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ABSTRACT 

 

The goal of this work is to quantify the key design parameters such as the load capacity, 

actuation force, positioning repeatability, and reliability for droplet-based electrowetting 

actuators. Due to the fact that surface tension dominates gravity at both the mesoscale and 

microscale, droplet-based actuators can provide adequate force in manipulation tasks at those 

scales. Electrowetting, which uses an electric field to modulate the apparent surface tension of 

the liquid-ambient, provides a method to actuate droplets, which in turn transports the object 

carried by the droplet.  

Most previous electrowetting actuation efforts have concentrated on manipulating 

droplets in a closed two-plate configuration. In these configurations, a voltage potential is 

applied between a series of electrodes. The droplets can merge, split, and mix with only a voltage 

input, and without any external machinery. While some mechanical actuation demonstrations 

have been done, limited studies have been performed to investigate the key actuation 

performance characteristics of droplet-based actuators carrying solid objects. Design criteria for 

using droplets to carry solid components are still not well defined.  

The first part of this work provides fundamental understanding of the forces in 

electrowetting-based droplet actuation. The actuation force during electrowetting was 

experimentally validated according to the governing relation (Young–Lippmann equation) on a 

custom-designed testing apparatus. The results from the experiments show that the 

electrowetting actuation force is independent of surface tension below saturation, but the peak 
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force is proportional to surface tension. Higher surface/interfacial tension would increase the 

actuation force in the horizontal direction, as well as the speed of the actuator.  

The second part of the dissertation demonstrates two actuation configurations based on 

electrowetting. The first actuator uses a droplet to carry a solid object and can be actuated in 

discrete steps to function as a micro-stepping linear motor. By implementing a leaky dielectric 

coating, the droplet/substrate contact area acts as an electrical diode. By varying the duty cycle 

of a square waveform, a range of droplet/part equilibrium position combinations are established. 

The underlying actuation mechanism was investigated and the position versus duty cycle relation 

was shown to be symmetrical but non–linear around the center of the electrodes. In contrast to 

the conventional electrowetting control scheme, the proposed actuation method required no 

feedback control loop while achieving a repeatability of less than 0.8% of the droplet diameter. 

Positioning matched a theoretical model based on idealized electrical elements to within 2.5% of 

the droplet diameter. 

The second type of electrowetting actuation uses metal-semiconductor diodes (Schottky 

diodes) in place of electrochemical diodes. This configuration uses only one pair of electrodes to 

actuate the droplet over a large distance (5X or more the droplet diameter). While the actuation 

concept had been previously demonstrated, the reliability of the diodes were shown to be 

insufficient. The new diodes actuated without degradation under repeated actuation (2000 

cycles). Comparing this to electrochemical diodes, a 50% reduction in actuation voltage was also 

accomplished by Schottky diodes. The measured maximum speed also increased from 32 mm/s 

(electrochemical diodes) to 240 mm/s (Schottky), a 7.5 fold improvement.  

The last part of this dissertation used numerical simulations to investigate the load 

bearing capability and the stiffness variation of droplet-based actuators. The vertical force and 
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stiffness - which are the primary figure of merit in designing droplet-based actuators are 

quantified. Three types of loading conditions were analyzed using simulation software and a 

simple analytical equation is shown to provide a useful approximation of the droplet force and 

stiffness. The results were further used in various case studies to demonstrate the optimal design 

strategy when using an electrowetting driven droplet as a fluidic bearing.
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CHAPTER 1: INTRODUCTION  

 

The goal of this dissertation is to quantify key parameters such as load capability, 

actuation force, and system resolution/repeatability of a droplet-based mechanical actuator using 

the electrowetting principle. In this chapter, challenges in designing and fabricating mesoscale 

actuators are presented. The motivation for using surface tension as an alternative to 

conventional methods to actuate solid objects is discussed. The objective of the dissertation is 

then listed with the outline of the manuscript. 

1.1 Mechanical Actuators  

Mechanical actuators take energy input and convert it into useful work. Their primary 

functions are to exert force/apply pressure, and/or provide translational/rotational motion. In 

order to meet different requirements, mechanical actuators cover a range of size scales ranging 

from larger than a building to smaller than a grain of rice. In the mesoscale - which typically 

ranges from a few millimeters to a few hundred micrometers - mechanical actuators are 

especially useful due to their ability to provide precise motion. Examples include precision 

stages, micro-manipulators and positioners. Mesoscale actuators are also useful in manufacturing 

processes due to the diminishing effectiveness of the manual assembly processes [1]. As the 

component’s size becomes smaller than a millimeter, processes depending on human dexterity 

are no longer viable. Mechanical actuators provide precise and repeatable force and motion to 

improve dimensional tolerances and product quality.  
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For most micro/mesoscale actuators, the size of the actuator is many times larger than the 

range of motion they can provide, as well as the components they are manipulating. The 

following discussions will examine actuators by their applicable size scale and the design 

challenges when transferring either macroscale or microscale actuators to the mesoscale.  

1.1.1 Macro Actuators  

Conventional mechanical actuators can achieve high precision while maintaining a large 

range of travel distance in the macroscale. As pointed out by Smith and Seugling [2], in precision 

macro actuators, the ratio of the range of motion to resolution is typically 105 or better. An 

example would be a high-end linear stage (Newport Corp. Model: UTS100CC) [3], which has a 

motion resolution of 0.3 µm with 100 mm of travel (range to resolution: 3x105). Typically, these 

actuators are much larger in size compared to the maximum travel they can provide. The same 

stage quoted earlier has dimensions of 350 x 105 x 32 mm, which is three times longer in length 

compared to the range of motion.  

Advanced manufacturing techniques enable device miniaturization; machine components 

as small as a few hundred micrometers can be fabricated [4, 5]. However, simply scaling down 

the conventional actuators to reduce their size brings a new set of challenges. Physical 

phenomena such as material properties (bulk vs. thin film), surface tension and stiction forces 

become increasingly dominant below the millimeter range. Variation in the manufacturing 

processes can cause a change in physical properties - such as elastic modulus - which reduces 

device performance [6]. Surface tension effects can cause damage to components during 

fabrication [7]. Secondary forces such as electrostatic and capillary forces can cause contacting 

surfaces to adhere to each other, which reduces device reliability [8]. Most importantly, effective 

assembly methods (grasp and release, visual inspection) are still lacking below the millimeter 
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scale [1]. This in turn, limits the possibility of ever-smaller functional machinery being created 

by simple scaling.  

Since some key characteristics in the macro world - such as gravity and inertia - may 

become insignificant when down-scaling [2]; implementing novel actuation principles would be 

necessary in order to reduce the device’s footprint. 

1.1.2 Micro Actuators 

Micro Electromechanical Systems (MEMS) actuators have been developed to 

accommodate the need for compact and precise actuation. Driving mechanisms include 

electrostatics, piezoelectrics, thermal expansion and magnetics [6]. It was noted by Bell et al. that 

unlike macro actuators, the resolution of MEMS actuators relative to their maximum 

displacement is limited [9]. Most on-chip MEMS devices can achieve a resolution range less 

than one micrometer [9, 10], but only a few can provide a maximum displacement greater than 

one millimeter (which gives a range to resolution ratio around 103). When considering the total 

device footprint with respect to the maximum travel and resolution, MEMS devices are often 

much worse than macro actuators. The table below summarizes common MEMS positioning 

devices in terms of range of displacement, resolution, and device footprint (adapted from [10]): 

Table 1-1: Single stage MEMS positioners and their displacement range, resolution, and device 

footprint. Adapted from REF [10]. *Single stage actuator. 
 Displacement 

(µm) 

Resolution 

(nm) 

Displacement to 

Resolution Ratio 

Device Footprint  

(mm2) 

Electrostatic 0.5 - 160 1.5 - 1000 10 – 5x104 0.1 - 100 

Piezoelectric 1 – 200  1 - 500 10 – 5x104 1 - 40000 

Thermal 2 - 550 ~ 14 ~ 102 0.005 - 36 

Magnetic  1 - 4000 4 - 1000 7 – 2x104 0.04 - 4000 
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Part of the reason that travel range is limited in most MEMS devices is due to the fact 

that some MEMS operating principles do not scale well. For example, devices based on 

electrostatic forces (comb drive) utilize the high electric field generated between narrow gaps 

(fingers) to create motion. The same principle cannot be realized in the mesoscale due to the 

breakdown of the surrounding air at high potentials [7]. Additional linkages/compliant 

mechanisms have been implemented to amplify the range of travel [11], but they significantly 

increase the size of the actuation system.  

Different physical driving mechanisms can affect device performance in different ways. 

Piezoelectric materials use an electric field to cause mechanical strain in crystals. The range of 

motion is often limited by the mechanical strength of the material; typical devices have a 

maximum travel of a few micrometers. An example would be a 20 mm long piezo stack that 

could only achieve a maximum displacement of 11.6 µm (0.06% of piezo length) [10]. Thermal 

expansion based actuators have a demonstrated actuation frequency of around 500 Hz for a 300 

µm long beam in ref [12]. The authors concluded that the need to cool down between cycles 

limits the response time. Given the large surface to volume ratio in MEMS devices, the heat 

transfer rate would be expected to deteriorate if it were scaled up to mesoscale dimensions. 

In theory, special implementations such as inchworm and scratch drive type devices 

could have a travel distance as large as the substrate while maintaining high accuracy. However, 

in practice, environmental conditions (dirt and humidity) limit their reliability [10].  

In addition, most MEMS devices use semiconductor fabrication techniques employed in 

the integrated circuit (IC) industry. Typical processes use a layer by layer approach [7, 10]. The 

device layer thickness is limited to the micrometer range, which in turn, limits the out-of-plane 

travel distance of MEMS actuators. Furthermore, each additional layer in fabrication needs 
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several accompanying steps before moving on to the next layer. A functional MEMS-based 

actuator could take days or weeks to finish, which might increase the overall cost.  

In summary, MEMS mechanical actuators can achieve high precision down to the 

nanometer range, but the maximum travel is limited below the millimeter range. It is necessary 

to implement non-traditional actuation mechanisms to extend the working range of currently 

available devices. 

1.2 Surface Tension-based Actuators  

As discussed earlier, other physical phenomena such as electrostatic and surface tension 

forces have become increasingly dominant as the size scale decreases below the millimeter 

range. Using surface tension in the mesoscale has several advantages in comparison to other 

forces such as piezoelectrics and electrostatics. Surface tension force provides a wide operating 

range at different length scales, from millimeters to micrometers [13]. It is also very adaptable, 

either the fluid/air interface or the fluid/fluid interface can be utilized to create a capillary 

actuator [14]. Additional actuation mechanisms such as a magnetic field [15] could also be 

integrated into surface tension-based actuators to assist actuation. More importantly, the 

deformable fluid interface can provide compliance in fluidic joints to conform geometry 

irregularities of the component. This in turn eliminates the fixtures that are needed to connect the 

component to the actuator. As an added benefit, the compliant joint can also protect delicate 

components and reduce part damage during transportation. 

1.2.1 Phase Change Materials  

The first process that took advantage of capillary force for positioning was the electronic 

manufacturers. Energy minimization of the liquid/air interface tends to keep the surface area to a 

minimum. By altering the wettability of the substrates (patterning metal islands on PCBs), the 
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surface tension of molten solder creates a restoring force when the parts are misaligned [16]. 

Developed by IBM in the 60’s, surface mounting technology (SMT) enabled even more compact 

designs for circuit boards.  

Due to the rapid miniaturization of computer processors, conventional wire bonding 

became increasingly inefficient. A sub-category of SMT, the Ball-grid-array (BGA), uses solder 

balls to connect the silicon chip to the contact pads. By applying thermal energy (reflow), the 

solid solder would transition to a liquid state. The capillary bridges formed support the weight of 

the chip and the surface tension forces align the chip to the pads with accuracy in the micrometer 

range [17].  

Using capillary forces to perform mechanical actuation has been an intense research 

subject [12, 13, 18]. Phase change materials (mostly solder) have been used extensively in self-

assembly processes due to their ability to aid in parallel processing [14]. This is done by 

patterning material in a non-equilibrium shape, such as a flat layer. When molten, the surface 

tension drives a shape change that provides actuation. Out-of-plane rotation and assembly of 

discrete components were demonstrated [19]. Since temperature is the control input, multiple 

locations could be actuated simultaneously; they are highly repeatable and reliable. One 

drawback is that capillary actuators based on phase change are not reversible processes, which 

means only single direction actuation is possible. 

1.2.2 Microfluidics  

In the emerging field of microfluidics, capillary forces have been used to pump liquid 

[20], stop flow [21], and perform mechanical actuation such as grasp and release operations [22]. 

By introducing different channel geometries, liquid can be pumped through channels at different 

flow rates using the surface tension of the liquid. Similarly, an advancing liquid front in the 
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channel can be stopped by geometry constraints. Droplets have also been used to grasp and 

release millimeter-sized components by changing the interface curvature. However, specific 

geometry (channels) and chemistry (hydrophobic and/or hydrophilic surfaces) are usually 

required for those devices. Reversibility can also be an issue due to the irreversible wetting 

process.  

1.2.3 Electrowetting  

Various methods exist to modulate surface tension, common methods include thermal 

input, chemical additives (surfactants), and surface treatments (coatings, surface roughness) [1]. 

Electrowetting on dielectric uses electrostatic fields to change the shape of a liquid/ambient 

interface, and is also a commonly used method. 

Electrowetting (EW) or electrowetting on dielectric (EWOD) is a technique used to 

modulate the apparent surface tension of a liquid/ambient interface. Modern electrowetting 

techniques usually use a thin insulating layer to separate the conducting droplet from the solid 

[23, 24]. When a voltage potential is applied between the droplet and the substrate, the electrical 

stress at the contact line between the liquid and solid causes the droplet to spread [25]. By 

creating a series of underlying electrodes that can be energized independently, asymmetric 

voltages can be applied and the resulting unbalanced forces would move the droplet that is in 

contact with the electrodes. Both linear [26] and rotational motion [27] are possible by 

implementing different electrode designs. 

Prior work in electrowetting mainly concentrated on moving droplets for biological and 

diagnostic applications [28-30]. EWOD can perform merging, splitting, and mixing operations 

on a single device (lab-on-chip) with droplets ranging from microliters to nanoliters [31]. EWOD 

has also been used in optical technologies such as variable focus lenses [32], optical mirrors [33] 
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and electronic paper [34]. Variable focus lenses uses electrowetting to change the curvature of a 

fluid/fluid interface, which in turn changes the focal length. Electronic displays are made by 

adding different colorant to the actuating liquid, individual pixels can reflect lights and show 

different colors. Video speed electronic paper has been demonstrated [34].  

1.3 Advantages of Using Electrowetting Droplets for Mechanical Actuation 

Surface tension can provide adequate force in size scales ranging from millimeters to 

micrometers. Electrowetting has proven to be a powerful method to modulate either discrete 

droplets or interface curvature [35]. It is highly repeatable and reversible. A variable focus lens 

reported [32] has switching cycle frequency greater than 108 [36]. It also has adequate response 

time for a given electrical input with reported droplet velocities as high as 250 mm/s [30]. In 

addition, the power requirements for electrowetting are extremely low due to the capacitive load. 

Common actuation voltage is around tens of volts [37, 38] and in extreme cases, actuation 

voltage as low as 1 volt has been demonstrated [39]. Electrowetting actuation can also supply 

fast response time while keeping manufacture fairly simple. In its simplest form, an 

electrowetting substrate can be fabricated by a single mask process to pattern the electrodes with 

the addition of a spun coated polymer to serve as dielectric. 

Combining these characteristics, a droplet-based mechanical actuator using 

electrowetting can bridge the gap between macroscale and microscale.  

Using droplets in mechanical actuation can reduce the device footprint by eliminating 

external fixtures. Small droplets can be used to carry components in similar size to the droplet 

itself. The range of motion of electrowetting-based actuators can be as large as the substrate. The 

resulting total size of the actuator could be comparable in size to the maximum travel of the 

device.  
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However, currently available electrowetting control is limited to single step (on/off) 

actuation and precision can only be gained through a feedback control loop, which usually 

complicates the fabrication scheme [40, 41]. In addition, little is known about the key 

mechanical actuation parameters like force, accuracy, repeatability, and stiffness. 

1.4 Objective and Scope 

Significant prior work has been done in characterizing electrowetting phenomena. 

However, the majority of the previous work has centered on the use of electrowetting to 

manipulate the liquid interface. Thus, the characterization is often in terms of the liquid interface 

shape (contact angle) and on configurations (Grounded top-plate) that are unsuitable for 

mechanical actuation. The objective of this dissertation is to characterize the key design 

parameters for a droplet-based actuator using electrowetting. The vertical load capability, the 

horizontal actuation force and its relation to the surface tension of the droplet, as well as the 

volume of the droplet will be examined in detail. Throughout this study, the relationship between 

the minimum required device footprint and maximum load will be established for designing such 

a device. 

Furthermore, technical issues in electrowetting actuation - such as material reliability and 

control strategy - will be addressed. In addition, device prototypes will be built and tested to 

demonstrate the accuracy and repeatability of the proposed droplet actuators. 

1.5 Dissertation Outline 

The following chapter will first review methods that could be used to modulate surface 

tension and their advantages and drawbacks will be discussed. Then the electrowetting principle 

is reviewed. Various configurations used in electrowetting will be presented; their advantages 
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and drawback will be considered. Then a performance review of currently available droplet 

actuators based on electrowetting will be conducted.  

Chapter 3 will present an experimental study on horizontal forces such as electrowetting 

actuation force and frictional force. The design parameters such as surface tension and actuation 

voltage requirements will be established. 

Since current droplet-based actuators have relatively modest precision capabilities 

compared to mechanical actuators, chapter 4 will discuss a method to improve precision that is 

analogous to stepper motors with microstepping. The actuation mechanism will be analyzed and 

a theoretical relationship will be developed based on a simplified circuit model. The actuation 

accuracy and repeatability are presented.  

Chapter 5 will present another novel electrowetting actuator which closely resembles a 

continuous linear servo motor. The reliability of the system will be demonstrated and the 

performance will be evaluated.  

In chapter 6, the forces involved in the vertical direction will be investigated using 

numerical simulation (Surface Evolver). Key relationships between the droplet parameters 

(volume, surface tension, and wetting angles) and the system characteristics such as load 

capability, accuracy, and the optimal device footprint will be evaluated using both numerical and 

analytical studies of the droplets.  

The last chapter (chapter 7) concludes the overall work and outlines the future work that 

is needed. 
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CHAPTER 2: LITERATURE REVIEW  

 

The overall goal of this dissertation is to characterize the key parameters in designing a 

droplet-based mechanical actuator using electrowetting. The previous chapter presented the 

challenges when designing actuators for mesoscale application. The electrowetting phenomenon 

was proposed to serve as a driving mechanism to transport droplets which could support solid 

objects. This chapter will first discuss other droplet actuation methods, their actuation principles, 

and their performances will be reviewed. Then, the electrowetting principle and common 

configurations will be presented. Finally, advantages/disadvantages of droplet-based actuators, 

which use electrowetting, will be discussed. The key areas that need improvement will be 

identified.  

2.1 Wetting Basics 

For a droplet sitting on a solid, non-deformable surface, the two-dimensional force 

balance is demonstrated in Figure 2-1. At the point of contact, the surface tensions (γ12, γ23, γ13) 

are balanced as shown by the Young’s equation: 

𝐶𝑜𝑠 (𝜃𝑎𝑝𝑝) =
𝛾13 − 𝛾23
𝛾12

 
Equation 2-1 

where 𝛾13, 𝛾23, and 𝛾12 are the surface tensions (N/m) of solid-ambient, solid-liquid, and liquid-

ambient, respectively. The resulting apparent contact angle (𝜃𝑎𝑝𝑝) is the wedge formed between 

the solid and liquid. The ambient fluid can be either liquid or vapor.  
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Various methods have been used to change either the surface tension or the apparent 

contact angle in order to manipulate droplets, the discussion below will examine a few 

commonly used techniques. 

 

Figure 2-1: Equilibrium force balance for a droplet sitting on a non-deformable solid. θapp is 

the resulting apparent contact angle formed. γ13, γ23, and γ12 are the surface tensions of solid-

ambient, solid-liquid, and liquid-ambient, respectively. 

 

 

2.2 Droplet Actuation Methods 

Other than electrowetting, methods used to actuate discrete droplets in planer fashion can 

be further divided into two sub-categories by their actuation principles. The first group directly 

modify either the liquid-ambient surface tension or the solid-liquid surface tension. The second 

group uses external stimulants to apply force to the droplet. We will first review the direct 

modification approach. 

2.2.1 Surface Tension Modification 

2.2.1.1 Altering Liquid Surface Tension  

Thermocapillary pumping uses localized heating to create droplet motion [42]. For most 

liquids, higher temperature will result in lower surface tension. Non-homogeneous heating can 

cause a surface tension gradient between the hot and cold end of the droplet. The resulting 

motion depends on the wetting condition of the substrate. If the substrate is hydrophilic (wetting 

is preferred by the liquid), the droplet is pumped to the cold spot (Figure 2-2, a). If the substrate 
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is hydrophobic (non-wetting), the droplet is pumped to the hot spot (Figure 2-2, b). Darhuber et 

al. embedded a series of resistive heaters on a substrate; when the heaters were turned on 

sequentially, droplets were moved in a predefined path [43]. Alkanes, poly(ethylene glycol) and 

water actuation were demonstrated. Kotz et al. used a laser to heat one side of a droplet that was 

sitting on a polystyrene surface (non-wetting). The reported maximum velocity was 3 mm/s for 

droplet volumes ranging from 14 picoliter to 1.7 microliter [44].  

As pointed out by Jiao and co-workers [45], thermocapillary driven actuation is better 

suited for non-aqueous liquids, because for aqueous solutions the surface tension and 

temperature dependency is rather weak comparing to other non-aqueous liquids. For mechanical 

actuators based on droplets, thermocapillary effects are not the ideal actuation principle due to 

the slow response time of the droplets.  

 

Figure 2-2: Thermocapillary pumping (TCP) of drops of liquid. In (a) hydrophilic (contact 

angle less than 90˚) substrates and (b) hydrophobic (contact angle greater than 90˚) substrates. 

Ta and Tr are the advancing and receding ends of the droplets. Reprinted with permission from 

[42]. Copyright John Wiley and Sons. Copyright permission is included in the appendix.  
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2.2.1.2 Altering Solid Surface Tension  

Since all three surface tensions at the liquid-solid contact line balance each other, it is 

also possible to actuate droplets by modifying the liquid-solid surface tension either chemically 

or mechanically (see Figure 2-3).  

 

Figure 2-3: Droplet actuation based on a solid surface tension gradient. The liquid-solid 

surface tension (γ) varies spatially from left to right, and the non-symmetric wetting causes 

droplet motion. 

 

Chemical coatings such as self-assembled monolayers (SAM) [46] and fluorinated 

polymers [47] can render hydrophilic (wetting) surfaces hydrophobic (non-wetting). One way to 

create a liquid-solid surface tension gradient is to induce a chemical concentration difference 

across a surface. Chaudhury and Whitesides used a diffusing vapor front of decyltrichlorosilane 

(Cl3Si(CH2)9CH3) to create a surface tension gradient over a 10 mm distance on a silicon wafer. 

The absorbed vapor on the silicon surface resulted in a concentration gradient on the silicon 

wafer. The resulting contact angle of water changed from 97° to 25° as the concentration of the 

absorbed vapor decreased [48]. Droplets of water between 1 to 2 µL were used to demonstrate 

the mobility, and the reported velocity was approximately 2 mm/s.  

Another approach to create a surface tension gradient is by patterning narrowing 

geometry on a solid surface. Bliznyuk and co-workers used lithography techniques to pattern 

rectangular stripes of self-assembled monolayer (SAM) on a silicon dioxide wafer [49]. As the 

strip’s pattern width changes, a surface tension gradient was created along the direction of the 

strip. A droplet of glycerol/water mixture (2 µL) covered a distance of 3 mm in one second.  
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Mechanically induced surface roughness can also alter the wetting behavior of a liquid on 

a solid. Sun et al. used laser etching combined with a surface treatment (SAM) to pattern a 

silicon surface. The resulting surface roughness created a single direction surface tension 

gradient over a 6 mm distance [50]. Water droplets as large as 10 µL were actuated with velocity 

of around 3 mm/s. Yang and co-workers used lithography-defined polymers (photoresists) to 

create similar structures. The reported average velocity of their droplet was much higher (~ 62.5 

mm/s) due to the non-wetting surface property of the polymer [51]. 

A surface tension gradient on a solid substrate can be used to propel liquid droplets at low 

to moderated speed. However, one major drawback is that the actuation distance is limited due to 

the static friction at the contact line (also called contact angle hysteresis) [48]. More importantly, 

the process is not reversible due to the wetting process (the droplet transit from a higher energy 

state to a lower energy state). As for mechanical actuation, modifying the surface tension of 

either liquid or solid is not the ideal approach.  

2.2.2 External Field 

2.2.2.1 Leidenfrost Droplet 

When a droplet is in contact with a solid surface at elevated temperature (above the 

boiling temperature of the liquid), a vapor film is created between the droplet and the solid; this 

is termed the Leidenfrost effect. The vapor film can support the droplet while providing a near-

ideal frictionless contacting surface [52]. As a result, very little force is needed to propel and 

sustain the motion of the droplet. By introducing directional surface roughness (ratchet type 

surface) [52, 53], droplets can be actuated on hot surfaces by the non-symmetric vapor pressure 

(see Figure 2-4). By patterning different scales of roughness, actuation distance and velocity as 

high as 100 mm and 400 mm/s, respectively, were reported [54].  
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Figure 2-4: Schematic describing the motion of a droplet in the Leidenfrost state (hot surface). 

The directionalities shown correspond to a conventional ratchet surface and the angled surface 

formed via femtosecond laser surface processing (FLSP). Reprinted with permission from 

[53]. Copyright permission is included in the appendix. 

 

Although capable of high speed and large actuation distance, Leidenfrost droplets will 

have to rely on specific substrate patterning as well as a uniform high surface temperature (200˚ 

C for water droplets in [53]). The major drawback for this type of actuation is that the droplet’s 

position cannot be controlled effectively. Once the droplet is in contact with the surface, the 

droplet starts to move along the designed path. Neither position holding nor reversible motion is 

possible. This eliminated the possibility of using Leidenfrost droplets as a droplet-based 

mechanical actuator. 

2.2.2.2 Vibration 

External vibrations can be applied directly to the substrate by external oscillators [55]. 

Under periodic lateral vibration, the competing forces such as contact angle hysteresis and the 

bulk inertial force cause the droplet/ambient interface to deform. The resulting pressure 

difference within the droplet could be adjusted by changing the waveform shape, the input 

amplitude, or the frequency (see Figure 2-5).  
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Figure 2-5: Schematic of a droplet oscillating on a vibrating surface. The upper diagram shows 

the static droplet profile before the substrate moves. In the lower diagram, the undisturbed 

profile of the drop is shown by the dashed gray line, whereas its new profile is shown by the 

solid line. x1 indicates the displacement of the substrate during oscillation, x is the 

displacement of the contact line with respect to the plate, and x2 is the displacement of the 

droplet’s center of mass. The new position of the droplet with respect to its old depends on the 

phase shift that occurs near resonance; i.e., it is possible for x and x2 to be either positive or 

negative. Reprinted with permission from [55]. Copyright 2005 American Chemical Society. 

Copyright permission is included in the appendix. 

 

A more elaborate setup integrated side wall ratchets and vibration to sequentially move 

the droplets on a planer surface [56]. The reported maximum velocity was 100 mm/s.  

Surface acoustic waves (SAW) have also been used to induce a pressure difference 

within a droplet. Limited by the small amplitude (nanometer range) of the substrate surface, 

applicable droplet size was confined in the nanoliter range [57]. 

Vibration induced droplet actuation can move droplets large distances and is also 

reversible. But, the required external fixture and oscillator would increase device size. In 

addition, droplet velocity is very sensitive to operating parameters such as frequency, amplitude, 

and droplet volume. Initial optimization of the device is required.  

2.2.2.3 Magnetic 

Liquids containing magnetic nano-particles (ferrofluids) are essentially a liquid magnet 

which responds to an external magnetic field [58]. Using permanent magnets combined with 
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electromagnets, Nguyen et al. demonstrated linear motion of a ferrofluid droplet. The average 

velocity was approximately 0.4 mm/s [59]. Probst et al. arranged four electromagnets in a square 

pattern, and 2D spiral motion was achieved by controlling the currents in the electromagnets 

[60]. Limited by the speed of the actuation and the applicable fluids that can be used, magnetic 

field driven droplet actuation is not suitable for droplet-based actuators. 

2.2.2.4 Dielectrophoresis 

Similar to electrowetting, dielectrophorsis (DEP) droplet actuation uses an electric field 

to actuate droplets. When a droplet with finite conductivity is placed in an electric field, both the 

conductivity and the permittivity of the droplet will influence the force exerted on the droplet 

[61, 62]. A net force on the droplet is developed when the applied field is non-homogeneous. 

The resulting force can be used to move a droplet in 2D space. Gascoyne and co-workers used 

CMOS technology and fabricated a multilayer substrate. The substrate included voltage 

switching circuits which were buried under the electrodes. The reported velocity was 0.6 mm/s 

for a 0.3 nL droplet [61]. 

Unlike electrowetting, DEP-based actuation does not require physical contact between 

the actuating electrodes and the droplet. This indicates the possibility of actuating droplets in 3D 

space. However, in practice, this is very difficult to implement due to the effect of gravity. Also, 

the fabrication is fairly complicated due to the stringent requirements for individually 

addressable electrodes.  

2.2.2.5 Summary  

The above discussion reviewed a range of droplet actuation methods, their working 

principles, and their performances. Reversibility, droplet speed, and response time were the main 
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obstacles which limited their potential to be used as actuation mechanisms for droplet-based 

mechanical actuators. The following section will discuss electrowetting on dielectric in detail. 

2.2.3 Electrowetting on Dielectric 

The above mentioned limitations such as reversibility, actuation force and speed, as well 

as the system response time imposed by other droplet actuation methods can be solved by using 

the electrowetting principle. Electrowetting on dielectric uses an external electric field to change 

the apparent contact angle of a droplet sitting on a solid. Usually a thin dielectric layer is used to 

separate the conducting liquid from the substrate to avoid electrochemical reactions. Upon 

voltage application between the liquid and solid, the electrical stress imposed on the contact line 

causes the droplet to spread [23, 24]. By embedding electrodes into the substrate, asymmetric 

voltage can be applied to the two sides of the droplet to create motion. Electrowetting actuation 

is highly reversible, it can provide large actuation force from the micro to millimeter scale. The 

response time is usually on the order of milliseconds [63]. It can also actuate a droplet over a 

large distance [64]. It is simple to fabricate, as single mask lithography can be sufficient [37]. 

EWOD also does not impose stringent requirements on the fluid–as long as the droplet is 

conductive [65]. The following discussion will review the principle of electrowetting on 

dielectric and its common configuration in detail. 

2.3 Electrowetting on Dielectric (EWOD)  

2.3.1 Basic Phenomena 

Electrowetting originally referred to the change of the interface curvature in response to 

an applied voltage in a mercury/electrolyte system [66]. Modern electrowetting usually uses a 

thin dielectric layer to separate the conducting liquid and the electrode underneath. Upon the 
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application of the voltage, the electrical stress around the contact line causes the droplet to 

spread. Although the true contact angle does not change on the microscopic scale, the macro-

apparent contact angle reduction is usually used to quantify the electrowetting response. Under 

the assumption that the characteristic length of the system is much less than the capillary length, 

gravity is neglected.  

The relationship between the zero voltage contact angle (𝜃0), the contact angle under 

applied potential (𝜃𝐸𝑊), and the applied voltage (V) is captured by the Young–Lippmann 

equation: 

𝐶𝑜𝑠(𝜃𝐸𝑊) − 𝐶𝑜𝑠(𝜃0) =
𝜀0𝜀𝑟
2𝛾𝑑

𝑉2 
Equation 2-2 

where 𝜀0𝜀𝑟 is the dielectric constant, d is the dielectric thickness, and γ is the surface tension of 

the liquid/ambient interface. Under applied voltage, the contact angle decreases until it reaches a 

limit, beyond which additional voltage could not reduce the contact angle any further. This is 

termed contact angle saturation. The mechanism that causes this phenomenon is still under 

debate [67, 68], but the primary possible mechanisms could be either dielectric break down 

and/or droplet charging.  

The dimensionless electrowetting number is defined as 𝜂 =
𝜀0𝜀𝑟

2𝛾𝑑
𝑉2, which can be 

interpreted as a ratio of the capacitive energy per unit area to the interfacial energy. The response 

is identical for both positive and negative charges to the first order. However, variations are 

commonly observed due to effects such as ion trapping in the dielectric [69, 70].  

2.3.2 Origin of the Electrowetting Effect 

Jones [71] provided a simple approach to derive the electrowetting force. The electrical 

energy input can be related to the mechanical force output using a “co-energy” function. When 
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the input voltage is controlled, a capacitor is formed between the droplet and the electrode - the 

droplet is the other electrode with variable surface area. The change in the energy of the system 

is then related to the change in the capacitance (C(r)) in terms of droplet/substrate contact area. If 

circular symmetry is assumed, the droplet radius (r) can be used in the following equation: 

𝑑(𝑈𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙) =
𝑉2

2
∗ 𝑑𝐶(𝑟) =

𝜀0𝜀𝑟
2𝑑

𝑉2 ∗ 𝑑𝐴 =
𝜀0𝜀𝑟
𝑑
𝑉2 ∗ 𝜋𝑟𝑑𝑟 

Equation 2-3 

On the other hand, the mechanical force acts in the direction parallel to the substrate at 

the vicinity of the contact line. The droplet deforms and the contact area changes. The force per 

unit contact line can also be formulated by the principle of virtual work: 

𝑑(𝑈𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙) = −𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑑𝑎 = −𝑓2𝜋𝑟𝑑𝑟 Equation 2-4 

Since the competing energies are balanced at equilibrium (𝑑(𝑈𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙) − 𝑑(𝑈𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙) = 0); 

we have: 𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 =
𝜀0𝜀𝑟

2𝑑
𝑉2. Adding this additional outward force to the force balance at the 

contact line we get: 

𝐶𝑜𝑠(𝜃𝐸𝑊) =
𝛾23 − 𝛾13 + 𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙

𝛾12
 

Equation 2-5 

where 𝛾12, 𝛾23, and 𝛾13 denote the interfacial tension of liquid/ambient, liquid/solid, and 

ambient/solid, respectively. Combining Equation 2-5 with Young's equation for a droplet in 

equilibrium, 𝐶𝑜𝑠(𝜃𝐸𝑊) =
𝛾23−𝛾13

𝛾12
, we have: 

𝐶𝑜𝑠(𝜃𝐸𝑊) =
𝛾23 − 𝛾13 + 𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙

𝛾12
= 𝐶𝑜𝑠(𝜃0 +

𝜀0𝜀𝑟
2𝑑

𝑉2) 
Equation 2-6 

The electromechanical approach described above considers only the system capacitance 

without knowledge of the contact angle. It is important to note that the interfacial tension does 

not vary with respect to the applied voltage. The force per unit contact line length can be 
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calculated by simply measuring the change in apparent contact angle with respect to the applied 

voltage by using the following equation: 

𝑓 = [𝐶𝑜𝑠(𝜃𝐸𝑊) − 𝐶𝑜𝑠(𝜃𝑌)] ∗ 𝛾12 Equation 2-7 

2.3.3 Equivalent Circuit Models 

Many possible configurations can be implemented in electrowetting on dielectric. Other 

than DC signal input, AC signal can also be used in actuation. An input frequency in the 1–5 kHz 

range is often used. When analyzing AC input, the RMS voltage is used with the Young-

Lippmann equation. Below are some common arrangements and their representative circuit 

models using lumped circuit elements.  

2.3.3.1 Grounded Droplet 

The grounded droplet is the most common configuration. A thin dielectric layer covers 

the individual bottom electrodes with one having an opening (Figure 2-6). When a voltage 

potential is applied to the electrodes, the droplet moves to the electrodes with no defect and 

covers that electrode fully. Continuous motion requires a grounding wire from the top, which is 

usually done with a metal coated plate that has a hydrophobic layer. For continuous motion, 

multiple electrodes need to be turned on and off sequentially. Sawtooth boundaries on the 

neighboring electrodes are necessary to facilitate reliable droplet motion - the droplet has to be 

touching at least two electrodes at any given time in order to move. Electrical ground can also be 

provided from the bottom dielectric layer [72]. The voltage across the dielectric does not change 

with displacement of the droplet. This creates a strong alignment force that improves the 

accuracy and repeatability of the fluid position. 
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Figure 2-6: Grounded droplet with no top plate and its equivalent circuit configuration. Cd is 

the capacitance of the dielectric. Adapted from [73] 

 

2.3.3.2 Floating Droplet 

The floating droplet uses the voltage difference between the activated electrodes to move 

the droplet; the droplet is insulated from both electrodes. The equivalent circuit used here has 

two capacitors connected in series (Figure 2-7). When potential is applied to one of the 

electrodes, the droplet tries to cover both electrodes to minimize the surface energy [74]. The 

centering of the droplet could provide precise positioning control of the droplet. However, the 

actuation force is highly dependent on the location of the droplet - the further away the droplet is 

from the electrodes’ center position, the higher the actuation force. Conversely, when the droplet 

is near the center position, the actuation force may be too low to overcome the static friction. 

This could introduce additional error in positioning.  

 

Figure 2-7: Floating droplet and its equivalent circuit configuration. Cd is the capacitance of 

the dielectric. Adapted from [73] 
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2.3.3.3 Diode-based Circuits 

Diode-based electrowetting circuits use the electrochemical effect between the metal 

substrate and the working electrolyte to create polarity-dependent actuation properties. Under 

voltage application, valve metals such as aluminum and titanium in contact with an electrolyte, 

could either be passivated (forming oxide) or etched, depending on the voltage polarity. When an 

oxide forms, the current is blocked by the newly formed layer. This mechanism has been used to 

improve the reliability of the electrowetting system [75]. The most useful equivalent circuit for 

actuation is composed of two diodes and two capacitors (Figure 2-8). One diode is connected in 

parallel with one capacitor and another identical pair is then connected to it back-to-back so one 

is always reversely biased (no current flow). Depending on the polarity of the applied voltage, 

the droplet will move towards the higher potential side [26]. This type of setup has the advantage 

of using a single pair of electrical inputs to achieve large travel distance (5X or more of the 

droplet diameter), and was demonstrated [76]. However, specific combinations of fluid/metal 

have to be used even though detailed investigation shows that isolated electrochemical diodes 

could be reliable under repeated actuation, no actual device has been demonstrated to be so [77]. 

 

Figure 2-8: Diode-based continuous electrowetting and its equivalent circuit configuration. Cd 

is the capacitance of the dielectric. Adapted from [73]. 
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2.3.3.4 Continuous Electrowetting  

 The continuous electrowetting effect modulates the electric double layer of a 

mercury/electrolyte interface [78]. A mercury plug is embedded in a microfluidic channel 

(Figure 2-9). When a voltage is applied to the two ends of the channel, the charged double layer 

changes the interface curvature. The advantage of this type of actuation is similar to the diode-

based circuits - only 2 electrodes are needed to propel the droplet across a large distance. 

However, geometrical requirements (closed channels and additional reservoirs for fluid 

exchange) impose additional challenges. Also, due to the use of toxic material (mercury), the 

application area of continuous electrowetting is still limited.  

 

Figure 2-9: Continuous electrowetting of a mercury plug in a channel and its equivalent 

circuit. Rl and RHg are the resistance of the mercury plug and the liquid electrolyte. Rif and Cif 

are the interfacial resistance and capacitance, respectively. Adapted from [73]  

2.4 EWOD-based Actuators  

2.4.1 Electrical Arrangement 

Electrowetting is a versatile tool that can be used to manipulate discrete droplets on a 

planar surface [24, 66]. Electrically, floating or grounding configurations can be used. For a 

floating droplet, the actuation force per unit contact line is position dependent (see section 2.3). 

Upon voltage application, the droplet will center itself between the two electrodes (see Figure 

2-7). Larger deviations of the droplet from the center position will result in a larger actuation 
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force. For grounded droplets, the actuation force per unit contact line is constant with position 

[73]. When a voltage is applied to the actuating electrode, the droplet will cover the electrode 

fully (see Figure 2-6).  

For both cases, the size of the electrode determines the step size. For floating 

configuration, the droplet has to cover at least three electrodes in order to move continuously, 

while grounding the droplet only needs two.  

2.4.2 Physical Arrangement 

The grounding approach is favored due to a constant, maximum actuation force 

compared to the position dependent force of a floating droplet. Physically, either closed or open 

configurations can be used when implementing electrowetting. Closed configuration uses a top 

plate to sandwich the droplet between the top plate and the bottom substrate. The top plate could 

also be used to provide an electrical ground from above [79]. On the other hand, open 

configuration uses the bottom substrate only. In order to implement grounded actuation, which 

provides the maximum actuation force, multilayer fabrication is needed. Cooney et al. 

demonstrated a ground-from-below approach which employed additional metal lines on top of 

the dielectric layer as grounding wires [72].  

For droplet-based actuators, an electrically grounded droplet with open configuration is 

an attractive method. The droplet can be actuated from the bottom substrate while carrying a 

solid object on top. In order to have a low cost and efficient droplet-based actuator, the drawback 

in the fabrication requirement will need to be addressed. 

2.4.3 Control Method 

To be able to control the droplet’s position, either open or closed loop control can be used 

in EWOD actuation. Open loop control requires optimization of the voltage input pattern. The 
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electrodes can be energized sequentially to achieve motion [78]. One problem is that if the 

droplet’s motion and the input were out of sync (say a missed step) or if the output force is too 

large and the droplet overshoots, the device would stop functioning all together [78].  

Closed loop control requires feedback such as capacitance measurement [40] or real-time 

imaging. In capacitive monitoring, a low voltage AC signal can be used to probe the droplet’s 

location on an electrode. Typical setup requires closed configuration to keep the linear 

relationship between the capacitance changes with respect to the footprint of the droplet. 

Additional hardware is needed which would likely increase the device’s size and overall cost.  

2.4.4 Summary 

To summarize electrowetting-based actuation, the following Table 3-2 is constructed to 

list basic types of EWOD droplet actuations. Their performance characteristics are listed in the 

“remarks” column.  

Table 2-1: Common EWOD setup and their performance characteristics. The physical 

configuration of “open” and “closed” refers to with or without a top cover plate, respectively.  
Electrical 

Configuration 

References Physical 

Configuration  

Remarks 

 

Floating 

 

 

[64, 80] 

 

open  

Reliable but less repeatable due to position 

dependent actuation force.  

Special electrode geometry is needed. 

 

Grounded 

 

 

[31, 40, 81] 

 

closed 

High precision with feedback which requires a 

top plate. 

Grounding from below needs multilayer and 

through hole, no feedback has been shown. 

 

Continuous 

 

 

[78, 82, 83] 

 

closed channel 

 

Fast and reliable, but uses mercury. 

 

Diode-based 

 

 

[26, 76] 

 

open 

 

Simple wiring, but reliability is an issue 
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For actuating solid objects, it is preferred to use a grounding droplet with an open 

configuration. The discussion below will list works by others using EWOD to actuate solid 

objects.  

2.4.5 EW-based Solid Actuation 

The prior works reviewed above have been concentrated mainly on transporting droplets 

by electrowetting actuation. A few researchers have been looking into using droplets to perform 

mechanical actuations.  

2.4.5.1 Out of Plane Actuation 

When a capillary bridge is formed between two parallel surfaces, EWOD can be used to 

change the shape of the capillary bridge, which in turn results a vertical tension force between 

the two surfaces. Vasudev and Zhe used EWOD to control the curvature of a droplet hanging 

from above. When the droplet came into contact with a solid sphere (~14 mg), the capillary 

bridge formed between the two solid surfaces could grasp the sphere. When the applied voltage 

was decreased, the change in curvature caused a lower gripping force, and the sphere was 

released (see Figure 2-10: Schematics of the four steps for micromanipulation using the capillary 

micro-gripper.) [84]. 
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Figure 2-10: Schematics of the four steps for micromanipulation using the capillary micro-

gripper. Reprinted with permission from [84]. The copyright agreement is attached in the 

appendix.  

 

Another example of using EWOD to modulate the capillary bridge is demonstrated by 

Wang et al [85]. The authors used MEMS fabrication methods to create a cavity which was filled 

by liquid. When EWOD was applied on the bottom surface, the increased contact area on the 

bottom caused a vertical downward force on the top surface. The measured actuation force was 

around 200 µN. The authors stated that a parallel plate electrostatic actuator of the same size 

could only generate 3 µN of force which was over 60 times less than a capillary actuator.  

Knospe et al. also investigated the actuation of EWOD in the vertical direction by means 

of a numerical study [86]. The authors concluded that the maximum stable displacement of the 

capillary bridge is about one third of the nominal bridge height, which is much greater than 

similar parallel plate actuators.  
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2.4.5.2 Horizontal Actuation  

When using droplets to carry solid objects, EWOD can also be used to achieve horizontal 

motion. Moon and Kim used a floating configuration to move droplets across patterned 

electrodes and created a conveyer system (see Figure 2-11, left) [64]. Four 6 microliter sized 

droplets were used carry loads up to 180 mg. However, the authors did notice that if the droplet 

was sitting in-between two adjacent electrodes (Figure 2-11, top right), the symmetric forces on 

either side of the droplet would block the motion. One solution was to implement finger like 

geometry to the electrodes as shown in Figure 2-11, bottom right.  

  

Figure 2-11: Micro-conveyer system created by a floating EWOD configuration. Left: droplets 

carrying a plate. Top right: droplet unable to move. Bottom right: New design to enable 

motion. Reprinted with permission from [64], the copyright agreements are attached in the 

appendix. 

 

2.5 Area of Improvements Needed 

While the prior work has demonstrated that EW can be used to actuate solid objects, 

critical knowledge is missing, which limits wider use of EW actuation. For example, the above 

work concentrates on the vertical actuation force and is largely limited to the tension force of a 

concave capillary bridge. For droplet-based actuators, the droplets are used to support a solid 
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object, and the shape of the capillary bridge would likely be convex when the load is 

compressive. It is important to understand the load capability in the vertical direction, as well as 

the actuation force in the horizontal direction. The load capability will determine the device 

footprint, as well as the efficiency of the actuator; the horizontal force will determine the speed 

and the accuracy of the actuator. In addition, current EWOD technology uses relatively coarse 

step control for droplet positioning. Precise positioning requires feedback control which 

increases the device footprint. It would be ideal if fine positioning could be maintained without 

feedback control.  

2.6 Current Work’s Contribution to EWOD-based Actuation 

Current EWOD-based actuators can achieve high force in the vertical direction [86]. Fine 

positioning in the horizontal motion is also possible with the help of a feedback control loop 

[40]. However, some key understandings are still missing.  

As discussed in section 2.3, several approaches can be used to calculate the EWOD 

actuation force. While a few indirect methods are available to quantify the actuation force during 

electrowetting [62, 87, 88], only one direct electrowetting force measurement was reported 

previously [89]. Additionally, the most widely used measurement technique is to measure the 

apparent contact angle change under EWOD actuation. However, the difference in advancing 

contact line and the receding contact line (contact angle hysteresis) can impose significant 

resistance to contact line motion. Due to the fact that virtually all surfaces are rough, contact 

angle hysteresis is unavoidable [90]. Variations between the advancing and receding contact 

angles (~10˚) have been reported in electrowetting literature [91], and much larger are possible. 

This in turn, affects the results of EWOD force approximation.  
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This work reports on the design and testing of a custom-built EWOD actuation 

measurement apparatus, which directly measures the force output during actuation. The 

theoretical basis for the method, and an early implementation are reported [89].  

Once the actuation force is validated, this work further refines the diode-based actuation 

developed in our lab previously [76, 77]. It is favorable to use a grounded configuration in 

mechanical actuation because it can provide maximum force, and the force is also independent of 

the location of the droplet. This provides constant actuation force as long as the applied voltage 

remains the same. However, when the droplet is used to carry a solid object, it is problematic to 

provide electrical connection from above. Grounding from below would require a multilayer 

approach with though holes that would complicate fabrication. Also, currently available EWOD 

needs electrical feedback for precise positioning [40], which requires additional sensing 

equipment which would also increase fabrication and electronics cost. Diode-based actuation 

provides an alternative to potentially solve the above mentioned problems. This work will use 

the newly developed method to create an open loop control system which could position the 

droplet without feedback. The precision and the repeatability will be measured experimentally.  

In addition, previous EWOD uses individual electrodes to move droplets. The maximum 

step size was limited by the electrode size. When large travel distance is required (i.e. 100x the 

droplets diameter), individual addressable electrodes would need a large number of 

interconnects. Diode-based actuation simplifies the wiring requirements for long-range travel. 

But, the reliability and repeatability for the newly developed actuation method was not 

investigated previously. This work will try to quantify, and possibly improve the current 

technology by demonstrating reliable working devices.    
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The proposed mechanical actuator could also benefit research areas other than the EWOD 

community. Using a capillary bridge to perform mechanical actuation such as grasp and release, 

as well as alignment, have been an active area of research. However, prior work concentrated on 

the adhesion force created by capillary bridges [1, 18, 22, 86, 92, 93]. This work will 

complement prior research by using numerical simulations to investigate the compression force 

exerted by a capillary bridge. When using droplets to support solid objects, the liquid-ambient 

interface acts as a spring in the vertical direction. Parameters such as the maximum load, fluid 

volume, gap height and surface tension are tightly coupled. This work will define these 

parameters in terms of load capability and stiffness, analogous to a linear bearing, which could 

then be used to design droplet-based actuators.   

2.7 Conclusion 

This chapter reviewed various droplet actuation methods, their working principles and 

performance characteristics. Comparing these methods, electrowetting actuation was shown to be 

the most favorable candidate in droplet-based actuators. Electrowetting is highly reversible, 

repeatable, and provides relatively large force in the micro to mesoscale. This work will address 

some of the challenges in designing and implementing electrowetting-based droplet actuation. 

But first, the electrowetting force will need to be validated. The following chapter will focus on 

the experimental approach which measures the electrowetting actuation force.  
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CHAPTER 3: ELECTROWETTING ACTUATION FORCE1 

 

The main goal of this dissertation is to quantify key parameters which can be used to 

design droplet-based electrowetting actuators. The previous section reviewed the basic 

electrowetting principle and common configurations for actuation. Their equivalent circuit 

representations were discussed. Electrowetting-driven droplet actuators and their accompanying 

performance are listed.  

Due to the high actuation force and simplistic design, grounded configuration in 

electrowetting was proposed to be used as the actuating configuration.  

In this section, the force of a grounded electrowetting droplet is experimentally validated 

by measuring the actuation force and relating it to the driving voltage. The results are compared 

to the Young-Lippmann equation. This study shows higher surface tension fluids should be used 

in droplet-based actuators due to the high actuation force and speed. It also shows when the 

droplet is used to support solid object (constrained shape), the velocity increases with higher 

surface tension fluids due to the limiting contact line friction force. 

3.1 Abstract 

Electrowetting on dielectric is a phenomenon in which the shape and apparent contact 

angle of a droplet changes when an electric field is applied across the droplet interface. If the 

field is asymmetric with respect to the droplet, then a net force can be applied to the droplet. In 

                                                 
1 This chapter was published in Microfluidics and Nanofluidics (Ni, Q., Capecci, D.E., and 

Crane, N.B., Electrowetting force and velocity dependence on fluid surface energy. Microfluidics and 

Nanofluidics, 2015. 19(1): p. 181-189). Permission is included in Appendix A 
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this work, we have measured the electrowetting force by confining the droplet shape beneath a 

glass plate and measuring the force on the plate. The force was measured as a function of voltage 

for a range of fluids with different surface energy. Measured forces show excellent agreement 

with predictions based on the Young-Lippmann equation using measured contact angles. Results 

also show that the electrowetting force is independent of fluid surface energy below saturation, 

but that the peak force is proportional to the surface tension. This work shows that lowering the 

surface energy of the fluid can induce larger contact angle change under the same voltage, but it 

has no beneficial impact on the actuation force in droplet-based actuators. In contrast, velocity 

tests with deformable droplets show higher speeds for lower surface energy fluids, even above 

their saturation voltage. However, when the droplet’s shape is restrained, the highest velocity is 

achieved with high surface energy fluids due to the larger electrowetting actuation forces that are 

applied. 

3.2 Introduction 

Electrowetting on dielectric (EWOD) uses an external electric field to change the 

apparent contact angle of a droplet on a dielectric layer. For a grounded droplet configuration, a 

conductive liquid and a metal substrate are separated by a thin dielectric. Voltage potential is 

applied between the droplet and the substrate. The contact angle of the droplet follows the 

Young-Lippmann equation until a certain point which is referred to as the contact angle 

saturation [23]. EWOD is frequently employed in optical [95], display [96], and lab-on-chip 

technologies [97] where fluid position and shape are the primary metrics. It also shows promise 

in mechanical applications including pumps [82], grippers [84], switches and motors [98, 99].  

For display and bio-sampling applications, motion velocity is a key metric, as it improves 

video quality and through-put, respectively. On the other hand, the maximum force the EWOD 
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droplet can achieve is the primary interest in designing actuators, pumps, and grippers. However, 

only limited direct measurements of mesoscale electrowetting forces have been reported 

previously. Common experimental approaches use either capillary rise experiments which 

calculate the electrowetting force from induced hydrostatic pressure difference [100], or by 

relating the electrowetting force to the contact angle based on the Laplace pressure across the 

droplet/ambient interface [101]. Other techniques such as measuring the pressure change inside 

of a microfluidic channel [62], measuring the capacitance of the droplet [102], or using an 

attached AFM tip [103] have also been explored. Mannetje et al. [104] has measured the force 

due to localized EW under applied AC signal, but these measurements are limited by the strength 

of the wetting to the small rod used to move the droplet. Due to the complex geometry and the 

dynamics of the contact line, direct force data is scarce. 

This paper addresses the gap of experimental investigations in electrowetting forces and 

their dependence on the fluid properties. In this work, we address how the EW force varies with 

the applied electrical potential and the surface energy/surface tension (γ) of the droplet/ambient 

interface. First, the force relationships for the electrowetting of a droplet with respect to the 

contact line length are developed. Experimental methods for directly measuring the 

electrowetting force are described and the results are compared to the conventional contact angle 

approximation. Velocity of droplets composed of high and low surface energy fluids are 

compared between a free deformable drop and a constrained drop. Design considerations for 

EWOD actuators are discussed and the relationship of these measurements to prior velocity 

testing results are discussed. 
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3.3 Electrowetting Force  

For an arbitrary shaped droplet during EWOD actuation, the change in contact angle is 

induced by the electric field between the fluid/dielectric interface. The force acting near the 

interface per unit length of contact line can be expressed as: 

𝐅̅ =  
ε0 ∗ ε

2 ∗ δ
∗ 𝐕̅2 

Equation 3-1 

where ε0 is the permittivity of free space, ε is the dielectric constant of the insulating layer, and δ 

is the dielectric thickness [105]. The electrowetting force can be calculated by integrating around 

the droplet contact line that covers the active electrode (see Figure 3-1): 

 

where (𝐅̅) is the force vector and 𝐧̂ is the unit normal to the direction of the force. 

 

Figure 3-1: A square droplet is created by placing a square glass plate over it. The droplet 

assumes the shape of the glass plate. One side of the droplet is grounded. When a voltage is 

applied to the other electrode, the contact line moves only slightly but a force is still applied 

to the glass plate. 

 

𝐅̅ =  
ε0 ∗ ε

2 ∗ δ
∗ 𝐕̅2 

Equation 3-2 
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We will consider the case of a droplet wetted to a glass plate that is placed on a 

hydrophobic (CA > 90 º) substrate. For small droplet volumes, the droplet is well-approximated 

by a prism with the cross section of the glass plate [89]. For the simple cases of a rectangular 

plate or a circular plate that is halfway over the energized electrode (Figure 3-1), the total 

electrowetting force can be combined with the Young-Lippmann equation and simplified to: 

F =
ε0 ∗ ε

2 ∗ δ
∗ V2 ∗ Leff = (Cos(θEW) −Cos(θY)) ∗ γ ∗ Leff 

Equation 3-3 

where θEW is the apparent contact angle under voltage, θY is the equilibrium contact angle when 

V = 0, γ is the droplet/ambient interfacial tension, Leff is the length of the droplet normal to the 

force direction at the boundary between the two electrodes. Alternatively, the force can be found 

by calculating the derivative of the system energy with respect to a displacement in the direction 

of the force. For the case of a square droplet, the change in Leff with voltage and position is 

negligible so that the energy change in the system is the electrical energy stored in the capacitor 

formed between the droplet and the electrode [89]. The capacitive energy stored below a square 

droplet is (see Figure 3-1): 

E =
1

2
∗ C ∗ V2 =

1

2
∗ (
ε0 ∗ ε ∗ x ∗ Leff

δ
) ∗ V2 

Equation 3-4 

where (x*L) is the area of the droplet that’s covering the working electrode. Taking: 

F =
dE

dx
=
1

2
(
ε0 ∗ ε

δ
) ∗ V2 ∗ Leff 

Equation 3-5 

Equation 3-3 is recovered. It is important to note that according to Equation 3-5, the force is 

independent of the interfacial tension of the fluids used. So below contact angle saturation, the 

force should only be a function of the voltage applied.  
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3.4 Experimental Setup 

3.4.1 Electrowetting Force Measurement 

The experimental configuration is illustrated in Figure 2. A force sensor (NanoScience 

Instruments FT-270, resolution 2 µN) was bound to a thin glass fiber (diameter ~ 5 µm) using 

cyanoacrylate. On the other end of the fiber, a glass plate (13.5 x 4.5 x 0.1 mm) was attached 

using the same method. The glass plate was patterned with 1 µm Cytop® to define two 

hydrophilic regions separated by a hydrophobic region. One droplet is placed in each hydrophilic 

region. Due to the uneven pressure distribution inside the droplet under electrowetting actuation, 

the glass plate tends to tilt when a voltage is applied. Therefore, only the droplet away from the 

force sensor was actuated during force measurements, and the droplet which was closer to the 

sensor provided a counter moment to the plate to prevent rotation. As a result, the lateral force of 

electrowetting was translated through the droplet to the top glass plate and measured by the force 

sensor with negligible plate tilting.  

 

Figure 3-2: Force measurement setup. The illustration on top is the measurement system 

viewed from the side. The lower left is a magnified view of the force sensor from the top. The 

lower right is the top view of the glass plate with droplets and oil under the plate. 
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The substrate was fabricated by evaporating aluminum (400 nm) onto clean glass slides 

using electron-beam deposition. The aluminum was patterned to form two electrodes using 

photolithography. A 2 µm (± 0.15 um, measured by an Alpha-step profiolometer) Parylene C 

coating was deposited using a Parylene lab coater (Specialty Coating System, PSD2010). 

Finally, a 30 nm Cytop® top coat was applied to render the substrate hydrophobic. Our group 

and others have reported that anodic electrowetting with weak acid and aluminum improves 

electrowetting reliability [37, 75]. Therefore, the electrolyte base was chosen to be 0.1 M Citric 

Acid. Non-ionic, water soluble surfactant (Tergitol™ NP-8, CMC 61 ppm, DOW chemical 

company) was added with 0.001% and 0.005% by weight concentration. The ambient phase used 

was silicone oil (OS-30, Dow Corning) or n-hexadecane (99% pure, Alfa Aesar).  

The experimental procedures are listed as follows: (i) Before each test run, a scratch was 

made in the Parylene covering the grounding electrode to provide electrical ground to the 

droplet. (ii) The fluid of interest (a total of two droplets with volume of 10 µL each) was 

deposited on the two wetting regions of the top plate manually using a pipette. (iii) The glass 

plate was lowered onto the substrate to allow the droplets to touch the surface. (iv) Ambient fluid 

(10 µL) was pipetted in the gap between the glass plate and substrate. (v) A DC voltage ramp 

was applied at 1 V/0.2 second and the reading from the force sensor was collected as well as the 

applied potential (see Figure 3-3). A total of five tests were performed, and each test was done 

on a new location of the substrate. The total volume of the fluid used was fixed to be 30 µL 

during all experiments, and the gap height was maintained by the surface tension of the oil/air 

interface. Therefore, no significate height change was observed with different surfactant 

concentration.  
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Figure 3-3: Experimental procedure. Droplets of testing fluids were deposited first onto the 

top plate. Then, the plate was lowered to touch the electrowetting substrate. Ambient fluid 

was then added. When a voltage was applied, the force on the plate was measured and 

recorded. 

 

3.4.2 Contact Angle Measurements 

Contact angle measurement was done on a goniometer fitted with a digital camera and 

the images were processed using ImageJ software. Contact angle was measured with the same 

voltage ramp as the force measurements. For solutions with surfactant, the voltage ramp was 

stopped at 80 Volts. For all other measurements, the voltage was ramped to 120 Volts. Again, a 

total of five tests were performed for each solution. 

3.5 Results and Discussion 

3.5.1 Direct Force Measurements 

The measured actuation force is plotted vs. the applied voltage. As the figure shows, 

regardless of the concentration of the surfactant, the measured force followed the same slope 

until saturation. The peak force each fluid achieved was proportional to the interfacial surface 

energy (see Figure 3-4).  
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Figure 3-4: Measured electrowetting force vs. the applied voltage. The plot on the left 

shows the tests performed using n-Hexadecane as the ambient fluid, and the plot on the 

right using OS-30 silicone oil. No surfactant: 0.1 M citric acid. 0.001% surfactant and 

0.005% surfactant: the percentage concentration by weight added to the base solution. The 

average values of five tests for each material combination are presented with the error bars 

showing the standard deviation of the results. 

 

3.5.2 Contact Angle Measurements 

The measured contact angle is plotted vs. voltage applied (see Figure 3-5). All 

combinations of droplet/fluid and ambient/fluid show contact angle variation from ~170° to 

~60°. Surface tension (mN/m) was extracted from the contact angle measurements using 

methods described by Banpurkar et al. [106] and the values are tabulated in Table 3-1. 

  

Figure 3-5: Measured contact angle vs. voltage applied. The figure on the left shows tests 

performed in n-hexadecane ambient and the figure on the right shows tests performed in OS–

ambient. No surfactant: 0.1 M citric acid. 0.001% surfactant and 0.005% surfactant: the 

percentage concentration by weight added to the base solution. The average of five tests is 

presented. Error bars show the standard deviation of the results. 
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Table 3-1: Surface tension values (mN/m) extracted from contact angle measurements. The rows 

are the actuation fluids, and the columns are the ambient oil. Five repetitions were performed for 

each test, and the average value and their standard deviation are listed. 
 n - Hexadecane ambient OS – 30 ambient 

0.1 M Citric Acid 30.9 ± 2.3 36.0 ± 3.6 

0.001% by weight Tergitol added 17.2 ± 1.2 18.9 ± 1.1 

0.005% by weight Tergitol added 10.7 ± 0.7 12.5 ± 1.1 

 

3.5.3 Comparison between Measured Force and Calculated Force from Contact Angle 

In order to relate the measured force to the contact angle, the extracted interfacial tension 

and the average values of the measured contact angle, along with the plate width (Leff = 4.5 mm), 

were used to calculate the electrowetting force using Equation 3-3. These results are compared to 

the measured electrowetting force in Figure 3-6. 

  

Figure 3-6: The average of the measured electrowetting force is plotted against the average 

calculated force from the contact angle. The relative surface tension values are used instead of 

the surfactant concentration. The straight line with the slope of 1 provides a comparison 

standard for those two methods used. 
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The measured electrowetting force agrees very well with the calculated force below the 

saturation voltage. The measured force for most fluids exceeded predictions as the voltage 

approached the saturation voltage, before dropping below the prediction as the contact angle 

saturation voltage is exceeded. Although the cause of contact angle saturation is still under 

intense debate [107, 108], it is possible that in this case, geometry changes of the droplet could 

cause this increases due to a small increase in Leff prior to saturation. 

 The fact that the measured force dropped below the predicted force after contact angle 

saturation was somewhat difficult to interpret. It was suggested by Jones [87] that the 

electrowetting force can still increase even after contact angle saturation. Jones also stated that 

there was no direct evidence to assume the contact angle saturation was limiting the 

electrowetting force. However, our measurements show only a small excess of force near the 

contact angle saturation point, after which the force drops below predictions. Thus, the contact 

angle saturation is a good prediction of the force saturation limits in these geometries. It is 

possible that these effects are due to size and geometric effects such as droplet spreading on the 

electrode and/or dewetting from the plate above the saturation voltage. Further work is necessary 

to address this force limit.  

To consider the data differently, forces measured after the onset of saturation were first 

normalized by the effective length (L=4.5 mm), then plotted against the electrowetting number 

(𝜂 =
1

2
(
𝜀0∗𝜀

𝛾∗𝛿
) ∗ 𝑉2) to show the dependence of the force with surface tension of the fluids. 

Then, the same normalized forces were plotted against the products of surface tension and the 

electrowetting number (𝛾 ∗ 𝜂 =
1

2
(
𝜀0∗𝜀

𝛿
) ∗ 𝑉2) to show the voltage dependence of the 

electrowetting force (shown in Figure 3-7). The figure highlights the design considerations for 

EWOD-based devices.  
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Figure 3-7: Measured unit force before saturation plotted against (a) electrowetting number 

(η), left graph, (b) surface tension times electrowetting number (γ*η), right graph. Interfacial 

tension values are listed instead of material combination. 

 

At the same electrowetting number, higher surface tension fluids provide higher actuation 

force (Figure 3-7a). While low energy fluids require less voltage to reach saturation, the 

actuation force is much larger with high surface energy fluids. Additionally, the electrowetting 

forces produced by all tested fluids follow the same linear relationship between force and V2 

regardless of the interfacial tension of the fluid, as predicted (Figure 3-7b). So the actuation force 

is only dependent on the voltage applied prior to saturation. Interestingly, the electrowetting 

force/length exceeded the interfacial energy of the fluid for all tested fluids; many by 50%. Even 

with the uncertainty of the contact line length during the force experiments, the applied 

force/length has clearly exceeded the interfacial energy of the fluids. Thus, it is likely that the 

force was limited by either the stability of the droplet/substrate interface, or by the wetting force 

of the droplet acting on the top glass plate. By decreasing the volume of the droplets and/or 

enhancing wetting to the top glass plate by adding roughness features to the plate, the 

electrowetting force might be increased further.  
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In summary, for electrowetting-based actuators, if lower voltage requirements are the 

primary design consideration, lower surface tension fluids should be used. If the maximum 

actuation force is the goal of the device, then higher surface tension fluids should be utilized. 

3.6 Considerations for Electrowetting Velocity 

As discussed above, actuation velocity is important to many electrowetting applications; 

even where the force is the primary metric of concern, actuation velocity determines the response 

speed and actuator bandwidth. If the droplet were a rigid body, higher forces would be expected 

to produce higher accelerations and higher peak velocity. However, Lu et al. [109] has reported 

that the center of mass of the EWOD droplet reached higher velocity with a higher 

electrowetting number, which is contrary to this force-based prediction. 

To investigate the impact of electrowetting force on actuation speed, two additional sets 

of experiments were performed in order to compare velocities of different surface energy fluids 

in the traditional closed electrowetting configuration with a grounded top plate, to the fixed-

shape droplet case studied here. Patterned substrates were fabricated using the same method 

described in an earlier section. The size of the electrodes were 4 x 4.5 mm. For the first set of 

experiments, a cover plate coated with indium-tin oxide (ITO) was used to provide electrical 

ground to the droplet. The ITO-covered glass slides were also coated with 30 nm Cytop® to 

ensure the same hydrophobic surface property. The gap between the top plate and the substrate 

(400 µm) was maintained by a plastic shim. The volume of the droplet was 10 µL and the 

ambient fluid used was OS-30 oil. An initial voltage was applied to the electrode on the left at 

time < 0 to maintain the position of the droplet at the beginning. Then, the voltage was switched 

to the electrode on the right at time > 0. A digital camera above was triggered at 50 Hz to capture 

the evolution of the droplet as it moved towards the active electrode. 
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3.6.1 Free Deforming Droplet 

 

Figure 3-8: Comparing the motion of free deforming droplets sandwiched between two plates 

during electrowetting actuation. The top row is high surface tension fluid (γ = 36.0 mN/m), 

and the bottom row is low surface tension fluid (γ = 18.9 mN/m). The time at which the image 

was taken is listed in seconds. The low surface tension fluid deformed much more during 

actuation and conformed to the electrode shape much easier. The scale bar is 5 mm. Applied 

voltage: 70 V, ambient fluid: OS-30. Droplet was grounded through a ITO-covered top plate. 

 

In our experiments, lower surface tension droplets reached the active electrode much 

faster than high surface tension droplets under the same applied voltage. This is true even when 

the applied voltage is well above the saturation voltage of the low energy fluid. The images show 

that the low surface tension droplets were able to stretch more than the higher surface tension 

droplets at the same applied voltage (Figure 3-8). The characterization of the droplet deformation 

is beyond the scope of this paper, but contact line friction, viscosity, and contact angle hysteresis 

all contribute to this behavior [110-113]. Of all these factors, the dynamic contact angle 

hysteresis and the viscosity of both the ambient fluid and the droplet are thought to be most 

relevant to the deformation of the droplets (see later section about dynamic contact angles and 

contact line friction). Under electrowetting actuation, the leading contact angle deforms under 

the applied potential, and the contact line starts to move. But, the contact line at the top leading 

edge and both trailing edges (top and bottom) was pinned due to contact angle hysteresis. The 

induced internal flow, and the shear stress developed due to the viscosity contrast of the ambient 

and droplet caused the droplet to deform. The deformation on the leading edge of the droplet 
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increases the effective contact line length on the active electrode, which increases the force. 

Simultaneously, the low energy surface more readily deforms in response to the resistance of the 

ambient fluid to reduce the drag force on the droplet. Both effects would act to increase the 

droplet actuation velocity. The first effect would increase the force on the low energy droplet, 

while the second would reduce the drag. Additionally, the contact line hysteresis, or contact line 

friction is often proportional to the surface energy. So, the larger actuation force/contact line 

length may be partially offset by these contact line losses. These observations are consistent with 

the results of others [109], but additional studies are needed to provide a complete understanding. 

Given that lowering the surface tension can lower the operational voltage in the EWOD device, 

low surface tension fluids are favorable for free droplets. 

If the higher speed of low surface energy droplets is related to their ability to change 

shape readily, this advantage should decrease or be reversed in the case of fixed-shape droplets. 

As fixed geometries are able to exert the largest forces, this condition is important for 

maximizing actuation speed. In this case, high surface tension fluid would be expected to provide 

both high peak force and higher velocity. As a validation, velocity of fixed-shape droplets of 

different fluid types were measured in the second set of experiments. 

3.6.2 Fixed-shape Droplet 

The same electrode design was used, but the top cover plate was replaced with a free 

circular glass plate (diameter: 8 mm, thickness: 100 µm) that was wetted by the EWOD droplet. 

A scratch in the Parylene on one electrode was used to provide electrical ground. The oversized 

plate forced the droplet to wet the top plate and remain circular during motion. Also, the 

effective length of the droplet was constrained due to the fact that the plate diameter (8 mm) was 

much larger than the electrode width (4.5 mm). The experiments were performed in air with just 
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2 µL silicon oil (OS-30) at the interface to minimize contact line friction. Although the 

experiments were done in air, the oil shell encapsulated the droplet/substrate interface, so the 

electrowetting force should still depend on the droplet/oil surface tension values. The combined 

volume of the droplet and ambient oil resulted in a gap height of 400 µm. Potential was applied 

to one of the electrodes and the movement of the droplet was captured at 50 frames/second. 

Afterwards, the images were analyzed using a MATLAB routine to track the position of the 

circular plate, and the centroid of the plate was extracted for each frame. The displacement of the 

glass plate is plotted against the time in Figure 3-9.  

At low voltage (50 V), the droplet displacement was similar for both high and low 

surface tension fluids. The low surface tension fluid moved slightly faster than the high surface 

tension fluid. It is possible that the same volume droplet would have a slightly larger contact area 

with lower surface tension. At high voltage (70 V), the velocity increased for both fluids. 

However, the constraining top plate limits the spreading, and the higher surface energy fluid 

achieved much faster motion, as expected from the EW force measurements. Thus, high surface 

energy fluids are preferred for electrowetting actuations when high velocity of a constrained 

droplet is needed, or large actuation forces are desired.  
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Figure 3-9: Plate speed under electrowetting actuation. A circular plate was carried by the 

EWOD droplet. The relative displacement of the plate (mm) is plotted against the time (ms) 

after the voltage was applied. The high surface tension fluid was 0.1 M citric acid (36.0 

mN/m) and the low surface tension fluid (18.9 mN/m) was 0.001% surfactant by weight. The 

maximum voltage (70 V) was below both fluids’ saturation voltage. The average velocity of 

the plate is listed on the right. The average value of 3 tests are presented, and the error bars 

are the standard deviation of the data 

 

3.6.3 Friction Effect 

As discussed earlier, the forces opposing motion is a result of the combined effect of 

viscosity of the fluid, the surface tension, and the contact angle variation during motion (dynamic 

contact angle). A large amount of detailed studies have been conducted for droplets with a 

moving contact line for both droplet spreading [113-115] and electrowetting-forced wetting [112, 

116, 117]. The frictional force is usually thought to be proportional to the capillary number Ca 

(𝐶𝑎 =
µ∗𝑈

𝛾
), where µ is the viscosity, and U is the contact line speed. 

For a fixed-shape droplet (in our case, a thin circular cylindrical-shaped droplet), the 

friction variation can be measured by simply dragging the droplet at a fixed speed. Refer back to 

Figure 3-2.; the same force measurement setup was used to drag the same fixed-shape droplet 
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across the same hydrophobic substrate. A linear stage (UTS100CC, Newport Corp.) was used to 

move the substrate at a given velocity, and the sensor was fixed to the support. The tests were 

performed for low and high surface tension fluids at 2.5, 5, 7.5 and 15 mm/s. The initial inertial 

effect was discarded and only the forces at steady-state velocities were reported. The measured 

forces were normalized by the plate diameter (8 mm) and then plotted against the velocity for 

each combination (Figure 3-10), and the insert shows the normalized force vs. the capillary 

number Ca (using 1 mPa·S for µ). 

  

 

Figure 3-10: Normalized friction force vs. velocity. The velocity for the tests were 2.5, 5, 

7.5 and 15 mm/s for all fluids with the additional 30 mm/s for the high surface tension fluid 

only. The squares are the low surface tension fluids (γ = 18.9 mN/m) and the circles are the 

high surface tension fluid (γ = 36.0 mN/m). Each data point represents the average of three 

runs and the standard deviation is presented. The insert is the same force plotted against the 

capillary number (Ca). 

 

During the experiments, a dynamic force oscillation was observed around Ca ~ 4x10-4, 

but the force variation was low (~0.5 mN/m). Plate tilting due to viscous shear was only 

observed for low surface tension fluids at Ca ~ 8x10-4 (the last data point of low γ). Also, both 
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the drag force and the dynamic force oscillations started to increase after the average speed 

became stable for that particular case. The friction force for high surface tension fluid increased 

linearly with the capillary number. However, the friction force for low surface tension fluid had 

much larger gain when the capillary number increased to Ca ~ 8x10-4. In the dynamic contact 

angle study conducted by Nelson et al. [112], the dependency of contact line friction in terms of 

dynamic contact angle hysteresis without electrowetting was fairly weak at Ca < 5x10-4 and the 

contact angle hysteresis increased after Ca > 1x10-3 for water in air. Our experiments observed 

the same trend for low surface tension fluids where a large force increase was seen after Ca > 

5x10-4. It is unclear why higher surface tension fluids did not follow the same trend. It is 

possible that in our experiments, the top plate was carried by the droplet, and the weight of the 

glass plate contributed to the effect. It is also possible that surface tension changes the slope; 

since the plate is not rigidly constrained, it could undergo some tilting that might impact the 

measured forces. However, the plate appeared to remain parallel to the substrate during testing.  

Without provoking the hydrodynamic or molecular kinetic theory presented in earlier 

references [113-115], the data still provides some insight to the interpolation to earlier speed 

experiments. First, the friction force at a given measured velocity (Figure 3-9) was extracted 

using a fitted line from Figure 3-10. Assuming the measured friction forces represent the total 

force opposing the motion during electrowetting actuation, Table 3-2 summarizes the forces and 

their differences under actuation. The highly non-linear nature of the residual force (the 

difference between the applied force and the friction force) seems to indicate that there are other 

additional dissipation mechanisms which are related to both the surface tension and the velocity. 

Perhaps, like it was pointed out [112], the stick-slip behavior at high electrowetting number 

actuation has additional impact in the friction force and the electrowetting changes the localized 
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flow condition around the contact line. Or, it could be the assumption of measured friction force 

at steady state did not match the transient behavior of electrowetting actuation. More advanced 

analyzing methods are needed for future studies.  

Table 3-2: Measured electrowetting force and the friction force during actuation. All numbers are 

normalized by their respective length (mN/m) 
Surface tension and 

measured velocity 

Electrowetting force Friction force Residual force 

36.0 mN/m at 14.3 

mm/s 

36.5 5.7 30.8 

36.0 mN/m at 3.8 mm/s 18.7 2.8 15.9 

18.9 mN/m at 9.3 mm/s 30.0 8.7 21.2 

18.9 mN/m at 5.5 mm/s 19.0 4.5 14.4 

 

At low speed, both the low and high surface tension fluid were under the same actuation 

force. The contact line friction was slightly higher for the low surface tension droplet. However, 

the low surface tension droplet moved faster as seen in Figure 3-8. 

When the contact line speed increased beyond Ca ~ 3x10-4, the friction force increased 

as the speed of the contact line increased. The low surface tension droplet experienced much 

more friction force than the high surface tension droplet. The additional friction force limits the 

speed of the low surface tension droplet at high voltage (70 V). For high surface tension fluid, 

the linear relationship with speed follows a less-steep slope. So the high surface tension droplet 

can travel faster at high voltage. Since high surface tension fluids can reach higher velocity at a 

given capillary number; they should be used for fixed-shape droplet actuation to maximize both 

the force and speed.  
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3.7 Conclusion 

We have measured the electrowetting force by confining the geometry of a droplet. 

Below contact angle saturation, the measured force agrees well with the force predicted from 

contact angle measurements. The measured electrowetting force exceeds the predicted saturation 

point but declines with increased voltage beyond saturation. Higher surface energy fluids achieve 

much larger forces than low surface energy fluids. However, droplet velocity is not directly 

related to the electrowetting force. Free droplet velocity is higher for lower surface energy fluids 

as compared to higher surface energy fluids. It appears that droplet deformation has a large 

impact on droplet transportation speed in EWOD of free droplets. The electrowetting number 

should be used to design EWOD devices for moving droplets as previously reported. However, 

for a droplet with fixed-shape, the maximum velocity increases with higher surface tension fluids 

due to the limiting contact line friction force. So as a rule, for a higher force/speed of an EWOD 

actuator, higher surface tension fluids should be used. 
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CHAPTER 4:DROPLET MICRO-STEPPING USING ELECTROWETTING 

 

The goal of this dissertation is to establish the design criteria for a droplet-based 

mechanical actuator. The previous chapter validated the static actuation force in electrowetting 

actuation. Design parameters such as surface tension and applied voltage were analyzed. A 

successful actuator driven by electrowetting requires not only high actuation force but also 

precise positioning. Conventional electrowetting droplets require complicated fabrication and 

control schemes to achieve high precision. When designing such actuators, tradeoffs between the 

speed and precision must be made. This chapter presents a novel electrowetting configuration 

which uses diodes and simplified open-loop control. By implementing this in a mechanical 

actuator, challenges in wiring and control could be eliminated.     

4.1 Abstract  

Microfluidic-based mechanical actuation opens new possibilities for positioning and 

manipulating small, delicate components. However, existing methods are not well-suited to 

positioning with high resolution. This paper reports a method for precise, open-loop control of 

droplet position in finite steps by varying the input signal’s duty cycle in electrowetting 

actuation. When wetted to a solid object, both the droplet and the solid can be actuated. Unlike 

conventional electrowetting actuation methods, positioning resolution in our proposed method 

can be much smaller than the size of the underlying electrodes without requiring a closed-loop 

feedback control system. Using a leaky dielectric coating, the electrode/electrolyte combination 

in our device acts as a simple diode by blocking current in one direction and conducting in the 



www.manaraa.com

  56 

other. The position of the droplet can be controlled without feedback by varying the duty cycle 

of the applied AC square wave; each duty cycle corresponds to a unique position on the 

electrode. The driving mechanism is investigated using a simplified circuit simulation and the 

position/duty cycle relationship is found to be nonlinear, but symmetric about the center of the 

electrodes. This approach provides a method for improving open-loop positioning resolution 

without adding more electrodes. Positioning is within 0.2 mm (< 2.5% of the droplet diameter) 

of the idealized model and repeatability is < 0.07 mm (< 0.8% of the droplet diameter). 

4.2 Introduction 

Many techniques are available for microscale actuation including electrostatics, 

piezoelectrics, thermal expansion, and magnetics [9, 10]. However, these methods are typically 

characterized by high stiffness and low displacement. Additionally, the actuators are typically 

many times larger in size compared to the range of motion that they provide. While the high 

stiffness of piezoelectric and thermal actuators allows them to generate large forces with high 

precision, this can make it difficult to handle delicate components without damage. Fluidic 

actuation provides a potential alternative method, with inherent compliance that will protect 

delicate components [13, 92]. Fluidic actuation could be accomplished by viscous forces due to 

flows in a bulk liquid [118], but surface tension-based manipulation has proven especially 

effective in microscale bonding for self-assembly and other applications [1, 14]. Electrowetting 

is a leading way of manipulating fluids with surface effects.  

Electrowetting is a phenomenon in which a fluid interface is deformed by an electric field 

between an electrode and the fluid. It is commonly implemented with a dielectric covering the 

electrode in order to reduce reactions. This is termed electrowetting on dielectric (EWOD). 

While most applications focus on the movement of droplets or liquid interfaces, droplets have 
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also been used to perform out of plane mechanical actuation as an alternative to electrostatic 

actuation [119]. In-plane motion (both linear and rotational) has also been demonstrated. 

Continuous motion similar to electromechanical motors was demonstrated by Lee and Kim [78] 

using a method they termed “Continuous electrowetting effect”. Nelson et. al. demonstrated the 

use of embedded diodes to transport a droplet in a continuous linear motion with a constant input 

voltage [76]. The majority of EWOD actuation has been done in an open-loop stepped system, 

analogous to a stepper motor. Each electrode acts as the pole piece when the neighboring 

electrodes are energized in a specific order. Researchers have demonstrated a micro conveyor 

system - in which electrowetting droplets move a solid reaction platform [64] - as well as a 

rotational capillary motor driven by EWOD [27].  

EWOD-based capillary actuators are much more compact than conventional 

microactuators - requiring only the droplet and a substrate to support it. There is no need for 

external machinery other than a voltage input. Since capillary forces dominate gravitational 

forces below the millimeter scale, the actuation parameters such as maximum travel and force 

can be tailored to a specific application, and cover a variety of length scales. Most importantly, 

due to the inherent compliance introduced by the fluidic interface, the delicate parts of capillary 

actuators can be handled [22]. In order to maximize the actuation force and speed of EWOD 

droplets, grounding the droplet is usually favored over a floating configuration [72, 80]. 

However, if a droplet is used to carry solid objects, the droplet must be grounded from below. 

This increases the routing challenges compared to a ground-from-above scheme, typically used 

in pure fluidic actuation [31, 63]. 

The key limitation in EWOD stepping actuation is that when both large travel distance 

and precise positioning is required, effective actuation becomes challenging. In stepper actuation, 
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to move multiple droplet diameters, the electrodes must be smaller than the droplet’s contact area 

on the substrate. Control algorithms must turn on/off a large number of electrodes to control the 

motion [30, 120, 121]. When large travel distance or two-dimensional motion is required, the 

number of electrodes can rapidly increase, generating significant wiring and control challenges. 

While smaller electrodes (and thus smaller droplets) increases position resolution, they reduce 

the vertical load capacity and horizontal actuation force. This also reduces the actuation speed.  

Effective mechanical actuation requires sub-droplet positioning resolution with maximum 

force and speed. Finer motion has been demonstrated by hybrid methods that implement 

feedback control to move a droplet as small a distance as 1/5 of the electrode [40]. However, this 

also imposes additional sensing and software requirements that increase the system cost and 

complexity, while reducing the benefit from utilizing stepped actuation for large-scale motion. 

Electrowetting actuation systems would benefit from open-loop positioning capability with sub-

electrode resolution analogous to electromechanical stepper motors with micro-stepping, which 

divides each pole into additional segments and provides higher resolution while reducing control 

complexity. 

Previously, we have reported on a bi-directional electrowetting scheme which induces a 

polarity dependence [26] in the EW response through the use of a passivating conductive layer 

(aluminum, titanium), and an adaption that uses only two electrode pads to continuously move a 

droplet [76]. Using a thin dielectric with inherent defects, the leakage current was able to rapidly 

form and dissolve a thin oxide on metals such as aluminum and titanium using anodic and 

cathodic polarizations, respectively. The electrolyte/metal interface is effectively an 

electrochemical diode [77]. This paper shows how AC signals are applied to a diode-based 

actuation to generate a series of stable equilibrium points for the droplet on a single electrode 
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pair. The location of the equilibrium varies with the duty cycle of the input waveform. The duty 

cycle is then varied to move droplets in steps that are a fraction of an electrode in length.  

Although both the continuous pumping and step actuation methods are based on the 

electrochemical diodes, the droplet response is quite different. In continuous actuation, the 

droplet was actuated as a linear motor with continued actuation force as long as a voltage was 

applied [76]. In this paper, asymmetric inputs are provided to create a stepper motor with 

microstepping. Idealized simulation circuit elements were used to understand the voltage 

response of the system, and to develop a model that relates the electrical input to the droplet 

position. Finally, the position of the droplet is measured as a function of the duty cycle of the 

input to verify the prediction of the idealized model to both quantify the accuracy of the position 

model, and to assess the potential accuracy/repeatability of the approach.  

4.3 Background 

In typical EWOD-driven droplet-spreading experiments, a conductive sessile droplet and 

the driving electrode are separated by a dielectric coating. A fine wire is inserted into the droplet 

to serve as the counter electrode. When a voltage is applied between the two electrodes, the 

droplet spreads out. Either direct current (DC) or alternating current (AC) can be used to supply 

the voltage. For a grounded droplet, the relationship between the applied voltage (V) and the 

force per unit contact line (f) can be expressed by the Young – Lippmann equation for EWOD 

[71, 94]: 

𝑓 = [𝐶𝑜𝑠(𝜃𝐸𝑊) − 𝐶𝑜𝑠(𝜃0)] ∗ 𝛾 =
𝜀𝜀0
2𝑑

𝑉2 =
1

2
𝑐𝑉2 

Equation 4-1 

where 𝜃𝐸𝑊 , 𝜃0 are the contact angles with and without the applied voltage, 𝜀 is the relative 

permittivity, 𝜀0 is the vacuum permittivity, 𝑑 is the dielectric thickness, and 𝛾 is the interfacial 
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tension between the droplet and the ambient. This can also be expressed simply in terms of the 

capacitance per unit area (c). For a DC power supply, V is simply the voltage from the power 

source. For an AC supply, the root mean square (RMS) voltage is used.  

AC electrowetting has been shown to reduce contact line friction [91] and enhance 

contact angle modulation by reducing charge injection [122]. The reliability of EWOD devices 

can also be improved by anodizing the metal electrode in-situ [37, 77, 122]. Anodizing the metal 

electrode reduces the system’s sensitivity to dielectric defects because oxides form and insulate 

the underlying electrode. Thus, electrolysis is eliminated with DC driving voltages if a positive 

bias is applied to the substrate, or an AC voltage input that is offset to eliminate/reduce the 

negative potential applied to the substrate [122]. While the studies discussed above considered 

grounding the droplet from a wire, the present case examines a configuration which uses 

coplanar electrodes that are uniformly coated with a leaky dielectric over a passivating electrode. 

Electrically, this system is best modeled as two diodes in series similar to our prior continuous 

EW work [26, 76, 77]. While this prior work considered DC input voltages, this considers the 

impact of AC inputs. Figure 4-1 shows the system configuration, its equivalent circuit 

representation, and the resulting voltage across each electrode. When a voltage potential is 

applied, the majority of the voltage drop occurs across the reverse-biased diode so that the 

actuation force acts towards the higher potential. One side of the droplet is always reverse 

biased, which reduces the current and resulting electrolysis. 
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Figure 4-1: Proposed actuation scheme and its equivalent electrical circuit representation. A 

circular glass plate is carried by the EWOD actuated droplet and an AC square wave input is 

used (VInput). The voltage drop across the dielectric layer on the left and the right side of the 

droplet is noted as VLeft and VRight, respectively. 

 

For a symmetric square wave input, the voltage drop across the dielectric might be 

expected to follow the illustration shown in Figure 4-1. When the excitation voltage is positive, 

most of the applied voltage drop appears on the right side of the droplet/dielectric interface. 

When the applied voltage is negative, the voltage drop is mostly concentrated on the left side of 

the droplet/dielectric interface. The droplet is effectively grounded by one of the electrodes at 

any given time.  

The force acting on the droplet can be expressed using Equation 4-1:  

𝑓 =
𝜀

2𝑑
𝑉̃𝑅𝑖𝑔ℎ𝑡
2 −

𝜀

2𝑑
𝑉̃𝐿𝑒𝑓𝑡
2 =

𝑐

2
(𝑉̃𝑅𝑖𝑔ℎ𝑡

2 − 𝑉̃𝐿𝑒𝑓𝑡
2 ) 

Equation 4-2 
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In Equation 4-2, the voltages 𝑉̃𝑅𝑖𝑔ℎ𝑡
2  and 𝑉̃𝐿𝑒𝑓𝑡

2  are the RMS voltages across the dielectric 

at the right and left side of the droplet; the negative sign indicates the difference of the force 

direction. 

For a square waveform, the RMS voltage can be expressed in terms of its duty cycle 

input. The duty cycle (D) of a square wave is defined as the ratio of the high pulse time (t1) over 

the period (T). The time-averaged force over one period is then: 

𝑓𝑛𝑒𝑡 =
𝑐

2
∗ (
1

𝑇
∫ (𝑉𝑅

2(𝑡) − 𝑉𝐿
2(𝑡)) ∗ 𝑑𝑡

𝑡1

0

+
1

𝑇
∫ (𝑉𝑅

2(𝑡) − 𝑉𝐿
2(𝑡)) ∗ 𝑑𝑡

𝑇

𝑡1

) 

=
𝑐

2
∗ [(𝑉𝑅(ℎ𝑖𝑔ℎ)

2 − 𝑉𝐿(ℎ𝑖𝑔ℎ)
2 ) ∗ 𝐷 + (𝑉𝑅(𝑙𝑜𝑤)

2 − 𝑉𝐿(𝑙𝑜𝑤)
2 ) ∗ (1 − 𝐷)] 

Equation 4-3 

where the subscripts high and low indicate the respective voltages at the left and right side of the 

droplet when the input is positive (high) or negative (low). Equation 4-3 predicts the actuation 

force from the instantaneous voltage. In reality, it is very difficult to measure the voltage 

behavior due to the dynamics of the system. In addition, when the droplet is not centered, i.e. the 

capacitance is not equal between the left and right side, the voltage across the dielectric will 

change. To better understand the voltage response of the EWOD system, Matlab 

SimElectronics® was used with ideal elements to show the voltage variation of the circuit. The 

droplet position and input duty cycle relation were developed using the simulation results. 

4.4 Electrical Model and Simulation  

Matlab SimElectronics® was used to simulate the idealized circuit behavior using an 

idealized diode model (piece-wise linear diode with 0.1 V turn-on voltage). The resistance in the 

system was neglected. The input voltage was set at 1000 Hz and the duty cycle of the input was 

varied. The effect of droplet position was simulated by varying the capacitance of the left and 

right capacitor while keeping the total capacitance (𝐶𝐿𝑒𝑓𝑡 + 𝐶𝑅𝑖𝑔ℎ𝑡) fixed at 1 nF. This models 
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the case of a droplet constrained by wetting to a plate in order to maintain a constant area of 

contact as long as the width of the gap between the electrodes is negligible. This condition is 

adequate for the center regions, but may breakdown at extreme positions. 

  

Figure 4-2: Top: the circuit representation of a co-planer electrowetting droplet with 

idealized diodes. Vdrop is the droplet voltage. Middle: the voltage response of the simulated 

circuit when the capacitance was varied. The supplied signal was a 50% duty cycle square 

wave at 1000 Hz, -10 V to 10 V. The total capacitance is 1 nF. Bottom: the corresponding 

droplet positions at a given capacitor ratio. With a 50% duty cycle, the droplets are only 

stable in the middle position. 

 

Figure 4-2 shows the circuit setup and the voltage variation across the interface at 50% 

duty cycle for three different droplet positions (capacitance ratios). It was found that the peak 

voltages were only a function of the capacitance ratio between the two capacitors, regardless of 

the duty cycle input. When the capacitances were not equal between the left and right side 

(𝐶𝐿𝑒𝑓𝑡 ≠ 𝐶𝑅𝑖𝑔ℎ𝑡), the capacitor with larger capacitance would drive the voltage of the smaller 

capacitor above the input voltage. Both of the diodes prevent current conduction in steady-state 

and the droplet acquires a net charge (Vdrop ≠ 0). The value of the respective voltages as a 

function of the input voltage and the capacitance of the two capacitors are listed in Table 4-1. 
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Table 4-1: Simulated voltages as a function of the capacitance of the left and right capacitors. Vin 

is the input voltage. High is when the input is positive and low is when the input is negative. 

VRight and VLeft are the voltages across the dielectric at the left and right side of the droplet, 

respectively. 
 

𝑪𝑹𝒊𝒈𝒉𝒕 > 𝑪𝑳𝒆𝒇𝒕 𝑪𝑹𝒊𝒈𝒉𝒕 < 𝑪𝑳𝒆𝒇𝒕 

 Vright VLeft VRight VLeft 

High 

(V = + Vin) 

|𝑉𝑖𝑛| 0 
2 ∗ 𝐶𝐿𝑒𝑓𝑡

𝐶𝑅𝑖𝑔ℎ𝑡 + 𝐶𝐿𝑒𝑓𝑡
∗ |𝑉𝑖𝑛| 

𝐶𝑅𝑖𝑔ℎ𝑡 − 𝐶𝐿𝑒𝑓𝑡

𝐶𝑅𝑖𝑔ℎ𝑡 + 𝐶𝐿𝑒𝑓𝑡
∗ |𝑉𝑖𝑛| 

Low 

(V = - Vin) 

𝐶𝑅𝑖𝑔ℎ𝑡 − 𝐶𝐿𝑒𝑓𝑡

𝐶𝑅𝑖𝑔ℎ𝑡 + 𝐶𝐿𝑒𝑓𝑡
∗ |𝑉𝑖𝑛| 

−2 ∗ 𝐶𝑅𝑖𝑔ℎ𝑡

𝐶𝑅𝑖𝑔ℎ𝑡 + 𝐶𝐿𝑒𝑓𝑡
∗ |𝑉𝑖𝑛| 0 −|𝑉𝑖𝑛| 

 

The area of the circular droplet covering the right and the left electrodes is defined in 

terms of a total area ratio (𝐴𝑟𝑖𝑔ℎ𝑡 = 𝑅𝑎 ∗ 𝐴𝑇𝑜𝑡𝑎𝑙  , and 𝐴𝐿𝑒𝑓𝑡 = (1 − 𝑅𝑎) ∗ 𝐴𝑇𝑜𝑡𝑎𝑙). For a uniform 

dielectric layer, the capacitance can also be expressed using the area ratio (Ra) since C =
𝜀

𝑑
∗ 𝐴. 

The time-averaged net force is found by integrating the force over a full period. By varying the 

relative time that the positive and negative voltages are applied (duty cycle), a point can be found 

where the droplet is in static equilibrium for a given area ratio. Higher voltages (and forces) on 

one side are offset by a shorter time over which the voltage is applied. 

Rewriting Equation 4-3 in terms of the area ratio,  

𝑓𝑛𝑒𝑡(𝑅𝑎, 𝐷)

= {

𝑐

2
∗ [((2(1 − 𝑅𝑎)𝑉𝑖𝑛)

2 − ((2 ∗ 𝑅𝑎 − 1)𝑉𝑖𝑛)
2
) ∗ 𝐷 + (0−𝑉𝑖𝑛

2 ) ∗ (1 − 𝐷)] , 0 < 𝑅𝑎 < 0.5

𝑐

2
∗ [(𝑉𝑖𝑛

2 ∗ 𝐷) + (((2 ∗ 𝑅𝑎 − 1)𝑉𝑖𝑛)
2
− (−2 ∗ 𝑅𝑎 ∗ 𝑉𝑖𝑛 )

2) ∗ (1 − 𝐷)] , 0.5 ≤ 𝑅𝑎 < 1        

= {

𝑐

2
𝑉𝑖𝑛
2 ∗ [4𝐷(1 − 𝑅𝑎) − 1], &0 < 𝑅𝑎 < 0.5        

𝑐

2
𝑉𝑖𝑛
2 ∗ [4 ∗ 𝑅𝑎 ∗ (𝐷 − 1) + 1], &0.5 ≤ 𝑅𝑎 < 1

 

Equation 4-4 

 



www.manaraa.com

  65 

Finally, by solving for the area ratio where the net force is zero (𝑓𝑛𝑒𝑡 = 0) as a function 

of duty cycle, the relationship between the input duty cycle, and the area ratio (Req) at which the 

droplet will be in static equilibrium for the given duty cycle is:  

𝑅𝑒𝑞(𝐷) =

{
 
 

 
 1 −

1

4𝐷
, 0 < 𝐷 < 0.5

 
−1

4(𝐷 − 1)
, 0.5 ≤ 𝐷 < 1

 

Equation 4-5 

The relationship between the area ratio and the equilibrium position depends on the shape 

of a droplet. This work will consider the case of a droplet constrained to a circular shape. This 

generates a nonlinear relationship between position and area ratio. For a rectangular shape, the 

area ratio would be proportional to the linear position. When a droplet is wetting a solid object, 

the droplet can be made to maintain a circle or even a square shape by patterning the wetted 

region to match the desired droplet shape [74]. Thus both shapes are relevant to practical 

actuation tasks. 

Equation 4-4 predicts that the actuating force is linearly dependent on the area ratio. The 

magnitude of the restoring force increases as the droplet’s position moves away from 

equilibrium. For the idealized case, the input duty cycle is limited from 25% – 75% as any input 

beyond the range will result in a non-physical value of the area ratio required for static 

equilibrium (Ra < 0 or Ra > 1). 

Diodes are required for this actuation mode. With the diodes removed, the droplet would 

be floating and would always be in equilibrium with equal areas on both electrodes regardless of 

the input waveform [64]. Without the diodes, the actuation force would not be polarity-

dependent. 
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4.5 Model Validation  

To test these predictions, circular plates were placed on 50 µL droplets and the position 

of the plate was measured as a function of the duty cycle of the applied square wave signal. 

Signal voltages varied from +Vmax to -Vmax. Sample substrates were prepared by 

photolithographically patterning 400 nm of titanium evaporated onto 75 mm x 50 mm clean glass 

slides (Corning®). After patterning, diluted Cytop® 809M (2:1 and 1:2 by weight solution to 

solvent ratio) was spin-coated and annealed according to manufacturer’s specifications. The 

resulting Cytop® thickness was 280 ± 10 nm and 100±10 nm, respectively. The thickness of the 

coating was measured by a Rudolph ellipsometer and verified by an Alfa step profilometer. 

The metal film was patterned with a 300 µm gap separating the left and right electrodes. 

The droplets were 0.1 M citric acid droplets with OS-30 silicone oil ambient. A circular glass 

plate (diameter 8 mm, thickness 0.1 mm) was carried by the 50 µL droplet. The strong wetting 

between the droplet and the glass top plate constrained the droplet to remain circular during 

motion. Electrical signal was generated using a digital function generator (Agilent 33250A) and 

amplified (Kepco BOP 100-1M). The desired frequency (1000 Hz) was set with the initial duty 

cycle at 50% to position the droplet/plate at the boundary between the two electrodes. The 

driving voltage (±30V, peak to peak) was chosen because it was the largest voltage without 

significant electrolysis with a 300 nm thick Cytop coating. After the voltage was switched on, 

the duty cycle was switched from high (70%), to low (30%), then back for several cycles to 

eliminate the effect of contact angle hysteresis. Finally, the duty cycle was adjusted to the full 

opposite of the desired value, and then back. For example, if the desired final input value was 

40%, the input would go to 70% and then 40%. If the desired final input value was 65%, the 

input would go to 30% and then 65%. A digital image was taken from above to measure the 
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resulting position. The captured images were then analyzed using the Matlab® image analysis 

tool to find the centroid position of the glass plate.  

 

 

Figure 4-3: The measured plate position vs. duty cycle input. Tests were done using maximum 

available step size at 30 Vpp. The squares represent the measured position of the plate centroid. 

The dashed line is the model prediction based on Equation 5. Five tests were performed for 

each data point and the standard deviation of the position was reported. The bottom row is 

images of the plates with the corresponding duty cycle input. For easier viewing, the colors of 

the images are inverted. The dark line in the middle of the image is the 300 µm gap between 

the electrodes. 

 

Figure 4-3 compares the measured relationship between the position of the plate and the 

duty cycle of the input voltage compared to the predictions from idealized diodes. Five tests were 

performed for each data point. The error bars represent the standard deviation of the results. 

Using Equation 4-5, the equilibrium area ratio Req was related to the centroid of the circle 

(accounting for the 300 µm gap), and the predicted centroid position from Equation 4-5 is plotted 
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against the measured positions. As predicted, the droplet/plate successfully switches between 

multiple equilibrium positions by changing the input square wave’s duty cycle with very 

repeatable results (a standard deviation of 0.063 mm of the position). While the model based on 

idealized linear diodes fits the experimental data fairly well, there are deviations - especially at 

the extreme positions.  

One source of the position error may be the difference between the contact area of the 

droplet and the plate. The model is based on the droplet position, while the experiments 

measured the plate position. In the oil ambient, the droplet contact area is smaller than the plate 

diameter, and the deviation could become significant at the extreme positions. To further 

improve the positioning at the ends, the droplet contact area could be tracked, or a contact angle 

between the droplet and substrate close to 90° could be used. The other significant error source 

may be in the assumption of idealized diodes. Real diodes have leakage current which would 

slow the response of the diodes and would cause larger deviations at the extreme positions. 

4.6 Time Response  

The response time of the droplet/plate under different duty cycle step sizes was 

investigated by applying a step change in the input duty cycle at time > 0, the plate position was 

tracked optically at 50 frames/second from above. Duty Cycle steps of 10%, 20%, 30% and 40% 

were tested. A total of five tests were done for each step size and the resulting average position 

vs. time information is plotted in Figure 4-4 (left). 
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Figure 4-4: Left: the position vs. time plot of the actuated plate under different step changes in 

duty cycle. A total of five tests were done for each set of data, the average values are plotted. 

The standard deviations of the positions were between 0.04 and .012 mm (smaller than the 

markers used). Right: the graph shows the normalized position (dividing the position by its 

steady state location) vs. time in seconds. All tested cases reached 90% of steady state 

positions in less than 0.6 second.  

 

Figure 4-4 shows the response in both distance and distance normalized by the steady 

state position. The characteristic time for the plate to reach 90% of the steady state position was 

found to be less than 0.6 seconds for the voltage tested; no overshoot was observed. When the 

step change is applied, the restoring force would be at its maximum. As the droplet moves closer 

to its final position, the force rapidly decays due to the voltage shift caused by the capacitance 

change, and dissipative forces such as hydrodynamic shear (both within the droplet and the 

medium). The combined effects result in a “soft landing” effect which could serve as an 

additional bonus in moving delicate components.  

4.7 Accuracy and Repeatability  

To evaluate the dependency of the droplet position on the step size, another series of 

experiments were performed. The droplet/plate was set at the center first by applying a 50% duty 
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cycle, and then the input duty cycle was ramped up to 70%, down to 30%, and then back to 50%. 

The duty cycles were ramped in fixed steps of 10% every 2 seconds and the corresponding 

position to each input was recorded. All tests were repeated five times on a fresh spot with new 

droplets. The previous experiments, which used the maximum available step size, were 

compared to the fixed 10% step sizes. For the two step sizes investigated, the positioning 

accuracy was measured relative to the predicted position from Equation 4-5 using the idealized 

linear diodes. The maximum deviation (worst case) from Equation 5 is presented as the accuracy 

of the system for each condition. The standard deviation in positioning was calculated for each 

duty cycle input, and the average of the standard deviations across all positions is presented as 

the bidirectional repeatability. For unidirectional repeatability, the standard deviations of the 

position was calculated separately for increasing and decreasing duty cycles; the maximum value 

is listed. The results are listed in Table 4-2, together with the results from previously experiments 

with the maximum step size. 

Since lower voltage is also preferred for many applications, a thinner leaky dielectric 

with lower input voltage was also investigated. The thickness of the dielectric was 100 nm ± 10 

nm, and the input voltage was 10 Vpp as the largest that avoided electrolysis. The above tests 

were repeated, and the positioning accuracy and repeatability were calculated for comparison. 

The data are summarized in Table 4-2. At the lower voltage (thinner dielectric), the repeatability 

deteriorated significantly, which suggests that fluid friction and other losses are significant 

relative to the actuation force. Although the unidirectional repeatability did not improve 

significantly with step size for either sample type, the higher actuation voltage did significantly 

reduce the variation. The large difference between bidirectional and unidirectional repeatability 

is likely due to actuation losses from viscous drag and contact line friction. The average 
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deviation from the prediction (Equation 4-5) was 0.106 mm (2.3% of the plate diameter). The 

accuracy of the system could be improved by utilizing a more accurate position model, or by 

substituting an empirical relationship for Equation 5. The repeatability of the system, which is 

the largest standard deviation from the average position, was 0.063 mm (0.8% of the plate 

diameter). 

Table 4-2: The accuracy and the repeatability of the actuation system as a function of the step 

size

 30 Vpp / 300 nm thick Cytop 10 Vpp / 100 nm Cytop 

 10% Step Size Max Step 10% Step Size Max Step 

Accuracy (mm) 0.181 0.181 0.293 0.191 

Bidirectional  

Repeatability (mm) 

0.153 N.A. 0.204 N.A. 

Unidirectional  

Repeatability (mm) 

0.08 0.063 0.189 0.182 

 

Comparing the electrowetting number (𝜂 =
𝜀𝜀0

2𝛾
∗
𝑉2

𝑑
) at the testing voltages, the ratio is 

3:1 between the thicker coating (300 nm/30V) and thinner coating (100 nm/10Vpp). Thus, the 

actuation force should be three times higher for the thick coating/higher voltage combination 

since the actuation force is proportional to the electrowetting number. On the other hand, contact 

angle hysteresis which is the difference between the advancing contact and the receding contact 

angles, or the energy lost per unit contact line [123], can remain fairly constant under EWOD 

actuation [124]. The higher electrowetting number/actuation force improved repeatability due to 

the higher applied force relative to the dissipative forces. 
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Since the actuation force and contact line friction are both proportional to the plate 

diameter, it is expected that the accuracy and repeatability could scale linearly with the 

plate/droplet diameter. Smaller plates, should achieve higher positioning accuracy. A surface 

texture could be introduced to decrease contact angle hysteresis, but may also reduce the 

electrowetting actuation force due to the reduced droplet/substrate contact area [125]. Li and 

Mugele have shown that AC electrowetting inputs can significantly decrease the contact line 

friction effects [91]. It is possible that the contact line friction effects could be reduced by 

selecting the actuation frequency to maximize this effect. While duty cycle steps below 5% did 

not show consistent actuation, the applied duty cycle is continuously variable so that any plate 

position between the extreme testing positions could be achieved using this arrangement.  

4.8 Conclusion  

This work demonstrates a novel actuation/control scheme using electrowetting on 

dielectric with coplanar electrodes. Utilizing the unique diode-like properties of the 

electrolyte/dielectric/metal combination, AC square waves were used to move a droplet carrying 

a glass plate in steps that were a fraction of the electrode size. Unlike conventional EWOD 

driven droplet transportation, multiple stable positions within the electrodes could be reached by 

adjusting the duty cycle of the input square wave.  

An electrical model was simulated using idealized electrical elements. The relationship 

between the input duty cycle and the responding droplet position was developed based on the 

simulation results. These results show that the position can be controlled through the central 

region of the electrode width, but there is no duty cycle that achieves a stable position on the 

extreme edges of the electrodes. The relation was experimentally validated by measuring plate 

position as a function of the duty cycle of the input signal. The idealized model matched the 
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measured positions to with 2.5% of the droplet position. Repeatability of the actuation system 

was just 0.7% of the droplet diameter for large steps. The repeatability is shown to decrease 

when taking smaller steps or when actuated at lower voltages. The error is attributed to the 

contact line friction in the experimental setup. The accuracy of the system could be improved by 

using a more advanced circuit model which uses non-ideal diodes. These results could also be 

improved through reduction of contact line friction. Similar positioning repeatability should be 

possible anywhere within the testing region. This is a substantial improvement in droplet control 

compared to existing close-loop methods that achieve steps that are only 20% of the droplet size. 

In conclusion, by moving the droplet sub-electrode in a deterministic manner, the 

proposed control scheme could improve the positioning accuracy of the droplet while reducing 

the electrical wiring complexity inherent in electrowetting systems. A stepped actuation with DC 

voltage could be used for large motion, and fine positioning accomplished by varying the duty 

cycle of an AC input. Potentially, this approach could be used to fabricate a droplet-based 

actuator/positioner to provide a new alternative for compact millimeter-scale actuators which can 

travel large distances while maintaining the positioning accuracy without the need to incorporate 

location sensing and feedback control. 
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CHAPTER 5: RELIABLE CONTINUOUS ELECTROWETTING USING DIODES 

 

The goal of this dissertation is to establish design parameters for droplet-based 

mechanical actuators using electrowetting. In mechanical actuators, either stepping or servo-type 

actuations are possible. The previous chapter demonstrated a novel microstepping technique to 

improve the precision of the droplet-based actuator. This chapter will show another reliable 

diode method to increase the reliability and performance of a diode-based actuation which is 

capable of continuous linear motion just as a servo motor.  

5.1 Abstract 

We demonstrate bi-directional continuous electrowetting by embedding metal-

semiconductor diodes in the electrowetting substrate. Unlike conventional electrowetting on 

dielectric (EWOD), bi-directional continuous electrowetting uses a single electrode pair to 

actuate a droplet long distances. As long as the voltage potential is maintained between two 

electrodes, the droplet moves toward the electrode with the higher potential. However, 

previously reported material systems had limited success in repeated actuation. In this work, 

diodes based on the Schottky barrier were fabricated by forming contacts between titanium and 

low concentration n-type silicon. The performance enhancements were evaluated using current-

voltage measurements. When the titanium is coated with gold in order to limit electrochemical 

reactions, the Schottky diodes achieved superior performance compared to previously proposed 

electrochemical diodes. Droplet speed ranged from 8 mm/s to 240 mm/s. Under repeated 
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actuation, the speed of the droplet showed no degradation for up to 2000 cycles (experiment 

duration).  

5.2 Introduction 

Electrowetting uses an external electric field to manipulate discrete droplets on a planar 

surface [24, 66]. The most common configuration uses multiple electrodes on a substrate to 

create a voltage gradient under the droplet. The asymmetric voltage changes the apparent contact 

angles between the front and the back of the droplet to create an energy gradient that generates 

droplet motion. Comparing to other droplet actuation methods such as magnetics [59] and 

surface acoustics [57], electrowetting generates larger actuation forces and is simpler to 

implement [94]. The large force capability of electrowetting-driven actuation enables a wide 

range of droplet volumes to be manipulated; nanoliter to microliter droplet manipulation is 

common in electrowetting-based devices [63]. The substrates used can be readily fabricated by 

conventional semiconductor processes and no external fixtures (channels/supports) are required.  

Electrowetting, especially electrowetting on dielectric (EWOD), has been demonstrated 

in numerous lab-on-a-chip technologies to perform operations such as pumping, mixing, splitting 

and merging of droplets [63, 97]. EWOD also finds application in the optical field, such as 

variable focus lenses [32] and reflective display technology [34]. Electrowetting can also be used 

to move droplets in order to perform mechanical tasks as an alternative to silicon-based micro-

electromechanical systems (MEMS); out of plane motion was demonstrated in [86]. Other in-

plane actuation demonstrations include rotational/linear fluidic motors [78, 99], droplet-based 

conveyer system [64] and fluidic switch [126].  

For mechanical actuation, common EWOD is analogous to electromagnetic motors in 

both actuation and control scheme. EWOD uses stepper-type actuation - the electrodes 
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underneath the droplet are turned on and off sequentially so the droplet can move to the next 

step. Continuous motion is accomplished by precisely powering each electrode, which is 

partially covered by the droplet. Similar to electromagnetic stepper motors, EWOD droplet 

actuation does not require position feedback as long as the actuation speed/force is within the 

system capability. If the electrode switching frequency is too high, the droplet will miss a step, 

the motion will stop, and the droplet position will be unknown. Electrical feedback such as 

impedance metering can be implemented to overcome the problem [40], but additional hardware 

and control algorithms are required. In addition, the electrodes in EWOD are turned either fully 

on, or fully off, which requires the droplet to take a full step each time. This in turn poses 

limitations on the maximum speed the droplet can achieve. This can also introduce additional 

complications in design and wiring of the system. For example, if the droplet needs to travel a 

distance of 20 times the droplet diameter, twenty electrodes are needed. Through-hole and 

multilayer substrates are usually required to accommodate the number of wires and switches 

needed. 

On the other hand, “Continuous Electrowetting Effect” modulates the electrical double 

layer between liquid metal (mercury) and electrolyte/ambient solution [78]. Continuous motion 

is achieved by applying a voltage along the length of a channel. The metal droplet will be 

propelled towards the lower potential electrode as long as the voltage is maintained. The 

advantage of this type of actuation is the simplified electrode design and control. For linear 

actuation, only one pair of electrodes are needed. Large travel distances can be easily 

accomplished without using a large number of electrodes - this also simplifies the control. 

However, the speed of the droplet is limited by the maximum sustainable voltage of the electrical 
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double layer (typically less than 1 V), and closed-channel geometry and hazardous material limit 

the applicable area of continuous electrowetting-driven actuation. 

Previously, we reported a different method to achieve continuous electrowetting based on 

the electrochemical effect of metal/electrolyte combination [26, 76, 77]. Electrolytic solutions 

were used to form/dissolve a thin protective oxide on valve metals such as aluminum and 

titanium. The electrolyte/electrode interface is effectively a diode which conducts current in one 

direction only. While these devices have shown reliable contact angle change [37] and stable 

performance in pairs [77], these improvements did not translate to the continuous electrowetting 

prototype devices. All of them have shown poor reliability when tested under repeated actuation. 

In search of better material combinations, a new type of diode is introduced. This paper reports 

the results of using embedded Schottky diodes on a high-resistivity silicon substrate to actuate 

electrolytic droplets. The current/voltage behavior of electrochemical diodes and metal 

semiconductor diodes are compared by I-V measurements. Working prototypes are 

demonstrated, and the droplet’s speed and reliability data are reported  

5.3 Operating Principle 

The operating principle of the proposed device is illustrated in Figure 5-1. When the 

conducting substrate has significant resistance, a voltage gradient is created along the substrate. 

When the conducting droplet bridges two or more diode sites, the diode at the high potential side 

(right) is reverse biased and no current is flowing. At the same time, the diode at the lower 

potential side (left) is forward biased due to the charge accumulation in the droplet. The effective 

potential difference induced by the substrate reduces the surface energy in the front of the droplet 

and lowers the apparent contact angle. This in turn, moves the droplet towards the higher voltage 

electrode. The same cycle repeats when the droplet moves to the next diode sites, the diode at the 
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front of the droplet is always reverse biased, and the diode at the back side of the droplet is 

always forward biased. As long as the voltage is maintained between the ends of the substrate, 

the motion of the droplet is sustained. When the polarity of the voltage is switched, the droplet’s 

motion will follow the higher potential electrode [76].  

 

Figure 5-1: Bi-directional continuous electrowetting principle. A voltage is applied between 

the ends (ohmic contacts) of a resistive substrate. A conductive droplet with negligible 

resistance bridges two diode sites. The diode at the front of the droplet is reverse biased while 

the diode at the back of the droplet is forward biased. The asymmetrical voltage experienced 

by the droplet changes the apparent contact angle at the front of the droplet and moves the 

droplet towards the higher potential. 

 

5.4 Electrochemical Diodes Combined with Schottky Diode 

In our previous bi-directional continuous electrowetting demonstrations, the working 

diodes were based on electrochemical reactions during actuation. Unlike the electrochemical 

diodes, which rely on the combination of the electrolyte and the metal interface, Schottky diodes 

are based on solid-state semiconductor physics which potentially could be used with any 

conducting fluids. Schottky diodes are based on the potential barrier formed when a metal-

semiconductor comes into contact. At thermal equilibrium, the metal-semiconductor interface 

processes a certain built-in potential to ensure the fermi level is consistent within the junction. 

The resulting constant fermi level bends the energy band of the semiconductor [127]. For lightly 

doped n-type silicon, most metals form Schottky barrier contacts. When a positive bias is applied 

to the metal, the fermi level of the metal is lowered and electrons flow. When the metal is 
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negatively biased, the fermi energy of the metal increases and the potential barrier blocks 

current. The rectifying behavior of Schottky diodes have been widely used in the electronic 

industry due to their fast switching time and low forward voltage drop [128]. In electrowetting, 

Schottky junction formed by the electrolyte and silicon surface, have been utilized to move 

droplets by light (photoelectrowetting) [129]. 

Due to the different diode working mechanisms, the two diodes (electrochemical and 

Schottky) could be used simultaneously by connecting them in series - the electrochemical 

diodes work at the metal/electrolyte interface and the Schottky diodes work at the metal/silicon 

surface. In continuous electrowetting, the droplet is continuously moving from one diode to 

another, making measurements difficult. Prior work has relied on a modified test arrangement in 

which a single diode pair is used. For simplicity of measurement, the droplet is simulated by two 

electrically connected droplets (see Figure 5-2, top). Each droplet sits on an identical diode. A 

triangular voltage input (ramping pattern: 0 to -50 to +50 to 0 volts at 0.5 volts/20 ms) is applied 

between the two substrates, and the voltage and current of the droplets are measured using a two 

channel source meter (Keithley 2612A). 
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Figure 5-2: Illustration of the tube measurement setup. Top: the droplet under electrowetting 

actuation was split into two halves. Middle: Schottky and electrochemical diodes in series. 

Bottom: electrochemical diode alone.  

 

The same cycle was repeated 2000 times with a 5 second off time between the cycles. 

The voltage at the right side of the droplet was then calculated, taking the difference between the 

applied voltage and mid-point voltage. An actuation coefficient (𝜂𝑎𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛 = 1 − 2
𝑉𝑑𝑟𝑜𝑝

𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑
) was 

then calculated using the left and right voltages to determine the effectiveness of the diode 

system (see derivation in [77]). If the applied potential is positive, Vdrop would be the voltage on 

the left tube, and if the applied voltage is negative, Vdrop would be the voltage on the right tube. 

The value of the actuation coefficient should always vary between 1 and 0. A value of one 

represents the same actuation force as a grounded droplet system, and is only possible with an 

ideal diode. When the actuation coefficient is zero, there is no polarity dependence in the 

“diodes” and no actuation force is produced. The resulting data in terms of actuation coefficient 

are plotted against the number of testing cycles in Figure 5-3. Each set of combinations were 
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repeated three times, and the average value was plotted with the error-bars representing the 

standard deviation of each set.  

We have previously reported on diodes based on electrochemical reactions alone using 

metals and different electrolytes [76, 77]. The best tested combination was titanium (Ti) with 

sodium sulfate (Na2SO4) electrolyte. This is included as a standard of comparison for the 

Schottky/electrochemical combined diodes. 

The Schottky/electrochemical diode substrates (Figure 5-2, middle) were fabricated using 

similar methods described in the materials section below, except the ohmic contact was made at 

the backside of the wafer rather than the ends. I-V measurements with contacting probes 

confirmed the current rectifying behavior of the Shottky diodes. For electrochemical diode 

substrates (Figure 5-2, bottom), metal film (titanium or aluminum of 400 nm thickness) was 

evaporated onto clean glass slides (3 x 2 in, Corning®). Circular plastic tubes (internal diameter: 

8 mm, length: 10 mm) were attached to the front side of the diodes using epoxy. Before each 

test, the tubes were filled with electrolyte (0.1 M Na2SO4), and the electrical connections to the 

tubes were made by inserting a 1 mm diameter activated titanium electrode inside. All other 

connections were made using copper wires. 
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Figure 5-3: The resulting actuation coefficient vs. the number of actuation cycles with 0.1 M 

concentration Na2SO4. The average values and standard deviation of three trials are plotted. 

Left: the electrochemical diode alone. Right: Schottky combine with electrochemical diodes. 

 

The data suggests the combination of Schottky and electrochemical diodes improved the 

performance of the electrowetting actuation in several ways. The first is that with the Schottky 

diodes, the left and right voltages are equal, whereas when electrochemical diodes were used 

alone, the resulting actuation coefficient was non-symmetrical (Figure 5-3, left). The higher 

actuation coefficient on the left side indicated a better diode-like behavior for the left 

metal/electrolyte interface. Since all experiments used a triangular wave - which started from 

zero, ramped to a negative peak (-50 volts), then positive (50 volts), then zero - the diode on the 

left would be reverse biased and the diode on the right would be forward biased during the first 

half of each voltage cycle. This could cause the anodic oxide formation on the metal surfaces 

being non-symmetric with the oxide being thicker on the left; this would explain the behavior. 

When electrochemical diodes are combined with Schottky diode, the additional Schottky diode 

prevented current flow in the initial cycle. As a result, the left and right actuation coefficients 

remained the same (as seen in the plot on the right side of Figure 5-3).  
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Additionally, the actuation coefficient was improved significantly with inclusion of 

Schottky diodes, with the aluminum showing particularly dramatic improvement, and the 

titanium reaching a value of 0.92. In [77], the combination of aluminum and sodium sulfate was 

deemed unsuitable due to the poor actuation coefficient. The same behavior was observed when 

electrochemical diodes were used alone as seen in Figure 5-3, left. But, with the addition of 

Schottky diodes, the aluminum/sodium sulfate combination achieved a 0.85 actuation coefficient 

(Figure 5-3, right) after 2000 actuation cycles, compared to 0.65 with the electrochemical diode 

alone.  

However, both diode types showed a lower actuation coefficient during the initial 100 

cycles before reaching steady state. The average current magnitudes are presented in Figure 5-4. 

The error bars show the standard deviation of each data set. The maximum current as seen by the 

voltage source was the current during the positive voltage sweep, and the minimum current was 

the current seen by the voltage source during the negative ramp. It is clear that incorporating the 

Schottky diodes drastically reduced the leakage current over electrochemical diodes alone. 

However, the initial higher current in the combined diodes still introduces undesirable variation 

in actuation. Because the Schottky diodes still contain an electrochemical passivating interface 

(Ti/electrolyte or Al/electrolyte), the electrochemical diode’s metal-electrolyte interface still 

experiences some electrochemical reaction which causes the observed behavior.  
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Figure 5-4: Peak current magnitude during cyclic tube tests for electrochemical alone and 

electrochemical plus Schottky diodes. The average value of three tests are presented and the 

error bars show the standard deviation of the data.  

 

While these tests show clear benefit from incorporating Schottky diodes, results still 

change with repeated cycling due to the electrochemical interactions that could hinder the 

actuation in the initial cycles. To assess this effect, continuous EW actuators were fabricated 

using both combined electrochemical/Schottky diodes (titanium deposited on silicon and 

exposed directly to the electrolyte) and Schottky diodes only (500 nm gold overlayer shields the 

titanium from the electrolyte).  

5.5 Materials and Fabrication 

All substrates used were n-type (Phosphorus), high resistivity silicon wafers (100 mm 

diameter, 525 µm thick, orientation: 1-0-0 resistivity: 560 -840 Ω-cm). An oxide mask (~ 5000 Å 

thick) was grown using wet oxidation, and was patterned to expose the silicon for end contacts 

(the extreme left and right points in Figure 5-1). After standard RCA cleaning, phosphorus solid 
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source diffusion was performed in a Bruce diffusion furnace to establish ohmic contacts for the 

end electrodes (nitrogen atmosphere, 40 mins at 1000 ˚C). The diode sites were protected using 

an oxide mask during diffusion. After diffusion, the oxide mask was removed using 49% 

concentration hydrofluoric acid (HF). After another round of RCA cleaning, the wafers were 

processed in the furnace again to drive-in the dopant (oxygen and hydrogen atmosphere, 60 mins 

at 1050 ˚C). The resulting oxide film from the drive-in process was then thinned down (HF etch) 

to a final thickness of 2800 Å (±200 Å), to serve as the dielectric in electrowetting actuation. It 

was suggested [130] that thermal cycling could drive the dopant in the bulk to the surface of the 

silicon to alter the dopant concentration profile at the surface. This could interfere with reliable 

Schottky diode formation, so silicon at those locations were etched to a depth of ~1 µm using 

reactive ion etching (RIE). Titanium (1.5 µm), or titanium/gold (~0.75 µm each), was then 

evaporated onto the substrate and patterned by a lift-off process. The resulting diode sites had a 

silicon contact diameter of 250 µm. The metal spots were designed to be slightly larger than the 

diode sites (300 µm diameter) so they can cover both the silicon and oxide surfaces. To prevent 

the test droplet from sliding off the substrate, 100 µm high SU-8 rails were patterned along the 

length of the wafer, as well as the ends before the ohmic contacts. A ~30 nm fluoropolymer 

Cytop® was applied as the top coat to enhance the non-wetting behavior of the droplet before the 

substrate was cut into its final dimension (32 x 7 mm). Due to the small thickness of the 

fluoropolymer coating compared to the oxide, it had negligible contribution to electrowetting 

actuation.  

For all substrates, the actuation area was defined by the SU-8 rails (24 x 3 mm). For 

droplet speed testing, the diode center-to-center spacing was 2 mm. The spacing was chosen so 
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that the droplet (60 µL, diameter ~ 5mm) could bridge at least 2 diode sites at any time (see 

Figure 5-5, top).  

 

Figure 5-5: Illustration of bi-directional actuation prototype. Top: test prototype design. 

Middle: droplet actuation under 150V between the ohmic contacts. Bottom: droplet actuation 

under 210V between ohmic contacts. The positive and negative signs indicate the polarity of 

applied voltages and the dotted line shows the outline of the droplets. 

 

5.6 Electrical Measurements 

The fabricated Schottky Diodes were tested using a HP-4145B semiconductor analyzer. 

The grounding probe was connected to one end of the ohmic contact pad, and the sourcing probe 

was connected to one of the diode sites. A voltage ramp was applied at the rate of 0.1 Volt/ 0.1 

second while the voltage and current were recorded at the same rate. The peak-to-peak voltage 

ramp was set at -50 to 50 volts. Light and dark ambient conditions, titanium and titanium/gold 

metal layers, as well as positive and negative ramps were tested with no observable difference 

between the sets. The I-V curves are presented in Figure 5-6 with the x-axis being the applied 
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voltage in volts and the y-axis being the measured current in milliamps. The dot number 

indicates the location of the diode sites, with 1 being closest to the grounding ohmic contact, and 

12 being the furthest away from the grounding probe. As expected, all diode sites conducted 

current when forwardly biased. Their decreasing slopes in the I-V curve show that substrate 

resistance increases as the spacing between the diode and the end contact increases. The end-to-

end contacts showed linear behavior confirming ohmic contacts. The measured end-to-end 

resistance value was 70.8 kΩ. Taking account of the test sample dimension (width: 7 mm, 

thickness: 525 µm, length: 32 mm), the approximated resistivity was 813 Ω-cm, which was 

consistent with the specification from the manufacturer. 

 

 

Figure 5-6: Current-voltage measurements of the fabricated Schottky diodes. The x-axis is the 

measured voltage (V) and the y-axis is the measured current (mA). The dot number indicates 

the location of the diode sites with 1 being closest to the ohmic contact and 12 being the 

furthest away. The end to end contacts were also measured to extract the total resistance of the 

substrate. 
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5.7  Droplet Speed Testing 

All tests were performed in an oil ambient (silicon oil OS-30 from Dow Chemical 

company) to reduce the effect of contact hysteresis. Each test used a fresh 60 µL sodium sulfate 

aqueous solution with 0.1 M concentration. The ohmic contacts on the end of the test strip were 

connected to a Masuzada high voltage amplifier. An overhead camera was used to record the 

position of the droplet. A custom Labview program was used to trigger the camera at a rate of 50 

Hz while supplying the voltage signal to the amplifier. The captured images were processed in a 

Matlab image analysis tool to extract the position of the centroid of the droplet at each time 

point.  

In actual device testing, only limited motion of the droplet was achieved by the 

electrochemical/Schottky combined diodes. The droplet would move in an unsteady stop/start 

motion or halt entirely part way. This is likely due to the initial low actuation coefficient in the 

combined diodes. In contrast, actuators with Schottky diodes alone (titanium electrodes with 

gold coating) achieved repeatable actuation. Therefore, further experiments were carried out 

using only the standalone Schottky diodes.  

Average droplet velocities were measured by measuring the number of frames taken to 

traverse the strip. The resulting data is plotted against the actuation voltage in Figure 5-7 and the 

extracted average velocities range from 8 mm/s (150 V) to 240 mm/s (240 V). A parabolic fit is 

used to show the relation between the average velocities and the actuation voltages. Since the 

actuation force is related to the applied voltage squared (Young-Lippmann equation), it seems 

reasonable that the average velocities scale the same, as shown by other researchers [131, 132].  
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Figure 5-7: The average velocity of the droplet vs. the voltage. The actuation voltages range 

from 150 V to 240 V between the contacting electrodes (32 mm separation). 

 

The position vs. time plot of the droplet actuation is presented in Figure 5-8, with each 

line showing a different actuation voltage. The applied voltages between the end contacts range 

from 150 V (minimum actuation voltage, Figure 5-5 middle), to 240 V (maximum sustainable 

current by the amplifier), which translates to a voltage gradient of 4.7 V/mm to 7.5 V/mm, 

respectively. The droplet/position relationship is only reported up to 200 V because at larger 

voltages, the large actuation force and/or drag forces from the oil ambient deformed the droplet 

and the image analysis methods could not accurately resolve the boundary of the droplet to 

extract reliable position data (Figure 5-5, bottom).  

 

Figure 5-8: Droplet centroid position vs. time for different applied voltages.  
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For lower voltages (<170 V), the droplet initially gained a higher velocity then reached a 

lower steady state value, as seen in Figure 5-8, left. For higher voltages (>180 V), the droplet 

traveled across the entire length of the actuation region without experiencing this deceleration. 

Longer test samples would be required to see whether the same deceleration would occur at the 

higher actuation voltages. The decrease in velocity after the initial ramp was possibility due to a 

combination of factors such as the contact line friction and the viscous shear stress caused by the 

motion. Due to localized electrowetting force, the resulting contact line friction and viscous 

shear stress could be significant [132], especially for large sized droplet, as suggested in [131]. In 

our case, the droplet was under a constant actuation force due to the fixed width of the substrate 

(the force per unit contact line is fixed), the speed of the droplet increased until the bulk viscous 

force was fully developed and partially offset some of the actuation force. Additional work is 

needed to investigate the reason for the deceleration.  

5.8 Actuation Reliability  

For the above droplet speed tests, the spacing between the diodes was chosen to ensure 

the droplet could bridge at least 2 diode sites at all times. The number of the diode sites (12 in 

total) were rather small to provide conclusive evidence on the reliability of the diodes. In 

addition, due to the relatively high velocity (8 mm/s) of the droplet, repeated actuation became 

troublesome to implement. In order to test the reliability of the proposed device, additional 

actuation substrates were fabricated with smaller device area and additional diodes. The device 

area was decreased to 18 x 3 mm, with the diodes being 100 µm in diameter, and center-to-center 

spacing being 450 µm with the addition of top and bottom rows. As a result, the total number of 

diode sites was increased to 105 (Figure 5-9, top). The smaller testing area and additional diode 

sites could promote break down of the device if the reliability was an issue.  
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Other parameters such as the droplet volume (60 µL) and ambient conditions were the 

same as before. Since the droplet can now bridge a large number of diodes, this could lower the 

potential difference between the two sides of the droplet. As a result, a 120 V applied potential 

achieved a droplet velocity of ~5 mm/s. An overhead camera was triggered at 10 Hz to capture 

the location of the droplet while it was repeatedly actuated back and forth along the length of the 

actuator. Each testing cycle required the droplet to travel from one end of the electrode to the 

other and back. Two thousand cycles were completed for the reliability test. The position vs. 

time of the initial 10 cycles and the final 10 cycles is plotted in Figure 5-9, bottom. Comparing 

the result, no degradation of the droplet actuation was observed; this indicates the robustness of 

the device. 

 

 

Figure 5-9: Cyclic droplet actuation. Top: substrate used during testing. Bottom: The relative 

position vs. time plot for the first and the final 10 cycles of the 2000 actuations.  
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5.9  Conclusion 

In this paper, metal-semiconductor (Schottky barrier) diodes were embedded into the 

electrowetting substrate by evaporating titanium metal film on low concentration n-type silicon. 

The resulting Schottky barrier was used as replacement for the electrochemical diodes in bi-

directional continuous electrowetting. From current-voltage measurements, it was found that 

electrochemical diodes based on passivation/etching metals could limit the performance of the 

device. By adding a gold overlayer, the Schottky diodes were shielded from electrochemical 

reaction and device reliability improved. These devices achieved high actuation speeds of 240 

mm/s, comparing to the previously reported 32 mm/s [76]. In addition, the minimum actuation 

voltage was reduced from 291 V/28 mm [76] to 150 V/32 mm, a more than 50% reduction. More 

importantly, the reliability of the device increased drastically with Schottky diodes. After two 

thousand cycles of actuation, no device degradation was observed.  

Unlike conventional electrowetting on dielectric actuation, bi-directional continuous 

electrowetting simplifies the control and fabrication needed for manipulating discrete droplets. 

This work demonstrates a reliable material system for continuous actuation, which when paired 

with a position feedback mechanism, could enable servo-style actuation. This would complement 

the primary stepping actuation available in electrowetting, and open additional possibilities to 

use a droplet for mechanical actuation. The wiring simplification would be particularly powerful 

if implemented in a two-dimensional actuator. 
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CHAPTER 6: VERTICAL LOAD OF DROPLETS 

 

This dissertation identifies the key parameters for a droplet-based mechanical actuator 

using electrowetting. The relevant information about electrowetting on dielectric and 

electrowetting-based droplet actuators were presented in the last section. In this chapter, 

numerical simulation was used to evaluate the load bearing capability of droplet-based actuators. 

Key design parameters such as the volume of the droplet, the weight (load) the droplet can 

support, and the vertical stiffness of the actuator are examined in detail. A relationship between 

these interconnected parameters is established by case studies to provide a tool for designing 

actuators. Design criteria for droplet-based actuators is summarized at the end of the chapter. 

6.1 Introduction 

Due to scaling relations, capillary force becomes dominant as length decreases below the 

millimeter scale. Comparing to other forces such as electrostatics and magnetics, capillary force 

spans across much wider length scales - from micrometer to millimeter [13]. The relatively large 

magnitude of the capillary force has been exploited by a number of research groups to perform 

mechanical operations such as grasp and release [22, 133], out of plane self-assembly [14], and 

vertical actuation via electrowetting [119]. A common grasp and release configuration utilizes 

the tensile force exerted by a capillary bridge between two wetting surfaces (the contact angle is 

less than 90˚). When the surfaces are non-wetting (contact angle is greater than 90˚), a 

compressive force exists when the two surfaces are close together [134, 135] as in Figure 6-1.  
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Figure 6-1: Tensile and compressive forces from a capillary bridge formed by two parallel 

surfaces. When the surfaces are non-wetting, the force pushes the plates apart. When the 

surfaces are wetting, the force pulls them together. 

 

A new class of bearings based on the capillary bridge was proposed by several groups, 

and rotating micromachines have been demonstrated [99, 136-139]. The bearing surfaces were 

patterned by either surface coating and/or surface texture to control the location (and shape) of 

the droplet. Single droplets, multiple drops, and fluid rings have been used to support vertical 

loads by surface tension. The advantages of this type of bearing are low friction, wear resistance, 

and self-centering [136]. In addition, external force/torque can be applied either by an external 

field on the rotating rotor [139], or through the droplet [99, 138] which could further reduce the 

device’s size. The same principle could be further extended to use droplets to support a vertical 

load in linear translational motion. Moon and Kim have demonstrated using electrowetting to 

move droplets which carried a solid platform for biochemical analysis [64]. In their 

demonstration, a voltage was applied to the actuation substrate which induced a contact angle 

change within the droplets. This propelled droplet translation, and the droplets transferred the 

solid platform. Since the droplets need to move relative to the bottom surface, the motion 

between the droplets and the top surface has to be limited for precise positioning of the top plate. 

A wetting pattern, either by coating or surface texture, could be the physical barrier to improve 

positioning reliability.  
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For linear bearings, the stiffness and load carrying capacity are critical parameters. The 

vertical stiffness determines the precision of the bearing in the transverse direction under varying 

loads; the maximum force capability would set the upper normal load limit for the bearings. For 

rotational bearings, it was noted that the maximum speed of the rotor was highly dependent on 

the thickness of the droplet due to the viscosity of the fluid [136]. It is important to optimize the 

load and the fluid volume, which have a large influence on the resulting gap height. The goal of 

this paper is to develop force and stiffness relationships for circular droplets supporting normal 

loads between two parallel plates. Analytical approximations are compared to numerical 

simulation of surface forces using Surface Evolver under varying surface constraints (wetting 

boundary and/or geometrical boundary). Depending on the wetting properties of the surfaces, 

different stiffness and load capabilities can be utilized for a droplet-based bearing. Based on 

these results, design strategies are proposed. This work can serve as a design guideline to 

implement droplet-based linear bearings in electrowetting driven applications, as well as in 

designing droplet-based rotating machines.  

6.2 Normal Force Estimates 

In its simplest form, a droplet-based bearing consists of a capillary bridge formed 

between two parallel surfaces. The interfacial tensions act at the triple point where the liquid, the 

solid, and the ambient meet. The angle between the liquid and solid is the contact angle. Lambert 

and co-workers have shown that both the Laplace approach, and the interfacial energy approach 

are equivalent [140]. Here, we will take the Laplace approach. Given the condition that the 

characteristic dimension is much less than the capillary length (√
𝛾

𝜌𝑔
), where γ is the surface 
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tension, ρ the relative density of the droplet and the ambient, and g the acceleration due to 

gravity), the effect of gravity on the fluid can be neglected.  

 

Figure 6-2: Capillary bridge between two parallel surfaces. When the top and bottom contact 

angles (θ and Φ) are greater than 90˚, the pressure force (Fp) pushes the top plate upwards and 

the surface tension force (FT) acts downwards to pull the plates together. The two principle radii 

of curvature (R1 and R2 ) can be used to calculate the pressure difference across the interface. 

RTop is the contact radius of the droplet to the top plate.  

 

As shown in Figure 6-2, the bottom surface is fixed, and the separation distance (h) is 

known. The forces acting on the top plate are the surface tension force, and the pressure force. 

The surface tension component acting on the top plate is the vertical force acting downward on 

the plate: 

𝐹𝑇 = 2𝜋𝑅𝑡𝑜𝑝 ∗ 𝛾𝑆𝑖𝑛(𝜃) Equation 6-1 

 

where γ is the interfacial tension of the liquid-ambient, Rtop is the radius of the contact area, and 

θ is the contact angle of the liquid and top plate. The pressure force, which originates from the 

pressure jump across the liquid/ambient interface, can be calculate using the Laplace pressure 

equation: 

𝐹𝑃 = 𝜋𝑅𝑡𝑜𝑝
2 ∗ ∆𝑃 = 𝜋𝑅𝑡𝑜𝑝

2 ∗ 𝛾(
1

𝑅1
+
1

𝑅2
) 

Equation 6-2 
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where, R1 and R2 are the principle radii of the curved interface. Giving the separation distance (h) 

between the plates, one principle radius can be found by geometry: 

ℎ = −𝑅1 ∗ (𝐶𝑜𝑠(𝜃) + 𝐶𝑜𝑠(𝜙)) Equation 6-3 

where the top contact angle and the bottom contact angle are θ and Φ, respectively. The pressure 

can be either positive or negative depending on the contact angles. When both angles are larger 

than 90˚, the pressure is positive, which acts to push the plates apart. When both angles are less 

than 90˚, the resulting negative pressure force will pull the plates together. Now, if the radius of 

the capillary bridge is much larger than the separation distance (R2 > h), the second principle 

radius can be approximated by the radius of the plate contact (R2 = Rtop). Then the total force 

(FN) on the top plate is then: 

𝐹𝑁 = 𝐹𝑃 − 𝐹𝑇 = 𝜋𝑅𝑡𝑜𝑝
2 ∗ 𝛾 (

1

𝑅1
+
1

𝑅2
) − 2𝜋𝑅𝑡𝑜𝑝 ∗ 𝛾𝑆𝑖𝑛(𝜃)

= 𝜋𝑅𝑡𝑜𝑝𝛾

∗ [−
𝑅𝑡𝑜𝑝

ℎ
(𝐶𝑜𝑠(𝜃) + 𝐶𝑜𝑠(𝜙)) + 1 − 2𝑆𝑖𝑛(𝜃) ] 

Equation 6-4 

Now, the aspect ratio is defined by normalizing the height with the diameter of the droplet (ℎ̅ =

ℎ/2𝑅𝑇𝑜𝑝), and is expressed by: 

𝐹𝑁
𝜋𝐷𝑡𝑜𝑝𝛾

=
−𝐶𝑜𝑠(𝜃) −  𝐶𝑜𝑠(𝜙)

4 ∗ ℎ̅
+ 0.5 − 𝑆𝑖𝑛(𝜃) 

Equation 6-5 

For droplet-based bearings, the contact radius/diameter of the top surface can be 

controlled by either surface coating or roughness. Inside of the wetting region, the surface is 

hydrophilic. Outside of the region, the surface is hydrophobic with a contact angle greater than 

90˚. For linear motion, our goal is to use the electrowetting effect to actuate the droplet 

supporting the plate. So, the bottom surface has to be fairly hydrophobic without external input 

(zero electrowetting voltage). The reaction interest would be the normal load capability of 
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droplets with a known bottom contact angle. However, the gap height will change with external 

loads. If the contact line is at the boundary between two wetting regions, the contact angle can 

assume any value between the interior and exterior wetting angles without moving. With an 

unknown contact angle, the reaction forces must be found numerically using software such as 

Surface Evolver [141].  

 

Figure 6-3: Surface evolver model of a droplet between two parallel surfaces. 

 

Surface Evolver calculates the total system energy through a series of surface and line 

integrals. The equilibrium shape is found by a gradient-based energy minimization. In the 

simulation, a droplet with defined volume and contact angle condition on the top and bottom 

plates was constrained between two planes that represented the substrate and moving plate. The 

effect of gravity was not included in our simulation since the desired operating range of the 

droplet-based bearing is less than the capillary length (especially the gap height). In practice, the 

gravitational effect on the fluid forces could be eliminated almost entirely by matching the 

density of the ambient and the fluid. Once the shape of the surface was found, a small step in the 

z direction was taken (50 µm) and the energy was re-calculated. The normal force was found 

using the principle of virtual work (Fz = dE/dz).  
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6.3 Simulation Results 

6.3.1 Type 1 - Symmetrical Non-wetting 

For axisymmetric wetting, the contact angles of the top and bottom are the same (θ=Φ), 

and Equation 6-5 reduces to: 

𝐹𝑁
𝜋𝐷𝑡𝑜𝑝𝛾

=
−𝐶𝑜𝑠(𝜃)

2 ∗ ℎ̅
+ 0.5 − 𝑆𝑖𝑛(𝜃)  

Equation 6-6 

This was used as a benchmark for the Surface Evolver simulation. The surface tension for 

all types was fixed at 0.072 N/m. The variables used are listed in Table 6-1.  

Table 6-1: Simulation parameters used.  

Volume of the fluid 5 – 50 µL (5 µL increments) 

Contact angle (both top and bottom)  165˚, 120˚, 110˚ 

Gap height  0.5 – 3.0 mm 

 

By changing the input variables, the normal force at each step is extracted. The resulting 

forces were normalized by the product of the top contact diameter, π and the surface tension 

value. The normalized force is plotted against the normalized height in Figure 6-4. When 

normalized, the force for a given contact angle collapses to a single curve for all droplet 

volumes. The simulation data (markers) agrees well with Equation 6-6 predictions (solid lines) 

for small values of aspect ratio for all contact angles and for contact angles closer to 90 degrees. 

For large contact angles (165˚), the calculated force is higher than the simulated force, especially 

at larger aspect ratios. The error arises from using the contact radius as the principle radius of 

curvature. 

Since the normalized force and the aspect ratio both scale with the diameter of the 

droplet, for given height, only marginal gain is achieved by using a larger diameter droplet when 
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the aspect ratio is greater than 0.1. However, a much higher stiffness in the vertical direction can 

be seen when the aspect ratio is less than 0.1.  

 

Figure 6-4: Normalized force vs. normalized height, type 1. For a symmetric capillary bridge 

on a non-wetting surface, the contact angles are the same top and bottom. Circular, triangular, 

and square marks are the simulation results for contact angles of 165˚, 120˚, and 100˚, 

respectively. Each data set includes simulation results for 10 droplet volumes used (5 – 50 

µL). The solid lines are the calculated values from Equation 6-6. 

 

On hydrophobic surfaces, the surface tension forces act downward, opposite the pressure 

force. As the contact angle increases, this effect decreases. Figure 6-5 shows the force per unit 

contact area on the top plate with a 50 µL droplet having various contact angles. As the contact 

angles increased from 100˚ to 165˚, the force could increase by as much as a factor of 5 or more 

(see Figure 6-5). Higher contact angles and/or smaller aspect ratios should be used to support 

larger vertical loads. 
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Figure 6-5: Force per unit area as the height changes. Each line indicates the different contact 

angles used for the top and bottom surfaces. The droplet’s volume was fixed at 50 µL.  

 

6.3.2 Type 2 - Defined Wetting Region  

In a practical bearing, the droplet must be constrained to stay stationary relative to one of 

the plates, while sliding on the other. This could be done by defining a specific wetting region on 

one plate, while the other plate remains hydrophobic. To evaluate this non-symmetric wetting, a 

circular region on the top plate was defined hydrophilic (contact angle = 10˚) with a different 

wetting radius (Rtop= 2, 3, and 4 mm). The bottom and top surface (outside of the wetting area) 

were both non-wetting (contact angle = 165˚). The droplet’s volume was fixed at 50 µL. 

Vertical forces were extracted and then normalized by the top contact diameter and 

compared to Type 1. The results are presented in Figure 6-6. The normalized force follows the 

same curve at low aspect ratio when the top and bottom contact areas were greater than the 

hydrophilic region. As the height increases, the top contact line decreases until the edge of the 

contact line was constrained by the wetting region. The bottom contact area further decreased as 
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the height increases. The resulting force dropped off much faster in Type 2, especially for a 

smaller, small wetting radius. While the lower normal force is undesirable, the increased stiffness 

is favorable for normal positioning accuracy in both rotational and linear bearings. For a given 

top wetting area, this also allows the bearing to operate at a higher gap height with favorable 

stiffness. Larger gaps and smaller aspect ratios should reduce the drag introduced by the fluids.  

 

Figure 6-6: Normailized force vs. normailized height, type 2. The force was normalized by the 

product of the surface tension, π, and the top contact diameter. The circles are the simulation 

results from Type 1 (symmetric non-wetting, contact angle: 165˚), the line is the prediction 

from Equation 6-6. The cross, square, and triangle marks are the simulation results for 

different wetting radii (4, 3, 2 mm) when the droplet’s volume was fixed at 50 µL. The inset 

shows the wetting region on the top plate. As the gap height betweent the plate decreases, the 

droplet sperads out to the non-wetting region.  

 

6.3.3 Type 3 - Constrained Top Wetting 

Physical constraints can also be added to the edge of the wetting region to more reliably 

constrain the wetting boundary. This could be accomplished using a protruding surface as 

illustrated in Figure 6-7. The addition of the top overhang structure limits the spreading of the 
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top contact line so that effective contact angles over 180° (measured relative to the horizontal 

surface) can be achieved. The resulting force increases at a much faster rate than Type 1 and 2.  

This would be the most favorable design for droplet-based bearings. High stiffness and 

large force could be achieved with larger gap heights when the contact line is constrained by 

both geometry and wetting. As discussed earlier, the viscous drag introduced by the droplet 

could impose a speed limit on the bearing. By operating at larger heights, the maximum speed of 

the bearing could be increased. This design can increase the working range of the bearing from 

0.1 aspect ratio (h/D) to around 0.5.  

       

Figure 6-7: Normailized force vs. normailized height, type 3. The circles are the simulation 

result from Type 1 (symmetric non-wetting, contact angle: 165˚, droplet volume 50 µL). 

The line is the prediction from Equation 6-6. The cross, square and trangle marks are the 

simulation results of different wetting radii (4, 3 and 2 mm) when the top wetting area was 

defined and constrained from moving beyond the geometry. The inset shows the wetting 

region and geometrical constraint on the top plate. As the gap height between the plate 

decreases, the bottom of the droplet spreads out, and the top edge is constrained. 

 

-2

0

2

4

6

8

10

0 0.25 0.5 0.75 1

N
o
rm

al
iz

ed
 F

o
rc

e 
(F

/γ
π

D
) 

Normalized Height (h/D)

Normalized Force vs. Height

2mm 3 mm 4 mm Non-wetting Eq 6



www.manaraa.com

  104 

6.4 Design Considerations and Application in Electrowetting-based Actuator 

To achieve precise translational motion in the x-y plane, the droplet’s relative motion to 

the top plate needs to be minimized. Type 2 presented above limits the relative motion by 

constraining the contact line. For a given contact area (specified by the wetting and/or geometry), 

smaller droplet volumes would require less gap height to accomplish the same force. The 

force/displacement relationship shows the added benefit, in terms of stiffness, when the top edge 

is constrained (Type 3). 

Electrowetting droplet-based actuators have been demonstrated in [64]. Four droplets 

were used to carry a solid platform in a linear translation. For a given loading parameter, the size 

and weight of the plate being carried is fixed. Equation 6-6 indicates droplet-based bearings 

favor large diameter or small gap height. Since the pressure force scales with the diameter 

squared, larger contact areas can support larger loads. However, a single droplet bearing does not 

provide much stiffness in the x and y axis [142] and would add additional uncertainty in plate 

placement [18]. By using multiple droplets, the plate could be constrained by the moments 

created by the additional droplets. Since two droplets define a line and three droplets define a 

plane, three droplets would be an appropriate minimum. However, uncertainty in the droplet 

volume could cause orientation errors. Using additional droplets would average out random 

volume errors and could improve the positioning accuracy further. 

 Since the primary goal is to use electrowetting to drive a droplet, the actuation force 

from the electrowetting could also benefit from additional droplets - the electrowetting force is 

proportional to the contact line length of the droplet [94], in this case, the droplet diameter [73]. 

Below are some case studies to demonstrate the tradeoffs when designing such a bearing. 

All the calculations are based on Equation 6-6. Although the equation is only applicable to type 1 
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wetting as described above, the calculated force should match closely to type 2 and 3. As for the 

stiffness, the type 1 solution could still be used as a lower bound for other cases (type 2 and 3). 

While the stiffness difference between Type 1 and Type 2/3 is substantial at large aspect ratios 

(>0.2), the differences are not as significant at small aspect ratios such that this limit becomes 

useful. To find the exact stiffness for Type 2/3 cases, simulation software is needed to perform 

the calculations.  

6.4.1 Design Case 1 - Fixed Gap Height  

 

Figure 6-8: Case study 1: fixed gap height (1 mm) and fixed load (1078 µN). The wetting 

areas (hydrophilic) are the shaded region. This case compares single vs. multiple droplets for 

bearing application.  

 

In this first case study (Figure 6-8), the normal force and the gap height are held constant. 

The number of droplets and the stiffness, as well as the droplet volume are variables. The 

calculated force should be applicable for all types of wetting, but the calculated stiffness is for 

type 1 only. From earlier analysis, the stiffness for type 2 and 3 wetting should be higher than the 

idealized condition presented here.  

For a square glass plate (density 2200 Kg/m3) with dimension of 10 x 10 x 0.5 mm, the 

minimal force needed to support the weight of the plate is 1078 µN. Assuming an air ambient, 

and that water droplets give a surface tension of 0.072 N/m, and contact angle 110˚ on a Cytop 

coating: at 1 mm gap height, a single 6.8 mm diameter droplet would provide sufficient force to 
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support the droplet. However, due to stability issues mentioned above, multiple droplets are 

preferred. Table 6-2 shows the impact on the aspect ratio, total area needed by the droplets, and 

the projected length (the strength of the actuation force) when using multiple droplets. The 

supporting force is calculated using Equation 6-6, with the assumption that the area occupied by 

the droplet has straight side walls. This is most accurate for small values of aspect ratio, and 

contact angles near 90 degrees, and should be a good approximation for these cases (h/D < 0.3, 

CA = 110 ˚). The total stiffness is calculated by finding each droplet’s stiffness, then modeling 

them as springs connected in parallel, taking the number of droplets then multiplying by the 

stiffness of each individual droplet.  

Table 6-2: Case study of droplet(s) supporting a fixed load at a constant gap height, the contact 

angle is 110˚ top and bottom. The total supporting force is fixed at 1078 µN, and the gap height 

is at 1 mm.  
# of droplets Volume of 

each Droplet 

(µL) 

Aspect 

Ratio 

(h/D) 

Diameter of 

the drop 

(mm) 

Total 

Stiffness 

(N/m) 

Minimum 

total area 

required 

(mm2) 

Total 

projected 

length 

(mm) 

1 36.3 0.147 6.8 1.8067 36.3 6.8 

3 16.6 0.217 4.6 2.48031 49.9 13.8 

5 12.6 0.25 4 3.12578 62.8 20 

7 10.8 0.27 3.7 3.7443 75.3 25.9 

 

The table above shows the same load could be supported by a number of possible configurations, 

depending on the design goal. If the force per unit area is the main concern, the larger droplet 

should be used. If the stiffness is the driving parameter, multiple small droplets could achieve 

higher stiffness. If the actuation force from electrowetting is to be maximized, the maximum 

allowable number of droplets should be used due to the larger projected length from multiple 

droplets. 
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6.4.2 Design Case 2 - Fixed Stiffness and Droplet Diameter 

 

Figure 6-9: Case study 2: fixed stiffness (162 N/m) and fixed droplet diameter. The wetting 

areas (hydrophilic) are the shaded region. This case evaluates the impact on droplet volume 

and gap height when designed for stiffness.  

 

Under external disturbance such as gravity, shock, and vibration, the error in positioning 

could increase drastically. In addition, when the gap height is small, minor displacements in the 

vertical direction could cause a large droplet diameter change. This could cause the spacing 

between the droplets to decrease until they merge. To account for the external disturbance, the 

stiffness needs to be the primary design goal. This case study (Figure 6-9) uses the same loading 

parameter as above, with the required load fixed at 1078 µN. The total plate area is still 100 

mm2. Instead of fixing the gap height, this case requires a maximum displacement of the top 

plate of ±10 µm at 150% overloading. This can be translated to a design requirement of fixed 

stiffness (
1.5∗1078

10
 
µ𝑁

µ𝑚
= 162

𝑁

𝑚
). Other parameters such as the surface tension and contact angle 

remain the same (0.072 N/m, 110˚, respectively). The same diameter of droplets were used. The 

gap height could be adjusted by varying the volume of the droplet. The same calculations were 

performed using Equation 6-6. As seen in Table 6-3, the aspect ratio needs to be small compared 

to the previous case in order to meet the high stiffness requirement. All other outcomes such as 

the total area required, and the actuation force are unaffected due to the fixed wetting diameter. 

The force approximation is suitable for all types of wetting conditions. However, due to the 
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higher stiffness of type 2/3 wetting, the gap height could be larger for the same stiffness when 

type 2/3 wetting is employed. 

Table 6-3: Case study of droplet(s) with constant stiffness (162 N/m); the contact angle is 110˚ 

on top and bottom. The diameter of the top wetting region is the same as in case study 1.  
# of 

droplets 

Volume 

of each 

Droplet 

(µL) 

Aspect Ratio 

(h/D) 

Diameter 

of the 

drop (mm) 

Height 

of the 

gap 

(mm) 

Minimum 

total area 

required 

(mm2) 

Total 

projected 

length 

(mm) 

1 3.8 0.015452 6.8 0.105 36.3 6.8 

3 2.1 0.026764 4.6 0.123 49.9 13.8 

5 1.7 0.034553 4 0.138 62.8 20 

7 1.6 0.040883 3.7 0.151 75.3 25.9 

 

Another effect of the tradeoffs between design for force and stiffness can be seen in the 

rapid decrease of droplet volume. About one order of magnitude of reduction in volume is 

required for the increased stiffness. These small volumes could accentuate another error source, 

droplet volume variation could impact the alignment precision in the x-y plane. This could be 

offset by increasing the number of droplets to average out random variations. 

6.5 Opposing Droplets 

For linear bearing applications, the normal force and the stiffness under loading are the 

primary interests. Higher force enables a larger loading capability and higher stiffness would 

improve the rigidity of the joint. For optimal stiffness and force in the vertical direction, the plate 

should have both wetting and geometrical constraints. In addition, a preload on the droplet would 

force the bearing to operate in a higher stiffness range (case 3). When the supporting droplet(s) 

are all under the plate, the stiffness is non-linear - the stiffness increases as the gap height 

reduces. When using density matching the ambient, either the weight of the plate or the droplets 

can be counter-acted, but one of them would still be affected by gravity. We propose a 

symmetrical capillary bearing which uses two droplets to apply a preload to the plate. The 
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resulting force/stiffness could be symmetrical around the middle point, which could further 

increase the reliability of the device - either orientation around the x-y plane is possible. The 

simplified case with no wetting contrast is analyzed below (Figure 6-10).  

 

Figure 6-10: Opposing droplet configuration. Two identical droplets are used to provide 

support on either side of the center plate. Both the top and bottom plates are fixed. The 

resulting force and stiffness is symmetrical around the midpoint (z=0). The left and right 

illustrations show the droplet shape when the center plate is displaced around the balance 

point.  

 

To illustrate the force/displacement relationship, calculations based on Equation 6-6 were 

performed. The force was then normalized by the product of the equilibrium diameter (D’) and 

πγ, and the change in height with respect to the middle point (dz) was normalized by the 

equilibrium diameter (D’). The results are presented in Figure 6-11. The main assumption is that 

the weight of the plate is counter-acted by the buoyancy force (plate density ≈ ambient fluid 

density), and all the plates are non-wetting (type 1). The contact angle values used in the 

calculation were 165˚ for both the top and bottom. The maximum allowable height is fixed at 1, 

0.5, and 0.25 mm for both the top and bottom gap (without the thickness of the middle plate, hTop 

=hBottom). The droplets volumes were 50 µL each. In Figure 6-11, the top graph shows that the 

top and bottom droplets exert the same force, but in opposite directions around the center (dotted 

lines). The total force follows a non-linear but symmetrical curve (solid line). When designing a 

bearing, the droplet contact area could be specified, and the height can be tailored to suit a 
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variety of stiffness ranges. Due to the symmetrical force, the location of the plate and/or the 

stiffness in the z-direction could be fine-tuned by using either the volume of the droplet, the 

wetting pattern, or the gap height. Either one of these parameter changes could change the 

preload on the bearing, which could improve stiffness (demonstrated in Figure 6-11, bottom). As 

the total gap height decreases, the stiffness of the bearing increases.  

 

 

Figure 6-11: Opposing droplet configuration for optimal stiffness and precise z-location. Top: 

the normalized force from both the top and the bottom droplets are plotted against the 

normalized height (change in height divided by the nominal droplet diameter, dh/D’). The 

equilibrium height is 1 mm for both the top and bottom gap. Bottom: The gap height is fixed at 

0.1, 0.5, and 0.25 mm. As the allowable gap height decreases, the stiffness of the bearing 

(slope of the lines) increases. The contact angle used in calculations was 165˚, and the surface 

tension value used was 0.072 N/m.  
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6.5.1 Design Case 3 - Droplets with Fixed Gap 

 

 

Figure 6-12: Case study 3 and 4: these cases evaluate the two opposing droplet configurations, 

and the impact on stiffness. Left: case 3, the equilibrium gap height h1 and h2 are 1 mm (same 

as in case study 1). Right: case 4, the equilibrium gap height h3 is half of the gap height in case 

3. 

 

Since viscous shear limits the maximum speed of the droplet-based bearing, the optimal 

design may require higher gaps (case study 1) while maintaining high stiffness (case study 2). 

However, for a given gap height, the droplet aspect ratio (droplet volume) will also have a strong 

impact on the viscous losses, so that it may be possible to optimize both of these parameters. The 

following case study examines the benefits of implementing a two-opposing droplet 

configuration.  

As before, the contact angle and surface tension are held constant at 110˚ and 0.072 N/m, 

respectively, and type 1 wetting is used to provide a lower bound approximation of the stiffness. 

The same droplet volume in design case 1 was used with Equation 6-6 for calculations. The gap 

height (both h1 and h2) is 1 mm. The weight of the plate is not included under the assumption that 

the density of the plate is offset by the ambient liquid. The results are listed in Table 6-4. If the 

plate/ambient densities do not match, then the plate will be offset in the direction of gravity until 

the bearing force balances gravity. Higher stiffness designs would results in less gravitational 

error. 
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Table 6-4: Case study of droplet(s) with constant height (1 mm) and wetting area. The contact 

angle is 110˚ at the top and bottom. The diameter of the top wetting region is the same as in 

design case 1 (fixed).  
# of 

droplets 

Volume 

of each 

Droplet 

(µL) 

Aspect 

Ratio 

(h/D) 

Diameter of 

the drop at 

midpoint 

(mm) 

Total 

Stiffness 

(N/m) 

Minimum total area 

required (mm2) 

Total projected 

length (mm) 

1 36.3 0.147 6.8 6.62 36.3 13.6 

3 16.6 0.217 4.6 8.63 49.9 27.6 

5 12.6 0.25 4 10.66 62.8 40 

7 10.8 0.27 3.7 12.6 75.3 51.8 

   

The results suggest that with a given wetting area and gap height, the stiffness could be 

increased by a factor of 3 or more due to the symmetric droplets. It is worth it to point out that 

the case study presented here was based on the optimized force study (case 1). Therefore, at 

equilibrium height (the gap height is the same for the top and bottom), the total force is zero due 

to the preload. Either by increasing the droplet volume with the same wetting area, or by 

decreasing the wetting area with the same droplet volume, the stiffness could be further 

improved. This could also be accomplished by decreasing the gap height.  

6.5.2 Design Case 4 - Opposing Droplets with Fixed Gap and Preload (Reduced Gap 

Height) 

The last case follows the same parameters as in case 3. The wetting area and droplet 

volume are the same as in case 3, but the gap height is reduced by half (0.5 mm) for both the top 

and bottom. The results are listed in Table 6-5. The main difference in the resulting stiffness is 

that by reducing the gap height (a factor of 2), a 5 fold increase of the stiffness is possible 

(comparing the numbers between case 3 and 4).  
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Table 6-5: Case study of droplet(s) with constant height (0.5 mm), and wetting area. The contact 

angle is 110˚ at the top and bottom. The diameter of the top wetting region is the same as in case 

study 1 (fixed). 

# of 

droplets 

Volume 

of each 

Droplet 

(µL) 

Aspect Ratio 

(h/D) 

Diameter 

of the 

drop 

(mm) 

Total 

Stiffness 

(N/m) 

Minimum 

total area 

required 

(mm2) 

Total 

projected 

length 

(mm) 

1 18.16 0.073 6.8 29.67 36.3 13.6 

3 8.31 0.187 4.6 39.82 49.9 27.6 

5 6.28 0.125 4 49.61 62.8 40 

7 5.38 0.135 3.7 59.12 75.3 51.8 

 

6.6 Conclusion  

The normal force of a capillary bridge between two parallel surfaces was analyzed using 

both Laplace-based calculation, and simulation. Three types, symmetric wetting, top wetting, and 

constrained top wetting were presented. For top wetting and constrained top wetting, the 

operating range would need to be around or beyond the wetting boundary, which would cause 

larger force and higher stiffness. 

The optimal design was shown to be the constraints on the wetting region combined with 

geometrical constraints on the top plate that enable effective contact angles above 180° at the 

edge of the wetting boundary. Higher stiffness, as well as larger supporting force was achieved 

by such design.  

For ultimate precision, an opposing droplet configuration was proposed. Simplified force 

analysis showed a symmetrical stiffness response due to the preloading effect. The stiffness 

could be further fine-tuned by changing the total gap height. For linear droplet bearings actuated 

by electrowetting, a series of design cases was presented to demonstrate the advantage of using 

multiple droplets to support the same load. The larger actuation force capability of multiple 

droplets could improve the speed of the actuator. When designing such actuators, the total area 
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and the gap height should be the driving parameters to meet the required load and stiffness 

performance levels. 

For opposing droplets, the stiffness of the droplet improves significantly with smaller 

aspect ratios (h/D < 0.1). By introducing wetting contrast, the stiffness improved for higher 

aspect ratios (0.1 - 1), but the total force also decreased rapidly once the bottom contact area was 

less than the wetting region on top.  
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CHAPTER 7: CONCLUSION AND FUTURE WORK  

 

This dissertation’s objective is to quantify key parameters which could be used to design 

a droplet-based mechanical actuator using the electrowetting phenomenon. The key actuation 

parameters include the actuation force, positioning accuracy and repeatability, device reliability, 

and the load carrying capability. The following discussion highlights the main conclusions of the 

study. 

7.1 Key Contributions  

7.1.1 Electrowetting Force  

Unlike other approximation methods - such as capillary height rise, contact angle change, 

and pressure variation - the electrowetting actuation force as a function of the fluid surface 

energy was experimentally measured for the first time by confining the droplet’s shape to a 

square glass plate. By restraining the motion of the glass plate in the horizontal direction, the 

force during electrowetting actuation was measured as a function of the applied voltage and the 

interfacial tension of the fluid/ambient. The results validate the classical Young-Lippmann 

equation which governed the relationship between the electrowetting force, the applied voltage, 

and the surface tension of fluid/ambient. The study concluded that for maximum actuation force, 

higher surface tension fluids should be used in a droplet-based actuator. For a droplet carrying a 

solid plate, higher surface tension and higher voltage can achieve higher speed. However, lower 

surface tension droplets were able to achieve higher actuation speed when they were 

unconstrained by a plate. This study established the design foundation for droplet-based 
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actuators using electrowetting effect in terms of: the choice of fluids, the surface tension, and the 

speed limitations of the system. 

7.1.2 Novel Electrowetting Actuation-based on Diodes 

The second part of this study demonstrates two types of novel electrowetting actuations 

by embedding diodes into the electrowetting substrate. One is capable of fine positioning, and 

the other is better suited for large actuation distance. The first type of actuation used the 

electrochemical reaction between the actuation fluids and the metal substrate. By 

etching/passivating the electrode in-situ, the contacting interfaces act like two diodes connected 

back-to-back in series. By varying the input waveform’s duty cycle, micro-stepping (sub-

electrode motion control) of the droplet was demonstrated to be symmetric and non-linear about 

the center of the droplet. A simplified circuit model was used to derive the relationship of the 

input and the position of the droplet. The positioning of the droplet is within 0.2 mm (< 2.5% of 

the droplet diameter) of the idealized model and repeatability error is < 0.07 mm (< 0.8% of the 

droplet diameter). This actuation scheme uses open-loop control to actuate an electrowetting-

driven droplet with minimal wiring required. For droplet-based actuators, the micro-stepping 

eliminates the need for feedback sensing, while provide high positioning accuracy and 

repeatability. In addition, this actuation could also be applied to other electrowetting-driven 

droplet actuation in biological applications. 

The second type of actuation uses semiconductor principles with embedded Schottky 

diodes to replace the electrochemical diodes in our previous continuous electrowetting substrate. 

In contrast to our previously demonstrated prototype, devices based on Schottky diodes reduced 

the minimum actuation voltage from 300 V to 150 V. In terms of reliability, up to two thousand 

cycles of repeated actuation were demonstrated in the Schottky diode-based device with no 
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performance degradation. By using high resistivity silicon, a voltage gradient is created when a 

potential is maintained between the end contacts. When a droplet bridged two or more diode 

sites, the diodes block the reverse current and thus creates a potential difference within the 

droplet which could then move the droplet towards the higher potential electrode. The advantage 

of this type of actuation is that only two electrodes are needed for large actuation distance (10X 

or more of the droplet diameter). The velocity of the droplet was measured in relation with the 

applied voltage and it was found experimentally that the average velocity scales with the applied 

voltage squared. The maximum velocity was measured to be as high as 240 mm/s. For a droplet-

based mechanical actuator, the bi-directional continuous actuation could serve as the driving 

mechanism - similar to an electromagnetic servo motor - which could achieve high linear speed 

and large actuation force with minimal wring. 

7.1.3 Vertical Force and Stiffness Analysis  

The last part of the study uses the simulation software Surface Evolver to establish the 

design criteria for a droplet-based actuator in terms of vertical supporting force and stiffness. 

Depending on the design goal, the variables such as droplet volume, gap height, and the 

geometrical constraints for the droplet should be considered. The surface tension of the fluids 

should be as large as possible for optimal loading in the z direction. Due to the fact that the 

droplet will be driven by electrowetting, either wetting and/or geometrical constraints are needed 

to limit the relative movement between the droplet and the top plate. It was shown that by 

introducing additional geometrical constraints which limit the movement of the contact line, the 

stiffness of the droplet could be improved drastically. This could increase the working normal 

force of a droplet-based bearing in terms of the minimal gap height. In addition, a two droplet 

setup was proposed and analyzed in terms of force and stiffness. The results show superior 
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performance comparing to a single droplet. Additional case studies were performed to 

demonstrate the effect of single vs. multiple droplets. The results show that by using multiple 

droplets, the stiffness would increase, as well as the total actuation force from electrowetting. 

However, minimum required area would also increase as the number of droplet increases. 

7.2 Future Work  

7.2.1 Force and Velocity Considerations  

From the electrowetting force and velocity measurements, the actuation force due to 

electrowetting was quantified. However, when comparing the electrowetting force and the drag 

force of the same droplet without the electrowetting effect, a large portion of the actuation force 

was not accounted for. Specifically, the measured electrowetting force for a constrained droplet 

was much larger than the measured friction drag force with no electrowetting effect. This 

indicates that there are additional dissipation mechanism(s) that are voltage dependent - possibly 

contact angle hysteresis, and dynamic contact line friction - which need to be addressed in future 

work. Also, for Schottky diode-based actuation, the velocity and time relation indicates a 

complex response with declining velocity after initial acceleration. This could be due to a 

possible electrowetting-dependent drag force, non-ideal electrical characteristics of the electrical 

elements such as the diodes, or coupling between the electrical and fluidic systems. Future work 

would be needed with concentration in measuring the drag force experimentally to quantify the 

behavior. A droplet actuation model needs to be developed which accounts for the following 

effects: the electrowetting actuation force, the speed dependent drag, the initial static friction 

from the substrate (contact angle hysteresis), the electrowetting force dependent drag, and the 

viscous drag from the ambient and within the droplet. 
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For stepping actuation, the idealized circuit model could also benefit from direct 

characterization of the actuation force. Once the actuation force is measured, the voltage of the 

droplet could be approximated, and a more refined circuit model that includes additional 

elements such as turn-on voltage and leakage current could be developed to further increase the 

precision of the droplet-based actuator. 

As for the droplet bearings, the z-axis force and stiffness relation was established in the 

study by simulation. Experimental verification would be necessary to validate the simulated 

results. In addition, the x-y stiffness still needs further quantification. How a droplet-based 

bearing resists disturbances (the actuation via electrowetting) in the same plane could have a 

large impact on the maximum speed and precision for the actuator. Therefore, additional work is 

needed to establish the stiffness in the x-y plane.  

7.2.2 Potential Applications and Future Directions 

Based on the findings of this work, a successful droplet-based mechanical actuator using 

electrowetting principle can be designed and implemented. The actuator can be used to further 

enhance the working range of currently available microscale actuators. Possible application areas 

include assembly of sub-millimeter components, linear or two-dimensional solid platforms that 

can be carried by droplets. If the droplet itself is used as the actuator, it is also possible to apply 

principles in hydraulic actuation in the macroscale; droplet-based pistons and fluidic circuits 

could be implemented. For biological applications, the actuator has the potential to generate 

droplets and assemble live cells, either for analysis, or tissue engineering.  

The future research direction of droplet-based actuators should be concentrated in solving 

other technology related issues such as device fabrication and packaging. It is still very 

challenging to create sub-microliter water droplets with high repeatability due to the high surface 
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tension. For a droplet-based actuator, the volume uncertainty for each droplet has to be 

minimized. In addition, it is favorable to package the actuator inside a fluidic ambient so the 

gravity effect could be further reduced. The fabrication and packaging processes/methods will 

also have to be investigated.  
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APPENDIX A: COPYRIGHT PERMISSIONS  

 

Below is the copyright permission from the publisher for the use of Figure 2-2. 
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Below is the copyright permission from the publisher for the use of Figure 2-4. 
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Below is the copyright permission from the publisher for the use of Figure 2-5. 
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Below is the copyright permission from the publisher for the use of Figure 2-10. 
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Below is the copyright permission from the publisher for the use of Figure 2-11. 
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Below is the copyright permission from the publisher for the use of chapter 3. 
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APPENDIX B: SURFACE EVOLVER SIMULATION CODE 

 

gravity_constant  0 // 0gravity  

parameter dr_volume =  10e-9 //[m^3]*10^-9 --> [uL] 

parameter top_angle    = 165   // interior angle between plane and surface, degrees 

parameter bottom_angle = 165 // interior angle between plane and surface, degrees 

parameter top_angle_inside = 10 // interior angle of the top surface 

parameter bottom_angle_inside = 165 // interior angle of the bottom surface 

parameter xoff = 0 //offset of teh top surface 

parameter yoff = 0 // offset of teh bottom surface 

parameter rad_top = 0.001 

parameter rad_bottom = 0.001 

parameter zh = 0.001 // separation of plates [m] 

parameter RD = 1 //relative density  

parameter LV_tension = 0.072 // surface tensin , only needed when setting constraint 1 with -

cos(theta)*gamma 

#define dr_size  (sqrt(dr_volume/zh)) 

#define side_d      (dr_size/2)  // 

#define outside (sqrt(dr_volume/zh)+0.005) 

#define vol dr_size^2*zh  

//#define toparea sum(facet where color == red, area)   

//#define bottomarea sum(facet where color == green, area)   

// Contact surface tensions 

#define UPPERT  (cos(top_angle*pi/180)*LV_tension)  // virtual tension of facet on plane 

#define LOWERT (-cos(bottom_angle*pi/180)*LV_tension) 

#define upper_inside_t (cos(top_angle_inside*pi/180)*LV_tension) 

#define lower_inside_t (-cos(bottom_angle_inside*pi/180)*LV_tension) 

quantity Atop INFO_ONLY method edge_vector_integral 

vector_integrand: 

  q1:  -(y)  

  q2: 0 

  q3: 0 

quantity Abottom INFO_ONLY method edge_vector_integral 

vector_integrand: 

  q1:  -(y)  

  q2: 0 

  q3: 0 

constraint 1   /* the lower plate */ 

formula: z = 0 
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energy:  // for contact angle 

e1: -y/2 / (x^2 + y^2) * 

     ((x^2 + y^2 < rad_bottom^2) ? 

      (lower_inside_t * (x^2 + y^2)) : \ 

      (lower_inside_t * rad_bottom^2 + LOWERT * (x^2 + y^2 - rad_bottom^2))) 

e2:  x/2 / (x^2 + y^2) * 

     ((x^2 + y^2 < rad_bottom^2) ? 

     (lower_inside_t * (x^2 + y^2)) : \ 

     (lower_inside_t * rad_bottom^2 + LOWERT * (x^2 + y^2 - rad_bottom^2))) 

e3:  0 

constraint 2   /* the upper plate */ 

formula: z = zh 

energy:  // for contact angle and gravitational energy under missing facets 

e1:  (y-yoff)/2 / ((x-xoff)^2 + (y-yoff)^2) * 

     (((x-xoff)^2 + (y-yoff)^2 < rad_top^2) ? 

      (upper_inside_t * ((x-xoff)^2 + (y-yoff)^2)) : \ 

      (upper_inside_t * rad_top^2 + UPPERT * ((x-xoff)^2 + (y-yoff)^2 - rad_top^2))) 

e2: -(x-xoff)/2 / ((x-xoff)^2 + (y-yoff)^2) * 

     (((x-xoff)^2 + (y-yoff)^2 < rad_top^2) ? 

      (upper_inside_t * ((x-xoff)^2 + (y-yoff)^2)) : \ 

      (upper_inside_t * rad_top^2 + UPPERT * ((x-xoff)^2 + (y-yoff)^2 - rad_top^2))) 

e3:  0 

content: // This is independent of pad shape 

c1:  (y-yoff) * zh / 2 

c2: -(x-xoff) * zh / 2 

c3:  0 

constraint 3 nonnegative  //lower barrier 

formula: z 

constraint 4 nonpositive //upper barrier 

formula: z - zh 

constraint 5  //display top wetting  

formula: x^2 + y^2 = rad_top^2 

constraint 6 // display lower wetting 

formula: x^2 + y^2 = rad_bottom^2 

//constraint 5 nonpositive 

//formula: (x-(dr_size/2))^2 +(y-(dr_size/2))^2 - RR^2 

vertices 

1   side_d           side_d               0 constraint 1  /* 4 vertices on lower plate */ 

2   -side_d          side_d               0  constraint 1 

3   -side_d          -side_d              0  constraint 1 

4   side_d           -side_d              0  constraint 1 

5   side_d           side_d               zh   constraint 2  /* upper plate */ 

6   -side_d           side_d               zh   constraint 2 

7   -side_d           -side_d               zh   constraint 2 

8   side_d          -side_d               zh   constraint 2 
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9   0.005           0.005            0.0     /* for lower plane */ 

10  0.005          -0.005            0.0   

11  -0.005         -0.005            0.0   

12  -0.005          0.005            0.0   

13  0.005           0.005            zh      /* for upper plane */ 

14  0.005          -0.005            zh    

15  -0.005         -0.005            zh    

16  -0.005          0.005            zh    

edges  /* given by endpoints and attribute */ 

1   1 2    constraint 1 Abottom /* 4 edges on lower plate */ 

2   2 3    constraint 1 Abottom 

3   3 4    constraint 1 Abottom 

4   4 1    constraint 1 Abottom 

 

5   5 6    constraint 2 Atop /* upper plate */ 

6   6 7    constraint 2 Atop 

7   7 8    constraint 2 Atop 

8   8 5    constraint 2 Atop 

9   1 5    constraints 3,4 

10  2 6    constraints 3,4 

11  3 7    constraints 3,4 

12  4 8    constraints 3,4 

13  9 10   no_refine  bare  constraint 6 /* for lower plate display only */ 

14 10 11   no_refine  bare  constraint 6 

15 11 12   no_refine  bare  constraint 6 

16 12  9   no_refine  bare  constraint 6 

17 13 14   no_refine  bare  constraint 5 /* for upper plate display only */ 

18 14 15   no_refine  bare  constraint 5 

19 15 16   no_refine  bare  constraint 5 

20 16 13   no_refine  bare  constraint 5 

faces  /* given by oriented edge loop */ 

1   1 10 -5  -9 constraints 3,4 tension LV_tension  color green 

2   2 11 -6 -10 constraints 3,4 tension LV_tension  color green 

3   3 12 -7 -11 constraints 3,4 tension LV_tension  color green 

4   4  9 -8 -12 constraints 3,4 tension LV_tension  color green 

//5  13 14 15  16  no_refine   density 0 fixed color -1 //green /* lower plate for display */ 

//6  17 18 19  20  no_refine   density 0 fixed color -1 //red /* upper plate for display */ 

//7  1 2 3 4         density 0  color green  

//8  5 6 7 8         density 0  color red  

bodies  /* one body, defined by its oriented faces */ 

1   1 2 3 4    volume dr_volume   density 1000*RD   

read 

s 

q 
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re  := {refine edges where on_constraint 1 } 

re1 := {refine edges where on_constraint 2} 

target_tolerance := 1e-15 

 

// vertical force on upper pad by central differences. 

dz := .00005 

do_zforce := { oldzh := zh; zh := zh + dz;  

               set vertex z  z+dz*z/oldzh; recalc; // uniform stretch 

               energy1 := total_energy -  

                     body[1].pressure*(body[1].volume - body[1].target); 

               oldzh := zh; zh := zh - 2*dz;  

               set vertex z  z-2*dz*z/oldzh; recalc; // uniform stretch 

               energy2 := total_energy -  

                     body[1].pressure*(body[1].volume - body[1].target); 

               zforce := -(energy1-energy2)/2/dz; 

               printf "vertical force:  %20.15f\n",zforce; 

               // restore everything 

               oldzh := zh; zh := zh + dz;  

               set vertex z  z+dz*z/oldzh; recalc; // uniform stretch 

             } 

                

// Typical evolution 

gogo := {re; re1; g50; re; re1; r; g50; u; V 100; V 100; g50; r; u; V 100; g50; r; u; V 10; hessian; 

g 50; u; u; u; V 100; hessian; v; 

        do_zforce; 

        } 

 

 

// find bottom and top contact angles 

botedge := { 

  foreach facet ff where ff.edge[1] on_constraint 1 || 

    ff.edge[2] on_constraint 1 || ff.edge[3] on_constraint 1 do 

      printf "cos theta=%f,\ttheta=%f\n", ff.x3/ff.area, 180/pi*acos(ff.x3/ff.area); } 

 

topedge := { 

  foreach facet ff where ff.edge[1] on_constraint 2 || 

    ff.edge[2] on_constraint 2 || ff.edge[3] on_constraint 2 do 

      printf "cos theta=%f,\ttheta=%f\n", ff.x3/ff.area, 180-180/pi*acos(ff.x3/ff.area); } 

 

 

//unit step for force caluculation 

EPS := .00005 

 

// Ken Brakke's generic force calculation method 

forcex := { 

  olde := TOTAL_ENERGY; 
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  oldv := body[1].volume; 

  set vertex x (x>zh)?(x+EPS):(x + EPS*(x/zh)); 

  recalc; 

 vdiff:=body[1].volume-oldv; 

  set vertex x (x>zh)?(x-EPS):(x - EPS*(x/zh)); 

  PRINT -(TOTAL_ENERGY - olde-body[1].pressure*vdiff)/EPS; 

  recalc; } 

 

forcey := { 

  olde := TOTAL_ENERGY; 

  oldv := body[1].volume; 

  set vertex y (y>zh)?(y+EPS):(y + EPS*(y/zh)); 

  recalc; 

 vdiff:=body[1].volume-oldv; 

  set vertex y (y>zh)?(y-EPS):(y - EPS*(y/zh)); 

  PRINT -(TOTAL_ENERGY - olde-body[1].pressure*vdiff)/EPS; 

  recalc; } 

 

forcez := { 

  olde := TOTAL_ENERGY; 

  oldv := body[1].volume; 

  set vertex z  z + EPS*(z/zh); 

  zh := zh + EPS; 

  // Zuping := EPS; 

  recalc; 

 vdiff:=body[1].volume-oldv; 

 new_energy_1 := TOTAL_ENERGY - body[1].pressure * vdiff; 

 

  set vertex z z - 2*EPS*(z/zh); 

  zh := zh - 2*EPS; 

  recalc; 

  new_energy_2 := total_energy - body[1].pressure * 

                      (body[1].volume - body[1].target); 

  force_z := -(new_energy_1 - new_energy_2)/2/EPS; 

   

 

set vertex z   z + EPS*(z/zh); 

  zh := zh + EPS; 

    recalc; } 

 

 

// These are the evolve parameters 

 

longest := 1.5 * rad_top // Just < largest initial length 

shortest := 0.000001 // whatever 

mini := 0.03 * zh 
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gos := 60 

iters := 1 

 

// Report gives the current status. 

report := { v; c; printf "Max length= %f, min length= %f, target 

%f\n\n",longest,(shortest>longest/3)?longest/3:shortest,mini; } 

 

// Go-on just evolves "gos" times or until the scale gets ridiculously small. 

goon := {g; jj:=1; if scale>1e-8 then { 

  while(jj<gos && scale>1e-6) do {g; jj:=jj+1;}}} 

 

// Iterate combines edge refinement, tiny edge elimination, and evolution/ 

// equiangulation; with vertex averaging for a coarse mesh. 

iterate := { 

  refine edges where length >= longest; 

  delete edges where length < longest/3 and length < shortest; 

  u; u; if longest > 2*mini then { V; u; }; 

  goon; } 

 

// Evolve uses iterate with slow reduction of the maximum edge length to 

// robustly approach a good solution on a fine mesh. 

evolve := { 

  while longest >= mini do { 

    report; 

    longest := longest * 0.9; 

    u; 

    iterate; 

    if iters>1 then { 

      ii:=2; 

      while ii < iters do { 

 u; 

 iterate; 

 ii := ii+1; }; 

      iterate; }}; 

  report; do_zforce;} 

 

keepon := { 

  gos := 20; 

  ii := 1; 

  while ii <= 10 do { 

    V; iterate; report; ii := ii +1; 

  } 

} 

 

 

// output data to file  
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printf "" >>> "outputfile.dat" 

printf 

"Tension\tVolume\tHeight\tCA_top\tCA_bottom\tPressure\tArea_top\tArea_bottom\tzforce\n" 

>> "outputfile.dat"; 

 

gogo2 := {gogo; 

   printf 

"%15.15g\t%15.15g\t%15.15g\t%15.15g\t%15.15g\t%15.15g\t%15.15g\t%15.15g\t%15.15g\n", 

LV_tension, body[1].volume, zh, top_angle, bottom_angle,  

                  body[1].pressure, Atop.value, Abottom.value, zforce >> "outputfile.dat"; 

           } 

 

 

gogo3 := {evolve; printf 

"%15.15g\t%15.15g\t%15.15g\t%15.15g\t%15.15g\t%15.15g\t%15.15g\t%15.15g\t%15.15g\n", 

LV_tension, body[1].volume, zh, top_angle, bottom_angle,  

                 body[1].pressure, Atop.value, Abottom.value, zforce >> "outputfile.dat"; } 

 

 

 

 

loop_gogo := { for ( htvar := 0.00039 ; htvar >= 0.000133333333333 ; htvar -= 

1.7777777777778E-6 ) //use gogo 

                

                 for (cavar := 100 ; cavar <= 165 ; cavar += 5) 

                    {   replace_load "droplet_between_plate_different_angle.fe"; 

                        zh := htvar; top_angle := cavar; bottom_angle := cavar; 

   dr_size := sqrt(dr_volume/zh); 

 

                         

                        gogo2; 

                

                      

               }; 

             } 

loop_gogo2 := {  for ( htvar := 0.0015 ; htvar <= 0.004 ; htvar += 0.0001) //use evolve 

                           //for (cavar := 100 ; cavar <= 165 ; cavar += 5) 

                 

  {       replace_load "droplet_between_plate_different_angle.fe"; 

                        zh := htvar;  

 

 

//top_angle := cavar; bottom_angle := cavar; 

   dr_size := sqrt(dr_volume/zh); 

 

   longest := 1.5 * rad_top; // Just < largest initial length 
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                      shortest := 0.00001 ; 

                        mini := 0.03 * zh; 

                         gos := 60; 

                           iters := 1; 

                        gogo3; 

                

                      

            }; 

             } 

 

dd := {evolve; keepon; forcez;forcex; 

       } 
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