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A general digital (droplet-based) microfluidic platform based on the study of dielectric droplet

manipulation by dielectrophoresis (DEP) and the integration of DEP and electrowetting-on-dielectric

(EWOD) is reported. Transporting, splitting, and merging dielectric droplets are achieved by DEP in

a parallel-plate device, which expands the fluids of digital microfluidics from merely being conductive

and aqueous to being non-conductive. In this work, decane, hexadecane, and silicone oil droplets were

successfully transported in a 150 mm-high gap between two parallel plates by applying a DC voltage

above threshold voltages. Non-volatile silicone oil droplets with viscosities of 20 and 50 cSt were

studied in more detail in parallel-plate geometries with spacings of 75 mm, 150 mm, and 225 mm. The

threshold voltages and the required driving voltages to achieve droplet velocities up to 4 mm/s in the

different circumstances were measured. By adding a dielectric layer on the driving electrodes of the

tested parallel-plate device, a general digital microfluidic platform capable of manipulating both

dielectric and conductive droplets was demonstrated. DEP and EWOD, selectively generated by

applying different signals on the same dielectric-covered electrodes, were used to drive silicone oil and

water droplets, respectively. Concurrent transporting silicone oil and water droplets along an electrode

loop, merging water and oil droplets, and transporting and separating the merged water-in-oil droplet

were performed.
Introduction

Liquid droplet manipulation has been extensively studied for

a wide variety of applications. First, a droplet can be thought of

as an independent liquid compartment where chemical or bio-

logical syntheses can take place1–3 and used with lab-on-a-chip

(LOC) technology. Basic digital (droplet-based) microfluidic

functions have been demonstrated by creating, transporting,

splitting, and merging droplets between parallel plates.4 Second,

in addition to serving as microreactors, the diversity of available

droplet materials has led to optical, electrical, and thermal

applications commensurate with their appropriate physical

properties. For example, droplet-based lenses5,6 and mirrors7

have been fabricated by controlling the surface profile or the

position of a droplet with the proper refractive index. Similarly,

the electrical or thermal properties can be used to make droplets

that are able to conduct current8 or heat.9,10 In the above appli-

cations, conductive and aqueous droplets are individually

manipulated by electrical means, including electrostatic forces,1

dielectrophoresis (DEP),2,3 and electrowetting-on-dielectric

(EWOD).4–10 Because electrical pumping relies on the electric
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properties of the liquid, actuating non-conductive, or dielectric,

droplets has rarely been reported, not to mention the manipu-

lation of both conductive and dielectric droplets on a single

device.

However, both conductive and dielectric droplets are equally

important from the viewpoint of their potential applications. In

the LOC applications, the ability to handle dielectric droplets

enables reactions involving non-conductive organic solutions. In

the applications taking advantage of the droplets’ inherent

physical properties, dielectric droplets would provide similar but

more stable functions free from evaporation and electrolysis. In

this paper, we first demonstrate repeatable dielectric droplet

manipulations through DEP. This technique is further integrated

with EWOD to realize a general digital microfluidic platform

capable of actuating droplets with different conductivities and

polarities. For example, by sequentially transporting lipid-dis-

solved decane or hexadecane droplets (dielectric and nonpolar)

and electrolyte droplets (conductive and polar) through an

aperture, an artificial lipid bilayer membrane could be formed, as

it has been previously demonstrated in microchannels where

liquids were pumped mechanically.11
Principle

As mentioned above,4–10 EWOD has been widely used to

manipulate conductive droplets by modulating its contact angle

through voltage application across a dielectric layer.12 However,

driving dielectric droplets, e.g., decane, by EWOD was not

successful.13 Another extensively studied driving force of drop-

lets, DEP,14 has been known for its manipulation of polarizable
This journal is ª The Royal Society of Chemistry 2009
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particles, including nucleic acids, proteins, cells, and nano-

particles, by non-uniform electric fields in liquids.15–17 When

considering liquid droplets as suspended objects, individual

droplets were successfully driven by DEP in immiscible fluid

media.2,3,18 Droplet-based LOC where water droplets were driven

by DEP in immiscible 1-bromododecane was demonstrated.3

Because DEP was regarded as a body force exerting on the whole

droplets, splitting droplets were not performed.

In addition to providing body forces on suspended objects of

interest, drawing bulk dielectric liquids of higher relative

permittivity (liquid) into a strong electric field region of lower

relative permittivity (air) was also demonstrated.15,19–22 Over 100

years ago, rising dielectric liquid by applying a DC voltage

between a pair of electrode plates dipped vertically into a dish full

of the dielectric liquid was achieved by macroscopic apparatus.19

The height-of-rise was experimentally and theoretically

explained by force balance between the gravity force and the

DEP force (FDEP) in the direction normal to the surface acting

from the dielectric liquid to air. By applying V between W-wide

parallel electrode plates spaced d apart, FDEP is:

FDEP ¼
30ð3� 1ÞW

2d
V 2 (1)

where 30 (8.85� 10�12 F/m) is the permittivity of vacuum, and 3 is

the relative permittivity of the liquid. The phenomenon was

applied to orient cryogenic liquids under near zero-gravity

conditions.20–22

More recently, similar to dielectric liquids, aqueous liquids

were drawn against gravity by an AC electric field between

parallel electrode plates coated with dielectric layers.23,24 A

dielectric layer was used to prevent electrochemical reactions at

the liquid-electrode interfaces, and AC signals were chosen to

make the signal to penetrate the dielectric layer and generate

voltage across the liquid. Furthermore, formation of aqueous

liquid columns and droplets on an open surface by DEP through

dielectric-coated coplanar electrode patterns were demon-

strated.25,26

Here we combine vertical rising of bulk dielectric liquids

between electrodes and horizontal transporting of droplets by

bottom electrodes to realize dielectric droplet manipulations,

including transporting, splitting, and merging, in a parallel-plate

device by DEP. As illustrated in Fig. 1(a), when voltage is applied

between electrodes, the dielectric droplet would be attracted

toward the strong electric field region by DEP. The DEP force

exerting on the dielectric droplet by applying V between two W-

wide and d-spaced electrodes can be expressed by eqn (1).
Experiments

Device design and fabrication (dielectric droplets)

In addition to merely drawing a dielectric droplet between elec-

trodes (Fig. 1(a)), to achieve replicable digital microfluidic

functions, a parallel-plate device was designed to manipulate

dielectric droplets by DEP as shown in Fig. 1(b). Multiple driving

electrodes (shown as five squares in Fig. 1(b)) were patterned on

the bottom substrate. The top plate contained an unpatterned

reference electrode. A layer of low surface energy material was

coated on both plates to reduce the interfacial force between the
This journal is ª The Royal Society of Chemistry 2009
droplets and the solid surfaces, which facilitates reproducible

droplet handling and eliminates residues of the dielectric liquids

during operations. The gap height, or droplet thickness, (shown

d in Fig. 1), was determined by the thickness of the spacer. By

applying voltage between the reference electrode and one of the

driving electrodes, a dielectric droplet would be pumped onto the

energized electrode as the arrow indicates in Fig. 1(b).

The tested devices were fabricated on glass substrates for ideal

electric isolation between the patterned driving electrodes and for

easier observation of the droplets. For the same observation

purposes, the reference electrode on the top plate was made of

transparent and conductive ITO (indium tin oxide). A layer of

200 nm-thick ITO was first deposited on the top glass substrate

and subsequently covered by a low surface energy material,

Teflon. Teflon AF 1600 (DuPont) dissolved in FC-77 (3M) at

a concentration of 1 wt.% was spun on the ITO-coated top plate

at 3000 rpm for 30 s to prepare a 60 nm-thick Teflon layer.

Meanwhile, a layer of 200 nm-thick Cu/Cr or ITO was deposited

on the bottom glass substrate. An array of driving electrodes,

measuring 1 mm� 1 mm, was patterned by wet chemical etching.

A 60 nm-thick Teflon layer was spun on the bottom plate as the

top plate. Before testing, a dielectric droplet was dispensed onto

the bottom plate, where proper spacers were attached. Device

assembly was completed by placing the top plate on the spacers

that were used to define the droplet thickness and the gap height

between plates. Finally, wires were connected between the device,

the control circuits, and a computer.
Actuation of dielectric droplets

Dielectric droplets of decane (C10H22, Fluka), hexadecane

(C16H34, Fluka), and silicone oil ((CH3)3SiO[-

SiO(CH3)2]nSi(CH3)3, Dow Corning 200� Fluid) were tested in

parallel-plate devices with a gap height of 150 mm. Table 1 lists

the related physical properties of the tested dielectric liquids,

including relative permittivity, conductivity, viscosity, and

surface tension at 25 �C. The contact angles were measured by

the sessile drop method. Without the Teflon layer, the tested

droplets wet the ITO electrodes at a very low contact angle (< 3�

for silicone oil). 0.2 ml droplets were dispensed in 150 mm-high

gaps, resulting in 1.2 mm diameter circular contacts (with

a contact area of �1.2 mm2) on the top and bottom plates. To

evaluate the transportation of different dielectric droplets, the

minimum driving voltage was measured and defined as the

threshold voltage listed in Table 1. The droplet velocity at

the threshold voltage can be as low as 5 mm/s. The surface

tension, contact angle, and contact angle hysteresis provide

friction, causing different threshold voltages for different drop-

lets. The polarity of the applied DC voltage has no influence

on droplet driving, while AC signals tested up to the frequency of

1 kHz actuated dielectric droplets successfully.
Silicone oil droplet manipulations

Non-volatile silicone oil was studied in more detail to compre-

hend the DEP actuations without evaporation effects. Moreover,

silicone oil is easily accessible and widely applied with well-

documented properties. The threshold and splitting voltages

(listed in supplementary Table s1 in the ESI†) of 20 cSt and 50 cSt
Lab Chip, 2009, 9, 1236–1242 | 1237
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Fig. 1 DEP actuation of dielectric droplets. (a) By applying voltage between parallel electrodes, a liquid dielectric droplet of a higher relative

permittivity is pumped by DEP into the region of a lower relative permittivity (e.g., air). (b) Top view and cross section of a parallel-plate device for

dielectric droplet manipulations.
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silicone oil droplets were measured in 75, 150, and 225 mm-high

gaps by 0.1, 0.2, and 0.3 ml droplets, respectively, to maintain

a constant contact area of �1.2 mm2.

When voltage greater than the threshold voltage was applied,

the droplet started to move with a voltage-dependent velocity.

The minimum required voltage to drive a droplet following the

signal back and forth on the five driving electrodes for at least

one cycle at various velocities was recorded and plotted in

Fig. 2(a). Each data point represents an averaged voltage from

three experiments using different devices. The variation between

measurements was within �10 V. The best-fit quadratic curves

indicate that velocity is proportional to the square of the applied

voltage, or the DEP force of eqn (1). The velocities are re-plotted
Table 1 Properties and threshold voltages of dielectric droplets driven by D

Liquid
Relative
permittivity, 3 Conductivity, s (S/m) Viscosity, n (

Decane 1.9827 — 0.826

Hexadecane 2.0527 — 3.026

Silicone oil 2.5a 1 � 10�13a 20a

a Dow Corning 200� Fluid data sheet.

1238 | Lab Chip, 2009, 9, 1236–1242
against the DEP forces in supplementary Fig. s1 in the ESI,†

showing that the velocity is approximately a linear function of

the DEP force.

Fig. 2(b)–(g) show the droplet splitting, concurrent double

droplet transporting, and merging in a 75 mm-high gap between

two plates. For concurrent droplet transporting after splitting,

a larger 20 cSt silicone oil droplet (0.15 ml) was used. When

voltage (420 V) was applied to the two electrodes neighboring the

center one, as indicated by the arrows in Fig. 2(c), the silicone oil

droplet started to stretch and neck. The driving electrodes

without arrow indications and the reference electrode were

electrically grounded. Fig. 2(d) shows two droplets with a similar

volume of �75 nl that were successfully split. The pair of split
EP in a 150 mm-high gap between parallel plates

cSt)
Surface tension,
g (mN/m)

Contact angle on
Teflon, q (degree)

Threshold
voltage, VT (VDC)

23.326 56.6 350
24.926 57.8 470
20.6a 53.2 250

This journal is ª The Royal Society of Chemistry 2009
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Fig. 2 Digital microfluidic functions of silicone oil droplets. (a) Velocity curves of 20 and 50 cSt silicone oil droplets against voltage in different gap

heights: 75, 150, and 225 mm. (b)–(g) Splitting and merging of a 20 cSt silicone oil droplet in a 75 mm-high gap between parallel plates. (b) A 0.15 ml oil

droplet was originally positioned on the center electrode. (c) The droplet stretched and necked when 420 V was applied on the two arrow-indicated

electrodes. (d) Two �75 nl oil droplets were successfully split. (e) and (f) Two split droplets were concurrently transported. (g) Split droplets were

merged. The supplementary Video 1 can be seen in the ESI.†
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droplets was then simultaneously transported in different direc-

tions as shown in Fig. 2(e) and (f). The two droplets were then

merged into one (Fig. 2(g)).
General digital microfluidic platform

We further tested dielectric droplet manipulation by DEP in

a parallel-plate device whose bottom driving electrodes were

covered by a dielectric layer, as shown in Fig. 3. For the existence

of the dielectric layer, the contact angle of the conductive droplets

can be changed from q0 to q(V) (Fig. 3(a)) by EWOD when

applying voltage across the dielectric layer. The dielectric layer

used in this study was 1 mm-thick SU-8, prepared by spin coating.

Two �25 nl silicone oil (20 cSt) and water droplets were first

placed on the electrode loop consisting of 12 square driving

electrodes (1 mm � 1 mm) in a 25 mm-high gap between parallel

plates as shown in Fig. 3(b). The top oil droplet was driven to the

left through DEP by applying 260 VDC (VDEP) on the left

neighboring electrode highlighted by the solid line (Fig. 3(c) and

(d)). Concurrently, the bottom water droplet was moved to the

right by EWOD when a 34 Vrms and 1 kHz sine wave signal

(VEWOD) was applied on the right neighboring electrode indicated

by the dashed line. With the same electrodes but different applied
This journal is ª The Royal Society of Chemistry 2009
signals (VDEP or VEWOD), oil and water droplet were individually

and concurrently driven as shown in Fig. 3(d)–(f). The water

droplet was then pumped by EWOD toward the oil droplet as can

be seen in Fig. 3(f) and (g). After the water droplet touched the oil

droplet, it was encompassed by the oil droplet (Fig. 3(h)). The

water droplet was pumped across the oil droplet (Fig. 3(i)) as in

a filler medium of oil. Furthermore, the water droplet was able to

pull the whole merged water-in-oil droplet by EWOD (Fig. 3(j)–

(m)), which is similar as the actuation of water-oil core-shell

droplets.28 Finally, as shown in Fig. 3(n)–(p), the merged droplet

was separated into water (mostly) and oil droplets by applying

EWOD to drive the water droplet and DEP to draw the oil.
Discussions

To pump oil and water droplets efficiently on the general digital

microfluidic platform, the driving voltages (VDEP and VEWOD)

were different. It is because that the applied voltage should be

distributed appropriately (across liquid or dielectric layer) to

achieve sufficient driving forces. As indicated by eqn (1),

a voltage difference across liquid droplet (VL in Fig. 4(a)) and

between the plates is necessary to drive the oil droplet by DEP.

However, EWOD requires a sufficient voltage drop (VD) across
Lab Chip, 2009, 9, 1236–1242 | 1239
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Fig. 3 Manipulating oil and water droplets by DEP and EWOD, respectively, on a parallel-plate device containing a dielectric layer on the bottom

plate. (a) Device configuration. Oil and water droplets were driven concurrently by VDEP and VEWOD, respectively. (b) Initial positions of �25 nl water

and oil droplets on a loop of 12 square electrodes (1 mm � 1mm). (c) The oil droplet was pumped to the left by DEP when 260 VDC (VDEP) was applied

on the electrode indicated by the solid line. Simultaneously, the water droplet was moved to the right by applying a 34 Vrms and 1 kHz sine wave

(VEWOD) on the electrode highlighted by the dashed line. (d)–(f) Oil and water droplets were pumped for a complete loop. DEP and EWOD were

determined by the applied signal and the manipulated droplets. (f), (g) The water droplet was driven by EWOD, while the oil droplet was stationary. (h)

The water droplet merged with the oil droplet. (i) The water droplet moved in the oil by EWOD. (j)–(m) The merged water-in-oil droplet was driven by

EWOD for a loop. (n)–(p) Separation of the merged water-in-oil droplet was achieved by DEP (solid line) and EWOD (dashed line) into water (mostly)

and oil droplets. Some of the oil remained on the water droplet surface. The supplementary Video 2 ((b)–(e), concurrent oil and water droplet pumping),

3 ((f)–(m), merging droplets and transporting the merged droplet by EWOD), and 4 ((n)–(p), separating the merged droplet) can be seen in the ESI.†

1240 | Lab Chip, 2009, 9, 1236–1242 This journal is ª The Royal Society of Chemistry 2009
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Fig. 4 Force analyses based on voltage distributions. (a) Simplified equivalent circuits of oil and water droplets. (b) A closed surface S at the oil

meniscus used for Maxwell stress tensor evaluation of the DEP force.
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the capacitor of the dielectric layer (CD). From the simplified

equivalent circuit of the water droplet (RW in parallel with CW),

VD would be dependent on the frequency of V applied between

the parallel plates. At low frequencies, most V is consumed in the

dielectric layer and generates EWOD. As the frequency

increases, VD decreases and VL increases. The VL at high

frequencies has been applied to drive conductive liquids by DEP

as mentioned above.25,26 The frequency-dependent EWOD and

DEP was discussed in literature.23,24 We have also demonstrated

a particle and cell concentrator by DEP on a EWOD device using

different frequencies to obtain VL or/and VD.29 In this platform,

a 1 kHz sine wave signal was chosen to drive the water droplet by

EWOD as our previous studies.29 On the other hand, different

from conductive droplets driven by dielectric-coated electrodes,

the frequency of the applied signal does not influence the DEP

force acting on the dielectric droplets because the ratio of the

partial voltage distributed across two capacitors (i.e., COil and

CD) in series is not dependent on the frequency. As mentioned

above, 1 kHz signals can also manipulate dielectric droplets by

DEP, meaning 1 kHz signals would drive both dielectric and

conductive droplets. However, because the required magnitudes

of VDEP and VEWOD are quite different, a DC voltage was chosen

to drive the oil droplet by DEP.

Although the supplemental dielectric layer is beneficial to

EWOD, it reduces the DEP force FDEP for the reduced VL. FDEP

can be recalculated based on the closed surface (S, indicated by

the dashed line in Fig. 4(b)) integral of the Maxwell stress tensor

reported by Jones.23,24 The derivation can be seen in the ESI,†

and FDEP with the supplemental dielectric layer is expressed as:

FDEP ¼
303DW

2
V 2

�
3Oil

3Oil tþ 3Dd
� 3Air

3Airtþ 3Oild

�
(2)

where 3D, 3Oil, and 3Air are the relative permittivities of the

dielectric layer, oil droplet, and air respectively, and t is the
This journal is ª The Royal Society of Chemistry 2009
thickness of the dielectric layer. If t equals 0, eqn (2) is the same

as eqn (1). FDEP increases as d decreases, while the EWOD force,

determined by the surface force, is theoretically independent of d.

Therefore, the required voltages of DEP and EWOD may come

closer by decreasing d, so that oil and water droplet would be

driven by a single power source. Possible dielectric breakdown of

the oil droplet caused by the decreased d should also be minded.
Conclusions

We successfully manipulated silicone oil droplets and dielectric

organic solvent droplets, including decane and hexadecane, in

parallel-plate devices by DEP. By supplementing a dielectric

layer above the driving electrodes, DEP and EWOD were

concurrently performed on a general digital microfluidic plat-

form, where dielectric (silicone oil) and conductive (water)

droplets were driven. Merging of water and oil droplets was

performed. Transporting and splitting the merged water-in-oil

droplet were demonstrated. The presented general digital

microfluidic platform benefits LOC when regulating both

dielectric and conductive droplets is necessary.
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