at the end of the
recording window in this case, the liquid front
has not reached the end of the track (Fig. 5h).
Supplementary Videos 1 and 2 show high-speed
videos of the respective spreading events of Figs
3 and 5, while Supplementary Video 3 shows
a simultaneous high-speed top and side view
video corresponding to Fig. 3.

Dynamics of spreading

Image processing of the high-speed videos cor-
relates quantitatively the liquid front position
() with time (¢). This variation is plotted in
Fig. 6 for different mass fractions (C,,) of glyc-
erol /water solutions. All the curves show sim-
ilar trend, where the front position initially in-
creases rapidly with time, and then progresses
much slower. The trend observed for increas-
ing glycerol mass fractions is also expected. A
water droplet (Cp,, = 0) has the lowest viscos-
ity among all fluids tested, and reaches the end
of the track in 1.2 s. On the other hand, a
50 wt. % droplet does not reach the end of
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Figure 3: Time-lapse images of water droplet spreading on a wettability-confined 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); (¢, 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 the
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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Figure 4: (al) Generic liquid volume shape
(side view) when bulge exists; (a2) cross-section
of liquid volume (at section A-A’) when bulge
exists, contact angle () at wettability-contrast
line greater than 90°; (bl) generic liquid vol-
ume shape when bulge has disappeared; (b2)
cross-section of liquid volume (at section A-A’)
when bulge has disappeared, contact angle (0)
at wettability-contrast line smaller than 90°

the track even after 3.87 s. The similarity in
the trends of the curves for the fluids with dif-
ferent viscosities suggests that an appropriate
non-dimensionalization of the key parameters
related to the directional spreading would lead
to a single curve for all the fluids tested, reveal-
ing the underlying physics of the problem and
allowing predictions of spreading behavior for
other fluids without prior experimental testing.

The dimensionless liquid front location, X,
was defined as x/L, where L denotes the total
length of the respective track; the dimensionless
time, 7', was defined as vt/uL, where v and p
denote the fluid surface tension and viscosity,
respectively. The variation of X with T is plot-
ted in Fig. 7 for all the working fluids consid-
ered in this work. It is observed that the nondi-
mensional displacement-time curves for all the
fluids collapse upon each other. Three distinct
regimes of spreading are observed, which have
been marked in Fig. 7 as I, II, and III, re-
spectively. Regime I corresponds to the time
period when the liquid bulge has not yet picked
up noticeable velocity (due to its inertia), and
only a thin film advances from it (Figs. 3b
and 5b). Liquid transport in this regime takes
place primarily by hemiwicking through the
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Figure 5: Time-lapse images of 50 wt. % glycerol in water droplet spreading on a wettability-
confined 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 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 has not reached the end of the

track at t = 3.870 s.
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Figure 6: Liquid front location (x) at different
time instants (t); C,, indicates the mass frac-
tion of glycerol in water solution; error bars in-
dicate the maximum error for each curve.

crevices of the rough, superhydrophilic track.
The flow in this mode is mainly influenced
by two forces: the capillary-pull through the
crevices (which may be assumed analogous to
a bundle of hydrophilic microchannels!®) on
the rough track, and the viscous force oppos-
ing the flow. In the early spreading regime of
viscous droplets on unbounded substrates, re-
searchers®%% have shown that the spreading
distance varies with t'/2, as in the Washburn
spreading law.% The same scaling relationship
was obtained by Schutzius et al.'® for unidirec-
tional droplet spreading on rectangular surface
tension confined tracks. The lower left inset in
Fig. 7 presents the variation of X with 7/2
in Regime I, which shows that the data points
for all fluids follow, approximately, a straight
line (dashed line). The departures from the
straight-line behavior is attributed to the ob-
served oscillations in the liquid during the early
moments of spreading, after the droplet has
just touched the substrate, following dispension
from the nozzle (Supplementary Videos 1 and
2). When the spreading distance, z, is much
larger (by more than two orders of magnitude
in the present case) than the average pore diam-
eter of the roughness structures on the surface,
dpore, the velocity u of the liquid front may be



approximated as a Poiseuille flow

d]%ore %

U~ —

T

(1)

Here Ap is the capillary pressure difference
driving the flow. The mean curvature of the
liquid meniscus at the crevices of the surface mi-
crostructures at the wetting front is ~ 1/dpe,
which leads to

Ap ~ (2)

pore

Rewriting u as x/t, Eq. 1 becomes

1 dpore
e (3)

| 8

which is analogous to the Washburn relation-

ship,
1/2
T~ (1) #1/2 (4)
W

The lower left inset of Fig. 7 thus shows that
the spreading front in Regime I indeed exhibits
a Washburn-type scaling, indicating that the
liquid spreading is primarily attributed to hemi-
wicking on the textured superhydrophilic sur-
face. Regime I commences from the moment
the droplet touches the superhydrophilic track
and lasts up to the point where the liquid bulge
overcomes its inertia and starts moving.
Liquid spreading in the second regime is gov-
erned by a balance between the capillary force
(arising out of the shape of the liquid meniscus
of the traveling liquid bulge) that propels the
liquid forward and the viscous force resisting its
motion. The axial component of the capillary
force acting on the liquid bulge is estimated by

N (5)
where dp/dx denotes the Laplace pressure gra-
dient along the axial direction and A.s denotes
the cross-sectional area of the bulge upon which
the Laplace pressure acts. The Laplace pressure
gradient can be expressed as?

dp . 1
e 2782719@1,9@04 (6)

where 0,,, is the average contact angle of the
liquid along the wettability-contrast line over
the length of the bulge, and § denotes the local
track width. As the liquid volume spreads, 0.,
changes from obtuse to acute, causing sinf,,, to
reverse its sign. Moreover, the diverging nature
of the track means that 0 increases as the liquid
spreads, thus decreasing the magnitude of the
driving pressure gradient. Hence the spreading
liquid volume eventually slows down. Assuming
the cross-section of the bulge to be a sector of
a circle, A.s ~ 0%, Therefore, for a fixed value
of o, Fiop ~ vx. The viscous resistance at the
base of the moving bulge, on the other hand,
can be approximated as

u
Fvisc ~ ,U%Abase (7)

where u is the linear velocity of the liquid vol-
ume, h the height of the bulge, and Apqse rep-
resents the basal (footprint) area of the bulge
volume. For a bulge cross-section that is a sec-
tor of a circle, h ~ ¢§; and a trapezoidal approx-
imation of the footprint of the bulge leads to
Apase ~ %xé. Therefore, the viscous force can
be written as

u LU2

Fuise o pig a6 o i (8)
A balance between the two aforementioned
forces yields N

x Mt : (9)
a linear dependence of the front position on
time. The same linear scaling (X ~ T') has
been observed experimentally as well, as shown
in Fig. 7 for Regime II.

The third regime corresponds to the instant
when the bulk liquid volume comes nearly to
rest and a thin liquid film creeps on the su-
perhydrophilic substrate (Figs. 3g and 5g).
The dynamics in this regime are governed by
the energy dissipation during spreading. De
Gennes,®! in his seminal paper on spreading
of fluids, mentions that this energy dissipa-
tion is primarily attributed to three compo-
nents — viscous dissipation in the bulk of the
droplet, dissipation at the contact line,% and
dissipation at the spreading precursor film.!?
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Figure 7: Dimensionless front location (X) plotted against dimensionless time (T); three distinct
regimes are identified and marked as I, II, and III; the inset at lower left shows Regime I plotted
against the Washburn scale of droplet spreading; the inset at top right shows Regime III plotted
against the density augmented-Tanner spreading scale. The dashed line in the lower left inset shows
the straight line that the datapoints approximately follow. The location of the transition from one
regime to the next has been determined by plotting X against 71" in the log-log scale, as shown in

T

Fig. S2 of the Supplementary Information.
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The viscous dissipation in the bulk droplet is
caused by a ‘rolling motion” observed on the lig-
uid surface, akin to a caterpillar track, as the
droplet spreads.® By virtue of this rolling mo-
tion, packets of liquid that are on the free sur-
face of the liquid volume eventually end up at
the vicinity of the solid surface. On unbounded
substrates, dissipation-governed spreading fol-
lows the well-known Tanner law,%” where the
spreading distance scales as t'/1°. For such a
flow, following the lubrication approximation,
the equation for the liquid-front velocity (as-
suming a Poiseuille flow) is given by
h? Ap

U~ ——

o (10)

where h denotes the height of the spreading lig-
uid. For h <« z, the mean curvature of the
spreading front is ~ h/x?,% and the pressure

drop is given by

h
Ap ~~ ) (11)
Therefore, the spreading velocity can be rewrit-
ten as

(12)

In Regime III, & is not constant but varies with
x. Instead, the spreading volume, ), is con-
stant. Considering the spreading liquid volume
to be part of a trapezoidal prism, we deduce
from volume conservation,

Q ~ hzd (13)
For small o, § ~ ax, which leads to 0 ~ aha?,
which further yields

Q
b~ —

ax?

(14)

However, for tests with different fluids, €2 is not
constant, as the pendant droplet size changes
with fluid properties. Since the mass of the
dispensed droplet is governed by a balance be-
tween gravity (that sheds the droplet) and sur-
face tension (that restrains the drop at the nee-
dle tip),%*™ one may account for the effect of
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density variation on the dispensed volume using

p
where p denotes the density of the fluid, and the
subscript 0 corresponds to pure water. The ef-
fect of surface tension is ignored in Eq. 15, since
that property did not differ noticeably between
the fluid samples (Table 1), as compared to the
density. Thus,

NZLQ?’ p_% 1
s 0 P ) adah

~ ZQ_g\Ijsi
wad o x?

T
t

(16)

where U denotes the ratio of py and p. This,
in turn, for constant wedge angle yields the
spreading law

1/10
T~ [3/10 (Z) £1/10

L (17)

This scaling relationship resembles Tanner’s
spreading law,%” with a weak density depen-
dence. The upper right inset in Fig. 7 presents
the variation of X with W3/1071/10 for all cases
considered herein. All curves overlap and follow
a straight line, which suggests that the spread-
ing front in Regime III adheres to the X ~
Y3/101/10 gealing law — a density-augmented
Tanner spreading law.

Although the above three spreading laws were
validated over a five-fold range of fluid viscosi-
ties and narrower ranges of surface tension and
fluid densities, the scaling expressions include
all these effects as well as track angle. Thus,
in principle, one could use the present laws to
predict spreading behavior of other liquids on
tracks of different contact angles. Such predic-
tions apply to many applications that rely on
liquid microdroplet manipulation on open sur-
faces.

Conclusions

The present study investigates mm-sized
droplet spreading on diverging, wettability-
confined tracks, and highlights the differences



between the traditional spreading on uncon-
fined substrates or parallel tracks and the
pumpless rapid transport observed on diverg-
ing tracks. A superhydrophilic trapezoidal or
wedge-shaped track laid on a superhydropho-
bic background was used to study the droplet
spreading behavior. Water and aqueous so-
lutions of glycerol (mass fractions 0.1 — 0.5)
were used as the working fluids to mimic bio-
fluids. High-speed imaging showed that the
droplet spreading morphologies are similar for
the range of viscosities tested, the difference be-
ing that the time required to reach a particular
spreading shape increased with increasing vis-
cosity. The droplet initially remained station-
ary in the form of a liquid bulge, with a thin pre-
cursor film of liquid hemiwicking through the
roughness structures of the superhydrophilic
track terrain. After some time, both the lig-
uid front and the liquid bulge moved, with the
bulge decreasing in height as it spread until
the point where the entire liquid volume spread
as a slender rivulet. Finally, the bulk of the
liquid volume became stationary, but a thin
sluggish liquid front spread across the rest of
the superhydrophilic track.

The variation of the liquid front position
with time followed the changes in the liquid-
spreading morphologies and spreading speeds.
The fluid with the lowest viscosity (water) was
found to be spreading fastest, and the one with
the highest viscosity (50% glycerol in water)
spreading the slowest, with all the intermedi-
ate fluids having spreading characteristics in be-
tween these two extremes in order of ascending
viscosity.

A dimensionless front position (X) and a di-
mensionless time (7") were introduced, and all
spreading curves were found to collapse upon
each other. Three regimes identified by observ-
ing the spreading shapes were apparent in the
X vs. T plot. In the first regime, the directional
transport resembled the early-stage spreading
of unconfined viscous droplets through hemi-
wicking, and the spreading front was observed
to follow the Washburn law (X ~ T%/2). The
second regime corresponded to a balance be-
tween the capillary force driving the liquid
bulge and the viscous resistive force, where a
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linear scaling relationship (X ~ 7T') was ob-
served. Finally, in the third and final spread-
ing regime, the dissipation at the contact line
dictated the spreading behavior, and the front
advanced following a density-augmented Tan-
ner law (X ~ W3/10T1/10 where ¥ is a density
ratio). Such multiscale spreading has also been
observed by other researchers®%93%® for spread-
ing of droplets on unconfined substrates; this,
however, is the first work that identifies multli-
ple regimes of spreading when a droplet spreads
on a diverging, wettability-confined track.

The principal objective of the present work
was to find the scaling laws for the spreading
behavior of liquids on wettability-confined, di-
verging tracks, and the results indicate that this
objective was successfully achieved. The vis-
cosity of the liquids was changed in a paramet-
ric fashion (over a factor of five) in order to
arrive at those scaling laws. The same could
have been achieved with any other fluid prop-
erty variation, and the results obtained there-
after would still have fallen on the curves shown
in Fig. 7. Despite the fact that the present
study concentrated on aqueous liquids, the ap-
proach applies to non-aqueous liquids as well.
In other words, if one created similar patterns
for oils (oleophilic tracks on oleophobic terrain),
one would expect the present scaling laws to
hold there as well.

Although the present experiments featured
wettability-confined tracks with fixed length
and a particular diverging angle, the spreading
regimes and scaling arguments extend to tracks
of other lengths (L) in the cm range, as L ex-
plicitly appeared in the dimensionless variables
(X and T). Moreover, the wedge angle («) was
implicitly considered while deriving the scaling
arguments, thus the present results should ap-
ply to other angles up to ~ 10° or even larger.

The present study described the directional
spreading behavior of viscous liquid droplets on
wettability-patterned diverging tracks, and is
the first of its kind. Scaling laws of the advanc-
ing liquid front with time were identified and
explained. These tracks have potential appli-
cations in point-of-care diagnostic devices, lig-
uid mixing, and transport of oils and organic
solvents — applications where the working fluid



may have a diverse range of fluid properties.
In such cases, it is important to know how far
and how fast the fluid will spread on a partic-
ular geometry. Such information should facil-
itate design decisions and improvement of the
performance of the device itself.

Supporting Information

Supplementary Information. Scanning electron
micrograph of laser-ablated region (superhy-
drophilic) of a typical aluminum sample; av-
erage dimensionless front location (X) plotted
against dimensionless time (7") in log-log scale
in order to identify the transition from one
regime to the next.

Supplementary Video 1. Spreading of water
droplet on wettability-confined wedge-shaped
track.

Supplementary Video 2. Spreading of a
droplet of 50% aqueous solution of glycerol on
wettability-confined wedge-shaped track.

Supplementary Video 3. Simultaneous top
and side view of water droplet spreading on
wettability-confined wedge-shaped track.
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