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A multi-inlet-multi-outlet (MIMO) superhydrophobic droplet guiding track was demonstrated for water
droplet manipulation using an electrostatic force-induced trajectory switching system. Without applying
an external electrostatic field, the water droplet rolled along the superhydrophobic guiding track due to
its extreme water repellent properties and gravitational force. By applying a DC bias to a capacitor above
the guiding track, the trajectory of the water droplet can be easily controlled by the electrostatic
attraction. Electrostatically-induced trajectory switching was successfully achieved when the
electrostatic and gravitational forces exerted on the water droplet were properly balanced. On a MIMO
superhydrophobic droplet guiding track with three inlets and four outlets, the water droplet was guided
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Introduction

Open channel microfluidic systems have been widely
researched due to their considerable advantages in terms of
cost, accessibility, and simplicity. These systems can be applied
to various fields, including in micro reactors,"* water harvest-
ing,>® and solution transfer.”* In particular, open channel
microfluidic systems allow functional laboratory operations
(e.g., chemical reactions, transportation) to be performed
rapidly and efficiently with small-volume droplets. Conven-
tionally, gravitational force has been used in combination with
hydrophilic-patterned superhydrophobic surfaces to guide and
transport water droplets. Mussel-inspired polydopamine
micropatterning on superhydrophobic anodized aluminum
oxide,® hydrophilic patterned superhydrophobic Si nanowire
arrays,® high surface energy ink printing on superhydrophobic
paper,**>* and TiO, nanostructures with hydrophilic micro-
patterning by photocatalytic lithography'* are examples of this
technology. However, patterned hydrophilic microfluidic
channels cause contamination of the guiding tracks and loss of
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water during the transportation. Recently, Mertaniemi et al.
reported a water droplet guiding system using a mechanically
grooved superhydrophobic copper (Cu) substrate.® On this
substrate, water droplets can roll along the grooved guiding
track without losing water or contaminating the surface due to
the water-repellent properties of the superhydrophobic
substrate.

Among the various systems of water droplet manipulation,
electric force has been used frequently due to its short response
time and facile operation. Several studies on the manipulation
of water droplets have been reported using electrostatic charged
capacitors,” directional electric fields generated by parallel-
strip electrodes,' or electrically-tunable wetting defects on
superhydrophobic surfaces."”” Using these methods, it is
possible to manipulate water droplets minutely for trans-
portation,*® sorting,” merging,>**** and splitting.”> However,
water droplets are exposed to the electrostatic field during the
manipulation process, and should be continuously in contact
with electrodes. Kawamoto et al. reported the use of electro-
static probes with dipole electrodes to manipulate a small single
particle using instantaneously applied high voltage.*® Small
single particles can be manipulated utilizing electrostatic
probes instantaneously applied with high voltage without any
mechanical contact between particles and probes. This
manipulation method using electrostatic force could be
advantageous for water droplet manipulation, since unneces-
sary mechanical contact and continuous exposure to the elec-
trostatic field which could induce the undesired effects on the
water droplet can be avoided.

This journal is © The Royal Society of Chemistry 2015
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In this work, we demonstrated an electrostatic-induced
trajectory switching system on a high-speed multi-inlet-multi-
outlet (MIMO) superhydrophobic droplet guiding track
without any mechanical contact. Droplet guiding tracks were
fabricated by sculpturing a shadow groove structure on a Cu
plate using a computer numerical control (CNC) milling
method. In order to obtain the superhydrophobic surface, Ag
nanostructures were formed on the groove-structured Cu plate
using electroless galvanic deposition, followed by dip-coating in
1H,1H,2H,2H-perfluorodecanethiol (PFDT). Water droplets rol-
led off the surface along the grooved guiding track with negli-
gible frictional force, leaving the surface free of contaminants.
Two identical capacitors, patterned back-to-back on a glass,
were located above the junction of the ‘reversed Y-shaped’
groove structure on the Cu plate in order to exert electrostatic
force. The electrostatic force was generated by applying a 1 kV
DC bias to the capacitor. By alternatively applying the active
electrostatic-induced capacitors, the trajectory of a moving
water droplet could be controlled. The electrostatic-induced
trajectory switching system was successfully applied to the
MIMO open channel microfluidic system, which has three
inlets and four outlets.

Materials and methods
Fabrication of PFDT Ag/Cu guiding track

The PFDT Ag/Cu guiding track was fabricated on a 1 mm-thick
Cu plate. The starting substrate was a sculptured Cu plate with
shadow grooves which had a width of 1.5 mm and a depth of 0.5
mm using a CNC mechanical milling method.® On the sculp-
tured Cu plate, Ag dendrites were grown by a galvanic deposi-
tion process.”* The sculptured Cu plate was cleaned with a
solution mixture of NH,OH-H,0,-H,O (volume ratio of
1:1:5) at 60 °C for 10 min to remove surface organic
contaminants. The copper oxide on the Cu surface was removed
by dipping it into a 20% CH;COOH aqueous solution for 1 h at
40 °C. After cleaning the substrates, they were immersed into an
aqueous solution of 3 mM AgNO; at 30 °C for 30 min. Ag" ions
that were dissolved in the aqueous solution and chemically
reacted with Cu atoms. Due to the difference in their ionization
tendencies, Ag" ions changed to Ag atoms when Cu atoms were
converted into Cu®" ions as follows:

Cu + 2AgNO; — Cu(NOs), + 2Ag, (1)

Reacted Ag atoms grew with a double-roughness structure on
the Cu surface. Then, the chemical superhydrophobic coating
process was carried out by immersing the substrate in a 1 mM
solution of PFDT dissolved in ethanol for 1 h at room temper-
ature. After coating PFDT on the substrates, they were rinsed
with ethanol to remove any residual organic reactants. The
substrates were baked at 70 °C for 30 min to obtain a uniform
PFDT layer.

Capacitor circuit patterning on the glass slide

To exert electrostatic force on the water droplet, a capacitor
circuit was patterned on a glass slide. A 50 nm-thick Ti layer and
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a 300 nm-thick Cu layer were subsequently deposited on the
glass slide with a patterned shadow mask using a thermal
evaporator. As shown in Fig. S1,7 the circuit pattern consists of
capacitors, electrodes, and connectors. The as-prepared PFDT
Ag/Cu guiding track was located beneath the circuit-patterned
glass slide at a spacing distance of 2 mm. Two capacitors of
the patterned circuit were located above the left and right sides
of the junction region.

Exerting electrostatic force

The as-fabricated circuit-patterned glass slide was connected
with a high voltage power supply (PS325, Stanford Research
Systems) to apply the DC power source. When a capacitor of the
patterned circuit was biased by the DC power source with a 1 kV,
strong electrostatic fields could be generated near the capacitor.

Characterization

The surface morphologies of the Ag dendrite-covered Cu plate
were observed using a JEOL JSM-7001F field emission scanning
electron microscope (FE-SEM). Water contact angles (CAs) were
measured by a dynamic image capture camera (DSC-T30, SONY
Co., Ltd.). The numerical simulation results were performed
using a commercial numerical solver (COMSOL Multiphysics
4.3).

Results and discussions

In order to obtain a superhydrophobic surface for the droplet
guiding track, a PFDT Ag/Cu plate was fabricated. The Ag layer
of the PFDT Ag/Cu plate was formed by the growth of nano-
structures using the electroless galvanic deposition method.*
The surface morphologies of the nanostructured Ag layer were
changed depending on the galvanic reaction time. To observe
the change in the surface wetting properties of the PFDT Ag/Cu
plate, static water contact angles (CAs) and water sliding angles
(SAs) were observed at different electroless galvanic deposition
times. Fig. 1a shows the CAs and SAs of water droplets on the
surface of the PFDT Ag/Cu plate as a function of galvanic reac-
tion time. On the flat Cu plate coated with PFDT, the water CA
was 117.3° and the water SA was greater than 90°. The water CAs
moderately increased and saturated at CAs = 160° when the
reaction times were higher than 20 min. On the other hand, the
water SA drastically decreased in between reaction times of 1
min and 5 min, followed by a gradual decrease and saturation of
the SA = 1°. Fig 1b shows typical top-view FE-SEM micrograph
illustrating the morphology of the PFDT Ag/Cu surface with
galvanic reaction for 30 minutes. Ag nanostructures were found
randomly distributed over a large area and formed a double-
roughness structure on the Cu plate. The Ag nanostructures
were composed of a combination of clusters (ranging in size
from 300 nm to 1 um) and small Ag particles (ranging between
100 nm and 200 nm) on the Cu surface. This double-roughness
structure is known to be a favorable structure for the formation
of a superhydrophobic surface.”® In order to convert the Ag/Cu
plate to a superhydrophobic surface, the substrate was also
coated with PFDT, which has low surface tension (14.8 mN m ™).
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Fig.1 (a) Water CAs (blue symbol along left axis) and SAs (red symbol
along right axis) of 5 uL droplets on the surface of the PFDT Ag/Cu
plate as a function of galvanic reaction time. (b) Typical SEM image of
the top view of the PFDT Ag/Cu surface, and (c) an optical image of a 5
uL water droplet on the PFDT Ag/Cu plate (at a galvanic reaction time
of 30 min). (d) Sequential photographic images of a moving water
droplet (5 plL) along the PFDT Ag/Cu guiding track (the inset shows the
optical image of a water droplet on the groove-structured guiding
track).

Fig. 1c is a photograph of a static water droplet on the flat
surface of the PFDT Ag/Cu plate at 30 min of galvanic reaction
time. The water droplet has a high CA of 160 £ 1.23° on the flat
surface of the PFDT Ag/Cu plate. The PFDT Ag/Cu plate
demonstrated extreme water-repellent properties.

Fig. 1d shows a sequence of images of a 5 pL water droplet
moving along the ‘Y-shaped’ PFDT Ag/Cu guiding track. In the
photographs, the locations of the water droplet are marked with
black dotted arrows. Due to the highly water repellent property
of the PFDT Ag/Cu surface, the water droplet successfully rolled
off the surface along the curved PFDT Ag/Cu guiding track at a
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low tilt angle of 5°. The measured velocity of the moving water
droplet on the PFDT Ag/Cu guiding track was 5.71 cm s~ ' under
the given tilt angle. As shown in the inset of Fig. 1d, the shape of
the water droplet along the PFDT Ag/Cu guiding track was
deformed to adapt to the groove structure due to gravitational
and surface tension forces. The groove structure in our experi-
ment helped the water droplet move along the guiding track as
well as partially supporting the weight of the droplet by the
bottom of the groove structure. The degree of deformation of
water droplets induced by the edge of the groove structure
affects the maximum velocity (v,) at which the water droplet is
successfully guided along the curve of the guiding track.® When
the degree of deformation of water droplets as a result of
gravitational force on the groove structure is increased, vy, is
decreased. Lower vy, indicates that the droplets can be easily
misguided. Thus, we use the groove structure with bottom to
minimize the v, lowering effect from deformed droplet by
gravitational force.

To investigate the electrostatically-induced trajectory
switching system using the PFDT Ag/Cu guiding track, the
systematic movements of water droplets on the guiding track
were observed by alternatively applying 1 kV voltage to the
capacitors patterned on the glass slide. Fig. 2a is a schematic
illustration of the experimental set up of the electrostatically-
induced trajectory switching system. The ‘reversed Y-shaped’
PFDT Ag/Cu guiding track was kept with a low tilt angle of 5°
and electrically grounded. The substrate was located under the
capacitor-patterned glass slide at a distance of 2 mm. The
junction part of the PFDT Ag/Cu guiding track is emphasized
with a black dotted square. The inset of Fig. 2a shows the details
of the black dotted-square region. The PFDT Ag/Cu guiding
track was divided into two different tracks, which were bisym-
metrical at the junction. On the bottom of the glass slide,
anodes and cathodes of capacitors were patterned via four
1 mm-diameter circles.

Fig. 2b and c show time sequence images of moving water
droplets (5 pL) on the ‘reversed Y-shaped’ PFDT Ag/Cu guiding
track located under the circuit-patterned glass slide and the
Video S1.} The droplets were moved depending on the direction
of the 1 kv DC bias applied using the left-side or right-side
capacitors. In these images, the locations of the moving water
droplet are indicated by black dotted arrows. The anode and
cathode electrodes of the patterned capacitor at 1 kv DC bias
are colored with red and blue, respectively. When a water
droplet was dropped from a micro-needle, it was rolled-off along
the PFDT Ag/Cu guiding track until it reached the junction part
of the guiding track. At the junction, an electrostatic force was
exerted on the water droplet by the DC-biased capacitor. When
high voltage was applied to the patterned capacitors, charges
were accumulated at the edges of both anode and cathode
electrodes. Due to the accumulation of charges, the strong
electrostatic fields could be generated near the capacitor. Then,
as the water droplet passed through the junction, it was
attracted toward the DC-biased capacitor due to the electrostatic
force. The trajectory of the moving water droplet was success-
fully changed by alternately generating electrostatic force; the
direction of the droplet trajectory was switched by the position

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Schematic illustration of (a) experimental set up for the electrostatic-induced trajectory switching system and simulation model at the
junction part of the PFDT Ag/Cu guiding track. Sequential photographic images of a moving water droplet (5 pL) on the ‘reversed Y-shaped' PFDT
Ag/Cu guiding track located under the circuit-patterned glass slide when (b) the left-side and (c) the right-side capacitors of the patterned circuit
were applied with 1 kV DC bias, respectively (see the Video S1t). (d) Electrostatic field distributions on the surface of water droplets at different
locations on the PFDT Ag/Cu guiding track. (e) Calculated electrostatic force exerted on the water droplet (black symbol along left axis) and
dgroplet (red symbol along right axis) with respect to ygropiet between 2 mm and —2 mm in the simulation model.

of the DC-biased capacitor. Furthermore, we also tried to
control the canola oil droplet to verify the effects of electrostatic
force on other liquids, however, the electrostatic attraction for
sufficient water guiding was not generated. The reason could be
attributed to the non-polar characteristic of the canola oil
droplet. Since the polarized surface charge of the canola oil
droplet by applied electrostatic field would not be generated,
the electrostatic force cannot be occurred.

When the water droplet passed through the junction of the
‘reversed Y-shape’ PFDT Ag/Cu guiding track, the dynamics of
electrostatic field distributions on the surface of the water
droplet were analyzed using the commercial numerical solver,

This journal is © The Royal Society of Chemistry 2015

COMSOL Multiphysics 4.3, based on the electrostatic module.
The simulation model of the junction of the ‘reversed Y-shape’
PFDT Ag/Cu guiding track was structured as seen in the inset of
Fig. 2a. In this simulation, the bottom substrate and the blue-
colored cathode of the capacitor were electrically grounded
and the red-colored anode of the capacitor was biased with a 1
kv DC source. We assume that the water droplet on the guiding
track could be approximate by a 1 mm-radius sphere. Although
the shape of the water droplet was changed slightly by the
groove structure of the guiding track, water droplet deformation
was minimized by the support of the bottom of the track as
shown in Fig. 1d. Electrowetting, which occurred as a result of

RSC Adv., 2015, 5, 5754-5761 | 5757
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the electrostatic field on the surface of the substrate, could be
happened. However, the water droplet was mainly affected by
electrostatic fields when it passed the junction region along the
guiding track. Because of the rapid speed of the water droplet
(5.71 em s %), this junction region was passed within 0.08 s.
Furthermore, the electrostatic field on the surface of the
substrate is relatively low (~0.1 MV m™').** Thus, the shape
change of water droplet by electrowetting in this region was
negligible. The physical parameters used in the simulation are
presented in Table 1. Fig. 2d represents the sequential electro-
static field distributions on the surface of the water droplet as it
moved along the guiding track. The location of the water droplet
on the guiding track in the simulation model was varied by
decreasing the y-coordinate of the water droplet (ygropiec) from 2
mm to —2 mm. At each position, the electrostatic field on the
surface of the water droplet was concentrated toward the
direction of the DC-biased capacitor; however, the strength of
the electrostatic fields was different at each location. When the
water droplet was located at Yaropler = 2 mm, it was negligibly
affected by the electrostatic fields. At ygropiee = 1 mm, weak
electrostatic fields were generated near the upper surface of the
water droplet. Between Ygroplee = 2 mm and 0 mm, the electro-
static fields on the surface of the water droplet became strong
because the distance between the water droplet and the anode
of the DC-biased capacitor (dgropie) Was decreased. At Yaroplee =
0 mm, dgropiec Was smallest; the electrostatic fields on the
surface of the water droplet were strongest, reaching a
maximum value of 0.59 MV m™*. A Ydroplet Value of less than
0 mm suggested that electrostatic fields were weakening on the
surface of the water droplet. At ygropiec = —2 mm, the electro-
static fields on the surface of the water droplet were negligible.

The water droplet was attracted toward the DC-biased
capacitor by electrostatic forces due to the concentrated elec-
trostatic fields on the surface of the water droplet. The elec-
trostatic force exerted on a water droplet (F.) can be calculated
using the Maxwell stress tensor method.”® When charges were
accumulated on the surface of the water droplet, electrostatic
fields were exerted onto the water droplet without inducing any
electrostatic fields inside the droplet. Therefore, according to
the Maxwell stress tensor f, F, can be calculated using the
numerical solver as follows:

F = Lde, (2)

f = %8081‘(5)2 ) (3)

where S is the surface area of the water droplet, ¢ is the
permittivity of free space, ¢, is the relative permittivity of the
water droplet and E is the electrostatic field. E is determined by

Table 1 Physical properties

1

Conductivity of Cu 5.998 x 10 Sm~

Relative dielectric constant of liquid water 78
Relative dielectric constant of glass 4.2
Relative dielectric constant of air 1
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the Coulomb's law and the superposition principle as shown in
eqn (4).

= 1 L0
E= 47te, ;(V?ri) @

where N is the number of point charges, Q; is the electric charge
of the i-th point charge, and 7} is the corresponding unit vector
of r; which is the position of charge Q; with respect to the point
of interest. The boundary conditions are as follows:

E = —V(J, where & is the potential (5)

& = 1kV, (anode electrode)

& = 0, (cathode electrode)

According to these equations, F, was proportional to the
square of & and E was inversely proportional to the square of the
distance between charges and the surface of water droplets. In
other words, higher electrostatic force indicates a stronger
electrostatic field, which could occur with decreased distance
between the water droplet and the anode of the DC-biased
capacitor. Fig. 2e shows the relationship between dgropiec (red
symbol) and the calculated electrostatic force exerted on the
water droplet (black symbol) as yqyopiet is varied from 2 mm to
—2 mm. While the water droplet moves from the position of
Ydroplet = 2 MM t0 Ygroplee = 0 mm, the electrostatic force sharply
increased with decreasing dgroplee towards the electrostatic-
induced capacitor. The electrostatic force was strongest at
Ydroplet = 0 mm (8.21 uN) due to the smallest dyropier- From
Ydroplet = 0 MM tO Ygroplet = —0.75 mm, the electrostatic force on
the water droplet decreased as a result of increasing dgroplet- In
this region, the trajectory of the water droplet could be influ-
enced by the direction of the electrostatic force induced by the
DC-biased capacitor. After the water droplet was guided toward
the DC-based capacitor, it was closer to the anode of the DC-
biased capacitor at ygropier = —1 mm. The electrostatic force
on the water droplet increased slightly again between Yqropiet =
—0.75 mm and Ygroplet = —1 mm because dqropier had decreased
slightly. When the water droplet passed ygroplet = —1 mm, the
electrostatic force decreased due to the increase in dgropiet
again. These simulation results indicate that the electrostatic
force exerted on the water droplet has a strong inversely
proportional relationship with daropiet-

To investigate the effects of DC-biased capacitors on the
water droplet, the electrostatic force exerted on the water
droplet was analyzed by varying the applied voltage and
measuring the trajectory of the moving water droplet. When the
water droplet was at the junction part of the ‘reversed Y-shaped’
PFDT Ag/Cu guiding track, the force exerted on the water
droplet could be divided by two perpendicular forces on the
horizontal plane: the x-directional electrostatic force (Fex) and
the y-directional gravitational force (F). The F, can be expressed
by mg sin 055, where m is the mass of water droplet, g is the

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (a) Schematic illustration of the F¢, and Fq that affected a water
droplet at the junction part of the reversed Y-shaped” PFDT Ag/Cu
guiding track. (b) The experimental-Fo, and simulated-Fo, of water
droplets of 3 uL, 5 uL, and 7 pL as a function of applied voltage. (c) Red,
black, and blue symbols indicate ‘misguided’, ‘guided’, and "trapped’,
respectively, as a function of substrate-tilt angle and applied voltage.
(Red-shaded region: ‘misguided’, green-shaded region: ‘guided’, and
blue-shaded region: ‘trapped’.)

gravitational acceleration constant, and fs, is water sliding
angle. Fig. 3a shows a schematic illustration of the F., and Fg
exerted on the moving water droplet at the junction. In our
experiment, since the PFDT Ag/Cu guiding track was main-
tained with a constant low tilt angle of 5°, the F, was constant.
On the other hand, the F, was significantly altered according to
the applied voltage. The F,, could be estimated by observing fs,,

This journal is © The Royal Society of Chemistry 2015
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which is the critical tilt angle when the water droplet was rolled-
off along the substrate.””?® In order to estimate the F., a
measurement system was manufactured using a line-patterned
PFDT Ag/Cu guiding track and a single capacitor-patterned
glass slide, as shown in the Fig. S2.f In our measurement
system, there are two forces that mainly affect the movement of
the water droplet: the gravitational force of the water droplet at
a certain sliding angle (Fs,) and the Fe, caused by the DC-biased
capacitor. When the substrate was tilted at the s, the Fsa
becomes equivalent to the F.,. In this case, the relationship
between the F., and 0, can be expressed as follows:

Fex = _pVg sin Osa, (6)

where p is the water density, and Vis the droplet volume. At first,
the fso of a 5 puL water droplet was determined with the
measurement system when the DC bias voltage applied to the
capacitor was varied from 0.4 kV to 1.8 kV. According to eqn (6),
the F., was estimated using the measured fs,, 1 g cm ™ for the
water density, and 9.8 m s> as g. In addition, the F.,, which was
experimentally estimated with the measured fg, (experimental-
Fey), was compared with the simulation result of the F., calcu-
lated by the numerical solver (simulated-F.y). Fig. 3b represents
the variations of the experimental-Fe, fitted with the simulated-
F.x with respect to the applied voltage. The results show that
when the applied voltage was below 0.7 kV, the water droplet
rolled-off at a fs, of ~0°. In this case, the experimental-F could
not be estimated since sufficient electrostatic force to control
the water droplet was not applied. When the applied voltage was
increased, both the experimental-F., and simulated-F., were
substantially increased. The experimental-F., was fitted to the
simulated-F., within a relative error of 10.1%. Furthermore, in
order to investigate the aspect of electrostatic-induced trajectory
switching system with various volumes of water droplets, the
experimental-F., and simulated-F., were also observed at
different volumes of water droplets (3 uL and 7 puL). Despite the
difference in volume, the measured g, of 3 pL and 7 pL water
droplets were similar with the fs5 of 5 uL water droplets
(Fig. 3b). It could be attributed that when the Fs, changed by
different weight of water droplet from varying its volume, the Fe,
could be also equally affected by the difference of the surface
areas and dgropiec Of the water droplets as shown in eqn (2) and
(4). Therefore, as shown in Fig. 3b, the experimental-F, of 3 uL
and 7 pL water droplets was similar to the corresponding
simulated-F.,. These results indicated that our electrostatic-
induced trajectory switching system can be operated in the
same tilt angle condition despite the different volumes of the
water droplets. Furthermore, we believe that the sub-microliter
droplet can also be controlled in our system due to the almost-
zero adhesion force between droplet and superhydrophobic
guiding track.

To observe the critical conditions of the electrostatic-
induced trajectory switching system, further experiments were
conducted by altering the substrate-tilt angle and the applied
voltage. For each condition, 5 pL water droplets were dropped
on the PFDT Ag/Cu guiding track and a 1 kV DC bias was
applied to one of the patterned capacitors. While operating the
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Fig.4 Sequential photographic images of a 5 uL water droplet on the three inlet, four outlet PFDT Ag/Cu guiding track located under a circuit-
patterned glass slide when the capacitors of the patterned circuit were selectively applied with a 1 kV DC bias to guide the water droplet along the
intended trajectory: (a) from inlet 1 to outlet 1, (b) from inlet 2 to outlet 2, (3) from inlet 3 to outlet 3, and (4) from inlet 2 to outlet 4 (see the Video

S21).

electrostatic-induced trajectory switching system, there are
three possible results: ‘misguided’, ‘guided’, and ‘trapped’.
‘Misguided’ is defined as the scenario where the water droplet
deviates from the intended trajectory of the PFDT Ag/Cu guiding
track. Similarly, ‘guided’ is defined as when the water droplet is
successfully guided on the intended trajectory. Finally, ‘trapped’
is defined as the situation where the water droplet stops at the
junction of the PFDT Ag/Cu guiding track. We have included the
summary of these three phenomena in Fig. 3¢, which represents
the experimental results as a function of substrate-tilt angle and
the applied voltage. In the red region, the experiments were
performed with a high substrate-tilt angle and low applied
voltage (ratio of F, and Fy, Fy/Fex > 2.93). In this case, since the
water droplet was mainly dominated by the F,, the water droplet
was misguided. The large F; could be described same as large
inertial force. If the F; is larger than F, the droplet is not
controllable because the inertial force which is the tendency to
roll off the water droplet along the guiding track regardless of
the direction, would be dominant. On the other hand, in the
blue region, F., was stronger than F, due to the low substrate-tilt
angle and the high applied voltage (Fy/Fcx < 1.04). Because the
water droplet was mainly governed by the Fe,, the water droplet
was trapped on the PFDT Ag/Cu guiding track. As shown in the
green region, when F, and F, were balanced (1.04 = Fy/F =
2.93), the water droplet was successfully guided along the
intended trajectory of the PFDT Ag/Cu guiding track. Further-
more, to stably operate the electrostatic-induced trajectory
switching system, the s, and the applied voltage should be
maintained below 15° and 1.4 kV, respectively.

As a proof of concept, we applied an electrostatic-induced
trajectory switching system to MIMO open channel micro-
fluidics, as shown in Fig. 4a-d and the Video S2.7 In this exper-
iment, the PFDT Ag/Cu guiding track was designed with three
inlets and four outlets and located under a circuit-patterned glass
slide containing 12 capacitors. The guiding track and capacitor-
patterned glass slide were aligned in parallel, with a distance of
2 mm between them and tilted with a low tilt angle of 5°. Fig. 4a-
d show the time-sequential optical images of 5 uL water droplets
moving on the PFDT Ag/Cu guiding track under a 1 kV DC bias
selectively applied to the capacitors of the patterned circuit.
Moving droplets were dyed orange, blue, and green at inlet 1, 2,
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and 3, respectively. DC-biased capacitors are emphasized and
colored red at the anodes and blue at the cathodes. As shown in
Fig. 4a, the orange-dyed water droplet from inlet 1 was guided to
outlet 1 along the selected trajectory. The green-dyed water
droplet from inlet 3 was also successfully guided to outlet 3 in
Fig. 4c. Similarly, the blue-dyed water droplets from inlet 2 were
guided to outlets 2 or 4, as intended, in Fig. 4b and d. We could
easily control the trajectory of a moving water droplet by selec-
tively applying DC bias on capacitors in a MIMO open channel
microfluidic system.

Conclusions

In summary, we demonstrated a facile method to fabricate a
MIMO open channel microfluidic system that can switch the
trajectory of a moving water droplet on a superhydrophobic
guiding track using electrostatic force. The superhydrophobic
droplet guiding track was obtained by growing Ag nanostructures
on the track-sculptured Cu plate and coating PFDT on the Ag/Cu
guiding track. Water droplets were easily rolled-off along the
PFDT Ag/Cu guiding track, and the trajectory of droplets could be
switched by selectively applying a DC bias to capacitors patterned
on the glass slide located above the substrate. When charges were
accumulated at the DC-biased capacitor, the electrostatic force
was exerted on the surface of water droplet and attracted the
droplet toward the capacitor at the junction of the PFDT Ag/Cu
guiding track. The electrostatic-induced trajectory switching
system can only successfully operate when the electrostatic force
was appropriately balanced with the gravitational force of the
water droplet. This electrostatic-induced trajectory switching
system was applied to a MIMO superhydrophobic droplet
guiding track with three inlets and four outlets. We expect that
this high-speed, contamination-free, and facile droplet guiding
technology has great potential to be utilized in advanced func-
tional open-channel lab-on-a-chip applications such as in situ
biomolecule detectors and micro reactors.

Note added after first publication

This article replaces the version published on 19th December
2014, in which the corresponding author was missing.
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