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In this article, spreading dielectric fluid using two parallel electrodes is studied under increasing 

voltage. As fluid is drawn out by an increasing dielectrophoresis (DEP) force, phenomenon of a 

sudden liquid-spreading was discovered. Gibbs free energy method was used to study this 

phenomenon, a reasonable explanation was given on this phenomenon.   

Then, electric shape influence on the sudden liquid spreading voltage was studied, 

electrode width and gap was utilized to design electrode shapes. Several electrode shapes have 

been fabricated and tested. Designed electrodes were able to drive fluid out into the electrode and 

back into the reservoir again. An Appropriate electrode shape has been utilized so that the fluid 

length to voltage relationship was nicely linear. Driving fluid in and out of the reservoir was easily 

controllable. 
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Using this new driving method, a new concept tunable capacitor is fabricated, voltage is 

used to drive fluid in and out of the electrode to tune capacitance. Because of the large permittivity 

difference, tuning range of 0.2-1.4 pF and 0.7-3.0 pF were tested and, maximum quality factor of 

600 and 250 were tested. 
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1.0  INTRODUCTION 

1.1 CAPACITOR BACKGROUND 

Tuning ratio and quality factor are main factors to determine the quality of a tunable capacitors. 

Tuning ratio shows how the capacitance changes, while quality factor shows how much energy is 

lost. Capacitors structured with high quality factor and tuning ratio capacitors have been fabricated 

and studied for some time. Largest tuning range comes from the tuning of moving fluids in between 

both electrodes. Typical tunable capacitors usually have the common structure of a comb [1] [2] 

[3] [4] [5]. In this way, space is optimized to produce a large capacitance. An actuator is usually 

used for tuning the capacitance, electric force, magnetic force, thermal expansion and other 

properties, which are used as actuators to generate displacement in comb structures. 

1.1.1 MEMS Capacitors 

Jun-Bo-Yoon [5] fabricated a capacitor with the classic comb structure. Dielectric material is 

placed in between the top and bottom plate and connected to a spring structure, then an electrostatic 

force is used to move dielectric material in and out of the plate. In this way, a maximum 
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capacitance change of 40% was determined with a quality factor of 290 at 1 GHz frequency. In 

the same year, a single plate capacitor [6] is brought up by the same actuation method, a 500×500 

micron structure was built to achieve a tuning range of 69%, in this research, the pull in effect was 

the main cause of a small tuning range, once the voltage reaches a threshold value, electrostatic 

force between the top and bottom plate becomes so strong that they are attracted together. Then, 

in Robert L’s article [4], a tunable capacitor designed for 225-400MHz can have a quality factor 

of over 100 and a tuning ratio of about 8.4 to 1 with capacitance range of 1.4-11.9pF [4]. Utilizing 

a CMOS micromachining process, a 352.4% tuning ratio capacitor [2] was fabricated, maximum 

q factor can be over 50 at 1.5GHz. Then, tunable capacitor with an electrically floating plate was 

introduced, instead of two plates, they used three plates to produce a capacitor. A thermal actuator 

was used to reach a 631% tuning range with a q factor of 24.4 was measured at 1 GHz. 

1.1.2 High permittivity liquid in use of tunable capacitors 

In order to achieve larger tuning range and better performance, the idea of dielectric liquids as 

material between capacitor electrodes has been adopted. In this way, tuning ratio not only comes 

from the dielectric constant difference but also from the fluidic displacements. In this way, a much 

bigger capacitance range was reached. At first, a capacitor was immersed in dielectric fluid, and 

tuning range increased by the ratio of permittivity [7]. Then, water and air were used to pass 

through the space in between the two plates to give a larger tuning ratio [8]. Due to large 

permittivity difference of water and air, a maximum tuning ratio of 6700% was seen at low 

frequency, a quality factor of around 16 was detected at 2.5GHz.  

Furthermore, another tunable capacitor was designed and fabricated to reach a tuning ratio 

of 3460% and quality factor of 5.3 to 69 with a more specific design [9] [10]. A channel is built 
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with SU-8 photoresist and capacitor electrodes are embedded in the channel. Therefore, when the 

channel is filled with dielectric fluid, electrode is covered by dielectric fluid, in this way, 

permittivity of material between electrodes is changed, then capacitance changes.  

 

 

 

 

 

Figure 1. Capacitor structure 

 

However, this way of manipulating liquids requires tubing, pumping and valves, with 

channel size this small, clogging problem can easily occur during operation. To solve this problem, 

dielectrophoresis (DEP) is considered in this article to move fluids around and form a tunable 

capacitor. 



 4 

1.2 DIELECTROPHORESIS DRIVING 

It is common sense that after rubbing a comb on hair, small pieces of objects, such as paper pieces, 

can be attracted due to electric force. This phenomenon was first named ‘dielectrophoresis’ by 

Phol [11], who described a motion that suspensoid particle can experience under an 

inhomogeneous electric field. Larger permittivity material will be moved to stronger electric field 

while lower permittivity materials to weaker electric field. 

This phenomenon was used in fluid field and formed the dielectrophoresis force we know 

today. At first, nano-droplet actuation and formation was demonstrated [12] [13] [14]. Two parallel 

electrodes were fabricated, and the liquid was drawn out by this electrode in a rivulet shape. When 

voltage is turned off, droplets form along the electrode length, and the volume of the droplet is 

influenced by the width of electrode. In order to control the shape and number of droplets, circular 

shape nodes were fabricated so that when voltage is turned off, nano-droplet is formed around the 

circular area. In this way, fluid is distributed from the reservoir to droplets along the electrode. It 

is also shown that with two inclined electrodes, electric field is non-uniform, high permittivity 

material (water) is drawn to the larger permittivity area while low permittivity material (air) is 

drawn to smaller permittivity area. So, droplets are drawn to one side while bubbles are drawn the 

other way. By using DI water, he also distinguished the difference between electro-wetting and 

dielectrophoresis [15] [16]. 

DEP force has also been utilized to move around small particles. DNA and RNA molecules 

have been held by a DEP tweezer, and different size particles have been separated by DEP force. 

Several different electrodes have been designed, and electric fields have been drawn out [17] [18].  
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Figure 2. Inhomogeneous electric field exert force 

 

 

 

Figure 3. Fringing electric field 

 

In Figure3, it is easy to see that strongest electric field occurs at the edge of the electrode, 

so high permittivity particles or fluids further from the panel are drawn to this area. 

Due to this effect, Jones developed a way to drive liquid into rivulets using 

dielectrophoresis (DEP) force. The classic configuration is two parallel electrodes. Once actuated, 



 6 

dielectric water can be spread through the panels. Fluid will be drawn to bigger permittivity area: 

onto the electrode and along the electrode. Similar interdigitated same widths and gaps electrode 

[19] [20] was first brought up to form a voltage programmable liquid optical interface. Electrodes 

are placed same distance from each other, when actuated, dielectric fluid is drawn towards the 

panel and spread into a very thin layer. The contact angle can reach almost as low as zero degree. 

Therefore this phenomenon is named super-spreading. The electric field of this structure [21] is an 

electric fringing field where its magnitude is decaying exponentially along the height direction. 

The difference of electric field intensity explains the spreading of dielectric fluid. 

Utilizing this configuration, an interlocking continuous electrode pad was fabricated. The 

liquid was created, transported, merged and split [22] using only the on and off of different panels. 

A different configuration of DEP force is demonstrated in two plates. Once the two plates are 

actuated, it can move around liquids as well [23]. DEP force and electro-wetting force are both 

used to manipulate different materials. Silicon oil and water were driven separately, and their 

droplets were merged and separated [24] [25]. Bubbles were moved to the desired positions [26], 

and they were then merged and separated. Since a long electrode could form a long rivulet, an 

optical fiber was made from this configuration [27]. Light was successfully conducted using this 

liquid fiber. 

In this article, long electrode was fabricated and formed into certain shape. Changing 

electrode shape was used to drive fluid to any length. 
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2.0  EXPERIMENTAL 

Experiments are realized using in-plane electrodes, as shown in Figure 4, a capacitor consists of a 

reservoir, two capacitor electrodes and two driving electrodes. High permittivity fluid is stored in 

the reservoir. When larger capacitance is required, driving electrode is actuated to drive high 

permittivity fluid onto the capacitor electrode which would tune the capacitor bigger. Reservoir 

electrodes and capacitor electrodes are 50μm wide and 50μm apart. Driving electrodes shape 

might vary due to different driving ability, but they are all 50μm away from the capacitance 

electrode.  

 

 

 

 

Figure 4. Capacitance structure 
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The whole device is made of gold and chromium: 10nm Cr and 80nm Au was deposited 

using e-beam evaporation onto Soda lime glass wafer. Photoresist (AZP4210) was spin coated to 

form uniform thickness. Then standard photolithography process was performed to transfer pattern 

from mask to photoresist. Wet etching was used to transfer photoresist pattern onto the metal 

electrode. To get an effective dielectric layer, a 3𝜇𝜇m Parylene layer was deposited using a chemical 

vapor deposition (CVD) system (PDS 2010 Specialty Coating System). To achieve higher initial 

contact angle, a layer of Teflon-AF (DuPont-USA) was dip coated and dried (55℃, 10 min) onto 

the surface. Before this, Teflon-AF solution was diluted with Perfluoro-compound FC- 40 (Sigma-

Aldrich, USA) solvent to 1% volume concentration.  

 

 

 

 

 

Figure 5. Process flow 

 

Propylene carbonate (Sigma-Aldrich, USA) is used as high permittivity fluid throughout 

this research. It is a common non-toxic liquid with low volatility and viscosity. Its surface tension 
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is 42 mN.m-1 and its relative permittivity is 65, which can both enhance the L-DEP (liquid-

dielectrophoresis) force and increase the value of capacitance.  

20kHz AC (alternating current) is supplied in this research. Two function generators 

(33220A, Agilent) are used to generate signals which is magnified by an amplifier (PZD700, trek, 

two channel). Then the signal is transmitted to the circuit, one to driving electrode and the other to 

reservoir. 280V 20kHz AC voltage is held still for reservoir while a changing magnitude 20kHz 

AC voltage is transmitted to the driving electrode. Voltage is read from a fluke (83-III) meter. All 

voltage in this research is a root mean square (Vrms) of the voltage value. 

Real time videos are recorded using a charge-coupled device (CCD) camera (CV S3200, 

JAI) paired with a microscope. Fluid length is measured in videos proportionally.  

In order to measure small capacitance in pF scale, the capacitor is put into a parallel circuit 

with a commercialized inductor. Impedance of the whole circuit is swept with an impedance 

analyzer (Trewmac system, TE3000). In order to reduce parasitic capacitance from connecting 

wires and metal electrodes, same circuit without device is used as a reference, measured reference 

capacitance is reduced from original data to be more accurate.  
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3.0  PARALLEL ELECTRODE DRVING 

In the classic configuration of two electrode driving liquid, an adequate voltage is required to drive 

fluid out from reservoir. However, if the voltage is not enough, reservoir droplet would still change 

its shape. In order to control fluid length with voltage, voltage-length relationship should firstly be 

observed.  

3.1 PARALLEL ELECTRODE DRIVING 

To test relationship between voltage and fluid length, parallel electrode was used under increasing 

voltage. A droplet is placed in middle of the electrode, so when actuated, the droplet will be spread 

to both sides of the electrode, figures in this research only shows one side because the two sides 

are symmetric to each other. At first, droplet is elongated to an oval shape, as voltage continues to 

increase, a rivulet emerges from the droplet. When voltage reaches a point, a sudden much fiercer 

elongation of fluid is observed.  

The spreading process can be divided into two states: the state in which droplet shape is 

changing and the state in which rivulet is stretching. The forces related are the surface tension 

force and the DEP force. DEP force attracts liquid out from the droplet: as the voltage increases, 
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DEP force increases. Surface tension force tries to retract liquid from electrodes and form 

a sphere shape of droplet. 

 

 

 

 

 

Figure 6. Sudden movement of a parallel driving electrode 

 

The sudden burst of fluid is perceived as a domino effect. The DEP force is pulling liquid 

from the electrode while surface tension at the tip of the liquid is retracting liquid back. Because 

the electrode is parallel, the formed rivulet is of the same shape along the way, so the surface 

tension force is always the same once the rivulet is fully developed and its shape doesn’t change 

anymore. Therefore, when increasing electric energy reaches a point, DEP force gets larger than 

surface tension, so the fluid will be spread over and over again along the electrode. However, as 

rivulet gets longer, the reservoir droplet is gradually getting smaller, so it should not spread infinite 

time.   
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As shown below in Figure 7, increasing voltage linearly may cause the fluid length to 

elongate exponentially. This makes it difficult to control fluid length using just voltage. A linear 

liquid length to voltage relationship is expected to give a better control. 

 

 

 

 

 

Figure 7. Fluid length-Voltage relationship 

 

This kind of driving can also be unstable because retrieving fluid may leave behind droplet 

beads as shown in Figure 8. With this electrode, driving fluid out from reservoir using voltage is 

not a good idea. 
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Figure 8. Droplet forming under decreasing voltage 

 

Better electrode has to be developed so that driving fluid with voltage is better controlled. 

3.2 WIDTH AND GAP INFLUENCE 

From last section, it is easy to infer that a shape of electrode would have a corresponding shape of 

rivulet from reservoir, which would result in the corresponding amount of surface tension force. 

So as to compromise this surface tension energy, corresponding voltage should be applied to 

spread fluid. Consequently, a unique shape of electrode should have a unique actuating voltage. In 

order to test electrode shape influence on required voltage, electrode shape (width and gap) 

influence is studied in this section. The same parallel electrode experiments were conducted on 
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electrodes with varying width and gap, and the voltage at which fluid length starts to change 

suddenly is recorded and plotted below in Figure 9 and Figure 10: 

 

 

 

 

 

Figure 9. 50/100 𝝁𝝁m width Vb gap relationship 

 

 

 

Figure 10. 100/200 𝝁𝝁m gap Vb width relationship 
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It was seen in the film that the rivulet is of the same width with the electrode, so if the 

electrode is larger, a larger volume would be driven out. Figure 9 and Figure 10 show the 

relationship between this threshold voltage and electrode width and gap. It is obvious to say that 

as far as this experiment reaches, electrode gap has a larger influence than electrode width. This is 

obvious because we can see in figure 3 that the electric field is concentrated at the gap area, and 

gap value would influence the electric field largely. The width change wouldn’t have a big impact 

on the electric field. However, a larger elelctrode width can also have an impact on driving by its 

ability to drive more fluid at one time. 

3.3 THEORETICAL ANALYSIS 

There are two horizontal forces affecting the elongation and retraction of droplet: DEP force and 

surface tension force. When droplet is spreading, two states occur: reshaping of droplet and the 

spreading of rivulet. Factors influencing DEP force include: dielectric layer thickness, permittivity 

of fluid, contact angle, electrode shape. Factors influencing surface tension are: surface tension of 

the system and the droplet size. In order to determine the electrode shape influence, other factors 

are held fixed. The wafer is fabricated with the same method, so factors such as dielectric layer 

thickness, permittivity, contact angle, surface tension, and droplet size are all the same among 

different experiments.  

In order to analyze surface tension of the whole system, Gibbs free energy method was 

utilized. Gibbs free energy of the whole system can be expressed as: 

G = γ𝑠𝑠𝑠𝑠 ∗ 𝐴𝐴𝑠𝑠𝑠𝑠 + γ𝑠𝑠𝑠𝑠 ∗ 𝐴𝐴𝑠𝑠𝑠𝑠 + γ𝑠𝑠𝑠𝑠 ∗ 𝐴𝐴𝑠𝑠𝑠𝑠 (1) 
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When fluid spreads along the electrode, both liquid-solid and liquid-gas interface is 

enlarging while solid-gas interface is shrinking. Therefore, the differential of Gibbs free energy 

change is listed below: 

dG = γ𝑠𝑠𝑠𝑠 ∗ 𝑑𝑑𝐴𝐴𝑠𝑠𝑠𝑠 − γ𝑠𝑠𝑠𝑠 ∗ 𝑑𝑑𝐴𝐴𝑠𝑠𝑠𝑠 + γ𝑠𝑠𝑠𝑠 ∗ 𝑑𝑑𝐴𝐴𝑠𝑠𝑠𝑠 (2) 

Take an infinitesimal length of spreading liquid dl along the electrode as shown below in 

Figure 11. 

 

 

 

 

 

Figure 11. Electrode shape 

 

The problem can be simplified as a sphere droplet resting on electrode. When the voltage 

increases, a half cylinder rivulet is driven out of the sphere droplet and the front of the rivulet is a 

half sphere shape.  

As fluid rivulet is thin compared to droplet, and the dl length is infinitesimal, a small change 

in length of fluid rivulet wouldn’t matter much to the droplet, so the droplet surface change is 

neglected in this consideration. So as the fluid elongates a length of dl, the solid liquid interface is 
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enlarged, and its shape is a square. The solid vapor interface shrunk by the same area. And the 

liquid vapor interface increases by a surface of a half cylinder. By using these approximations and 

dimensions in the problem, 𝑑𝑑𝐴𝐴𝑠𝑠𝑠𝑠 ,𝑑𝑑𝐴𝐴𝑠𝑠𝑠𝑠,𝑑𝑑𝐴𝐴𝑠𝑠𝑠𝑠 can be described as: 

𝑑𝑑𝐴𝐴𝑠𝑠𝑠𝑠 = 𝑑𝑑𝑑𝑑 ∗ 𝑤𝑤 (3) 

𝑑𝑑𝐴𝐴𝑠𝑠𝑠𝑠 = 𝑑𝑑𝑑𝑑 ∗ 𝑤𝑤 (4) 

𝑑𝑑𝐴𝐴𝑠𝑠𝑠𝑠 =
𝜋𝜋 ∗ 𝑤𝑤

2
∗ 𝑑𝑑𝑑𝑑 (5) 

Take into equation (2): 

dG = γ𝑠𝑠𝑠𝑠 ∗ 𝑑𝑑𝑑𝑑 ∗ 𝑤𝑤 − γ𝑠𝑠𝑠𝑠 ∗ 𝑑𝑑𝑑𝑑 ∗ 𝑤𝑤 + γ𝑠𝑠𝑠𝑠 ∗ 𝑑𝑑𝑑𝑑 ∗
𝜋𝜋 ∗ 𝑤𝑤

2
(6) 

Then the l-direction forces can be expressed as derivative of Gibbs energy with respect to 

l: 

𝐹𝐹𝑠𝑠 =
dG
dl

= �γ𝑠𝑠𝑠𝑠 − γ𝑠𝑠𝑠𝑠� ∗ 𝑤𝑤 + γ𝑠𝑠𝑠𝑠 ∗
𝜋𝜋 ∗ 𝑤𝑤

2
(7) 

Since the contact angle of propylene carbonate on Teflon is 89 degrees: 

γ𝑠𝑠𝑠𝑠 ≅ γ𝑠𝑠𝑠𝑠 (8) 

So  

𝐹𝐹𝑠𝑠 = γ𝑠𝑠𝑠𝑠 ∗
𝜋𝜋 ∗ 𝑤𝑤

2
(9) 

From this equation, magnitude of surface tension force is illustrated as only the function of 

liquid width. Therefore, when the fluid is already drawn out, surface tension will not change since 

liquid width does not change. As the voltage is still growing, the DEP force will finally overwhelm 

the surface tension, which will cause the liquid length to grow exponentially.  

In the state where the DEP force has not overwhelmed the surface tension yet, the two 

forces are in equilibrium. In this case, total Gibbs free energy can be expressed as: 

G = γ𝑠𝑠𝑠𝑠 ∗ 𝐴𝐴𝑠𝑠𝑠𝑠 + γ𝑠𝑠𝑠𝑠 ∗ 𝐴𝐴𝑠𝑠𝑠𝑠 + γ𝑠𝑠𝑠𝑠 ∗ 𝐴𝐴𝑠𝑠𝑠𝑠 + 𝑤𝑤𝑒𝑒 ∗ 𝐴𝐴𝑠𝑠𝑠𝑠 (10) 
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Where 𝑤𝑤𝑒𝑒 is the electrostatic force per unit area caused by dielectrophoresis. Electric field 

attenuates exponentially along the height scale. By integrating the electric field over the volume 

of liquid, the electrostatic energy can be expressed as: 

𝑤𝑤𝑒𝑒 = −
𝜀𝜀0𝜀𝜀𝑠𝑠𝑉𝑉02

2𝛿𝛿
�𝑒𝑒−

4ℎ
𝛿𝛿 − 1� (11) 

Where 𝜀𝜀0𝜀𝜀𝑠𝑠 is permittivity of liquid. When liquid is in atmosphere, relative permittivity is 

𝜀𝜀0(𝜀𝜀𝑠𝑠 − 1). 𝑉𝑉0is voltage applied, 𝛿𝛿  is electric field penetration depth, and ℎ is the liquid layer 

thickness. Liquid layer is much thicker than penetration depth, the above equation can be expressed 

as: 

𝑤𝑤𝑒𝑒 =
𝜀𝜀0(𝜀𝜀𝑠𝑠 − 1)𝑉𝑉02

2𝛿𝛿
(12) 

In the state where liquid is first starting to expand, liquid is in a shape as illustrated in 

Figure 12: 

 

 

 

 

Figure 12. Fluid shape before overwhelming  
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Rivulet in this figure is driven by the inner electrode edge where electric field is the 

strongest, therefore, fluid is driven into a trapezoidal shape. In order to simplify the problem, an 

isosceles θ top angle triangular shaped surface and cone shaped rivulet is assumed below: 

 

 

 

 

 

Figure 13. Fluid shape model before overwhelming  

 

Assuming fluid stretches a distance of 𝑑𝑑𝑑𝑑 , surface change 𝑑𝑑𝐴𝐴𝑠𝑠𝑠𝑠 , 𝑑𝑑𝐴𝐴𝑠𝑠𝑠𝑠,𝑑𝑑𝐴𝐴𝑠𝑠𝑠𝑠  can be 

expressed as: 

𝑑𝑑𝐴𝐴𝑠𝑠𝑠𝑠 =
𝑤𝑤 ∗ (𝑑𝑑 + 𝑑𝑑𝑑𝑑)

2
−
𝑤𝑤 ∗ 𝑑𝑑

2
= 𝑑𝑑𝑑𝑑 ∗

𝑤𝑤
2

(13) 

𝑑𝑑𝐴𝐴𝑠𝑠𝑠𝑠 = 𝑑𝑑𝐴𝐴𝑠𝑠𝑠𝑠 = 𝑑𝑑𝑑𝑑 ∗
𝑤𝑤
2

(14) 

𝑑𝑑𝐴𝐴𝑠𝑠𝑠𝑠 =
1
2
∗ 𝜋𝜋 ∗

𝑤𝑤
2
∗ 𝑑𝑑𝑑𝑑 ∗ cos (

𝜃𝜃
2

) (15) 

Take equation (8) (12) (13) (14) (15) into equation (10), 

dG = γ𝑠𝑠𝑠𝑠 ∗
1
2
∗ 𝜋𝜋 ∗

𝑤𝑤
2
∗ 𝑑𝑑𝑑𝑑 ∗ cos �

𝜃𝜃
2
� −

𝜀𝜀0(𝜀𝜀𝑠𝑠 − 1)𝑉𝑉02

2𝛿𝛿
∗ 𝑑𝑑𝑑𝑑 ∗

𝑤𝑤
2

(16) 

therefore, force can be expressed as: 
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F =
dG
dl

= γ𝑠𝑠𝑠𝑠 ∗
1
2
∗ 𝜋𝜋 ∗

𝑤𝑤
2
∗ cos �

𝜃𝜃
2
� −

𝜀𝜀0(𝜀𝜀𝑠𝑠 − 1)𝑉𝑉02

2𝛿𝛿
∗
𝑤𝑤
2

(17) 

Since the liquid is in equilibrium, set total force to zero: 

cos �
𝜃𝜃
2
� =

𝜀𝜀0(𝜀𝜀𝑠𝑠 − 1)
γ𝑠𝑠𝑠𝑠 ∗ 𝜋𝜋 ∗ 𝛿𝛿

∗ 𝑉𝑉02 (18) 

Therefore, as voltage increases, top angle of triangle is getting smaller and fluid is 

elongating. This relationship is examined by experimental data, it is shown below that this 𝑉𝑉02 to 

cos �𝜃𝜃
2
� relationship is linear. When voltage is too large, right side equation can be way larger than

left and the DEP force overwhelms surface tension and fluid elongates quickly. 

Figure 14. Verification of 𝐜𝐜𝐜𝐜𝐜𝐜 �𝐜𝐜
𝐜𝐜
� to 𝐕𝐕𝐕𝐕𝐜𝐜relationship 

As liquid is drawn out at first, the rivulet width is gradually getting bigger. When the width 

matches the width of electrode, further increase is no longer possible and the surface tension force 
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reaches a maximum value. As rivulet spreads further, an observation is also noticed that a neck 

area occurs between the droplet and rivulet. And, as rivulets drives further, this area slowly 

stretches until it reaches stability. As the neck stretches, rivulet width is gradually increasing, 

which is also contributing to the increases in surface tension force. 

 

 

 

 

 

Figure 15. Neck area 

 

In this way, the given phenomenon is reasonably comprehended: as the DEP force grows, 

a small rivulet is forming and the rivulet width and length increases. When the width finally 

reaches the maximum value, the neck area stabilizes and the surface tension force reaches its 

maximum value. As the DEP force continues to grow, it overwhelms the surface tension force and 

causing the liquid to spread suddenly. 
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4.0  DRIVING ELECTRODE DESIGNS 

4.1 ELECTRODE DESIGNS 

Knowing that different shapes have a different threshold voltage, varied shape electrode has been 

fabricated so as to get different actuation voltage along the electrode. Electrodes with higher 

actuation voltage on one end and lower on the other was designed and fabricated. To manipulate 

the actuation voltage on both ends of the electrode, triangular shaped electrodes were introduced. 

With triangular electrodes shaped like single electrodes in figure 15, varying both electrode width 

and gap is possible. In this way, controlling via voltage is realized.  
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Figure 16. Gap/width induced reservoir spreading under increasing voltage 
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The classic configuration of dielectro-wetting is an electrode panel made up of uniform 

electrodes [19], which is used as reservoir in this research. By changing the width and gap we can 

control the area where the fluid is spread. By increasing voltage, fluid spreads to larger area of 

surface. Also, if width is larger, the electrode can hold more fluid, as seen in the Figure 15. More 

fluid is accumulated around larger width part. 

To test how driving electrode work in the capacitor, the driving electrodes are fabricated 

with reservoir, and driving feature is tested below.   

 

 

 

  

 

Figure 17. 200 𝝁𝝁m -10 𝝁𝝁m width uniform gap electrode induced driving 
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Uniform gap varying width is fabricated, it is easy to see that this behavior is similar to that 

of parallel electrodes. At certain voltage, sudden spreading still occurs. Controlling fluid length 

with voltage is still hard. 

 

 

 

 

 

Figure 18. One-sided 200 𝝁𝝁m -10 𝝁𝝁m Width uniform gap induced driving 

 

Behavior doesn’t change much with one side changing width electrode. Length-voltage 

relationship is similar to that of no width gap changed two parallel square electrodes. Fluid length 

controlling is still hard to implement.  

Below is an electrode with only gap changing: 
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Figure 19. 50 𝝁𝝁m width 50-350 𝝁𝝁m gap electrode induced driving 

In this case, the fluid can change almost linearly. But the problem is that fluid-air interface 

is not stable, clear small change in voltage can’t effectively result in a clear view of fluid length 

change. Or in other words, there’s a time lag controlling the fluid. Also, oscillation is also a main 

problem during this driving process. 

So, electrodes with both width and gap changing are fabricated. 
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Figure 20. 200 𝝁𝝁m width one side triangular electrode other side driving 

 

Another electrode with both width and gap changing was fabricated. It can be seen from 

length-voltage relationship that this electrode shape can give good controllable relationship of 

voltage and fluid length. Therefore, different size of this kind of electrode was fabricated with 

varying electrode width on the reservoir side of electrode. 100, 150, 200μm was used as this 

width, and voltage-length relationship was determined. 
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Figure 21. Two 150-10 𝝁𝝁m triangular shaped electrode driving 

Figure 22. Different size electrode length voltage relationship 
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With changing gap and width, three similar shape electrodes with different size driving 

electrodes have been tested, each with the end length increasing. As the slope is increasing, it is 

obvious to observe that with larger slope, the driving electrode have a better, more linear voltage-

length relationship. 

In this way, we could say that both width and gap changing is the best way of building a 

driving electrode, wider electrode width can give a more linear relationship. This kind of electrode 

is used in the capacitor. 

4.2 THEORETICAL ANALYSIS 

In this section, theoretical analysis is conducted to explain the observed phenomenon in this 

chapter. As is shown in chapter 3, the angle in equation 18 can be expressed by length of fluid and 

width of electrode, in this way, a length voltage relationship is deduced: 

𝑑𝑑
√𝑑𝑑2 + 𝑤𝑤2

=
𝜀𝜀0(𝜀𝜀𝑠𝑠 − 1)
γ𝑠𝑠𝑠𝑠 ∗ 𝜋𝜋 ∗ 𝛿𝛿

∗ 𝑉𝑉02 (19) 

Penetration depth of electrode can be expressed as: 

𝛿𝛿 =
4𝑔𝑔
𝜋𝜋

(20) 

Where g is the gap between electrode. In this case g is a in linear relationship with length. 

Therefore, the rough relationship between fluid length and voltage is: 

𝑑𝑑2

√𝑑𝑑2 + 𝑤𝑤2
=
𝜀𝜀0(𝜀𝜀𝑠𝑠 − 1)
γ𝑠𝑠𝑠𝑠 ∗ 𝜋𝜋

∗ 𝑉𝑉02 
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At first, when length is relatively small, w is relatively big, the denominator of left side 

equation can be considered as a constant. As length continues to grow, w is relatively getting 

smaller, and denominator can be considered as a single l. The fluid length is then considered to 

change from first order to second order equation of l. So, length voltage relationship can be 

considered as a transition between first and second order. This can explain the first phase of the 

slope in Figure 21. 
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5.0  VOLTAGE CONTROLLED TUNABLE CAPACITOR 

5.1 CAPACITANCE ELECTRODE 

Two configurations have been chosen as capacitor driving electrode as shown below in the figure. 

As fluid is driven out of the reservoir gradually, capacitance is measured three times at not covering 

capacitor, half covering capacitor and fully covering the capacitor. Capacitance is measured to be 

the largest at when fluid is covering whole capacitor, and smallest at when fluid is not covering 

capacitor, tuning range is determined using the most covered and least covered condition. 

Figure 23. Capacitor patterns 
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5.2 PERFORMANCE OF CAPACITOR 

In order to measure capacitance, the capacitor electrode is connected to a circuit in parallel with a 

7.5 𝜇𝜇H inductor. Resonance frequency of parallel LC circuit can be expressed as: 

F =
1

2π√𝐿𝐿𝐿𝐿
(19) 

Therefore, we can get capacitance with the inductance and resonant frequency: 

C =
1
L
∗

1
(2𝜋𝜋𝜋𝜋)2

(20) 

In order to be tested, the electrodes are connected to a square of gold during fabrication, 

and the square soldered to a piece of electric wire, which is connected to the function generator 

and amplifier shown in Figure 23.  

Figure 24. Electrodes and connections 
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In this case both the squares and the electric wires will become a parasitic capacitance in 

pico-farad scale. Also, the commercialized inductor has a small amount of parasitic capacitance as 

well, in this scale, even small capacitance can’t be ignored.  

In order to reduce this parasitic capacitance influence, a similar circuit is fabricated as 

reference only without the device part. The capacitance value of this device is measured the same 

way as the device because either parasitic capacitance from inductor or that from the whole circuit 

is in parallel with the device capacitance. This capacitance value would be used as parasitic 

capacitance and deduced from the measured value to get the real capacitance value.  

While calculating the capacitance value, a q factor is also read from the impedance analyzer. 

Figure 24 and Figure 25 are the impedance analyzer data, the peak represents the resonate 

frequency. 

Figure 25. First capacitance measuring 
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Capacitance tuning range is 0.2-1.4 pF for above figure, capacitance is measured to be 0.9 

pF at half fluid.  

Figure 26. Second capacitor measuring 

Capacitance tuning range is 0.7-3.0 pF for above figure. Given the impedance frequency 

chart, resonance frequency is easy to get. Using equation 20, we can calculate the capacitance of 

the whole device. Two of the electrodes are tested, and the changing of capacitance is detected. 

Maximum tuning range is 0.2-1.4pF 0.7-3.0pF, q factor is measured to be 250 and 600 at 3MHz. 

Lastly, a voltage-capacitance relationship was drawn out with another device and is shown 

below: 

0

2000

4000

6000

8000

10000

0 5 10 15 20 25 30 35

Im
pe

da
nc

e(
Ω

)

frequency(MHz)

reference no fluid full fluid



37 

Figure 27. Voltage capacitance relationship 
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6.0  CONCLUSION AND FUTURE WORK 

In this research, two parallel electrode driving electrode were tested under increasing voltage. A 

simple analysis using Gibbs free energy method was introduced to explain a sudden fierce 

spreading of fluid along the electrodes. By manipulating the shape of the electrode, dielectric fluid 

was driven by voltage to move continuously along two electrodes in an almost linear voltage-

length relationship. A tunable capacitor is then built by pulling liquid in and out of the capacitor 

between the electrodes, a 0.7-3.0 pF capacitance was discovered with q factors of 250 at 3MHz. 

Since the capacitor electrodes were built in the same plane, electric field between them is 

mainly a fringing field, which makes its capacitance relatively small. In the future, 3D structure 

may be utilized to provide a larger capacitance and a clearer tuning range. 
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