
ABSTRACT 

KHAN, MOHAMMAD RASHED. Engineering the Yield Properties of the Oxide Skin on a 

Liquid Metal Alloy. (Under the direction of Michael D. Dickey.) 

 

The aim of this thesis is to study, control, and manipulate the properties of a passivating 

surface oxide layer (skin) that forms spontaneously at ambient temperature on a room 

temperature liquid metal alloy, eutectic gallium indium (EGaIn).  The oxide skin governs the 

electrical, mechanical, and chemical properties of the surface of the metal. We demonstrate 

the utility of this skin by creating reconfigurable electronics (e.g., antenna and microstrip 

filter) that change shape by flow. The ability to flow and stabilize the liquid metal on demand 

for shaping it into useful and responsive structures (e.g., antennas, switches, sensors, 

electronic filters) relies on the rupture and reformation of the oxide skin. We seek to 

understand these properties to better control the shape of the metal.  

 

Rheology and electrochemistry provide fundamental and quantitative information about the 

behavior of this skin under various mechanical and chemical environments.  In a stress 

controlled rheometer, parallel plates sandwich EGaIn and measure the modulus and yield 

stress of the skin by oscillatory stress-strain measurements.  The mechanical properties of 

EGaIn on the micro scale can be tuned by modifying the skin.  A home built chamber on the 

rheometer controls the chemical environment surrounding the metal (e.g., water, aqueous 

solutions, and organic solvents) and allows for the measurement of the modified mechanical 

properties of the interface of EGaIn in these environments.  The results suggest that certain 

environments (water, acid) weaken the skin and others (polyvinylalcohol) reinforce the skin.  

 



To detect the real time oxidation and rupture of the oxide layer, we utilize an amperometric 

technique. We hypothesized that electrochemical measurements could detect the oxidation of 

freshly exposed metal.  We describe a new amperometric technique for measuring the 

oxidization of metal that takes advantage of the liquid nature of EGaIn.  We utilize EGaIn as 

a working electrode and expel the metal out of a syringe at a controlled flow rate to create 

new surface area at a known rate.  As the EGaIn droplet enlarges, the skin ruptures and 

oxidation ensues.   We measure and analyze the amperometric signals arising from this 

technique. This work is a first step toward ultimately integrating electrochemistry with 

rheology in a novel manner so as to elucidate the rupture of the oxide skin under controlled 

mechanical conditions (i.e., in the rheometer) and correlate the resulting changes in 

mechanical properties in real time.  
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CHAPTER 1  

 

1.1 Research Focus 

The aim of this thesis is to study, control, and manipulate the properties of a passivating
1
 

surface oxide layer (skin) that forms spontaneously at ambient temperature on a room 

temperature liquid metal alloy, eutectic gallium indium
2
 (EGaIn).  The skin provides 

mechanical stability to the high surface tension
3,4

, low viscosity
5
 liquid metal such that it can 

be molded into useful shapes (e.g., antennas
6-10

, interconnects
11,12

, self assembled 

monolayer
13,14

 and electrodes
15

).  Rupturing the skin allows it to flow (e.g., into microfluidic 

channels to define its shape) and provides a method to create conductive structures that 

change shape, and therefore function, in response to stimuli.   We seek to understand these 

properties to better control the shape of the metal.  Rheology and electrochemistry provide 

quantitative information about the behavior of this skin under various mechanical and 

chemical environments. These fundamental studies provide the basis for the design of soft, 

functional structures that harness these properties using microfluidics. We aim to accomplish 

the following in this study: 

1. Fabrication of shape shifting devices (e.g., a reconfigurable antenna and fluidic 

filter) by using engineered microfluidic channels that harness the rheological and 

yield properties of EGaIn. Study of the rheological properties of EGaIn. The 

unusual properties of EGaIn arise primarily from its skin. Rheological 
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characterization of the skin quantifies the yield properties as a function of processing 

of the metal and the chemical environment surrounding the skin.  Understanding 

these changes is important for controlling and tuning the response of the metal to 

pressure in microfluidic devices.  

2. Study of the oxidation of EGaIn. The goal is to use electrochemistry to detect and 

measure both the formation and rupture of the oxide layer. When the oxide skin 

yields, the underlying metal becomes exposed and oxidizes.  We seek to measure and 

understand these events. 

 

1.2 Introduction                                                                                   

  

Eutectic gallium indium (EGaIn
2
, Gallium 75 wt% and Indium 25 wt%) is a gallium-rich 

liquid metal alloy with low viscosity
5
 and high conductivity

3
. It forms spontaneously an 

oxide skin
1,5

 at room temperature. The presence of this oxide skin enables this low viscosity 

alloy to be micromolded into stable, non-spherical shapes and structures such as wires and 

antennas
6-8

. The aim of this research is to study, modify, and control the properties of the 

oxide skin and utilize the properties for producing soft, flexible and functional microfluidic 

devices that can change shape in response to stimuli. 

 

Conventional electronic devices are generally fabricated from rigid materials (e.g., copper, 

aluminum, and gold) but these devices experience irreversible damage under deformation 
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due to cracking and yielding. There is great interest in making electronics flexible (and 

stretchable) because of the new applications that emerge
16

.  Examples include conductive 

textiles
17,18

, paper like flexible displays
19,20,21

, conducting skin
22

, scanners
23

, RFID tags
24,25

, 

solar cells
26

, non volatile memory
27

 and photovoltaics
28

.  We note that most electronic 

devices consist of multiple types of materials, including semiconductors, insulators, and 

conductors, but our work focuses only on conductors, which are vital in nearly all electronic 

devices.   Typically, flexible electronics are fabricated by making conventional materials thin 

(e.g., aluminum foil is flexible).  However, thin film geometries on flexible substrates cannot 

be stretched significantly because of induced fracture upon strain
29-31

.  Several groups have 

addressed this problem by using buckled structures (that fold like an accordion) and therefore 

offer greater flexibility
32-34

.  Liquids are highly deformable and therefore are an appealing 

material for stretchable electronic devices. However, liquids often have low electrical 

conductivity and high vapor pressure, which restricts the applicability of familiar liquids (e.g., 

water, brine) in flexible electronic devices. Moreover, most of the liquids can not be 

micromolded into useful shapes due to surface tension that seeks to minimize the free surface 

energy. We address these aforementioned challenges by harnessing the rheological properties 

of EGaIn. EGaIn, despite of its high surface tension (~640 mN/m), is stabilized mechanically 

in microchannels because of the presences of the surface oxide skin
5
. By rupturing this 

surface oxide, EGaIn has already been tailored for many microfluidic devices like 

reconfigurable antennas
6,8

, microfluidic electrodes
15

, and memory resistors
35

.   
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In general, the oxide interface that forms on metals (e.g., EGaIn composite) is important for 

nanotechnology, surface science, semiconductors, microfluidics and microelectronics
36-42

. 

Chemical and electronic interactions are the two most common research thrusts for 

metal/oxide interfaces
43

. The adhesion strength
43,44

 and mechanical stability or rupture
45-47

 

behavior are less characterized, yet particularly important for liquid metal systems. In this 

study, the mechanical stability and rupture behavior of the oxide layer will be characterized 

by exploiting rheological and electrochemical principles.  

 

1.3 Background 

 i) Liquid metals  

There are four known elements that are liquid at (or near room temperature):  mercury, 

gallium, cesium, and rubidium.  Rubidium is radioactive and cesium is explosive.  Mercury is 

the most common room temperature liquid metal but its high surface energy, its toxicity, and 

its density makes it unfavorable for microfluidic applications
5,48

. Gallium is a compelling 

liquid metal because it has a low viscosity (like mercury)
49

, but forms a surface oxide
1
 that 

stabilizes it mechanically in microchannels
5
.  Gallium melts at 30 °C

50
 and is therefore 

technically a solid at room temperature (although it is known to super cool readily)
51,52

.   

 

Other low melting metals (e.g., indium, zinc and tin) form alloys that depress the melting 

point of gallium below room temperature
50

.  We focus on eutectic gallium indium because it 

is the simplest of these alloys (i.e., it is binary) and much is known about its properties.  It 
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melts at 15.7 °C
5
 and has an extremely low vapor pressure at ambient temperature

49,53
. The 

surface of EGaIn oxidizes readily to form a passivating layer
1
 (i.e., it does not grow thicker 

with time) which we call a ‘skin’. The skin consists of oxides of gallium
5
, which is the same 

as that which forms on pure gallium.  Thus, most experimental conclusions from EGaIn 

(regarding its skin) are most likely to be applicable for other alloys of gallium too, like, 

GaInSn (Galistan).  Furthermore, literature surveys on gallium and its surface oxide are 

typically relevant to EGaIn since gallium dominates the important interfacial properties.  The 

following section enlists some of the key properties of gallium, which is followed by the 

background on surface oxide.  

 

ii) Properties of Gallium 

Pure gallium is an odorless soft, grey white metal having a rhombic face centered crystal 

lattice
49,54

 ( a = 4.517, b = 4.511, and c = 7.645 ); in liquid form it closely resembles 

mercury
49

. One of the key features of gallium and its alloys is they remain liquid over a wide 

range of temperatures
49,51,55,56

. Of all the elements, gallium has the largest range between its 

melting point (30 °C) and its boiling point (~2200 °C).  

 

Gallium has several interesting properties that occur during freezing.  It can be supercooled 

to a temperature below its melting point up to -40
0
C

51 
(i.e., 70 C below its freezing point). 

Supercooling of liquid metal is affected by the presence of the surface oxide that provides the 

seed crystal to initiate homogeneous or heterogeneous nucleation
57-59

. The density of gallium 
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in the liquid state (6.095 g/cm
3
) is larger than the solid state (5.904 g/cm

3
), resulting in 3.2% 

increase in volume when it solidifies
49,60  

Electrical conductivity of liquid gallium is higher 

than solid gallium because of the increase in co-ordination number in the molten state
49,60

. 

This property suggests that liquid is more metallic than the solid gallium. Electrical 

resistance and thermal expansion of solid gallium are different along the three 

crystallographic planes
49,60

.  

 

iii) Surface oxide on liquid metal  

The surface of gallium and EGaIn oxidize rapidly in air to form an oxidized surface which is 

mostly oxides of gallium (amorphous). Among all the polymorphs
61,62

 of gallium oxide, β-

Ga2O3
63-65

 is chemically
66

 and thermally stable
62,67

. It is a wide band gap
68-70

 transparent n-

type semiconductor with amorphous structure. It has been widely used as a gas sensor
68,71-73

, 

luminescent phosphor
74

, transparent oxide
66

, catalyst
72,75,76

, insulator
64,77

 for gallium based 

semiconductors, nanowires and nano ribbons, in laser lithography, solar cells, and 

optoelectronic devices
78-83

.   

 

The rate at which the oxide film forms on gallium and EGaIn is not well understood and is 

one of our research focuses. However, it is known that the oxide skin forms quickly in air 

(less than a second) and is passivating (i.e., does not grow thicker with time)
1
. This type of 

formation generally follows logarithmic decay rule and the structure is not 

thermodynamically stable because the surface gets compressed due to fast formation
84,85

. 
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The surface oxide on EGaIn is an elastic solid that acts as a membrane to support the metal 

until it yields
5
. It is strong enough to support the material below its critical limit but it 

ruptures in response to external stimuli that creates stress more than its critical value (~0.5-

0.6 N/m surface yield stress)
5
. EGaIn can be induced to flow in microchannels if the applied 

stress is higher than the yield stress of the surface oxide skin.  

 

 1.4. Approach 

The oxide skin governs the electrical, mechanical, and chemical properties of the surface of 

the metal. The ability to flow and stabilize the liquid metal on demand for shaping it to useful 

responsive structures (e.g., RF-antenna) relies on the rupture of the oxide skin and its 

reformation.  The liquid metal can be induced to flow into microchannels if the applied 

pressure exceeds the critical pressure (i.e., pressure necessary to yield the skin). The critical 

pressure scales inversely with the smallest dimension of the microfluidic channel and directly 

with the critical yield stress of the skin. Therefore, it is possible to tune the critical pressure 

by changing the geometry of the microfluidic channels.   

 

Based on these principles we have produced a shape shifting antenna and microstrip fluidic 

filter, which will be discussed in Chapter 2 and Chapter 3.  The goal of this work is to 

control the way in which metal changes shape, and therefore function, in microchannels.  
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The mechanical properties of EGaIn as a composite can be tuned by modifying the skin, 

which would also likely modify the chemical and electrical properties of the interface. 

Fundamental studies of the mechanical properties of the surface of EGaIn will be carried out 

by rheological measurements. In a stress controlled rheometer, EGaIn will be sandwiched in 

between a parallel plate of the rheometer and surrounded by aqueous, acidic and organic 

environments. We will measure the modified mechanical property (i.e., yield stress) of 

EGaIn interface in these environments.  The results suggest that the environment changes the 

nature of the skin.   

 

In order to detect the real time oxidation and rupture of the oxide layer, we will utilize an 

amperometric technique. Electrochemical measurements will help establish a “current-

voltage-droplet shape” signature or calibration curve that will allow us to characterize the 

rupture process. We are also interested in ultimately integrating the rheology and 

electrochemistry in a novel manner so as to elucidate the oxide skin rupture and resulting 

changes in mechanical properties in real time. When the oxide skin ruptures, the skin 

weakens and the fresh metal surface gets exposed and is prone to reoxidize.  

 

By integrating the rheology and electrochemistry, we seek to harness these two mechanisms 

(i.e., rupture and oxidation) simultaneously. As a first step towards this integrated analysis, 

we will describe an amperometric analysis to elucidate rupture of the oxide skin in aqueous 

environments.  
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1.5 Overview of the thesis  

This thesis combines fundamental studies with applications utilizing EGaIn. Chapters 2 and 

Chapter 3 illustrate the importance of the skin to control the shape of EGaIn to produce 

electronic devices (an antenna and a microstrip filter) that change shape, and thus function, in 

a controlled response to pressure. Chapter 2 is adapted from a publication in Applied 

Physics Letters (Issue 1, Volume 99, 2011). Chapter 3 is in preparation for submission to 

IEEE Microwave Theory and Techniques.   

 

Chapters 4 and 5 explain fundamental studies on the mechanical and electrochemical 

properties of the metal, respectively. We aim to control and modify the surface of the liquid 

metal under different stress controlled environments and monitor the change in yield 

properties of the surface in real time. Chapter 5 describes an electrochemical analysis to 

detect the surface rupture or failure of the metal.  
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CHAPTER 2: A FREQUENCY SHIFTING LIQUID METAL 

ANTENNA WITH PRESSURE RESPONSIVENESS 

 

2.1 Introduction 

This chapter describes antennas fabricated from a liquid metal alloy that can change their 

electrical length and thus, frequency in response to pressure. Most antennas have a singular, 

static shape that defines their performance.  Reconfigurable antennas, in contrast, can alter 

their functional behavior (e.g., frequency, bandwidth, or polarization)
1,2

 by changing the 

shape of conductive elements of the antenna
3
.  This approach typically involves mechanical 

or electrical switches (e.g., MEMS, diodes, RF MEMS capacitors)
3-14

 that selectively connect 

and disconnect conductive segments to the antenna. Stretchable antennas composed of liquid 

metal encased in elastomer can change their physical shape, and therefore resonant frequency, 

in response to strain
15-17

. Here, we present an antenna architecture that can change its shape 

in a simple manner by inducing the conductive antenna elements to flow (and merge) in 

response to external stimuli without using any external switches. The challenge with this 

approach is to control the way the liquid metal changes its shape so that the response is 

predictable and rapid. We address this challenge by harnessing the rheological properties of a 

low viscosity
18

, conductive
19

 liquid metal alloy (eutectic gallium indium
20

, EGaIn, 75% 

gallium and 25% indium) that is stabilized mechanically within microchannels despite its 

large surface tension due to the presence of a solid oxide skin
18

 that forms spontaneously on 
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its surface and does not grow thicker with time (i.e., it is passivating
21

). Previous rheological 

measurements confirm the elastic nature of the skin and establish that it yields beyond a 

critical stress
22

.  We designed a microfluidic channel in such a way that an initially short 

dipole antenna (~25 mm long) would merge with adjacent segments of metal to create an 

elongated dipole (~51 mm long) when exposed to a pressure above the critical value required 

to yield the skin. The merging process changes the shape, and therefore resonant frequency 

(in three distinct states), in a predictable manner. Because the process of merging is 

irreversible in its current form, the resonant frequency of the antenna represents a spectral 

memory state that records the pressure to which it is exposed and offers a simple approach 

for sensing and recording stimuli (e.g., pressure) wirelessly. This chapter demonstrates and 

models this frequency-shifting fluidic antenna and elucidates the mechanism by which it 

changes its shape.  

 

2.2 Results 

 

Figure 1 describes the concept of frequency shifting antennas formed by injecting liquid 

metal into microfluidic channels composed of polydimethylsiloxane (PDMS)
23-25

 . The 

antenna geometry consists of a single row of four collinear segments (each 1 mm wide, 12.6 

mm long, 50 m thick) placed end-to-end. Initially, the two innermost segments comprise the 

dipole.  Two rows of posts (each row consists of 50 m diameter posts with a 100 m center-

to-center spacing) separate the two innermost segments from the two outermost segments  
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Figure 1. A depiction of an antenna that reconfigures its shape in response to pressure (not to 

scale).  a) Empty microchannels with inlet holes (not shown in remaining depictions) b) 

Rows of posts separate the two outermost segments of the antenna from the two innermost 

segments. c) Injecting liquid metal into the microfluidic channels produces four antenna 

segments. Initially, the two innermost liquid segments of length L1 define the dipole antenna. 

The metal will not flow through the posts until the applied pressure exceeds the critical 

pressure required to yield the skin that mechanically stabilizes the liquid. d) The four sections 

of metal merge into two longer sections (each of length, L2), which lowers the resonant 

frequency.  

 

[Figure 1(b)].    During the fabrication process
26

, the metal is injected by hand through the 

inlet holes (an outlet vent allows air to escape the channel during filling), fills the channels 

readily, and is stabilized mechanically at the posts by a thin oxide skin [Figure 1(c)]. It does 

not flow between the posts (the posts acts as Laplace barriers
27

) as long as the critical 

pressure is not exceeded (the critical pressure depends on the geometry of the posts and is 

approximately 7 psi for the present geometry)
18

.  Pressures that exceed the critical pressure 
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force the metal to flow between the posts and thereby merge the outermost segments with the 

inner segments [Figure 1(d)] to increase the physical and electrical length of the dipole.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Photographs of a shape reconfigurable antenna in three different states. Length L1 

is 12.6 mm.  a) State 1 consists of four isolated segments of liquid metal embedded in 

elastomer. The two innermost segments, L1:L1, define the antenna Applying pressure to the 

right side of the antenna causes two of the sections to merge such that the dipole assumes a 

different geometry, State 2 (L1:L2). Merging both outermost segments with the innermost 

segments forms State 3 (L2:L2) b) Micrographs of the region between the segments of metal. 

i) A narrow gap defined by two rows of posts initially separates the segments.  ii) By 

applying sufficient pressure at the inlet, the metal flows through the posts and merges into an 

electrically continuous segment.   

 

Figure 2 shows photographs of the antennas in three different states.  The two innermost 

segments comprise the initial dipole antenna with lengths L1 (“state 1”). Pressure applied to 

one input hole ruptures the oxide skin to produce “state 2” by increasing the length of one 
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arm of the dipole (L2 >L1).  Pressure applied to the other input hole produces “state 3” in 

which the dipole consists of two arms, each of length L2.  Figure 2(b) shows micrographs of 

the gap between the PDMS posts before and after merging the metal. 

 

 

 

 

 

 

 

 

 

Figure 3. Three distinct frequency responses illustrating the frequency shifting nature of the 

antenna. Measured spectra (open symbols) match well with the simulated spectra (filled 

symbols). As the arms of the antenna get longer (going from State 1 to 2 to 3), the spectral 

response of the antenna shifts to a lower resonant frequency.  

 

A coaxial balun featuring two electrical leads connected to the two central arms of the dipole 

excited the antennas
15

. A network analyzer measured the spectral responses (reflection 

coefficients) of the antennas and CST-MWS
28

 software simulated the spectral response of the 

antennas. The simulated models of the different lengths of dipoles included the physical and 

electrical properties of the PDMS substrate (εr=2.7 and tanδ = 0.04) and the liquid metal 

components
18

 (σ = 3.4×10
4
 Scm

-1
); Figure 3 shows that the simulation results and 



 23 

measurements are in good agreement. As the length of the dipole increases via merging of 

the segments (from states 1 to 2 to 3), the resonant frequency shifts to a lower value (from 

3.6 to 2.6 to 1.9 GHz, respectively, based on the best impedance match), which is consistent 

with the simulated spectra. The electrically isolated outermost segments in state 1 exhibited 

minimum electrical coupling to the innermost segments as confirmed by simulation. During 

the merging process, the metal would often leave small air gaps between some of the posts 

[e.g., Figure 2(b)].  Based on the model, the trapped air has a negligible effect on the antenna 

response due to the sufficient electrical connection of the metal between the other posts.  

 

 

 

 

 

 

 

 

 

Figure 4.  Sequential micrographs of the process of merging liquid metal segments. Images 

are taken from a high speed video camera and each frame represents about 0.3 milliseconds. 

Pressure applied to the lower segment causes the liquid metal to rupture through two posts 

and merge with the adjacent metal to form an electrically continuous wire segment and 

thereby elongate the antenna. 

 



 24 

The merging process occurs extremely fast (within a few milliseconds) due to the low 

viscosity of the liquid metal and the short distance it has to travel.  To elucidate the merging 

process, a video camera with a fast capture rate (5,000 fps) recorded the liquid metal as it 

ruptures between the posts due to applied pressure. Figure 4 shows 12 chronological frames 

that capture the merging process over a window of time spanning 3.6 ms. Rupturing occurred 

at ~8 psi of applied pressure, which is in sufficient agreement with the predicted yield stress 

(~7 psi) behavior of the skin of the metal for the given geometry
18

. Typically, the liquid 

metal only ruptures between one set of posts (c.f., Figure 4).  This result is consistent with 

the critical yield stress property of the metal; once the metal ruptures between two posts, the 

pressure drop at the other metal / air interfaces is no longer sufficient to rupture the skin.  The 

liquid metal merges with the adjacent segment of metal to form an electrically continuous 

wire before flowing toward the vent holes.  Without optimization (and using only our hands 

to control the pressure applied to the syringe during the initial filling), the segments merged 

~75% of the time.  In the failures, the wires did not merge due to small air gaps between the 

two metal interfaces spanning neighboring posts. The yield increased to 100% by either (1) 

pushing the metal as far as possible through both rows of posts prior to rupturing to increase 

the chances of merging, or (2) applying pressure to the inlets of both adjacent segments of 

the metal and thereby forcing the metal to merge.  
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2.3 Conclusion 

This chapter demonstrates antennas that change their shape, and therefore frequency, in 

response to external stimuli (pressure) without utilizing any external switches or electrical 

connections by inducing a liquid metal to flow and merge into elongated geometries in a 

predictable manner.  This simple approach controls the shape of the active elements of the 

antenna by exploiting the rheological behavior of the liquid metal that originates from its 

oxide skin. Modeling of the different states agreed with the experimental results that show 

shifts of the reflection coefficient response to lower frequencies as the antenna is elongated.  

Images from a high speed video helped elucidate the mechanism of merging in which metal 

ruptures between posts when the applied pressure exceeds a critical value.   

 

The ability of the antenna to changes its shape, and therefore function, in response to external 

stimuli is useful for wireless sensing in which the antenna itself is a sensor.  In its current 

form, the merging process is irreversible and therefore serves as a passive memory element 

in which hysteretic information is stored in the spectral signature of the antenna.  This 

chapter demonstrates the ability to merge four sections of wires to create three distinct 

antenna states, but in principle, many different states and geometries are possible. The 

pressure required to merge the segments could also be tuned by changing the geometry of the 

posts.   In addition to changing the operational frequency (reflection coefficient), the 

approach could also be used to tune other antenna parameters, such as radiation pattern and 

polarization.  These antennas could be used in wireless sensing or monitoring radio systems, 
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switches, RFID tags, conformal circuits for health monitoring, or in military applications.  

An additional advantage of liquid metal antennas is that they adopt the mechanical properties 

of the encasing material.  Antennas encased by elastomer can therefore be bent, twisted and 

stretched. Here, external pressure altered the shape of the antenna, but it may be possible to 

use other stimuli (e.g., flexing the antenna) to induce segments of the antenna to merge.   
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CHAPTER 3: PRESSURE RESPONSIVE MICROSTRIP FLUIDIC 

FILTER USING A LIQUID METAL ALLOY 

 

3.1 Introduction 

This chapter describes the fabrication and characterization of a microstrip filter that can 

change its spectral filtering properties by changing its geometry in a controlled response to 

pressure. Conventional microstrip filters are fabricated from printed circuit board (PCB) 

technology 
1, 2

, a method of etching patterns on stacked sheets of copper and dielectric. These 

devices are physically static; that is, they have a single geometry that defines their electronic 

function. Microstrip filters
3
 are commonly used in microwave and RF circuits

4-8
 and some of 

the important applications of filters include rejection of interference or noise in wireless or 

radar systems, modulation or demodulation of signals, and sensing signals 
9-15

. Adapting the 

filtering functions for these applications often requires frequency tuning 
15-17

.  Using discrete 

components, the frequency response of a filter can be tuned by MEMS switches
13,17-21

, DC 

contacts / capacitors
22,23

, thin film varactors 
24

 or PIN diodes
25-27

. For distributed element 

filters
5
, like microstrip filters, the length of the stubs

28,29
 is one design factor that affects the 

filtering characteristics. Here, we present a new approach using a liquid metal as the 

conductive transmission line and stub.  The liquid in the stub flows in response to external 

pressure.  The length of the stub changes in a predictable manner due to the presence of posts 

that act as barriers in the microchannel 
30

. The approach takes advantage of the rheological 
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properties of eutectic gallium indium (EGaIn
31

, 75% gallium 75% and 25% indium), which is 

a low viscosity
32

, highly conductive
33

 liquid alloy. The alloy only flows when sufficient 

pressure is applied to rupture the solid, membrane-like oxide skin that forms spontaneously 

on its surface
32

.   We designed microchannels such that the metal would flow, and thereby 

change shape, in a predictable manner in response to pressure to make dynamic filters with 

three spectral states.  In their current state, these physical changes are not reversible and can 

be incorporated as inexpensive, passive switches or sensors of pressure.  Here, we describe 

the fabrication of these filters and model and characterize their filtering performance.   

 

3.2 Results  

 

Figure 1 shows the geometry of the microstrip filter consisting of a microfluidic channel 

shaped as a T-junction that is separated from a conductive copper ground plane (c.f. Figure 

2) by a thin layer of polydimethylsiloxane (PDMS) 
34-36

.  The T-junction consists of a main 

microstrip transmission line (length ~45mm and width ~ 0.9mm) placed perpendicular to a 

stub line (length ~26mm, width ~ 0.8mm).  A row of PDMS posts separate these two lines.   

Liquid metal fills the transmission line to create a conductive pathway from one side of the 

transmission line to the other.  In the absence of an applied pressure, the metal does not flow 

into the stub because the rows of posts act as a Laplace barrier
37

.
  

A Laplace barrier is a 

geometric constriction through which a fluid cannot pass unless a critical pressure is 

exceeded (this pressure depends inversely on the size of the constriction). The presence of 



 31 

two additional rows of posts (that span the width of the stub line) allow the metal to flow into 

three distinct states depending on the applied pressure (the greater the pressure, the longer the 

stub length). The posts furthest from the transmission line are the most narrowly spaced, 

which ensures that larger applied pressures correspond to longer stub lengths.  When the stub 

is a quarter of a wavelength long, the stub presents a short circuit (couples with transmission 

line) to the transmission line and prevents the power from being transmitted through the 

transmission line at that frequency. 

 

 

 

 

 

 

 

 

 

Figure 1: A cartoon depiction of the microstrip filter geometry (top view) consisting of a 

microfluidic channel shaped as a T-junction. This T-junction is used to create shape changing 

fluidic filter that consists of a transmission line and a stub line. These two lines are placed 

perpendicular to each other and to be filled with EGaIn to produce different states of the filter. 

A row of posts (i.e., first row of posts) separates the transmission line from the stub line and 

an additional row of posts in the stub line allows to create three distinct irreversible states of 

this filter (c.f. Figure 2).   
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We define the critical pressure necessary to flow EGaIn through the main transmission line 

as P1, through the first row of posts (diameter ~ 0.075mm, gap ~0.12mm) as P2, and through 

the second row of posts (diameter ~0.08mm and gap ~0.06 mm) as P3. We identified post 

geometries that could be fabricated easily while maintaining large ratios of critical pressures 

(P1:P2~ 1.5 and P3:P2~ 1.5), estimated using the Young Laplace equation
32

.  Injecting the 

liquid metal through inlet holes into the transmission line by a syringe forms the initial state 

(state 1) of the filter. The oxide skin on the metal stabilizes it within the transmission line so 

that it does not flow. Adding co-axial connections to the inlet and outlet of the filled channels 

and sealing the outlet with more PDMS completes the device.  State 2 of the filter arises by 

applying higher inlet pressure at the inlet hole. This process ruptures the oxide skin that spans 

the posts and metal flows through the first row of posts to fill readily the stub line up to the 

next row of posts (i.e., half of the stub line). The second rows of posts are closer together 

than the first row of posts; thus, the liquid metal ceases to flow and is stabilized again at the 

second rows of posts.  Increasing the pressure further causes the metal to flow through the 

second set of posts and fill the stub completely with liquid metal. This process produces state 

3 of the filter.  

 

Figure 2 shows photographs and micrographs of the filter in three different states. The initial 

state of the filter is a simple transmission line defined by a microfluidic channel filled with 

liquid metal (the stub contains no metal). After applying pressure, the metal flows through 

the first set of posts and stops at the second row of posts to create State 2. At this point, the 
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stub is only half filled with liquid metal. As we increase the applied pressure (i.e., >P2) “State 

3” forms and the stub fills completely.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Photographs and micrographs of a frequency shifting microstrip filter in three 

different states. The filter is separated from the copper ground plane by a thin layer (~220 

micron thick) of PDMS. a) State 1 consists of a transmission line that is filled with EGaIn 

and the stub line is empty. The metal is stable due to the oxide skin at the first row of posts as 

it is shown in (i). b) State 2 of this filter is created by rupturing the oxide and flowing (c.f. 

inset image (ii)) the metal through the first row of posts by higher applied pressure at one of 

the ends of the transmission line. Since the dimension (i.e., the gap between the posts) of the 

posts (i.e., first row and second row) is different, the metal stops at the second row of posts 

again and it is shown in (iii). c) State 3 of this filter is created by flowing the metal through 

the second row of posts and micrograph (iv) depicts it 
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Figure 3: Three distinct spectral responses illustrating the frequency shifting nature of the 

microstrip filter. Measured spectra (closed symbols) agree well with the simulated spectra 

(open symbols). In state 1 the filter behaves like a transmission line with low transmission 

loss. As the stub line is filled with the metal, the stub line connects with the transmission line, 

filters some signal and shifts the frequency to the left. When the stub is completely filled, the 

filter response is at the lowest frequency. 

 

We measured the spectral response of the filter in all three states using a network analyzer 

and simulated the spectral response of the filter using CST software (a commercially 

available electromagnetic simulation tool that uses the finite integral technique in the time 

domain).  The simulated models of the different states of the filter include the physical and 

electrical properties of the PDMS substrate and the liquid metal components; Figure 3 shows 

that the simulation results and measurements are in good agreement. In “State 1” the filter 

consist only of the microstrip element that behaves like a transmission line with low 

reflection and low transmission loss.  As the length of the stub increases (from State 1 to 2 to 
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3), the filtered frequency shifts to a lower frequency which is consistent with the simulated 

results.   

 

3.3 Conclusion 

  

We fabricated and characterized a tunable microstrip filter consisting of liquid metal that 

changes its shape in a predictable response to pressure. The filter achieves three frequency 

signatures that depend on the external stimuli (pressure) without utilizing any electrical 

switches.  Simulation models of the different states agree with the experimental results.  

Since the stub length is elongated by applied pressure it can be used as a sensor of pressure or 

as a switchable filter.   The simplicity of the fabrication and operation may be useful for low-

cost applications where numerous filter elements can be distributed in a grid pattern over a 

large area to sense changes in pressure.  Furthermore, through adjusting the geometry of the 

posts, the pressure and frequency response ranges can be optimized for the specific 

application.  
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CHAPTER 4: TUNING AND CHARACTERIZING THE 

INTERFACIAL RHEOLOGICAL PROPERTIES OF A LIQUID 

METAL ALLOY  

 

4.1 Introduction 

The goal of this chapter is to study and modify the mechanical properties of a thin oxide 

skin
1,2

 that forms spontaneously on a room temperature liquid metal, eutectic gallium indium 

(EGaIn)
2,3

. This thin oxide skin allows the liquid metal to be micromolded into stable, non-

spherical shapes and structures
4
. The ability to shape this liquid metal into useful structures 

holds great promise for forming stretchable and reconfigurable electronics
5,6

, 

microelectrodes
7
, interconnects

8,9
, self assembled monolayers

4,10
 and  antennas

11,12
. Previous 

rheological measurements
13

 confirm the elastic nature of the skin below a critical yield stress 

(i.e., the stress that causes the skin to rupture and the metal to flow). The ability to shape (or 

re-shape) the metal relies on the ability to rupture the skin to allow the metal to flow in a 

controlled manner. This property is particularly important for applications in which the metal 

is designed to change shape on demand for stimuli responsive devices
5,6

. In this study, we 

aim to control and modify the mechanical properties of the skin (i.e., the critical yield stress) 

so that we can tune the pressure that causes it to rupture and therefore flow. We manipulate 

and measure the mechanical properties of the oxide skin by exposing the metal to different 

environments (both stress/strain and chemical environments) using a magnetic bearing 
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rheometer, AR-G2 (TA instrument). The present work is distinguished from conventional 

bulk rheology since the most important phenomena happen at the interface of the metal.   

Rheology is a branch of science that deals with the flow behavior of liquids as well as the 

deformation of solids 
14-16

. A typical rheological analysis includes a wide range of coupled 

variables such as force, stress, strain, torque, and deformation
15

. Rheological analysis has 

been used widely to investigate the properties and behavior of a variety of materials like 

polymers
17-19

, melts
20,21

, coatings
 
and dyes

16,22,23
. This analysis is also used to characterize 

changes in microstructures
24

 under applied flow. These analyses, however, rely on the 

rheological characterization of bulk fluid. In our current study, all the unusual properties 

arise primarily from the thin solid skin on the liquid metal surface. Here, the bulk liquid is of 

low viscosity (two times that of water)
25

, so the oxide skin dominates the mechanical 

properties. The present analysis, thus, is more similar to interfacial rheological analysis (i.e., 

the study of the flow properties of interfaces
26,27

) than to bulk rheology.  

 

Interfacial rheology
27

 is utilized for determining the flow properties of suspensions, 

emulsions, foams, proteins and surfactants
28-39

. Interfacial rheology is typically used to 

elucidate the behavior of surface active molecules, such as surfactants, and therefore requires 

very sensitive techniques.  In contrast, the liquid metal forms a solid oxide skin on its surface 

that dominates the mechanical properties of the metal relative to the bulk properties.  

Moreover, the surface of the metal is reactive such that any exposed metal should oxidize 

rapidly.   
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We aim to modify the yield properties
40-44

 of the liquid metal under different rheological test 

conditions (stress / strain) as well as under different chemical environments in a set of small 

amplitude oscillatory shear experiments.  Initially, we compare the properties of EGaIn in air, 

aqueous, and acidic environments. We show that water and acid both weaken the oxide skin, 

but it can recover its properties upon drying. We also increase the yield stress of EGaIn by 

coating spontaneously its surface with a polymer, poly-vinyl-alcohol (PVA). Finally, we 

apply two key findings from the rheological measurements to tune the critical pressure in 

microfluidic channels by exposing it to water and PVA solution.  

 

 

4.2 Experimental 

We used an AR-G2 rheometer
45

 (TA Instruments) with parallel plate geometry for all of the 

experiments. The bottom plate, which contains a peltier element for temperature control, is 

stationary and the top plate can rotate with an angular frequency, which is set by the low 

friction bearing motor of the stress controlled rheometer. The two plates sandwich the sample 

(in this case, EGaIn), which undergoes shear flow due to the movement of the top plate. A 

variety of rheological experiments can be conducted in this rheometer
45

, but we focus on the 

small amplitude oscillatory stress sweep since large sweeps
46

 are related with the 

characterization of materials after the yield point. All the measurements use eutectic gallium 

indium (99.99%, from Sigma-Aldrich).  Figure 1 provides a schematic of the rheometer setup. 



 43 

A custom-made acrylic reservoir provides a vessel into which liquids may be added in 

intimate contact with the liquid metal. The acrylic reservoir has four inlet and outlet holes in 

it to facilitate the rheological analysis under different environments.   

 

 

 

 

 

 

 

 

 

 

Figure 1: A schematic of the experimental setup. EGaIn is sandwiched between a top plate 

and the stationary bottom plate. To test EGaIn in different environments, an acrylic reservoir 

fits firmly with the dummy bottom plate. The reservoir is filled with different liquids, which 

we call “surrounding liquids”, to see their effect on the mechanical properties of EGaIn.  The 

top plate rotates with an angular frequency (ω, rad/s) and the bottom plate is kept stationary. 

All the resistance to top plate movement is generated by the skin on EGaIn and the 

instrument measures the strain (γ ) while controlling stress (σ, Pa) .  

 

 

In a typical experiment, we sandwich EGaIn between the top plate and dummy bottom plate. 

We used a 40mm plastic top plate for most of the experiments. The sandwiched sample 

volume determines the gap between these two plates, which typically ranges from 1200 μm 
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to 1600 μm for 0.6 ml to 1 ml samples. To ensure proper sample loading and to avoid sample 

spreading, the top plate is often lowered with a pre strain rate ( ~0.2/s). We performed all 

the experiments at room temperature. Before each experiment, we calibrated the instrument 

(to account for the inertia of the plate and bearing) and zeroed the gap between the top and 

bottom plates.  

4.3 Mathematical relationships
14-16

 

In a typical small amplitude oscillatory shear experiment, the top plate is rotated with a strain 

defined as,  

tsino   ………………………………………(1) 

The resulting oscillating stress from this strain is given by,  

)tsin(   0 …………………………………………(2) 

Here, 0 and o  are the strain and stress amplitude, ω is the frequency of oscillation and δ is 

the phase difference between the strain and stress.  The resulting stress has two components 

and is related with the elastic modulus and viscous modulus as, 

Elastic modulus, 



cos)('G

0

0  ……………………….(3) 

Viscous modulus, G” = 



sin)(

0

0 ………………………(4) 

The elastic modulus is in phase with the strain and the viscous modulus is out of phase with 

the strain. In a period of oscillation, the elastic modulus represents the stored energy in the 

material while the viscous modulus represents the dissipated energy of the material. For a 
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perfectly elastic material, strain and stress are in phase (i.e., no phase lag) and the elastic 

modulus has some finite value with no viscous component. For a purely viscous material, 

stress is leading by a 90
0
 phase angle and the viscous modulus has a finite value with no 

elastic component. Most materials share properties of these two extreme materials and are 

known as viscoelastic. 

 

In a typical rheological experiment (i.e., oscillatory stress sweep in this study) equation (2)-

(4) represents the bulk properties of a material. In our study, however, all the rheological 

properties arise from the surface of liquid metal rather than from bulk metal, which is of low 

viscosity liquid.  The rheometer assumes it is measuring a bulk property and converts torque 

and strain to bulk stress and modulus.  It also assumes that the sample (i.e., the metal) fills 

completely to the outer diameter of the top plate.  Thus, we have to develop relationships to 

convert bulk stress and modulus for an assumed 40 mm plate to that of a surface stress and 

modulus using 20 mm of material. All the bulk properties (stress, modulus) of the metal can 

be converted to surface properties by using the following correlations.  

 

Surface stress, Bs CK    ……………………………………..(5)  

 

Here, K is the plate correction factor, which arises due to differences between the actual 

diameter of the sample and the diameter of the top plate. Typically, we use a 40 mm 

(diameter) top plate loaded only up to 20 mm (diameter) due to the expense of the metal. 
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This constant is equal to

3










DiaSample

DiaPlate
. If the sample is loaded perfectly inside the 40 mm 

plate then this factor is equal to 1.  C is a conversion factor that converts bulk properties into 

surface properties.  It is equal to (D/8), in which D (m) is the diameter of the sample.   B is 

the bulk stress (Pa) value calculated by the instrument.  

 

The bulk moduli (G’ and G”) can be converted to surface moduli using the following 

correlation,   

B

plate'

s 'G)
R

(G 
8

……………………………………(6) 

here s'G  is the surface elastic modulus , B"G is the bulk elastic modulus and RPlate  is the radius 

of the top plate in meters. The viscous modulus (G”) can be converted using the same scaling.   

 

We derive the correlation for stress by equating the surface torque of the metal to the bulk torque.  

We derive the correlations for modulus using,  

 

Stress, 
o

)./"G('G   ………………………………………………….(7) 

 

where, 
PlatebottomandtopbetweenGap

ntDisplacemeangularRadius
Strain


 , and  

PlatebottomandtopbetweenGap

Radiusvelocityangular
rateStrain

o 
 . 
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4.4 Results and Discussion 

We sought to establish our experimental techniques by first repeating measurements from the 

literature. We measured the mechanical properties of the metal in air to provide baseline 

elastic modulus and yield stress values. Figure 2 is a representative plot of the rheological 

behavior of EGaIn in air acquired using a 40 mm acrylic plate with a 1600 μm plate spacing. 

We scanned the oscillating stress (bulk) from a low value (~1E-03 Pa) to a high value (25 Pa) 

at an angular frequency of 1 rad/s without any pre-shear rate in log mode (10 points per 

decade).   All the bulk values are converted to surface values, as shown in Figure 2
.
.   

 

 

 

 

 

 

 

 

 

 

Figure 2: Small amplitude oscillatory stress sweep of EGaIn in air. Closed squares are for 

surface elastic modulus (G’,Pa) and open squares are for surface viscous modulus (G”,Pa). 

All the reported values are for surface. The elastic modulus plateaus and dominates relative 

to the viscous modulus (σ<0.54 N/m), which is in good agreement with literature. Beyond a 

critical stress, (σ > 0.54 N/m) the liquid metal yields. At the yield point, the viscous modulus 

crosses over the elastic modulus.    
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The elastic modulus plateaus ( G’> G”, σ ≤ ~ 0.54 N/m) and dominates relative to the viscous 

modulus. Therefore, the oxide skin behaves as a perfectly elastic material.  The yield stress is 

~0.54 N/m; any applied stresses less than ~0.54 N/m are not sufficient to yield the skin on the 

metal. When the applied stress, σ, exceeds 0.54 N/m, the viscous modulus dominates over 

the elastic modulus. In this regime, the oxide skin ruptures (elastic modulus exhibits a drastic 

drop) and the metal flows. The results of this experiment are in good agreement with 

previous studies
13

. The surface elastic modulus is nearly ~ 10 N/m in the elastic regime and it 

contains the metal underneath it.  

 

We hypothesized that the surface modulus and yield stress of the oxide skin on EGaIn would 

not change in the presence of water (relative to that of air) because the viscosity of water is 

so low.  Instead, we found that the modulus and yield stress decreased (relative to that 

measured in air) in the presence of water. We measured the modulus after filling the acrylic 

reservoir with deionized water (DI water) while maintaining the same experimental 

conditions and geometry as that used in air. Since, the metal squirts out between the plates at 

higher bulk stresses (~30 Pa), we limited the stress between 0.001 to 15 Pa (bulk) without 

any pre-shearing of the sample. Similar to that measured in air, the elastic modulus plateaus 

and dominates over the viscous modulus, as shown in Figure 3. However, the elastic modulus 

decreases by an order of magnitude (~ 1 N/m) relative to that measured in air (~ 10 N/m). 

The yield stress of the metal also shifts to a lower value in water compared to that in air. In 

air, it yields at ~0.54 N/m but it drops down to ~ 0.1  N/m in water. This result suggests the 



 49 

oxide skin is either changing its composition, or getting thinner in water compared to that in  

air. According to studies of gallium as a dental filling, gallium forms a gelatinous complex of 

gallium oxide monohydroxides (GaOOH) in water
47

, which suggests that the oxide changes 

its composition in the presence of water. This result is very promising since it suggests that 

modulus of the skin can be lowered by an order of magnitude and also the yield stress by a 

factor of 5, simply by exposing it to water. This decrease, thus, will reduce the critical 

pressure required to flow egain in a prefilled microchannel. (Note: we made the 

measurements after submerging it for ~10 minutes in water.) 

 

. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Effect of water on the mechanical properties of the oxide skin that forms on EGaIn. 

During a small amplitude oscillatory stress sweep in water, the elastic modulus gives a 

plateau near 1 N/m and it yields at 0.1 N/m.  The properties of EGaIn in air are included to 

facilitate comparison. All the closed symbols are for air and open symbols are for water. The 

elastic modulus is shown by rectangular shape symbols while the viscous modulus is 

represented by circular symbols. The elastic modulus decreases by an order of magnitude in 

water. The yield stress is also reduced by approximately a factor of five.    



 50 

Based on the results from Figure 3, we sought to understand what happens to the mechanical 

properties of the skin that forms on EGaIn when it returns to a dry state after being 

submerged in water.  We allowed the water to evaporate (waiting more than 96 hours) at 

room temperature.  Figure 4 shows that after drying, EGaIn exhibits a higher elastic modulus 

(~ 20 N/m) than in air (~ 10 N/m ) or water (~1 N/m). The elastic modulus increases by 2 

times that in air and 20 times that in water. The oxidation product of gallium oxide 

monohydroxides in air may be contributing to this increase in elastic modulus but it is yet to 

be determined (future work includes a spectroscopic analysis of the surface).  The yield stress 

decreased significantly in water relative to that in air. In contrast, the fully dried sample 

showed negligible change in yield stress relative to that in air.  

 

 

 

 

 

 

 

 

 

Figure 4: Oscillatory stress sweep of EGaIn after the acrylic reservoir is completely dried. 

The elastic modulus gives a plateau which is larger than the plateau in air. In comparison 

between a fully dried sample with a sample that is submerged in water, the elastic modulus 
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increased by 20 times the elastic modulus in water, but the yield stress value does not 

increase significantly after removal of the water.  

 

The Pourbaix diagram suggests that the oxide skin of EGaIn can be removed by acid (with 

pH <3)
48

.  We commonly use 0.1 M HCl (pH ~ 1) to clean EGaIn from surfaces in the 

laboratory (e.g., glass slides). As soon as the acid removes the oxide skin, the metals beads 

up and assumes a spherical shape. We hypothesized that the presence of acid would lower the 

modulus and eventually remove the skin entirely so that the elastic effects would disappear.  

We repeated an oscillatory stress sweep in water and then added a few drops of 0.1M 

hydrochloric acid to water (~pH<1). Figure 5 shows that the yields stress of metal drops upon 

addition of acid. 

  

 

 

 

 

 

 

 

Figure 5: Effect of adding a few drops of hydrochloric acid (0.1M) to the water reservoir 

during an oscillating stress sweep. a) The elastic modulus decreases continuously with 

surface stress. The yield stress decreases by an order of magnitude in acid relative to that in 

water. b) The elastic modulus also drops down continuously over time. We suspect that the 

skin is thinning with the addition of acid as indicated by the continuous decrease in elastic 

modulus. 
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The yield stress of the metal drops by an order of magnitude after adding acid. Figure 5 (b) 

shows the change in elastic modulus over time. The modulus decreases continuously 

throughout the experiment. This result is expected and proved to be consistent with reported 

observations of the instability of EGaIn in the presence of acid in microfluidic channels
2
. The 

elastic modulus also drops drastically by this subsequent acid addition. It is possible that the 

acid reacts with gallium oxide to produce gallium chloride to reduce the strength of the skin  

  

The overarching goal of this chapter is to tune the yield properties of the metal. The results 

presented so far indicate the capability of lowering the modulus and yield stress of the 

surface of the liquid metal by using water and acid. We demonstrated two methods to lower 

the modulus of the skin, but have yet to demonstrate a method to increase the modulus.  We 

therefore sought to deposit a material from solution onto the skin to increase its thickness and 

therefore effective modulus. We chose poly-vinyl-alcohol (PVA). It is a commercially 

available synthetic polymer with water solubility at room temperature
49

. It is a known binder 

for alumina, ceramics and other materials with surfaces that bare oxides
50-55

. It is known to 

absorb on a variety of materials including oxides and other polymers
56-58

.  Furthermore, we 

had anecdotal evidence that PVA goes to the interface of EGaIn since it helped stabilize 

EGaIn droplets from coalescing in water.  To investigate the effect of PVA on the effective 

elastic modulus of EGaIn, we prepared a 1% (wt) solution of PVA in water at room 

temperature. We used a 20 mm plastic top plate for this experiment and dispensed 0.4 mL of 

metal in a ~ 800 μm gap between two rheometer plates. We filled the acrylic reservoir with 
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PVA (1 wt %) to surrounded EGaIn completely by the solution. According to Figure 6, the 

elastic modulus increased by 4 times relative to the elastic modulus in air. This result is likely 

due to the deposition of PVA on EGaIn. We measured the kinetics of the deposition of PVA 

on the liquid metal over time by fixing the oscillatory stress at 5 Pa and collecting a data 

point every minute over a period of five hours. Figure 7 shows the kinetic study of PVA 

deposition on EGaIn during five consecutive one hour long time sweeps. It is a cumulative 

plot which shows the change in modulus over 5 hours. 

 

 

 

 

 

 

 

 

 

 

Figure 6:  Comparison of the elastic modulus of EGaIn in the presence of PVA, air and 

water. The elastic modulus of the PVA film on EGaIn is ~ 4 times higher than the modulus in 

air and 20 times higher than the modulus is water. This film did not yield at ~ 0.54 N/m 

which indirectly indicates the higher yield stress of this film than that in air.   
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The elastic modulus starts at ~10 N/m and over the next 12~15 min it increases 

monotonically to ~ 40 N/m. The elastic modulus plateaus around ~ 40 N/m for ~ 1 to 1.25 hr.  

It shows a plateau followed by an increase in modulus with time as shown in the Figure 7. 

The oscillating stress– fixed at 5 Pa—was too small to measure any yield point. The elastic 

modulus increases by two orders of magnitude during this experiment. It is unclear why the 

modulus levels off before rising again, but we suspect that it could be due to evaporation of 

water, which could drive PVA out of solution. The elastic modulus does not increase any 

further other than leveling off at ~ 10
3
 N/m in the last few hours.   The plateau of the elastic 

modulus during this time indicates surface saturation.  

  

 

 

 

 

 

 

 

 

Figure 7: The change in modulus on EGaIn as a function of time in the presence of PVA.  

Over a period of 5 hours, the elastic modulus of this composite is increased by more than two 

orders of magnitude during 5 successive time sweeps.  
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Figure 8 shows some microscope images of the PVA coated metal. It is apparent that there is 

a surface coating on EGaIn.  We plan to do a thorough spectroscopic analysis (e.g., XPS and 

EDS) of the surface of the metal to understand better the surface composition of the films 

measured in this study, but these images provide visual confirmation of the PVA deposition. 

 

 

 

 

 

 

 

Figure 8: Microscope images of the deposited film on EGaIn. The film cracks upon scraping 

the surface by hand and exposes underlying metal.  

4.5 Tuning the critical pressure in microfluidic channels 

In this section we seek to apply some of the key findings from the rheological analysis to 

tune critical yield pressure of the metal in microfluidic channels. The ability to tune the yield 

pressure is important for controlling the flow of metal in microchannels (e.g., Chapter 2). 

Chapter 2 mentions that the ability to inject liquid metal into microchannels depends on 

applied critical pressure. The critical pressure depends on the critical dimension of the 

channel (i.e., the smallest cross-sectional dimension of the channel) and the surface yield 

stress of the metal. Experiments from rheological characterization of the metal have lead to 
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two novel approaches to tune the yield properties of the metal using water and PVA. We will 

apply these two key findings from rheological measurements to see how well they correlate 

to the response of the metal to pressure in microchannels.  

 

We fabricated a simple, straight microfluidic device by soft lithography and replica molding. 

Figure 9(a) shows the cartoon depiction of this channel. The length of the channel is 65 mm, 

width is 1000 m and the thickness is 100 m.  

 

We measured the pressure required to fill the channel by EGaIn in the presence of air, so that 

we can compare it with water or PVA filled channels. In air, 4 to 5 psi (average 4.5 psi) 

pressure is required to fill the channel completely. We know that the yield stress in air is 0.5 

N/m based on rheological measurements. From rheological measurements, we found that the 

yield stress in water decreased by a factor of 5 relative to that in air. We hypothesized that 

this decrease in yield stress would also decrease the critical pressure to induce flow of EGaIn 

in microfluidic channels. To quantify this effect, we first prefilled the channel with water. 

We used a syringe containing EGaIn and connected it with a pneumatic pressure regulator 

that can apply and measure pressure. The pressure required to yield the metal in water (2.5 to 

(3.5 psi with an average of 3 psi) decreased relative to air . The applied pressure, thus, 

decreased by 33%.  This value is lower than that expected based on rheology. This 

discrepancy could be explained due to the extra pressure required to force the water from the 

channel.   
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We repeated this experiment using 1% PVA and found that the pressure required to yield the 

metal ranged from 3 to 3.5 psi. Rheological analysis showed that the elastic modulus 

increased by two orders of magnitude in PVA but we have not yet found the yield stress in 

PVA. The PVA filled channels, did not exhibit significant increase in critical pressure 

relative to water. We believe observation is due to insufficient time given to deposit the PVA.   

To harness the effect of PVA more effectively, we prefilled the channel with PVA and 

injected EGaIn half way into the channel. We waited for 24 hours in hopes that this time 

would be sufficient to form a PVA film on liquid metal surface. After 24 hours, we found 

that EGaIn would only flow after exceeding 30 psi. These results are in good agreement with 

the rheological analysis that mechanical properties change over long time scales. Within 24 

hours, PVA deposits as a film on the liquid metal surface which eventually increases the 

pressure. Some of the water likely evaporated from the channel, which could also increase 

PVA concentration in the channel.  

 

The rheological analysis showed that the yield properties of the metal return to the native 

state after being exposed to water and given the opportunity to dry (c.f Figure 4). To test this 

observation in a microchannel, we filled it with water and injected EGaIn halfway into the 

channel.  From rheological analysis, a fully dried sample shows a larger elastic modulus and 

negligible change in yield properties after 96 hours. We assumed that 24 hours was sufficient 

to remove water from the channel but a small amount of water may still be present in the 
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channel. EGaIn started to flow between 5.5 psi to 7.5 psi (average 6.5 psi). This result also 

supports our rheological analysis.  All these results are summarized in Figure 9.  

 

 

 

 

 

 

 

 

 

 

 

Figure 9:  Tuning the critical pressure of the liquid metal in microfluidic channels. a) A 

cartoon depiction of the straight wire which is used for the measurements. We used this 

straight wire microchannel which is 65 mm long, 1 mm wide and 100 micron thick. b) A bar 

diagram depicting the required applied pressure to flow EGaIn in the microchannel in 

presence of air, water and PVA. The pressure required to yield the metal is lower in water 

than in air, as expected. The PVA changes the pressure after 24 hours of exposure.  

 

In conclusion, all of these results closely match with our rheology results and prove to be in 

accordance with our hypothesis. The surface of the liquid metal can be modified by water 

and the deposition of PVA film can actually cause the critical pressure to increase if 

sufficient time is given for the film formation  
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4.6 Conclusion  

The overall goal of this project is to tune the mechanical properties of a surface film on liquid 

metal and characterize its stability so that it can be tuned on a per application basis. We 

demonstrated some methodological ways to tune the modulus and yield properties of the of 

the oxide skin. Tuning the yield properties of the metal is important for defining the stability 

of the metal in microchannels. In an aqueous environment, the elastic modulus of the metal 

decreases by an order of magnitude and the yield stress decreases by a factor of two; this 

result provides a simple approach to reduce the yield stress of the metal. The modulus 

increases upon drying, but the yield stress returns to the original value measured in air.  Poly-

vinyl-alcohol deposition on the surface oxide of the liquid metal increased the elastic 

modulus by several orders of magnitude relative to that in air or water depending on the 

amount of time it is exposed to the solution.  We demonstrate a new in situ method to 

measure film deposition kinetics by measuring the modulus of thin films deposited from 

solution. We have also verified these results for microfluidic applications and proved to be in 

accordance with rheology results. A future goal is to provide spectroscopic analysis of the 

surface composition of the films produced in these various environments.   
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CHAPTER 5: CHARACTERIZING THE RUPTURE AND 

REFORMATION OF A THIN OXIDE FILM ON EUTECTIC 

GALLIUM INDIUM USING AMPEROMETRY 

 

5.1 Introduction  
 

This chapter describes the development of a new amperometric technique
1
 to elucidate the 

physical failure, rupture, and reformation of a thin oxide film on a room temperature liquid 

metal alloy, eutectic gallium indium (EGaIn)
2,3

. The oxide skin
4
 forms spontaneously and 

rapidly on the surface of the metal and provides the metal with unusual mechanical 

properties
3,5

. Above a critical stress, the skin ruptures and allows the otherwise low viscosity 

liquid to flow
3
. The ability to flow or stabilize the metal on demand is important for shaping 

it into useful, and in some cases, responsive structures (i.e., those that change shape by 

flowing in response to some stimuli)
6,7

. When the skin ruptures, the underlying metal gets 

exposed and is prone to oxidation.  We hypothesized that this oxidation event could be 

detected electrochemically and sought to develop a method to detect these events.  These 

methods could help identify when rupture occurs, quantify how much skin breaks, and 

determine how fast the skin forms in various environments and geometries.  Ultimately, this 

work will be used to correlate electrochemical signals to changes in the mechanical 

properties, which will be accomplished by combining rheology and electrochemistry in real 

time.  As a first step toward this integrated analysis, we seek to study the rupture of the oxide 
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film under controlled mechanical and electrochemical conditions (outside of a rheometer). 

Amperometric analysis
8-12

, one of the most important electro-analytical technique
1,13-15

, has 

been employed widely to detect real-time oxidation or reduction events. Here, we develop a 

new amperometric technique for measuring the oxidization of metal that takes advantage of 

the liquid nature of EGaIn.  We utilize EGaIn as a working electrode. By expelling the metal 

out of a syringe at a controlled flow rate, the amount of new surface area created is known.  

As the EGaIn droplet enlarges, the skin must rupture and oxidation ensues. We seek to 

measure and understand the amperometric signals arising from this technique. 

 

The electrochemical study of the oxidation of freshly generated metal surfaces is an 

important phenomenon in erosion/corrosion, environmental cracking, and stress corrosion 

cracking and corrosion fatigue
16-22

. Electrochemical studies are often carried out to elucidate 

the kinetics of surface oxidation/reduction on an electrode, predicting the velocity of 

corrosion cracks and for some other fundamental interests
23-31

. Nearly All metal electrodes 

(except gold, platinum) are thermodynamically unstable (i.e., the surface oxidizes) at ambient 

conditions
32,33

. Passive oxide films
33-38

 (i.e., those that do not grow thicker with time) on 

metals, such as the one formed on gallium, are very common and widely studied for 

aluminum
37,39-45

, titanium
16,17,46-48

, and steel
19,49

. These films are also important for corrosion 

protection
22,37

. To study the oxidation process, these passive films are often removed by 

scrapping, cutting, yielding, rupturing, scratching and shearing
16,17,47,50-57

. As soon as the bare 

metal is exposed by these mechanical techniques, it repassivates spontaneously, which 

provides an opportunity to measure electrochemically an oxidation event. The passivation 
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and repassivation of fresh metal surface is challenging to analyze in these conventional 

analyses because these techniques are poorly controlled and difficult to implement
58-60

. 

 

Our approach for generating fresh metal is novel and relatively simple (relative to 

conventional brute force methods, such as scraping and cutting).  It produces bare metal 

surface at a known time-averaged rate by pumping the metal with a syringe pump. The drop 

shape, coupled with the flow rate, gives an accurate estimate of the surface area.  We utilize 

the spontaneous passivation (i.e., oxidation) of EGaIn to establish an electrochemical 

signature that occurs when a fresh metal surface is exposed (due to rupture) and oxidized 

(repassivation).  

 

We use a dropping EGaIn electrode as the working electrode, which is similar in geometry to 

a dropping mercury electrode. The classic electrochemical technique “polarography”
1,61-66,

 

uses dropping mercury electrode. Expelling Hg from a reservoir creates continuously new 

electrode surface area. The electrode measures oxidation / reduction reactions from solution 

and has the appeal of creating continually fresh (i.e., pristine) electrode surfaces. Gallium and 

EGaIn are not typically used for “dropping electrode” experiments because the surface 

oxidizes, which makes interpretation of any electrochemical measurement challenging
67,68

.  

We seek to take this nuisance and use it to understand better the oxidation process itself, 

rather than using the electrode to perform solution electrochemistry.  Because the 

measurements relate to oxidation, the work is also relevant to corrosion
22,37

.   
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The oxides on gallium and indium are passive under a wide range of conditions. The 

electrochemical behavior of gallium electrodes has been studied in aqueous, acidic and 

alkaline environments
69-77

. Electrochemistry of indium has been carried out in chloride, 

alkaline, acidic and in aqueous environments
78-85

 as well. We assume that gallium is the 

surface active species since it oxidizes much more readily than indium and has proven to be 

the dominant surface species in air
3
. For this study, we hypothesize that, rupturing and 

forming the oxide skin will give amperometric signals that can be used as a tool to 

characterize thin film instabilities (e.g., rupture of the oxide skin) in a number of applications, 

including microfluidics.  

 

5.2 Chronoamperometric analysis
1 

 

Chronoamperometry
1,8,9,12

 (the measurement of current with time) is one of the most widely 

used electro-analytical techniques to study electrochemical reactions. In chronoamperometry, 

the working electrode potential is stepped from a rest potential (where no Faradic reaction 

occurs) to a potential of interest to promote either oxidation or reduction reactions
1
. A 

potentiostat measures the current passing through the working electrode while holding the 

potential of interest constant for a certain period of time. It is a direct way of measuring 

Faradic current (in the case of dilute solutions, this is also called “diffusion current” because 

reactive species get depleted near the electrode and must diffuse to the electrode).  The time 

dependence of the diffuse Faradic current can be modeled by using Cottrell equation
1
.  
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The Cottrell equation provides a very good estimate of diffusion limited current in a 

stationary planar electrode. However, the EGaIn electrode is not static; it is similar to the 

dropping mercury electrode. For dropping mercury electrodes, the Cottrell equation is 

modified by incorporating the mass flow rate of drops (m), density of drops () and increase 

in area of the drop. In a dropping mercury electrode the shape (i.e., radius, r) of the drop 

increases continuously before falling, so the size of the drop is a function of time (t), density 

() and mass flow rate (m) of the drop and is given by,  

31

4

3 /)
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        (1)  

 

Assuming a spherical geometry, the surface area of the drop will be,  

32
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       (2)  

 

Inserting equation 2 into the Cottrell equation gives the Ilkovic equation, which is used 

commonly in polarography. The Cottrell or Ilkovic equations are for diffusion limited 

process where the faradic species diffuse from the solution to the electrode. In our studies, 

the solvent itself (water) is electrochemically active (i.e., gallium reduces it) and therefore it 

is not dilute.  We found that these equations were therefore not appropriate for our analysis 

and we develop our own analysis later in this study. 

 



 70 

Non Faradic current due to electric double layer charging and low level of redox components 

in the system can also contribute to the overall anodic current during electrochemical 

analysis, which is given by  

RC

t

c e
R

E
i



         (3) 

 

Here, ic is the charging current, E is the applied potential, R is the solution resistance and C is 

the double layer capacitance. The charging current decays exponentially with time. If the 

electrode area, electrode potential or interfacial capacitance varies with time then charging 

current will come into play.   

 

 

5.3 Experimental 
 

We performed all the experiments using a three electrode systems as shown in Figure 1; 

liquid metal is the working electrode, platinum wire is the counter electrode and a saturated 

silver/sliver chloride is the reference electrode (in this chapter, all the applied potentials are 

vs. Ag/AgCl). All the electrodes are placed as close as possible (~3.5 cm) and the distance 

between the electrodes is limited by the design of the cell. During an electrochemical process, 

current flows between the working and counter electrode. The reference electrode helps 

maintain the potential at the working electrode.  

A syringe pump extrudes EGaIn through a polymeric capillary tube to form a nearly 

spherical drop that hangs from the end of the tube inside the electrochemical vessel. The 
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shape of this drop increases until its weight can no longer be supported by the interfacial 

tension of the metal. 

  

 

 

 

 

 

Figure 1: Schematic of the electrochemical system used in this study. i)  A 1 ml syringe 

attached to a syringe pump forces metal through a plastic tube into the vessel. An alligator 

clip connects the potentiostat to the needle of the syringe to complete the connection of the 

working electrode. ii) Inset image of the cell that includes three electrodes.   

 

The diameter of a representative drop is ~ 2  to 2.8 mm before it falls. The lifetime of a drop 

varies with the flow rate of extrusion and applied voltage (Reductive potentials prevent the 

oxide skin from forming and tend to decrease the lifetime of the drop. A secondary 

consideration is that the surface tension of the metal can change with applied voltage).  A 
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potentiostat measured the current generated as a function of time (Wave Now, Pine 

Instruments, www.pine.com). 

 

5.4 Results  

Although it would be easier to interpret oxidation results from pure gallium (rather than 

EGaIn) since it is a single component system, we chose EGaIn because it is a liquid at room 

temperature, whereas gallium melts at 30°C. We performed several amperometric 

experiments with a gallium working electrode. During the experiments, gallium solidifies 

since the operating temperature is lower than the melting point of gallium.  The freezing 

makes it impossible to pump gallium, which is critical for the experiments. Henceforth, we 

use EGaIn for all the remaining analysis. We note that gallium has been shown previously to 

be the surface active species for oxidation since it oxidizes more readily than indium and is in 

greater concentration than indium in the alloy
3
. 

 

Our primary goal was to verify that we could detect the rupture and reformation of the oxide 

skin using this new amperometric technique. We therefore selected an oxidative potential to 

ensure the oxide would reform if ruptured. We extruded the metal at 200μl/hr into DI water 

and kept the voltage constant at 0 V. At 0 V, EGaIn can oxidize spontaneously. Figure 2 

shows the results from these measurements. Under these conditions, the lifetime of a drop 

(i.e., the time between the formation and falling of a drop) is ≈ 200 s. During these 

experiments, a potentiostat recorded the anodic current every second for 100 minutes.  

 

http://www.pine.com/
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There is a minimum in current before the drop emerges rapidly from the end of the tube.  

This lull is apparent in Figure 2b between the two and three minute mark.  We observed a 60 

s delay between droplets falling and new droplets forming. This delay could be due to the 

bulging of the flexible tube or trapped air inside the tube. When the new droplet forms, it 

emerges suddenly from the end of the tube as a droplet with a finite diameter (approximately 

0.93 mm diameter as found by calculation), rather than growing slowly.  The anodic current 

peaks at ≈ 70μA when the drop initially emerges from the tube.  The sharp increase in current 

as EGaIn comes out of the tube is likely due to the sudden increase in fresh metal interface, 

which can lead to oxidation of the surface of the metal (and double layer capacitance)
86

. 

After the sharp initial peak, the anodic current falls exponentially within ~25 s.  

 

After it suddenly emerges from the tube, the droplet grows slowly until it becomes large 

enough to fall.  As the drop increases in volume with time, we observe a number of small 

current peaks that each decay rapidly. These peaks include a characteristic decay on the order 

of ~6 s (Figure 2b). The peaks occur approximately every 1~1.5 s.  We hypothesize that these 

peaks result from the rupture of the oxide skin (and subsequent exposure of the underlying 

metal), which must occur as the surface area of the drop of EGaIn increases. Finally, when 

gravitational forces overcome the interfacial tension of the skin, then the drop falls from the 

end of the tube to the bottom of the cell; this process occurs periodically every ~200 s, which 

we define as the drop lifetime.  
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The observation of small peaks suggest that oxide skin is breaking, which causes metal to be 

exposed and subsequently oxidized. The ability to measure these peaks electrochemically is a 

successful first step toward the goals of this project and suggests that the rupture of the oxide 

skin can be detected.   

 

We sought to study the amperometric behavior of the metal under conditions that were more 

oxidative than 0 V. We repeated the experiments while applying 0.1 V to the working 

electrode. The anodic current shows similar but more pronounced behavior at 0.1 V to that at 

0 V. As expected, the anodic current is larger than those measured at 0 V since there is an 

additional driving force for oxidation. The lifetime of the drop increases by ~50 to 100 s, 

which may be attributed to the increased anodization of the skin (that is, a thicker skin should 

be stronger and thus, support a larger drop). The small decaying peaks form nearly at the 

same frequency as measured at 0 V and the large current peak decays over 25-30 s.  

 

Because of the similarity of the amperometric behavior of EGaIn at 0 and 0.1 V (Figure 2), 

we sought to explore more aggressive oxidative conditions; we therefore increased the 

potential to 1.5 V. Figure 3 shows there is a spike in current when a new droplet first emerges 

from the tube. This spike decays and then the baseline current grows monotonically. 
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Figure 2:  Chronoamperometric analysis of EGaIn in DI water at 200 l/hr. a) Current vs 

time for EGaIn at 0 V. b) A close up (from 0 to 10 min) of the data from part (a) with a 

cartoon depiction of the state of the working electrode at the top.  As the drop comes out of 

the tube a sharp positive peak appears that decays quickly. Subsequently, several small peaks 

appear periodically before the drop falls down. c) Current vs. time relationship of EGaIn at 

0.1 V d) Zoom in plot during the first 10 minutes of the study. At 0.1 V the anodic current 

shows similar behavior, albeit with larger magnitude, as it is at 0 V.   

 

 

 

  Notably, there are no significant small decaying peaks that occur as the baseline grows. 

During this analysis approximately 9 drops come out of the tube (over a 50 minute time span) 
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and each drop has a lifetime of ~5 min (i.e., longer life than at 0 and 0.1 V). The anodic 

current decays within 30 s and then it increases with time until the drop falls. The initial 

spike is likely due to the oxidative current since a significant amount of metal is exposed 

suddenly.   

Figure 3: The anodic current traces of EGaIn as it is extruded at 200μl/hr into DI water at a 

fixed potential of 1.5 V (vs. Ag/AgCl).  a) Current vs time relationship over the duration of 

the experiment. b) Zoom in plot during 6-18 min of the analysis. As the drop emerges from 

the tube it gives an increase in anodic current which is followed by a decay. Then the anodic 

current increases with time till the drop falls.  

 

 

After the initial spike, the current increases monotonically and it is nearly six times higher 

than the current at 0 or 0.1 V.  This increase could be due in part to the anodization of the 

skin (i.e., the skin getting thicker).  Note that the initial spikes in current are inexplicably 

followed by decay in the first six droplets, but not in the following drops. This result suggests 

there is a transient period at the beginning of the measurements.  Interpreting the data is 

complicated by the tendency of water to electrolyze at the working electrode at this potential. 

If water is reduced, then it is possible to locally alter the pH near the working electrode 
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because of OH
- 
ions. Finally, it is notable that no peaks in current occur as the droplet grows 

in size, which is in contrast to the behavior observed at 0 and 0.1 V.  This result might be 

explained by the thicker oxide layer, which provides a barrier between fresh metal and the 

surroundings as the drop grows. As we develop the capability to measure rheology and 

electrochemistry at the same time, we will have tools available to provide better insight into 

the subtle behaviors of this system.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Current vs. time of EGaIn at -1.5 V (vs Ag/AgCl) and flow rate of 200μl/hr. This 

potential is more negative than the standard electrode potential of gallium, so the electrode is 

cathodically polarized. EGaIn drops fall frequently in this experiment and the current 

plateaus at ~0 A. 

 

The measurements shown in Figures 2 and 3 suggest the ability to measure oxidation of 

EGaIn using this new amperometric method.  To explore this possibility further, we 

investigated the amperometric behavior of dropping EGaIn at reductive potentials that 

prevent any oxidation from occurring (i.e., -1.5 V).  According to the Pourbaix
87

 (potential-
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pH diagram) diagram of gallium, this voltage should be sufficient to keep the metal 

thermodynamically stable (without passivation) because the standard electrode potential
88

 of 

gallium (Ga
+3

/Ga) is -0.52 V and of indium (In
+3

/In) is -0.34 V. If there is no oxide skin on 

the surface of the liquid metal, then we expect the small decaying peaks (that we believe are 

associated with oxidation) to disappear. Figure 4 shows that the current does not exhibit any 

small decaying peaks, which is consistent with our hypothesis. The baseline current is nearly 

0 A with intermittent negative peaks that occur each time a new drop emerges suddenly from 

the tube (as opposed to the positive peaks we observe under oxidative conditions). New 

drops formed quite frequently (~7-10 drops in 5 min). 

 

 The lifetime of each drop is nearly ~25 s which is nearly an order of magnitude less than that 

at 0, 0.1, and 1.5 V. As soon as the drop formed, it fell quickly with a significantly shorter 

lifetime for each drop compared to the lifetime under oxidative potentials for the same flow 

rate. The short lifetime is likely due to effects of surface tension resulting from the absence 

of oxide skin; the large surface tension of EGaIn (~640 mN/m)
3
 will pinch off any drop as it 

forms.   

The behavior of the current at -0.1 V, despite being negative, shows similar behavior as 0 or 

0.1 V. Since the standard electrode potential of the metal is well below -0.1 V, this negative 

voltage is still sufficient to foster the oxidation of the metal as shown in Figure 5. 
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Figure 5: Chronoamperometric analysis of EGaIn in DI water at 200μl/hr.  a) Current vs 

time of EGaIn at -0.1 V for 80 minutes. b) A smaller time window of the data plotted in (a). 

As the drop comes out of the tube a sharp increasing peak occurs and decays quickly. A few 

small decaying peaks are also observed before the drop falls down. The anodic current 

exhibits similar trends but is lower in magnitude compared to Figure 2.  

 

 

 

All of the data reported to this point have been obtained in DI water.  We hypothesized that 

adding electrolyte could provide additional insight into the measurements. For example, 

increasing the conductivity of the solution should decrease the decay time associated with 

any capacitive charging peaks (and thereby provide a way to differentiate capacitive current 

from faradaic current). We used 0.01M NaCl solution to increase the conductivity of the 

electrolyte. In a separate experiment, we used 0.1 M HCl solution.  Figure 6 presents the 

current-time traces for both electrolytes. The anodic current shows similar behavior in both 

of these electrolytes, but shows very different behavior in contrast to 0 V in DI water.  
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Although the lifetime of each drop is similar to that at 0 V in DI water, there was no lull in 

current between droplets because the droplet formation is continuous. Also, there were no 

current spikes. The current increases monotonically as the shape of the droplet increases 

(suggesting a dependence on electrode area) and suddenly drops down to a lower value as the 

EGaIn drop falls.  

 

Figure 6: a) Chronoamperometric traces in 0.1M HCl acid solution. b) Traces in 0.01M 

NaCl solution. The flow rate of EGaIn is 200μl/hr. Both of these trends look similar. The 

anodic current has relatively higher magnitude in HCl solution. Due to higher solution 

conductivity, the current traces look different from amperometric analysis in DI water.   

 

The magnitude of the current, in both of these solutions, is higher (i.e., 3 orders of 

magnitude) than that measured in DI water.  It is apparent upon comparing Figures 2 and 6 

that the presence of electrolyte changed the amperometric behavior of dropping EGaIn 

relative to DI water. We speculate that the chloride ion is participating in some 

electrochemical reactions and could explain the increase in current. At larger voltages, ( >1.5 
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V), we observe the formation of a black shell on the metal in both NaCl and HCl. This 

observation is likely due to the formation of salts of gallium in the chloride environment
89

. 

This observation makes it difficult (and perhaps inappropriate) to compare the results from 

Figure 6 with those from Figure 2 since the electrochemical mechanisms appear different. 

Figure 7 shows the black shell that forms when anodically polarizing EGaIn in hydrochloric 

acid or sodium chloride salt solution.  These salts may be present at lower anodizing voltages, 

but may not be apparent to the naked eye since they will be thinner. 

 

After the drop falls, the black shell slowly dissolves, suggesting it is not stable (e.g., gallium 

chloride dissolves in water).  In acidic solution, this black shell dissolves faster than in NaCl 

solution.  We are presently exploring alternative electrolytes that have greater 

electrochemical stability than chloride ions.  

 

Figure 7. Black shell formation on EGaIn in HCl and NaCl solution under oxidative 

conditions. As the applied voltage increases (E1 to E4) the shell gets darker as shown in the 

smaller inset images at the right. Here E1 is equal to -1 V and E4 is equal to ~ 1.5 V.   
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5.5 Mathematical analysis  

The goal of this work is to use an amperometric technique to detect oxidation events.  The 

measured currents reported in this chapter could, in principle, contain contributions from 

both faradic current and non faradic current, but faradic current provides the most insight into 

the oxidation process. Although we believe that the spikes in current are primarily due to 

oxidation (due to the long time scales associated with their decay, whereas capacitive 

currents typically have rapid decays), we sought to develop a few simple mathematical 

analyses to help explain the sources of the current. The models do not provide definitive 

answers, but do suggest possible mechanisms. As a starting point, we assume that any 

Faradic current due to oxidation will be proportional to surface area (A) of exposed metal,  

I ~ A           

The area of the drop is related to its volume.  Given a constant flow rate, we can estimate the 

volume as a function of time using the following expression, 

Volume ~ Volumetric flow rate x time ~ (4/3) π r
3
                            (4) 

Here r is the radius of a drop, which scales with time as,  

r~ t
1/3

         (5)  

Thus, the area is related with time as, A ~ r
2
 ~ t

2/3
. Finally, the anodic current for a slowly 

growing drop is related with time as,  

I ~ t
2/3

         (6)  

We fit a few current-time traces using this scaling approximation, as shown in Figure 8. 

Figure 8 is generated by zooming into a representative time span of a drop (specifically, 
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between 3000-3400 s from the data in Figure 2). The red lines capture the nature of the initial 

decaying peak. This line is also extended without considering the small decaying peaks.  

Then we subtracted the data in between red line and original data of the smaller peaks over 

the entire time span and generate the equation of the green lines which is the best fit of the 

current for these plots. The data that remains (i.e., represented by green line), which 

represents the slow growth of the droplet, is fit using equation (6).  All the generated 

equations are shown in the individual plots and the R
2
 values provides an estimate of the 

accuracy of the trend line. The scaling equation is based on complete surface coverage of the 

passive layer and assumes that the anodic current is dependent on the shape of the drop as 

well as time.  Based on these assumptions, the generated trends (i.e., the red and green line) 

capture the experimental trends well. Although this model seems promising, we have 

observed current traces that do not always follow these trends, for which we do not presently 

have an explanation.   

We used an additional approach to analyze the current that also assume that oxidative current 

should be proportional to surface area.  Developing a relationship between surface area and 

current is important for estimating the amount of skin that ruptures. The following section 

seeks to develop a simple estimate to correlate the current with the exposed surface area. We 

analyze data taken at 0 V (i.e., Figure 2) because these conditions represent those most likely 

to be used outside of an electrochemical cell (e.g., in a rheometer or in a microfluidic 

channel).  
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Figure 8. Mathematical fit of the anodic current traces for a drop that has a lifetime in 

between 3100 to 3300 s. a) Scaling analysis for EGaIn when it flows at 200μl/hr and applied 

voltage is fixed at 0 V. The anodic current varies with time as t
0.77

.  b) Scaling analysis for 

EGaIn when it has the same flow rate but the potential is fixed at 0.1 V. The anodic current 

varies with time as t
0.72

.  

 

The large spikes shown in Figure 2 occur when the drops suddenly emerge from the tube.  

This peak exhibits an anodic current of 70 A.  The amount of charge associated with this 

peak (0.000617 micro coulombs, μC) can be calculated by integrating (i.e., numerical 

integration by trapezoidal rule) the current over the first 25 s of its decay.  The radius of the 

drop as it pops out of the tube can be estimated by the duration of the delay time between 

drops. During the time delay (~60 s) between the time a drop falls and a new drop forms, the 

syringe pump continues to displace metal. The volume displaced by the pump during this 

time corresponds to a drop radius of  ~

31

36004

320060
/

xx

xx










~ 0.93 mm. Here, the flow rate of 

egain is 200μl/hr and 3600 is the conversion factor of an hour to seconds. Given this value, 



 85 

the change in anodic current per unit change in area is ~ ( 70A/ (4πr
2
)) ~ 6.5 A/mm

2
 and 

the amount of charge associated with this area is 5.68x10
-5

 C/mm
2
. 

 

As the droplet grows, we observe additional sharp peaks that are smaller and shorter in 

duration than the initial peak. We assume that these small peaks are due to the oxide 

rupturing to expose a small amount of fresh metal.  Between 23 to 25 small decaying peaks 

occur during the life time of a drop. These peaks are expected to be smaller than the initial 

peak since the initial peak is associated with exposure of a larger amount of fresh metal.  

 

If the drop shape is nearly spherical, then the radius of the drop at the end of this life time 

(i.e., just before falling) is  

~ 31

4

11113 /)
x

.x
(


 ~ 1.38 mm  

The smaller peaks are not apparent until the first large peak decays sufficiently (~25 s, or t2 

in Figure 9). The change in surface area due to each small peak can be estimated by the 

following formula: surface area of the drop at the end of the drop life time minus surface area 

of the drop corresponds to initial drop shape.  

~ ((4π(1.38)
2
)-( (4π(0.93)

2
)) ~ 13.06 mm

2 
. 
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Figure 9: Mathematical analysis from drop shape, current and time data for a drop that spans 

between 130 to 340 s. The anodic current shows a large peak as the drop pops out of the tube. 

A number of small decaying peaks are observed afterward until the drop falls. This analysis 

is for 200l/hr egain flow rate and the applied potential is fixed at 0 V (i.e., the data from 

Figure 2). We define t1, t2 and t3 as the time taken by the drop to pop out of the tube (i.e., 60 

s) , time for the large peak to decay (i.e, 25 s)  and time scale of getting small decaying peaks 

(i.e., 175 s). The area under the baseline of smaller peaks is subtracted from the total charge 

as indicated by red area below the blue anodic current traces. The charge associated with per 

unite change in area (i.e, 5.6x10
-5

 μC/mm
2
) is found to be equal and independent of the peak 

nature (i.e., large or small). This suggests the total nature of the current is due to the oxide 

skin rupturing. 

 

To calculate the amount of area exposed per peak, we use the final drop size and divide the 

change in surface area over time by the number of peaks.   For 200μl/hr EGaIn at 0 V, each 
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drop has a life time of 200 s. If the flow of egain is perfectly continuous then after 200 s, 

nearly ~ 200s x 200μl/3600s ~ 11.11μl ~ 11.11mm
3
 of EGain will have been extruded.  We 

already found the radius of the drop at the end of this life time (i.e., just before falling) is 

1.38mm. Therefore, the change in surface area is 23.9 mm
2
-10.9 mm

2
 = 13 mm

2
.  There are 

approximately 25 peaks during this time period, so each peak, on average, should correspond 

to 0.52 mm
2
 area being exposed. The charge associated with the small peaks can be found by 

integrating the current over time as well. In order to find the exact amount of charge 

associated with these small peaks, we have subtracted the associated charge below the base 

line current (i.e., area under the base line for small peaks). Finally, we found the associated 

charge density with this each of the small peaks was 5.59x10
-5

 μC/ mm
2
 ( i.e., charge per 

peak/ change in area per small peak). 

 

This finding –that is, that the charge per area for the initial spike is nearly identical to the 

charge per area for the smaller spikes – implies several compelling results with our stated 

hypothesis: i) Current relates with exposed surface area. ii) Charge per unit of surface area is 

the same, irrespective of large or small peaks. iii) Overall current may be due to oxidation of 

the surface and it increases with time as the droplet shape increases.  

 

 

5.6 Effect of dissolved oxygen  

All of the experiments reported to this point were carried out mostly in water that was not 

degassed; that is, it contains oxygen, which in principle, can react with Ga to form gallium 
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oxide. To elucidate the effect of dissolved oxygen on the oxidation of liquid metal during this 

analysis, we carried out two experiments; one in oxygenated water and another one in under 

nitrogen (deoxygenated water). To remove the dissolved oxygen from deionized water, we 

bubbled nitrogen gas in DI water for an hour and purged nitrogen gas above the water in the 

electrochemical cell during the experiments. A syringe pump injected EGaIn at 50 μl/hr and 

0 V. Figure 10a shows the results; the overall trends of this plot are very similar to those 

from the identical experiment performed without purging (c.f Figure 10c), which suggests 

that dissolved oxygen plays a minimum role in the measurements. There are few other 

notable differences: The anodic current is greater by a factor of 1.5 in deionized water 

(without nitrogen gas bubbling); this result could be explained by the differences in 

conductivity of DI water with dissolved gas relative to purged DI water
90

. Also, the 

frequency of the drops decreases inexplicably in Figure 10a (4 drops in 100 min) relative to 

Figure 10c (6 drops in 100 min). The small peaks decay over 0.3-0.6 s ( in Figure 10b) which 

is longer than the decay observed in Figure 10d which is 0.08 to 0.1 s. 

 

During these measurements , we  extruded EGaIn at 50μl/hr which is 4 times slower than our 

earlier experiments at 200μl/hr and fixed the applied potential at 0 V (vs Ag/AgCl reference 

electrode).The potentiostat records the anodic current every 0.01 s (i.e., two orders of 

magnitude faster than the 200μl/hr data). Compared to 200μl/hr at 0 V (c.f. Figure 2), there 

are quite a few differences observed in the measured data in Figure 10. Lowering the flow 

rate should have increased in the lull time between drops , but there was no lull between two 

drops. The droplet came out of the tube as soon as it fell down without any delay. Notably, 
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we performed these experiments after refilling the syringe and tube with metal.  It is probable 

that the sample preparation resulted in no bubbles, whereas previous measurements (c.f., 

Figure 2) had trapped air in the lines.  As a result droplet comes out continuously without any 

lull. This observation led us to re-evaluate  the lull time between drops in the 200μl/hr data 

(c.f., Figure 2). 

We assumed the compression of trapped air (or bulging of the tube) caused the lull time in 

the 200 μl/hr data. Volumetric displacement by the syringe pump should cause trapped air in 

the lines to compress until it reaches a critical pressure necessary to rupture the oxide skin.  A 

simple mathematical analysis shows that this explanation is reasonable. We find that 1% 

change in volume of the air (i.e., 990
1325101

325011
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 , or change of 1%) 

can induce the metal to flow inside the tube. Here, P1 is the initial pressure, P2 is the final 

pressure and Pc is the critical pressure to flow egain through a tube with a 500 micron inner 

diameter.  We calculate Pc using the Young Laplace equation
3
.  The lull time between drops 

for the 200μl/hr data was approximately 1 min and during this time 3.33 mm
3
 of EGaIn 

should have been extruded from the syringe. Since the change in volume is 3.33 mm
3
 (i.e, 

V1-V2 = 3.33 mm
3
), the initial volume of air (i.e., the volume of the air pocket) should be 

approximately 333 mm
3
. The pocket of air must be in the tube or syringe. If the flexible tube 

does not bulge then the length of tube that corresponds to this air volume is equal to 1698 

mm which is unreasonable considering the tube is less than a meter long. If the air is trapped 

inside the syringe, which has a 4.7 mm diameter, then the length corresponding to this 

volume of air is 192 μm, which is reasonable. Based on this analysis, we believe the 50μl/hr 
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data (Figure 10) did not exhibit any lull in between drops because it lacked air inside the tube, 

i.e., the metal was extruding continuously without any trapped air.  

 

 

Figure 10: Amperometric analysis of EGaIn for slower flow rate. EGaIn is extruded at 

50μl/hr and the applied potential is fixed at 0 V. a) Anodic current traces of EGaIn in 

deionized water with nitrogen purging. Here the anodic current shows smaller magnitude in 

compare with (c) because of decrease in conductivity of water
90  

. Approximately 4 drops are 

found here with no large peak and no lull period as well. b) The nature of one small peak in 1 

s scale is shown. This peak decays within 0.3 s. It is still faster than the decay time in 200μlhr 

but slower than what we found in (d). c) Anodic current traces of EGaIn in deionized water 
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without nitrogen purging. Approximately 6 drops are found. In compared with Figure 2, the 

anodic current shows an increasing trend with no large decay and no lull between the drops. 

A number of small decaying peaks are only found. d) Capturing the nature of one small 

decaying peak in 1 s scale. It decays in ~0.1 s which is much faster than the decay time of 

smaller peaks in 200μl/hr.  

 

 

 

 

5.7 Conclusion  

In this chapter we demonstrated, for the first time, an amperometric technique to measure the 

formation of an oxide skin that occurs upon rupture of an anodic film on EGaIn.  A syringe 

pump extrudes EGaIn in a controlled manner into water to produce fresh metal surface at a 

known rate.  Amperometry detects the real time rupture and oxidation of the surface under 

anodic polarization of the metal. Our primary goal was to prove the feasibility of this 

technique, explore the parameter space, and take the first steps toward analyzing the data 

using this approach.  The presence of multiple current spikes suggests that the technique is 

indeed capable of detecting the rupture of the oxide skin.  The anodic current exhibits some 

sharp peaks that decay when the metal is polarized in a potential range that is more positive 

than its standard electrode potential but less than the potential of water electrolysis (i.e., 

greater than -0.52 volt and less than 1.5 volt). Several smaller peaks are also observed as the 

droplet grows bigger, which is in good agreement with our hypothesis. Both capacitive and 

faradic current could contribute to the overall anodic current, although the time scales 

involved in the decay of peaks suggests oxidation.   
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The anodic current exhibits similar trends in both acidic and neutral salt electrolytes, but 

different from that observed in DI Water. The formation of a black shell around the drop of 

EGaIn suggests a different mechanism occurs than that observed in DI water. The black shell 

grows thicker with increasing positive voltage. Analogously, if the oxide skin can be grown 

thicker electrochemically then it may be possible to tune the critical yield stress of the liquid 

metal using anodization.  This property may be useful in applications in which the metal is 

designed to flow in response to pressure (e.g., the applications described in Chapters 2 and 

3).    

 

We found that the presence of oxygen does not impact the phenomenological behavior of the 

amperometric measurements, although it does increase the magnitude of the current, possibly 

due to increased conductivity of the water.  

 

We have also done some preliminary mathematical analyses of the data. The change in 

baselines current (at 0 and 0.1 V) is in good agreement with a simple model that accounts for 

changes in the surface area of the metal. We found the associated charge per unit change in 

surface area is 5.6x10
-5

 μC/mm
2
 regardless of the size of the peaks.  

  

This analysis, in the future, will be linked together with an in situ rheological study to 

measure and detect the rupture of the oxide and correlate this behavior with changes to 

mechanical properties of the oxide skin. The metal will be stressed under a rheometer to 

measure the mechanical stability of the surface of the composite and as soon as the metal 
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surface gets ruptured the anodic current will be detected electrochemically due to a sharp 

peak. Using this novel approach, the surface of the composite will be tuned, the modified 

yield stress will be measured and finally, the rupture of the surface will be detected 

electrochemically.  
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