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Directional Droplet Transport and Fog Removal on
Textured Surfaces Using Liquid Dielectrophoresis
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Abstract— This paper reports a droplet super-spreading and
directional transport device using anisotropic ratchet convey-
ors (ARCs) and liquid dielectrophoresis (L-DEP). The ARC is
created by patterning micro-sized hydrophilic curved rungs on
a hydrophobic background. Micropatterning processes on the
hydrophobic thin film have been successfully implemented by
adopting a Parylene C stencil mask. The application of ARCs
to transport the droplet using orthogonal vibrations to create
self-cleaning surfaces was reported at the Hilton Head Workshop
in 2018. The method presented in this paper utilizes interdigitated
electrodes (IDE) to exert an L-DEP force on the droplet. By mod-
ulating the L-DEP force with an electromagnetic relay, the droplet
can be directionally transported on the ARC-patterned surface
independently of the droplet self-resonance frequency. The system
works with a broad range of droplet volumes between 2 µL and
20 µL. The droplet can be transported with the presence of
a moisture layer on the surface, which is superior to systems
that move the droplet by relying on the solid-liquid interfacial
tension difference like, e,g., in an electrowetting-on-dielectric
(EWOD) system, since the moisture could block the solid-liquid
interface and degrade the system ability to transport the droplet.
This design also enables droplet manipulation in an open space
configuration without a top cover plate, leading to a broad range
of applications including self-cleaning surfaces and fog removal.
[2020-0077]
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I. INTRODUCTION

THE ability to remove microparticles or micro drops from
a surface is important for many applications, includ-

ing self-cleaning surfaces [1]–[4], condensation heat transfer
enhancement [5], [6] and anti-icing applications [7]. In the era
of Internet of Things (IoT), robotics and autonomous vehicles
(AV), it is crucial to keep the surface of optical sensors clean,
like cameras or lidars, and to reduce the risk of malfunctioning
and miscommunication [8]. Approaches have been proposed to
actively or passively capture or counteract condensation and
accelerate the speed of moisture removal from the surface.
Walker et al. designed transparent light-absorbing metasur-
faces using alternating thin layers of Au and TiO2 to reduce
the defogging time under sun exposure [9]. Bai et al. [10]
and Song and Bhushan [11] designed bio-inspired wettability
gradient surfaces by creating hydrophilic wedge patterns on
a hydrophobic or super-hydrophobic background to enable
spontaneous water drop movement and improve the water
collection efficiency. Yan et al. developed an enhanced water
capture system taking advantage of the electrowetting-on-
dielectric (EWOD) effect [12].

In our manuscript, we performed an active surface clean-
ing approach for surface fog removal by a combination
of anisotropic ratchet conveyors (ARCs) and liquid dielec-
trophoresis (L-DEP). ARCs consist of hydrophilic curved
rungs on a hydrophobic background [13]. L-DEP agitates the
droplet with interdigitated coplanar electrodes on an open sur-
face configuration [14]–[16]. Anisotropic forces at the leading
and trailing edges of the droplet directionally transport the
droplet over each modulation cycle. The water condensation
can be cleaned by the droplet transport along the ARC track.

II. SYSTEM DESIGN

A. Theory Background

Two electrohydrodynamic approaches have been widely
applied to manipulate the water droplet wettability on a solid
surface with an external electrical field, namely EWOD and
L-DEP [17]. EWOD happens under DC or low AC frequencies
(<1 kHz) with extra charge accumulating at the liquid-solid
interface to alter the interfacial tension. L-DEP utilizes much
higher frequencies (∼10 kHz – 200 kHz), and the polariza-
tion of the dipoles within the liquid gives rise to Maxwell
stress at the liquid-air interface [18]. The L-DEP body force
density acting on liquids can be expressed in terms of the
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Korteweg-Helmholtz relation [19]:
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(1)

where ρ is the liquid density, εf is the liquid permittivity,
E is the electrical field intensity, and σf is the free charge.
The first term on the right describes the electrostatic force,
the second term describes the dielectrophoresis force and the
last term can be neglected because the fluid density remains
constant. The penetration depth of the electrical potential, and
thus the electrical field, decays exponentially from the liquid-
solid interface into the liquid. The L-DEP force is strongest
at the three-phase contact line. The motion of the liquid will
be confined along the electrodes due to the periodic energy
barriers.

B. Fabrication Process

The system was fabricated on Si wafers or glass sub-
strates. The substrate was first cleaned with piranha solution
(H2SO4:H2O2 = 4 : 1) at 110 ◦C for 10 min, rinsed with
deionized (DI) water and dried with nitrogen gas using a spin
rinse dryer (Avenger Ultra-Pure, ClassOne Technology, Inc.).
For the Si wafer, a layer of 2 µm SiO2 was deposited with
PECVD (Delta LPX, SPTS Technologies, Inc.) at 350 ◦C as
the substrate insulation layer. To fabricate the interdigitated
electrodes (IDE), Cr thin film (100 nm) was deposited on
the substrate by PVD sputtering (LAB 18, Kurt J. Lesker,
Inc). Photoresist AZ1512 (1.2 µm) was spin-coated on the
wafer surface and the electrode ratchet pattern was directly
exposed with a Heidelberg-MicroPG-101 mask writer (Hei-
delberg Instruments Mikrotechnik GmbH). The photoresist
was developed with AZ340 photoresist developer (AZ340: DI
water = 4 : 1) for 1 min. The IDE electrodes were etched by
wet chemical processing using the Cr etchant for 2 min. SiNx
thin film (350 nm) was deposited on top of the electrodes as
the dielectric layer by a CVD process. Diluted Cytop (Asahi
Glass Co. Ltd) was spin-coated on the dielectric layer and
baked under 180 ◦C for 1 hour as the hydrophobic region.
For Cytop patterning, we utilized Parylene C as a stencil
mask since photoresist could not form a uniform layer on
top of the hydrophobic Cytop surface [20]–[22]. Parylene C
(2.5 µm) was evaporated on the Cytop using a commercial
parylene coater (PDS 2010, Specialty Coating Systems, Inc.)
under vacuum. Photoresist AZ9260 (6 µm) was coated and
patterned. The Parylene C stencil mask and Cytop were
etched through together with O2 plasma using reactive ion
etching (Vision 320 RIE, Plasma-Therm, Inc.). The Parylene C
stencil mask was peeled off with tweezers. The exposed SiNx
regions without the Cytop coverage was treated with spin-on
hexamethyldisilazane (HMDS) for a hydrophilic surface finish.
The whole wafer was baked at 110 ◦C for 2 min to improve
the bonding of the HMDS to the SiNx regions.

C. Experimental Setup

AC signals were provided by a function generator (33120A,
Agilent Inc.) and amplified by a voltage amplifier (PZD700,
Trek Co.) with an amplifying factor of 200 V/V. A water

droplet was pipetted, and the droplet silhouette was monitored
by a high-speed camera (FASTCAM Mini UX100) with a
sampling rate of 1000 fps. The droplet edge and contact angle
change with time were analyzed with MATLAB custom-made
code. The function generator and high-speed camera were
synchronized by a transistor-transistor logic (TTL) input port
to capture the droplet shape change with time under the
electrical field. To transport the droplet, an Arduino compatible
electromagnetic relay board was controlled by a digital signal
that turned on and off the electrical voltage applied to the
IDE. The water droplet static contact angle (CA) on uniformly
coated Cytop surfaces was measured with a Krüss Drop Shape
Analyzer (DSA 100). For the droplet sliding angle measure-
ment, a custom-made experimental setup was designed using
a 3-axis accelerometer (MMA8451 from Adafruit).

III. CHARACTERIZATION RESULTS

We first tested 3 different IDE electrode designs with a layer
of uniform Cytop coating for the study of droplet spreading
width and contact angle under a high frequency square wave
input signal. The non-uniform electric fringe field-induced
dipoles in liquid resulted in the L-DEP force on the droplet.
The L-DEP force was sensitive to the input voltage and fre-
quency [23]–[25]. The steady-state droplet width under differ-
ent frequencies is plotted in Fig 1. It follows from equation (1)
that for deionized water, σf is close to zero and the L-DEP
body force becomes �fk = − ε0

2 E2∇εf . A larger AC voltage
amplitude input led to a stronger E-field and a stronger L-DEP
body force. At the same time, the dielectric constant of water
was dependent on the input frequency and thus influenced
the magnitude of the L-DEP body force. A stronger L-DEP
body force resulted in more droplet deformation and contact
angle change. Compared with the interdigitated straight-line
design electrodes, the folded-line design electrodes helped the
droplet to overcome the periodic energy barriers and spread
wider. The maximum droplet width under L-DEP could be
more than twice compared to the initial droplet width on the
Cytop surface with zero voltage input.

Fig. 2 shows the droplet contact angle change under
different voltage amplitudes on the straight-line IDE elec-
trodes. The voltage ranged between 0 and 360 V. As the
input voltage increased within the tested range, the droplet
spread along the longitudinal finger electrodes and the contact
angle decreased from 108◦ to 38◦, demonstrating a strong
wetting and super-spreading behavior of the droplet under
L-DEP force, which was impossible to achieve using an
electrowetting-on-dielectric (EWOD) platform. Our previous
measurements showed that the contact angle under DC voltage
only varied between 108◦ and 80◦ [20]. The droplet contact
angle stopped to further decrease because of the contact angle
saturation [26].

We then patterned hydrophilic (arc central angle of 120◦)
ARC rungs on Cytop using the Parylene C stencil mask
process. Fig. 3(a) shows an example of the ARC patterns
on top of the IDE and dielectric layers. The center line of
the ARC pattern was parallel to the longitudinal IDE finger
directions. As shown in Fig. 3(b), the Cytop maintained good
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Fig. 1. Droplet (10 µL) width in steady state in response to the AC square wave input frequency. The AC voltage amplitude is 400 Vpp. The frequency
varies from 10 kHz to 100 kHz. We investigated 3 designs of the IDE electrodes with a straight line design and two folded line designs. The gap between
adjacent electrodes (gelectrode) is 50 µm. The width of each single electrode (welectrode) is 50 µm. The total length of the IDEs (LIDE) is 12.5 mm. The total
width of the IDEs (WIDE) is 5 mm. For the folded line design, a2 = 1 mm, a3 = 2 mm and θ2 = θ3 = 90◦.

Fig. 2. Droplet (10 µL) contact angle change vs. AC square wave voltage
amplitude. The AC square wave voltage has a frequency of 10 kHz. Data is
shown with ± one standard deviation for n = 3 different measurements.

hydrophobicity with a high contact angle and a low sliding
angle after peeling off Parylene C when compared with the
Cytop surface as deposited. Fig. 3(c) shows the configuration
setup to control the droplet to move on the ARC patterned
surface using L-DEP force. The function generator continu-
ously output the AC square voltage, which was amplified by
a voltage amplifier. With the assistance of the ARC pattern,
we were able to directionally move the droplet by modulating
the input AC voltage with an electromagnetic relay. The relay
was turned on and off with the Arduino microcontroller so that
the droplet would expand and recess periodically along the

Fig. 3. (a) Microscope image of ARC patterns on Cytop. For each curved
rung, the radius of curvature (R) is 1000 µm, the etched linewidth (w) is
10 µm, and the period (P) between adjacent rung centers is 100 µm.
(b) Contact angle and sliding angle measurement for Cytop before and after
peeling off Parylene C. (c) Schematic of the test setup and ARC patterned
surface.

ARC pattern. The droplet then transported along the surface
with the help of anisotropic forces at the leading and trailing
edge during each cycle [20].
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Fig. 4. Droplet (10 µL) edge position change with time during expansion
and recession phase. The AC voltage is 300 Vpp at a frequency of 10 kHz.
The AC voltage is modulated by the electromagnetic relay every 100 ms to
connect or disconnect with the IDE electrode.

Fig. 4 shows the characterization results of the droplet lead-
ing and trailing edge position change and spreading time. The
AC square voltage was turned on and off every 100 ms (5 Hz
modulation frequency). During the expansion phase, when the
AC square voltage was connected, the leading edge expanded
by 290 µm within 14 ms and the trailing edge expanded by
460 µm within 16 ms. During the recession phase, when the
AC square voltage was disconnected, the leading edge was
pinned by the ARC pattern with little movement while the
trailing edge recessed at 750 µm within 24 ms. The average
movement distance during each modulation cycle was about
290 µm. The total time spent on the droplet expansion and
recession was 40 ms, thus the potentially fastest modulation
frequency was 25 Hz, and the potentially fastest droplet
transport speed under this condition was estimated at the order
of 7.25 mm/s.

Fig. 5 shows a top view demonstration of the droplet
transport by our L-DEP platform with the assist of ARCs.
Compared with the mechanically driven system [1], the
L-DEP platform could transport the droplet independently of
the droplet self-resonance frequency while using only two
control terminals without complex control circuitry. In the
mechanically driven system, the external drive frequency was
chosen to match the sessile droplet resonance frequency (at
the order of tens of Hz) in order to achieve the maximum
expansion amplitude. The droplet expansion amplitude rapidly
decayed as the mechanical drive frequency deviated from
the droplet resonance frequency and the droplet stopped
moving. In contrast, on the L-DEP platform, the droplet’s
maximum expansion was tuned by the external electrostatic
field. The longitudinal length of the IDE electrodes was 20 mm
and the total width was 6.4 mm. The ARC track was patterned
at the center of the IDE electrodes. We also tested different
droplet sizes on the same ARC track design and droplets from
2 µL to 20 µL could be transported along. The current drawn

Fig. 5. Top view of a 10 µL droplet moving on the IDE electrodes with
ARC patterns. The electromagnetic relay was switched on and off every 1 s.
The AC voltage was 400 Vpp at 20 kHz. The average transport speed was
estimated as 0.17 mm/s. The patterned ARC track region is highlighted in
yellow shading in the T=1s figure.

from the voltage amplifier was measured at a peak-to-peak
level of 11 mA under a 400 Vpp actuation voltage at 20 kHz.
The current consumption when the droplet rested on ARC
patterns increased ∼2.6% when compared with the droplet
resting on the uniform Cytop surface.

We exposed our device surface to a humidifier for at least
60 seconds to cover the entire device surface with tiny drops
that mimic a foggy surface. The drop sizes on the surface
ranged between 1∼100 µm in diameter based on image
processing with ImageJ software. The estimated thickness was
in the order of tens of microns on average. Then we pipetted a
droplet on the ARC track and turned on the AC voltage input.
As evident from the sequential images in Fig. 6, the droplet
was able to move along the ARC track and clean the fog
away. Fig. 6 (a) shows the initial state when the droplet was
put on the foggy surface and Fig. 6 (b)-(f) present the droplet
when it was actuated. We noticed that the external voltage
helped in the merging of the tiny drops to larger ones before
the surface was further cleaned by the 10 µL droplet. The
L-DEP force could still deform the droplet in the presence
of multiple tiny water drops on the surface. This behavior is
different from the EWOD system, where the droplet would
stop moving or reduce its moving speed when a layer of
fog is present, since the fog layer blocks the solid-liquid
interface. The system was only tested with fog generated from
DI water. We believe that our system could remove fog with
low conductivity (<1 mS/m), while a modified design in terms
of dielectric materials and electrode geometry optimization
would be necessary for more conductive solutions (in the order
of 10 mS/m) [27].
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Fig. 6. (a)-(f) sequential images of surface fog removal using a 10 µL
droplet.

IV. CONCLUSION

In this paper, we presented the design, fabrication, and char-
acterization of droplet transport with L-DEP on an ARC track.
The system demonstrated the robust capability to transport a
broad range of droplet sizes and to manipulate the droplet
independently of resonance frequencies for different volumes.
The setup required an electromagnetic relay to modulate the
high input voltages but no additional complex control circuitry.
We predicted that the droplet could be moved at a speed
of 7.25 mm/s based on the droplet response time during
expansion and recession. We also presented the capability to
remove surface fog with our design, which has proven difficult
to accomplish with an EWOD system.

As for future plans, we will explore the influence of IDE
line width and gap size on the droplet manipulation and fog
removal. We will also experiment with different ARC designs
to transport and collect smaller droplets with less than 100 µm
diameter. Our ultimate goal is to perform fog removal without
the aid of a manually dispensed cleaning droplet.
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