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Using sharp transitions in contact angle hysteresis to
move, deflect, and sort droplets on a superhydrophobic
surface

Michael A. Nilsson and Jonathan P. Rothstein®
Department of Mechanical and Industrial Engineering, University of Massachusetts —
Amherst, Amherst, Massachusetts 01003-2210, USA

(Received 27 September 2011; accepted 16 May 2012; published online 8 June 2012)

In order to make an effective droplet-based microfluidic device, one must be able to
precisely control a number of key processes including droplet positioning, motion,
coalescence, mixing, and sorting. In a typical three-dimensional device, these pro-
cesses are well understood. However, for planar or open microfluidic devices, many
of these processes have yet to be demonstrated. In this paper, a series of superhy-
drophobic surfaces created by sanding Teflon are used as the microfluidics platform.
The superhydrophobic surfaces used in this study all have advancing contact angles
of 150° but have contact angle hysteresis that were varied smoothly from 3° to 30°
as the grit size of the sandpaper is changed. Drop motion was initiated by placing
the surface on an inclined plane. To deflect and move droplets along the surface,
single and multiple transition lines in receding contact angle were created by spa-
tially varying the surface roughness of the Teflon. The degree of droplet deflection
was studied as a function of droplet size, droplet speed, and the angle that the tran-
sition line in contact angle hysteresis made with the principle direction of droplet
motion. Droplet deflections across a single transition as large as 140% the droplet
diameter were observed. The droplet deflection was found to increase with increasing
difference in contact angle hysteresis across the transition and increasing transition
angles up to about 40°. The largest deflections were observed over a very narrow
range of droplet velocities corresponding to a range in Weber numbers between 0.1
and 0.2. This narrow range in Weber number suggests that transitions in receding
contact angle can be used to sort drops based on velocity, size or wetting proper-
ties with a strong degree of selectivity. The direction of deflection was observed to
change depending on whether the drops transitioned from a region of low to high or
high to low contact angle hysteresis. In a transition from low to high hysteresis, a
large portion of the drop’s kinetic energy is converted into interfacial energy as the
receding contact line of the drop is deformed. Alternatively, a transition from high to
low hysteresis results in some of the drop’s interfacial energy converted into kinetic
energy as the deformation of the droplet is reduced. The result is either a reduction
or increase in the droplet’s velocity normal to the line of transition depending on the
sign of the transition in contact angle hysteresis. Finally, single and multiple stripes of
different contact angle hysteresis are also shown to be effective at deflecting droplets.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4723866]

. INTRODUCTION

Microfluidics has become an important and widely studied and implemented platform for
diagnostics, material characterization, synthesis, and formulation over the past few decades.!®
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The main advantage of microfluidics is that small volumes of fluid can be precisely controlled
and manipulated. Microfluidic devices are typically enclosed devices, created in a polymer such
as polydimethylsiloxane or glass via photolithography. These are often single application or one-
time-use devices due to the tendency for micro-scale channels to clog or degrade after sustained
use. Additionally, in microfluidic devices, it is often advantageous to perform experiments using
individual drops of fluid rather than streams. This is a field often referred to as digital microfluidics
because the drop is manipulated one drop at a time rather than as a continuous flow. The major
advantage of using droplets is that it allows one to manipulate individual plugs of fluid while
avoiding dispersion effects.

In this field of digital microfluidics, there are a number of key challenges that must be addressed if
the device is to be successful. These include droplet positioning, movement, coalescence and mixing,
splitting, and finally droplet deflection. In this work, we will demonstrate a new method for addressing
two of these challenges: droplet positioning and deflection. What makes our devices unique are that
the droplets are manipulated and deflected on an open two-dimensional substrate without the use
of an enclosed channel as is done in conventional microfluidic devices. Our microfluidic devices
consist of planar superhydrophobic surfaces with discrete spatial variations in wetting properties,
specifically contact angle hysteresis. Superhydrophobic surfaces can be fabricated in a number
of ways.” Here, the devices are fabricated by mechanically sanding Teflon with sandpaper of
various grit-designations to produce a randomly rough surface.® The superhydrophobic surfaces are
inexpensive and easy to fabricate. In addition, by varying the sandpaper roughness, surfaces with a
wide range of both advancing contact angles and contact angle hysteresis can be fabricated, allowing
for the systematic and independent variation of either property.

Contact angle hysteresis is defined as the difference in advancing and receding contact angles,
Oy = 04 — Og. Contact angle hysteresis inhibits contact line motion through a sticking force that

goes as’

Fp = yl(cos(6g) — cos(64)). 1)

Here, y is the surface tension and / = Rsin (v — ) is the radius of the contact area between the drop
and the surface. In order for a droplet to move, the droplet must first deform such that the advancing
contact angle is exceeded and the receding contact angle is surpassed. In this work, all of the Teflon
surfaces have an advancing contact angle of 64 = 150° but vary in receding contact angle resulting
in contact angle hysteresis that range from 3° to 50°. In Nilsson and Rothstein,'” these surfaces
were utilized to investigate the effect of contact angle hysteresis on droplet coalescence and mixing.
They showed that reduction in contact angle hysteresis can dramatically improve droplet mobility,
deformation, and mixing following droplet coalescence.

Over the last few years there has been quite a bit of work in the field of two-dimensional digital
microfluidics with a focus primarily on droplet motion. Superhydrophobic surfaces are the primary
platform for drop studies as they are inspired by the remarkable behavior of water droplets on the
leaves of the lotus plant.!' Droplets on surfaces with little contact angle hysteresis have been found
to be extremely mobile and as such are very sensitive to vibrations and small perturbations.'?-10
Droplet motion across superhydrophobic surfaces has also generated much interest. By tracking a
single particle near the surface of a drop, Richard and Quere'” have shown that viscous droplets
with high contact angles on a surface tend to roll across the surface in agreement with theory.'® The
solid-body motion of the rolling drop greatly reduces the resistance to motion and has been shown
to reduce the drag on the drops by as much as 99%.'* Gogte et al.'” later showed that for water on
superhydrophobic textured surface, droplets initially slide at times near the onset of motion. They
found that as the droplet accelerates it transitions to rolling motion. During the early stages of drop
motion, the droplets trajectory approaches the free fall limit and interestingly it accelerates faster
than a solid sphere rolling down the same inclined surface.?’

In each of the experiments described above, droplet motion was induced by placing the substrate
on an incline. Droplet motion can be induced in a number of other ways. Droplets can be moved
based off of wettability gradients in patterned superhydrophobic surfaces.?!~>* For example, Wier
et al.** have shown that they can produce spontaneous droplet motion by spatially varying the surface
chemistry and the advancing contact angles across a surface with minimal contact angle hysteresis.
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A number of active methods exist for manipulating drops. These include mechanical actuation of the
surface, aerodynamically driving drop motion through a puff of air,'® or building electrodes into the
surface to induce motion of the droplets through electrowetting.> Krupenkin et al.?® demonstrated
the ability to change wettability characteristics by using an electrode inserted in a droplet and a
dc electrical field to drive a droplet from a superhydrophobic state to completely wetting. Optical-
electric devices can be used to direct a motion of a drop as it falls by optically sensing the position
of drops and then activating a charging device to alter drop trajectory.?’ Electro-wetting devices can
also be used to perform coalescence, mixing, and sorting of droplets.28 However, these devices tend
to be expensive and complicated to fabricate. In this work, our goal is to develop an inexpensive
passive technique to manipulate drop motion.

A number of previous studies have investigated the motion of droplets traversing over discrete
changes in surface wettability. Suzuki et al.? have shown that a droplet’s trajectory can be passively
altered by using different surface chemistries to create an array of wetting and non-wetting stripes
aligned at an oblique angle to the primary direction of droplet motion. Both the wetting and non-
wetting stripes had similar degrees of contact angle hysteresis, 8 5 = 16° but very different advancing
and receding contact angles. In their work, a series of arrays of 500 um and 100 pum stripes were
placed on an incline at an angle of 35° from horizontal and oriented at various in plane angles.
The velocity of the droplets was found to oscillate as they progressed across the striped surface.
For the smallest droplets tested, a maximum droplet deflection angle of 13° was observed.?’ The
droplets were always found to deflect towards the directions of the stripes to minimize drag, in
a manner similar to continuous flows past striped and grooved surfaces.>*?> A number of open
questions still remain, the most interesting being what happens when a droplet flows past a single
wettability transition rather than an array of stripes because it addresses the underlying physics
of droplet deflection. Weir et al.?* hypothesized that a two-dimensional digital microfluidic device
could be designed to utilize a drop’s reluctance to cross from a region of lower to higher advancing
contact angle to affect droplet trajectory. They showed that the additional gravitational potential
energy needed to advance from a region of low to high contact angle can often be enough to exclude
a slowly moving droplet from advancing onto the high contact angle surface. In this way, they were
able to demonstrate the ability to steer droplets along a surface by drawing boundaries of high contact
angle on a low contact angle background. The devices developed in this paper will implement and
test some of the conjecture of Weir et al.>* by creating surfaces with constant advancing contact
angles but with sharp transitions in receding contact angle and studying their ability to deflect, sort,
and capture drops.

Il. SUPERHYDROPHOBIC SURFACE FABRICATION

When a superhydrophobic surface has a precisely patterned or randomly patterned surface
roughness capable of supporting an air-water interface, it is said to be in a Cassie-Baxter state of
wetting.>? The Cassie-Baxter state typically has both high advancing contact angles (64 > 150°) and
minimal hysteresis. As a result, droplets tend to have high mobility. When the roughness is not ideal
and is too wide, shallow, or rounded to support an air-water interface the water permeates and fully
wets roughened surface, resulting in a droplet in the Wenzel state.>* The Wenzel state may have
high advancing contact angles but also characteristically has a high contact angle hysteresis. The
work presented here will employ surfaces in both the Cassie and Wenzel states and utilize discrete
transitions in droplet wetting from one state to the other to deflect droplets based on size, speed, and
composition.

The basic surface preparation technique used in this experiment is detailed in Nilsson ez al.® In
their work, they showed that sanding Teflon with different grits of sandpaper can produce randomly
patterned surfaces with different degrees of roughness. With this technique a wide range of advancing
and receding contact angles could be achieved simply by choosing the appropriate sandpapers. In
this study, we will focus on a series of sanded Teflon surfaces for which the advancing contact angle
can be held fixed at 64 = 150° but which have a receding contact angle that varies from 120° to 147°.
To generate the superhydrophobic surfaces used in this study, small pieces of Teflon were initially
mounted to an aluminum substrate with epoxy to ensure a flat level surface. To create the wetting
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FIG. 1. Schematic diagram of the experimental setup. The transition from one contact angle hysteresis to another is shown
as a dashed line.

transitions, the entire Teflon surface was initially sanded with a sandpaper of one grit designation.
Non-marking model tape was placed over half of the surface and the exposed half was then re-sanded
with a sandpaper of a different grit designation. Care was taken to not tear or rip the tape during the
second sanding. The tape was removed, and the surface cleaned with acetone, deionized water, and
blown dry with pressurized air. The resulting Teflon surface contains two distinct regions of similar
advancing contact angle (64 = 150°) but varying receding contact angles, with a sharp transition
between them as shown in Figure 1.

lll. RESULTS AND DISCUSSION

The patterned Teflon surfaces were then placed on a plane with an adjustable inclination
angle, o, to induce droplet motion. The inclination angle required to initiate the motion of the
water droplet is dependent on both the contact angle hysteresis and the droplet size. Only for
droplets where the gravitation force exceeds the sticking force, mg sin « > Fp, will the droplets
move down the incline. Expanding both sides for nearly spherical droplets, we find a critical
inclination of sin o = (s Si"(”&gfr(cl‘e’; Or—c0s04) - As a result, there are cases for very small droplets
or large contact angle hysteresis surfaces where droplets will remain pinned even on vertically
oriented surfaces. Here, k ~! = /y/pg is the capillary length which for water is ¥ ~! = 2.7 mm and
0 = (04 + Og)/2 is the average contact angle used in the calculation of the length of the contact
line. Once moving, Reyssat et al.”’ showed that on a superhydrophobic surface the total force acting
on the droplet becomes the gravitational force minus the sticking force introduced by contact angle
hysteresis, Fy,, = mg sin o« — Fp. Substituting in for sticking force from Eq. (1) and expanding for
nearly spherical drops, one finds

Fior . (k~")? sin(rwr — B)(cos B — cosby)
mg sina 43w R?sina '

2

Reyssat et al.”® showed that for surfaces with very low contact angle hysteresis the effect of the
sticking force is minimal, accounting for only a few percent change in the total force acting on
the droplet. In their study, droplets were observed to descend down the superhydrophobic surface
following the law of free fall until a terminal velocity was reached as aerodynamic and viscous forces
slowed and deformed the sliding droplet. Here, we investigate the effect of hysteresis on the drag of
a drop keeping the advancing contact angle fixed at 64, = 150°. In Figure 2, the total force on the
droplets is presented normalized by the force of gravity for droplets. Using a micropipette, droplets
of de-ionized water were placed on a sanded Teflon surfaces inclined at 13° above horizontal. All
of the droplets were initially placed on and allowed to accelerate down a low hysteresis surface,
0y = 3°, before transitioning to a surface with higher hysteresis. The droplets moved easily down the
low hysteresis surface under gravity and accelerated towards the contact angle transition reaching
it at a velocity of approximately U = 0.12 m/s. By bringing droplets onto the higher hysteresis
surfaces with a non-zero velocity, it was possible to observe droplet motion and calculate drag forces
on surfaces where the droplets were observed to decelerate at the inclination angle chosen.

A high-speed camera (Phantom v4.2) was used to capture the droplet motion at a frame rate
of 2900 fps. The acceleration of the drops was measured from the high-speed video images at a
position x = 2 mm downstream of the contact angle transition and used to calculate the total force on
the drop to compare with the theoretical predictions of Eq. (2). As expected, the total driving force
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FIG. 2. The normalized acceleration of a 3.5 mm diameter droplet moving down an inclined plane of variable contact angle
hysteresis and constant advancing contact angle of 64 = 150° as compared to the theory developed in Eq. (2) (dashed line).

is found to decrease with increasing contact angle hysteresis as the sticking force increases. As seen
in Figure 2, the sticking force on the droplets with 6 < 30° is less than the force of gravity and as a
result the drops are observed to accelerate down the length of the inclined superhydrophobic surface.
The hysteretic drag on droplets on the smooth Teflon (50° hysteresis), however, is much larger
than gravity and the drops are quickly decelerated. In the Cassie-Baxter state, the presence of the
air-water interface can induce slip and dramatically reduce drag.®?° In fact, for very low hysteresis
surfaces the viscous drag can be completely ignored.'*!”20 Contrast this to the higher hysteresis
surfaces in which the water is in contact with less trapped air and to some degree has reverted to the
fully wetted Wenzel state in which the droplet must flow over a rough no-slip surface. In both cases,
increased hysteresis corresponds not only to an increased sticking force but also a small viscous drag
component. Although the experiments and theory agree qualitatively, the experimentally observed
drag on the droplets is underpredicted by Eq. (2) at low hysteresis and overpredicted at high values
of hysteresis. This is likely due to the fact that Eq. (2) ignores effects of viscous losses and assumes
nearly spherical drop shape.

The difference in drag along a surface of different hysteresis suggests that if the transition were
not perpendicular to the flow direction, but at some oblique angle, the droplets could be deflected.
Additionally, the large deceleration and drag measured on the smooth Teflon suggests that it could
be used to capture and collect a drop moving along a surface of lower hysteresis. To investigate
these hypotheses, the sanded Teflon surfaces were mounted on a rotating stage to change the in plane
angle of the transition, oy, while varying the incline between 10° and 13° to achieve the desired
variation in droplet velocity and Weber number. This experimental setup can be seen schematically
in Figure 3. The deflection distance, d, is the distance a drop moves from the original trajectory
after passing the sharp transition in receding contact angle. This deflection distance is measured at a
location 15 mm downstream of the transition because by the time the droplet passes this distance any
lateral motion has ceased and the droplet motion again is straight downhill. The deflection distance
is normalized by the droplet diameter in the figures that follow. The droplet diameters in this study
were 3.6 mm on average with a standard deviation of 0.1. Positive deflections indicate deflection to
the left while negative deflections are to the right. The deflection is a function of Weber number,
We = pU?D/y, which is a dimensionless group that indicates the relative importance of inertial
forces to interfacial forces Here, U is the velocity as it arrives at the transition, p is the density
of the fluid, D is the diameter of the droplet, and y is the surface tension of the fluid. At large
Weber numbers, inertial forces dominate while at low Weber numbers capillary forces dominate.
On a given surface in this work, the Weber number could be varied below 1.25 and the angle of the
transition line, o, was varied incrementally from 0° to 45°. A wide variety of hysteresis transitions
were fabricated. The high-speed camera was mounted atop a tripod with the camera tilted to allow
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FIG. 3. Experimental setup with important parameters overlaid. The dashed line represents the location of the transition in
contact angle hysteresis transition.

for a view perpendicular to the surface. For consistency, the data presented here are for surfaces
rotated clockwise. However, the behavior was symmetric and the resulting dynamics were found to
be independent of rotation direction.

Regardless of the particular contact hysteresis involved, when a droplet moves from a surface
of high contact angle hysteresis to one with low contact angle hysteresis, the resulting deflection
is always towards the left. This can be seen in the left hand figures in Figure 4 both as an overlay
of several images of a drop as it progresses along the surface and as a schematic diagram that we
will use to better explain the physics. Conversely, when a droplet moves from a surface with low
contact angle hysteresis to one with high contact angle hysteresis the droplet deflected is always
towards the right. This is illustrated in the images and the schematic diagrams in the right hand side
of Figure 4. The directionality of the deflections is caused by the dynamics of the receding contact
line as it encounters the transition. Recall that in all cases the advancing contact angle is identical
and only the receding contact angle is affected by the transition. In the case a transition from high to
low contact angle hysteresis upstream of the transition, the droplet is initially moving with a lower
receding contact angle. The droplet deformation required to move along the high hysteresis surface
upstream of the transition results in significant interfacial energy being stored within the moving,
deformed droplet. Upon reaching and passing the transition, the receding contact angle is reduced
and the backside of the drop quickly retracts. The droplet becomes less deformed and approaches

FIG. 4. Sample droplet trajectories for transitions (on the left) from higher to lower contact angle hysteresis and (on the
right) from lower to higher contact angle hysteresis.
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3° to 15°, (@)15° to 3°, (V) 3° to 30°, and (V) 30° to 3°.

a spherical shape. The sudden release of stored potential energy provides a small force that acts to
accelerate the droplet normal to the contact angle hysteresis transition. This is shown schematically
in Figure 4. The small driving force is equivalent to the difference in the sticking force in Eq. (1)
between the high and low hysteresis surfaces,

Fpefieetion & ¥ R sin(r — 0)(cos(Or)1 — cos(Or)2). 3)

Here, (6g); corresponds to the receding contact angle of the upstream surface and (6g), to the
downstream surface. This force is aligned perpendicular to the transition angle. Conversely, for a
transition from low to high contact angle hysteresis, the droplet is deformed from a nearly spherical
shape to a more deformed shape. In this process, some kinetic energy is removed from the drop and
converted to an increase in interfacial energy. The result is a force that decelerates the drop in a
direction normal to the transition line. As seen in Figure 4, the result is a deflection of the drop to the
right. Note that this observation is different from that of Suzuki et al.?® for flow of a droplet across
a surface with stripes of variable wettability. In their experiments, droplet deflection was always
found to occur towards the orientation of the stripes. In the context of our experiments, the droplet
deflections observed by Suzuki et al.>® would be to the right.

The magnitude of the resulting deflection for a given transition angle and transition in contact
angle hysteresis is shown in Figure 5 for a wide range of Weber numbers between 0.05 and 1.25.
One clear observation is that the deflection of droplets is much larger when the droplet transitions
from a surface with higher contact angle hysteresis to one with lower contact angle hysteresis. This
is true even if the Weber number, transition angle, and the magnitude of the change in hysteresis are
identical. The response of a droplet to a transition in receding contact angle is not reversible. This
observation is not intuitive, as in this case the amount of energy added or removed by the receding
contact line dynamics is the same as is the magnitude of the deflection force calculated from
Eq. (3). If one investigates the angle that the droplet trajectory is altered when transitioning from
30° to 3° and 3° to 30° hysteresis, the angles are identical in magnitude for any given Weber number
experiment. This observation indicates that transition has induced the same amount of transverse
velocity in each case. Take, for example, a Weber number of 0.15 and transition angle of oy = 40°.
In this case, both drop trajectories are altered by 14° to the left for the 30° to 3° transition and 14°
to the right for the 3° to 30° hysteresis transition. In previous work with micrometer-sized stripes
of varying wettability, similar deflection angles were also observed.?’ Because the deflection angle
is identical in both cases, the difference in final deflection distance must therefore be a result of the
droplet dynamics that occur after the droplet passes the transition. Following the 30° to 3° transition,
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the droplet passes onto a surface with much less drag than the following 3° to 30° transition. As
seen in Figure 2 the drag on the 3° surface is roughly one-third the drag on the 30° contact angle
hysteresis surface. The force resulting from the receding contact line motion is imposed only as the
drop passes the transition while the gravitational driving force is constant. As a result, the lateral
motion induced by the transition decays away more quickly on the surface with higher contact angle
hysteresis and larger drag coefficients resulting in a reduced overall droplet deflection even though
the initial deflection angles are identical in both cases.

The difference in deflection can be calculated from first principles. Assuming a constant de-
celeration, ay, on the sanded Teflon surfaces, the deflection, d = 1/2 aytj% + V;ty, can be shown to
be dependent on the initial lateral velocity imposed on the drop by the transition, V;, and the time
for the drop to lose all its lateral velocity, t = —V;/a,. The deceleration can be taken from the
measurements in Figure 2, a, = gx—agyp, or from the predictions of theory in Eq. (2). The initial
velocity can be calculated from a simple energy argument assuming that the deflection force is
exerted over a finite distance which we estimate as the radius of the contact between the drop and
the surface, R sin (w — 0). If we assume complete conversion of work performed at the transition
into kinetic energy of the drop, the initial lateral velocity becomes

Vo~ \/ 3y (cos(Or); — cos(Og)y) sin?(w — ) sin(aT). @

27pR

Using Eq. (4) to calculate the deflection of a drop across a 7 = 40° transition, one finds a maximum
possible deflection of about d/D ~ 1.4 for a 30° to 3° hysteresis transition, d/D = (0.7 for a 15° to
3° hysteresis transition, and about d/D =~ —0.20 for a 3° to 30° hysteresis transition independent
of Weber number. These calculations predict the extreme values of deflection in Figures 5 and 6
reasonably well but do not represent all the data because this calculation ignores the dynamics and
assumes that all of the energy is transferred between interfacial and kinetic energy of the drop.

A number of other observations can be made from the data in Figure 5. Increasing the difference
in the contact angle hysteresis across the transition was found to increase the deflection. However,
when a droplet transitions onto a surface with a contact angle hysteresis of 8 = 50°, which is large
enough to completely halt droplet motion, the droplet deflection is clearly minimized independently
of transition angle. At small Weber numbers, the droplet is captured just beyond the transition line.
We can also observe that, for the transitions investigated, a maximum in deflection is observed
at a transition angle of approximately a7 &~ 40°. The maximum deflections were observed for
droplets starting on a surface with 30° contact angle hysteresis and then transitioning to a surface
of 3° contact angle hysteresis. For these surfaces of a transition angle of a7 = 40°, a significant

Downloaded 12 Jun 2012 to 128.119.88.66. Redistribution subject to AIP license or copyright; see http://pof.aip.org/about/rights_and_permissions



062001-9 M. A. Nilsson and J. P. Rothstein Phys. Fluids 24, 062001 (2012)

deflection was achieved over a wide range of Weber numbers, with a maximum observed deflection of
d/D = 1.4. This deflection is sufficient to achieve efficient sorting, as it exceeds what we consider the
minimum deflection of one diameter required to effectively sort drops. However, effective sorting
also requires the chosen device to be selective. For that reason, the Weber number dependence of
the droplet deflection was also investigated.

In Figure 6, the normalized droplet deflection is shown as a function of Weber number for
a transition angle of a7 = 40° for transitions from 30° to 3° contact angle hysteresis, 3° to 30°
contact angle hysteresis, and 15° to 3° contact angle hysteresis. For the 30° to 3° and the 15° to 3°
contact angle hysteresis transitions, a clear maximum is observed in the deflection data with Weber
number at 0.15. The droplets are found to reach a maximum deflection of d/D = 1.4 andd/D = 1.1
for 30° to 3° and 15° to 3°, respectively. Additionally, only within a very narrow range of Weber
numbers, 0.1 < We < 0.2, was the deflection found to be large enough to deflect the droplet by more
than a single diameter to either side. Outside of this range, the deflection is much less substantial,
d/D < 0.5, and is essentially independent of the Weber number. Finally, note that no deflection data
are presented for We < 0.05 because at these low velocities it was difficult to mobilize the droplets
on the surface with 30° contact angle hysteresis. At larger Weber numbers, the inertial forces are
much larger than the deflection force imparted on the drop as it crosses the transition. This can be
better seen if a new modified Weber number is formulated which directly compares the inertial force
to the difference in sticking force experienced by the drop as it crosses the transition as defined in

Eq. (5),

pU?D

ylcos(Bg)1 — cos(g)2] sin(ar)”

Wemod =

®)

For the new modified Weber number, the optimal range for large deflections occurs for
0.75 < Wemoa < 1.0 as seen in the inset of Figure 6.

The presence of this maximum deflection explains the spread in the data in Figure 5, which
incorporated data over a wide range of Weber numbers including the optimal values. No maximum
was observed for the transitions from low contact angle hysteresis to higher contact angle hysteresis
over the range of Weber numbers accessible in these experiments. In fact, over for transitions from 3°
to 30° hysteresis the value of deflection is constant at roughly the value of d/D ~ —0.13 predicted by
our theoretical analysis. This is likely because as the drop transitions from low to high hysteresis, the
interfacial energy of the drop can only be increased by reducing the velocity of the drop and changing
its kinetic energy. As a result, the assumption of perfect conversion of kinetic energy to interfacial
energy is reasonable. However, when the droplet transitions from high hysteresis to low hysteresis,
the assumption of perfect conversion of interfacial energy into kinetic energy of the drop clearly
does not hold over all Weber numbers. This is because the interfacial energy can transfer not only
to kinetic energy of the drop but also to capillary waves on the surface of the drop or to the mixing
and swirling of fluid within the drop. As a result, the efficiency of energy conversion is not perfect
but is extremely sensitive to the droplet dynamics as it crosses the transition. One might expect the
efficiency of energy transfer would be maximized if dynamics of transition excited the droplet at
its natural frequency. In other words, at We =~ 0.15, the non-dimensional natural frequency should
be approximately one, f,t. = f, R sin (m — 6,)/U ~ 1, where ¢, is the residence time for the drop
crossing the transition in contact angle hysteresis. This is in fact the case. For the transitions from
30° to 3° hysteresis transition at the peak Weber number of We = 0.17, the drop takes approximately
t. = 0.023 s (1/t, = 44 Hz) to cross the transition. The resonance frequency of a water drop has been
measured on the 3° hysteresis surfaces to be f, = 55 Hz.!” For the 15° to 3° transition, the results are
even closer with 1/t, = 50 Hz at We = 0.17. Thus, it appears the maximum deflection is achieved
when the transition excites the droplet at or near its resonance frequency.

A number of additional experiments were performed examining transitions at We >~ 0.15 for
a range of transition angles with droplets transitioning from 30° to 3° contact angle hysteresis. The
maximum droplet deflections were found to increase with increasing transition angle as predicted by
our theoretical analysis in Eq. (3). However, experiments for which the transition angles were much
greater than 45°, were experimentally challenging to perform consistently. The droplet deflections
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FIG. 7. Deflection of drops moving over a stripe of varying contact angle hysteresis presented as a function of the Weber
number at a transition angle of a7 = 40°. The data include (¥) a 3.5 mm stripe of 3° hysteresis among a surface with 30°
hysteresis and (V) a 3.5 mm stripe of 30° hysteresis among a surface of 3° hysteresis.

measured at these angles were not universally reproducible and the resulting data had large standard
deviations.

A natural extension of this work is to ask what occurs when a drop moves across a stripe or
multiple stripes of different contact angle hysteresis, instead of a single transition. The addition of
a stripe means that a droplet will undergo two transitions in the course of travel, one from low to
high and another from high to low contact angle hysteresis. Of the surfaces tested, the maximum
deflection of any water droplet was observed on surfaces of 3° and 30° contact angle hysteresis, so
only stripes varying between those surfaces were considered so that the observed deflection could be
maximized. The stripe widths were on the order of the droplet diameter, w = 3.5 mm, allowing for
full wetting on the stripe as the droplet passed over it. The maximum observed droplet deflections
were observed to occur at a transition angle of 40°. This is in agreement with the results for the
single transition.

In Figure 7, the deflection of droplets moving past single stripes of 3° contact angle hysteresis
on a background of 30° contact angle hysteresis and vice versa are presented for a transition angle
of a7 = 40° for a range of Weber numbers. Here, the Weber number and transition angle are always
evaluated using the velocity of the drop as it encounters the first transition. As described previously,
a single transition from higher to lower contact angle hysteresis produces a deflection to the left and
a single transition from lower to higher contact angle results in a deflection to the right. For the case
of a stripe, the net droplet deflection is sum of the deflections produced by both transitions. As seen
in Figure 7, the deflection is consistently to the left for the case of a stripe with 3° contact angle
hysteresis on a surface of 30° hysteresis. The first transition the drop experiences from 30° to 3°
hysteresis produces a deflection that is to the left, and as seen in Figure 5, always larger in magnitude
than the right deflection of the 3° to 30° hysteresis transition at a given Weber number. Following
the first transition, the droplet encounters the second transition with increased Weber number and at
a smaller transition angle, a7 < 40°, resulting in a small secondary deflection back to the right. As
was observed for a single transition, a maximum deflection is observed for We >~ (.15, although due
to the presence of the second transition, a maximum deflection of only d/D ~ 0.8 was observed.

The trends in the deflection data of droplets passing over a stripe of 30° contact angle hysteresis
on a surface of 3° hysteresis are more complex. At smaller Weber numbers, We < 0.2, the net
droplet deflection is to the right. The initial transition from 3° to 30° hysteresis causes a deflection
to the right. Due to the absorption of kinetic energy at the first transition, the droplet slows between
the first and second transition. The droplet thus moves along the stripe and encounters the second
transition at a lower angle and Weber number. At low Weber numbers, the deflection at the second
hysteresis transition is minimal and a net deflection to the right is observed. However, for larger
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FIG. 8. A low contact angle hysteresis surface with high hysteresis stripes of 3.5 mm in width. The resulting deflection is
many times that of a single transition. The Weber number at the first stripe is We = 0.15, which is near the range of maximum
deflection. Subsequent stripes result in further droplet deflection, however, each contribution is diminished because the droplet
encounters them at higher Weber numbers.

Weber numbers, the first transition still creates a small deflection, but the deceleration of the drop is
enough to reduce the Weber number to within the optimal range at the second transition. The result
is a smooth variation from right or negative drop deflections at low Weber number to left or positive
deflections as the Weber number increases beyond We > 0.25.

If a single stripe can produce measureable droplet deflections near the ideal Weber number and
transition angle, then it follows that a series of stripes can be used in series to further amplify the
response of the drop. In Figure 8, a device designed to maximize droplet deflection by incorporating
multiple stripes on a surface is presented. This device achieves far more deflection than a single
transition or a single stripe, by having parallel stripes of 30° hysteresis across a surface of 3°
hysteresis. The result is a droplet deflection of d/D = 3.5 after 60 mm of travel past 3 stripes. The
droplet moves across the first transition at a Weber number of 0.15. This leads to the maximum
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possible initial deflection. However, as the drop continues to accelerate down the device, the Weber
number at each subsequent stripe increases and the deflection from each of the subsequent stripes
is smaller. Even so, as it is clearly shown in Figure 9, multiple stripes of different receding contact
angles can be a very effective means of deflecting or even sorting drops on a two-dimensional digital
microfluidics platform.

IV. CONCLUSION

In this paper, the ability for sharp transitions in contact angle hysteresis to deflect droplets was
investigated. It was shown that for a single transition, droplet deflection of more than one droplet
diameter were possible. Superhydrophobic sanded Teflon was shown to be an excellent platform
for these two-dimensional digital microfluidics experiments because of its high advancing contact
angles and the ease in which variations in contact angle hysteresis could be achieved. By masking
patterns onto the Teflon, sharp transitions in contact angle hysteresis were created using different
grit-designation sand paper to create variations in surface roughness. We show that a drop moving
over these sharp transitions in contact angle hysteresis experiences a small force from the contact
line transition. This force results from the conversion of kinetic energy to interfacial energy and
vice versa as the change in contact angle hysteresis transforms the shape of the drop. Orienting the
transition at an angle to the principle direction of the drop results in a force normal to the transition
line, deflecting the droplet from its original path. The sign of the force and thus the direction of
this deflection are shown to depend on whether the drop transitions onto a surface of a higher or
lower receding contact angle. The drop deflects towards the transition line when moving from a
higher to lower receding contact angle surface, while when transitioning from a lower to a higher
receding contact angle surface the drop deflects away from the transition line. The initial angle of
deflection is identical in both cases. However, higher hysteresis on the downstream surface mutes
the impact of the deflection force because it has higher surface drag, resulting in decreased overall
deflection. It is shown that this deflection is a function of the magnitude of contact angle hysteresis
difference, the angle of the transition, and the Weber number of the drop. In this study, the optimal
conditions for deflecting water droplets sliding on sanded Teflon were found using a transition from
a surface region with 30° contact angle hysteresis to 3° at Weber number around We ~ 0.15. In our
study, a transition angle of around 40°, but theory predicts that the deflection should increase with
further increases in transition angle. Small changes in Weber number can have a significant effect
on the deflection, with Weber numbers outside of 0.1 < We < 0.2 experiencing minimal deflection
when transitioning from 30° to 3° or 15° to 3° contact angle hysteresis. Within this range of Weber
numbers the transition time was found to coincide with one over the resonance time of the drop. As
aresult, at these speeds the interfacial energy released by the receding contact line is most efficiently
transferred into kinetic energy of the drop thereby maximizing its deflection.

It is possible to achieve measureable deflections with the addition of a stripe of different contact
angle hysteresis alternating between 3° and 30°. The effect of encountering each transition is found
to be additive. Finally, it is shown that a series of stripes can achieve even larger droplet deflections.
This work has thus clearly shown that with both single contact angle hysteresis transitions and
stripes of differing contact angle hysteresis, it is possible to target drops of particular size, velocity,
and wettability and alter their path sufficiently to effectively sort droplets. In combination with
our previous work in this area, we have now shown that superhydrophobic Teflon surfaces are an
excellent platform for two-dimensional digital microfluidics, as it has now been shown to successfully
perform many of the tasks needed for effective development of these microfluidic devices. This
includes droplet coalescence and mixing,'® and the motion, deflection, and sorting of droplets shown
here.
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