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Simplified Ground-type Single-plate Electrowetting Device  
for Droplet Transport  

 
 

Jong-Hyeon Chang*, Dong-Sik Kim** and James Jungho Pak†   
 

Abstract – The current paper describes a simpler ground-type, single-plate electrowetting configura-
tion for droplet transport in digital microfluidics without performance degradation. The simplified fab-
rication process is achieved with two photolithography steps. The first step simultaneously patterns 
both a control electrode array and a reference electrode on a substrate. The second step patterns a di-
electric layer at the top to expose the reference electrode for grounding the liquid droplet. In the ex-
periment, a 5 µm thick photo-imageable polyimide, with a 3.3 dielectric constant, is used as the dielec-
tric layer. A 10 nm Teflon-AF is coated to obtain a hydrophobic surface with a high water advancing 
angle of 116° and a small contact angle hysteresis of 5°. The droplet movement of 1 mM methylene 
blue on this simplified device is successfully demonstrated at control voltages above the required 45 V 
to overcome the contact angle hysteresis.  
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1. Introduction 
 
Electrowetting is a microfluidic phenomenon, which in-

duces the apparent contact angle change of a conductive 
liquid droplet with an applied electric field. Applying volt-
age between the conductive liquid and the electrode be-
neath the dielectric layer can vary the liquid contact angle 
according to the following Lippmann-Young equation: 
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where θ0, θV, c, γlv, and V are the inherent contact angle, the 
changed contact angle by electrowetting, the capacitance 
per unit area of the dielectric layer (in F/m2), the liquid-
vapor interfacial tension (in N/m or J/m2) and the applied 
voltage across the dielectric (in V), respectively [Fig. 1(a)]. 
The lateral motion of the droplet can be achieved when the 
electrowetting effect is partially generated at the three-
phase contact line of the liquid droplet on the activated 
electrode of the arrayed control electrodes. The electrowet-
ted advancing angle (θV,a) is smaller than the inherent re-
ceding angle (θ0,r) [Fig. 1(b)]. The electrowetting system 
has advantages of low power consumption and fast re-
sponse. Thus, it has wide applications, not only in digital 
microfluidics, but also in liquid lenses and displays [1–4]. 

 
(a) 

 

 
(b) 

Fig. 1. Schematic cross-sections of (a) contact angle 
change by electrowetting on dielectric, and (b) elec-
trowetting droplet transport on dielectric along the 
patterned electrode array. 

 
Electrowetting in digital microfluidics are generally di-

vided into two-plate and single-plate configurations. A 
typical two-plate configuration has a control electrode ar-
ray, a dielectric layer on the bottom plate, and a reference 
electrode on the top plate [5]. On the other hand, in a sin-
gle-plate configuration, both control and reference elec-
trodes are on the bottom plate. Droplets can be manipu-
lated without the top plate. More complex microfluidic 
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operations are possible only in two-plate devices. Such 
operations include droplet splitting or dispensing for lab on 
a chip application. However, single-plate devices have 
some advantages, such as faster mixing, larger droplet vol-
ume manipulation on a given footprint, and easier access to 
droplets for handling or optical detection [6]. The top plate 
can be utilized for another purpose if the top plate in the 
two-plate devices is freed from the electrowetting actuation 
and the process can be performed using only the bottom 
plate as a single-plate device. This can serve as controllable 
heater electrodes, magnetic components, sensors, and spe-
cific chemistry or structures appropriate for each applica-
tion [7, 8]. 

Single-plate electrowetting configurations are also di-
vided into ground-type and unground-type [9]. Previously 
reported ground-type devices allow lower voltage elec-
trowetting. However, their fabrication process is more 
complex compared with that of the unground-type devices. 
The current paper presents a simplified and more efficient 
way of fabricating a ground-type single-plate electrowet-
ting device. This device can also operate without any deg-
radation compared with previously reported devices. 

 
 

2. Design and Fabrication 
 
In 1998, Washizu first reported on electrostatic actuation 

of liquid droplets on the unground-type single-plate device 
[10]. Torkkeli et al. then improved the actuation with su-
perhydrophobic surfaces [11]. The patterned serial line 
electrodes underneath a dielectric layer were activated one 
by one for droplet transport [Fig. 2(a)]. Yi and Kim have 
reported a parallel electrode design for electrowetting drop-
let transport [Fig. 2(b)] [12]. Moon and Kim have shown 
asymmetric electrowetting characteristics that can also 
generate droplet transport when using a series of square 
electrodes [Fig. 2(c)] [13, 14]. The advantage of an un-
ground-type electrowetting device is its simple fabrication 
process. However, its electrowetting force is lower com-
pared with that of the ground-type electrowetting device. 
The horizontal electrowetting force (Fex) acting on the 
droplet is generated along the effective three-phase contact 
line, as shown in the following equation [15]: 

 

 21
2exF cV= . (2) 

 
The lower force is attributed to the fact that only a portion 
of the applied voltage contributes to the electrowetting 
force generation. The applied voltage is dropped across 
two dielectric layers. One part is between the activated 
control electrode and the droplet, and the other part is be-
tween the reference electrode and the droplet. The elec-
trowetting force is proportional to the square of the applied 
voltage across the dielectric layer. Thus, the electrowetting 
force is further reduced when the voltage drop across the 

dielectric layer decreases. Fouillet and Achard have re-
ported a ground-type single-plate device with floating elec-
tric wires for grounding droplets [Fig. 2(d)] [16]. However, 
these electric wires make the fabrication process quite 
complicated. Therefore, the grounding line electrode was 
patterned on the dielectric layer [Figs. 2(e)–(f)] [17, 18]. 

 

 
Fig. 2. Schematics of various single-plate electrowetting 

configurations for droplet transport: (a)–(c) Un-
ground-type; (d)–(f) Ground-type. 

 
As mentioned above, the ground-type single-plate con-

figurations are more efficient in terms of electrowetting 
performance than the unground-type. However, they re-
quire an additional fabrication step to pattern the top refer-
ence electrode on the dielectric layer. Their fabrication 
process generally requires three photolithography steps: 
bottom electrode patterning on a substrate for the control 
electrode array; insulating dielectric layer patterning; and 
top reference electrode patterning. These steps can be fur-
ther simplified by patterning both the control electrode 
array and the reference electrode in one step after deposit-
ing the electrode metal on the substrate. Afterwards, an 
insulating dielectric layer can be deposited on the whole 
surface and patterned to simultaneously expose both the 
reference electrode and the connection pads. This results in 
the proposed simplified process. The droplet cannot be 
grounded unless the reference electrode is exposed. The 
voltage drop occurs through two dielectric layers, namely, 
on the activated control and reference electrodes. The elec-
trowetting force then becomes weaker than when the drop-
let is grounded. Therefore, the reference electrode was de-
signed for exposure not only for fabrication efficiency, but 
also for driving efficiency. Fig. 3 shows a schematic view 
of the described coplanar ground-type electrowetting de-
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vice and its cross-sectional view along A-A’ after each ma-
jor fabrication step. 

 

 
(a) 

 

 
(b) 

Fig. 3. A schematic view of the coplanar ground-type elec-
trowetting device and its fabrication process: (a) 3-
dimensional view of the device; (b) Cross-sectional 
view along A-A’ in (a) after major fabrication proc-
ess steps. 

 
For both reference electrode and control electrode array 

of the proposed devices, 100 nm Cr was deposited on a 
glass substrate by electron beam evaporation. These were 
simultaneously patterned by wet etching with a photoresist 
(AZ1512, Clariant) mask. The control electrodes consisted 
of an array of 1.2 × 1.2 mm squares with 50 µm space. The 
reference electrode was single line next to the control elec-
trode array with a width of a 200 µm. Polyimide (Durimide 
7510, Fujifilm) was spin-coated at 5000 rpm for 30 s and 
then patterned by photolithography for opening the refer-
ence electrode and connection pads. This photo-imageable 
polyimide was used as a dielectric layer to make the fabri-
cation process simpler. Unless the dielectric material can 
be directly patterned, a more complex process for pattern-
ing the dielectric layer would be required. This may in-
clude performing photolithography with an additional 
photoresist, dry or wet etching the dielectric layer, and re-
moving the photoresist.  

After hard-baking at 350 °C for 1 h in N2, the resulting 
polyimide thickness was 5 µm. Durimide 7500 series poly-
imides are photo-imageable and are known to have a 3.3 
dielectric constant and a 345 V/µm dielectric strength. For 
curing polyimide, its residual solvent was removed in the 
hard-bake process, after which the desired surface proper-
ties were finalized. When the patterned polyimide was 
hard-baked in atmospheric environment, the cured film 
color changed to dark brown [Fig. 4(a)] possibly due to 

oxidation of the residual solvent in the film. Only after 
hard-baking in an inert gas, such as N2, can highly trans-
parent polyimide film be obtained [Fig. 4(b)]. 

 

 
           (a)                     (b) 

Fig. 4. Optical images of the fabricated ground-type single-
plate electrowetting devices using polyimide dielec-
tric cured in (a) atmospheric and (b) N2 environ-
ment. 

 
Finally, 0.2 wt% Teflon-AF (601S2-100-6, DuPont) di-

luted in a fully-fluorinated solvent (FC-40, 3M) was spin-
coated at 1500 rpm for 30 s and baked at 200 °C for 30 min. 
This thin Teflon-AF layer was used to make the whole sur-
face hydrophobic in order to enlarge the contact angle 
variation on electrowetting devices without electrically 
insulating the reference electrode from the liquid droplet 
[5]. The resulting Teflon-AF thickness measured by an 
ellipsometer (FE-VIID, Rudolph) was ~10 nm. The water 
advancing contact angle was 116° with the contact angle 
hysteresis of 5°. These were measured by a contact angle 
analyzer (Phoenix 300, Surface Electro Optics). 

 
 

3. Results and Discussion 
 
The fabricated chip was connected to a DC power sup-

ply (2400 SourceMeter, Keithley) with a peripheral com-
ponent interconnect slot to apply voltage between one of 
the control electrodes and the reference electrode in contact 
with a droplet. A droplet of 2.5 µL of 1 mM methylene blue 
(C16H18N3SCl) was used for better visualization. The drop-
let movement by electrowetting was recorded by an optical 
microscope equipped with a CCD camera. The droplet ve-
locity was obtained by analyzing the recorded video clips 
(Fig. 5). 

Fig. 6 shows the droplet velocity with the fitted curve at 
various applied voltages; it also shows the theoretically 
expected contact angle obtained from the Lippmann-Young 
equation. The droplet velocity exponentially depends on 
the applied voltage from 45–100 V. The droplet success-
fully moved back and forth between the ends of the control 
electrodes at 45 V and above. The droplet moved to the 
neighboring electrode with velocities of 0.34 mm/s at 45 V 
and 32 mm/s at 100 V. The threshold voltage (VT) is the 
minimum actuation voltage required to move a droplet 
between two electrodes. The droplet cannot be displaced 
below the threshold voltage due to the contact angle hys-
teresis (α) [19]. In short, for droplet transport, the applied 
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voltage has to be high enough to decrease the advancing 
angle to below the inherent receding angle, and overcome 
adhesive friction related to the contact angle hysteresis. 
The expected contact angle at 45 V is 111°, which is the 
same as the difference between the initial advancing con-
tact angle of 116° and the contact angle hysteresis of 5°. 
This result is consistent with the aforementioned theoreti-
cal expectation. In case of the unground-type parallel elec-
trode design (Fig. 2(b)), such contact angle change can be 
theoretically obtained at a two-fold higher voltage. This is 
because the voltage drop across the dielectric becomes half 
of the applied voltage. This effect on the threshold voltage 
for droplet transport related to contact angle hysteresis in 
various electrowetting configurations is currently under 
investigation. 

 

 
Fig. 6. Measured droplet velocity from the fabricated sim-

plified coplanar ground-type single-plate elec-
trowetting device and theoretically expected contact 
angle depending on the applied voltage. 

 
These results showed that the proposed method is a sim-

plified fabrication process for a typical coplanar ground-
type single-plate electrowetting device. The required volt-
age for droplet transport by electrowetting can be reduced 
either by using a high-k thin dielectric or by decreasing the 

liquid-vapor interfacial tension with surfactants or oil envi-
ronment [20–23].  

In previous ground-type single-plate configurations for 
droplet transport [Fig. 2(d)–(f)], the grounding reference 
electrode was formed along the centerline of the control 
electrode array. Alternately, the reference electrode was 
railed off from control electrodes to establish contact with 
the droplet. In such cases, the reference electrode cannot be 
made on the same plane with the control electrode array. 
This is because the reference electrode would come into 
contact with the control electrodes or their wiring lines. On 
the other hand, in the proposed configuration (Fig. 3), the 
grounding reference electrode can be made on the same 
plane with the control electrode array. The single line adja-
cent to the control electrode array can serve the grounding 
function without touching the control electrodes or the wir-
ing lines. 

The simplified configuration is acceptable within a 2-
row matrix of the control electrode array, which is similar 
to other single-plate configurations. For higher dimensional 
matrix, the electrical wiring for the control electrode array 
has to be buried under another insulating layer. Interest-
ingly, Paik et al. have reported a similar configuration us-
ing two exposed grounding rails by the wayside [24]. 
However, doing so makes the fabrication process more 
complex because the reference electrodes require an addi-
tional insulating layer for the electrical wiring or through-
hole interconnection between control electrode array and 
contact pads. Actually, one of the reference electrodes is 
omissible. The nature of the liquid droplet makes it round 
the contact line and grounded during experiments; there-
fore, using only a single reference electrode beside the con-
trol electrode array results in a simplified fabrication proc-
ess. 

Although the structure of the proposed configuration is 
transversally asymmetric unlike other configurations, a 
droplet deviation in the transversal direction is expected to 
be negligible. Only when the droplet is grounded can the 
electrowetting force be generated by the activated control 
electrode underneath the dielectric layer, and not on the 
reference electrode, which serves the grounding function in 
direct contact with the droplet. 

In electrowetting devices, a transverse groove or protru-
sion on the substrate surface may cause additional friction 
against the droplet transport. Therefore, if a groove or pro-
trusion appears in the design, placing these parallel to the 
direction for droplet motion is recommended.  

 
 

4. Conclusion 
 
A simpler ground-type, single-plate electrowetting de-

vice has been successfully fabricated. Its characteristics 
have been examined to validate the equivalent water drop-
let transport capability compared with previous similar 
devices. Although unground-type devices are simpler to 

Fig. 5. Time-lapse CCD images of 1 mM methylene blue 
droplet moved by electrowetting at 90 V. 

 



Simplified Ground-type Single-plate Electrowetting Device for Droplet Transport  406 

fabricate, ground-type devices have better electrowetting 
performance at the same applied voltage. By reducing one 
photolithography step in the process, the proposed simpli-
fied fabrication is possible without degrading the water 
droplet transport capability. Thus, the process could be 
simplified as that of unground-type devices.  In conclusion, 
this simplified coplanar ground-type configuration for sin-
gle-plate electrowetting devices can reduce the number of 
fabrication steps without any performance degradation. 
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