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Abstract 

Digital microfluidics as implemented in electrowetting-on-dielectric (EWD) technology 

has been widely used as a platform for miniaturizing the biomedical or biochemical 

laboratory on a chip in recent years. DNA pyrosequencing, one of the DNA 

sequencing-by-synthesis methods, has been successfully integrated on EWD devices. 

However, this platform requires microliters of reagents and 200~300V of applied 

voltages, which contributes to higher costs and limits the feasibility of a portable system. 

This dissertation proposes a low voltage EWD device using multi-layer insulators that 

can manipulate picoliter droplets on chip. A 300pl droplet was dispensed and actuated at 

voltages as low as 11.4Vrms and 7.2Vrms respectively on a 95μm electrode a EWD device 

with a 20μm SU8 gasket. The stacked insulators in the actuator consisted of 135nm 

tantalum pentoxide (Ta2O5) and 180nm parylene C films deposited and coated with 70 

nm of CYTOP. The physical scaling of electrodes was further demonstrated for 33μm and 

21μm electrode devices, resulting in droplets of 12pl and 5pl respectively in conjunction 

with 3μm gaskets. Manipulation of magnetic beads during dispensing, droplet splitting 

and merging, and droplet transport were also demonstrated on the scaled EWD devices. 

The chemiluminescent light produced by the on-chip reaction of 100pl ATP-luciferin and 

luciferase could be detected with an external cooled CCD camera, but detecting this 

reaction with smaller-scale droplet reactions was limited by the external detector’s 

sensitivity. Based on fundamental theories and experiments, the actuation voltage and 

dimensional scaling of EWD devices have been demonstrated, but the use of picoliter 

droplets in biochemical applications will required improved sensing methods. 
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Chapter 1  

Background and Motivation  

1.1 Introduction 

In recent years, microfluidic manipulation of liquid droplets has been widely investigated 

as a platform for the transport of chemical or biomedical liquids on biochips, also known 

as lab-on-a-chip or μ-TAS (micro total analysis systems), and the ultimate goals for these 

systems are to reduce the laboratory reactants and procedures and miniaturize the 

instruments. These systems with high throughput and minimized reagent consumption 

can benefit the applications of medical diagnosis, drug delivery, point of care, 

environmental monitoring, and basic scientific research with speed, convenience, 

low-cost, and reliability.  

Microfabrication, made possible with the continued progress in semiconductor 

manufacturing, or so called microelectromechanical system (MEMS) [1] provides 

methods and techniques to fabricate miniature channels, valves, pumps, sensors, actuators, 

detectors, mircoantennas, micromirrors and micromixers [2]. These devices are used in 

and integrated on many types of applications. Microfluidics has been widely used in 

applications relying on the flow-through method, commonly called continuous flow, 

which requires valves or pumps to manipulate liquid in micro channels. In order to 

provide the required external forces for liquid actuation, relatively large sources of 

pressure are required. By analogy, digital microfluidics, which manipulates liquid in a 

discrete manner as unit-sized volumes of droplets, was developed in the past 12 years, 
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and includes electrowetting-on-dielectric (EWD) [3-7], dielectrophoresis (DEP) [8], and 

immiscible-fluid flow (multiple-phase flow) [9, 10]. Among these techniques, DEP 

requires relatively high voltages to direct droplets, and immiscible-fluid flow still needs 

external pumps to push liquid in channels. EWD, with reasonable values of voltage and 

without any external mechanical systems, seems to be the most feasible method to be 

implemented in applications in the biomedical or biochemical areas. 

     An EWD device is a liquid droplet actuator based on controlling charges at the 

interface of a liquid and an insulator over buried electrodes [11, 12]. The droplets of 

microliter or nanoliter sizes can be promptly driven to a precise position, which is not 

achievable by any other microfluidic methods [13]. EWD actuators have been shown to 

transport, split, mix, and dispense droplets from on-chip reservoirs with actuation 

voltages in the 30~300V range. Such liquid control gives more flexibility and better 

choices for multiple applications performed on a common platform [4, 5, 7, 14]. This 

technique has been adapted to applications, such as polymerase chain reaction (PCR) [15, 

16], clinical diagnostics [17], proteomic sample preparation [18], DNA ligation [19], 

simple separations [20], and other complex biochemical techniques [21, 22].  

     Here, we experimentally demonstrate scaled, low voltage (7~20Vrms), picoliter 

(5~300pl) EWD devices, which implement a simplified enzymatic reaction as used in a 

DNA pyrosequencing application. A model is presented that describes the theory behind 

EWD actuator scaling, and the model is verified by testing experimentally fabricated 

devices. To allow for low-voltage operation, we have implemented multi-layer electrode 

insulators, which provide adequate EWD operating voltage ranges that avoid insulator 

breakdown and allow for reliable operation. Our work makes the following contributions: 
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1. The actuation threshold voltage scaling model is verified by experimental data of 

thinning the insulators and using a high dielectric constant material (tantalum 

pentoxide, Ta2O5) on EWD actuators. 

2. A multi-layer insulator stack structure of Ta2O5 and parylene C is fabricated and 

demonstrated on EWD devices to actuate and dispense 300pl droplets on-chip at 

voltages as low as 7.2Vrms and 11.4Vrms respectively, and verified to be more 

robust.  

3. The physical scaling of electrodes is designed and demonstrated for 33μm and 

21μm electrodes to manipulate droplets of 12pl and 5pl respectively with 3μm 

gaskets. The interleaved electrode design and the special gasket neck opening 

design facilitate droplets dispensing on these scaled EWD actuators. 

4. Paramagnetic bead manipulation is accomplished on scaled EWD devices to 

demonstrate the dispensing and splitting of droplets with beads without bead 

loss. 

5. A simplified DNA pyrosequncing reaction of ATP-luciferin and luciferase is 

demonstrated on scaled EWD devices. Light produced by 100pl droplets 

reactions could be detected on a 95μm electrode device with a 7μm gasket.  

In the next section, I will discuss the theory behind electrowetting on dielectric 

actuation of liquid droplets.  
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1.2 Electrowetting on Dielectric Actuators 

1.2.1 Theory of Electrocapilliarity  

Electrowetting is a principle extended from electrocapillarity, where an electric field 

changes the effective surface energy between a solid electrode and a liquid interface to 

induce a driving force [3, 23]. In electrocapillarity, an electric field is created by applying 

a voltage across the interface between a solid electrode surface and a polarizable or 

conductive liquid droplet [7]. The electric field induces interfacial electrical charges in 

the liquid, which then exert forces relative to the surface of the electric double layer 

(EDL) formed at the liquid-solid interface, as shown in Figure 1. These forces are 

typically stronger at the droplet contact line than at other positions of the droplet, 

 

Figure 1: Diagram of the electric double layer (EDL) formed by interfacial charges at the 

triple phase contact line produced by electric fields. 
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since the electric field is highest at the sharp edge of the droplet geometry. The interfacial 

force changes the effective droplet contact angle, which creates a variation in the local 

interfacial tension. As a result, the droplet forms an improved wetting shape that lowers 

the interfacial energy by the electrostatic energy stored in the EDL capacitor. These 

mechanisms are defined as electrocapillarity [3-7, 14]. 

The mathematical model that relates the applied voltage, V, and the interfacial 

tension between the droplet and the electrode, γSL, is given by Lippmann’s equation [23]: 

2

0,
2

1
VcESLSL                                  (1) 

where γSL,0 is the solid-liquid interfacial tension without applying voltage across the 

interface, and cE is the capacitance per unit area of the EDL. The relation among three 

interfacial tensions at the three phase contact line can be described by Young's equation: 

 cosLGSGSL                               (2) 

where θ is the contact angle, γLG is the interfacial tension between liquid and gas, and γSG 

is the interfacial tension between the solid and gas phase as shown in Figure 2. Note that 

γLG and γSG are considered independent of the applied potential and remain constant [6, 

14]. Using Young’s equation to express Lippmann’s equation in terms of the contact 

angle results in the Lippmann-Young equation [24]: 

2

0
2

11
coscos VcE

LG




                          (3) 
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Figure 2: While applying voltage to a droplet, electrowetting occurs, as shown in by the 

dotted-line shape. θ, γLG, γSG, γSL,0, are contact angle, liquid-gas interfacial, solid-gas 

interfacial tension, and solid-liquid interfacial tension without applying voltage. 

where θ0  is the contact angle without applying voltage and the electric field across the 

interfacial layer is zero. The contact angle, θ, in this equation is a function of the applied 

voltage between the liquid and the electrode. The droplet wets the electrode surface as the 

contact angle decreases and the surface becomes effectively less hydrophobic along the 

contact line while voltage is increased. The variation of contact angle or wettability shift 

is caused predominantly by the charge-induced change in the solid-liquid interfacial 

tension [3]. 

According to Eq. 3 increasing the applied voltage causes a change in contact angle. For example, the 

contact angle of one water droplet in air changes from ~110
o
 to ~80

 o
 with an applied voltage of 1V. 

However, the EDL cannot sustain more than a 1V before electrolysis begins due to the dielectric 

breakdown of the EDL (which is approximately 1~10nm thick and its relative dielectric constant is ~80) [6]. 
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An added thin layer of dielectric material can increase the breakdown voltage of this structure and alleviate 

this problem. Since the insulator and the EDL are in a series connection, the capacitance of the insulator 

dominates the capacitance. The use of an additional insulator between the electrode and the liquid can 

sustain a much larger voltage, resulting in a change in the energy stored at the interface that can cause 

changes in contact angle [25].  

1.2.2 Theory of Electrowetting on Dielectric  

The method of using a dielectric material and a hydrophobic polymer to replace the EDL is called 

electrowetting-on-dielectric (EWD) [24]. Whereas the capacitance of the EDL in an electrocapillarity 

structure is approximately 10µF/cm
2
, the typical capacitance of an EWD structure may be reduced to the 

range of nF to pF/cm
2
. This results in much higher applied voltages (tens of volts) required in EWD devices 

to cause the same amount of contact angle change. Lippmann-Young’s equation for an EWD structure 

(Figure 3) becomes: 

20
0

2

1
coscos V

t

r

LG




 

  

                     (4) 

where εr is the relative dielectric constant of the insulator layer, ε0 is the permittivity of vacuum, and t is 

the thickness of the insulator.  
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Figure 3: EWD structure. While applying voltage to a droplet, electrowetting occurs, as 

shown in by the dotted-line shape. θ, γLG, γSG, γSL,0, are contact angle, liquid-gas 

interfacial tension, solid-gas interfacial tension, and solid-liquid interfacial tension 

without applying voltage. t is the thickness of the insulator layer.  

1.2.2.1 Actuation Voltage Model 

Since the voltage applied changes the contact angle (θ) of the droplet and the interfacial tension between 

the electrode and droplet (γSL), an actuator using EWD is proposed using this characteristic to manipulate 

droplets in micro-channels [3, 5, 14], as shown in Figure 4. Without applying any voltage, the interfacial 

tensions are present on both sides of the interfaces, maintaining equilibrium at the contact line. When a 

voltage is applied on an adjacent electrode, as shown in Figure 5, the interfacial tensions at the solid-gas 

and liquid-gas interfaces and the solid-liquid interface on the electrode without any voltage applied remain 

constant, but the solid-liquid interfacial tension overlapping the active electrode is reduced due to the 

applied voltage. The solid-liquid interfacial tension difference between active and non-active electrodes 

induces a wetting force to distort the droplet and even to move the droplet forward if the force exceeds the 

drag forces and contact-line friction. The channel is coated with a fluoropolymer layer to form a 
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hydrophobic surface, as illustrated in Figure 4. The wetting force per unit length, fE, induced by a voltage 

applied on the adjacent electrode, as shown in Figure 5, is expressed as [11, 26]: 

  20

0,0,
2

coscos V
t

f r

VLGVSLSLE


 

        
          (5) 

 

  

Figure 4: The cross sectional view of an EWD actuator.  
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Figure 5: The side view of an EWD actuator with an applied voltage on the adjacent electrode. The 

difference of γSL between two ends of the droplet induces the electrowetting force, fE. 

This simplified model does not take into account the contact angle hysteresis, 

which is a dynamic difference between the advancing and receding contact angles caused 

by random pinning forces when the droplet is moving and distorted in a metastable state 

[27]. For a more accurate analysis, the contact angle affected by the hysteresis angle (α), 

would be assumed to be  and  at the triple phase contact line, on 

activated and non-activated electrodes, respectively. Hysteresis only exists when voltage 

is applied and the droplet is moving. If there is no voltage, there is no contact angle 

change and no hysteresis. Thus, the electrowetting force per unit length in Eq. (5) could 

be rewritten with the contact angle hysteresis as [11, 25]: 
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Integrating fE over the contact line of the droplet diameter (L), as shown in Figure 6, the 

total electrowetting force (FE) on the droplet would be [27-29]: 

)]sin(sinsin
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20 


  VLG
r

EE V
t

LLfF       (7) 

 
Figure 6: Top view of EWD actuation. The total force is obtained by integrating the force 

per unit length over the contact line [11, 29]. 

     For the square electrode shape shown in Figure 6, when a droplet rests on the 

biased electrode, the droplet barely overlaps the adjacent electrode, and the contact line 

on the adjacent electrode is approximately 1/8 of the droplet’s circumference ( =22.5) 

or less. Since for the same electrode pitch, but with interlocking protrusion fingers, the 
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overlapping contact line includes the additional area of the protrusions. Thus, the total 

electrowetting force is larger for the longer overlapping contact line. Moreover, even if 

the droplet is slightly smaller than the electrode, the droplet can still overlap the 

protrusions of adjacent electrodes and be wetted when a voltage is applied. 

     Since EWD actuation is induced by an applied voltage, the actuation threshold 

voltage becomes a salient issue that must be understood. In order to drive the droplet, the 

electrowetting force proposed above needs to exceed two opposing forces that resist 

droplet movements: the viscous drag from either a liquid or a gas filler medium, and the 

shear stress from top and bottom plates. In previous research, the drag of droplets, FD, 

was assumed to still match Beard and Pruppacher’s classical drag model [11, 29-32]: 

                             (8) 

where U is the relative droplet velocity, ρo is the filler medium density, AD is the projected 

area on the droplet moving direction, and CD is the drag coefficient, a modification of the 

Reynolds number, for the droplet movement. Here, the droplet is confined between two 

plates with a gap of d, and the droplet diameter is assumed to be approximately the same 

as electrode size, L. Thus, the projected area at moving direction AD=Ld. As the Reynolds 

number is small in the condition of EWD [11, 33], the drag coefficient can be simplified 

to follow the Stokes drag formula:               

                                (9) 

and the Reynolds number is  

                              (10) 
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with μo being the medium viscosity. Then, Eq.(9) and (10) can be substituted into Eq. (8) 

to give a new expression for drag force: 

 

                           (11) 

     There are combinative mechanisms between the plates and the moving droplet, 

with the force balancing among the velocity gradient, shear stress, and the interfacial 

tension. The total effects can be expressed as a viscous drag force equation [11, 29, 32]: 

22 L
d

U
CF d

v


                            (12) 

where Cv is an empirical constant and μd is the droplet viscosity. The droplet is assumed 

to touch the top and bottom plate, so Eq. (12) is multiplied by a factor of 2. If the droplet 

flows as a parabolic wave front, the velocity at the center would be the maximum, and Cv 

would be equal to 6 [32].  

   When the droplet is actuated, the electrowetting force and drag forces are balanced: 

                          (13) 

Substituting Eq. (7), (11), and (12) into Eq. (13), the droplet velocity can be derived as 

[11]: 
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This expression is valid for moving droplets actuated by electrowetting forces. The 

experimental data and calculation results of droplet velocities versus applied voltages for 
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different electrode pitches according to Eq.(14) are plotted in Figure 7 [4, 7, 11]. At the 

moment the droplet being actuated from rest, the velocity is zero (U = 0), and the voltage 

applied is the actuation threshold voltage, VT, which can be solved from Eq.(14) with U = 

0, and V = VT:  

)]sin(sin[tan
2

0

0







TV

r

LG
T

t
V                 (15) 

 

 

Figure 7: The experimental data and calculation results of droplet velocities versus 

applied voltages for four different electrode pitches [4, 7, 11]. 

 

1.2.2.2 Theory of EWD Actuator Scaling 

In order to scale the actuation threshold voltage for EWD actuators, according to Eq.(15), 
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the determining factors are the thickness and dielectric constant of the insulator, and the 

fluid choices of droplets and filler medium, which affect the interfacial tension (γLG), the 

initial and actuation contact angle of the droplet, and the contact angle hysteresis. Since 

the liquid for most biomedical or biochemical applications are water based, DI water or 

buffer are determined as the droplet fluid. The commonly used filler media for EWD are 

silicone oil and air. Properties of water in these two media are compared in Table 1. 

Regardless of the insulator effects, the threshold voltage ratio for actuation in air to 

actuation in oil is dependent of fluidic properties [11]: 

5.2~9.1
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Table 1: Comparison of water properties in a silicone oil medium and in an air medium. 

 
Interfacial 

tension (γLG) 

Actuation contact 

angle (
TV ) 

Initial contact 

angle ( 0 ) 

Contact angle 

hysteresis ( ) 

Silicone oil [11, 34] 47 mN/m 104 125 2~4 

Air [4, 5, 11, 35, 36] 72.8mN/m 95 110 9 

     This result indicates the EWD actuator in a silicone oil medium can reduce the 

actuation threshold voltage at least by half of the value in an air medium. Thus, all the 

EWD devices in this study were operated in a 1.5cSt silicone oil medium. Since the 

droplet and the filler medium are specified, the thickness-to-dielectric-constant ratio (t/εr) 

of the insulator layer is the only factor we focused on in this study. Thinning the insulator 
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and using a high dielectric constant material such as tantalum pentoxide (Ta2O5), scaling 

of the actuation threshold voltage of EWD devices was explored first. However, due to 

device reliability considerations for ultrathin film insulators, a new combination structure 

of parylene C and Ta2O5 was developed, which allowed reduction in t/εr with more robust 

reliability. Such a composite insulator was then demonstrated to actuate and dispense 

droplets on chip at voltages as low as 7.2Vrms and 11.4Vrms respectively. 

     The physical dimension scaling is the other aim of EWD actuators scaling, which 

can reduce the reagent volume used in any applications. The electrode sizes used in 

previous research were in the range of 150μm to 1500μm, and the droplet volumes were 

nano-to-microliter scale [4, 7, 14, 36, 37]. We have designed and fabricated the electrodes 

of 95μm, 33μm and 21μm with different thicknesses of gaskets to obtain the smallest 

manipulating droplet volume of 5pl.  

 

1.2.2.3 Reliability and Contact Angle Saturation 

For droplet dispensing and splitting, larger forces are required to pinch off droplets, and 

the electrowetting forces, which follow the Lippmann-Young equation, are proportional 

to voltages applied. However, the applied voltage cannot be increased without limit [11, 

36]. As the applied electrode voltage is increased, a lower limit of contact angle for EWD 

devices has been observed in all reported contact angle studies. When a droplet reaches 

this limit, the contact angle no longer changes with increased voltage. This lower contact 

angle limit is called contact angle saturation. Operating a EWD device at the point of 

contact-angle saturation may result in unreliable performance [11, 36]. 
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     The exact cause of contact angle saturation is still unclear, and numerous 

hypotheses have been discussed [38]: trapping charges at the insulator surface [39, 40]; 

filler medium charging at the gas-solid interface [38]; micro-droplet injection and gas 

ionization [41]; and zero interfacial tension [42, 43]. We believe that the contact angle 

saturation is a mixed and complicated mechanism, and this phenomenon is observed for 

all EWD devices leading to unreliable droplet actuation. Although we do not focus on 

this issue in this study, we have assumed that the upper limit on the operating voltage 

range of our EWD devices is established by the voltage at which contact-angle saturation 

occurs. [44]   

1.3 DNA Pyrosequencing 

Beginning from the Human Genome Project [45], DNA sequencing has become a most 

useful and important technology in the bio-related industry and research. In order to 

achieve the productivity necessary for the rapid growth of sequence information, 

technologies to read DNA sequences with fast, sensitive, low-cost, and high-throughput 

results are required [46, 47]. Many research groups and companies [46] have been 

developing and investigating new DNA sequencing methods to improve the quality, 

speed, and cost. Three main methods for DNA sequencing are [48]: sequencing by 

hybridization [49-51], parallel signature sequencing based on ligation[52], and 

pyrosequencing[53, 54]. Among these technologies, pyrosequencing has advantages on 

confirmatory sequencing and de novo sequencing [48], and has been used for wide ranges 

of applications, such as genotyping [44, 55-57], single nucleotide polymorphisms [58], 

detecting rare mutations [59], diseased genes sequencing [60], and full genome or 



18 
 

ribosomal analysis [61-63]. 

     Pyrosequencing, a DNA sequence-by-synthesis analysis technique introduced in 

the late 80’s [64], is based on the detection of a chemiluminescent signal of 

pyrophosphate (PPi) released after a correct nucleotide is added to the primed template 

DNA strand. Four different types of nucleotides, A, T, G, and C, are repeatedly cycled to 

sequence the DNA template. Once the nucleotide added is incorporated to the current 

position marked by the polymerase on the DNA template, a light signal is generated 

which intensity is proportional to the length of the homopolymeric region for a stretch of 

identical bases. These descriptions are the ideal cases, but in practice, the homopolymer 

length for more than 5-6 identical nucleotides is difficult to determine the accurate 

number of incorporated nucleotides [48]. 

     From the correct nucleotide reacting with the DNA template to the light signal 

produced, three chain reactions happen in series. First, as a correct nucleotide is added to 

the DNA template via polymerase catalysis [48, 65], pyrophosphate (PPi) is released 

according to the reaction: 

PPidNPDNAdNTPDNA Polymerase            (17) 

This pyrophosphate side product then reacts with adenosine 5’-phosphosulfate (APS) and 

ATP sulfurylase to produce adenosine triphosphate (ATP): 

      2

4SOATPAPSPPi laseATPSulfury        (18) 

Finally, light is produced by the reaction of ATP and luciferin with firefly luciferase: 
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  L i g h tCOinOxyluciferPPiAMPOLuciferinATP Luciferase   22      (19) 

The intensity of light is proportional to the amount of ATP, which in turn depends on the 

number of nucleotides provided to the template. The quantitative relationship between 

light intensity and the number of nucleotides added allows identification of homopolymer 

segments within the DNA strand. Therefore, with each correctly added nucleotide 

identified, the sequence of the DNA template strand can be determined.  

     Several applications of microfluidic-based pyrosequencing systems have been 

developed, such as capillaries driven devices with microchambers [66], flow-through 

devices with microfabricated filter structure of nanoliter scale chambers [67, 68], and 

massively parallel devices with arrays of microfabricated picoliter scale chambers [69]. 

All these devices are based on external large pumping systems to supply reagents to the 

flow chambers which hold the DNA templates. For the chemistry, the read length and 

reading for the long homopolymer nucleotides are unreliable and still challenges for 

pyrosequencing applications, so that the DNA template needs to be cut into short sections 

for analysis, which then are assembled with bio-statistic informatics methods [70]. 

Different from the continuous-flow systems, because digital microfluidics uses 

programmable software to direct droplets on electrodes, droplets can be controlled to a 

greater degree and in parallel. Thus, the system can precisely control the droplets to the 

exact positions with small volume of reagent droplets according to the assay 

requirements.  

     Advanced Liquid Logic (ALL) has developed a nanoliter scale pyrosequencing 

platform using electrowetting based digital microfluidics, as shown in Figure 8 [71]. On 
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this system, the target DNA is attached to paramagnetic beads and dispensed onto the 

chip. A magnet located under the device is used to confine the beads, and therefore the 

DNA, to a single location. By holding the DNA beads in one place, droplets of buffer or 

reagent solution can be added and then split away without the concern of diluting the 

original sample[72-74]. Because the system is controlled and monitored by software, the 

algorithm can output the real time sequence information and identify the length of 

homopolymeric nucleotides. If the DNA template contains a long stretch of 

homopolymeric segments which light intensity excess the saturation value of the 

detection device, the feedback circuit sends the message, and the reagent reservoir can 

dispense more same reagent droplets to identify the number of homopolymeric 

nucleotides. Otherwise, the system keeps cycling the four nucleotides to the target DNA. 

Between each nucleotide introduced to the target DNA, a washing procedure of mixing 

and splitting buffer droplets, is required to eliminate cross-contamination. Nucleotide 

addition is performed separately from detection and is completed by combining a droplet 

of the designated nucleotide and a droplet containing polymerase with the bead-bound 

DNA. Half of this fluid is split from the beads and combined with a droplet containing 

ATP sulfurylase and luciferase. Because separation of the two enzyme solutions 

eliminates the errors by dilution, and the discrete droplet can quantify the signal reading, 

digital microfluidics provides more accuracy than continuous flow systems. Although the 

entire process is relatively slow than flow-through systems, the reagent consumption is 

reduced to hundreds microliters for each individual solution which contributes the most 

cost for pyrosequencing expenses, and the device and control system are portable without 

those pumping systems. 
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Figure 8: (A) The PCB-based cartridge for DNA Pyrosequencing, (B) The sequencing 

instrument, and (C) schematic of the cartridge for each well [71]. 

     Since previous work from ALL has demonstrated the capability of pyrosequencing 

implementation on digital microfluidics system, the advantages of this application are the 

solution volumes and system portability. However, this system still needs 200-300V to 

drive droplets on printed circuit board (PCB) based cartridges, so the power plugs are 

required and make it not feasible for convenient point of care. The objectives of this 
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study are scaling down both the droplet volumes and the system operation voltages. The 

size reduction produces a device that needs only a few hundred nanoliters solutions, and 

the voltages scale down to as little as 11.4V for all operations being able to use a 12V 

battery. The simplified pyrosequencing reactions are also demonstrated on these scaled 

picoliter EWD digital microfluidic devices.  

This dissertation is organized as follows. In Chapter 2, we describe the properties of 

high dielectric constant material we use on EWD devices and the comparison with other 

reported results. We consider the device design, fabrication processes, and experimental 

setups. In Chapter 3, we address the model and result of EWD devices’ actuation voltage 

scaling, and a new structure of multiple insulators for lower voltage and more robust 

EWD devices. The dimensional scaling is also described in this section. Chapter 4 

presents the DNA pyrosequencing implementations of bead manipulations and simplified 

chemistry reactions on scaled EWD devices. In Chapter 5, we provide possible directions 

of future work in both EWD device scaling and the DNA pyrosequencing 

implementations. Although we do not demonstrate full functional pyrosequencing on our 

devices, this work provides a preliminary result for more complex implementations on 

smaller scaled EWD devices. 
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Chapter 2  

Electrowetting Device Materials, Design, and Fabrication  

2.1 Choice of High Dielectric Constant Insulator Material 

Parylene C ( 3r ) and silicon dioxide (SiO2, 7.3r ) have been the most frequently 

used materials for the insulator in EWD actuators [5, 14]. The lowest threshold actuation 

voltages with an oil medium have been reported to be 17V for 800nm parylene C and a 

60nm Teflon
®

 AF hydrophobic layer [3, 7] and 25V for 100nm silicon dioxide and 20nm 

Teflon
®

 AF [14]. The higher voltages needed for operations such as dispensing and 

splitting have previously prohibited the use of ultra-thin insulators, since they are more 

susceptible to electrical breakdown and poor reliability. Thus, the use of high dielectric 

constant insulator materials provides another approach to reduce EWD applied voltages. 

The gate oxide in MOSFETs presents similar issues with regard to insulator breakdown 

and reliability, so those materials used in CMOS devices are potential solutions for EWD 

devices.  

      Silicon nitride, Si3N4 ( 8r ), barium strontium titanate, (Ba,Sr)TiO3 (BST, 

180r ) [36], aluminum oxide, Al2O3 ( 10r ) [75], and tantalum pentoxide, Ta2O5 

( 25~20r ), have been tested as insulator layers on EWD devices, which are 

compared in Table 1. Since the dielectric constants of Si3N4 and Al2O3 are twice to triple 

that of SiO2, the threshold voltage reduction is by a factor of 2/1  to 3/1 , which is 

not considered to be a significant enough improvement. On the other hand, devices with 

1mm × 1mm electrodes coated with 70nm BST films deposited by metal-oxide chemical 
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vapor deposition (MOCVD) [36] and 95nm anodically formed Ta2O5 films [37] both with 

20nm Teflon
®

 AF reached the relatively low actuation voltage of 15V. However, these 

two reports neglected the effect of the thin Teflon
®

 AF coating required to make an EWD 

insulator surface hydrophobic. According to Table 2, they both used same thickness of 

thin Teflon
®

 AF which was the low dielectric constant film and resulted in the similar 

value of thickness-to-dielectric-constant ration (t/εr) that mainly caused the same 

actuation voltage to be obtained for both devices, even with different dielectric constant 

and thickness of insulators.  

Table 2: Comparison of different dielectric materials reported by previous researchers 

[36, 37]. 

 
Silicon 

Nitride 

Barium 

Strontium 

Titanate 

(BST) 

Silicon 

Dioxide 

Tantalum 

Pentoxide 

(Ta2O5) 

Teflon or 

Cytop 

Dielectric 

constant 
~8 ~180 ~3.8 ~25 ~2 

Thickness 100nm 70nm 100nm 95nm  

Thickness of 

fluoropolymer 
20nm 20nm 20nm 20nm 20nm 

Total  ~22.5nm ~10.389nm ~36.31nm ~10.75nm ~10nm 

Threshold 

Voltage 
23V 15V 26V 15V  

     Among the materials tested, the dielectric constants of Al2O3 and Si3N4 are too low 

to cause dramatic improvement in the actuation threshold voltage. For BST, the dielectric 

constant is so high for thin films that the BST layer’s thickness-to-dielectric-constant 

ratio can be neglected, and the hydrophobic layer becomes the major contributor to the 

insulator stack and threshold voltage. This structure results in most of the voltage drop 
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occurring across the hydrophobic layer, which causes the layer to breakdown when 

actuation voltages are applied. The reliability of these devices is also limited due to 

leakage current and dielectric breakdown [36], so that droplets could not be dispensed or 

split on chip, due to the higher voltages required for dispensing and splitting operations.  

All EWD devices are coated with a thin fluoropolymer film for hydrophobicity, for 

which the dielectric constant is relatively low. Because the applied voltage drops mostly 

across the material of lowest t/εr among the stacked insulators, when the applied voltage 

exceeds a critical value, the fluoropolymer film breaks down first, and results in the 

charge trapping at the interface between the insulator and the fluoropolymer layer [33, 

41]. The voltage across the fluoropolymer layer can be expressed by the applied voltage 

over the whole stacked structure and the capacitance coupling ratio: 
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where VFP is the voltage across the flouropolymer and CFP is capacitance of the flouro- 

polymer, and Cox is the total capacitance of the insulator underneath the fluoropolymer. 

When the applied voltage exceeds a value that causes the voltage across the fluoro- 

polymer to exceed its breakdown voltage (VFP,B), the onset of charge trapping occurs, and 

this value of applied voltage establishes the applied voltage limit (VTlimit). At this point, 

the applied voltage limit can be further expressed from Eq.(19) [11, 40]: 
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where DFP, εFP, and tFP are the effective dielectric strength, dielectric constant, and 

thickness of the fluoropolymer, and εox and tox are the dielectric constant and thickness of 

the insulator underneath. If the insulator is a combination of two or more materials, the 

total thickness-to-dielectric-constant ratio can be expressed as 


2

2

1

1



ttt

ox

ox                          (22) 

     For the EWD device, when the applied electrode voltage is higher than the limit of 

Eq. 21, charge trapping at the surface occurs [11, 40]. Meanwhile, on the insulator 

surface, the contact angle of the droplet is observed to reach a lower limit, which is called 

contact angle saturation [11, 40], so that the Lippmann-Young equation no longer applies 

[11, 41]. The electrowetting force is no longer proportional to the square of the applied 

voltage as well, so that higher voltage is required to achieve the same operation, which 

causes the device to breakdown more easily. As a result, an ultra-high dielectric constant 

insulator does not give much advantage to EWD devices, since it lowers the applied 

voltage limit. Therefore, the final choice for an insulator was Ta2O5, which has been 

widely evaluated as the gate dielectric in the semiconductor industry because of its 

midrange dielectric constant and high dielectric strength (~8MV/cm) [76]. 

2.2 Deposition and Annealing of Ta2O5 Insulators  

Multiple techniques are available to deposit Ta2O5, such as evaporation, sputtering, 

anodic oxidation of tantalum, pulsed laser deposition, and chemical vapor deposition 

(CVD) [77]. In this study, Ta2O5 was deposited by an RF dielectric sputtering system 

(Kurt Lesker PVD 75) with a 99.99% Ta2O5 target. The deposition power was set at 
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200W and the deposition pressure was set at 15mTorr with different oxygen percentages 

(1%, 5%, 10%, and 15%) in the chamber. Testing dielectric characteristics was performed 

with a sandwich electrode-insulator-electrode structure, as shown in Figure 9. The square 

electrode on the right was a pad for one of the probes, and the circular electrode on the 

sandwich structure was the upper electrode for the other probe connection. The 100nm 

thick Cr electrodes were deposited by an E-bean evaporator and patterned, and then the 

200nm tantalum pentoxide was sputtered with various oxygen percentages and annealed 

at different temperatures, followed by another layer of 100nm Cr. The testing area was 

designed as several circular and square electrodes with different sizes, and device 

measurements were made on a probe station (Micromanipulator 6000) and LCR meter 

(Agilent 4284A LCR meter) sweeping from -10V to 10V. Table 3 presents the testing 

results of dielectric constants for Ta2O5 with various conditions, and the overall average 

is about 20.8. When the voltage swept from 10 to 10V for testing dielectric constants, 

sometimes the device broke down, as shown in Figure 10. The devices with Ta2O5 films 

formed with 10% oxygen during sputtering were the only films that did not breakdown 

during the voltage sweep. As a result, 10% oxygen during Ta2O5 sputtering and 400°C 

annealing were chosen as our Ta2O5 deposition parameters to have the best balance 

between the dielectric constant and dielectric breakdown. 
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Figure 9: The top view and cross section view through AA’ line of the dielectric constant 

measurement device. The right square was the pad for probing the bottom electrode; the 

left circle electrodes were the sandwich structure with 200nm tantalum pentoxide in the 

middle; the smaller circle was the top layer electrode and determined the testing area. 

 
Table 3: Dielectric constants for 200nm sputtered Ta2O5 annealed at different 

temperatures. 

Oxygen 

percentage 

Annealing temperature 

Room Temperature 200°C 400°C 

15% 19.360.60 20.230.94 21.410.72 

10% 19.790.97 20.191.05 23.210.36 

5% 18.700.78 21.481.09 24.530.75 

1% 18.920.94 18.350.75 23.871.43 
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Figure 10: The dendritic cracks formed when the dielectric breaks down as the voltage 

sweeps from 10 to 10V. The circular shape is the sandwich structure of Cr-Ta2O5-Cr.  

     Numerous reports have shown that post deposition treatment with an annealing 

process improves the electrical properties of tantalum pentoxide films prepared by the 

sputtering method [76-79]. These reports describe various annealing procedures, which 

were performed after deposition, resulting in variations in surface structure, dielectric 

constant, dielectric strength, and leakage current. Here, EWD chips were annealed by a 

rapid thermal anneal system (RTA, Jipelec JetFirst 100), a photonic heating system, at 

400°C in a N2 atmosphere (200sccm) for 10 minutes. Through the material’s electric 

properties test, it was determined that annealing slightly influenced the dielectric constant, 

but notably the EWD devices fabricated with these films appeared to function with the 

same reliability, whether the films were annealed or not. 
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2.3 Device Design and Fabrication 

2.3.1 Electrode and Device Design  

In addition to studying voltage scaling, it was another aim to study the physical 

dimensional scaling of EWD devices. Because the electrowetting force is directly 

proportional to the area of the droplet that overlaps the adjacent electrode, the electrode 

sizes and configurations are very important parameters in designing EWD devices. 

Another key element is the gasket height and channel structure design in the actuator, 

because the gasket thickness determines the liquid volume per area driven by the 

electrowetting force and affects the capability of liquid manipulation. The compatible 

design of electrodes and gaskets provides the best platform for droplet manipulations on 

chip. 

Three different sizes of electrodes were designed to demonstrate physical 

dimension scaling. The electrode size (L) was first designed at 95μm with 40μm long and 

20μm wide round interlocking shapes, as shown in Figure 11, and spacing between 

electrodes was 5μm. Interlocking fingers facilitated the droplet electrowetting, since the 

droplet would overlap the adjacent electrodes while resting on one biased electrode. 

When this electrode design is compared to a square electrode design with the same 

electrode pitch, 175μm, a droplet with a radius of 100μm would overlap an adjacent 

square electrode with an area of 388μm
2
, while the overlap area of an electrode with two 

protrusions as described for the 95μm electrode is approximately 1600μm
2
. The larger 

overlapping area allows for a significantly larger electrowetting force when an adjacent 

electrode is activated. Thus, all the devices we designed basically used the interlocking 

electrode shape.  
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Figure 11: 95μm electrode design with rounded interlocking fingers, which are 40μm 

long, 20μm wide, and the spaces between electrodes are 5μm.  

 

Figure 12: 33μm electrode design with rounded interlocking fingers (18μm long, 6μm 

wide), and 3μm spaces between electrodes. The neck electrodes with three fingers are 

slightly larger than others to facilitate droplet dispensing. 
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Figure 13: 21μm electrode design is similar to the 33μm electrode device, with fingers of 

10μm long and 3μm wide, and the spaces between electrodes are 3μm. 

     Another set of devices were designed as dimensional-scaled electrodes having sizes 

of 33µm (with 18μm long and 6μm wide interlocking protrusions) and 21µm (with 10μm 

long and 3μm wide interlocking protrusions) with spaces of 3µm between electrodes (as 

shown in Figure 12 and 13 respectively). In order to provide more force and improve the 

droplet dispensing from the reservoirs, the reservoir electrode was designed as a 

trapezoid shape with wide margins toward the neck, which provided larger wetting area, 

so that when this reservoir electrode was turned on, the liquid would flow forward. 

In addition, a smaller step reservoir electrode was put in the front of each reservoir 

to keep liquid close to the neck opening, as shown in Figure 14. The neck electrode was 

slightly larger than the channel electrodes with three fingers on the opening side, 

allowing for a larger overlapping area, which resulted in a greater electrowetting force. 
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Based on the previous experience of dispensing droplets on EWD devices, the reservoir 

neck opening could help focus the extracted liquid finger and assist pinch off of the liquid 

at the neck during liquid dispensing from a reservoir. However, a thick reservoir neck 

opening increased the difficulty to pull out liquid. Thus, the gasket design at the reservoir 

neck opening was tapered to a point on either side to facilitate pulling liquid out of 

reservoirs and pinching off liquid, as shown in Figure 14.  

 

Figure 14: Special neck opening designs for 33μm electrode devices. The body of the 

neck electrode is slightly larger than that of channel electrodes and three fingers at the 

opening side with the tapered gasket opening can facilitate pulling out liquid from the 

reservoir. 

In addition to the reservoir neck opening design, the reservoir shape and the 

injection port needed to be modified. The reservoirs for 95μm electrode devices were 

designed as a circle of 4mm in diameter to hold up to 140nl liquid with 20μm thick 
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gaskets. The injection port was a 1mm diameter circle, which fit a 10μl pipette tip. In 

order to assist liquid loading using a passive capillary effect [1], the geometry of the 

connection between an injection port opening and a reservoir was made narrower at the 

injection port side than that at the reservoir side, as shown in Figure 15. However, for 

33μm and 21μm electrode devices, because of the small electrodes, the spaces between 

reservoirs were not enough for the circle reservoirs, and the injection port became 

relatively large for these devices, seen in Figure 16. To prevent cross contamination 

during loading, the injection ports should be placed apart from each other. The reservoirs 

for these scaled devices were designed as shown in Figure 16. The same use was made of 

a passive capillary effect for loading liquid, and the reservoir was narrower at the 

injection port than at reservoir opening connected with the channel. The front edges of 

the reservoirs were round to fit the liquid droplet formation that could keep liquid in front 

of the reservoirs. 
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Figure 15: Reservoirs and injection port design for 95μm and larger scale EWD devices. 
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Figure 16: Reservoirs and injection ports design for 33μm and 21μm electrode EWD 

devices. 

 

2.3.2 Multi-Layer Insulator and Two-Level-Metal Fabrication 

Two-level metal EWD devices were fabricated on 2cm ×3cm silicon wafer pieces coated 

with 150nm of SiO2 as a bulk insulation layer. With a two-level-metal process 

interconnects are routed on the lower level, which is insulated from the top level 

electrodes by a 1μm silicon dioxide film. By burying the interconnecting wires beneath 

the electrodes, electrowetting is restricted to only the electrode, and the footprint of the 

device can be made more compact while allowing more flexibility in the electrode layout. 

The steps in the two-level metal EWD device process are listed below and shown in 

Figure 17: 
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1. The first layer of 70 nm Cr for the electrode connections was deposited by 

E-beam evaporation (CHA Industries Solution E-Beam or Kurt Lesker PVD75) 

and patterned by Cr etchant (chromium etchant type 1020) with approximately 

3μm positive photoresist S-1813 (Shipley Microposit S-1813).  

2. 1μm layer of PECVD (Advanced Vacuum Vision 310) SiO2 was deposited as an 

inter-layer insulator.  

3. Via holes were next etched in a buffered oxide etchant (BOE, 10 parts 40% NH4F 

and 1part 49% HF) for 700 seconds, and filled with patterned sputtered aluminum 

(Kurt Lesker PVD75).  

4. The second layer of 70nm Cr for the electrodes and pads was again deposited and 

patterned (same as process 1).  

5. Varying thicknesses of Ta2O5 were sputtered (Kurt Lesker PVD75) as the 

dielectric layer of EWD, and measured by the profilometer (Bruker Dektak 150).  

6. An SU-8 gasket was spun on the wafer, and developed. The SU-8 gasket 

thickness (d) was dependant to the electrode size and determined by the desired 

d/L ratio of approximately 0.1~0.2 [3, 7, 11]. For the devices with L = 95μm, the 

gasket was d = 20μm thick; with L = 33μm and 21μm, the gaskets thicknesses 

formed were 7μm, 5μm, and 3μm.  

7. If a second dielectric layer of Parylene C was presented, it was deposited in the 

parylene coater (Cookson Electronics PDS 2010 LABCOTER2). 
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8. Finally, the hydrophobic layer, composed of 70nm CYTOP, was spun on the 

wafers at 3000rpm, then the film was annealed on a hot plate at 110°C for 1min, 

and the devices were placed in a vacuum desiccator over night.  

 

Figure 17: Two-level-metal process for EWD devices 
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The other fabricated part of an EWD device is the top plate, which is a 3cm ×5cm 

acrylic (polycarbonate) piece that covers the entire device with additional space for the 

ground pad connection. Holes (approximately 500μm in diameter) were drilled at the 

locations of the reservoir injection ports to dispense liquid into the reservoirs. Sputtered 

70nm indium-tin-oxide (ITO) was deposited on the top plate for grounding the droplets in 

the assembled device, and a similar 70nm CYTOP layer was applied over the ITO.  

A 35μm electrode EWD device was designed with more than 200 electrodes bused 

together and controlled by only 22 isolated pads.
1
 The device consisted of 4 × 45 

electrode arrays with 35μm electrodes, and 3μm gaps between electrodes, as shown in 

Figure 18. This design verified the ability to use large numbers electrodes arrays for 

EWD devices. However, two-level-metal devices cost 7~9 work days to complete full 

runs.  

For one-level-metal devices, the process starts from step 4 of the two-level metal 

process, which avoids three photolithography steps, and allows the whole fabrication to 

be finished in two to three work days. When the electrode number is fewer than the 

control pads, which means each electrode can be independently controlled without 

complex bussing, this one-level-metal structure is a better choice to have devices tested in 

a shorter fabrication time. The cross-section of a one-level-metal device is illustrated in 

Figure 19. 

                                                      
1
 This EWD array device was designed by Randal Evans. 
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Figure 18: Two-level-metal makes EWD devices more flexible to design large numbers 

of electrodes arrays. 445 electrodes arrays and could be bused with only 16 pins, and 

interconnectors were routed on the lower level.  

 

Figure 19: Cross sectional view of a one-level-metal EWD device. (Not to scale) 
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2.3.3 Breakdown Voltage Issues 

In the past, we found that EWD devices always breakdown at the edges of the electrodes 

(Figure 20), and we believe the reason for this failure is poor insulator step coverage at 

the edges of different layers. In order to prevent such topographical steps, buried 

electrodes and normal electrodes were designed, simulated and compared using the 

software simulator COMSOL Multiphysics (Version 3.5a, COMSOL). The normal 

electrode device was a 100nm Cr electrode covered by 200nm of Ta2O5 and parylene C. 

The buried electrode device was a 100nm Cr electrode buried in a silicon oxide layer and 

then covered by 200nm of Ta2O5 and parylene C. A voltage of 10V was applied to the Cr 

electrodes and the top edges were grounded for both devices to simulate the electric fields 

across the structures. The results are shown in Figure 21 and 22 for the normal electrode 

and the buried electrode device respectively, and the white lines in these figures represent 

the electric field lines. The electric fields for the normal electrode are dense at the corner 

of the step; whereas, the electric fields are uniformly spread across the electrode. This 

result confirms that the electrodes tend to breakdown at the edges due to the electric 

fields concentrated at the steps. However, the electrowetting force also depends on the 

electric fields, so that the dense electric fields actually facilitate the droplet advancing 

contact angle change. This makes the step corner design a trade-off between breakdown 

and electrowetting force. 
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Figure 20: Electrodes breakdown from the edges.  

 

Figure 21: Simulation result of the normal electrode deposition structure. The bottom left 

layer is Cr electrode covered by 200nm of Ta2O5 and parylene C. The top layer is silicone 

oil. 10V is applied to the electrode and the top boundary is set as ground. White lines 

represent the electric fields, and are denser at the corner of the step. 
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Figure 22: Simulation result of the buried electrode structure. The bottom left and right 

layers are Cr electrode and silicon oxide, and covered by 200nm of Ta2O5 and parylene C. 

The top layer is silicone oil. 10V is applied to the electrode and the top boundary is set as 

ground. White lines represent the electric fields, and are uniformly spread around the Cr 

electrode and across the structure. 

 

     Two sets of single-metal devices using the 95μm electrode design with the same 

insulator thickness were fabricated to verify the results. The normal electrode devices 

followed the procedures above from step 4 to step 8. The devices were then tested for 

droplet actuation and insulator breakdown. Droplets could be dispensed from the 

reservoirs at 11.4Vrms with 135nm Ta2O5 and 200nm parylene C and the actuation and 

breakdown voltages were 7.2Vrms and 60Vrms respectively.  

     For the buried electrode devices, the silicon dioxide insulator layer was first 

patterned with a negative resist (NFR-016D2, Chemical Strategies, Inc.) and etched for 

100nm with BOE. Cr electrodes were then deposited and patterned with lift-off 
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technology using the same layer of resist for the oxide etching (as shown in Figure 23), 

which could avoid the alignment issue for buried electrodes.  

 

 

Figure 23: Lift-off process for buried electrodes. The silicon dioxide was patterned (1) 

by the negative resist (NFR-016D2) and etched by BOE (2). Cr electrodes were deposited 

by an E-beam evaporator (3) and patterned by removing the resist with acetone (4).  

 
     The following steps were performed together with the normal electrode devices to 

keep the same conditions for all insulators from step 5 to step 8. Testing the buried 

electrode devices, droplets were dispensed at 22Vrms, and the actuation voltage was 

9.4Vrms while the breakdown voltage was 45Vrms, at point the insulator broke down. This 

result indicated the electrowetting force introduced by the electric fields was not enough 

to pull out liquid from the reservoirs. The breakdown voltage for buried electrode devices 

was much lower than the normal electrode devices, which was different from what we 

would have expected from simulation results. We believed the reason for this difference 

was the topographical issue of the gap between electrodes and etched wells, which occurs 
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when the electrodes are buried during the lift-off process, as shown in Figure 23(4).  

     After developing the resist profile had a slight re-entrant angle due to the optical 

characteristics during the photolithography and the chemical structure for negative resists. 

Due to the angle of the resist combined with the wet etching undercut effect, the 

patterned well was 0.8~1μm wider than designed. After Cr electrodes were deposited by 

an E-beam evaporator and patterned by removing the resist with acetone, the gaps 

between electrodes and wells could be seen and marked in Figure 24. These gaps created 

more uneven topographies and steps at the edges, which were worse than normal 

electrode devices, and this result caused the lower breakdown voltage for buried 

electrode devices. Thus, the EWD devices used for all experiments in this study were 

normal electrode structures to maintain the step corners. 

 

Figure 24: The gaps between electrodes and the etched wells. 
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2.4 Control and Detection 

The experimental setup diagram and photograph are illustrated in Figure 25 and 26. EWD 

chips were tested with a 22-channel relay controller board (National Control Devices, 

LLC) connected to a USB port on a computer, and controlled by a custom program
1
 with 

which we could either manually or programmatically actuate droplets. The input voltage 

to the electrodes was applied by either a DC or an AC voltage source. AC power (1k Hz 

sine waves) was produced with a function generator (Agilent 33250A) connected to a 

10 voltage amplifier (Electronics FLC F10A). The function generator provided voltages 

of 0~10V which gave the output of 0~72Vrms after the amplifier.  

 

Figure 25: The diagram of experimental setup. 

                                                      
1
 The system was programed by Bang-Ning Hsu and Andrew Madison with Visual Basic. 
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Figure 26: The photograph of experimental setup. 
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The controller acted as a multi-channel switch that independently output the 

voltages to the 22 individual pins we needed with a selectable duration time, but only one 

voltage value was applied at one time. The manual mode was controlled by clicking on 

the graphical interface window with a mouse or a keyboard mapping to each pad, and the 

program mode was to type the pin numbers in the sequences we wanted in a text file 

executed in the software.  

The outputs of the controller were connected to a customized stage with a 22-socket 

ribbon. A modified electronic test clamp with 22 contacts was used to connect the row of 

bond pads on the chip and to secure the chip against the stage. The top plate was then 

positioned on the chip. Loading holes in the top plate were aligned to the injection ports 

and fastened with two clamps on each side as shown in Figure 26. The silicone oil was 

first dispensed with a micropipette onto the chip through the inject holes to fill the whole 

chip, and then the liquid to be tested was subsequently dispensed into the reservoirs with 

the respective electrodes turned on.  

Images and videos of full light droplet motions on the device were obtained and 

captured with an Optem Zoom 125 microscope lens with a 10x objective (Qioptic) 

mounted on a Basler avA1000-120kc CCD camera (Basler Electronic). The videos and 

images could be transferred to the image capture devices connected to a computer. 

However, light produced by the reaction of luciferase and ATP-luciferin solution was 

relatively low, and an enhanced optical equipment and lens were necessary. The available 

detector was an ES2 cooled CCD camera (Photometrics) equipped with a 10x objective 

lens (Epiplan-Neofluar). The whole system was housed in a customized black box to 

reduce the external light sources. The initial cooled CCD camera settings were 11 
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binning and 33μs exposure time with a light source to monitor the droplet dispensing and 

transport. When the two droplets were transported to the positions before mixing, the 

settings were changed to 88 binning and 10s exposure time and the light was turned off 

with the black box closed. Then, while mixing the droplets, images were recorded for 

later analysis.  
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Chapter 3  

Experimental Results – Electrowetting Devices Scaling  

3.1 Actuation Voltage Scaling for Single Layer Insulator 

Based on the actuation threshold voltage model (Eq. (15)) for EWD devices, the 

threshold voltage depends on the insulator’s thickness-to-dielectric-constant ratio (t/εr) 

and the filler medium’s properties. Because the contact angle hysteresis (α) and 

interfacial tension (γLG) are lower for water droplets in a silicone oil medium than those 

in an air medium, the threshold voltage in silicone oil is 1.9~2.5 times lower than in air 

[11], as mentioned in Chapter 1.2.2.2. In addition, the breakdown voltages of the 

dielectric layers are related only to the material’s dielectric strength and thickness, and 

independent of the filler medium, which means the same EWD device breaks down at the 

same voltage either in silicone oil medium or in an air medium. As a result, compared to 

EWD devices in air, lower threshold voltage and the same breakdown voltage allows for 

a larger operating voltage range in silicone oil.  

After the contact angle hysteresis (α = 2~4°) and interfacial tension (γLG = 47mN/m) 

are specified for droplet actuation in silicone oil, as listed in Table 1, the threshold 

voltage is primarily dependent on t/εr. In order to verify the threshold voltage model, 

threshold voltages for single-layer insulators of parylene C and Ta2O5 with different 

thicknesses were fist examined for 95μm electrode devices with 20μm SU8 gaskets, and 

then compared with the model. Different thicknesses (200nm, 500nm, and 1μm) of 

parylene C and Ta2O5 were individually deposited on EWD devices followed by 
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formation of a 70nm layer of CYTOP, and the resulting actuation voltages were 

measured.  

According to Eq. (15), the threshold voltage versus thickness curves for parylene C 

and Ta2O5 respectively in silicone oil are plotted in Figure 27. The parameters of the 

actuation voltage model used in these calculations are listed in Table 1 for silicone oil, 

and 3r  for parylene C [4] or 23r  for Ta2O5 as we measured and mentioned in 

Chapter 2.2 with 10% oxygen sputtering and 400°C annealing. The liquid in the actuator 

was DI water with red food dye added, and the filler medium was 1.5cSt silicone oil with 

0.2% TritonTM X-15.  

 
Figure 27: Actuation voltages for different dielectric thicknesses of parylene C and Ta2O5 

with a 70nm CYTOP layer. The calculated threshold voltage of an EWD actuator with 

insulators made of parylene C or Ta2O5 and operated in silicone oil are plotted according 

to Eq. (15). 
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The measured data points are in reasonable agreements with the square root of 

thickness dependence in Eq. (15). Because the dielectric constants for parylene C and 

CYTOP are similar (~2 and ~3 respectively), and CYTOP is much thinner than parylene 

C, CYTOP has little influence on the overall t/εr behavior of this insulator, and can be 

neglected (Table 4). On the other hand, for Ta2O5, the dielectric constant is approximately 

23, and CYTOP is no longer only a hydrophobic layer, but also serves as an insulator 

which dominates the t/εr term, especially for 200nm films, as listed in Table 4. As a result, 

the threshold voltage decrease for the same thickness decrease of Ta2O5 is not as large as 

that observed for parylene C. In other words, with the thickness scaled from 1μm to 

200nm, for parylene C, the actuation voltage decreased about 52 % (from 23V to 11V), 

but for Ta2O5, the decrease was about 42% (from 12V to 7V). In addition, due to the poor 

film quality, the EWD devices made with 200nm thin films of either parylene C or Ta2O5 

were not sufficiently reliable, especially for dispensing droplets, which required higher 

voltages.  

 

Table 4: Thickness-to-dielectric-constant ratio for different thicknesses of parylene C and 

Ta2O5 comparing to a 70nm CYTOP thin film. 

 Thickness-to-dielectric-constant ratio t/εr (nm) 

Film thickness 70nm 200nm 500nm 1μm 

Parylene C N/A ~66.7 ~166.7 ~333.3 

Ta2O5 N/A ~9.5 ~23.8 ~47.6 

CYTOP ~23.3 N/A N/A N/A 
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3.2 Multi-Layer Insulators 

Tantalum pentoxide films can significantly decrease the actuation threshold voltage, but 

experimental work has shown reduced reliability in these devices. When the devices are 

operated over the course of 100 cycles, the droplet motion often slows or even stops. 

Increased voltage is required to actuate the droplet at the same rate, continually 

decreasing the device’s useful lifetime. This phenomenon is believed to be caused by the 

insulator accumulating charges at the surface and the contact angle saturation after 

several operations [11, 36, 40, 41]. As the voltage is increased due to charging from use, 

the dielectric layer eventually experiences catastrophic breakdown. The most probable 

explanation is that pin-holes occur in the films resulting in regions where breakdown 

occurs more easily, which then allows the liquid to come into contact with the electrode 

[25]. The result is the formation of bubbles when an electrode voltage is applied due to 

electrolysis. Although annealing of the deposited tantalum pentoxide films reduces this 

problem, breakdown was still observed at 18V in devices with annealed 200nm Ta2O5 

films.  

     Parylene C is a polymer material commonly used as a moisture barrier [80], and 

the dielectric strength is 2MV/cm for films thicker than 2μm [81]. However, for 200nm 

films which are required in our EWD devices, pin-holes formation is more serious than 

for films in the micron range, and the parylene C is observed to break down at 

approximately 35V or at an electric field of 1.75MV/cm, which is slightly lower than 

2MV/cm due to the deposition quality for such thin films. 

 Two-layer insulators can combine the benefits of the two material layers and may 
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reduce their disadvantages. In one set of experiments, a 135nm film of Ta2O5 was 

deposited on a device wafer followed by a 450nm film of parylene C and 70nm of 

CYTOP. By applying the Ta2O5 layer first, the parylene C acts to cover any pinholes in 

that layer for more complete coverage, while retaining a portion of the high dielectric 

constant and strength of the Ta2O5. Testing of the finished EWD devices made with the 

two-layer insulator showed the threshold voltage to be 18Vrms and the breakdown voltage 

to be greater than 50Vrms. The actuator using this combination of materials could dispense 

300pl droplets from the 140nl reservoirs with as low as 20Vrms applied, which was much 

lower than the insulator breakdown voltage. Further reducing the insulator thickness to 

135nm Ta2O5 and 180nm parylene C decreased the threshold voltage to 7.2Vrms and the 

dispensing voltage to 11.4Vrms. These are the lowest operating voltages in a usable 

system reported to date, and the breakdown voltage for this structure was 60Vrms. The 

comparison of actuation threshold voltages and device breakdown voltages among each 

material combination is presented in Table 5. When the thickness of parylene C is further 

reduced to less than 100nm, the coverage ability of the parylene C film decreased and the 

breakdown voltage dropped from 70Vrms to 26Vrms. Both experiments were performed 

with 200nm Ta2O5 beneath the parylene C. For thin films of high dielectric constant 

Ta2O5, the thickness- to-dielectric-constant ratio is much lower than for parylene C alone, 

so Ta2O5 served to improve the breakdown voltage without increasing the actuation 

voltage much, as illustrated in Table 5. With the same thickness of 200nm parylene C, 

three different thicknesses (0, 120, and 200nm) of Ta2O5 were tested, and the resulting 

threshold voltages were approximately 10Vrms, but the breakdown voltages were 

improved from 35Vrms to 70Vrms, as shown in Table 5.  
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Table 5: Comparison of different structure combinations. Multi-layer structures could 

improve the breakdown voltage and not increase the actuation voltage much. 

Device Structure 
Thickness-to-dielectric 

constant ratio (t/ r )1/2 

Actuation Threshold 

Voltage 
Breakdown Voltage 

200nm Parylene C/70nm CYTOP 0.316
 
(µm)

1/2
 10.6V 35V 

200nm Ta2O5/200nm Parylene C/70nm 

CYTOP 
0.330 (µm)

1/2
 10.1V 70V 

120nm Ta2O5/200nm Parylene C/70nm 

CYTOP 
0.325 (µm)

1/2
 10.1V 60V 

200nm Ta2O5/100nm Parylene C/70nm 

CYTOP 
0.275 (µm)

1/2
 7.9V 26V 

200nm Ta2O5/70nm CYTOP 0.205 (µm)
1/2

 5.4V 18V 

 

     In order to compare the scaling model to experimental results from the single and 

multi-layer materials, the threshold voltage equation (Eq.(15)) is plotted against 

2/1)/( rt   values in Figure 28. Each data point represents the lowest measured threshold 

voltage obtained on EWD devices with insulators of one thickness or a combination of 

insulators, where the effective value of 
2/1)/( rt  is used. Experimental results, including 

results from previous reports [3, 7], indicate that the scaling model is still valid even with 

multi-layer insulators. 
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Figure 28: Threshold voltage scaling with the ratio of insulator thickness and dielectric 

constant. The linear line is the scaling model in silicone oil, and experimental results 

including single layer insulators and multi-layer insulators follow with the model trend. 

Each data point represents the lowest actuation voltage of one thickness or a combination 

of multi-layer structure.  

3.3 Device Dimensional Scaling 

In addition to voltage scaling, another purpose of this research was to examine the limits 

of physical dimension scaling for EWD devices. For most biomedical research, reagents 

and samples are among the most expensive items used in experiments. If the volume for 

the reaction can be reduced, more experiments and reactions can be performed with the 

same starting amounts of chemicals. Smaller volumes of liquid for EWD devices means 

scaling physical dimensions, including electrode sizes and gasket heights. Most research 

for electrowetting applications has been performed with electrode sizes on the order of a 

millimeter, which typically results in microliter droplets. For many studies previously 
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performed in our lab, the smallest electrode size was 200μm. Thus, in the present 

research EWD devices with electrodes scaled to 95μm, 33μm, and 21μm were studied. To 

verify the EWD devices, the droplet manipulations performed included transport, 

merging, splitting, and dispensing. The measured values of threshold voltage were 

compared against the threshold voltage model as described in the previous discussions in 

chapter 3.1 and 3.2. Here, the operation of scaled devices was demonstrated with 

dispensing and splitting, which were the most difficult manipulations to be achieved on 

EWD devices.  

While dispensing droplets from a reservoir, the protocol that was used for all sizes of 

electrode devices was the same, as illustrated in Figure 29. The front reservoir electrode, 

the neck electrode and the following electrode (gate electrode) in the channel are turned 

on in sequence. Note that when liquid is pulled out of the reservoir into the channel, both 

the adjacent electrodes need to be turned on, so that the backward electrode can hold the 

liquid in the channel and the front electrode can move liquid to the forward electrode, as 

shown in Figure 29 (2) and (3). That is, there must be at least one electrode that is turned 

on to hold liquid in the channel. Otherwise liquid would be entirely pulled back to the 

reservoir when the voltage switches between adjacent electrodes due to switch timing 

issues and the liquid’s inner cohesive force. During droplet splitting, only the gate 

electrode in the channel and the reservoir electrode are on (Figure 29 (4)). In order to 

have a larger force to pull liquid out of the reservoir, the neck electrode was designed 

with three protrusions on the side closer to the reservoir. The layout of this special design 

can be seen in Figure 29 or the device picture in Figure 14 in chapter 2.3.1. 
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Figure 29: Diagram the droplet dispensing sequences. The front reservoir electrode, the 

neck electrode and the following electrode in the channel are turned on in sequence. This 

protocol is applied to all sizes of electrode devices. 

     Before the droplet splitting, two 1x droplets are dispensed from the reservoir and 

merged to one 2x droplet in the channel. The diagram of the splitting protocol is 

illustrated in Figure 24. In order to have uniform splitting, the electrowetting forces on 

each side of the 2x droplet must be equal (or similar) in magnitude and occur at the same 

time. According to Eq.(7), the electrowetting force is proportional to the applied voltage 

and the overlapping area of the droplet over the electrode, so that for the initial state of 

splitting, the 2x droplet has to be centered on the original electrode with this electrode 

turned on, as shown in Figure 30(1). Therefore, when the two adjacent electrodes are on, 

each overlap area of the 2x droplet and adjacent electrodes is equal. In addition, the two 

adjacent electrodes have to be simultaneously turned on, and the central electrode turned 

off at this time to cut off the droplet in the middle, as shown in Figure 30(2). Thus, a 

programmed controller was required to complete splitting without timing issues. 
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Figure 30: Diagram the droplet splitting sequences. The central electrode is turned on 

first, and then turned off with the adjacent electrodes being turned on simultaneously. 

 

3.3.1 95μm Electrode 

The device dimension scaling in this study initially started with 100μm, but due to the 

interlocking protrusion design, the electrode body size was selected as 95μm. The two 

rounded protrusion fingers at each side of every electrode were 40μm×20μm as 

mentioned in Figure 11 in Chapter 2.3.1. The gaps between electrodes were 5μm, and the 

total electrode-to-electrode pitch was 145μm. The channel-height-to- electrode-size ratio 

was designed as 1:5 [4, 7] to provide the most efficient droplet manipulations, so that 

20μm SU8 was patterned as the gasket. The oil-based medium of 1.5cts silicone oil with 

0.02% TritonTM X-15 was first introduced on the entire chip, and 100nl dyed DI water 

was then dispensed into the 140nl reservoirs with the large reservoir electrode turned on.  
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The dispensing protocol was verified on 95μm electrode devices, as shown in 

Figure 31. The reservoir’s front electrode, neck electrode, and gate electrode were turned 

on in sequences (Figure 31(1) ~ (4)), and the droplet was cut off with the gate and 

reservoir electrode were on (Figure 31(5)). The dispensing could be completed with three 

electrodes in the channel and the reservoir electrodes. The droplet size was calculated to 

be approximately 300pl according to the image area from the top view (a circle with 

~135μm in diameter) times the gasket height (~20μm). The dispensing voltage varied 

with the insulator thickness, and the lowest dispensing voltage, with 135nm Ta2O5 

and180nm parylene C as the dielectric layers, was 11.4Vrms (1kHz). 

 

Figure 31: Image sequences of droplet dispensing. 300pl droplets were dispensed from a 

140nl reservoir on 95μm electrodes at 11.4 Vrms. The channel is 150μm in width and 20μm 

in height. The electrodes in the channel were turned on in sequences to pull the liquid out 

from the reservoir, shown from (1) to (4). The gate and reservoir electrodes were then 

turned on to split the droplet in (5) and all electrodes were then turned off after 

dispensing was completed. 
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During droplet splitting of a 2x droplet on 95μm electrodes and a 20μm gasket with 

the splitting protocol, three electrodes with the central one off could only form a narrow 

neck in the middle, but could not split the droplet. It was not possible to split the 2x 

droplet into two 1x droplets even when the voltage was increased to 30Vrms, which was 

higher than the actuation voltage limit of 25Vrms with the135nm Ta2O5 and 180nm 

parylene C stack. Since the EWD device reached its actuation voltage limit, the 

electrowetting force could no longer increase proportionally to the voltage applied.. We 

expected the splitting voltage should be similar to the dispensing voltage, because the 

cut-off mechanisms were similar. The differences between dispensing and splitting were 

the cut-off length, the reservoir electrode area, and the gasket neck. The cut-off 

mechanism was to stretch the liquid on the opposite directions and to form a narrow neck 

in the middle until the neck was pinched off, as shown in Figure 31 (4) and (5). Therefore, 

the dispensing protocol used three electrodes plus one reservoir electrode, which 

provided a longer length and a larger force than the splitting protocol with three same size 

electrodes, to make dispensing possible at a relative low voltage. In addition, the gasket 

neck design for the reservoir opening helped the liquid pinch off the neck. Since the force 

was determined by the electrode size rather than the voltage, the other way was to split 

the 2x droplet with more electrodes. To have uniform splitting, odd numbers of electrodes 

were required, because the droplet could never be centered at the middle of two 

electrodes. However, when the 2x droplet was stretched between three electrodes with a 

neck, the droplet could not overlap the next two electrodes, so that the droplet could not 

be dispensed with five electrodes. 

Since the force could not change and the length could not complete splitting, the 
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other approach was to decrease the “loading”, which meant decreasing the droplet 

volume. The same electrode size with a thinner gasket gave a smaller volume droplet, but 

the electrowetting force remained the same for a given applied voltage. Hence, an EWD 

device with 200nm Ta2O5 and parylene C respectively was fabricated and the gasket was 

scaled down to 15μm, where less liquid per area was driven by the same force on the 

electrodes. Two 1x droplets of approximately 200pl were first dispensed from the 110nl 

reservoir at 17.7 Vrms and merged into one 2x droplet. The dispensing voltage here was 

higher than the previous device mentioned, because the dielectric layers were thicker. 

This device was able to split one 2x droplet into two 1x droplets with three electrodes 

using the splitting protocol, as shown in Figure 32. The 2x droplet was first centered on 

an electrode with a voltage applied (Figure 32(1)). Then, the electrode was turned off 

with two adjacent electrodes being turned on simultaneously, which formed a neck in the 

middle (Figure 32(2)). The splitting voltage was 17Vrms , which was close to the 

dispensing voltage that we expected based on the similar mechanism and concept. 
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Figure 32: Image sequences of droplet splitting on 95μm electrodes with 15μm SU8. 

Two 200pl droplets were dispensed from an 110nl reservoir and merged into a 400pl 

droplet. Two adjacent electrodes were turned on simultaneously at 17Vrms to pinch off the 

droplet (2) and meanwhile split the 2x droplet into two 1x droplets (3). 

3.3.2 33μm Electrodes 

Since the 95μm electrode devices were shown to manipulate droplets well, the device 

dimensions were then scaled down further. The electrodes were patterned as 33μm square 

with 18μm long, 6μm wide rounded protrusions, and the gap between electrodes was 

3μm, as shown in Figure 12 in chapter 2.3.1. According to the previous experiments with 
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95μm electrodes devices, the channel-height-to-electrode-size ratio should be larger than 

1:5 to dispense and split droplets on the chip more easily, so that the gaskets were 

fabricated to thicknesses of 7μm, 5μm and 3μm for different tests.  

The top plate was a piece of polycarbonate with sequential depositions of ITO and 

CYTOP serving as a ground layer and a hydrophobic layer respectively. The top plate 

was pressed on an EWD device by applying two clamps, as shown in Figure 26. Since the 

gasket height was lower than 10μm and the structure of the device was smaller, the 

surface topography tolerance and the fabrication accuracy for SU8 decreased. The 

problem first faced was that of sealing the channel, especially the edges of the channel 

and the neck of the reservoir opening. The channel and reservoir volumes became much 

smaller, so while loading liquid onto the device, the pressure from the manually 

controlled pipette would squeeze the liquid out of the reservoir. Thus, the liquid would no 

longer be confined in the reservoir by the gasket. Due to the pressure sealing method, a 

layer of elastic material on the top plate might be able to diminish the sealing issue 

caused by the surface roughness and fabrication inaccuracy. For an elastic and soft 

material, polydimethylsiloxane (PDMS) was the most common choice for microfluidic 

applications, but PDMS would absorb silicone oil, which was the filler medium for EWD 

devices in this study. Instead, Norland Optical Adhesive (NOA, ThorLabs) was 

spin-coated on the top plate with 2500rpm for 60s to get an approximately 50μm thick 

film. The conductive polymer polydioctyl-bithiophene (PDOT, Aldrich) was then 

spin-coated for 150nm as the ground layer followed by the hydrophobic layer of CYTOP.  

With pressure on the top plate, this NOA layer could compensate the defects of the 

SU8 surface at the edges and channel necks, and seal the channel on the 7μm and 5μm 
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gaskets. However, for the gasket of 3μm thickness, the end point of the channel neck 

could not be accurately fabricated due to the limitation of photolithography. The neck 

edge was not sharply defined, so that when liquid was pulled out of the reservoir into the 

channel, the liquid flowed over the neck, which reduced the pinch-off during dispensing.  

These three thicknesses of gaskets were all tested with the 33μm electrode EWD 

devices. Although the sealing of the 7μm gasket was the best among these three 

thicknesses, the dispensing protocol could not be performed on the device. During 

dispensing, liquid would be pulled out of the reservoir, but at the splitting step, where 

only the gate and reservoir electrode were on, liquid would be pulled back into the 

reservoir independently of the applied voltage. According to the previous dispensing 

experience, we knew we could pull the liquid for longer distances to reduce the liquid 

pulling force and speed in the reservoir, which could help dispensing droplets from the 

reservoir. However, this improvement did not make dispensing possible on 7μm gaskets 

with 33μm electrode devices. We believed that because the volume of liquid per electrode 

area was too much, the electrowetting force of the gate electrode was not able to hold the 

droplet in position.  

For the 33μm electrode device with a 5μm gasket, the dispensing did not succeed 

for the protocol with three electrodes, since liquid was pulled back into the reservoir as 

well. However, when using the fourth electrode to split the droplet, one 18pl droplet 

could be dispensed from the reservoir at 17.1Vrms with 200nm Ta2O5 and 200nm parylene 

C, as shown in Figure 33. The droplet volume was obtained by the top view area of the 

droplet which was a circle with 69μm in diameter multiplying the gasket height of 5μm.  
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Figure 33: Image sequences of droplet dispensing on 33μm electrodes with the gasket of 

5μm. A 18pl droplet was dispensed from a reservoir. The electrodes in the channel were 

turned on in sequences to pull the liquid out from the reservoir, (3) ~ (6). The reservoir 

electrode and the fourth electrode were then turned on to split the droplet in (7) and (8). 

The droplet size from the top view was observed that it covered the whole electrode 

including the protrusions on each side. Comparing this situation to the droplet dispensed 

on 95μm electrode devices with three electrodes distance, the droplet top view area 

covered only the electrode body without the protrusions. As mentioned before, the longer 
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distance could advantage liquid splitting, but because the distance made the liquid pulling 

back force smaller and the speed slower, the liquid volume maintained in the droplet 

would be larger. Then, dispensing with longer distance of four, five and six electrodes 

was tested on the 95μm electrode devices, and the liquid covered half length of the 

protrusion for four electrodes dispensing and full length of the protrusion for five and six 

electrode dispensing. It was determined that the more electrodes used for dispensing, the 

larger the volume of the droplet. This result verified the concept that dispensing would be 

easier over a longer distance but would obtain a larger droplet volume. For 33μm 

electrode devices, the droplet size was the same even using more electrodes to dispense, 

because during the splitting step the liquid had already covered the entire channel 

electrode, the maximum area for the electrowetting force could achieve with one 

electrode, including the protrusions. 

Despite the success in dispensing on 33μm electrode devices with 5μm gaskets, the 

droplet could not be split into two daughter droplets for the same reason discussed in the 

last section. Based on the experience of 95μm electrode devices, the gasket needed to be 

scaled, so a 3μm gasket was fabricated on the 33μm electrode devices and tested. 

Although devices with 3μm SU8 gaskets could not seal the channel neck as well as 5μm 

gaskets, the device still could dispense droplets of approximately12pl with the same 

voltage, the same dielectric insulator thickness, and the same numbers of electrodes. The 

volume was calculated by the same top view area of a circle with 69μm in diameter 

multiplying the 3μm gasket height. Because the 12pl droplet was big enough to overlap 

the two adjacent electrodes, the splitting protocol was tested with this droplet volume. 

The 12pl droplet was split into two 6pl droplets at 18.7Vrms, as shown in the series 
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pictures in Figure 34. These progresses were exiting that the dimensions scaling of EWD 

devices was verified and demonstrated with the droplet volume of smaller than 20pl, and 

the scaling had yet reached the limit.  

 

 

Figure 34: Image sequences of droplet splitting on 33μm electrodes with the 3μm height 

gasket. One 12pl droplet (2x droplet) were dispensed from a reservoir to the position in 

(1). Two adjacent electrodes were turned on with 18.7Vrms to split into two 6pl droplets 

simultaneously. 
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3.3.3 21μm Electrodes 

When designing the 33μm electrode devices, the overall area of the EWD device was 

mostly determined by the 22 pins of the control pads, and so was the device size set as 

2cm 3cm. Since the electrodes were scaled down to 33μm and 21μm, the actual active 

region for electrodes is reduced. These two scaled devices could be fabricated on a single 

chip, and each device had its own control pads on one long edge. As a result, once the 

fabrication process was completed, two different devices could be tested on one chip.  

Since the 33μm and 21μm electrode devices were designed and fabricated on one 

single chip, two different gasket thicknesses of 5μm and 3μm could be also examined on 

the 21μm electrode device with the 10μm long and 3μm wide rounded interlocking 

protrusions and gaps of 3μm between electrodes, as shown in Figure 13 in chapter 2.3.1. 

For the 5μm gasket devices, the same issue occurred whereby the liquid could be pulled 

out of the reservoir, but could not be cut off, even when extend across the distance of all 7 

electrodes in the channel. In each attempt, all the liquid would be dragged back to the 

reservoir when the reservoir electrode was turned on.  

Base on previous experience, a thinner gasket was the solution, so a 3μm gasket on 

a 21μm electrode device was then tested. Because of the small structure being fabricated, 

the sealing quality of a 3μm gasket on a 21μm electrode device at the reservoir neck was 

worse than that on a 33μm electrode device. Despite the poor sealing, the droplet of 

approximately 5pl was still able to be dispensed at 22Vrms with an insulator of 200nm 

Ta2O5 and 200nm parylene C, as demonstrated in Figure 35. The droplet volume was 

again calculated by the droplet’s top view area (a circle with 41μm in diameter) 



70 
 

multiplying the gasket height of 3μm. However, because of the poor sealing, the liquid 

being pulled out of the reservoir overflowed the reservoir neck and no narrow neck was 

formed, as shown in Figure 35 (3) ~ (5). As a result, four electrodes were not enough to 

split the droplet from the reservoir, so that the fifth electrode (Figure 35 (6)) and a higher 

voltage (compared to the same thickness of dielectric layers on other scale devices) were 

required to hold the droplet on the electrode from the pulling back force of liquid as the 

reservoir electrode was on. Although dispensing was reproducible on 21μm electrode 

devices with 3μm gaskets, splitting could not be accomplished. The 2x droplet could have 

the neck in the middle when the two split electrodes were on, but could not be cut off for 

30 Vrms which was above the actuation voltage limit, causing insulator charging. This 

issue was also observed in previous devices, so scaling down the gaskets was needed. 

Therefore, a 1μm SU8 gasket was then fabricated and tested on a 21μm electrode device, 

but this thickness of gasket was too thin to maintain liquid in the reservoir area with the 

pressure sealing even on a NOA coated top plate. While dispensing liquid from a pipette 

into an on-chip reservoir, liquid would overflow and spread out to entire device. 
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Figure 35: Image sequences of droplet dispensing on 21μm electrodes with the gasket of 

3μm. A 5pl droplet was dispensed from a reservoir at 22Vrms. The electrodes in the 

channel were turned on in sequences to pull the liquid out from the reservoir, from (2) to 

(5). The reservoir electrode was turned on to split the droplet in (6). Because of the poor 

sealing, the liquid being pulled out of the reservoir overflowed the gasket neck and no 

narrow neck was formed, (3) ~ (5), and five electrodes and a higher voltage were required 

to dispense. 

 During the experiments of fabricating and testing the picoliter scale devices, all the 

manipulations of scaling devices were operated on chip without any external forces, 

relying only on electrowetting forces. Although many different parameters, such as types 

of surfactants, liquid volumes, and gasket thicknesses and designs needed to be 

considered in real situations while dispensing and splitting, the results of these studies 

verified and demonstrated the basic theories and concepts of scaling EWD devices. The 

results obtained with 5pl droplet dispensing on a 21μm electrode device with 3μm gasket 

and the 12pl droplet splitting into two 6pl droplets on a 33μm electrode device with 3μm 
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gasket are both the smallest droplet volume manipulations for electrowetting based 

actuators reported up to date. These results also proved that two plate EWD devices were 

still feasible for the gasket thickness smaller than 10μm. However, the physical scaling of 

EWD devices appears to face a bottle neck difficulty to confine liquid in a reservoir with 

a gasket thinner than 3μm. In addition, to dispense liquid from a macro scale pipette onto 

the nanoscale on-chip reservoir became a challenge due to the capillary for 3μm gaskets. 

Despite this sealing problem, we believe the electrowetting theory is still capable for 

smaller scale electrodes, but due to the electrode- size-to-channel-height ratio, the 

submicron dimension channel manufacture would be the key obstacle to overcome.  
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Chapter 4  

Experimental Results – DNA Sequencing on Chip 

While the PCB based electrowetting-on-dielectric system built by Advanced Liquid 

Logic is an effective means of DNA sequencing, the system itself requires approximately 

200-300V to actuate droplets. The results described above have verified that EWD 

devices can be operated with much lower voltages and are capable of manipulating 

picoliter-scale droplets. In order to further demonstrate the capability of scaling 

pyrosequencing chips, studies were performed to characterize dispensing of paramagnetic 

beads and to optimize detection using the final light-producing step in the 

pyrosequencing assay, which is the reaction of luciferase and adenosine triphosphate 

(ATP) in luciferin, shown in Eq.(19).  

4.1 Paramagnetic Bead Manipulation 

During the complete pyrosequencing reaction on an EWD device, the primed target DNA 

strands are bound to Invitrogen Dynabeads M-270 2.8μm streptavidin- functionalized 

paramagnetic beads. The bead droplet is first dispensed from the reservoir to the mixing 

area where a 1 cm
3
 magnet is attached under the device. After the nucleotide droplet is 

dispensed from its reservoir, and then mixes with the bead droplet, the solution droplet is 

split from the bead droplet held by the magnet to the detection spot. Between two 

different nucleotides are added to react with the DNA template, the wash step is applied 

to avoid cross contamination. Wash buffer droplets are dispensed and mix with the bead 

droplets, and then split to the waste with the magnet holding the bead at the mixing 
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position. These two steps are cycling with different nucleotide droplet substitution during 

whole pyrosequencing process. Therefore, the bead manipulation without losing beads is 

important for pyrosequencing demonstration on scaled EWD devices. However, while 

scaling down to picoliter droplets, variations in the number of beads could have a 

significant effect due to the lower number of beads in one single droplet. Thus, the bead 

dispensing and manipulations on picoliter scale devices needs to be first verified. Then, 

the number of beads dispensed and the bead variation in picoliter droplets were studied.  

Prior to reaching the reaction phase, the capability of dispensing beads on chip is 

the first step to demonstrate the pyrosequencing assay on picoliter scale EWD devices. 

Because the whole device surface is coated with hydrophobic fluoropolymer (CYTOP) 

and filled with silicone oil, hydrophobic beads might stick on the surface of the channel 

and increase the drag force, as shown in Figure 36. Hydrophilic beads of different types 

and sizes in either DI water or buffer solution, such as Polybead 10μm carboxyl- 

functionalized polystyrene beads, Polysciences Fluoresbrite 2µm beads and Invitrogen 

Dynabeads M-270 2.8μm streptavidin-functionalized paramagnetic beads, were tested on 

picoliter scale EWD devices.  

All the three kinds of bead suspensions were successfully dispensed into 300pl 

droplets on 95µm devices at 17.8Vrms with two-level insulators of 200nm Ta2O5 and 

200nm parylene C. Devices were fabricated with 20µm gaskets and a 70nm hydrophobic 

layer of CYTOP. The 10μm and 2μm bead dispensing results are shown in Figure 37 and 

38. The first dispensed droplets are shown in Figure 37(1) and Figure 38(1), and the 

second dispensed droplets are shown in Figure 37(6) and Figure 38(6). Comparing these 

two results, the 10µm bead concentration in reservoirs is much lower than the 2µm bead 
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concentration, and the 10µm bead numbers in two dispensed droplets obviously varied, 

while 2µm bead concentrations were more consistent.  

 

 

Figure 36: 10μm hydrophobic polystyrene beads stuck around the gasket, and could not 

be moved. 
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Figure 37: Polybead 10μm polystyrene beads could be dispensed from a reservoir on 

95μm electrode devices. 

 

Figure 38: Polysciences Fluoresbrite 2μm beads could be dispensed from a reservoir on 

95μm electrode devices.  
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In order to regulate bead numbers in dispensing, 30 repeated droplet dispensing 

sequences were performed to count the bead number in each droplet. For easier counting 

and for eliminating the possibility of bead overlapping in droplets due to the channel 

gasket height, 10μm polystyrene beads were examined on a 95µm device with a 15µm 

gasket and a multi-layer insulator stack was used (200nm Ta2O5 and 200nm parylene C). 

Bead droplets were dispensed at 18Vrms. Bead numbers were counted by Erin Welch, and 

results are shown in Figure 39 in the order of droplet dispensed with different 

concentrations of suspensions.  

The average bead count is listed in Table 6. According to this result, the bead 

numbers in droplets seemed to be related to the concentrations of suspensions, but the 

variations for each dilution were still too large to have strong statistical separations. In 

addition, analyzing the data through the droplet dispensing order, no trend was observed 

for each concentration, which indicated the bead dispensing was randomly performed.  

 

Figure 39: Statistical counts in the bead dispensing order. Bead numbers were relative to 

the concentrations, but the variations for each dilution were too large.[47] 
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Table 6: Average bead numbers in one 300pl droplet dispensed on a 95µm electrode 

device for different initial concentrations [47]. 

 
Solid Concentration 

0.13% 0.26% 0.52% 1.32% 

Bead number 2 beads  1 6 beads  3 16 beads  5 39 beads  9 

 

However, according to Table 6, the average bead numbers in the dispensed droplets 

increased with increasing concentrations of bead suspensions in the reservoirs. These 

results indicate that beads freely flowed with the liquid, i.e. the bead distributions in the 

droplets were random and could not be controlled during dispensing. The bead 

distributions in droplets depended on the number of beads being extracted from the 

reservoir, which related to the bead concentration in the reservoir. 

Based on the previous scaling results, the gasket thicknesses for the 33µm and 

21µm electrodes devices which facilitated successful droplet dispensing were 5µm and 

3µm respectively. Thus, the 10µm beads were too large for the gasket heights of the 

scaled devices and no longer compatible with these EWD devices. Therefore, only 2.8µm 

magnetic beads were tested.  

For 33µm electrode devices with a 5µm gasket and an insulator stack of 200nm 

Ta2O5 and 200nm parylene C, 18pl droplets containing 2.8µm magnetic beads were 

dispensed from the reservoir with an average voltage of 17.3Vrms, as shown in Figure 40.  
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Figure 40: 2.8μm paramagnetic beads in an 18pl droplet were dispensed from a reservoir 

on a 33μm electrode device with a 5μm gasket.  

To test further scaling, 21µm electrode devices were fabricated with a 3µm gasket 

and an insulator stack of 200nm Ta2O5 and 200nm parylene C. 5pl droplets with 2.8µm 

magnetic beads were dispensed from the reservoir at 18.8Vrms, as shown in Figure 41. 

The bead dispensing voltages were close to those dispensing voltages determined on 

droplets without beads for each scale electrode devices. This result indicated that the 

dominant factors for dispensing were fluidics including the liquid and filler medium, so 

the beads introduced in solutions do not influence the required voltages and mechanisms. 

 



80 
 

 

Figure 41: 2.8μm paramagnetic beads in a 5pl droplet were dispensed from a reservoir 

on a 21μm electrode device with a 3μm gasket.  

     In Figures 40 and 41 for 18pl and 5pl bead droplets dispensing respectively, few 

beads were present in dispensed droplets, and beads tended to remain in the reservoirs. 

Because the reservoir volume was scaled down to several nanoliters, the concentrations 

of bead suspensions were difficult to control during manual pipetting to fill the small 

reservoirs. From visual observations of Figure 37, 38, 40, and 41, the bead numbers in the 

dispensed droplets were related to the bead distributions of the suspensions in the 

reservoirs, which seemed to be random. However, according to all the experimental 

studies we had performed with bead suspensions, as long as the solution of suspensions 

could be dispensed on EWD devices, the beads did not interfere with droplet 

manipulations performed on chip. 
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Figure 42: Bead suspension splitting on 95μm electrodes with 15μm SU8. One 400pl 

droplet with 2.8µm magnetic beads was split into two 200pl droplets at 17Vrms, and the 

beads were randomly separated into these two daughter droplets. 

Besides droplet dispensing, droplet splitting is another critical process. Beads with 

DNA attached must be held in a droplet without significant bead loss during splitting 

operations that may occur during detection or during dilutional washing steps. For larger 

scale EWD devices, a 1cm
3
 magnet has been used underneath the chip to hold the beads 

at position while splitting droplets. In order to demonstrate splitting on scaled EWD 

devices, one 400pl droplet with beads was first split at 17Vrms, as shown in Figure 42. 

The device had 95µm electrodes with a 15µm gasket and an insulator stack of 200nm 

Ta2O5 and 200nm parylene C. Without any external magnets, beads were randomly 

separated into the two daughter droplets. Another experiment was then performed to 
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represent the magnetic bead separation on the same device. A magnet of 2cm  0.5cm 

0.3cm was placed on the left end of the 400pl droplet above the top plate (the black 

shadow on left in Figure 43), and the beads were attracted to the left end close to the 

magnet, as seen in Figure 43(1). Then, the adjacent electrodes were turned on 

simultaneously at 17.1Vrms to split the 400pl droplet into two 200pl daughter droplets. 

Meanwhile, all the beads remained in the left droplet, but no beads were observed in the 

right one, as shown in Figure 43(4). The result demonstrates the feasibility of bead 

droplet separation without losing beads. 

 

Figure 43: With a magnetic on the left above the top plate (black shadow on left), a 

400pl droplet with 2.8µm magnetic beads was split at 17.1Vrms on the same devices, and 

all the beads were remained in the left droplet.  
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According to these experimental results, beaded droplet dispensing and splitting 

were both demonstrated on scaled devices. Bead manipulation only depended on whether 

the droplet could be actuated. Whereas beads would be randomly present in a droplet 

during droplet dispensing for all EWD devices, a logical approach was to use magnets to 

control or maintain a more consistent bead number over numerous dispensed droplets. 

Microfabricated electromagnets [82] and wire mesh [83-85] have been integrated onto 

devices to manipulate magnetic beads for biochemical applications. To prove the 

concepts on our digital microfluidic platform, external magnets were first applied to 

demonstrate the capability of bead control on the scaled devices. These experiments with 

magnets were designed by Andrew Madison and tested on the 95µm device with a 15µm 

gasket and the insulator stack of 200nm Ta2O5 and parylene C. Three 1mm
3
 permanent 

magnets were mounted on wires and pointed inward the reservoir. The positions of these 

three magnets are shown in Figure 44 (the three black squares) and the white dotted 

circles are the approximate location of the magnetic energy well, where the magnetic 

lines and forces concentrated. These three magnets were controlled by a micro-stepper to 

adjust their position relative to the reservoir. The 1.0 mg/ml 2.8µm paramagnetic beads 

solution was dispensed on the devices at 18Vrms, and four different positions of magnets 

were tested.  

The results of dispensed droplets are shown in Figure 44. The left droplets in the 

channel for all four pictures were dispensed without magnets present, and the right ones 

were dispensed with magnets above the top plate. When the position of the magnetic well 

was at the gate electrode (where the electrode was on when split from liquid in the 

reservoir), the bead density was highest, as demonstrated in Figure 44(C). This initial 
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result showed the feasibility of magnetic bead control on EWD devices. However, the 

setup was relatively large compared to the electrode sizes, and the distances between the 

magnets and beads was too large to have an efficiently controlled effect. Integrating the 

micromagnets onto the EWD devices will be the next step to expand the flexibility of 

electrowetting based applications. 



85 
 

 

Figure 44: 2.8µm magnetic beads dispensing with four different positions of magnets on 

top. The bead numbers varied with the positions [47]. 
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4.2 Chemical Reactions on Chip 

For pyrosequencing, reagent volume significantly contributes to the cost of genome 

sequencing, as compared to machine and upstream cost. Miniaturized devices with 

picoliter droplets promise to provide the benefits of high throughput, fast diagnosis, but 

with lower volumes of reagent required. For these small volume droplets, a critical issue 

for a hardware microfluidic chip system that performs pyrosequencing is detection of 

reaction products. In order to test the detection limits and accuracy on picoliter-scale 

EWD devices, the chemistry was narrowed to the last step of adding luciferase to a 

solution of ATP and luciferin, as shown in Eq.(19). The buffer solution contained 50mM 

Tris acetate pH 7.6, 5.0mM magnesium acetate, 0.5mM EDTA, 1.0mM DTT, and 

0.01~0.02% wt Tween 20. The substrate solution consisted of 400 ng/µl luciferin with the 

specified amount of ATP in buffer, and the enzyme solution contained different 

concentration of luciferase in buffer [47]. The devices tested were the simple T-shaped 

channel design fabricated in a single-level metal process for better reliability and faster 

fabrication. With three 140nl reservoirs on chip, the substrate and enzyme solutions were 

respectively dispensed into two reservoirs, one for each, and the third reservoir acted as 

the waste pool.  

The chemiluminescent reaction that results from combining ATP and luciferin 

generates low levels of light that needed to be detected externally to the microfluidic 

system. A standard CCD camera at room temperature was determined not to be sensitive 

enough to capture the low intensity light, even when the system was enclosed in a dark 

box. Instead, an ES2 cooled CCD camera mounted with a 10 objective was used for 
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detection. The working temperature of an ES2 cooled CCD camera is 0°C which can 

reduce the thermal noise produced in the circuit itself. In addition, at the wavelength of 

560nm light produced by these reactions, the quantum efficiency of the ES2 cooled CCD 

is 60% [86], and the efficiency of a Basler avA1000-120kc CCD camera is 45% [87].The 

camera settings were 88 pixel binning with 10s exposure time to collect light with 

increased sensitivity but some lost resolution. Under these settings, the intensity of each 

88 pixel was integrated together as a new single pixel, so the intensity per new pixel 

could be increased but the pixels density decreased which was represented as the 

resolution. 

Based on Eq.(17)~(19), the amount of pyrophosphate (PPi) produced by the 

incorporation reaction between DNA and nucleotides is a linear response to the amount 

of nucleotides reacted. ATP, which is produced by an enzymatic reaction with PPi, is used 

in the chemiluminescent reaction that produces a light that allows the amount of 

nucleotides reacted to be determined during the sequencing of unknown DNA.  

In order to verify the linearity between light generated and reactant concentration 

as well as the detection limit, different concentrations of ATP in substrate solutions were 

reacted with the enzyme solution consisting of 1.0µg/µl luciferase. This concentration of 

luciferase compares to 1.5µg/µl luciferase used in larger scale droplet studies by 

Advanced Liquid Logic [71].In our scaled EWD devices, the volumes of reactants were 

also scaled with the same concentrations used for 350nl droplet reactions. Thus, the light 

intensity produced was expected to be much lower as well. Whereas the luciferase acted 

as a catalyst in this reaction, a larger amount of catalyst could help the reactants fully 

react in a shorter time, which here provided a brighter light but last for a shorter duration. 
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We wanted the light intensity to be detectable, so using more luciferase could accelerate 

the reaction and the light intensity could be concentrated right after droplet mixing. 

However, it was observed that the enzyme molecules tended to adsorb to the device 

surfaces, creating effectively hydrophilic regions that interfered with fluid movement and 

electrowetting. Although adding 0.15~0.2% wt of TritonTM X-15 into the silicone oil and 

aqueous phase improved the droplet dispensing reliability, the effect still could not be 

completely eliminated for high concentrations of proteins or enzymes. Therefore, the 

optimal concentrations of enzymes in picoliter scale droplet reactions needed to be 

balanced between the best detection conditions and the best dispensing conditions. A 

concentration of 2μg/μl luciferase was determined to be the limit for reliable dispensing 

with 1µg/µl luciferase being optimal for long-term use.  

The pyrosequencing reactions were examined on the 95µm electrode devices with 

20µm gaskets with the dispensing voltage at 20Vrms. Droplets of 300pl were dispensed 

from the enzyme and substrate reservoirs respectively, and the droplets traveled to the 

cross section of the T-channel to wait for mixing. The external light source was turned off 

at this time and the chemiluminescent light was then detected by the ES2 cooled CCD 

camera after the two droplets were mixed, as shown in Figure 45. The images were 

captured for the first 10s and analyzed by the image software (NIS Elements, Nikon). 

This software could process and calculate the relative light intensity along a dragging line 

with the background light intensity as a reference. Thus, the produced light intensity was 

averaged over the visible cross-section of the droplet, and the average noise of the 

background was 3.1 arbitrary units (a.u.).
1
 The calibration curve of ATP concentration 

                                                      
1
 The data of these chemistry results were collected by Erin Welch. 



89 
 

versus the light intensity is plotted in Figure 46. The limit of detection using the 1µg/µl 

luciferase enzyme solution was calculated to be 7nM ATP, which would correspond to the 

addition of one base to 2amol of DNA in a 300pl droplet. 

 

 

Figure 45: ATP and luciferase droplets mixed at the detection electrode, and the light 

released. 
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Figure 46: Calibration curve of ATP concentrations to the light intensity reacting with the 

1µg/µl luciferase enzyme solution [47]. 

The results described above demonstrate a linear relation between ATP 

concentration and light intensity. The light intensity is an important requirement for 

pyrosequencing to determine the best reagent concentrations for picoliter droplets. The 

same hardware setup for 95µm electrode devices with 20µm gaskets was used for reagent 

optimization studies. However, the ATP concentration in the enzyme solution was set at 

0.5µM to represent the observed enzyme levels produced after base incorporation in 200 

nanoliter droplets. The luciferase concentrations in our experiments were varied from 

0.5µg/µl to 3.0µg/µl. The resulting measured light intensity versus luciferase 

concentrations for reactions in 300pl droplets are plotted in Figure 47. The light intensity 

dramatically increased as the luciferase concentration increased from 0.5µg/µl to 

1.5µg/µl, but then saturates after reaching the concentration of 2.0µg/µl. Because the 

luciferase was a catalyst in this reaction and since the amount of both reactants was 
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constant, increasing the amount of catalyst could only accelerate the catalysis. Thus, 

when the reactants were fully reacted, increasing the catalyst amount would not produce 

more products, which was light for this reaction, and resulted in light intensity saturation.  

 

Figure 47: Calibration curve of the light intensity versus luciferase concentrations 

reacting with the 0.5µM ATP in 400ng/µl luciferin of enzyme solution.[47] 

Similar experiments were performed on devices with 95µm electrodes, but with a 

different gasket thickness of 7μm. The droplet volumes resulted in approximately 100pl. 

The substrate solution used was 1μM ATP with 400ng/μl luciferin in a buffer, and the 

enzyme solution was 1.0μg/μl luciferase in a buffer. The light generated in the reaction of 

ATP and luciferin in 100pl droplets could still be detected on this scale, although the 

intensity was obtained of approximately 67 a.u., which was 1/3 that detected from 300pl 

droplet reactions. This result indicates that the signal intensity also linearly responds to 

the reactant volume when all reagent conditions are held constant.  



92 
 

As the device dimensions are further scaled, the ATP – luciferin reaction was 

implemented on 33μm and 21μm electrode devices with 3μm and 5μm gaskets. Both 

substrate and enzyme solutions could be successfully dispensed and merged on all these 

devices with the same concentrations used for 100pl droplet reactions, but the resulting 

light intensity was too low to be detected by the external ES2 cooled CCD camera even 

with long exposure times and 8x8 pixel binning. As an alternative to the cooled CCD 

camera, an EMCCD camera, whose working temperature is -30°C and quantum 

efficiency at 560nm wavelength is 92% [88], was also tested as a sensor of the 

chemiluminescent signal, but no light could be detected with such small droplet volumes.  

It is well known that as the sample volume decreases with fixed concentrations [1] 

of the substrate and enzyme solutions, less luciferase, ATP, and luciferin is available in 

the mixing reaction. Based on the relation of the light intensity to the reactants’ volumes, 

the droplet volumes in these devices, which were 5pl~18pl, therefore were 1/20~1/5 of 

the volume at which light could be detected. Thus, the light intensity generated can be 

estimated to be about 3~15 a.u.. Since the average noise intensity of an ES2 cooled CCD 

camera was 3.1 a.u., this light intensity corresponds to a signal-to-noise-ratio (SNR) that 

is lower than 5, which is known as Rose’s criterion. Rose’s criterion is a standard SNR 

value to define a good image contrast. In order to distinguish an object from the 

background noise at 100% certainty, the SNR value needs to be higher than Rose’s 

criterion [89]. Thus, the light intensity for these reactions reached the limitations of these 

CCD cameras.  
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Chapter 5  

Conclusions and Future Work 

5.1 Conclusions 

The work reported in this thesis has demonstrated voltage and dimensional scaling of 

EWD actuators into the picoliter volume range. The work has been guided by an 

analytical scaling model, and experimental measurements have verified the model. 

Picoliter actuator fabrication has required new multi-layer insulator structures, 

interleaved electrode design to increase electrowetting forces, and improved gasket 

designs to allow for the sealing of the two plate sandwich actuator as well as adequate 

flow focusing for dispensing droplets from on-chip reservoirs. The fabricated EWD 

devices have been applied to demonstrate picoliter chemiluminescent reactions and 

magnetic bead manipulation, both important components in DNA pyrosequencing.  

The results have shown that the actuation threshold voltage and the voltage 

required to dispense 300pl droplets from a 140nl reservoir onto the 95μm electrode 

devices were 7.2Vrms and 11.4Vrms respectively. 11.4Vrms is the lowest reported 

dispensing voltage on chip without any external pressure-assist sources. These 

operational voltages are much lower than the dielectric breakdown voltage of the 

insulator stack over the actuation electrodes. As a result, these devices can be used 

repeatedly with good reliability. The insulator stack was formed by depositing a sputtered 

135nm Ta2O5 film with a 180nm parylene C overlayer. Devices fabricated with this 

insulator stack were found to be more robust and better able to operate under lower 
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applied voltages than the devices made with a homogeneous single dielectric layer.  

The experimental results obtained in this study verify the prediction of a threshold 

voltage scaling model [11], in that the observed threshold voltages for all of the studied 

devices follow the trends outlined by the model. In addition, physical dimension scaling 

was demonstrated. With an electrode size of 33μm, EWD devices were fabricated with 

5μm and 3μm gaskets and dielectric layers of 200nm Ta2O5 and parylene C, and were 

capable of dispensing 18pl and 12pl droplets respectively from on-chip reservoirs at 

17.1Vrms. In addition, this scaled device with a 3μm SU8 gasket could also split one 12pl 

droplet into two 6pl daughter droplets at 18.7Vrms. Under further scaling, 21μm electrodes 

with 3μm thick gaskets were fabricated to dispense 5pl droplets from reservoirs on-chip 

at 22Vrms. The droplet size of 5pl is the smallest volume reported in view of all the EWD 

microfluidic research results published up to date. These results show the capability of 

scaling not only actuation threshold voltages, but also physical dimensions. Continued 

scaling occur as long as the sealing problems associated with very thin gaskets can be 

controlled and liquid can be confined in the reservoirs.  

     Critical steps of DNA sequencing, paramagnetic bead dispensing and splitting, and 

chemiluminescent signal detection on picoliter scale EWD devices were demonstrated in 

this study. We found that 10μm and 2μm polybeads as well as 2.8μm paramagnetic beads 

in DI water or buffer could be dispensed from on-chip reservoirs fabricated on 95μm, 

33μm and 21μm electrode sizes of EWD devices individually. Droplet volumes of 300pl, 

100pl, 18pl, 12pl and 5pl were demonstrated depending on different gasket thicknesses. 

The bead dispensing voltages were the same regardless of whether DI water or buffer 

solutions were dispensed. With an external magnet, beads could be held in one droplet 
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without significant bead loss during splitting operations, which demonstrated the 

dilutional washing steps for DNA pyrosequencing on chip. 

With regard to detection of reaction products, the light produced by the reaction of 

luciferase and ATP in luciferin solutions in 300pl droplets on 95μm electrode EWD 

devices could be detected by an ES2 cooled CCD camera. The best detection condition 

was obtained when 400μg/ml of luciferin was used in all solutions, and 1µg/µl luciferase 

was optimal for long-term use. The limit of detection using 1µg/µl luciferase was 

calculated to be 7nM ATP, which would correspond to the addition of one base to 2amol 

of DNA in a 300pl droplet. The reaction of 1µg/µl luciferase and 1μM ATP in 400μg/ml 

of luciferin was also tested with 100pl droplets on similar devices but with a smaller 

gasket height of 7μm. Results were compared with reactions using a 20µm gasket in the 

300pl experiments under the same conditions. Light produced from reaction products in 

100pl droplet experiments could still be detected with approximately one third of the 

intensity of the 300pl droplet reactions, which also verified the linearity between the 

amounts of reactants and produced light intensity. Further tests were also performed on 

33μm and 21μm electrode devices with 3μm and 5μm gaskets for droplets volumes of 

18pl, 12pl, and 5pl. Luciferase and luciferin droplets could be dispensed and merged on 

these chips, but light intensities were too low to be detected by the CCD cameras. A new 

light sensing and better collecting method is required, which can be integrated on devices 

to improve the DNA sequencing-by-synthesis on sub 20pl scale electrowetting platforms.  
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5.1 Future Work 

There are three primary research issues that can be further investigated in future work: 1) 

scaling of EWD devices into the femtoliter droplet volume range; 2) scaling of actuation 

voltages for EWD devices into the 3-5V range; and 3) demonstration of DNA 

sequencing-by-synthesis reactions using sub-20pl droplet chemistry with an integrated 

high sensitivity sensor.   

Since 5pl droplet EWD devices have been demonstrated, it was determined that 

continued scaling of the EWD devices would be feasible. For continued scaling the 

primary challenge was how to best seal the chip and top plate. We have determined that 

an acrylic top plate in combination with the standard gasket was no longer useable for 

gasket heights less than 10μm, since liquids loaded into reservoirs on chip could leak 

between the top of the gasket and the bottom of the top plate during droplet dispensing.  

A deformable layer of 50~100μm NOA formed on the top plate helped to reduce the 

overflow problem. Such top plates were tested for 7μm and 5μm SU8 gaskets with 95μm 

and 33μm electrode size devices, and they performed well during buffer and DI water 

droplet dispensing for 100pl and 18pl droplets. With 3μm gaskets, 33μm and 21μm 

electrode devices were still able to dispense droplets and even split droplets on chip, but 

the leaking issue appeared at the reservoir neck area. As a result, dimension scaling is 

approaching a practical limit for the two-plate sandwiched structure of EWD devices 

because of the sealing problem. To continue scaling down the device physical dimensions 

will require either a better sealing material or a method of fabricating a one piece device 

with more complicated MEMS processes. The limits of droplet manipulation and 
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droplet-based chemistry at this scale are both of significant research interest. 

In addition, the prospect of an EWD pyrosequencing platform embedded in a 

portable system would have important applications in molecular-based disease diagnosis 

and the detection of bio-reagent targets in the field. For the 300 nanoliter system now 

available from Advanced Liquid Logic, the overall system size approximately equals to a 

desktop computer, due partly to a large power supply which delivers 100-300V to large 

EWD cartridges fabricated in PCB technology. Although the voltage for the picoliter 

devices we have demonstrated thus far was lower than 12V, which can be provided by a 

battery, continued voltage scaling is still of high interest. If we can lower the voltage to 

5V or even 3V, the system can be more easily used with most commercial semiconductor 

devices or circuits, which could increase the capability of EWD devices. Thinner 

dielectric films or higher dielectric constant material could reduce the thickness-to- 

dielectric constant ratio to lower the actuation voltage, but such reduction would not be 

unlimited. Ultrathin dielectric films could cause dielectric failure more easily and 

increase reliability issues. Also, the film surface would trap charges more easily at the 

surface with ultrahigh dielectric constant materials, which narrows the operating voltage 

range. The actuation voltage and threshold voltage limit curves are shown in Figure 48, 

plotted according to Eq.(15) and Eq.(21). The voltage higher than the threshold voltage 

limit causes the fluoropolymer film to breakdown, with the result that the device will 

need even higher voltages to manipulate droplets causing the device to breakdown more 

easily. The curves in Figure 48 show that the operation range narrows with decreasing 

thickness-to-dielectric constant scaling, and the cross point of these two curves is the 

estimated limit of voltage scaling. The limit for voltage scaling and the implications on 
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chip reliability are both important issues for investigation. 

 

 

Figure 48: The actuation voltage and threshold voltage limit curves. The cross point of 

these two curves is the estimated actuation voltage scaling limit. The black points are the 

experimental results in this study, and the blue and green points are Pollack’s results.   

A major component of the cost of pyrosequencing is the use of expensive reagents, 

so using smaller volumes of reagents is one of the project’s objects. For the DNA 

sequencing system scaling, as the volume of a droplet decreases and the molar 

concentration of primed DNA on beads drops as well, less pyrophosphate and ATP can be 

produced from the incorporation reactions. Currently, the results of bead dispensing have 

shown that the number of beads dispensed in a droplet is random, and therefore the 

concentration of beads in solution is difficult to control. The initial result of three tiny 

magnets to form a magnetic energy well to control paramagnetic beads was demonstrated 

by Andrew Madison, which allows the beads to be concentrated at the gate electrode [47]. 
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This setup provided more uniform numbers of beads for each dispensing operation. 

However, the magnets above the top plate are not efficient enough, so that micromagnets 

need to be integrated on the devices close to the beads to provide more consistent results.  

Building on the work reported in this thesis and the assay development for picoliter 

EWD devices, a pyrosequencing system can be implemented that includes primed DNA 

beads in solution, four different nucleotides dispensed from individual reservoirs, two 

enzymes, and buffer droplets for washing the DNA between steps. In order to prevent 

cross-contamination, the mechanisms and procedures for full DNA sequencing operation 

require more electrodes and more complex routing design than the simplified detection 

test performed on our devices. A two-level-metal device with five reservoirs was 

designed, whose layout is shown in Figure 49, to demonstrate single nucleotide 

pyrosequenceing based on Eq.(17) to Eq.(19). One reservoir is for the specific DNA 

solution with polymerase, another one for ATP sulfurylase and luciferase, and the other 

one for a nucleotide which matches to the DNA. The rest two reservoirs are designed for 

wash droplets and waste. The specifications for this device are as follows: the electrode 

size on this device is 95μm; the gap between electrodes is 3μm; the gasket can be 

7μm~20μm, which has been verified to be within the detection capability with the ES2 

cooled CCD camera; the channel width is 150μm; total number of more than 200 

electrodes are controlled by 22 pins; the device dimension is 3cm4cm. The dielectric 

layers are specified to be 200nm Ta2O5 and 200nm parylene C. All the manipulations 

required for pyrosequencing can be performed on this device. The simplified enzyme and 

substrate reaction was able to be dispensed and detected with the ES2 cooled CCD 

camera at the center channel cross area. This platform is ready for the more complex 
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chemistry reaction experiments. 

 
Figure 49: The layout of five reservoirs, two-level-metal EWD device. This device is 

designed to implement a single nucleotide pyrosequencing reaction. 

Furthermore, a fully functional picoliter DNA sequencing assay can be achieved that 

involves the presentation of four nucleotides, bead washing, collection of the supernatant, 

and the enzyme reactions required to determine base incorporation in the future. However, 

for sub-20pl droplet reactions, which cannot be detected by either the cool CCD or the 

EMCCD camera, a more sensitive detection and more efficient light collection method is 

needed, such as a photomultipliers (PMT) or photo diodes integrated on chip. PMT 

sensors are used to detect the 300nl droplet PCB based EWD cartridges by Advanced 

Liquid Logic, but PMTs cannot capture live images, which is not suitable for prototype 

devices that require one to know whether the droplets are properly dispensed and mixed. 

This low intensity light loses most of its energy while traveling and scattering in the 



101 
 

substances between the droplet and the sensor, including the solution, the filler medium, 

the top plate, and air. Thus, photo sensors integrated into EWD devices are required for 

direct coupling of light into the sensor for improved efficiency and sensitivity.  
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Appendix A  

Picoliter DNA Sequencing Chemistry on an 

Electrowetting-based Digital Microfluidic Platform  

Erin Welch, Yan-You Lin, Andrew Madison, and Richard B. Fair 

Journal of Biotechnology, 2011 

A.1 Abstract 

The results of investigations into performing DNA sequencing chemistry on a 

picoliter-scale electrowetting digital microfluidic platform are reported. Pyrosequencing 

utilizes pyrophosphate produced during nucleotide base addition to initiate a process 

ending with detection through a chemiluminescence reaction using firefly luciferase.  

The intensity of light produced during the reaction can be quantified to determine the 

number of bases added to the DNA strand. The logic-based control and discrete fluid 

droplets of a digital microfluidic device lend themselves well to the pyrosequencing 

process. Bead-bound DNA is magnetically held in a single location, and wash or reagent 

droplets added or split from it to circumvent product dilution. Here we discuss the 

dispensing, control, and magnetic manipulation of the paramagnetic beads used to hold 

target DNA. We also demonstrate and characterize the picoliter-scale reaction of 

luciferase with adenosine triphosphate to represent the detection steps of pyrosequencing 

and all necessary alterations for working on this scale. 

A.2 Introduction 

With the continued drive to create fast, low-cost methods for sequencing DNA [90], there 
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is a trend toward smaller and smaller devices [91-93]. The use of smaller devices, 

commonly microfluidic devices, significantly reduces the necessary amount of reagents, 

one of the main contributors to the overall cost of DNA sequencing. However, as the 

number of possible sequencing applications emerge, so too does the number of possible 

technologies, each of which has different requirements for throughput, speed, sensitivity, 

accuracy, robustness, operational skill, and other operational variables.   

 Pyrosequencing is a sequencing method, originally introduced in the late 1980’s [64], 

which makes use of the side products of sequential nucleotide addition to initiate a series 

of reactions that ultimately produce a chemiluminescent signal when a correct nucleotide 

is introduced. The nucleotides are individually added to a primed template strand and 

cycled as the sequencing progresses [65]. As a correct base is added to the DNA strand of 

interest, pyrophosphate (PPi) is released into solution: 

   PPidNPDNAdNTPDNA Polymerase          (A.1) 

The released pyrophosphate is then converted to adenosine triphosphate (ATP) via a 

reaction with adenosine 5′-phosphosulfate (APS) and ATP sulfurylase: 

     2

4SOATPAPSPPi laseATPSulfury          (A.2) 

after which the ATP will react with firefly luciferase, luciferin and oxygen to produce 

light: 

 LightCOinOxyluciferPPiAMPOLuciferinATP Luciferase   22   (A.3) 

The intensity of the light produced is closely related to the amount of ATP present, and it 
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can be used to quantitatively determine the number of a particular nucleotide added to the 

strand.  Since its introduction, pyrosequencing has been used in a number of 

applications [48, 94-96], ranging from analyzing single nucleotide polymorphisms [58, 

97] and detecting rare mutations [98] to full genome or ribosomal analysis [99-101].   

 Several examples of microfluidics-based pyrosequencing have been introduced.  

Zhou et. al. introduced a pyrosequencing device which makes use of a series of 

capillaries to dispense nucleotides to a microchamber containing the DNA to be 

sequenced [102]. However, the read length on this device was very limited due to 

successive dilution, and reading of relatively long homopolymer nucleotide additions was 

unreliable. Russom et. al. describe a microfluidic flow-through device in which DNA is 

bound to microbeads that are then trapped in a microfabricated filter structure within a 

nanoliter-scale reaction chamber [103, 104]. Reagents are continuously supplied to the 

captured beads and any luminescence signal is observed for real-time sequencing.  

While the flow-through device itself was relatively simple, it required a fairly complex 

reagent injection system. Margulies et. al. introduced a massively parallel system that 

makes use of an array of microfabricated picoliter-scale wells [69]. The device 

demonstrated high accuracy and throughput, but again required the use of large and 

cumbersome pumping systems to supply reagents to the flow chamber holding the 

picowell array. 

 Unlike continuous-flow style microfluidics, digital microfluidics produces discrete 

fluid droplets that can be directed and controlled to a greater degree. These droplets can 

in turn act as micro-, nano-, or even picoliter-sized reactors, with the necessary reagents 

delivered as needed. The process of electrowetting is based on the principle of 
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electrocapillarity, in which an electric field is used to induce a change in the effective 

surface energy at a solid insulator-liquid interface [105]. On an electrowetting digital 

microfluidic device, voltage is applied to such an interface where the liquid involved is 

polarizable or conductive. Often, the device is enclosed and filled with oil to prevent 

evaporation of the aqueous fluid. As the applied electric field alters the internal charge of 

the fluid, it exerts a force on the fluid relative to the surface of the device. Combined with 

the change in contact angle due to the altered surface energy, this force deforms the fluid 

and causes it to increase the surface contact area between the two phases [105-107]. 

When using electrowetting to manipulate droplets on a digital microfluidic device, the 

forward and reverse processes are combined to translocate the droplet [105]. During 

actuation of a droplet, individually operated electrodes are successively activated and 

deactivated in series. As the previous electrode is deactivated and releases 

voltage-induced forces, the next is activated and applies the forces to pull the droplet 

forward. Variations in how the electrodes are activated can be used to combine, mix, split, 

or dispense droplets from a large fluid reservoir [108-110]. Combined with 

programmable control units, these devices can be adapted to countless applications, 

including polymerase chain reaction (PCR) [111], clinical diagnostics [112], proteomic 

sample preparation [113], simple separations [114], and other complex biochemical 

techniques [115, 116], and they have been integrated with a number of detection and 

analysis techniques [113, 117, 118]. 

 Previous work has been done to perform pyrosequencing on an electrowetting 

digital microfluidic device capable of producing droplets several hundred nanoliters in 

volume [119]. To initiate sequencing on this device, the target DNA is bound to 
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paramagnetic beads, which are dispensed and directed to a magnetic region. By 

magnetically holding the DNA in one location [120-122], reagents can be added and 

excess split away without loss of the DNA, thereby eliminating all difficulties caused by 

dilution.  The DNA beads can also be rinsed with a few successive droplets of buffer to 

prevent cross-contamination. Steps for nucleotide addition and detection can be separated 

to obtain more quantitative signal readings than those observed in flow-through systems, 

providing more accuracy for longer homopolymer additions. While the entire process has 

been relatively slow to date, reagent consumption has been reduced to a few hundred 

microliters for each individual solution, and the device and controller are easily 

transportable, making the system ideal for use in point of care or other field situations.  

Scaling similar devices to produce droplets of tens of picoliters has been demonstrated 

[107]. The reduction in size produces a device that requires only a few microliters of 

reagent volume and can be run on as little power as a nine volt battery. In this article, we 

explore the logistics of paramagnetic bead manipulation and characterize the behavior of 

the luciferase reaction to provide the groundwork for performing a pyrosequencing 

process similar to what has been done on larger electrowetting devices instead on a 

picoliter-scale electrowetting digital microfluidic device. 

A.3 Materials and Methods 

A.3.1 Materials 

All materials were used as provided by their respective suppliers. Tris(hydroxymethyl) 

aminomethane (Tris), ethylenediaminetetraacetic acid (EDTA), magnesium acetate, 

dithiothreitol (DTT), adenosine triphosphate (ATP), pyrophosphate (PPi), Tween 20, 
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Triton X-15, and high conductivity grade poly(3,4-ethylenedioxythiophene) 

poly(styrenesulfonate) (PEDOT:PSS or PEDOT) were obtained from Sigma-Aldrich. 

Luciferin and adenosine 5′-phosphosulfate sodium salt (APS) were acquired from Santa 

Cruz Biotechnology, Inc. (Santa Cruz, CA). QuantiLum recombinant firefly luciferase 

was obtained from Promega Corporation, (Madison, WI), and ATP sulfurylase was 

purchased from New England Biolabs, Inc. (Ipswich, MA). Beads for statistical 

dispensing studies were obtained from Polysciences, Inc. (Warrington, PA) and 

Invitrogen Corp. (Carlsbad, CA). Norland optical adhesives NOA65 and NOA68 UV 

were purchased from ThorLabs (Newton, NJ). SU8 2015 was acquired from MicroChem 

(Newton, MA) and CYTOP fluorinated polymer from Bellex International Corp. 

(Wilmington, DE). Silicon wafers for the electrowetting substrate were purchased from 

Silicon Quest International, Inc. (Santa Clara, CA), and the 1 mm thick polycarbonate 

sheeting for top plates was purchased from McMaster-Carr (Elmhurst, IL). 

A.3.2 Chip Fabrication 

A diagram of the composition of the device used is shown in Figures 1. For this device, a 

silicon wafer, pre-coated with 1 µm of thermal oxide, is diced into 4-6 pieces. The 

electrodes are patterned by first laying down 100 nm of chromium, applying and 

developing the design with positive photoresist, and removing the excess metal using 

chromium etchant. The dielectric for the devices consists of a layer of tantalum pentoxide 

(Ta2O5) and a layer of Parylene C. As the SU8 used to form the gasket does not adhere 

well to the Parylene, the Ta2O5 is applied first, followed by SU8, which is then patterned, 

the substrate diced, and the Parylene C applied. A continuous film of Parylene C over the 
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entire chip seals the underlying layers. A layer of CYTOP is spin-coated on the surface to 

provide the hydrophobicity necessary for electrowetting. This device, while somewhat 

limited in design flexibility, is very robust and is ideal for the simple, repetitive 

procedures used in the experiments described. 

 The substrate for all of the top plates used in these devices is a 1 mm thick piece of 

polycarbonate milled with a Roland MDX-20 mill (Irvine, CA) with a 1/32” bit. In order 

to allow multiple uses of the device, the chip is not bonded, and the top plate is held in 

place with pins. However, slight irregularities in the surface height of the SU8 gasket 

material can create gaps between the substrates and disrupt device operation. To achieve 

a better seal, a layer of Norland Optical Adhesive (NOA) 65 or 68 is applied to the 

polycarbonate substrate, spin-coated to a thickness of 50-100 µm [123]. The cured optical 

adhesive is relatively flexible and will deform around most imperfections in the SU8 

without impinging on the reservoir or channels. A 150 nm layer of conductive PEDOT 

was applied to the top plate for grounding of the electrodes, followed by a layer of 

CYTOP as the hydrophobic layer. The new top plate composition has been determined to 

be nearly as robust as the polycarbonate-ITO-CYTOP composition used in the past, with 

no discernable loss of conductivity despite deformation of the chip-side layers. A 

diagram of the layers of this type of top plate is shown in Figure 50. 

 

Figure 50: Cross-section of the electrowetting digital microfluidic device. 
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A.3.3 Feature Geometry 

An image of the reservoir, gasket, and electrode geometry is shown in Figure 51. In this 

device, the primary reservoir electrode is 2.5 mm wide and the internal reservoir 

electrode is 1 mm. Both are utilized during dispensing from the 140 nL-volume reservoir.  

The individual actuation electrodes consist of a body 100 µm
2
 with 2 rounded protrusions 

extending 30 µm at each side. The interlocking protrusions facilitate electrowetting and 

droplet movement by providing extra contact with droplets on neighboring electrodes.   

A gap of 5 µm separates the individual electrodes. This particular device is a single-level 

metal device with 10 µm wire connections for each electrode. The SU8 gasket is 

spin-coated to a thickness of 20 µm and provides boundaries for the reservoir and 

channels surrounding the electrodes. Channel widths defined by the gasket are 

approximately 250 µm wide and offset to cover the connection wires. The reservoir neck 

opening is approximately 100 µm wide, and the gasket tapers to a point on either side to 

facilitate “pinching” of the aqueous phase during dispensing. These features create a 

droplet volume of approximately 300 pL. 

 

Figure 51: Image of the reservoirs and actuation electrodes on a model device. 
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A.3.4 Device Control and Detection 

Contact to the electrowetting chips is made by a 22 pin clip connected to a 32-channel 

relay control board (National Control Devices, LLC). The relay board is connected via 

USB to a computer and controlled by a custom program. Electrode control can be 

performed both manually and automatically by simple text programs. Input voltage is 

supplied by an Agilent 33250A function generator (Agilent Technologies, Santa Clara, 

CA) amplified by a FLC F10A 10x voltage amplifier (FLC Electronics, Göteborg, 

Sweden). The grounding plane of the top plate is connected to the negative output of the 

amplifier with a mini alligator clip. All devices are operated at 20-30 Vpp. Observation for 

full-light tests is done with a Basler avA1000-120kc CCD camera (Basler Electronic, 

Highland, IL) mounted on an Optem Zoom 125 microscope lens with 10x objective 

(Qioptic, Paris, France). Low-light observations are performed with a Photometrics ES2 

cooled CCD camera (Tucson, AZ) equipped with a 10x objective lens with 1 cm focal 

distance. 

A.4 Results and Discussion 

A.4.1 Bead Dispensing 

In the experimental outline for pyrosequencing on a large scale electrowetting device, the 

target DNA is bound to paramagnetic beads and magnets are used to manipulate the bead 

behavior. In larger-scale devices, the volume of fluid in the bead droplets relative to the 

bead size means that slight variations in the number of beads per droplet, and therefore 

the amount of DNA present, have little impact on the intensity of light produced during 
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the luciferase reaction. However, at the picoliter scale, variations in the bead content per 

droplet can have a significant effect on the recorded intensity. To better understand the 

consequences of variations in bead concentration in a droplet-by-droplet basis, a series of 

experiments were performed using solutions with varying sizes and concentrations of 

beads. The beads used in these tests were Polysciences Fluoresbrite 2 µm and Polybead 

10 µm carboxyl-functionalized polystyrene spheres and Invitrogen Dynabeads M-270 2.8 

µm streptavidin-functionalized paramagnetic beads. Droplets of the bead suspensions 

were dispensed and the number of beads per droplet tabulated. 

 For all bead solutions, 30 droplets were dispensed and the beads counted. To prevent 

a buildup of beads at the edges of the reservoir fluid, the reservoirs were stirred by 

alternating activation of the two reservoir electrodes between each dispensed droplet.  

The droplets were dispensed to the point that the amount of fluid in the reservoir was 

significantly depleted by the end of the test to fully characterize bead count. In Figure 

52A, the count of 10 µm beads in successive droplets is tabulated for several 

concentrations. This data indicates significant variation in the count, but no discernable 

trend was observed in the bead count over time or reduction of the volume of the fluid in 

the reservoir. Figure 52B displays the same data in a histogram. The average bead content 

was 2 beads 1 for the lowest concentration of 0.13% solids (20x dilution of stock 

sample), 6 beads 3 for 0.26% solids (10x dilution), 16 beads 5 for 0.52% solids (5x 

dilution), and 39 beads 9 for 1.32% solids (2x dilution). To determine whether the 

disparity in bead count per droplet was a result of any resistance to movement 

experienced by the large 10 µm beads, measurements were also performed using the 2 

µm beads. While slightly less dispersed than the 10 µm beads, significant variation in 
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bead count per droplet was also observed with the 2 µm beads (ex: 8.3 beads  2.9). 

 

 

Figure 52: Statistical analysis of bead dispensing plotted (A) in the order of droplet 

dispensing and (B) as a histogram of beads per droplet. Thirty droplets of each 

suspension were dispensed. 

A.4.2 Magnetic Manipulation of Paramagnetic Beads 

A.4.2.1 Experimental Proof of Concept 

While some data manipulation can be used to compensate for the disparity in 

luminescence signal caused by varying bead counts (and thereby different DNA 

concentrations), greater consistency in signal would be preferable. A logical approach is 

the use of magnetic fields to control the behavior of the beads within the reservoir.  In 
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the literature, microfabricated electromagnets [82] and wire mesh [83, 84, 124] have been 

incorporated into devices to manipulate magnetic beads. When controlling the beads 

within the reservoir of a digital microfluidic device, either of these approaches can be 

used to create magnetic wells in the reservoir. The well locations and strengths can be 

altered to control the number of beads that can approach the reservoir exit.  

 For experimental proof of concept, three 1 mm3 permanent magnets were mounted 

on wires with like poles pointed inward and positioned around a reservoir filled with a 

1.0 mg/mL solution of paramagnetic beads. Figure 53 shows several images in which a 

micromanipulator was used to shift the position of the three mounted magnets to produce 

different concentrations of beads in the dispensed droplets. The approximate location of 

the magnetic energy wells is indicated by the red circles. In each image, the droplet 

sitting at the cross point of the electrode pathways was dispensed prior to introduction of 

the magnetic fields. In the first pair of images (Figure 53A), the magnetic well closest to 

the reservoir exit is located well within the reservoir. As a result, the beads are held in 

place and none are dispensed. Moving the magnets slightly to the left (Figure 53B) 

moves the well to the mouth of the reservoir. In this case, the beads are dispensed with 

the droplets in a concentration similar to the original bulk concentration. Further 

movement of the magnets (Figure 53C) shifts the magnetic well over the “gate” electrode, 

or the electrode furthest from the reservoir used during dispensing. This pulls most of the 

beads out of the reservoir while dispensing and produces a droplet with the highest 

number of beads. Movement of the magnetic well past the electrodes used for dispensing 

(Figure 53D) causes the second well to capture most of the beads within the reservoir, 

and no beads are dispensed. Each magnet placement was repeated, and the results were 
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reproducible. In these experiments, the magnets were separated from the reservoirs by the 

full thickness of the top plate, so the fields experienced by the beads were relatively low, 

and several minutes were needed to allow the beads to reach their equilibrium point in the 

magnetic wells. Incorporation of the magnets or microfabrication of field producing 

features directly onto the device will produce faster response times, and further 

refinement of magnet placement and strength will provide even greater control. 

  

Figure 53: Paramagnetic bead manipulation of 1.0 mg/mL solution of Invitrogen 

Dynabeads M-270 2.8 μm with four magnet positions and the resulting bead droplet. The 

left-hand droplet in each image was dispensed prior to application of the magnetic field. 

Approximate locations of the field wells are circled with a dotted line. 

A.4.2.2 Simulation for Magnet Optimization 

While manipulation of magnetic beads while dispensing was successful, the process was 

difficult to control with the mounted magnets. Therefore, a series of simulations were 

performed with the Comsol Multiphysics electromagnetics modeling package, providing 

information on optimal magnet geometries appropriate for the formation of two localized 

magnetic wells, the effects of magnet spacing on split-well geometry, and the magnitude 

of forces obtainable with the dual-well magnet geometry. For simplicity, each simulation 
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was performed in two dimensions and under magnetostatic conditions. In the 

computational domain, magnetic structures were defined with general, homogenous 

magnetization vectors, 



M i, of units [A/m] and the constitutive relation,  

    



B  0 H  M                (A.4) 

where 



B  is the magnetic flux density and 



H  is the magnetic field. The medium 

surrounding the magnetic structures was considered to be water with unitary relative 

permeability, r  1, and the constitutive relation,  

    



B  r0H           (A.5) 

where 0 is the permeability of vacuum. A triangular mesh was generated with an element 

area ratio of approximately 2×10
-4

, affording each of the simulations 1.15×10
5
 degrees of 

freedom. Given the magnetic sources,



M i, constitutive relations, relative medium 

permeability, and domain meshing, the magnetic vector potential field was computed in 

each simulation. 

 With the magnetic vector potential known, the magnetic flux intensity, 



B , was 

calculated and used to determine the force applied to a magnetic bead within the 

computed field. Electromagnetic field theory states that the force experienced by a 

paramagnetic bead in a magnetic field opposes the potential energy gradient of the field, 

but is also proportional to the magnetic moment of the bead, 



m , and the gradient of the 

magnetic field, 



F mag  U  m  B 
            (A.6) 

The superparamagnetic nature of micron-sized beads, requires that 



m  be proportional 

the applied magnetic field according to the equation, 
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m V/0B2

            (A.7) 

where V is the volume of the bead,  is the magnetic susceptibility of the bead. Thus, the 

force imparted by the field generated by the magnetic structures in each simulation can be 

defined as  



F mag V /0B2

          (A.8) 

Magnetic force calculations were based on beads measuring 2.8 µm in diameter with 

magnetic susceptibility of 0.165. 

 A three-magnet geometry was used to produce the desired field wells. The 

configuration utilizes paired triangular magnets juxtaposed at 120 with respect to one 

another and a third magnet separated by a set distance and oriented toward its two sister 

components. Figure 54 shows the results of two field simulations with different distances 

between the paired magnets. The tips of the triangular magnetic domains were drawn 

with a 5 µm radius of curvature. The vertical separation between the paired upper 

magnets and the lower magnet for each simulation was 300 µm. The horizontal 

separation of the paired tips in Figure 54A is 120 µm, and the spacing in Figure 54B is 50 

µm. The difference in the field contours in Figure 54A and A.5B displays a more 

concentrated gradient in the magnetic wells with smaller horizontal magnet spacing. 
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Figure 54: Simulation of magnetic split-well formation in a 2-D magnetic field 

simulation of three triangular sources. All magnetization sources are of equal magnitude, 

||Mui|| = 1×10
5
 A/m. Separation between the top paired electrodes is (A) 120 μm and (B) 

50 μm. The dashed line represents the common axis of the magnetic wells. 

 For variable magnetization strengths, magnetic forces were calculated for a single 

bead along the field cross-section indicated by the dashed line in Figure 54B. Figure 55A 

shows field profiles along the magnetic well common axis, taken with magnetization 

source magnitudes of 5×10
5
 A/m, 2.5×10

5
 A/m, and 1×10

5 
A/m. These plots demonstrate 

how the extent of isolation in the wells varies directly with source magnetization strength. 

Figure 55B shows the force distribution along the common axis of the two magnetic 

wells. Stable points along the common axis occur where the magnetic force is equal to 

zero. A bead just before a stable point in Figure 55B will experience a positive force, 

oriented in the +ŷ direction (along the common axis), while a bead just past a stable point 

will experience a negative force, oriented in the -ŷ direction.  The magnitudes of the 

rectifying forces around the magnetic wells indicate the degree of their stability and 

varies directly with source magnetization strength, as demonstrated in Figure 55B.  
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Figure 55: (A) Magnetic flux density profile along magnetic wells. Magnet spacing is 50 

μm. (B) Magnetic force along the common axis of the magnetic split wells. High, 

medium and low field correspond to magnetization source strengths of 5×10
5
 A/m, 

2.5×10
5
 A/m, and 1×10

5
 A/m, respectively. 

A.4.3 Representative Pyrosequencing Reactions 

A.4.3.1 Reaction Conditions 

For all of the basic chemical reactions performed, a device was designed with three 3 mm 

wide reservoirs connected by a T-shaped array of actuation electrodes. This device was 

fabricated with the single-level metal process to ensure reliability of performance. The 

buffer solution used for the reactions contained 50mM TRIS at pH 7.6, 5.0 mM 

magnesium acetate, 0.5mM EDTA, 1.0 mM DTT, and 0.01-0.02% wt Tween 20. To 

determine detection limits and optimize the system, the chemistry was limited to the final 

step of the pyrosequencing process, as shown in Eq. (A.3). The substrate solution 

consisted of 400µg/mL luciferin and the specified amount of ATP in buffer, and the 

enzyme solution contained the specified concentration of luciferase in buffer. The two 

solutions were each injected via a micropipette into two of the three reservoirs, leaving 

the third to act as a waste reservoir. Droplets of approximately 300pL were dispensed and 

moved with 20-30Vpp applied to the electrodes, the exact value determined on a 
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chip-by-chip basis. A droplet of luciferase solution was combined with a droplet of ATP 

solution, and the reaction was observed using a ES2 cooled CCD camera. The entire 

setup was housed in a dark box to prevent light contamination. Camera settings were 8x8 

pixel binning, and 10s exposure time. All reactions were started precisely at the 

beginning of the 10s window and allowed to proceed to completion. 

A.4.3.2 Dispensing Enzyme-rich Solutions 

Dispensing of solutions with a high concentration of protein or enzyme, such as the 

luciferase solutions, was a challenge on the picoliter-scale device. Fouling of the chip 

surfaces over time causes the aqueous solutions to stick in the reservoir, and the 

surfactant-like behavior of some enzymes changes the contact angle and other fluidic 

properties, inhibiting dispensing and slowing droplet movement. In larger volume devices, 

these problems can be partially overcome by the momentum of greater fluid volumes, but 

in the smaller devices, dispensing solutions with high enzyme concentrations can be 

unreliable. Addition of an oil-based surfactant stabilized the oil films between the 

droplets and the chips, reducing the fouling effects of the enzymes, but did not 

completely eliminate the problem. As a result, enzyme concentrations were kept below a 

certain level, no more than 1µg/µL luciferase when good repeatability was required and 

no more than 3µg/µL luciferase during all experimentation. 

It should be noted that fouling problems are not observed when the molecule of 

interest is bound to the paramagnetic beads. Unlike in air-filled systems [125, 126], the 

aqueous droplet in an oil-filled device does not make direct contact with the chip surface.  

Instead, the oil completely encases the aqueous solution, even forming a film between the 
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droplet and the electrode surface. While free molecules can partition across the oil-water 

interface to reach the chip surface, the hydrophilic paramagnetic beads with their bound 

molecules cannot. 

A.4.3.3 ATP Concentration Variation 

 To determine the detection limits and response linearity of the reaction (Eq. (A.3)), a 

calibration curve was created by varying the concentration of ATP in the substrate 

solution. The reaction of ATP with luciferase represents the final reaction in the 

pyrosequencing process, producing the chemiluminescence used for detection. The 

enzyme concentration for these tests was held constant at 1.0µg/µL luciferase, double the 

standard concentration used in the large volume devices in order to increase the initial 

light production. 400ng/µL D-luciferin was added to each of the ATP solutions. Under the 

conditions described for the large scale device, an ATP concentration in the range of 

10
-1

µM represents the addition of a single base during pyrosequencing. The plot in Figure 

56 shows the light intensity produced in the first 10s of each reaction plotted versus the 

concentration of ATP. Concentrations are reported based on the amount of solute present 

in the droplet prior to combining the two droplets for the reaction. Intensity 

measurements were determined by taking an average of the cross-section of the droplet at 

its brightest point. The root mean square (rms) noise for each measurement was 

calculated, and the signal-to-noise ratio was determined for each reaction. The average 

rms noise was calculated to be 3.1 intensity units. From a plot of the signal-to-noise ratios, 

the limit of detection for these circumstances was calculated to be 7nM ATP (S/N=5), 

which corresponds to the addition of a single nucleotide to 2amol of DNA in a 300pL 
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droplet.  

 

Figure 56: Calibration curve of the intensity of light produced by the reaction of 1.0 

μg/μL luciferase with a given concentration of ATP. All provided concentrations are 

prior to combining the two droplets to initiate the reaction (n=4). 

A.4.3.4 Luciferase Concentration Variation 

 During initial testing of the chemiluminescence reaction for the ATP calibration 

curve, it was determined that the concentration of luciferase should be optimized to 

provide the maximum possible luminescence. Tests for larger volume devices were 

arranged such that the concentration of luciferase would control the rate of reaction, 

producing a long-term, relatively consistent emission of light. This was necessary so that 

any mixing or movement of the droplet would not prevent observation of a majority of 

the luminescence. However, as the light production scales directly with volume for a 

given concentration, the intensity was very low for the picoliter-scale device. In order to 

determine the timing and light production of the reaction on the smaller scale, a series of 

experiments were run with varying concentrations of luciferase. The concentration of 

ATP was 0.5µM for all reactions, similar to that produced as a result of pyrosequencing 

on a larger electrowetting device. Figure 57 shows two plots of the luminescence 

intensity for reactions with luciferase concentrations between 0.5µg/µL and 3.0µg/µL.  
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Figure 57A plots intensity versus luciferase concentration for the first 10s of each 

reaction.  In this plot, the intensity increases rapidly from 0.5 to 1.5µg/µL luciferase, but 

begins to reach a maximum above 2.0µg/µL luciferase. Figure 57B plots the same 

reactions as intensity versus time for all 5 concentrations. Since the amount of ATP is the 

same in each case, measuring the total light produced over the extent of the reaction 

would result in the same intensity for all reactions. The difference is how fast the 

complete reaction takes place, which is determined by how much luciferase is present 

relative to the amount of ATP. Higher concentrations of luciferase result in a brighter 

initial burst of light as much of the ATP is consumed at once, after which the intensity 

drops quickly. Conversely, lower concentrations of luciferase produce a “glow” reaction 

that is regulated primarily by diffusion and the release kinetics of the enzyme. For 

optimization of the reaction, higher concentrations of luciferase will provide better limits 

of detection. However, as discussed earlier, such high enzyme concentrations can be 

difficult to dispense in a regular fashion. During pyrosequencing reproducibility is vital, 

so luciferase concentrations between 1.0 and 2.0µg/µL, high enough for good intensity 

and low enough for good dispensing, will be used. 
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Figure 57: The light intensity of a reaction of 0.5 μM ATP with a given concentration of 

luciferase plotted versus (A) luciferase concentration or (B) time. All provided 

concentrations are prior to combining the two droplets to initiate the reaction (n=4). 

A.5 Concluding Remarks 

The preceding data and observations provide the groundwork for performing 

pyrosequencing on a picoliter-scale electrowetting device. Dispensing of solutions with 

different concentrations of microspheres was demonstrated, but the observed number of 

beads per droplet varies widely. Since the concentration of DNA that will be used for 

pyrosequencing depends on the concentration of beads to which it is bound, the intensity 

of light produced may vary widely under the current conditions. Use of magnets to create 

magnetic wells that control the concentration of beads dispensed has been successful, and 
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the results are reproducible and improving. As a representation of the full pyrosequencing 

process, droplets containing ATP and luciferase have been combined and the resulting 

light intensity recorded. By varying the concentration of ATP in the substrate droplet, a 

detection limit of approximately 7nM was calculated, which is well below the expected 

concentration for the addition of a single nucleotide in this device. Changing the 

concentration of luciferase in the enzyme droplet was also useful in optimizing the 

reaction conditions. Higher concentrations of luciferase than those used in larger-scale 

devices resulted in a brighter signal, which is helpful in the picoliter-scale devices that 

inherently produce lower light levels. With these results and further developments in the 

immediate future, pyrosequencing of DNA on a picoliter-scale digital electrowetting 

device is well within sight. 
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Appendix B  

Low Voltage Electrowetting-on-Dielectric Platform using 

Multi-Layer Insulators 

Yan-You Lin, Randall D. Evans, Erin Welch, Bang-Ning Hsu, Andrew C. Madison, and 

Richard B. Fair 

Sensors and Actuators: B, 2010 

B.1 Abstract 

A low voltage, two-level-metal, and multi-layer insulator electrowetting-on-dielectric 

(EWD) platform is presented. Dispensing 300pl droplets from 140nl closed on-chip 

reservoirs was accomplished with as little as 11.4V solely through EWD forces, and the 

actuation threshold voltage was 7.2V with a 1Hz voltage switching rate between 

electrodes. EWD devices were fabricated with a multilayer insulator consisting of 135nm 

sputtered tantalum pentoxide (Ta2O5) and 180nm parylene C coated with 70nm of 

CYTOP. Furthermore, the minimum actuation threshold voltage followed a previously 

published scaling model for the threshold voltage, VT, which is proportional to 
2/1)/( rt  , 

where t and r  are the insulator thickness and dielectric constant respectively. Device 

threshold voltages are compared for several insulator thicknesses (200nm, 500nm, and 

1μm), different dielectric materials (parylene C and tantalum pentoxide), and 

homogeneous versus heterogeneous compositions. Additionally, we used a 

two-level-metal fabrication process, which enables the fabrication of smaller and denser 

electrodes with high interconnect routing flexibility. We also have achieved low 
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dispensing and actuation voltages for scaled devices with 30pl droplets. 

B.2 Introduction 

In recent years, microfluidic manipulation of liquid droplets has been widely investigated 

as a platform for the transport of chemical or biomedical liquids on biochips.  

Electrowetting-on-dielectric (EWD) is an actuator based on controlling charge at the 

interface of liquids and insulators over buried electrodes [11, 12]. EWD is believed to be 

the most feasible and efficient microfluidic actuator for lab-on-a-chip applications, as the 

droplets can be promptly driven to a precise position, which is not achievable by 

continuous flow microfluidics [13]. EWD actuators can split, mix, and dispense droplets 

from on-chip reservoirs, which gives more flexibility and better choices for multiple 

applications performed on a common platform [4, 5, 7, 14].  

EWD is a principle extended from electrocapillarity, where an electric field 

changes the effective surface energy between a solid insulator and a liquid interface to 

induce a driving force [3, 23]. EWD creates an electric field by applying a voltage at the 

interface between the dielectric material and a polarizable or conductive liquid droplet [7]. 

The electric field induces interfacial electrical charge in the liquid, which then exerts a 

force relative to the surface of the dielectric. Since a liquid interface is deformable, this 

force distorts the interface [25]. The interfacial force creates a variation in the local 

interfacial tension, which changes the effective contact angle [3-7, 14]. The effective 

contact angle changes from 0  to V  for the applied voltage, V, and follows the 

Lippmann-Young equation [24]: 
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where εr is the dielectric constant of the insulator layer, ε0 is the permittivity of vacuum, 

γLG is the surface tension between liquid and the filler medium surrounding to the droplet, 

and t is the thickness of the insulator. When actuating a droplet, opposing sets of forces 

act upon the droplet: an electrowetting force induced by the electric field and resistant 

forces that include drag forces caused by interactions with the filler medium and contact 

line friction [29]. At the moment the droplet is actuated, the electrowetting force is 

balanced with the sum of all drag forces. The minimum voltage applied to achieve this 

effect is defined as the threshold voltage, VT [11]:  
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where  is the contact hysteresis angle. Since the surface tension and the contact 

hysteresis angle are influenced by the filler medium and the hydrophobic material, the 

threshold voltage is variably determined by the dielectric-thickness-to-dielectric-constant 

ratio, 
2/1)/( rt  . Thus, to reduce the actuation threshold voltage, it is required to reduce 

t/εr. 

In order to reduce the actuation threshold voltage of EWD devices, 

sub-micrometer thin films and high dielectric constant materials were used in the 

fabrication process. In the past EWD devices were fabricated with  thick, low dielectric 

constant fluoropolymer insulators, such as 800nm of parylene C [3], for which actuation 

voltages were higher than 60V. For reduced threshold voltage operation, high dielectric 
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constant materials, such as barium strontium titanate ( (Ba,Sr)TiO3, BST) [36], tantalum 

pentoxide (Ta2O5) [37], and aluminum oxide (Al2O3) [75, 127] have been tested as 

insulators on EWD devices. Al2O3 was claimed to actuate droplets at 3V but with a 

velocity below 1µm/s. However, 9V was acquired to move droplets to a neighboring 

electrode within 1s (1Hz switching rate). Both previously reported BST and Ta2O5 EWD 

devices demonstrated a 1Hz switching actuation threshold of 15V. However, the BST and 

Al2O3 devices only demonstrated droplet transport, and the Ta2O5 device was only able to 

dispense with a syringe providing pressure. The most difficult operation for EWD devices 

is dispensing droplets from a closed, on-chip reservoir without external pressure 

assistance, which requires more force and hence higher voltage than transporting droplets.  

It is also required that dielectric breakdown and insulator charging at these higher 

voltages not occur to avoid major reliability problems.  

In this work, the lowest dispensing voltage achieved was 11.4V to split a 300pl 

droplet from a 140nl reservoir with 100μm electrodes and a 20μm gasket layer. The 

actuation threshold voltage of EWD devices made with a multilayer insulator was 7.2V at 

1Hz switching rate. A threshold voltage scaling model [11] is verified with single layers 

of different thicknesses of parylene C and Ta2O5. In addition, multilayer insulator devices 

were fabricated with stacked parylene C and Ta2O5 films for improved reliability. The 

multilayer insulators were also found follow the scaling model. Scaling of the physical 

dimensions is also demonstrated with a two-level-metal structure in a device capable of 

dispensing 30pl droplets onto 35μm electrodes with a 10μm thick gasket. 
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B.3 Materials and Methods 

B.3.1 High Dielectric Constant Material 

Parylene C ( 3r ) and silicon dioxide (SiO2, 7.3r ) have been the most frequently 

used materials for EWD actuators [5, 14]. The actuation threshold voltages have been 

reported to be 60~80V for 800nm parylene C and a 60nm Teflon hydrophobic layer [3, 7] 

and 25V for 100nm silicon dioxide and 20nm Teflon [14]. The higher voltages needed for 

operations such as dispensing and splitting have previously prohibited the use of 

ultra-thin insulators, as they are more susceptible to electrical breakdown and poor 

reliability. Thus, the use of high dielectric constant materials becomes another solution to 

reduce EWD applied voltage. The gate oxide in MOSFETs presents similar issues with 

regard to insulator breakdown and reliability, so those materials used in CMOS devices 

are potential solutions for EWD devices. Silicon nitride, Si3N4 ( 8r ), barium 

strontium titanate, (Ba,Sr)TiO3 (BST, 180r ), aluminum oxide, Al2O3 ( 10r ), and 

tantalum pentoxide, Ta2O5 ( 25~20r ), have been tested as insulator layers on EWD 

devices. Since the dielectric constant of Si3N4 and Al2O3 is two to three times that of SiO2, 

the threshold voltage reduction is by a factor 2/1  to 3/1 , which was not 

considered to be a significant enough improvement. On the other hand, devices with 

1mm × 1mm electrodes coated with 70nm BST films deposited by metal-oxide chemical 

vapor deposition (MOCVD) [36] and 95nm anodic Ta2O5 films [37] both reached the 

relatively low threshold voltage of 15V. Both materials were coated with a thin 

fluoropolymer film.  
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 For example, since BST has a very high dielectric constant with a thin 100nm film 

(t/εr=100nm/180), the ratio of effective insulator thickness to dielectric constant is much 

smaller than a 70nm hydrophobic layer (t/εr=70nm/2), and can be neglected. This is also 

the reason why the actuation voltage of Moon et al. [36] is the same as Li et al. [37], but 

using the thinner and higher dielectric constant material. I.e. even in the same structure, 

the higher dielectric constant material may not result in lower actuation voltage, and it 

depends on the film thickness and the hydrophobic layer’s properties. 

The onset of charge trapping has been proposed to occur when the effective 

dielectric strength of the fluoropolymer layer, DFP, is exceeded [40]. Thus the threshold 

voltage for the onset of charge trapping in a two-layer film is given by the expression: 
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where ε and t are the dielectric constant and thickness of each material, and FP, 1, and 2 

represent the fluoropolymer layer and insulators beneath. When the applied  voltage is 

higher than the voltage limit of Eq. (3), trapping of charges at the surface occurs and 

higher voltages are then required to achieve similar droplet actuation due to a shift in the 

threshold voltage. As a result, when the high dielectric constant insulator is relatively thin, 

the hydrophobic layer, for which the dielectric constant is relatively low, dominates the 

factor t/εr. Most of the voltage drop is across the hydrophobic layer, and higher voltage 

applied with this thin film would cause it to breakdown more easily. Even though the 

previously reported threshold voltage values were as low as 15V, the reliability of these 

EWD devices was limited by factors such as leakage current and time-dependent 
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dielectric breakdown [36]. 

 Among the materials tested, the dielectric constants of Al2O3 and Si3N4 are too low 

for practical use. For BST, the dielectric constant is so high for thin films that this layer’s 

effective t/εr ratio is negligible compared to the hydrophobic layer, which becomes the 

major contributor to the insulator stack. This results in most of the voltage drop occurring 

across the hydrophobic layer, and causes devices to break down more easily. Thus, one 

would expect that BST devices could not easily dispense droplets, due to the higher 

voltage required for dispensing operations. Therefore, the final choice was Ta2O5, which 

has been widely evaluated as the gate oxide in the semiconductor industry because of its 

high dielectric constant and dielectric strength (~8MV/cm) [76]. Multiple techniques are 

available to deposit this material, such as evaporation, sputtering, anodic oxidation of 

tantalum, pulsed laser deposition, and chemical vapor deposition (CVD) [77]. In this 

study, Ta2O5 was deposited by a RF dielectric sputtering system with a 99.99% Ta2O5 

target. The deposition power was set at 200W and the deposition pressure was set at 

13mTorr with 10% oxygen in the chamber, producing a deposition rate of 0.9nm/min. 

Testing was performed with a sandwich electrode-insulator-electrode structure, from 

which the dielectric constant for the 200nm Ta2O5 film was determined to be 

approximately 23. Numerous reports have shown that post deposition treatment with an 

annealing process improves the electrical properties of tantalum pentoxide films prepared 

by the sputtering method [76-79]. These reports describe various annealing procedures 

which were performed after deposition, resulting in variations in surface structure, 

dielectric constant, dielectric strength, and leakage current. Here, EWD chips were 

annealed by a rapid thermal anneal system (RTA, Jipelec JetFirst 100), a photonic heating 
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system, at 400°C in a N2 atmosphere (200sccm) for 10 minutes. We found that annealing 

only slightly influenced the dielectric constant and dielectric strength, but notably EWD 

devices appeared to function with the same reliability with or without the annealing 

procedure. 

B.3.2 Device Fabrication 

A two-level-metal device design was developed to provide the capability of fabricating 

smaller and denser electrodes with interconnect routing flexibility. The electrodes were 

designed with a pitch (L) of 100μm with 20μm round interlocking shapes (shown in 

Figure 58), and spacing between electrodes of 5μm. Interlocking fingers facilitate droplet 

electrowetting by adjacent electrodes. A second device was designed with 

dimensionally-scaled electrodes having a pitch of 35µm and spacing between electrodes 

of 3µm. The EWD device cross-section is illustrated in Figure 59. The devices were 

fabricated on 2cm ×3cm silicon wafer pieces coated with 150nm of SiO2 as a bulk 

insulation layer. Then, the first layer of 100 nm Cr for the electrode connections was 

applied and patterned by wet etching, followed by deposition of a 1μm layer of PECVD 

SiO2. Via holes were next etched with a buffered oxide etch and filled with patterned 

sputtered aluminum. The second layer of 100nm Cr for the electrodes and pads was 

applied and patterned. Varying thicknesses of Ta2O5 were sputtered, after which an SU-8 

gasket was spun on the wafer and developed. When using parylene C as the dielectric 

layer, different thicknesses were coated after the gasket was formed. The SU-8 gasket 

thickness (d) was dependant on the electrode pitch, and was determined by the desired 

d/L ratio of approximately 0.2 [3, 7, 11]. For some devices the gasket was 20μm thick 
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with L = 100μm, while other devices were fabricated with 10μm thick gaskets and L = 

35μm. Finally, the hydrophobic layer, composed of 70nm CYTOP, was spun on the 

wafers at 3000rpm, then annealed on a hot plate at 110℃ for 1min, after which the 

devices were placed in a vacuum desiccator for 24hr. Holes of approximately 500μm in 

diameter were drilled in an acrylic top plate at the location of the reservoir inlets to inject 

liquid into the reservoirs. This top plate was sputtered with 100nm indium-tin-oxide (ITO) 

to ground the droplets, and a similar 70nm CYTOP layer was applied over the ITO. The 

devices were tested with DI water with red food dye or with a standard buffer. The chips 

used a filler medium of 1.5cSt silicone oil with 2% surfactant. 

 

Figure 58: Electrode design with symmetric interlocking fingers, which are 35μm long 

and 20μm wide, rounded at the edges and corners. 

 

Figure 59: Cross sectional view of a two-level-metal EWD device. (Not to scale.) 
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B.3.3 Control and Detection 

EWD chips were tested with a 32-channel relay controller board (National Control 

Devices, LLC) connected to an USB port on a computer, and controlled by a custom 

program with which we can either manually or programmatically actuate droplets. The 

input voltage to the electrodes was applied by either a DC or an AC voltage source.  AC 

power (1k Hz sine waves) was produced with a function generator (Agilent 33250A) 

connected to a 10X voltage amplifier (FLC F10A). A CCD camera (Basler 

avA1000-120kc) was mounted on a viewing microscope to capture videos of droplet 

motion on the device. 

B.4 Results and Discussion 

B.4.1 Voltage Scaling 

Because the contact hysteresis angle (α) and surface tension (γLG) in Eq. (B.2) of water 

droplets in a silicone oil medium are lower than those in an air medium, the EWD device 

threshold voltage in silicone oil is smaller than in air, thereby allowing for a larger 

operating voltage range in oil [11]. The scaling model curves, according to Eq. (B.2), for 

parylene C and Ta2O5 in silicone oil with different thicknesses are plotted in Figure 60. 

Threshold voltage model parameters used in these calculations are α = 4°, γLG = 47mN/m, 

TV  = 104°, θ0 = 125° [34], and 3r  for parylene C or 23r  for Ta2O5.  
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Figure 60: Threshold voltages for different dielectric thickness. Scaling models results 

for CYTOP on parylene C and CYTOP on Ta2O5 in silicone oil are plotted according to 

Eq. (B.2). 

Different thicknesses (0.2, 0.5, and 1μm) of each material were deposited on the 

electrode arrays followed by formation of a 70nm layer of CYTOP, and the resulting 

threshold voltages were measured. The measured data are in reasonable agreement with 

the square root of thickness dependence in Eq. (B.2), considering that the relative 

influence of the 70nm CYTOP layer as a variable. However, since 3r  for parylene C 

and the dielectric constant of CYTOP is approximately 2, the CYTOP has little influence 

on the overall dielectric behavior of this insulator. On the other hand, for Ta2O5, the 

dielectric constant is 23, and CYTOP is no longer only a hydrophobic layer, but also an 

insulator which dominates the t/εr term. As a result, the threshold voltage improvement 

from the use of Ta2O5 is not as effective as parylene C for the same thickness decrease. 

Whereas the magnitude of the threshold voltage data agree reasonably well with scaling 

model calculations, the data do not exactly follow the 2/1)/( rt  dependence predicted by 
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the scaling model. 

B.4.2 Multi-Layer Insulators 

Tantalum pentoxide films can significantly decrease the actuation threshold voltage, but 

experimental work has shown reduced reliability in these devices. When the devices are 

operated over the course of 100 cycles, the droplet motion often slows or even stops. 

Increased voltage is required to actuate the droplet at the same rate, continually 

decreasing the device’s useful lifetime. This phenomenon is believed to be caused by the 

insulator accumulating charges at the surface after several operations. The thicker the 

dielectric layer, especially with Ta2O5, the more obvious the effect. As the required 

actuation voltage increases due to charging, the dielectric layer eventually experiences 

catastrophic breakdown. The most probable explanation is that pin-holes at the dielectric, 

may allow the liquid to come in contact with the electrode, causing electrolysis. Although 

annealing may reduce this problem, breakdown was still observed for 200nm Ta2O5 

devices at 18V. Parylene C is a polymer material commonly used as a moisture barrier 

[80], and the dielectric strength is 2MV/cm for films thicker than 2μm [81]. However, for 

the 200nm film, the pin-holes problem is more serious than for films in the micron range, 

and the parylene C breaks down at approximately 35V.  

 Multiple layer insulators can combine the benefits from the two material layers and 

reduce their disadvantages. In one set of experiments, a 135nm film of Ta2O5 was 

deposited on a device wafer followed by a 450nm film of parylene C and 70nm of 

CYTOP. By applying Ta2O5 layer first, the parylene C acts to cover any pinholes in that 

layer for more complete coverage, while retaining a portion of the high dielectric constant 
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and strength of the Ta2O5. Testing of the finished devices showed the threshold voltage to 

be 18V and the breakdown voltage greater than 50V. The actuator could dispense 300pl 

droplets from the 140nl reservoirs with as low as 20V, which was much lower than the 

breakdown voltage. Dispensing sequence images are shown in Figure 61. Further 

reducing the insulator thickness to 135nm Ta2O5 and 180nm parylene C decreased the 

threshold voltage to 7.2V and the dispensing voltage to 11.4V.  These are the lowest 

operating voltages in a usable system reported to date, and the breakdown voltage for this 

structure was 55V. The comparison of actuation voltages and breakdown voltages for 

each structure is presented in Table B.1. When the thickness of parylene C was lower 

than 100nm, the coverage of this film would be inadequate. With high dielectric constant 

Ta2O5, the ratio of effective insulator thickness to dielectric constant is lower than 

parylene C, so we deposited Ta2O5 underneath parylene C to improve the breakdown 

voltage but did not significantly increase the actuation voltage.    

In order to compare the scaling model to experimental results from the single and 

multi-layer materials, the threshold voltage is plotted against 
2/1)/( rt   in Figure 62. 

Experimental results, including the previous reports [3, 7], indicate that the scaling model 

is still valid even with multi-layer insulators. 
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Figure 61: Image sequence of droplet dispensing. 300pl droplets were dispensed from a 

140nl reservoir on 100μm electrodes. The channel is 150μm in width and 20μm in height 

with a 100μm wide curved neck which fit the liquid protrusion and helped to pull out the 

liquid. The electrodes in the channel were turned on in sequences to pull the liquid out 

from the reservoir, shown from (1) to (4). The reservoir electrode was turned on to split 

the droplet in (5) and all electrodes were then turned off after dispensing was completed. 

Table B.1: Comparison of different structure combination. Multi layer structure with 

Ta2O5 underneath parylene C could severely improve the breakdown voltage and did not 

significantly increase the actuation voltage. 

Device Structure 
Thickness-to-dielectric 

constant ratio (t/ r )1/2 

Actuation Threshold 

Voltage 
Breakdown Voltage 

200nm Parylene C/70nm CYTOP 0.316
 
(µm)

1/2
 11V 35V 

200nm Ta2O5/200nm Parylene C/70nm 

CYTOP 
0.330 (µm)

1/2
 10V 70V 

120nm Ta2O5/200nm Parylene C/70nm 

CYTOP 
0.325 (µm)

1/2
 10V 60V 

200nm Ta2O5/100nm Parylene C/70nm 

CYTOP 
0.275 (µm)

1/2
 8V 26V 

200nm Ta2O5/70nm CYTOP 0.205 (µm)
1/2

 6V 18V 
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Figure 62: Threshold voltage scaling with the ratio of insulator thickness and dielectric 

constant. The linear line is the scaling model in silicone oil, and experimental results 

including single layer insulators and multi layer insulators follow with the model trend. 

B.4.3 Device Layout 

With a two-level-metal process interconnects were routed on the lower level, which was 

insulated from the top level electrodes by a 1μm silicon dioxide film. By burying the 

interconnecting wires beneath the electrodes, electrowetting is restricted to only the 

electrode, and the footprint of the device can be made more compact while allowing more 

flexibility in the electrode layout. For the 100μm EWD device, most of the 200 electrodes 

could be bused together and controlled by 22 isolated leads. The smaller-scale device 

consisted of 4 × 45 electrodes arrays with 35μm pitches, 10μm thick SU-8 gaskets, and 

3μm gaps between electrodes. Reservoirs were designed to hold 160nl. These smaller 

devices were fabricated with 200nm Ta2O5 and 200nm parylene C, and 70nm CYTOP. 

Droplets of 30pl volume were dispensed from a reservoir at 30V and actuated across the 

chip at 13V. Images of the dispensing sequences are shown in Figure 63. 
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Figure 63: Dispensing sequence images. A 30pl droplet was successfully dispensed from 

a reservoir. From (1) to (5), the electrodes in the channel were turned on in sequences to 

pull out the liquid. In (5), only the most left electrode was on, and then the reservoir 

electrode was also turned on in (6) ~ (10) to split the droplet from the reservoir. The 

electrodes were then all turned off after dispensing. 

B.5 Conclusions 

Experimental EWD devices with 100μm electrode pitch were fabricated with an actuation 

threshold voltage of 7.2V and a dispensing voltage of 11.4V. These operational voltages 

are much lower than the dielectric breakdown voltages of the electrode insulator. As a 

result, these devices can be used repeatedly with more reliability. Multi layer insulator 

devices deposited with a 135nm Ta2O5 and 180nm parylene C were fabricated and found 

to be more robust and better able to operate under lower applied voltages than the devices 

made with a homogeneous single dielectric layer. The experimental results obtained in 

this study verify the prediction of a threshold voltage scaling model [11], in that the 
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observed threshold voltages for all of the studied devices follow the trends outlined by 

the model. In addition, physical dimension scaling was demonstrated. The 

two-level-metal structure increases the flexibility in electrode design, allowing denser 

and smaller electrodes to be integrated on the devices. With an electrode size of 35μm, 

the EWD devices were able to dispense 30pl droplets from on-chip reservoirs. These 

results show the capability of scaling not only actuation threshold voltages, but also 

physical dimensions, to the extent that the minimum size limits have yet to be reached. 
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Appendix C  

A scaling model for electrowetting-on-dielectric microfluidic 

actuators 

J. H. Song, R. Evans, Y.-Y. Lin, B.-N. Hsu, and R. B. Fair 

Microfluidics and Nanofluidics, 2009 

C.1 Abstract 

A hydrodynamic scaling model of droplet actuation in an electrowetting-on-dielectric 

(EWD) actuator is presented that takes into account the effects of contact angle hysteresis, 

drag from the filler fluid, drag from the solid walls, and change in the actuation force 

while a droplet traverses a neighboring electrode. Based on this model, the threshold 

voltage, V T, for droplet actuation is estimated as a function of the filler medium of a 

scaled device. It is shown that scaling models of droplet splitting and liquid dispensing all 

show a similar scaling dependence on [t/εr(d/L)]
1/2

, where t is insulator thickness 

and d/L is the aspect ratio of the device. It is also determined that reliable operation of a 

EWD actuator is possible as long as the device is operated within the limits of the 

Lippmann–Young equation. The upper limit on applied voltage, V sat, corresponds to 

contact-angle saturation. The minimum 3-electrode splitting voltages as a function of 

aspect ratio d/L < 1 for an oil medium are less than V sat. However, for an air medium the 

minimum voltage for 3-electrode droplet splitting exceeds V sat for d/L ≥ 0.4. EWD 

actuators were fabricated to operate with droplets down to 35pl. Reasonable scaling 

results were achieved. 
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C.2 Introduction 

Electrowetting-on-dielectric (EWD) microfluidics is based on the actuation of droplet 

volumes up to several microliters using the principle of modulating the interfacial tension 

between a liquid and an electrode coated with a dielectric layer [24]. An electric field 

established in the dielectric layer creates an imbalance of interfacial tension if the electric 

field is applied to only one portion of the droplet, which forces the droplet to move [3]. 

Droplets are usually sandwiched between two parallel plates—the bottom being the chip 

surface, which houses an addressable electrode array, and the top surface being either a 

continuous ground plate or a passive top plate (the nature of the top plate is determined 

by the chip’s characteristics). 

The basic EWD device is based on charge-control manipulation at the solution/ 

insulator interface of discrete droplets by applying voltage to control electrodes. The 

device exhibits bilateral transport, uses gate electrodes for charge-controlled transport, 

has a threshold voltage, and is a square-law device in the relation between droplet 

velocity and gate actuation voltage. Thus, the EWD device is analogous to the metal- 

oxide-semiconductor (MOS) field-effect transistor (FET), not only as a charge-controlled 

device, but also as a universal switching element [128]. 

MOSFETs are known to scale in dimension according to well-known constant- 

voltage or constant-field scaling rules for obtaining simultaneous improvements in 

transistor density, switching speed and power dissipation [129], whereas EWD devices 

share certain commonalities with MOSFETs and since EWD device development has 
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been largely empirical, it is appropriate to develop a design framework for EWD devices 

that will guide device scaling into the picoliter region and beyond. This is particularly 

true now, since most reported EWD devices have operated with liquid volumes in the 

microliter to tens of nanoliters range [12]. However, the scaling down of liquid volumes 

is required for reduced reagent volumes, increased assay throughput, and lower system 

costs [130]. 

The EWD parameters that must be considered in scaling actuator dimensions 

include: (1) threshold voltage for droplet actuation, (2) droplet splitting voltage, (3) 

droplet dispensing voltage from on-chip reservoirs, (4) voltage dependence of droplet 

velocity, and (5) droplet mixing times. To address the scaling issues of these device 

parameters requires an integrated analytical model for the fluidic functions of droplets 

placed between parallel plates in a EWD actuator. A hydrodynamic model of droplet 

actuation was constructed in a systematic manner that includes the effects of contact 

angle hysteresis, drag from the filler fluid, drag from the solid walls, and changes in the 

actuation force while a droplet traverses one electrode to the next. From this model, we 

have developed scaling rules for EWD parameters. This model is then applied to EWD 

actuator scaling. In addition, limits on applied actuator voltages are developed for reliable 

operation based on conditions for contact-angle saturation. 

C.3 Hydrodynamics of Droplet Transport  

C.3.1 Force on a Droplet 

Electrically controlled droplet actuation is undoubtedly complex and not entirely 
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understood. Contributions to droplet transport are made by both electrowetting on 

dielectric forces and dielectrophoretic forces [131]. For the purposes of developing a 

simplified scaling model of a droplet-based actuator, it will be assumed that the driving 

force for droplet transport is due primarily to a gradient in interfacial tension between the 

droplet and an insulator surface. When an electric potential is applied between the droplet 

and an electrode coated with the insulator of thickness t, charges on the surface of the 

insulator modify the interfacial tension between the droplet and the insulator [33]. Then, 

the resulting change in contact angle of the droplet is described by the Lippmann–Young 

equation: 

                   (C.1) 

 

where εo (8.85 × 10
−12

 F/m) is the permittivity of vacuum, ε r is the dielectric constant of 

the insulator layer, V is the applied voltage, θ(0) is the non-actuated contact angle, and 

θ(V) is the droplet contact angle when voltage V is applied. It should be pointed out that 

Eq.(C.1) is an approximation that holds at voltages away from contact angle saturation. 

Also, using Eq. (C.1) as the basis of a scaling model may introduce simplifications that 

produce errors in the calculated results. However, the role of a scaling model is to 

estimate trends in microactuator parameters that provide insight to the designer. Towards 

this end, we compare scaling model estimates with measured data so the reader can judge 

the accuracy of the model and the scaling arguments. 

A cross-section of a typical EWD actuator is depicted in Figure 64. Droplets are 

placed between two parallel plates with hydrophobic surfaces, and the space between is 
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filled with a medium of air or silicone oil. The electrodes are covered with the insulating 

layer and connected to an AC or DC voltage source. The droplet, initially stationary, is 

transported to the right when the neighboring electrode on the right hand side is 

connected to a voltage exceeding a threshold. When the droplet is completely moved to 

the neighboring electrode, the droplet becomes stationary with a new contact angle. This 

results in balances between surface tension forces along the triple line, which is a 

boundary between solid, liquid, and gas. For a typical droplet diameter of 1 mm, the 

Bond number, which is the ratio of the gravity force and the capillary force, is small such 

that the shape of droplet is close to the spheroid cut by two planes. A spherical shape is 

the optimum energy-minimizing shape of a droplet in the absence of gravity. 

 

Figure 64: Electrowetting actuator cross-section showing voltage-actuated contact angle 

changes and key actuator dimensions. The electrodes of pitch, L, are covered with an 

insulator of thickness, t, and the top and bottom plates are separated by a distance d 

The droplet depicted with a dashed line in Figure 64 indicates a droplet on the 

non-actuated electrode. It maintains static contact angle θ(0). The droplet depicted with a 

dash-dot line represents the droplet transported to the next electrode (actuated electrode). 
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The actuated electrode is indicated by a fill pattern. When the droplet is stationary over 

an electrode, it maintains a static contact angle θ(V). The droplet during transport is 

illustrated with solid lines. During transport the droplet maintains a dynamic contact 

angle, θd. 

The force balance on a droplet is shown in Figure 65. When a droplet is in contact 

with a solid surface, the interaction among molecules of the droplet, the ambient fluid, 

and the solid can lead to a net force of wetting or non-wetting based on the net of the 

surface tension forces shown in Figure 65 [131]. Under the influence of a wetting 

force, f A, a droplet moves and expresses an angle of advancement, ϕ, as shown in Figure 

64. Along the droplet’s triple line the force balance per unit length over the actuated 

electrode is expressed as [26]: 

 

                    (C.2) 

 

 

Figure 65: The force balance on a droplet’s triple lines in an electrowetting actuator 

The force balance per unit length along the droplet’s triple line over the 

non-actuated electrode is presented as 
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                    (C.3) 

Then, the driving force per unit length is the sum of these two forces: 

                  (C.4) 

The integration of the driving force per unit length, f m, over the contact line of a droplet 

of diameter L, as shown in Figure 64, yields the total force on the droplet [29]: 

                          (C.5) 

In this simplified analysis only the projected length of the droplet matters, and the 

actual shape of the triple line does not matter. The effects of irregularities in the triple line 

shape due to contact-line pinning causing stick-slip motion are not known. The variable 

angle made where the contact line intersects the adjacent electrode, referenced to the 

center of the moving droplet, is called the advancement angle, shown in Figure 64. The 

angle of advancement ϕ increases from 0 to π as the droplet moves to the next electrode. 

Therefore, the driving force for the droplet changes as it traverses. 

It is known that contact angle hysteresis, caused by random pinning forces, 

introduces an obstacle to droplet transport manifested as a threshold voltage. In this 

regard, the receding triple line during droplet transport can maintain a contact angle of 

θ(0) − α while the advancing triple line can maintain the contact angle of θ(V) + α [25]. 

Thus, the net force on a droplet in Eq.(C.4) may be written as follows: 

       (C.6) 
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When V = 0 the concept of contact angle hysteresis is meaningless, since the equilibrium 

contact angle made along the droplet’s contact line is the same everywhere. Thus, f m = 0 

when V = 0 because α = 0 at equilibrium. Using a trigonometric identity and the 

Lippmann–Young equation, the driving force per unit length is estimated as: 

     (C.7) 

             (C.8) 

It is seen that the driving force per unit length is modified by contact angle 

hysteresis, which highly depends on the combination of the substrate surface, droplet 

liquid, and the filler fluid. Thus, from Eq.(C.5) the total estimated force on an actuated 

droplet becomes: 

     (C.9) 

C.3.2 Drag Force on a Droplet 

There have been investigations on the drag for the moving droplet. Brochard et al. [32] 

indicated that the droplet movement is impeded by a shear force between the droplet and 

the solid wall, when there is a gradient of interfacial tension on the surface. Depending on 

the shape of the droplet, the drag was dominated either by the triple line or bulk of the 

droplet. 

Baviere et al. [31] employed Brochard’s model for the drag of a droplet, but only 

included the shear stress from the wall. Ren et al. [29] evaluated the drag for a droplet 
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placed between two plates, while the aqueous droplet was surrounded by a filler fluid. 

Ren considered the relevant forces including viscous friction force along the contact line, 

viscous force due to oil, and contact line friction and compared their model with 

experimental data. 

C.3.2.1 Drag from the Filler Medium 

Stream lines are formed along a droplet moving in a filler fluid. Thus the movement of a 

droplet is resisted by the shear force from the top and bottom plates and the viscous drag 

from the filler medium, which is either air or silicon oil. With regard to drag from the 

filler medium, we assume that the drag of the droplet follows the classical drag model of 

Beard and Pruppacher [30] as shown below: 

 

     (C.10) 

 

      (C.11) 

where, Re = 2UR/νo is the Reynolds number for the droplet movement, ρo is the density 

of the filler fluid, U is the relative velocity of the droplet, A D is the projected area of the 

droplet in the direction of the velocity, and CD is the drag coefficient. Here the range of 

Reynolds number is from 21 to 200. When the Reynolds number is smaller than this 

range, the drag on an unbounded spherical droplet would follow the Stokes drag formula. 

 

(C.12) 

Recognizing that droplets in a EWD actuator are confined between two plates, 
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Eq.(C.12) is only a rough approximation and is useful only to a limited extent. 

Nevertheless the condition in Eq.(C.12) is easily satisfied for spherical droplets moving 

in 1-2cSt silicone oil with velocity < 5 cm/s and with scaled dimensions below 500μm. 

C.3.2.2 Drag from the Plates 

In a typical two-plate EWD actuator the droplet is confined between plates separated by a 

gap, d, with electrodes of pitch L. A moving droplet will have a velocity gradient inside 

which causes a force balance between the shear stress from the velocity gradient and the 

gradient in interfacial tension established at the actuator surface. The resulting viscous 

drag force between the plate and the droplet is expressed as [29, 32]: 

 

(C.13) 

where C v is an empirical constant. Depending on the density of the droplet compared to 

that of the filler fluid, the contribution of the drag from the upper plate and lower plate 

will change. Here, we assumed that the droplet touches the upper plate and lower plate 

such that Eq.(C.13) has a multiplier of 2. Considering Brochard’s analysis [32], if there 

exists a strong contribution from the triple line, C v will be in the range of 10–15. If we 

assume that the velocity profile of the fluid in the droplet is parabolic, where the velocity 

reaches maximum at the center, C v equals 6. 

C.3.2.3 Force Balance 

Though there is an internal flow and spatial distribution of pressure inside the droplet, the 

dynamics of steady state droplet movement can be estimated by assuming that the droplet 
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is a solid ball. 

The electrowetting force is balanced by the drag from the filler fluid and the drag 

between the droplet and plate. From Eqs.(C.9), (C.10), and (C.13): 

 

(C.14) 

If we can assume that the droplet diameter is approximately the same as the size of 

an electrode, L, then in Eq.(C.10) A D = Ld, 2R = L and the contact area of droplet and 

plate could be approximated as L 
2
. Then, there will be two cases. When the Reynolds 

number is very small, the drag from the filler fluid can be approximated by Stokes drag, 

and the droplet velocity becomes 

 

(C.15) 

The velocity model of Eq.(C.15) is similar to the simplified model of Baird, which does 

not take into consideration drag from the filler medium or contact line resistance [132]. 

It is shown that the velocity is proportional to the square of the applied voltage, 

which agrees with previous observations. Eq.(C.15) also predicts that the droplet velocity 

will increase with the actuator aspect ratio, d/L, if the viscous drag term dominates over 

the filler medium drag. This follows since as the gap d increases, the drag on the droplet 

from the plate surfaces decreases. Such a dependence of droplet velocity on gap height in 

an air medium has been experimentally observed [133]. From Eq.(C.15), we find that 

there exists an optimum aspect ratio, which would maximize the velocity when the 

viscosity of the filler fluid is on the same order as that of the droplet fluid: 
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(C.16) 

If we use a filler fluid which has the same viscosity as the droplet, the optimum 

aspect ratio would occur for an unconstrained droplet (d/L = 1) with C v = 6. Thus, we 

have derived the first scaling rule for a EWD actuator: increasing d/L with all other 

variables fixed increases droplet velocity up to a maximum, although the dependence 

on d/L is weak. 

For typical values of the parameters in Eq.(C.15), the droplet velocity changes 

relatively slowly for d/L > 0.2. This can be seen in Figure 66, where data of droplet 

velocity versus voltage for a number of actuators with d/L values 0.2 to 0.6 [4] are plotted. 

It can be seen that there is no strong dependence of velocity on d/L. However, such 

dependences may be overshadowed by experimental processing variables of the 

measured devices. 

 

Figure 66: Average droplet linear velocity versus voltage for electrodes with different 

pitch and aspect ratio, d/L [4]  
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C.4 Actuator Scaling  

C.4.1 Threshold Voltage for Scaled Actuators 

The threshold voltage for droplet actuation, V T, occurs when V = V T and U = 0 in 

Eq.(C.15). Thus, at the threshold of droplet actuation: 

 

(C.17) 

Eq.(C.17) is similar to the equation for minimum voltage for actuation derived by 

Berthier [25]. If the insulator is a combination of two dielectric layers of 

thickness t 1 and t 2 with relative dielectric constant ε1 and ε2, respectively then 

 

(C.18) 

Eq.(C.15) can now be written as: 

 

(C.19) 

The effect of the filler medium on V T can be assessed with the results shown in Figure 67. 

Shown are the droplet transfer rates (Hz) in a EWD device, where transport was 

conducted in an air medium, in a silicone oil medium, and in air after the transport 

surface had been exposed to volatile silicone oil and then allowed to dry [4]. It has been 

reported that impregnation of Teflon AF with silicone oil reduces the contact angle 

hysteresis of the surface [39]. It can be seen that droplet transport in silicone oil is 

improved (lower V T) relative to transport in air. These results suggest that the differences 

are due largely to effects at the solid–liquid interface. 
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Figure 67: Comparison of droplet transfer rates in a silicone oil medium, air medium, 

and air after oil exposure of the transport surface [4] 

The contact angle hysteresis for a water droplet in silicone oil is 1.5° < α < 2° and 

7° < α < 9° in air [25]. To assess the relative contributions to droplet transport in Figure 

67, we start with the assumption that a similar amount of contact angle hysteresis exists 

for a water droplet in oil and a droplet in air after oil impregnation. Then from Eq.(C.17), 

the ratio of V T in air-after-oil actuation to V T in oil actuation for a given actuator design 

is likely dominated by the differences in γlg. For silicone oil/water interfacial tension we 

used γlg = 47 mN/m [134]. 

 

This result compares with the measured ratio in Figure 67 of about 1.5. 

Similarly, the threshold difference between air and air-after-oil actuation is likely 

dominated by the difference in contact angle hysteresis. Thus, for the ranges given above 
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for contact angle hysteresis, assuming no differences in sinθ(V) for the two systems, the 

threshold voltage ratio for actuation in air to actuation in oil is: 

 

This result compares with the measured ratio of about 1.7. Thus, Eq.(C.17) gives a 

reasonable interpretation of the data in Figure 67. 

With regard to scaling V T for a given filler medium, the dominant variables are insulator 

thickness and relative dielectric constant. Eq.(C.17) is plotted in Figure 68 for water 

droplets in silicone oil. We have used γlg (oil) = 47 mN/m, θ(V T) = 104°, θ(0) = 125°, and 

α = 2–4° based on OCT measurements of moving droplets [34]. Threshold voltage data 

are included for actuators fabricated with parylene C insulators of different thicknesses 

(0.5, 0.8, 1, and 2 μm) with a thin Teflon overcoat. Reasonable agreement is achieved 

with experimental results. 

 

Figure 68: Threshold voltage scaling with insulator thickness (t/εr)
1/2

 for water droplets 

in silicone oil and air filler media 
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For droplet actuation in an air medium, we have included data in Figure 68 from a 

number of sources [4, 5, 35, 36]. Eq.(C.17) is plotted in Figure 68 for 

γlg (air) = 72.8 mN/m, θ(V T) = 95°, θ(0) = 110°, and α = 9°. Reasonable agreement is 

achieved with experimental results. 

     Other factors that have been experimentally observed to affect V T include the 

aspect ratio for d/L < 0.2 and silicone oil viscosity [3]. The effect of oil viscosity was 

such that a 75% increase in V T was associated with a tenfold increase in oil viscosity. 

Whereas increased oil viscosity would increase drag on a moving droplet, as seen in 

Eq.(C.15), the effect on threshold voltage may be associated with thickening of oil 

entrained beneath a droplet, thus reducing droplet-electrode capacitance. This effect has 

not been accounted for. On the other hand, the viscosity of the liquid droplet has little 

effect on V T [4]. 

C.4.2 Scaling Droplet Splitting 

Perhaps the simplest fluidic operations in a EWD device are the splitting of a droplet and 

the merging of two droplets into one. The minimum splitting arrangement involves three 

serial electrodes as described by Cho [5]. Droplet splitting takes place when the two outer 

electrodes are turned on and the contact angles θb2 are reduced, resulting in an increase in 

the radius of curvature, r 2. With the inner electrode off, the droplet expands to wet the 

outer two electrodes. As a result the meniscus over the inner electrode contracts to 

maintain a constant volume (Figure 69a). Thus, the splitting process is underway as the 

liquid forms a neck with radius R 1. In general, the hydrophilic forces induced by the two 

outer electrodes stretch the droplet while the hydrophobic forces in the center pinch off 
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the liquid into two daughter droplets [135]. 

 

Figure 69: Droplet configuration for splitting [5] 

C.4.2.1 Static Splitting Model 

A static criterion for breaking the neck in Figure 69a is [5]: 

 

(C.20) 

The symbols are indicated in Figure 69. According to Eq.(C.20), necking and splitting are 

facilitated when the gap height, d, is made smaller or the volume of the droplet is 

increased. The inclusion of contact angle hysteresis described in Eqs.(C.6) to (C.8) results 

in a modification of the condition for splitting in Eq.(C.20): 

 

(C.21) 

Generalizing splitting to occur over N electrodes (necking occurs over N′ ≥ 1 

electrodes, where N = N′ + 2), the minimum voltage required for splitting is approximated 
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by using Ren’s relation for R 1[28]: 

 

(C.22) 

It is assumed that cos α = 1. It can be seen that the static splitting voltage depends on N′ 

and scales with [t/εr(d/L)]
1/2

. Eq.(C.22) is shown plotted in Figure 70 for N′ = 1. 

 

Figure 70: Comparison between the static splitting model (Eq.(C.22)) and the dynamic 

splitting model (Eq.(C.26)) plotted above for two effective insulator thicknesses 

and N′ = 1 

C.4.2.2 Dynamic Splitting Model 

A dynamic view of splitting involves consideration of drag forces on an actuated droplet 

as it undergoes extension. For this case the splitting mechanism in a EWD actuator can be 

likened to the breakup of a droplet at a T-junction under two-phase flow. When a droplet 

in a conduit is pushed into a T-junction by the flowing filler fluid at a velocity U, the 

droplet is forced into a bidirectional extensional flow [136]. 
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Droplet splitting in a EWD platform is quite similar to the droplet at a T-junction, 

since the droplet is forced into a bidirectional extensional flow. Link et al. have shown 

that droplet breakup is related to a critical capillary number, C cr, at the droplet’s stability 

limit [136]. The initial cylindrical droplet having a diameter of w o and length of l o is 

pushed to the T-junction, where the droplet is extended to a droplet having a diameter 

of w e and length of l e. Link et al. [136] have developed a correlation for the break up in 

terms of initial amount of extension eo = lo/(w oπ) and the critical capillary number for the 

droplet break up as below: 

 

(C.23) 

The capillary number is the relative effect of viscous forces versus surface tension 

acting across the droplet/filler medium interface. For an electrowetting actuator splitting 

will occur for N = 3 (N′ = 1). Under this condition, e o ≅ 3/π and the critical capillary 

number becomes C cr > 10
−3

. Thus, the critical capillary number for droplet splitting 

with N = 3 in a EWD actuator is given as: 

 

(C.24) 

Assuming that ϕ = π/2, α = 1.5° (water droplet in silicon oil), then the voltage for 

splitting becomes: 

 

(C.25) 

It can be seen that the static model of Eq.(C.22) yields a direct dependence of 

[V 
2 
− V T 

2
] on t/εr(d/L). A similar dependence occurs in Eq.(C.25) if the term 
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containing C V is relatively small, indicating a negligible viscous drag force between the 

plate and the droplet relative to the drag force of the filler medium. 

The critical capillary number separates the conditions between breaking and 

non-breaking droplets. By operating with a larger capillary number, C, we operate with a 

more affirmative dynamic droplet splitting condition. Assuming arbitrarily a capillary 

number C that is 10 times C cr (C > 10
−2

) and a EWD actuator that has no asymmetries, 

then one might expect uniform splitting to occur. Thus, with Cv = 6, the voltage for 

splitting becomes: 

 

(C.26) 

Eq.(C.26) is plotted in Figure 70 for two values of t/εr, and these results are 

compared with the static model, Eq.(C.22). Whereas the static model shows splitting 

voltage increasing linearly with [t/εr(d/L)]
1/2

due to lower internal pressure at higher 

aspect ratio, the dynamic model predicts just the opposite. For a fixed value of t/εr, as the 

aspect ratio increases, the voltage for splitting decreases in Eq.(C.26)due to reduced plate 

drag forces. When d/L = 1, the dynamic model curves and the static model curve cross 

over at common coordinates on the [V 
2 

− V T 
2
]
1/2

 and [t/εr(d/L)]
1/2

 axes, corresponding to 

an unbounded droplet with no plate drag. The general disparity between the static and 

dynamic models is consistent with experimental observations that time sequencing of 

electrode voltages influences splitting [28]. 

C.4.3 Scaling Droplet Dispensing 

Reservoirs can be created on EWD actuators in the form of large electrode areas that 
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allow liquid droplet access and egress [18, 137-139]. Droplet dispensing requires 

dynamic application of electrode voltages. To induce a protrusion of liquid from the 

reservoir requires that the electrowetting force must overcome the pressure gradient 

caused by curvature differences between the reservoir and the finger front. When the area 

of the reservoir is much greater than the area of a single electrode, the voltage required to 

form a liquid protrusion becomes [12]: 

 

(C.27) 

Forming a protrusion from a large reservoir requires less voltage than splitting, 

which is the most demanding operation from a voltage requirement. In addition it can be 

seen that the voltage for forming a protrusion also scales with [t/εr(d/L)]
1/2

. 

For droplet formation by dispensing from a static reservoir, shown in Figure 71, the 

liquid in regions 1 and 3 can be sustained, whereas the liquid in region 2 is unstable. Thus, 

the liquid in region 2 has a tendency to flow back to region 1. Successful necking occurs 

when P 2 > P 1. Thus, referring to Figure 71, the pinchoff condition requires that: 

 

Figure 71: Breaking of the liquid neck to form a droplet of radius R 3 [140, 141] 
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(C.28) 

The pressure relations shown in Eq.(C.28) can be modified by changing droplet size, 

changing the gap height, d, between the two plates of the actuator, and changing the 

electrode voltages. Ren has shown that a small aspect ratio (d/L)) and small droplet size 

are favorable for pinchoff of a droplet [28]. Thus, the magnitude of the radius of 

curvature R 2 (negative) in Figure 71 can be approximately expressed in terms of droplet 

radius R 3 and the number of electrodes in the pinchoff region: 

 

(C.29) 

The total number of electrodes in the dispenser is N = N′ + 1. Substituting Eq.(C.29) into 

Eq.(C.28) and assuming R 3 = L/2 and d/R 1 ≪ 1 gives the condition for scaling 

dispensing voltage: 

 

(C.30) 

The minimum dispensing voltage, V, in Eq.(C.30) is plotted in Figure 72 versus insulator 

thickness for N′ = 1 and 2. The conditions are for dispensing a water droplet in silicone 

oil (γlg = 47 mN/m). Calculations and data were based on parylene C insulators with a 

Teflon overcoat with t = 0.5, 1, and 2 μm, an aspect ratio d/L = 0.2, and 

measured V T values. Dispensing was performed at both dc and 100 Hz ac electrode 

voltages. It can be seen that Eq.(C.30) qualitatively follows the thickness dependence of 

these data. It also can be seen that low-voltage dispensing is favored at small insulator 

thicknesses. 
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Figure 72: Dispensing voltage versus insulator thickness for d/L = 0.2. Shown is the 

calculated minimum dispensing voltage and data from actuators with N′ = 2. Dispensing 

was performed at both dc and 100 Hz ac electrode voltages 

Scaling reduces the amount of linear displacement to dispense a droplet. Thus, 

Eq.(C.30) reveals that as long as t/εr(d/L) is held constant while L is decreased, the same 

number of dispensing electrodes required is fixed for constant (V 
2 

− V T 
2
)
1/2

. Therefore, 

scaling to smaller droplet volumes is favorable for droplet pinchoff with a 

correspondingly smaller linear displacement of liquid from the reservoir. 

C.4.4 Scaled Mixing 

Experimental results on mixing times of the contents of two constant volume droplets 

have been measured as a function of aspect ratio, d/L [142, 143]. In this study, the volume 

of the droplets was adjusted to maintain an electrode pitch of L = 1.5 mm, and the 

insulator thickness was 0.8 μm parylene C. The minimum mixing time was achieved 

with d/L of about 0.4, after which mixing time increases with increasing d/L. 

Mixing in a stationary droplet is controlled by diffusion. Enhanced mixing through 
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electrowetting-induced oscillations has been shown to occur in a droplet in a EWD 

actuator while the contact angle changes [144]. Chaotic advection also enhances mixing 

by stretching and folding the fluid in a droplet to give rise to an exponential decrease in 

the striation length [145]. These studies have shown that the mixing time is inversely 

proportional to the frequency and proportional to the viscosity of the droplet. However, it 

was noted that there is an inertial effect due to the volume of the droplet and viscosity of 

the filler fluid and droplet such that a decrease in mixing time occurs as the frequency 

increases. It is anticipated that if we have a smaller droplet at given frequency, we would 

have a reduced dependence on inertia. 

Song et al. have shown that the time for complete mixing by chaotic advection in a 

liquid plug moving in a serpentine channel is correlated with the channel dimension, w, 

flow velocity, U, and diffusion coefficient, D, through the relation [145]: 

 

(C.31) 

where a is the dimensionless length of the liquid plug. For a EWD actuator, w = L, and 

similar physical effects can be assumed as in mixing during plug flow. If the actuation 

frequency is f = U/L, then the mixing time is shown to depend inversely on frequency: 

 

(C.32) 

The result above also predicts that mixing time is relatively independent of filler-medium 

viscosity. Both results agree with experimental results [142, 143]. It is also clear that 

mixing time will decrease as electrode pitch L decreases. 
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C.4.5 Combined Scaling Effects 

It has been shown that static models of droplet splitting and dispensing show a similar 

dependence on [t/εr(d/L)]
1/2

. As a result, curves for splitting and dispensing with N = 3 

electrodes are plotted on the same axes in Figure 73a and b for actuation in air and in 

silicone oil respectively. Also plotted is EWD actuator threshold voltage versus 

[t/εr(d/L)]
1/2

 for d/L = 1 and the optimum mixing condition. It can be seen that all of the 

important fluidic operations can be scaled. 

 

Figure 73: Superimposed scaling of droplet splitting, dispensing, threshold voltage and 

mixing in a EWD actuator in an oil filler medium (a) and air (b) 

Constant voltage scaling with fixed V T can occur by maintaining constant insulator 

thickness, t, and d/L. However, the question remains regarding the maximum actuation 

voltages that can be applied for reliable actuator operation. Instabilities in threshold 

voltage have been associated with contact angle saturation, insulator charging, and 

dielectric breakdown [4, 39, 146]. Thus scaling to assure reliable operation is now 

considered. 
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C.5 Actuator Voltage Limits 

Experiments show that the Lippmann–Young equation (Eq.(C.1)) is valid for lower 

voltages, but beyond a critical voltage the contact angle reaches a lower limit, contrary to 

the prediction of Eq.(C.1). This phenomenon is known as contact angle saturation [41]. 

Thus for electrode voltages above the voltage at which contact angle saturation occurs, 

the scaling results presented here are no longer valid. While there have been numerous 

proposals regarding the origins of contact angle saturation, it still is not certain which 

effect prevails [146]. However, it is clear that the associated mechanism depends on the 

dielectric material used to insulate the buried electrodes of a EWD actuator and its 

thickness. 

The work of Berry et al. has suggested that increasing the applied voltage until 

contact angle saturation occurs was damaging to the insulator [147, 148]. Berry et al. 

later proposed that for a composite insulator consisting of an amorphous fluoropolymer 

coating of thickness t 1 on an insulator of thickness t 2, charge trapping occurs during 

contact angle saturation [40]. The onset of charge trapping was proposed to occur when 

the effective dielectric strength of the fluoropolymer layer, D 1, is exceeded. The 

threshold voltage for this condition is given by the expression: 

 

(C.33) 

where ε1 is the dielectric constant of the amorphous fluoropolymer, and ε2 is the dielectric 

constant of the underlying insulator. 
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For early actuators fabricated in our lab with composite dielectrics of 0.8 μm thick 

parylene C and 60 nm Teflon AF, it was observed that an actuator’s threshold voltage 

exhibited a time-dependent increase for applied electrode voltages of 60–100 V [4]. 

However, Eq.(C.33) predicts that insulator charging at V > 60 Vdc would occur in 

Pollack’s device at V tc = 14.1 V. This value of charging voltage falls well below the 

observed threshold voltages reported by Pollack. 

From the standpoint of electrowetting contact angle saturation, it will be assumed 

that the Lippmann–Young equation (Eq.(C.1) above) is valid up to V = V sat at contact 

angle saturation. Thus, if one knows the contact angles θ (0) and θ (V sat) for a given 

EWD droplet system (i.e., water droplet in air or in silicone oil), it is possible to estimate 

how V sat changes with aspect ratio, insulator thickness, γlg, etc. Therefore, assuming a 

composite insulator with a fluoropolymer layer over an underlying oxide layer, then at 

contact angle saturation Eq.(C.1) can be rewritten as 

 

(C.34) 

It can be seen that in Eqs.(C.33) and (C.34) V tc and V sat each have a different 

dependence on [t 1 + t 2 (ε1/ε2)]. As an example of the use of these two equations, we will 

use the experimental conditions of Berry et al. Berry reported a droplet of 1% SDS in 

0.1 M NaCl, the oil phase was dodecane (γlg = 5.7 mJ/m
2
), and the insulator was 6 nm 

CYTOP on 11 nm oxide. The dielectric strength for CYTOP is D 1 = 1.1 MV/cm. 

According to Eqs.(C.33), V tc = 1.3 V. Experimentally, θ(0) = 160° and contact angle 

saturation of 60° was observed at about 3.5 V (Figure 67, [147]. Substituting the 
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experimental conditions into Eqs.(C.33) yields V sat = 3.24 V, in good agreement with 

Berry’s measurement. 

For EWD actuators fabricated with composite dielectrics of 0.8 μm thick parylene C and 

60 nm Teflon AF, contact angle saturation was observed dynamically by OCT to occur 

just below 60 V, where θ(V sat) = 63°, θ(0 V) = 125
o
, and the oil medium was 1cSt. 

silicone oil [34]. According to Eq.(C.34), the calculated V sat is about 55.8 V. As a result 

of obtaining reasonable calculated values for V sat for two quite different examples, we 

shall use Eq.(C.34)to establish the applied voltage operating limits for reliable operation 

of scaled EWD actuators. 

C.5.1 Air Versus Oil Filler Media 

Studies of contact angle saturation in air have typically yielded a fairly consistent range 

of actuation angles for water droplets on Teflon AF/parylene insulators: θ(V sat) = 70° and 

θ(0 V) = 110° [26, 35, 149]. For operation in a silicone oil we have used θ(V sat) = 63°, 

θ(0 V) = 125° [34]. Thus, based on Eq.(C.34), calculated saturation voltages versus 

[t/εr]
1/2

 are shown in Figure 74 compared with experimental measurements [26, 31, 34-36, 

146, 149, 150]. It can be seen that the saturation voltage is essentially independent of the 

filler medium (silicone oil with γlg(oil) = 47 mN/m and air with γlg(air) = 72.8 mN/m), 

and essentially one curve represents V sat versus [t/εr]
1/2

 for a variety of insulator systems. 
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Figure 74: Calculated and measured contact angle saturation versus insulator thickness 

(t/εr)
1/2

 for water droplets in air and silicone oil media 

It can be seen in Figure 68 that an EWD actuator operating with a silicone oil filler 

medium has a lower V T for any given value of [t/εr]
1/2

. Since similar values of V sat occur 

in both systems, an air filler medium will afford a smaller reliable operating voltage range 

than an oil system. These “safe operating” ranges are plotted in Figure 75. 

 

Figure 75: Safe operating ranges for EWD actuators operating with air and oil filler 

media 
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C.5.2 Limits on Reliable Splitting 

As discussed above, estimated droplet minimum splitting voltages exceed the 

estimated minimum voltages for dispensing and transport. It has also been reported that 

electrode voltages exceeding the minimum splitting voltage are required to assure 

splitting a mother droplet into two uniform volume daughter droplets [151]. Calculated 

minimum splitting voltages as a function of aspect ratio, d/L, are shown in Figure 76a for 

an oil medium, and these splitting voltages are compared with the V sat curve. It can be 

seen that the minimum splitting voltage for an actuator with d/L < 1 is always less 

than V sat. However, the experimental range for more uniform splitting (d/L = 0.2) is 

superimposed on Figure 76a [151]. This result shows that care must be used in setting 

conditions for uniform splitting so that V sat is not exceeded.  

Similar curves are shown in Figure 76b for an air filler medium. It can be seen that 

the minimum voltage for 3-electrode droplet splitting exceeds V sat for d/L ≥ 0.4. This 

observation implies that reliable splitting in air places tighter limits on the actuator aspect 

ratio. 
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Figure 76: Reliable 3-electrode droplet splitting for values of actuator aspect 

ratio, d/L. (a) Oil medium; (b) air medium 

C.5.3 Scaling of Fluoropolymer Coatings 

The requirements for the hydrophobic top coat insulator include low contact angle 

hysteresis and an acceptable dielectric strength. For a fluoropolymer layer of 

thickness t 1 and dielectric constant ε1 on an insulator of thickness t 2 and dielectric 

constant ε2, an applied voltage, V, will produce an electric field in the fluoropolymer 

layer. The breakdown voltage of the fluoropolymer film, V BD1, is related to the dielectric 

strength of the film, D 1, as follows: 

                     (C.35) 

Values of D 1 and ε1 for Teflon AF are 0.21 MV/cm and 1.93, respectively. Values 

of D 1 and ε1 for CYTOP are 1.1 MV/cm and 2.1, respectively. Breakdown voltage for 

Teflon AF and CYTOP overcoats are plotted versus t 1 in Figure 77a for a t 2 = 1 μm thick 

parylene insulator and in Figure 77b for a t 2 = 0.35 μm thick parylene insulator. Also 
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plotted is V sat versus t 1. It can be seen that Teflon, with its low dielectric strength, breaks 

down well below V = V sat, whereas CYTOP will breakdown if the parylene insulator is 

too thin. The breakdown voltage for a 1 μm parylene C layer is 224 V. Thus, when the 

Teflon overcoat breaks down it is likely that all of the voltage is developed across the 

underlying parylene insulator. However, a 1 μm parylene C layer will not break down 

over the range of voltages shown in Figure 77a (dielectric strength of parylene C is 

2.24 MV/cm). On the other hand, a 0.35 μm thick parylene C insulator breaks down at 

78 V, as shown in Figure 77b, thus limiting the operating voltage to 78 V. A CYTOP 

overcoat is preferred for both cases shown in Figure 77, where V sat levels can be 

achieved without breaking down the composite insulator. 

 

Figure 77: Calculated insulator breakdown voltages for variable thickness fluoropolymer 

overcoats of Teflon AF and CYTOP on a parylene C insulator showing relative values 

compared to V sat. a 1 μm parylene andb 0.35 μm parylene 
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C.6 Picoliter Scaling Demonstration 

C.6.1 Experimental Approach 

EWD actuators were fabricated on quartz substrates in a single-level metal process. After 

chrome metal electrode patterning, a gasket layer was formed from SU-8. For devices 

with L = 60 μm electrodes, the gasket thicknesses were 19 and 7.5 μm. For devices 

with L = 40 μm electrodes, the gasket thicknesses were 9.2 and 7.5 μm. The electrodes 

were designed with a round interlocking shape with an interelectrode spacing of 10 μm. 

Reservoirs were designed to hold 320 nl of water, which gives a capability of dispensing 

over 9,000 35pl droplets. 

The devices were coated with 2 μm of parylene C. A thin layer of 1% Teflon AF 

was spun on at 2,500 rpm for 45 s and cured at 110°C for 10 min. The devices were then 

heated to 175°C for 20 min. Finally, a plastic top plate coated with ITO and Teflon AF 

was created. Holes of approximately 500 μm diameter were drilled in the proper locations 

to assist in filling the reservoirs. The devices were tested with salt water with blue food 

dye inserted into the reservoirs. The rest of the chip was filled with 2cSt silicone oil. 

C.6.1 Experimental Results 

A micrograph showing 105pl droplet dispensing on 60 μm electrodes is shown in Figure 

78. Minimum dispensing voltage was 80 V and d/L = 0.32. Dispensing of 35pl drolets 

was performed on 40 μm electrodes with d/L = 0.19 [151]. Minimum dispensing voltage 

was 65 V. From Figure 74 above, V sat = 85 V. Thus, while dispensing was within the safe 

operating range for the Teflon/parylene C insulator used, the minimum dispensing 
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voltage was well above the 35–50 V one would expect from Figure 76a. We attribute this 

result to our design, which brought the gasket edges (not visible in Figure 78) along the 

electrodes to an abrupt angle with the reservoir gasket, thus perturbing the pressure 

relations in the dispensing model of Eq.(C.27). Additional data taken from these chips are 

compared to the scaling model in Figures C.5 and C.11. 

 

Figure 78: Image sequence of droplet dispensing and actuation of 105pl droplets on 

60 μm electrode 

C.7 Conclusions 

A hydrodynamic scaling model of droplet actuation was constructed in a systematic 

manner by considering the effects of contact angle hysteresis, drag from the filler fluid, 

drag from the solid walls, and change in the actuation force while traveling the 

neighboring electrode. Based on this approximate model, the threshold voltage, V T, for 

droplet actuation was estimated as a function of the filler medium of the EWD actuator. 
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With regard to scaling V T for a given filler medium, the dominant variables are insulator 

thickness and relative dielectric constant. 

Droplet splitting under both static and dynamic conditions was explored. Whereas 

the static model shows splitting voltage increasing with [t(d/L)]
1/2

 due to lower internal 

pressure at higher aspect ratio, the dynamic model predicts an opposite trend. As aspect 

ratio increases, the voltage for splitting decreases in Eq.(C.26) due to reduced plate drag 

forces. This disparity between the static and dynamic models is related to observations 

that time sequencing frequency of electrode voltages influences splitting [28]. However, 

the static model agrees better with our experimental results obtained under relatively low 

frequency conditions. 

It was shown that static models of droplet splitting and liquid dispensing all show a 

similar dependence on [t/εr(d/L)]
1/2

. Scaling reduces the amount of linear displacement to 

dispense a droplet. Thus, the model shows that as long as t/εr(d/L) is held constant while 

L is decreased, the same number of dispensing electrodes required is fixed for constant 

(V 
2 

− V T 
2
)
1/2

. Therefore, scaling to smaller droplet volumes is favorable for droplet 

pinchoff with a correspondingly smaller linear displacement of liquid from the reservoir. 

Based on numerous studies reported in the literature, we conclude that reliable 

operation of a EWD actuator is possible as long as the device is operated within the limits 

of the Lippmann–Young equation. The upper limit on applied voltage, V sat, corresponds 

to contact-angle saturation. For both silicone oil and air media, the values of V sat versus 

(t/εr)
1/2

 are essentially the same. The estimated minimum 3-electrode splitting voltages as 

a function of aspect ratio d/L < 1 for an oil medium are less than V sat. However, it is 
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likely that conditions for uniform droplet splitting may require voltages that exceed V sat. 

For an air medium the minimum voltage for 3-electrode droplet splitting 

exceeds V sat for d/L ≥ 0.4. This observation implies that reliable splitting in air places 

tighter limits on the actuator aspect ratio. Similar conclusions also apply to droplet 

dispensing. 
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