
ABSTRACT 

EAKER, COLLIN BRITTAIN. Electrohydrodynamic Phenomena on a Liquid Metal. (Under 

the direction of Dr. Michael D. Dickey). 

 

Liquid metals are a class of materials that are being studied for use in a variety of 

emerging applications, particularly as conductive components in soft robotics and 

reconfigurable electronics. Historically, a wide array of devices have employed liquid metal 

mercury; however, the toxicity and large interfacial tension of mercury make it largely 

impractical as a reconfigurable conductor. Here, we explore the use of gallium and gallium-

based alloys, particularly a eutectic mixture of gallium and indium (EGaIn) as liquid metals of 

choice. These materials have the advantage of being non-toxic and, perhaps most interestingly, 

develop a passivating surface oxide layer that allows them to remain stable in non-spherical 

shapes. We focus particularly on several phenomena that result from applying an electrical or 

electrochemical potential to the metal in contact with an aqueous solution. 

First, we review the previous literature regarding the actuation of liquid metals under 

applied electrical fields. This will primarily examine four major mechanisms that have been 

used in past studies: electrocapillarity, continuous electrowetting, electrowetting-on-dielectric, 

and electrochemistry. We give an overview of the advantages and drawbacks of each of these 

techniques.  

We present the effects of anodization and reduction of the EGaIn oxide film in a 

solution of sodium hydroxide. By controlling the electrochemical potential, we can reversibly 

and drastically tune the interfacial tension of the liquid metal. This allows for voltage-

controlled injection and withdrawal from microfluidic channels, asymmetric dewetting from a 

substrate, and stable liquid metal fibers.  



At excessive oxidative potentials, the liquid metal changes its shape drastically, 

displaying several characteristic behaviors depending on the time, droplet volume, and 

magnitude of the potential. Here, we describe the conditions that give rise to this behavior, and 

the various forces involved. Furthermore, we show that the oxide layer can both stabilize and 

destabilize the shape, depending on the conditions, and we characterize a new class of fingering 

instabilities that occur around the perimeter of the metal. 

Finally, we show a novel use of the liquid metal as a paint-on electrode for 

electrowetting-on-dielectric. Most electrowetting systems rely on vacuum deposition of a thin 

dielectric that requires large voltages for operation and can be ruined upon dielectric 

breakdown. The electrowetting system that relies on the oxide layer of EGaIn is simple to 

fabricate, low voltage, compatible with flexible and stretchable substrates, and can self-heal 

upon dielectric breakdown. Additionally, by utilizing the potential of zero charge offset, we 

demonstrate electrowetting without an applied external voltage.   
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Chapter 1  

Liquid Metal Actuation by Electrical Control of Interfacial 

Tension 

 
1.1 Introduction 

Liquid metals combine uniquely the low viscosity of liquids with the desirable 

properties of metals (e.g., high thermal and electrical conductivity), making them suitable for 

use in soft, stretchable devices such as soft robotics1,2, e-skin3, wearables4, and stretchable 

electronics5. Furthermore, they can be patterned at room temperature in unique ways6 and 

incorporate readily into microfluidic networks as pumps, electrodes, and valves. Perhaps the 

most promising and distinct property of liquid metals is their ability to be reversibly shape-

reconfigured at room temperature; this opens up the possibility for devices that can change 

their function based on the switchable shape or position of their liquid metal components. This 

review focuses on methods to control the shape, position, and flow of liquid metals by 

manipulating interfacial tension utilizing voltage.  

There are five known metallic elements that are in the liquid state at or near room 

temperature: francium, cesium, rubidium, mercury, and gallium. However, francium and 

cesium are radioactive, while rubidium is explosively reactive when contacted with air, 

rendering these materials unsuitable for practical applications. Mercury, on the other hand, has 

been used in a wide variety of applications such as measurement equipment (e.g. barometers, 

thermometers), lamps, diffusion pumps, dental amalgams, and as the working electrode in its 

own field of electrochemistry (polarography). In spite of its long history of use, mercury is 

limited by its toxicity to humans7. A safer alternative to mercury is gallium8. Although gallium 
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itself melts just above room temperature (30 °C), it can be combined with various other metals 

(e.g. indium and tin) to form alloys that will melt at lower temperatures9. Unlike mercury, 

gallium also forms spontaneously a thin (1-3 nm)10, passivating oxide layer on its surface. This 

oxide layer has traditionally restricted the use of gallium; the formation of the oxide 

complicates its use as an electrode in electrochemical experiments11, and its tendency to stick 

to many surfaces makes it difficult to actuate droplets12. The oxide, however, does provide 

gallium with many unique advantages. Although the interfacial tension of liquid metals is very 

large (> 400 mN/m)13, the oxide skin allows the liquid metal to maintain shapes that are 

otherwise prohibited by surface tension14. This property enables simple methods of patterning 

gallium6,15–18; it also allows gallium to remain stable after injection into microfluidic channels, 

providing an effective means of incorporating these metals into soft devices14. 

This review focuses on ways to move and manipulate liquid metals into new shapes 

and positions using voltage. In regard to the organization, content, and focus, we offer four 

clarifying comments. First, we focus primarily on gallium and its alloys. However, we also 

include mercury—despite its toxicity—in this review because it has been utilized in numerous 

applications and it offers a way of introducing several phenomena without the complications 

associated with the oxide layer that forms on gallium and its alloys. Second, we limit discussion 

primarily to methods to manipulate interfacial tension because these forces dominate on sub-

mm length scales. Third, we focus primarily on methods that offer reversible actuation such 

that the metal can cycle back to its original shape or position (e.g., conventional surfactants 

can lower interfacial tension, but not in a way that is useful for actuation). Fourth, we recognize 
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mechanical manipulation (e.g., pumping, physical prodding) as a method for moving metals, 

but choose to focus on voltage-driven phenomena.   

Voltage-driven actuation has the appeal of being easy to implement, control, and 

miniaturize. It does not require bulky pumps, nor does it necessarily require direct contact with 

the liquid metal. We review electrocapillarity, electrowetting, continuous electrowetting, and 

electrochemistry as methods to move and manipulate liquid metals (as summarized in Figure 

1.1). We detail the underlying physical mechanisms of these techniques, the ways in which 

they have been used, and their advantages and challenges after first briefly motivating 

applications of liquid metals.  

 
Figure 1.1: Summary of primary methods for liquid metal actuation. a) Electrocapillarity 

utilizes charges in the electrical double layer to realize modest changes in surface tension. b) 

Continuous electrowetting creates surface tension gradients to actuate liquid metal within 

channels. c) Electrowetting-on-dielectric uses large voltages to achieve modest changes in 

wetting behavior on a substrate. d) Electrochemically controlled capillarity utilizes interfacial 

reactions to achieve enormous changes in surface tension. 

 

1.2 Applications of Liquid Metal  

In addition to the aforementioned historical applications of mercury, liquid metals are 

being investigated for use in a variety of other technologies19. These applications help motivate 
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the use of voltage to manipulate the shape and position of liquid metals. 

Many of the recent advances in liquid metals have been enabled by microfluidics, a 

field designed to study and manipulate fluids at sub-mm length scales. Microfluidic channels 

can be easily fabricated (e.g. through soft lithography20,21) from a wide variety of materials. 

The low viscosity of liquid metals allows them to be injected into these microchannels at 

relatively low pressures and temperatures. While mercury adopts shapes in microchannels that 

minimize surface energy (including spontaneous withdrawal), the surface oxide allows gallium 

to remain stable within microchannels after injection14. This property offers many key benefits.  

Unlike their solid counterparts, liquid metals are able to withstand significant bending, 

stretching, and deformation of the polymer in which they are embedded, without significant 

loss of electrical conductivity. This feature has been utilized to create stretchable circuitry and 

interconnects for artificial skin22,23, stretchable conductors24–27, inherently aligned microfluidic 

electrodes28, compliant MEMS components29,30, microfluidic heat sinks31, and antennas32–40 

(Figure 1.2).  
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Figure 1.2: Emerging applications for liquid metals. a) Ultra-stretchable wire made by 

injecting liquid metal into a hollow elastomeric fiber26. Copyright John Wiley and Sons. b) 

Liquid metal stretchable RFID tag placed on skin41. Reproduced with permission from the 

Royal Society of Chemistry. c) A nitrile glove functionalized by inkjet-printed liquid metal 

nanoparticles27. Copyright John Wiley and Sons. d) LED integrated into a stretchable polymer 

with liquid metal interconnects24. Reprinted with permission from AIP Publishing. e) Liquid 

metal RF sensor under strain35. Reproduced with permission from the Royal Society of 

Chemistry. 

 

Liquid metals offer the unique opportunity for creating shape reconfigurable 

conductors for reconfigurable circuits, switches, antennas, and optofluidic devices. Antennas 

are a particularly compelling application of liquid metals because the spectral properties 

(frequency, bandwidth, etc.) depend on the shape of the conductors that comprise them. Thus, 

the ability to change the shape of liquid metals offers the opportunity to create reconfigurable 

antennas. Liquid metal antennas that change shape (and thus, function) via external stretching 

have been demonstrated33,36,42, but mechanical tuning of antennas offers limited utility due to 

the reliance on mechanical mechanisms. 
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An array of techniques have been developed to actuate liquid metals in-situ, but none 

of these techniques are without drawbacks. Pneumatic pressure has been used previously to 

dynamically move liquid metals, both to eject liquid metal droplets onto surfaces16,43,44 and to 

inject them into microfluidic channels45. However, pneumatic pressure requires bulky and rigid 

mechanical components. Furthermore, microfluidic injection of gallium and its alloys is 

effectively irreversible; while the pneumatic pressure can be reversed, the oxide layer tends to 

stick to the walls and leave behind a residue46, though the use of acids or fluid slip layers helps 

prevent this issue40,46–48. Chemical driving forces have also successfully moved liquid metal 

drops, but these sources are quickly exhausted49,50. Though some recent work has focused on 

electromagnetic51 and photochemical52 methods for actuation, these are outside the scope of 

this review. 

Utilizing electrical signals to manipulate liquid metal provides key advantage over 

other techniques. Electrical approaches do not require moving parts or large power 

consumption, they are scalable to microsystems, and they offer control over both position and 

magnitude. Recent advances in the field have been achieved through an electrical technique 

that has existed for over a century: electrocapillarity.   

 

1.3 Electrocapillarity 

Electrocapillarity is one of the earliest reported methods for tuning the interfacial 

tension of liquid metals. Initially discovered by Lippmann in the 1870’s53, electrocapillarity is 

the change in the effective interfacial tension of a liquid metal in an inert electrolyte upon 

application of an electrical potential to the metal relative to a counter electrode. The density of 
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charge in the electrical double layer at the metal-solution interface changes in response to 

voltage. The double layer is effectively a capacitor; in order to lower the capacitive energy at 

the surface, the surface area of the metal increases, thereby changing the effective interfacial 

tension. For an ideally polarized electrode at constant composition, this change is described by 

the Lippmann equation, (Equation 1.1)54. 

 −𝑞 =
𝑑𝛾

𝑑𝑉
 (1.1) 

where γ is the interfacial tension of the liquid metal, V is the electrode potential, and q is the 

charge density at the interface. One of the implications of this equation is that any increase in 

charge density –whether positive or negative – will result in a decrease in the interfacial tension 

of the liquid metal. This change can be characterized by an electrocapillary curve (Figure 1.3), 

which shows the change in interfacial tension as a function of potential55. The peak of the 

electrocapillary curve represents the maximum interfacial tension of the metal, which occurs 

at the so-called ‘potential of zero charge’. The potential of zero charge depends on the metal 

and the electrolyte. Integration of the Lippmann equation yields Equation 1.2: 

 𝛾(𝑉) =  𝛾0 −
1

2
𝐶(𝑉 − 𝑉0)2 (1.2) 

where γ0 is the interfacial tension at the potential of zero charge, C is the capacitance at the 

double layer, and V0 is the potential of zero charge. These curves can be used to characterize 

the interfacial properties of mercury56,57 and oxide-free liquid gallium58 in solution.  Because 

of adsorption at the interface and the nature of the double layer, these curves are dependent on 

the concentration and type of electrolyte chosen54. 
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Figure 1.3: Electrocapillary behavior of liquid metals in electrolyte. a) Electrocapillary curve 

showing the surface tension of a liquid metal drop as a function of voltage. The apex of the 

curve represents the potential of zero charge; any change in voltage, whether positive or 

negative, results in a decrease in interfacial tension and a relative flattening of the drop due to 

gravity. The lowered interfacial tension is caused by the capacitance at the electrical double 

layer. Data reproduced from Frumkin et. al55, with permission from Elsevier. b-c) The lowering 

of interfacial tension by electrocapillarity can induce the capillary rise of the metal through a 

small tube.   

 

The mercury ‘beating heart’ experiment is a classic example of the effects of 

electrocapillarity59. A drop of mercury in solution, when contacted from above by an iron or 

aluminum wire, develops an electrochemical potential that causes the interfacial tension of the 

mercury to decrease (and a corrosion reaction at the surface of the wire). Gravity causes the 

drop to flatten out, detaching the mercury from the wire, at which point the surface tension 

increases, causing the drop to bead up and once again contact the wire. This cycle repeats itself 

such that the mercury ‘beats’ at a certain frequency. 

Electrocapillarity can create large changes (> 100 mN/m) to the interfacial tension of a 

liquid metal drop at relatively small potentials ( ̴ 1 V). The ability to affect the liquid metal 

pressure with voltage has made electrocapillarity an effective tool for pumping at the 
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microscale60–62, including capillary rise (Figure 1.3b). For example, electrocapillarity can 

create a microfluidic pump for aqueous electrolytes. Mercury confined to a vertically-oriented 

microchannel involves two primary forces: gravity and surface tension.  An alternating 

potential changes the surface tension, causing the height of the mercury column to oscillate 

continuously60. A similar method was also utilized to create a microfluidic check valve with 

the liquid metal63. This technique has also been applied to the nanoscale to pump mercury into 

single-walled carbon nanotubes at less than 2.5 V, a technique that could lead to fabrication of 

continuous, uni-directional nanowires of liquid metal61. A similar method was recently used to 

steer the flow of liquid metals into select pathways through complex microchannels by 

electrically controlling the interfacial tension of the leading interface of the metal64. 

The terms “electrocapillarity” and “electrowetting” are often used interchangeably in 

the literature, but the two terms are distinct. Here, we differentiate the two phrases following 

the distinction offered by Jackel et al65. While electrocapillarity specifically refers to the 

change in interfacial tension induced by an electrical potential at the boundary between two 

fluids, electrowetting refers to the change in wetting properties between a fluid and a separate 

material caused by electrocapillarity. This material can be a fluid, causing a continuous change 

in the wetting properties (as in continuous electrowetting) or a solid (as in electrowetting-on-

dielectric). 
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1.4 Continuous Electrowetting 

Applying an external electric field to discrete drops of the liquid metal in aqueous 

solution can create a surface tension gradient across the liquid metal surface. This gradient is 

caused by a potential drop through the electrolyte surrounding the metal (in the case of a plug 

of metal in a capillary, the thin layer of electrolyte between the metal and capillary walls) and, 

according to the principles of electrocapillarity, can drive fluid motion inside of the channel 

without directly contacting the liquid metal with an electrode. Figure 1.4 shows an example 

of a mercury plug placed in a microfluidic channel filled with electrolyte66. In the absence of 

an applied potential, the electrical double layer is distributed equally across both sides of the 

drop. However, the application of a potential across the ends of the microchannel results in a 

potential drop through the thin layer of liquid between the metal and the capillary walls. This 

potential drop induces an asymmetry in the electrical double layer across the drop, which 

causes a differential in surface tension that forces the drop to move.   
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Figure 1.4: Mercury confined to a 500 μm wide microfluidic channel66. Electrodes are present 

on both ends of the microchannel. a) In the absence of an applied voltage, the mercury plug 

remains stable in the channel. b) An applied potential between the electrodes causes actuation 

of the metal plug. 

 

This effect is known as continuous electrowetting (CEW), and it is a direct result of 

electrocapillarity. To model CEW for an incompressible Newtonian fluid confined to a 

capillary, the Navier-Stokes equation for interfacial forces reduces to Equation 1.3: 

 
𝑑𝑝

𝑑𝑥
=

2

𝐷

𝑑𝛾

𝑑𝑥
 (1.3) 

where p is pressure, x is the dimension along the length of the capillary, and D is the inner 

diameter. Solving for the average velocity yields Equation 1.4: 

 𝑣 = −
𝐷

6𝜇
{
𝑑𝛾

𝑑𝑥
} (1.4) 
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where v is the average velocity of the fluid, μ is the viscosity of the liquid metal, and {dγ/dx} 

represents the average interfacial tension change normalized over the length of the drop. The 

voltage drop across the liquid metal from the applied potential difference dictates the average 

interfacial tension difference. Substituting the potential gradient yields Equation 1.5, an 

estimate for the average velocity: 

 𝑣 = −
𝑞𝐷

6𝜇𝐿
𝛥ϕ (1.5) 

where L is the length of the drop, q is the charge in the electrical double layer at the interface 

between the electrolyte and liquid metal, and Δφ is the potential difference across it. This 

equation implies that the velocity – and the direction of the velocity – is dictated by the external 

applied potential, which can be easily controlled. In the absence of a potential, there is no 

gradient across the drop to drive the fluid flow. Substituting typical values for a liquid metal 

in aqueous solution indicates that the droplet velocity can exceed 100 mm/s. A more detailed 

derivation can be found in Beni et al67. 

CEW makes it relatively easy to move plugs of mercury inside of a channel filled with 

an electrolyte; the same is true for gallium-based alloys as long as precautions are taken to 

avoid adhesion of the oxide layer. There are at least two options to avoid adhesion in the 

presence of electrolyte:  utilize channels filled with acid or base to chemically remove the oxide 

or pre-fill the channels with electrolyte (prior to injecting the metal plug) so that a slip layer of 

electrolyte forms between the metal plug and capillary walls46,48.  
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CEW has been utilized to create a wide array of devices including pumps68, optical 

components69, valves70, and RF devices71. However, the low friction environment found during 

CEW makes it difficult to control the final position of the liquid metal plug. A microfluidic 

channel with a variable diameter, as shown in Figure 1.5a, was designed to overcome this 

issue. The gallium alloy settled into local energy minima in the absence of a voltage, thereby 

preventing drift71.   

The principles of CEW have been applied in ways that ensure a continuous flow of the 

liquid metal for various applications. One method for achieving continuous flow is the use of 

a microchannel loop to enable liquid metal micromotors66 (Figure 1.5b and 1.5c). A sequential 

voltage was applied to electrodes placed in regular intervals around the perimeter of the 

channel; when the liquid metal reached an electrode, the polarity switched and an electrode 

was activated further along the channel, causing uninterrupted actuation of the drop. This 

method can move metal droplets with a velocity of 44 mm/s, with low voltage and low current.  
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Figure 1.5: Devices based on continuous electrowetting. a) Simulation and experimental 

results of a plug of liquid metal moving to the right by continuous electrowetting (electrodes 

not shown)71.  b) Schematic for a micromotor based on continuous electrowetting of a slug of 

Hg66. c) Liquid metal micromotor. 14 μm ‘filters’ connect the main track to the electrode while 

preventing the liquid metal from exiting. 

 

 

The optical properties of liquid metals make them ideal candidates to prevent light 

transmission or serve as fluidic mirrors. These properties were utilized to create an optical 

switch based on CEW65. Low voltages were applied (from -1 V to 1 V) to a mercury plug in a 

rectangular capillary. Without an applied potential, light entering through a fiber refracts 

through the solution in the microchannel and is guided to a fiber; applying a voltage causes the 

drop to move, thereby reflecting the light back into a secondary fiber above the drop. This 

method for optical switching is advantageous, due to the low voltage and power consumption 

(  ̴1 μW) and reasonable switching times ( ̴ 20 μs). 

CEW can also be applied to droplets outside of microchannels. When a droplet of a 

liquid metal is placed in a conductive electrolyte solution between two electrodes, a sufficient 
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electrical potential applied between the electrodes can cause actuation of the drop in the fluid. 

Figure 1.6 shows an example of liquid metal “marbles” comprised of Galinstan (an alloy of 

gallium, indium, and tin) placed in a solution of NaOH with a pH of 13.5. Applying a DC 

potential between 2-15 V between the electrodes develops an asymmetry in the electrical 

double layer across the drop; this potential gradient leads to a differential surface tension that 

causes the drop to move toward the anode (due to the negative charge in basic solution)59. The 

effect has also been demonstrated in a pure water solution, though larger voltages were 

necessary73.   
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Figure 1.6: Continuous electrowetting of liquid metal marbles in an open solution72. a) Force 

balance of the Galinstan drop in a solution of NaOH. The surface tension gradient overcomes 

the viscous drag and substrate friction to drive movement of the drop. b) Time lapse of a 

Galinstan marble traversing between electrodes. Reproduced with permission from the Royal 

Society of Chemistry. 

 

CEW can also be utilized for pumping electrolyte74. Confining a drop of liquid metal 

in solution and constantly switching the polarity of the electrodes causes pumping, as seen in 

Figure 1.7. Confining the droplet prevents it from moving.  Instead, the electrolyte moves. 

This type of pump is simple to fabricate, and creates large flow rates (5 mL/min) with limited 

power consumption (< 15 mW). A similar AC approach was used to create a micromixer, 

where the liquid metal was fixed to the substrate. Rather than moving the drop itself, AC 
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potentials caused undulations on the drop surface that leads to rapid mixing of oil droplets in 

the immersion solution due to Marangoni flow (i.e. flow due to gradients in surface tension)75.       

 

Figure 1.7: a) Design of a liquid metal pump in an open channel74. b) Galinstan drop in 

confined channel. Polarity of graphite electrodes drives liquid metal in one direction, inducing 

electrolyte flow in the opposite direction. c) Time lapse of the dyed solution pumped 

completely through the channel. Copyright PNAS. 

 

In spite of its ability to create liquid metal actuation with low power consumption, there 

are several drawbacks associated with CEW. Excessive voltages can lead to the formation of 

hydrogen at the surface of the cathode via electrolysis; while this is a negligible issue in open 

channels, the hydrogen bubbles can electrically isolate the electrode from the solution in 

microchannels, permanently interfering with the operation of continuous electrowetting. The 

use of AC voltages at higher frequencies can mitigate bubbles, but typically some DC bias is 

necessary to achieve asymmetric motion of fluid.  Excessive potentials can also cause the liquid 
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metal to split up inside of the microchannel. To avoid these shortfalls, another method for 

liquid actuation can also be used: electrowetting-on-dielectric. 

1.5 Electrowetting-on-dielectric 

The ability to modulate and actuate fluids is not solely restricted to liquid metals 

immersed in electrolyte solutions. Charges at interfaces can overcome the interfacial tension 

of any conductive solution, including organics materials with dissolved electrolytes76. This 

principle can be best illustrated by a droplet of water sitting on a conductive metal electrode. 

If a second electrode is inserted into the water, and a potential is applied between the electrode 

in the water and the metal substrate, charge rearrangement at the surface of the droplet will 

cause the droplet to change its apparent contact angle at the surface of the electrode. Mugele 

& Baret provide an excellent review on this topic53.  

This change in contact angle arises due to an imbalance at the three-point contact line 

between the vapor, liquid, and solid phase. In the absence of applied potential, the equilibrium 

contact angle is described by Young’s Equation, which is derived from a force balance at the 

three-point contact line, Equation 1.6: 

 𝛾𝐿𝑉 cos 𝜃𝑌 = 𝛾𝑆𝑉 − 𝛾𝑆𝐿 (1.6) 

where γLV is the interfacial tension between the liquid and vapor phase, γSV is the interfacial 

tension between the solid and vapor phase, γSL is the interfacial tension between the solid and 

liquid phase, and θY represents the Young’s contact angle. An applied voltage causes the liquid 

to increase its surface area against both the vapor and solid phases, thereby lowering its 

capacitive energy and decreasing the contact angle, as described in Equation 1.7, 
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 cos θ = cos 𝜃𝑌 −
𝜀𝜀0

2𝑑𝐻𝛾𝐿𝑉
(𝑉 − 𝑉0)2 (1.7) 

where θ represents the apparent contact angle at a macroscopic scale, ε is the dielectric 

constant, ε0 is the permittivity of free space, dH is the thickness of the Helmholtz Layer, V is 

the applied potential, and V0 is the open circuit potential. A more extensive derivation can be 

found in the literature53. The contact angle θ is dictated by the initial contact angle at 

equilibrium and the ratio of the capacitive energy (driving the droplet toward the substrate) to 

the surface tension of the liquid. It should be noted that the Young’s angle remains constant at 

the microscopic level, as does the interfacial tension between the liquid and vapor phases.   

An insulating layer can also be added between the liquid and the conductive substrate77, 

as illustrated in Figure 1.8. Although this layer increases the necessary voltage to move the 

droplet, it also prevents unwanted chemical reactions (provided that the voltage is kept below 

the breakdown voltage of the insulating layer)78.  
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Figure 1.8: Electrowetting-on-dielectric77. a) A conductive electrode is coated with a thin 

dielectric and hydrophobic coating, with a water droplet placed on top. The water reaches an 

equilibrium contact angle. b) A voltage is applied between the electrode and the droplet, 

causing charges to migrate to the interface and thereby decrease the effective contact angle. 

Reproduced with permission from the Royal Society of Chemistry. 

 

This method is called electrowetting-on-dielectric (EWOD), and can be described by Equation 

1.8: 

 cos 𝜃 = cos 𝜃𝑌 −
𝜀𝜀0

2𝑑𝛾𝐿𝑉
(𝑉 − 𝑉0)2    (1.8) 

where d, in this case, is the thickness of the insulating dielectric layer. For water, a thin 

hydrophobic coating is often added to increase the initial contact angle of the drop. For the 

most effective operation, it is desirable to use an insulating layer that is thin, has a large 

dielectric constant, and a large breakdown field. The change in contact angle upon applying a 



 

 

 

 

21 

voltage increases with lower interfacial tension, which can be accomplished by including 

surfactants that reduce the interfacial tension of the liquid phase79. 

EWOD carries many advantages for moving liquids: it is simple to fabricate, scalable, 

and requires no moving parts. EWOD has been utilized to drive fluids through capillaries80, 

for aqueous droplet actuation81 and mixing82, for display technologies83, and as a tool for 

biological diagnostics84. EWOD’s ability to function at small length scales is a particularly 

useful feature, as most lab-on-a-chip systems require large supporting components (e.g. 

mechanical pumps).  

Although EWOD has conventionally been utilized for actuation of aqueous droplets, 

the same principles apply to liquid metals85–87. Figure 1.9 shows an electrowetting curve, 

which measures the change in contact angle as a function of voltage, for mercury on a 600 nm 

thick parylene film88 (parylene is a popular dielectric since it can be vacuum-deposited to create 

conformal, pin-hole free films). Similar results have been achieved for electrowetting of 

Galinstan13, but these took place under conditions that prevented the formation of the oxide 

layer, which adds a significant experimental complication. Achieving a significant change in 

contact angle requires a large voltage (>100s of volts) due to the large interfacial tension of 

liquid metals, which is a notable limitation. Placing liquid metal droplets on semiconducting 

substrates covered with oxides results in metal-oxide-semiconductor junctions that create 

asymmetry in the electrowetting curve86,87.   
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Figure 1.9: Electrowetting curve of a mercury drop. At larger voltages, the contact angle 

begins to saturate and deviate from the theoretical curve. Dielectric layer is a 600 nm parylene 

film88. Reproduced with permission from ASME. 

 

 

The principles of EWOD have been utilized to fabricate devices that leverage the 

properties of liquid metals89. Much like the optical switch using CEW, EWOD can actuate 

mercury to guide light, including the use of a mercury drop as a tunable light reflector90. In this 

case, the dielectric-coated electrode was positioned above the drop and composed of 

transparent materials. Without an applied voltage, the curvature of the drop allows impinging 

light to be reflected in all directions. Turning on the potential causes the drop to wet the 

substrate, and direct light back toward the source. Mercury can also be utilized as a piston 

underneath a mirror91,92. Controlling electrically the shape of the mercury directs the reflection 

of the light. 
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The fast switching properties of EWOD have also been used to create thermal93 and 

electrical MEMS switches94–97. An effective liquid metal switch should have minimal latency 

time; this is the amount of time necessary to activate the switch after the actuation signal. 

Figure 1.10a shows an example of a mercury microswitch. Here, the switching time was 

reduced by fabricating a microframe (Figure 1.10b) to hold the droplet in place and reduce the 

distance that the droplet had to travel. This allows for on-off latency times of 60 and 150 μs, 

respectively, an order of magnitude improvement over previous mercury MEMS switches. 

   

 

Figure 1.10: A liquid metal-based MEMS switch98. a) A mercury droplet on an EWOD 

substrate for switching. b) The liquid metal droplet was placed in a microframe to ensure 

accurate positioning. 
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In addition to actuating droplets, electrowetting has been utilized to convert mechanical 

energy to electrical energy99. Applying a voltage to a liquid metal in an electrowetting setup 

causes the metal to spread to a new equilibrium shape; mechanically pushing the drop beyond 

its equilibrium generates a current due to the resulting change in capacitance (arising from the 

increase in area between the liquid and substrate). In principle, this allows for power 

generations of up to 1 kW/m2; using multiple drops in series on a plate or in a capillary enables 

an increase in the current and therefore power. 

There are two primary disadvantages of using EWOD systems for manipulating liquid 

metals: the ineffectiveness of EWOD on liquid metals that develop surface oxides, and the 

necessity of large voltages. Oxide layers provide mechanical impediments to actuation; 

aqueous acids and bases, which can remove the oxide, are conductive and therefore cannot be 

used in conjunction with EWOD. Insulating fluids that remove the oxide from gallium alloys 

would help address this limitation. Liquid metals also have large interfacial tensions that must 

be overcome to induce deformation. For water, it is possible to simply decrease the surface 

tension by including surfactants; while this is also possible for liquid metals (via self-

assembled monolayers), these surfactants cannot affect a comparable change in surface 

tension100,101. In the absence of these self-assembled monolayers, the liquid metal will have a 

surface tension approximately two orders of magnitude larger than an aqueous drop with a 

surfactant. This large surface tension necessitates the application of large voltages to achieve 

electrowetting, yet dielectric breakdown limits the maximum electric field (i.e. voltage divided 

by distance) that can be applied. 
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1.6 Electrochemically Controlled Capillarity 

Electrochemical reactions at surfaces can, in principle, deposit species that help lower 

surface tension. Electrocapillarity experiments are designed typically to avoid electrochemical 

reactions such that changes in surface tension arise purely from electrical double layer effects. 

At excessive cathodic or anodic potentials, bubbles or other reactive by-products can form on 

the surface of the metal. A chemical reaction at the surface, however, does not necessarily 

preclude a change in surface tension, as evidenced by the beating mercury heart.  

It has been demonstrated that oxidation on a surface-active metal can cause a significant 

decrease in surface tension102 and a change in wetting properties103. This has been 

demonstrated, for instance, on an aluminum surface104. By starting with a high vacuum and 

slowly increasing the oxygen concentration, the corresponding surface tension was shown to 

decrease (until the surface was saturated). However, these experiments were performed under 

carefully controlled oxygen concentrations in vacuum; furthermore, the growing oxide layer 

eventually acts as a mechanical impediment to further shape change, and the passivating nature 

of the oxide layer prevents further oxidation. Even noble metals that will not react with oxygen 

under normal conditions have shown reduced surface tension when electrochemically oxidized 

in solution105. We believe Tsai et. al. were the first to show that, on liquid gallium, the surface 

tension could be decreased significantly by applying large oxidative potentials in acid106. This 

surface tension decrease caused gravity-driven spreading of the droplet, allowing it to increase 

its surface area against the substrate. The researchers used this spreading to create a light valve 

(Figure 1.11a and 1.11b); by applying less than 1 V into a solution of 5 M HCl, the metal 

blocked 96% of light transmission at fast switching speed (  ̴ 49 s) with complete reversibility. 
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Turning off the voltage allowed the oxide layer on the surface to dissolve in the highly acidic 

solution, thereby increasing the surface tension and causing the gallium to bead up. 

 

 

 

Figure 1.11: Electrochemically driven spreading of gallium-based alloys. a) A drop of liquid 

gallium sits on a conductor over a backlight. b) Applying a voltage to the drop causes spreading 

that blocks the back light106. Reprinted with permission of AIP Publishing. c) A drop of liquid 

metal being oxidized at 2 V in 1 M NaOH. d) Surface tension of a eutectic gallium indium 

drop in 1 M NaOH. The vertical dotted line represents formation of the oxide layer107. 

Copyright PNAS. 

 

 

It was later shown that the formation of the oxide was actually the cause of the 

spreading, rather than standard electrocapillary effects107. Figure 1.11c shows a 2 V potential 
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applied to eutectic gallium indium (EGaIn), in a solution of 1 M NaOH. As the droplet flattens, 

the oxide stabilizes the cylindrical filament that connects the drop to the syringe-needle 

electrode above. Figure 1.11d shows interfacial tension measurements of a sessile droplet of 

the liquid metal in 1 M NaOH as a function of potential. In classic electrocapillarity, the surface 

tension should vary parabolically with respect to voltage (cf. Equation 1.2). In the absence of 

the oxide layer, the droplet behaves in a manner consistent with traditional electrocapillarity; 

the surface tension decreases parabolically at negative potentials, until hydrogen bubbles form 

on the liquid metal at approximately -2 V. However, at potentials more positive than -1.3 V, 

the oxide forms on EGaIn and the interfacial tension declines sharply ( ̴ 150 mN/m over 100 

mV). Increasingly positive potentials drop the tension even more, approaching near-zero 

interfacial tension. At these potentials, the surface area of the droplet increased until it broke 

free of the electrical connection to the working electrode. It is reasoned that the oxide layer 

behaves as a surfactant between the liquid metal and electrolyte. The largest decrease in surface 

tension occurs when the oxide begins forming on the metal. In addition, deviation from classic 

electrocapillarity occurs at the oxidation potential. Although surface oxides typically provide 

physical barriers to flow, the use of electrolytes (such as 1 M NaOH) that continuously remove 

the oxide allow the metal to flow despite being covered with a film. That is, the oxidative 

deposition of the oxide layer competes with dissolution by the basic electrolyte. Figure 11d 

suggests that the effective interfacial tension of the metal can change from ~500 mN/m to near 

zero using approximately one volt (from the open circuit voltage of -1.5 V to -0.5 V) and the 

change is completely reversibly depending on the applied voltage.  It is also possible to lower 
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the interfacial tension utilizing the potential from redox chemistry, rather than applying an 

external potential108. 

The reversibility of the oxide ‘surfactant’ allows simple injection and withdrawal from 

electrolyte-filled capillaries (Figure 1.12), an approach referred to as “electrochemically 

controlled capillarity” (ECC). ECC creates a substantial decline in surface tension, which 

drives the liquid metal into the channels62,108, as shown in Figure 1.12a. In this example, the 

application of an oxidative potential between the liquid metal and the electrolyte (0.25 M 

NaOH) injected the liquid metal into a 600 μm channel at up to 2.5 cm/s. These high speeds 

are made possible by confining the metal in a shallow reservoir to increase the Laplace pressure 

to help push the metal into the channel. The build-up of excessive oxide at the interface 

ultimately hinders the injection rate; this can also be utilized as a feature to stabilize the shape 

of the liquid metal62. Removal of the oxide by a reducing potential can be used to increase the 

surface tension, causing withdrawal of the liquid metal from the channel at 10s of cm/s109 

(Figure 1.12b). The oxide is only removed at the interface of the between the electrolyte and 

the metal in contact with the electrode; this implies that the withdrawal stops immediately by 

removing the potential, and channels not in the direct path between the electrolyte and negative 

electrode remain stable. This can be seen in Figure 1.12c, where the liquid metal can find the 

shortest path of a maze, leaving the rest of the metal in the channel.  This phenomenon is called 

‘recapillarity’ because it uses reductive potentials to induce capillary motion. 
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Figure 1.12: Electrochemical injection (ECC) and withdrawal (recapillarity) of a liquid metal. 

a) Galinstan is injected into a NaOH-filled microchannel by ECC (interfacial oxidation)106. b) 

Reduction of the oxide layer at the interface of the channel creates an increase in the liquid 

metal surface tension, causing rapid withdrawal. c) The same mechanism allows the liquid 

metal to withdraw from the shortest path of a maze109. Copyright John Wiley and Sons. 

 

 

ECC was utilized recently to create reconfigurable reflectors110 and antennas111. An 

electric potential was applied to the liquid metal in a microchannel filled with NaOH to 

elongate the metal. Varying the potential by < 8 V allowed the antenna to be tuned continuously 

and reversibly between 0.66 GHz and 3.4 GHz by changing the length of the liquid metal in a 

capillary connected to a reservoir. Voltages larger than 1 V are needed presumably due to the 

potential drop through the electrolyte. It is possible to freeze the metal to stabilize it in a 

temporary shape110 or use Laplace barriers to trap it in a metastable shape within channels. 
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This electrochemical method is promising, but it is not without shortcomings. Injection 

of the liquid metal results necessarily in a formation of the oxide, meaning that strong acids or 

bases must be used to continually remove excessive oxide layer. Neutral electrolytes cause the 

oxide to build-up and hinder mechanically the injection of the metal. There may be 

opportunities to explore other electrochemically active species to lower surface tension that do 

not present mechanical impediments to flow. In addition, electrochemical reactions at the 

surface of the metal are coupled with half reactions at counter electrodes that can create 

undesirable bubbles. 

Table 1.1 shows a comparison of the advantages and disadvantages of using each of 

these techniques. In general, the methods that involve direct contact of the liquid metal with 

an electrolyte are require low voltages and low power to operate. 

 

Table 1.1: Comparison of liquid metal actuation techniques. 

Method Voltage Requirement Electrolyte 
Chemical 

Reaction 

Electrocapillarity Low Yes No 

    

Continuous 

Electrowetting 
Low Yes 

No 

 

    

Electrowetting-

on-Dielectric 
High No No 

    

Electrochemically 

controlled 

capillarity 

Low Yes Yes 
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1.7 Outlook and Conclusions 

Liquid metals have already shown promise in a variety of functional devices due to 

their combination of fluidity and metallic properties. This review highlights several ways that 

liquid metals can be made reconfigurable through electrical potentials that alter interfacial 

tension or contact angle but there are still challenges with each of these methods, including the 

necessity of a supporting electrolyte (electrocapillarity, CEW, and ECC), large voltages and 

oxide free surfaces in an electrically insulating ambient (EWOD). Future work should focus 

on addressing some of these practical limitations, increasing actuation speeds, providing routes 

to meta-stable shapes (so the metal can temporarily get ‘trapped’ in shapes that maintain 

without voltage), improving the complexity of shapes, as well as attempting to expand further 

into the nanoscale, with the goal of simple, low power, reconfigurable circuitry. 
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Chapter 2  

Giant and Switchable Surface Activity of Liquid Metal via 

Surface Oxidation 
 

2.1 Introduction 

The ability to control interfacial energy is an effective approach for manipulating fluids 

at sub-millimeter length scales due to the dominance of these forces at these small length scales 

and can be accomplished using a wide variety of methods including temperature1,2, light3, 

surface chemistry4-6, or electrostatics7. These techniques are effective for many organic and 

aqueous solutions, but they have limited utility for manipulating high interfacial tension 

liquids, such as liquid metals. Liquid metals offer new opportunities for soft, stretchable, and 

shape-reconfigurable electronic and electromagnetic components8-12. Although it is possible to 

mechanically manipulate these fluids at sub-millimeter length scales13, electrical methods14,15 

are preferable due to the ease of miniaturization, control, and integration. Existing 

electrohydrodynamic techniques can modestly tune the interfacial tension of metals but either 

limit the shape of liquid metals to plugs (e.g., continuous electrowetting)16 or necessitate 

excessive potentials to achieve actuation on a limited scale (e.g., electrowetting)17. Here, we 

demonstrate that the surface oxide on a liquid metal can be formed or removed in situ using 

low voltages (<1 V) and behaves like a surfactant that can significantly lower its interfacial 

tension from ≈500 mJ/m2 to near zero. In contrast, conventional molecular surfactants affect 

only modest changes in interfacial tension (changes of ≈20-50 mJ/m2) and are difficult to 

remove rapidly on demand18. Our approach relies on the electrical control of surface oxidation, 

which is simple, requires minimal energy, and provides rapid and reversible control of 
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interfacial tension over an enormous range, independent of the properties of the substrate upon 

which it rests. Furthermore, this method avoids the use of toxic mercury and the ensuing 

modulation of surface tension is compatible with microfluidics.  

2.2 Results 

Figure 2.1A contains a series of images that illustrate how liquid metal alloys of 

gallium (here, eutectic gallium indium, 75 wt% Ga 25 wt% In)19 spread dramatically in 

electrolyte in response to modest voltages. Figure 2.1 reports the potentials relative to a 

saturated Ag/AgCl reference electrode in which the open circuit potential is approximately -

1.5 V.  Spreading occurs in a variety of electrolytes, over a wide range of pH (over all pH 

attempted from 0 to 14), with and without dissolved oxygen, over a range of electrolyte 

concentrations, and on a wide variety of substrates including glass, Teflon, polystyrene, and 

tungsten. The spreading observed here has been reported previously in the literature, but was 

attributed to electrocapillarity20. We show here that the mechanism goes beyond 

electrocapillarity and the electrochemical formation of the surface oxide plays an essential role.  
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Figure 2.1: Spreading enabled by a surface oxide. (A) Oxidative spreading of a bead of liquid 

metal in 1M NaOH solution. A needle serves as a top electrical contact to the droplet in the 

left column, whereas a wire serves as a bottom electrical contact to the droplet in the right 

column. (i) The drop assumes a spherical shape initially due to its large surface tension; (ii) 

upon application of an oxidative potential, the metal assumes a new equilibrium shape; (iii) 

above a critical potential, the metal flattens and spreads without bound and ultimately forms 

fingering patterns that further increase its surface area and destabilize the metal; (B-D) The 

unshaded region denotes oxidative potentials; (B) The areal footprint of a drop of EGaIn as a 

function of time and potential identifies the critical potential above which spreading occurs 

without bound (solid circles) and below which the droplet adopts equilibrium shapes (hashed 

symbols). (C) An electrocapillary curve of EGaIn measured by sessile drop profile in 1 M 

NaOH; (D) A cyclic voltammogram of EGaIn. (E) The measured capacitance and calculated 

capacitive energy of EGaIn from impedance spectroscopy. 

 

 

Figure 2.1B plots the areal footprint of a spreading EGaIn drop as a function of time 

and potential. The shape of the metal represents a balance between the interfacial tension and 
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gravity. Lower interfacial tensions therefore correspond with an increased areal footprint. 

Above a critical potential (≈-0.6 V relative to a saturated Ag/AgCl reference electrode), the 

metal spreads initially as a disc that eventually breaks into a fingering morphology (Figure 

2.1A(iii)) that continues to increase in area with respect to time until it becomes unstable and 

separates from the electrode entirely. Below this critical potential (i.e., at potentials that are 

less oxidative), the drop adopts equilibrium shapes, as indicated by the plateaus in the 

normalized area in Figure 2.1B.   

The change in surface tension of a liquid drop with respect to potential—that is, 

electrocapillarity—has been used previously to alter the shape of liquid metals21 albeit less 

dramatically than that seen in Figure 2.1A. Electrocapillarity lowers the interfacial tension of 

the metal, , from its maximum value, 0, due to capacitive effects arising from the potential, 

E, as shown in Equation 2.122, 

 𝛾 = 𝛾0 −
1

2
𝐶(𝐸 − 𝐸𝑃𝑍𝐶)2 (2.1) 

where C is the capacitance per unit area and EPZC is the potential of zero charge. The potential 

of zero charge is the potential at which the excess surface charge is zero and the surface tension 

is at its maximum value. One implication of Equation 2.1 is that any change in potential from 

the EPZC, whether positive or negative, will result in a symmetric decrease in the surface 

tension. In contrast, the spreading in Figure 2.1A only occurs at oxidative potentials.  

Normally, undesirable electrochemical reactions, such as electrolysis, limit electrocapillarity 

to a small range of potentials (E) and thus a modest range of interfacial tension, whereas here, 

the electrochemical reactions further lower the interfacial tension. 
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Figure 2.1C plots the interfacial tension of the metal measured by analyzing the shape 

of multiple sessile droplets (viewed from the side) versus potential. Between -2 V and -1.4 V, 

in the absence of the oxide or electrochemical reactions, a droplet of EGaIn behaves in a 

manner that is consistent with classic electrocapillarity. Fitting this portion of the curve yields 

a maximum surface tension of 509 mJ/m2 and an EPZC of -0.91 V, consistent with previous 

electrocapillary measurements23. At potentials more oxidative than -1.4 V, the oxide layer 

begins to form on the surface24, as confirmed by the cyclic voltammogram in Figure 2.1D. This 

oxidation causes a sudden and substantial drop in the surface tension, in spite of the decrease 

of measured capacitance and calculated capacitive energy over this potential range, as shown 

in Figure 2.1E.  

The remarkable implication of the data summarized in Figure 2.1 is that the oxide layer 

acts like a ‘surfactant’ on the surface of the metal. In the absence of the oxide, the interfacial 

tension is large, as expected for a metal in contact with electrolyte. When the oxide forms, it 

replaces this high energy interface with two new interfaces: metal / metal-oxide and metal-

oxide / electrolyte. Most oxides, including gallium oxide, form hydroxyl groups on their 

exterior surface, rendering them hydrophilic (confirmed by a near zero contact angle of water 

on the oxide surface). The interior of gallium oxide, however, consists of Ga atoms25. The 

absence of any notable change in contact angle between the droplet and substrate during 

spreading and the independence of spreading relative to substrate composition further suggests 

spreading is due primarily to liquid metal / oxide / electrolyte interactions. 
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Oxygen adsorption is known to lower the interfacial tension of molten metals as a 

function of the partial pressure of oxygen26. At partial pressures in which the oxide forms fully, 

the interfacial tension of the metal becomes challenging to measure because it is encased in an 

oxide with mechanical properties that prevent the liquid from adopting an equilibrium shape. 

Alloys of gallium are no exception; the oxide can stabilize the metal in non-equilibrium 

shapes27 despite being quite thin (≈1 nm in dry air)25,28,29. To achieve spreading, an 

electrochemical driving force is necessary. Although it is conceivable that spreading could be 

due to mechanical stresses arising from oxide growth, the ability of the drop to return to 

equilibrium shapes after physical perturbation at sub-critical potentials, the lack of hysteresis 

in the ‘electrocapillary’ curve, and the retardation of spreading by the formation of thicker 

oxides in pH neutral electrolytes suggest otherwise.  In NaOH(aq.), dissolution of the oxide30 

competes with the electrochemical formation of the oxide31, which likely allows the metal to 

behave as a fluid with minimal mechanical hindrance.  

The change in surface tension in response to potential is completely reversible, with 

limited hysteretic effects. Figure 2.2 demonstrates the ability to reversibly and rapidly switch 

the interfacial tension over a large range by only varying the potential modestly in steps of 0.25 

or 0.5 V. In each case, the drop returns to the expected interfacial tension in < 1 s, in spite of 

the kinetics of oxide growth and dissolution.  
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Figure 2.2: The interfacial tension of the metal may be tuned dramatically, rapidly, and 

reversibly in response to small changes in potential, as shown using multi-step 

chronoamperometry of a sessile EGaIn drop in 1 M NaOH. Increasing the electrochemical 

potential results in a corresponding decrease of the interfacial tension, consistent with the 

values in Figure 2.1C.  

 

The interfacial tension undergoes a large step change when the oxide forms at -1.4 V, 

but continues to decrease with increased potential according to Figure 2.1C. The interfacial 

dynamic behavior in this regime is difficult to analyze, but the decrease in the measured 

capacitance values from -1.4 to -0.7 suggests that (1) electrocapillary behavior cannot solely 

explain the decrease in interfacial tension with respect to potential and (2) the effectiveness of 

the oxide for separating the electrolyte from the metal likely improves with respect to potential.  
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At potentials above the critical voltage (-0.6 V), two self-consistent observations 

suggest behavior resembling that of very low surface tension: (1) the area increases without 

bound until it becomes unstable, and (2) the interfacial tension projects toward zero at this 

critical voltage (cf., Figure 2.1C). It is difficult to measure the interfacial tension beyond -0.6 

V because the metal spreads without ever reaching an equilibrium shape and sessile drop 

analysis poorly fits the resulting shape. To approximate the interfacial tension at potentials 

greater than -0.6 V, we use a scaling analysis based on the capillary length since the shape of 

the metal represents a balance between gravity and interfacial tension. Comparing the critical 

dimension (height) during spreading to the critical dimension at voltages of known tension 

provides an estimate, as described in the Materials and Methods section. First, comparing the 

capillary length of the oxide-coated metal when it is nearly spherical (-1.5 V) to when it spreads 

critically (-0.6 V) suggests the interfacial tension is ≈2 mN/m at -0.6 V. Likewise, comparing 

the capillary length of the oxide-coated metal at the last measureable point in Figure 2.1C (i.e., 

-0.7 V) to the critical voltage (-0.6 V) also suggests the interfacial tension is ≈2 mN/m at -0.6 

V. Although these two values are above zero, we refer to them as ‘near zero’ since (1) the 

values are only estimates and are remarkably low considering the enormous tension of the bare 

metal, (2) the metal never reaches an equilibrium shape at this potential, and (3) the oxide may 

provide some minor mechanical impediment to spreading, in which case the liquid tension 

would be even lower.  

The spreading of EGaIn at oxidative potentials can be exploited to manipulate the shape 

of the metal in both closed and open systems. For example, oxidative potentials can induce the 

metal to flow uphill into capillaries containing electrolyte, as shown in Figure 2.3A. Removal 
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of the oxide chemically or electrochemically reverses the direction of flow, making it possible 

to impart reversible flow. Likewise, the position of a counter-electrode in electrolyte directs 

the movement of the metal in an open channel, as shown in Figure 2.3B, since the spreading 

metal moves preferentially toward the counter electrode.  Oxidative potentials can also cause 

the metal to form metastable fibers as it extrudes from a syringe, as shown in Figure 2.3D. In 

the absence of applied potential, metal pumped out of the end of a capillary forms beads that 

fall periodically due to the force of gravity, as shown in Figure 2.3C.  
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Figure 2.3: (A) Inducing liquid metal into an upward-tilted capillary channel (~0.9 mm ID) 

by application of a voltage in the presence of 1 M NaOH; (B) Controlling the shape and 

direction of a metal drop into an open T-shaped Plexiglas® channel submerged in 1 M NaOH 

solution using only voltage.  Switching the position of the counter electrode at different points 

(ii-iv), guides the direction of the metal droplet; (C) Side view of a small droplet of EGaIn 

pumped out of a 0.5 mm ID polymer tube at 20 mL/hr in 1 M NaOH.  The metal forms droplets 

in the absence of potential; (D) Formation of an oxide coated liquid metal fiber coming out of 

the tube at 5 V.  

 

 

It is also possible to remove the oxide skin using modest reductive potentials (e.g., -1 

V applied) to return the metal to a state of large interfacial tension, induce capillary behavior, 

change the contact angle, and alter the rheological properties on demand; we call this behavior 
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recapillarity (reductive capillarity). Prior to reduction, the oxide layer stabilizes the metal 

droplet in a non-equilibrium shape and gives it non-Newtonian rheological properties32. In the 

absence of the stabilizing skin, the metal becomes Newtonian, decreases its footprint, and 

increases its contact angle (Figure 2.4A). The experiments reported in Figure 2.4 began by 

placing a droplet of the metal on a dry glass substrate before submerging the substrate in pH 

neutral electrolyte. The presence of the oxide causes the drop to pin to the dry substrate and 

allows the drop to be physically manipulated to a low initial contact angle prior to applying 

potential. The ability to mechanically manipulate the contact angle is indicative of the 

hysteretic nature of the wetting of the oxide-coated metal on dry surfaces33. Removing the 

oxide allows the metal to dewet the substrate and return to an equilibrium contact angle.  

Recapillarity can turn on or off this dewetting process by removing the oxide in pH neutral 

solutions. Dewetting can occur asymmetrically by removing oxide preferentially from one side 

of the drop. Figure 2.4B shows sequential images of a drop of metal in which the contact angle 

changes asymmetrically from 31 to 86 to 124 degrees incrementally by inducing recapillarity 

in discrete steps on one side of the drop. The contact angle on the other side of the drop 

increases due to the combination of conservation of mass in the drop and the ability of the 

underlying oxide to pin the drop to the substrate.   
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Figure 2.4: ‘Recapillarity’ can manipulate the shape and local contact angle of droplets placed 

on dry substrates. (A) Electrochemical reduction of the oxide on a droplet of liquid metal 

supported by a glass slide causes the metal to bead up. Removal of the electrode prior to 

imaging creates the lobe on the top of the drop;  (B) Three sequential side views (i-iii) of an 

EGaIn drop that asymmetrically dewets a glass slide in DI water upon application of reductive 

potentials relative to a counter electrode placed on the right side of the drop. Recapillarity 

causes the metal to move away from the anode, which is outside the frame of the image. The 

cathode gently touches the top of the drop to minimize perturbation of the shape of the metal.   

 

In the absence of potential, the oxide mechanically stabilizes the metal in 

microchannels (Figure 2.5B). The adhesion of the oxide to the walls of dry channels makes it 

difficult to remove the metal by pressure differentials without leaving residue35. In contrast, 

recapillarity induces liquid metal to withdraw controllably, smoothly, and rapidly (up to 20 

cm/s) from microchannels via capillary action without leaving metal and oxide residue (Figure 
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2.5). The use of a pH-neutral electrolyte (NaF) ensures that segments of the metal that are not 

in the electrical path remain stable because of the presence of oxide skin (Figure 2.5C).  
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Figure 2.5: Recapillarity-induced withdrawal of liquid metal from microchannels. (A) The 

electrochemical reduction of gallium oxide in pH-neutral electrolyte induces retreat of the 

metal from the channel by applying a reductive potential; (B) Top-down photograph of a T-

shaped microfluidic channel. (1 mm wide, 100 µm tall, 65 mm long horizontally) The surface 

oxide stabilizes the liquid metal in the channel; (C) A reductive bias (-1 V) applied to the metal 

relative to a drop of electrolyte (0.01 M NaF) at the anode removes the oxide and the liquid 

metal retreats toward the cathode; (D) The metal continues to withdraw until the applied 

voltage ceases. Metal that is not in the electrical pathway remains stable.  
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This chapter demonstrates that surface oxides behave as excellent surfactants for metals 

and may be removed or deposited to rapidly and reversibly tune the interfacial tension of a 

low-toxicity liquid metal from ≈500 mJ/m2 to near zero using modest voltages.  This capability 

enables new types of electrohydrodynamic phenomena to manipulate the shape of metal, which 

is attractive for a wide range of applications including MEMS switches and conductive micro-

components35, microactuators and pumps36, adaptive electronic skins37, tunable antennas and 

apertures38,39, fluidic optical components and displays40,41, field-programmable circuits42, and 

metamaterials with reversible cloaking. The necessity of electrolyte and the reliance on 

electrochemical reactions may present some practical limitations for long term switchability, 

although batteries operate with similar restrictions. The spreading behavior induced by a 

surface oxide provides the most significant evidence to date that buried oxide interfaces—

which exist ubiquitously on most metals and semiconductors, yet are difficult to probe—lower 

interfacial energy of the underlying substrate significantly. The ability to rapidly remove and 

deposit oxides on a wide range of materials may enable new methods to control interfacial 

phenomenon on both liquids and solids.   

 
2.3 Materials and Methods 

 

2.3.1 Electrochemical Experiments 

Electrochemical measurements (i.e., cyclic voltammetry and electrochemical 

impedance spectroscopy) were made using a Bio-Logic SP-200 potentiostat. A saturated 

Ag/AgCl reference electrode and a platinum mesh counter-electrode were used in all of the 

experiments, with copper acting as the connection to the EGaIn (purchase from Indium 



 

 

 

 

60 

Corporation and 5N) working electrode. Copper was chosen because it makes excellent 

electrical contact with EGaIn. X-ray photoelectron spectroscopy measurements detected no 

copper at the interface of EGaIn / electrolyte after exposing the EGaIn to the copper wire. Care 

was taken to minimize or eliminate the exposure of the copper electrode to the solution. In 

experiments in which the copper was exposed, there was no measurable effect on the interfacial 

tension at each potential. Unless otherwise stated, all experiments took place in 1 M NaOH. 

 

2.3.2 Area Measurements 

EGaIn drops of approximately 30 μL were placed in a plastic petri dish filled with 1 M 

NaOH. A copper wire was connected to the top of the drop, and a video camera was placed 

underneath the transparent petri dish. Oxidative potentials were applied from -1.4 V to -0.5 V 

vs. the reference electrode (placed ≈5 cm away from the liquid metal), in 100 mV increments. 

A camera filmed the drop for 2 min after each incremental change in voltage, or until it 

separated from the copper wire due to excessive spreading. The images were then analyzed in 

ImageJ to determine the areal footprint, as illustrated in Figure 2.6. 
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Figure 2.6: (A) Photograph of the bottom of a drop of EGaIn taken before applying a potential; 

(B)  Photograph of the bottom of the same drop of EGaIn several seconds after applying 900 

mV relative to the open circuit potential; (C-D), ImageJ outlines of the EGaIn drop used to 

estimate the area. 

 

 

2.3.2 Interfacial Tension Measurements 

The interfacial tension was determined as a function of potential by using the 

potentiostat in conjunction with a goniometer (First Ten Angstroms 1000B). Sessile droplets 

of EGaIn, ranging in volume from 25-50 μL, were placed on the tip of a small, exposed copper 

wire (Figure 2.7). The goniometer determined the volume and the interfacial tension and 

surface area as a function of voltage. The potential was increased in increments of 100 mV 

from -2 V to -0.8 V vs. the reference electrode. At potentials more negative than -2 V, bubbles 

formed rapidly on the surface of the EGaIn from reductive electrolysis of water. At potentials 

more positive than -0.7 V, the shape of the EGaIn drop flattened to such an extent that 
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interfacial tension could no longer be estimated using the goniometer, although the metal did 

continue to spread until it disconnected from the electrode.   

 

 
Figure 2.7: Schematic depicting the acrylic sheet used to secure a copper wire. (A) A 1 mm 

diameter hole was cut in the acrylic using a Universal VLS3.50 laser cutter. An insulated 

copper wire was secured using a photocurable resin; (B) Drops of EGaIn were placed on top 

of the hole with the wire extended ≈ 100 μm beyond the plane of the surface to avoid 

distorting the shape of the drop.   

 

 

2.3.4 Capacitance Measurements 

The capacitance was measured by electrochemical impedance spectroscopy. An EIS 

scan was performed at each potential used in the interfacial tension measurements, from 200 

kHz to 1 Hz. Fitting software determined the double-layer capacitance from the resulting 

Nyquist plots (examples of which can be seen in Figure 2.8). This fitting was accomplished 

by assuming a solution resistance in series with an interfacial resistance and a constant phase 

element in parallel. For the region where no oxide was present (shaded region of Fig. 1C), the 

interfacial resistance was necessary to adequately fit the low frequency end of the spectrum 

(down to 1 Hz). However, the high frequency region (102-104 Hz)—where double-layer 

capacitance dominates the response—could be fit satisfactorily with a simple solution 
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resistance and constant phase element in series with minor change in the capacitance values. 

For the potential region where the oxide layer was present, the model was fit only to the high 

frequency capacitive region, while the low-frequency end that reflects more complicated 

chemistry, e.g., adsorption of hydroxyl ion43,44, was not analyzed in the present work. The 

specific capacitance was determined by dividing the capacitance by the surface area 

determined by the goniometer at each potential. Although we assumed pseudo steady-state 

growth of the oxide layer, we ascertained similar Nyquist plots and capacitance values to those 

given by MacDonald et al43 for Al (a metal from the same column of the periodic table that 

also forms a passivating oxide) over the entire range of potentials. 
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Figure 2.8: (A) Nyquist plot of EGaIn drop at -1.2 V vs. Ag/AgCl and (B) -1.9 V vs. Ag/AgCl. 

 

 

The capacitive energy (U) was calculated by first estimating the potential (E) relative 

to the potential of zero charge (Epzc), determined from Fig. 1C, and using the equation U = ½ 

C(E-Epzc)
2. The capacitance values obtained from a best fit of the shaded region of Figure 

2.1C—approximately C = 27 μF/cm2—agreed with the values measured directly via 

impedance spectroscopy at reducing potentials (Figure 2.1E).   

 

2.3.5 Reversibility Measurements 

We measured the interfacial tension of the metal after stepping the voltage up and down 

several times. These reversibility measurements were performed by multi-step 

chronoamperometry in the same setup described previously to measure interfacial tension (i.e., 

sessile drop). In this case, the potential was varied between -1.5, -1.25, and -1.0 V vs Ag/AgCl, 

and held at each potential for 5 seconds while measuring continuously the interfacial tension 

of a sessile drop. 
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2.3.6 Capillary Length 

To estimate the interfacial tension beyond the measuring capability of our instruments 

(i.e., at voltages greater than or equal to the critical voltage of -0.6 V, at which point the metal 

spreads dramatically), a scaling analysis based on the capillary length of the drop was used. 

The capillary length is based on a ratio between gravitational and interfacial forces, as shown 

in Equation 2.2, 

 𝐿 =  √
𝛾

𝜌𝑔
 (2.2) 

where L is the characteristic capillary length, ρ is the density of the EGaIn, and g is the 

acceleration due to gravity. We used the ratio of capillary lengths to estimate the interfacial 

tension relative to a known value, as shown in Equation 2.3 

 
𝐿2

𝐿1
=

√
𝛾2

𝜌𝑔

√
𝛾1

𝜌𝑔

 (2.3) 

where the subscripts 2 and 1 represent droplets at two different potentials. Algebraic 

rearrangement yields Equation 2.4 

 𝛾2 = 𝛾1 (
𝐿2

𝐿1
)

2

 (2.4) 

When the drop is roughly spherical (at -1.5 V), 1 = 330 mN/m and the characteristic length is 

the radius (L1 =2 mm). When the droplet spreads dramatically (greater than -0.6 V), the 

capillary length is half the thickness (estimated to be L2=0.15 mm based on a >10x increase in 

areal footprint, according to Figure 1). Using this scaling, 2 ≈ 2 mN/m. Repeating this analysis, 
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but using the last measureable tension (-0.7 V), 1 = 49 mN/m and the characteristic length is 

half the height (L1 =0.8 mm). Using this scaling, 2 ≈ 2 mN/m.   
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Chapter 3  

Oxide-Mediated Fingering Instabilities in Liquid Metals 
 

3.1 Introduction 

Fingering patterns in spreading materials arise via a number of different mechanisms: 

viscous fingering and diffusion limited aggregation1–6, directional solidification7,8, Marangoni-

driven spreading9,10, and even in zero-surface tension granular11 and ordinary12 fluids. Here, 

we demonstrate an additional fingering mechanism by which liquid metals can form branched, 

lobed structures via an oxidative reaction. Liquid metals are of interest because of their metallic 

electrical, thermal, and optical properties. Liquid metals might seem an unlikely candidate to 

undergo instabilities because they have the largest known surface tension of any room-

temperature fluid. However, gallium-based liquid metals, such as eutectic gallium indium 

(EGaIn), have been shown to approach near zero surface tension via surface oxidation13. In the 

presence of aqueous solutions, applying an oxidative electrochemical potential to the alloy 

drives surface oxidation. In the absence of the oxide, the metal has an enormous surface 

tension. The deposition of this oxide can drastically lower the alloy’s surface tension (from ~ 

500 mN/m to near zero over less than 1 V applied), which enables instabilities in this otherwise 

stable liquid. This sudden drop in surface tension is not due primarily to classic 

electrocapillarity, but instead due to the oxide acting like a surfactant. This chapter studies the 

dynamics of the instabilities of the metal as it approaches zero surface tension and shows that, 

beyond a threshold potential, the instabilities can be suppressed.  

 Here, we characterize oxide-mediated fingering instabilities of EGaIn in an alkaline 

solution driven by an applied electric potential. Under sufficient oxidative potential, EGaIn 
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demonstrates behavior consistent with fractal-like growth and is visually similar to Hele-Shaw 

flow14,15. Rather than arising through the injection of fluid at constant flux of pressure, these 

instabilities occur with an unconfined constant-volume droplet in solution. Furthermore, in 

conventional Hele-Shaw systems, the instabilities occur in the less viscous of the two fluids. 

However, in this system, EGaIn is approximately twice as viscous as the surrounding fluid 

when instabilities develop. Figure 3.1a shows an example of the fractal morphology the liquid 

metal can exhibit. Although the morphology appears similar to viscous fingering, the fractal 

dimension of the droplet (D = 1.30 ± 0.05) indicates that a different phenomenon is causing 

the instabilities in EGaIn.  

 The instabilities are present within an intermediate range of oxidative potentials. If the 

electric potential (ε) is below a critical value, the interfacial tension is large enough that the 

droplet maintains a spherical shape. If ε is too large, the surface oxide grows thick enough to 

effectively behave as a mechanical shell that is strong enough to suppress the growth of 

instabilities. Thus, the same surface oxide which destabilizes the droplet, allowing spreading, 

can also re-stabilize it in a new equilibrium. In this chapter, we explore the regimes 

characterizing the different exhibited morphologies and the phase diagram boundaries between 

them, and we find a scaling collapse for droplets of different sizes. Finally, we provide a semi-

quantitative treatment of key forces which determine the regime boundaries.  

 

3.2 Methods and Materials 

Apparatus: Our experimental apparatus, shown schematically in Figure 3.1a, consists 

of a horizontal container filled with 1 M sodium hydroxide (NaOH) to provide active 
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dissolution of the oxide layer and increase the ionic strength relative to de-ionized water. The 

container is a transparent sheet of poly(methyl methacrylate), the walls of the cylindrical 

container are lined with a copper counter-electrode with a diameter of 152 mm and the top 

surface open to the atmosphere. Experiments take place in a fluid layer of depth 10.5 ± 0.5 

mm, sufficient to allow full submersion of an EGaIn droplet placed at the center. The entire 

apparatus is placed on a leveling table to minimize gravitational gradients, and is lit from below 

by a diffuse light source. Video imaging of the apparatus is done with a video camera (frame 

rate 29.97 Hz) mounted directly above the apparatus.  

Electrical measurements: A three-electrode setup is used in conjunction with a Gamry 

Reference 600 potentiostat to both set the electric potential (ε) and measure the resulting 

current I(t). This setup consists of a working, counter, and reference electrode. The liquid metal 

serves as the working electrode, and is connected to the potentiostat through a copper wire 

fixed in a 1 mm diameter hole directly underneath the metal droplet; the reference electrode, a 

saturated Ag/AgCl electrode, is positioned in the solution approximately 9 cm from the 

working electrode. To ensure a uniform, symmetric electric field around the droplet, a copper 

ring of 7.6 cm inner radius (Relec) and 8.6 cm outer radius (Router) is fixed to the apparatus and 

utilized as a counter-electrode. The sampling frequency of the current is set to match the 

camera frame rate.  

EGaIn Properties: We perform all of our experiments on EGaIn, a liquid metal 

comprised of 75 wt% gallium and 25 wt% indium, with a density of 6250 kg/m3, a viscosity 

of 2x10-2 Poise (approximately twice that of the electrolyte solution), and a surface tension of 
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470 mN/m in 1 M NaOH at the open circuit potential (approximately -1.5 V vs. reference 

electrode).  

Data collection: We varied ε for EGaIn droplets of four different volumes: 3 μL, 10 

μL, 30 μL, and 100 μL. Each droplet is dispensed and measured by a First Ten Angstroms 

1000B contact angle goniometer. We report ε with respect to the reference electrode, with 

values ranging from -0.8 V to 4.0 (V vs. Ag/AgCl), applied in 100 mV increments. While we 

report the absolute value of the potential with respect to the reference, all calculations utilizing 

the potential are performed by adding 1.5 V to obtain the net applied potential. For every run, 

the potential is maintained for approximately 60 seconds; new runs begin after the oxide has 

dissolved and the droplet has returned to its open circuit potential equilibrium shape. The 

experiment is repeated for three to five trials for each electric potential to ensure consistency.  

New droplets are used for each value of electric potential. Gas bubbles form around the counter 

electrode at larger applied potential, and are removed from the electrode before new runs. To 

perform morphological measurements, we binarize all images by thresholding at mean value 

and calculate the droplet cross-sectional area A(t).  

Oxide Thickness: In the course of our analyses, it will become important to estimate 

the thickness of the oxide layer. We assume that the rate of oxide growth (but not the 

dissolution rate) depends on the applied potential. To estimate this rate, and therefore the oxide 

thickness, we simultaneously record the droplet cross-sectional area and the current of the 

oxidation reaction. From these variables, we model the oxide thickness as a function of time, 

volume, and voltage. 
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Figure 3.1: (a) Schematic of apparatus, and experimental images showing evaluation of 

fingering instability of liquid metal. (b) Box-counting plot for a 30 μL droplet of EGaIn 

spreading with -0.2 V vs Ag/AgCl applied potential (shown in (a)). (c) Box-counting plot of 

droplets with V = 10 μL, 30 μL, and 100 μL, analyzed immediately before first branch break-

off.  
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3.3 Results 

 

3.3.1 Droplet Morphology 

For ε > -0.5 V, we observe that the droplets spread with a fractal-like morphology. As 

shown in Figure 3.1a, the initially spherical droplet becomes increasingly branched as it 

spreads outwards, with the first undulations appearing about 2 seconds after the potential is 

first applied. Over the next ~ 30 seconds, the droplet develops undulations and branches 

covering several orders of magnitude in size. At longer times, the droplet reaches a maximum 

surface area as the branches of the liquid metal become so thin that they pinch off from the 

main droplet. 

To test for self-similarity, we use a box-counting algorithm16 to measure the Hausdorff 

Dimension (D) 

 𝐷 =  lim
𝑟→0

log (𝑁)

log (1
𝑟⁄ )

 (3.1) 

where r is the size of the boxes used to cover the surface, and N is the number of boxes 

necessary to perform the covering. As the droplet spreads, D asymptotically approaches a value 

of 1.30 ± 0.05, as shown by the solid line in Figure 4.1b. The same fractal dimension is 

observed for V = 10 μL, 30 μL, and 100 μL droplets, as shown in Figure 4.1c, measured 

immediately before the liquid disconnects from the electrode (at its maximum area). This 

indicates that this new fingering phenomenon belongs to a different universality class than 

radial viscous fingering in Hele-Shaw cells and diffusion-limited aggregation6,17, which have 

a fractal dimension of D = 1.713 ± 0.003.  
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 Across the range of (ε, V) values tested, we observed four distinct regimes, which we 

describe below by the designations A-D. Figure 3.2 shows representative images and 

dynamics for each regime. We differentiate among the regimes via three visual features of the 

droplet – smooth, undulated, and branched – as well as whether spreading and/or contraction 

were observed. In the descriptions below, smooth refers to droplets which maintain a spherical 

cap shape (regime A,D) undulated refers to undulations around the perimeter (regime B,C) and 

branched refers to the presence of thinned structures that connect the electrode to fingers 

further away (regime B). In all cases, the droplet volume V is conserved; any increases in area 

A are accompanied by an unquantified decrease in droplet thickness h. The potential in each 

regime is sufficient to cause surface oxidation (i.e. ε > -1.4 V).  

Regime A is characterized by smooth droplets that remain shiny in appearance (are free 

of any visual traces of the oxide.) The droplet area A spreads by up to 50-100% before 

equilibrating at a final size which is stable to mechanical perturbations. 

 Regime B droplets area almost immediately unstable to undulations along the perimeter 

of the droplet. These undulations simultaneously become deeper (extending back to the center 

electrode) and develop secondary, tertiary, etc. undulations of their own. Together, these two 

processes form the fractal morphology characterized in Figure 3.1 and can spread by more than 

200 times their initial area. The droplet loses some of its shininess during this process, 

particularly around the droplet perimeter. Eventually, the droplet spreads and thins to the point 

where one or more branches pinch off into small satellite droplets. If these satellite droplets 

lose their electrical contact, then their oxide layer re-dissolves, they become shiny in 

appearance, and their (now high) surface tension causes the liquid to retract back to a spherical 
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shape. If the satellite droplets happen to re-attach to the electrode, they can begin spreading 

again from this new site.  

 Regime C dynamics proceed as in regime B, but the growth of the undulations is 

interrupted after a few seconds and they do not themselves become unstable to secondary 

undulations. In this regime, the branching effect is diminished or not present at all. The droplet 

eventually begins to contract over time rather than expanding outwards. Figure 3.2b captures 

this contraction. After reaching a peak at approximately 10 seconds, the droplet area begins to 

decrease.  

 In regime D, the droplet spreads rapidly, but the oxide layer grows thick enough to 

prevent further spreading, and ultimately begins to contract. This size decrease correlates with 

a sudden change in system resistance (Ω = (ε + 1.5V)/I) as seen in Figure 3.2c. After 1-2 

seconds, regime D shows a sharp spike in the resistance, which can be attributed to both the 

decrease in surface area and to the charge transfer resistance provided by the growing oxide 

layer.  



 

 

 

 

79 

 
Figure 3.2: (a) Representative images taken at the maximum area for all four regimes, and 

their dynamics characterized by (b) area A(t) and (c) the electrical resistance measured from 

from (ε + 1.5 V)/I(t). The star indicates the time at maximum area. All panels show data from 

the same 4 trials with V = 30 μL and ε = -0.7 V (regime A);  ε = 0.3 V (regime B); ε = 1.3 V 

(regime C); ε = 2.5 V. All potentials relative to a Ag/AgCl reference electrode. 

 

 We characterize each of the four trials into one of these four regimes and plot a phase 

diagram as a function of (ε, V). As shown in Figure 3.3, at each volume V, there is a progressive 

regime A → B → C → D as ε increases. While the phase boundary between regimes A and B 

is vertical, the other boundaries are tilted so that they occur at larger ε as the droplet volume 

increases. This volume-dependence arises from the corresponding decrease in the surface area 

to volume ratio, as will be discussed below.  
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Figure 3.3: Phase diagrams for droplets of volume V subject to an applied electric potential ε. 

The solid black line corresponds to the peak Ã in Figure 3.4. The inset represents the potential 

εmax at which the maximum in Figure 3.4a occurs, as a function of droplet volume (on a 

logarithmic scale). Error bars represent the width εw of Figure 3.4a at half Ãmax.  

 

 To understand the volume-dependence, we consider the dimensionless (scaled) area (Ã 

≡ A2/3/V) where low values of Ã are more spherical, and high values of Ã are more branched. 

As shown in Figure 3.4a, the maximum value of Ã is approximately 35 for all droplet volumes. 

However, larger droplets require a larger electrical potential εmax at which they reach this 

maximum. We find a scaling collapse for Ã(ε) by re-plotting the data as a function of 

 𝜀̃ =
𝜀 − 𝜀𝑚𝑎𝑥

𝜀𝑤
 (3.2) 

where εw is the full width of the curve at half-maximum. This scaling collapse over all four 

droplet volumes is shown in Figure 3.4b. For all four droplet volumes, regimes A and D both 
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have low values of Ã. Regime B appears on the left side of the peak (ε < εmax) and regime C on 

the right (ε > εmax). The peak roughly corresponds to the boundary between regimes B and C, 

an observation that we will explain below in terms of the development of the oxide layer. For 

regime B, some of the droplets continued to spread, even after satellite droplets had broken 

off. This continued growth is not reflected in the data. 

 

 
Figure 3.4: (a) Scaled area Ã as a function of applied electric potential ε. (b) The data from (a) 

with a rescaled horizontal axis to show similarity of results, with (εmax, εw) measured from (a) 

for each droplet volume. 

 

3.3.2 Spreading and Restoring Forces 

The transitions between these four regimes can be understood in terms of the relative 

magnitude of spreading vs. restoring forces. The following forces were considered: gravity, 

surface tension, electrostatics, electrostriction, oxidative stresses, and inertia. Several of these 

forces are negligible based on either calculations or experimental observations, as discussed 

below. We find that 3 main forces – gravity, surface tension, and oxidative stresses – are 

sufficient to explain the regimes shown in the phase diagram: the spreading (and corresponding 
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decreasing thickness) of the droplets, the undulation/branching instability, and the contraction 

of the droplet. 

 Gravity: In all regimes, the droplets spread primarily due to the force of gravity. For a 

droplet of volume V ∝ R2h and density ρ, the force per unit area on the outer rim region with 

area Rh is 

 𝑃𝑔 = 𝛥𝜌𝑔ℎ (3.3) 

As the droplet spreading over time, h gets smaller and therefore gravitational forces become 

correspondingly smaller. Typical magnitudes range from 10-100 Pa, but can fall as low as 1 

Pa for the thinnest droplets in regime B. These calculations indicate that the behavior of the 

liquid metal is dictated, in part, by the balance between surface tension and gravity.  

Surface Tension: Droplets exhibit a restoring Laplace pressure PL due to their surface 

tension 

 𝑃𝐿~
𝛾

ℎ
 (3.4) 

where γ is the surface tension of the droplet, and the droplet thickness, h, is the smallest radius 

of curvature. This pressure will decrease under applied ε as the surfactant-like oxide grows and 

lower thereby γ. Typical magnitudes are 50-1000 Pa in regime A, dropping as low as 0.1 Pa in 

all other regimes, along the gravitational spreading forces to overtake it.  

 Electrostatics: Electrostatic forces have been shown to influence similar systems (the 

liquid metal will actuate selectively toward the counter electrode). Despite these forces, we 

found that positioning the counter electrode in solution above the droplet still resulted in 

outward-spreading even though any electrical forces would point inward and upward. By 
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tilting the apparatus, we introduce a lateral gradient of gravitational forces to estimate the 

magnitude of the electrostatic force. We examined the average displacement of the droplet’s 

leading edge for a range of tilting angles, 0 ≤ θ < 2. The rate of displacement changes sharply 

for angles of tilt greater than a critical angle, θC ~ 0.32 (Figure 3.5). 

 
Figure 3.5: Average center of mass displacement created by tilting the apparatus in Figure 

3.1a. 2.5 volts were applied to a 30 μL droplet with no reference electrode present in the 

system. 

  

At this critical angle, the gravitational forces exceed electrostatic forces. Using this 

angle, we relate the electrostatic force to the gravitational force and find Pε  ~ mg sin(θc)/A ~ 

0.5 Pa, which is lower than all calculated gravitational forces, indicating that the effects of 

electrostatics remain smaller than other forces.  

Electrostriction: Another possible explanation is lateral stresses caused by 

electrostriction or the growth of the oxide layer. In the case of electrostriction, the oxide would 

act as a dielectric in a capacitor, with charges on either side acting to compress the oxide and 

create lateral forces to cause spreading. This force can be estimated by  
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 𝐹𝐸 =
1

2
𝜀𝑜𝑥𝑖𝑑𝑒(

𝛥𝐸

𝑑
) (3.5) 

where εoxide is the dielectric permittivity of the oxide layer (which we assume to be 10-10 m-3 

kg-1 s4 A2). Even assuming an oxide layer thickness of 3 nm and an applied potential of 1 V, 

this force remains an order of magnitude lower than the yield stress of the oxide layer (5 MPa 

vs. 30 MPa); additionally, the oxide thickness grows more quickly than the potential, indicating 

that this force is smaller at higher regimes. These calculations indicate that electrostriction is 

not the driving force behind the spreading.  

 Oxidative Stresses: Previous studies of anodic growth of oxides in aluminum18 have 

shown internal oxidative stresses on the order of 0.1 GPa. Based on the size of the droplets (~ 

1 mm), this would correspond to a force of approximately 100 N; this force is more than enough 

to exceed the force provided by surface tension at this scale (10-4 N). Oxidative stresses would 

also be consistent with the contraction seen in regime C and D; as the oxide grows too thick, 

the oxidation slows down and the surface tension acts as a restoring force. Furthermore, when 

a liquid metal droplet is confined laterally such that outward spreading can no longer occur, 

visible buckling appears on the surface of the metal in regime B; this is also consistent with 

oxidative stresses.  

Inertial Forces: Inertial effects due to initial kick of velocity 𝑣 ∝
𝑑𝑅(𝑡)

𝑑𝑡
= 𝑅̇ and mass 

= ρv. This is decreasing over time as v decreases, and points outwards. With an outer rim area 

𝐴 ∝ 𝑅ℎ  and Stokes' drag 𝐹𝑑𝑟𝑎𝑔 ∝ 𝜇𝑅𝑣  

 𝑃𝐼(𝑡) ∝
𝐹𝑑𝑟𝑎𝑔

𝑅ℎ
=

𝜇𝑅(𝑡)

ℎ(𝑡)
 (3.6) 
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In all regimes, the maximum value of the inertial forces calculated is 0.01-0.1 Pa (with a value 

of zero in regime A), indicating that inertial forces are not the primary driver of spreading. We 

tested regime D to see if inertial effects were the causing an "overshoot" before the drop 

ultimately retracted. To determine whether this overshoot of the final area was inertial, we 

changed the method of applying the potential. Rather than stepping up immediately to the final 

potential, we used a linear sweep of potential at a rate of 100 mV/s to slowly bring the drop 

into regime D. When this linear sweep was utilized,the overshoot and retraction disappeared.  

From this we can conclude that inertial forces are responsible for the initial spreading, or that 

stepping the potential immediately to its final value does not provide sufficient time for oxide 

growth. 

3.3.3 Oxide Growth and Dissolution 

To understand the forces imparted onto the liquid metal by the oxide layer, it is 

important to first quantify the thickness of the oxide layer as a function of time and potential. 

Direct measurement of the oxide thickness is hindered by a number of challenges; the dynamic 

nature of the droplet shape makes measurements via optical techniques (e.g. ellipsometry) 

impractical, as does the asymmetry of oxide growth across the droplet. Here, we use 

electrochemical measurements to estimate both the average growth and dissolution of rates of 

the oxide layer across the surface with a simple mathematical model. 

To model the thickness, we first estimate the dissolution rate of the oxide (which we 

assume to be constant across all potentials) in 1 M NaOH. In regime A, where the droplets are 

spheroids, we employ a quasi-steady-state model, where the growth rate and dissolution rate 

of the oxide are assumed to be equal. These rates are determined by the two variables measured 
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during the experiment: the Faradaic current and the 2-D projection of the droplet surface area 

(AS,2D). The Faradaic current allows calculation of the amount of gallium oxidized as a function 

of time by  

 ∫ 𝐼(𝑡) 𝑑𝑡 = 𝑞 (3.7) 

 Where I(t) represents the current as a function of time, and q represents charge transferred. 

The charge can be converted to moles of Ga3+ generated by  

 𝑛 =
𝑞

𝑧𝐹
 (3.8) 

where z is the number of electrons transferred in the oxidation reaction and F is the Faraday 

constant (96485 C/mol). This growth rate is first normalized by the surface area of the droplet; 

however, AS,2D is not an accurate representation of the 3-D surface area of the droplet AS,3D in 

regime A. To estimate the actual surface area, we assume that the droplet is an oblate spheroid 

when the potential is applied. By measuring the radius of the droplet (and with the known 

volume), AS,3D is determined by the surface area equation for an oblate spheroid  

 𝐴𝑆,3𝐷 = 2𝜋𝑅2 + 𝜋
ℎ2

𝑒
𝑙𝑛

1 + 𝑒

1 − 𝑒
 (3.9) 

where e is  

 𝑒 = √1 −
ℎ2

𝑅2
 (3.10) 

and h is the height of the droplet, determined from the volume. From these values, the growth 

rate of the oxide in regime A (and therefore, the dissolution rate across all regimes) can be 

estimated  
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 𝑘𝑔𝑟𝑜𝑤𝑡ℎ,𝑅𝑒𝑔𝑖𝑚𝑒 𝐴 = 𝑘𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =
𝑛

𝐴𝑆,3𝐷𝛥𝑡
 (3.11) 

These represent the rate at which the gallium is oxidized at the surface. While the dissolution 

rate is assumed constant across regimes, we repeat this process for regime B-D to ascertain the 

growth rate for each regime. We also assume that, because the height of the droplet is much 

smaller in these regimes, AS,2D is the most reasonable representation of the true surface area of 

the droplet. The growth and dissolution rate represent the oxidation of gallium on the droplet; 

the average thickness across the entire surface can then be represented by  

 𝑑(𝑡) =
𝑀𝑊

2𝜌
∫ (𝑘𝑔𝑟𝑜𝑤𝑡ℎ − 𝑘𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)𝑑𝑡

𝑡

0

 (3.12) 

where MW and ρ represent the molecular weight and density of the oxide, respectively.  

We note that this model depends on a variety of assumptions: We assume that the 

growth on the surface is dominated by gallium oxide is the dominant molecule being grown 

on the surface of the droplet; however, previous electrochemical studies indicate that gallium 

hydroxide and gallate salts form on the surface in alkaline solutions. We also acknowledge that 

this provides an average of growth across the surface, while the layer can be seen visually to 

growth thicker in areas closer to the counter-electrode. However, this model is designed to 

provide an approximation of the average oxide thickness for each Regime relative to each 

other; further studies will be necessary to obtain a more complete picture of the the oxide 

profile across the surface of the droplet over time. Figure 3.6a shows the change in the growth 

rate as a function of time for the case of regimes B, C, and D. For each regime, the initial 

increase in the surface area causes a drastic decrease in the growth rate, which ultimately levels 

to a steady-state value. These data (Figure 3.6b and 3.6c) indicate that the oxide thickness 
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grows to a maximum of 1-4 microns, and is relatively consistent across regimes B and C, 

though larger in regime D. The maximum oxide layer thickness increases monotonically with 

electrical potential, and is approximately three orders of magnitude larger than the oxide 

thickness in air; although the steady-state growth rate is slightly smaller for regime B than 

regime C, the data still indicate a larger oxide thickness, due to a larger initial growth rate. 
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Figure 3.6: Oxide growth during anodic oxidation. a) Modeled growth rate of the oxide 

layer, estimated from the measured surface area and current profile of a 30 μL droplet at -0.2 

V, 0.3 V, and 1 V. b) Modeled average oxide thickness under the same conditions. c) Steady-

state growth rate and maximum oxide thickness. 
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3.4 Conclusions 

We have demonstrated fingering instabilities in a liquid metal droplet that drastically 

changes it shape under an applied potential in aqueous solution. This behavior is interesting 

for a variety of reasons: it shows that an oxide layer can be tuned to both create fingering 

instabilities and ultimately halt them; it demonstrates a new class of self-similar dynamics; and 

it has the potential to be used in devices that necessitate shape reconfigurable conductors. 

Future work will focus on better characterizing the oxide layer. This will include measuring or 

modeling the oxide growth not only over time and potential, but also as a function of position 

on the droplet.  
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Chapter 4  

Electrowetting Without Applied Potential Using Paint-on 

Electrodes 
 

4.1 Introduction 

Electrowetting is a technique used to manipulate liquid drops on a substrate.1,2 It is 

useful for microfluidic applications including liquid lenses3, displays4,5, and miniature 

bioassays.6,7 Unlike electrocapillarity8, electrowetting is driven by an electromechanical force 

and does not involve a change in interfacial tension. Applying a potential to the fluid of interest 

(often water) relative to an electrically insulated counter electrode generates the required 

electrical charge. The electrical insulation (dielectric) prevents Faradaic electrochemical 

reactions from occurring in the liquid (e.g., electrolysis of water). This configuration is called 

electrowetting-on-dielectric (EWOD) and is the most common electrowetting technique for 

actuating fluids. As applied voltage is increased, the liquid changes its apparent contact angle 

to lower its capacitive energy. An ideal EWOD system should achieve maximum changes in 

contact angle with minimal applied voltage.  

However, fabricating an ideal electrode for EWOD is typically a challenging process, 

especially when low voltage operation (< 15 V) is desired. The dielectric coated atop a 

conductive metal film or doped Si wafer9, is often achieved via thermal oxidation, sputtering, 

thermal evaporation, or atomic layer deposition. An ideal dielectric exhibits a large electrical 

capacitance and is free of pin holes to prevent electrical shorts through the insulator. 

Electrowetting dielectrics are commonly hundreds of nanometers to several microns thick to 

ensure sufficient insulation between the liquid and the electrode.10 However, thicker dielectrics 
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necessitate larger voltages. Furthermore, reducing the dielectric thickness is often insufficient, 

because the required voltage decreases only as the square root of the thickness.11 Some clever 

resolutions have been developed to mitigate dielectric breakdown, including multilayers of 

dielectrics11, self-healing dielectrics12, and utilization of two immiscible electrolytes.13  

Here, we demonstrate a unique approach for creating self-healing, low-voltage, battery-

free, and even stretchable electrowetting systems. In this work, an electrode composed of 

eutectic gallium indium (EGaIn, 75% Ga, 25% In by weight)14 or pure gallium can be simply 

painted on a substrate (e.g. glass) at room temperature. Due to the low melting point (~15.5 

oC) of EGaIn, the metal is liquid at room temperature and forms a thin ( ̴ 1-3 nm)15 passivating 

oxide layer. This oxide forms spontaneously in the presence of oxygen and serves to 

mechanically stabilize the liquid metal in the shape of a film. This work takes advantage of the 

thin, self-forming oxide as a dielectric for electrowetting.  

Using an EGaIn electrode is a simple approach that solves numerous electrowetting 

challenges: (i) Unlike traditional EWOD dielectrics, EGaIn can be applied to a surface quickly, 

at room temperature, and without vacuum processing. This process is shown in Figure 4.1. (ii) 

As a liquid, EGaIn conforms to both non-planar and stretchable substrates. (iii) The Ga oxide 

on EGaIn can support self-assembled lipid bilayers16,17 that enable large contact angle changes 

(> 100°) for water by applying small voltages (100s of mV). (iv) The anodic nature of the oxide 

and the self-assembly of the lipid bilayer allows the dielectric layer to self-heal upon 

breakdown.12 (v) Perhaps most interestingly, the small voltages required to induce changes in 

contact angle in this system reveal the effects of the so-called ‘potential of zero charge’, which 
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allows significant electrowetting to occur simply by shorting the electrodes without the need 

for an external voltage.   

 The potential of zero charge, VPZC, is the electric potential at which the plot of apparent 

contact angle versus potential (i.e. the electrowetting curve) reaches a maximum. It can be 

understood by considering the Lippmann-Young equation1, which models the contact angle 

change in response to voltage across an electrowetting interface as shown in Equation 4.1, 

 cos 𝜃(𝑉) = cos 𝜃𝑌 +
𝐶(𝑉 − 𝑉𝑃𝑍𝐶)2

2𝛾𝑤𝑜
 (4.1) 

where  is the contact angle of the liquid as a function of applied voltage (V), Y is the Young’s 

angle (i.e., the angle in the absence of applied voltage), C is the capacitance of the dielectric 

normalized by area in contact with the liquid, V is the applied voltage, VPZC is the potential of 

zero charge, and γwo is the interfacial surface tension between the two liquids (e.g. water and 

oil). The VPZC is a function of surface potential, electrolyte composition, and the composition 

of the top and bottom electrodes. According to Equation 4.1, the VPZC causes the electrowetting 

curve to be centered away from zero volts.18 In most electrowetting systems, however, 

inducing changes in contact angle requires application of tens19 to hundreds20 of volts. These 

voltages are significantly larger than the VPZC (< 1 V); therefore, the electrowetting curve often 

appears to center at zero volts. Thus, in practice, the VPZC is neither experimentally significant 

nor discernable.  

In the system described here, the voltages needed to induce electrowetting are 

extremely low (similar in magnitude to the VPZC) due to the very large capacitance (arising 

from the thin dielectric) and the low wo (arising from the use of surfactants). Furthermore, the 
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materials of construction render a large VPZC. Consequently, significant electrowetting occurs 

by simply short-circuiting the electrodes without an external potential present. Stated 

differently, Equation 4.1 evaluated at V=0 results in a significant change in contact angle since 

VPZC is non-negligible. Consequently (and in contrast to conventional EWOD), increasing the 

potential relative to 0 V increases the contact angle of the liquid droplet; thus, it is possible to 

electrodewet a droplet under these circumstances.  

Here, we outline the fabrication of these EGaIn electrodes, characterize their 

electrowetting behavior, describe the wetting of drops of water when short-circuited with the 

electrode, and demonstrate the robustness of the electrowetting while stretching of the 

underlying substrate. 

 

4.2 Results 

We fabricate the electrodes by dragging a 100 μL droplet of EGaIn along the length of 

a glass slide using a custom-built slot die coater. This process establishes a thin and shiny film 

of EGaIn, as seen in Figure 4.1a-c. A strip of copper tape under the liquid metal forms an 

electrical connection. The entire apparatus rests on the stage of a contact angle goniometer 

(Figure 4.1d). 

The electrode supports a droplet of de-ionized water (DI H2O) with 1 wt% sodium 

dodecyl sulfate (SDS), which is submerged in a solution of dodecane containing 0.2 wt% 

sorbitan trioleate (a non-ionic surfactant). A stainless steel electrode connects to the top of the 

droplet, as shown in Figure 4.1e. Surfactants are typically used in electrowetting to lower the 

energetic penalty associated with increasing meniscus surface area (spreading, wetting) and 
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therefore increase the responsiveness of the liquid to voltage. Previous studies show that 

sorbitan trioleate forms a lipid bilayer between the drop of water and substrate16, which is 

evidenced here by the lack of wetting between the liquid and substrate. In this case, the lipid 

bilayer lowers the interfacial surface tension of the SDS/water solution to a very low level of  ̴ 

0.2 mN/m, based on pendant drop analysis. This low interfacial surface tension is a requirement 

to induce a large change in the contact angle. Using higher surface tensions would result in 

more modest changes in contact angle for a given voltage; the maximum voltage is set by the 

breakdown strength of the dielectric. 

 

 

 
Figure 4.1: Preparation of the ‘paint on’ liquid metal electrodes for low-voltage 

electrowetting. (a,b,c) 100 μL drop of EGaIn is placed on a glass substrate and spread as a film 

across the surface. (d,e) A DI H2O/1 wt% SDS drop is submerged in dodecane/0.2 wt% 

sorbitan trioleate solution and voltage is applied across a top electrode (a stainless steel 

dispensing needle) and the EGaIn layer. (f) DC electrowetting curve of DI H2O and H2O/1 

wt% SDS, including theoretical curves. Error bars represent s.d. 

 

The experimental configuration in Figure 4.1 is representative of a typical EWOD 

system. Here, the dielectric is the gallium oxide that forms spontaneously on the surface of the 

liquid metal along with the lipid bilayer that self-assembles on the oxide.   
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Figure 4.1f shows the electrowetting curve for an applied DC potential. These curves 

show dramatic contact angle changes (70°-80° changes over 400 mV for a solution of DI H2O/1 

wt% SDS), with the parabolic shapes indicating classic electrowetting behavior. Importantly, 

the curve reaches a maximum away from zero volts (approximately -900 mV) for both fluids.  

This maximum of contact angle identifies the potential of zero charge (VPZC). The largest 

changes in contact angle occurs at -1.3 V and -0.5 V, which are approximately 0.4 V from the 

VPZC. At these terminal potentials, satellite droplets emerge from the contact line of water and 

lipid bilayer, which has also been observed at occurrence of electrowetting saturation.1,21 These 

values also agree well with the theoretical curves given by Equation 4.1, plotted using the 

experimentally measured capacitance. In each case, the droplets showed full reversibility, 

dewetting from the substrate and beading up into a spherical shape upon removal of the 

potential. The wetting behavior continues to be fully switchable even after dielectric 

breakdown occurs. This recovery is due to the self-healing nature of the oxide layer of the 

liquid metal and subsequent reassembly of the lipid bilayer. 
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Figure 4.2: Electrowetting on a stretchable substrate. (a) AC electrowetting curve on EGaIn, 

with both no strain and 100% strain of the underlying substrate. (b) Minimum reversible 

contact angle achieved (7°) with AC electrowetting at -800 mV RMS applied. (c) Photographs 

of i) EGaIn film on a substrate made of silicone elastomer. ii) Liquid metal conforms to the 

elastomer and elongates when the substrate is stretched.  

 

AC potentials are known to increase the stability of the contact line in electrowetting 

by preventing either charge trapping or degredation21, and thereby improve reproducibility and 

minimize dielectric breakdown. In addition to exploring the DC behavior, we also employed 

an AC potential with a -800 mV DC offset to account for the potential of zero charge. This 

offset centers the electrowetting curve about zero volts, as shown in the electrowetting curve 

plotted in Figure 4.2a. The contact angle shows a substantial decrease ( ̴ 130° change) with the 

application of only 700 mV RMS. Furthermore, we observe contact angle saturation22 at an 

average value of 20° with a minimum observed value of 7°, as shown in Figure 4.2b. The low 

value of saturation is desirable, as saturation occurs near 60°-80° for traditional aqueous 

EWOD systems23, with lower values (15°-30°)24 being observed with ionic liquids. As 

expected, the AC electrowetting results show significantly less variance than the DC 

electrowetting, and the contact line remained stable over the duration of the tests (up to several 
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hours), with no observed satellite droplets. In addition, sequentially increasing and decreasing 

the amplitude of the AC potential provided no signs of contact angle hysteresis in the system. 

The lack of hysteresis with use of AC potential is consistent with results both theoretically and 

experimentally proven by Mugele and colleagues.25 

The formation of the oxide layer on the liquid metal surface provides several 

advantages that have been utilized for this work. In addition to stabilizing the film of liquid 

metal (such that it does not bead up into a sphere due to surface tension of the metal), the oxide 

also allows EGaIn to adhere to a variety of substrates (e.g. glass, silicon, polymers). Here, we 

utilize a stretchable, silicone-based elastomer (Ecoflex, Smooth-on, Inc) to test electrowetting 

with a strained electrode. Previous work has shown electrowetting on curved and flexible26 

substrates but, to the best of our knowledge, none have shown electrowetting on a stretchable 

material. Most of the conductors and dielectrics used in EWOD are comprised of rigid 

materials that crack at small strains; in contrast, the liquid metal forms an inherently stretchable 

electrode. Figure 4.2c shows photographs of a film of EGaIn on an elastomeric substrate. We 

elongated the substrate to 100% tensile strain and performed electrowetting. The liquid metal 

on stretched Ecoflex shows similar electrowetting behavior as liquid metal on a glass substrate. 

The drawback, however, was minor swelling that occurred over time in the Ecoflex due to the 

dodecane immersion fluid. 
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Figure 4.3: Electrowetting on metal with various fabrication techniques. a) “Painted” EGaIn 

film that was brushed roughly across substrate. b) Solid gallium film prepared by spreading 

liquid Ga with a slot-die and then frozen. c) Electrowetting curve that shows similar behavior 

between these films and “pristine” liquid metal surface. 

 

Until now, all the reported experiments were performed on smooth liquid metal surfaces for 

consistency and simplicity of analysis. However, EWOD on gallium-based alloys does not 

require a pristine surface with a smooth liquid interface. Applications may instead call for thin 

films of the liquid metal or solid surfaces. Figure 4.3a and 4.3b show a thin film of liquid 

EGaIn and a film of solidified gallium, respectively. The EGaIn was prepared by brushing a 

20 μL drop across the surface of a glass slide. The gallium was prepared in the same manner 

as demonstrated in Figure 4.1 and then allowed to freeze at room temperature (m.p. ~30 °C). 

In spite of the surface heterogeneity present on the EGaIn film, the difference in contact angle 

change from the pristine EGaIn surface was negligible (albeit with more variance). Similar 
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results were seen with solidified gallium, indicating that the electrowetting is dependent on the 

surface properties of the gallium oxide, rather than the phase of the underlying electrode. 

Perhaps the most interesting aspect of the liquid metal electrodes is that VPZC is 

approximately -800 to -900 mV (vs. the stainless steel counter-electrode); this value is also 

consistent with the measured open circuit potential, which generally measured in the range of 

-800 mV to -1.0 V.  Because of the low voltages needed to induce electrowetting, the VPZC 

must be taken into account.18,27 As a consequence of this offset, simply closing the circuit 

between the EGaIn and top electrode causes significant droplet wetting by effectively bringing 

the system ~800 mV away from the VPZC (Figure 4.4). This wetting is reversible; opening the 

circuit causes the droplet to dewet the substrate. This process may be cycled between the short 

circuit (wetting) and the open circuit potential (dewetting) for thousands of cycles, although 

leaving the system short-circuited for extended periods of time results in thickening of the 

oxide. An implication of this phenomenon is that applying a potential (relative to a shorted 

system) causes dewetting, as evident by the electrowetting curve (cf. Figure 4.1f).   
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Figure 4.4: Wetting of a droplet on EGaIn without externally applied potentials. (a) At open 

circuit, the droplet maintains a large contact angle with the substrate. (b) When the circuit is 

closed, the drop rapidly (and reversibly) wets the substrate due to the offset from the Vpzc. 

 

 The ability to induce wetting without an external voltage source is due to the non-

negligible VPZC. Previous work has shown that the VPZC is a function of the surface potential, 

electrolyte composition, and the composition of the top and bottom electrodes.27 Since the VPZC 

appears to occur at the same value for DI water and SDS solutions, we instead varied the metal 

used in the top electrode to shift the VPZC. We utilized both solid and liquid conductors for the 

top electrode, including stainless steel, copper, platinum, solid gallium, and EGaIn while 

measuring the resulting electrowetting curve (Figure 4.5a) by linearly sweeping the potential 

at 1 mV/s using DI water. In each case, the shape of the electrowetting curve remains similar, 

but each one shows a distinct offset of the peak. Furthermore, a symmetric system (with either 

EGaIn or gallium as the top electrode) shows an apex approaching zero volts. The results here 

imply that simply changing the materials of construction of the top electrode is a simple way 

to shift the electrowetting behavior. The current profiles (Figure 4.5b) align with the key 

features in the electrowetting curves (Figure 4.5a); there is no current at the apex for each 

electrowetting curve, while there is current from dielectric breakdown at the potentials where 
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contact angle begins to saturate. Replicating the electrowetting curve with a Ag/AgCl reference 

electrode inserted into the solution causes the apex of the respective curves to center near a 

single value (approximately -0.6 V vs. Ag/AgCl) (Figure 4.5c). This collapse occurs because 

the Ag/AgCl reference electrode replaces the role of the top electrode in defining the VPZC. 

Moreover, the current profiles in Figure 4.5d indicate that current only occurs away from the 

apex of the curves. 

 
Figure 4.5: The point of zero charge varies with materials of construction.  (a) Electrowetting 

curve of DI water with platinum, stainless steel, copper, gallium, and EGaIn top electrodes. 

EGaIn film serves as the substrate electrode for electrowetting. (b) Linear sweep 

voltammogram of two-electrode system at 1 mV/s. (c) Electrowetting curve of DI water with 

varied top electrodes and Ag/AgCl reference electrode. (d) Linear sweep voltammogram of 

three-electrode system at 1 mV/s. 
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4.3 Conclusions 

We have demonstrated a robust system for electrowetting-on-dielectric that is simple 

to fabricate, self-healing, stretchable, reversible, and operates at low voltages. It is also capable 

of wetting without an external potential due to the non-zero ‘potential of zero charge’ arising 

from the materials of construction of the electrodes. Applying a potential relative to this shorted 

configuration results in electrodewetting. The combined simplicity of this system and its ability 

to electrowet without externally applied voltage provides a simple strategy to manipulate liquid 

droplets for microsystems and lab on a chip systems. These unconventional electrodes may 

also enable or facilitate electrowetting in new places, such as microfluidics (e.g. injectable 

electrodes), rough surfaces, and stretchable substrates.  

 

4.4 Methods and Materials 

Substrate Fabrication: We fabricated the electrodes by first constructing a spreader 

tool (similar to a slot die with a gap of 50 μm) out of polymethylmethacrylate (PMMA) using 

a laser cutter. Dragging the spreader along the length of the 3” x 1” glass slide established a 

thin and shiny film from a 100 μL drop of EGaIn. The film was spread across a piece of copper 

tape on the substrate, to form an electrical connection. This method was also used for the 

gallium electrode, with the gallium placed in a freezer until it solidified. For the rough film, a 

20 μL drop was brushed across the glass surface with a cloth until a continuous film was 

established across the entire surface. 

DC Electrowetting: The contact angle of the water drop is recorded at equilibrium upon 

applying a DC voltage. A contact angle goniometer (manufactured by First Ten Angstroms 32) 
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records the contact angle of the droplet. De-ionized water or a solution of water and 1 wt% 

sodium dodecyl sulfate were dispensed within the oil with a 30 gauge stainless steel syringe 

needle. Electrical experiments were performed with Agilent E3612A power source. Electrical 

connections were made to the copper tape on the substrate, and to the syringe needle. The 

positive terminal of the power source is connected to the stainless steel syringe tip. Meanwhile, 

the negative terminal is connected to the Cu tape. The negative terminal is also grounded to 

the source meter. A Fluke multimeter connected in parallel to the Agilent power source was 

used to verify the applied voltage. Potential was applied from -1.40 V to -0.30 V for the DI 

water, and -1.30 V to -0.45 V for the SDS/water, in 50 mV increments. The results shown in 

Figure 2 represent the average contact angle at the respective voltage from three trials. The 

error bars show the standard deviation of contact angle from the three trials. Beyond -1.1 V, 

the water droplet cannot achieve an equilibrium contact angle due to dielectric breakdown. In 

the breakdown regime, the water droplet moves spatially, which results in asymmetric contact 

angle between left and right side of droplet. The asymmetry of the drop is the cause for high 

standard deviation of contact angle beyond -1.1 V. All drops were imaged in a First Ten 

Angstroms 1000B contact angle goniometer. 

AC Electrowetting: All AC electrowetting experiments were two-electrode, performed 

with a -800 mV DC offset with respect to the stainless steel counter-electrode, and a 100 Hz 

sine wave. The experiments were performed from 0 mV RMS to 800 mV RMS, in 50 mV 

increments; they were also performed in both directions, to test for hysteresis. The potential 

was left on for at least one minute, to make sure that the contact angle reached equilibrium.  
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Stretchable Electrowetting: The stretchable substrates were prepared in the same 

manner as the glass slides. The EGaIn was spread across a 3 cm x 1.25 cm piece of Ecoflex. 

The Ecoflex was then stretched to 6 cm, and clipped down to a glass slide to hold the strain in 

place.  

Self-Wetting: The self-wetting experiments were performed by directly connecting the 

copper tape attached to the substrate and the stainless steel syringe needle. 

Variable Electrodes: 23 gauge polypropylene syringe tips were used to dispense DI 

water. The top electrode material was inserted into the plastic above the syringe tip (to make a 

connection to the water), and connected to the potentiostat. EGaIn and gallium were injected 

into Tygon® tubing and then sealed above the tip in the same manner. The potential was then 

swept at 1 mV/s from -1.5 V to -0.2 V with respect to the counter-electrode for the case of 

platinum, stainless steel, and copper. For gallium and EGaIn, the potential was swept from -

0.5 V to 0.5 V with respect to the counter-electrode, and the resulting contact angle and current 

were measured.  

This method was then repeated, with a reference electrode, along with the counter-

electrode. To fabricate the reference electrode, a silver wire was inserted into Tygon tubing 

that was filled with an agar hydrogel. The hydrogel was made by placing 2 wt% agar into a 

solution of saturated silver chloride in 3.5 M potassium chloride, heating the solution, and then 

injecting into the Tygon. Once the reference and counter-electrode were inserted, a linear 

sweep was performed at 1 mV/s for each metal, from -1.5 V to -0.2 V with respect to the 

Ag/AgCl reference. From this, the contact angle and current were simultaneously measured. 
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Conclusions and Outlook 

 By applying an electrochemical potential to a gallium-based liquid metal alloy in 

solution, we have demonstrated a variety of novel features. We have shown dramatic and 

reversible shape change by tuning the thickness of an anodic oxide layer; we have 

demonstrated directional control, stable liquid metal fibers, and reconfigurable microfluidic 

devices. Furthermore, we have utilized this oxidation process to discover a new universality 

class of fingering instabilities. Finally, we have shown that this metal can serve as the substrate 

in electrowetting-on-dielectric, allowing for a simple fabrication and electrowetting without an 

applied potential.  

The preceding work has left several lingering questions regarding both the nature of 

the liquid metal and its oxide. This section discusses the outlook and future work for research 

involving EGaIn from the work described in this thesis, including possible new research paths 

and questions that have arisen from these projects. There are both fundamental scientific 

questions and potential applications. 

Many of the pressing questions still remaining from this work revolve around the oxide 

layer on the surface, under both ambient and anodizing conditions. First and foremost, future 

work will involve quantifying the interfacial tension between the liquid metal and its oxide 

under ambient conditions. While it is possible to easily measure the interfacial tension in acid, 

base, or de-oxygenated solutions with traditional methods, measuring the effective interfacial 

tension of the liquid metal in ambient air presents a much greater challenge. Most of these 

methods rely on measuring the equilibrium geometry of a liquid in its environment; however, 
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in this case, the mechanical stability provided by the oxide allows the metal to be deformed 

into shapes that do not minimize interfacial energy. Rather than having a single interface 

between the liquid metal and the environment, EGaIn in ambient air has two: the liquid/oxide 

interface and the oxide/environment interface. Work from Chapter 2 suggests that the oxide 

acts as a surfactant, indicating that the interfacial tension between the metal and its oxide is 

low; we have substantial evidence to back this assertion. However, more research will need to 

be undertaken to quantify the value of the interfacial tension at this surface. 

Further questions remain regarding the oxide layer, particularly its composition and 

thickness in solution and under anodic potential. While we have provided a crude estimate of 

the oxide thickness in Chapter 3, based on a simple mathematical model, we have not attempted 

to directly measure changing thickness as a function of time and voltage. Ascertaining more 

information about the growing oxide could provide a better understanding of the dynamic 

forces involved when the liquid metal drop is spreading and forming fingering instabilities. 

We have considered a variety of techniques that would help us better understand the thickness, 

structure, and composition, including optical spectrosocopy, direct measurement of the change 

in mass as a function of time and potential through a quartz crystal microbalance, and 

measuring the dissolution rates of the oxide in various media by measuring the concentration 

change of gallium and indium in solution. Additionally, through rheological techniques, we 

may be able to measure the dynamic mechanical properties of the oxide layer under an 

oxidative potential. 

One area that has not been carefully explored is the formation of liquid metal fibers 

(shown briefly in Chapter 2). These fibers present an interesting topic for characterization, as 
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they have not been well-studied. Future research could examine the relationship between flow 

rate, voltage, and capillary diameter of these fibers. Interestingly, these fibers appear to remain 

stable well-beyond their instability limit, possibly owing to the mechanical effects of the oxide. 

Thus far, we have not seen drops of the liquid metal break up in a Rayleigh instability, as is 

observed with Newtonian fluids; we have demonstrated stable wires of over 1 foot in length. 

Finally, most of the work from Chapter 4 has focused on characterizing the 

electrowetting behavior of the liquid metal substrate. However, the field of electrowetting has 

a vast array of applications, and many of these could benefit from a substrate with as many 

advantages as EGaIn or gallium. One future direction could focus on utilizing the simple 

patterning of the metal for functional and biocompatible lab-on-a-chip devices.  

 

 

 

 

 

 

 

 

 

 

 

 


