
ABSTRACT 

SO, JU-HEE. Controlling the Shape and Interfacial Properties of Eutectic Gallium Indium. 
(Under the direction of Michael David Dickey.) 
 

This dissertation describes the fabrication and characterization of electronic and microfluidic 

devices composed of a liquid metal alloy, eutectic gallium indium (EGaIn), utilizing its 

rheological and electrical properties. EGaIn is a low viscosity liquid at room temperature 

with metallic conductivity. The metal forms a surface oxide skin under ambient conditions. 

This oxide skin allows the metal to maintain shapes that would normally be energetically 

unfavorable due to surface tension. The chapters of this thesis describe new approaches to 

study and utilize this skin to shape the metal, control its interfacial electronic properties, and 

integrate the metal into new types of electronics that are soft or stretchable. We fabricated 

and characterized fluidic dipole and patch antennas that consist of the liquid metal injected 

into microfluidic channels comprising a silicone elastomer. The resonant frequency can be 

tuned by reconfiguring the shape of the antenna mechanically without any hysteresis; the 

antennas are therefore sensors of strain. We also present the fabrication and characterization 

of highly stretchable and electrically conductive fibers. The fibers consist of the liquid metal 

injected into stretchable hollow fibers composed of styrene ethylene-butylene styrene (SEBS) 

resin. Mechanical measurements prove that the liquid core has negligible impact on the 

mechanical properties of the fibers. The electrical measurements show the fibers maintain 

metallic conductivity up to nearly 1000% strain, which may be useful for stretchable wires or 

electronics integrated into clothing. We describe a new class of memristors composed 

entirely of soft, liquid-based materials formed by combining the liquid metal and hydrogel 

doped with polyelectrolytes. The oxide skin of the metal is a wide band-gap semiconductor 



and the electrical resistance depends on its thickness, which can be controlled using electrical 

bias and/or pH of the gel which interfaces with the liquid electrodes. The direction and the 

magnitude of the electric bias pre-applied to the electrodes controls the anisotropy of current 

conductance. The pre-programmed anisotropy is preserved for more than three hours, which 

enables the fabrication of memory storage devices (i.e., memristors). The mechanical 

stability of the liquid metal enables fabrication of microelectrodes for integrated microfluidic 

devices. The metal can be injected into microfluidic channels in a single fabrication step to 

produce structures that are self-aligned with adjacent microfluidic channels. The liquid metal 

microelectrodes also span from the bottom to the top of the channel, and can thus generate an 

effective electric field in micro-electro systems. We utilized a thin oxide skin of the liquid 

metal to develop a new method to pattern the liquid into three dimensional free standing 

microstructures in spite of the destabilizing effects of surface tension. Extruding the liquid 

metal through a capillary or removing molds after injection of the metal into microchannels 

produced free standing liquid microstructures. Lastly, we analyzed the rheological properties 

of the liquid metal with the oxide skin in different chemical environments by using a 

rheometer with a parallel plate geometry. The results suggest that certain environments 

(water, acid) weaken the oxide corresponding with changes in the modulus and the yield 

stress.  
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Chapter 1. Introduction 
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This dissertation describes the study of a micro-moldable liquid metal, eutectic gallium 

indium (EGaIn) for the fabrication of soft and stretchable electronics with new functionality 

and for novel approaches to pattern metallic microcomponents. Although much is known 

about the metal, our studies focus on the composite system of the metal surrounded by an 

oxide skin. Thus, the unique contribution of this thesis is new insights into controlling the 

interfacial and electronic properties of the metal. In this chapter, we provide a general 

overview on previous research on EGaIn as well as other low melting temperature liquid 

metals and their applications. EGaIn has a thin solid oxide on its surface and the oxide skin 

dictates electrical and rheological properties of the liquid metal. We discuss the properties of 

the oxide skin and resulting unique behaviors of the liquid metal on the microscale. This 

background information motivates the work described in this dissertation.  

 

1.1 General Information on Low Melting Temperature Metals and their Applications 

Low melting temperature metals and alloys hold great promise for forming soft and 

conformal metallic contacts, electro-microfluidic components, and highly deformable 

electronics. The ability for liquid metals to flow also offers a new fabrication paradigm (e.g., 

injection) for metallic components and new opportunities for shape reconfigurable 

electronics.  

Mercury is one of the most well-known liquid metals and it has a number of uses. For 

example, mercury dropping electrodes benefit from the fluidic properties of the liquid metal. 

Pumping the liquid metal from a capillary maintains a pristine and clean electrode surface, 

which is desired for sensitive electrochemical measurements such as the voltammetric 
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detection of trace-metals and organics in solutions.[1, 2] Mercury also has been used as a top 

electrode to measure electrical properties of molecular junctions such as self assembled 

monolayers (SAMs) between two metal electrodes as shown in Figure 1.1(a).[3] The mercury 

electrode supporting thin molecular layers is compliant and provides conformal contact to the 

topography of a solid surface. This ability minimizes the potential of shorting and of 

mechanical damage to the organic molecular layers. The fluidic properties such as low 

viscosity also allow new applications of the metal in electronics and microfluidics (Figure 

1.1(b) and (c)).[4-6] However, mercury has high surface energy and tends to minimize the 

surface area which makes it difficult to control the shape and the fluidic behavior. Moreover, 

mercury is toxic,[7-10] thus its use is widely eschewed. 

 

J. Am. Chem. Soc., Vol. 123, No. 21, 2001

(a) (b)

(c)

 

Figure 1.1 (a) Schematic illustration and photo of a self assembled monolayer junction 
between gold and mercury electrodes.[3] (b) Microfluidic split-ring resonator. Mercury flows 
into and out of a microchannel in the device.[4] (c) Surface tension driven microactuation of a 
mercury droplet based on continuous electrowetting.[5]  
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(a) (b)

 

Figure 1.2 (a) Scanning electron microscopy (SEM) and optical microscopy images of 
inorganic structures on elastomeric substrates. The structures show different approaches to 
stretchable inorganic materials.[17] (b) Optical microscopy images and maximum strain 
distributions for serpentine interconnects composed of gold thin films.[17] 
  

Recently, the emerging field of flexible electronics triggered more need and interest 

in liquid metals to replace solid metals (e.g. copper), which have limitations with respect to 

the type and amount of mechanical deformation they can endure. The flexibility of solid 

metals in conventional flexible electronics mainly stems from their geometries (not from 
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intrinsic properties).[11-16] Figure 1.2 shows the different approaches that can offer 

stretchability and compressibility in brittle materials and how strain is distributed in the solid 

structures.[17] Although thin films of solid metals are flexible, they show limited stretchability 

and durability with repeated deformation (Figure 1.3).[18-20] In contrast to solid metals, liquid 

metals flow in response to applied stress and are therefore highly deformable and durable 

without generating cracks or fatigue. Here, we discuss new functionalities and capabilities of 

low melting temperature metals other than mercury. 

 

(a) (b)

 

Figure 1.3 (a) SEM image of a gold network with microcracks at 20% strain. The applied 
strain is along the x-axis.[18] (b) The resistance of 50 nm thick gold stripe on a silicone 
elastomer increases with applied strain more than 3% and generates cracks perpendicular to 
the stretch direction.[19] 
 

 This dissertation focuses on a eutectic alloy of gallium and indium (EGaIn, 75 % Ga 

25 % In by weight) to replace solid metals in soft electronics and microcomponents and also 

provide new functionalities. EGaIn is liquid at room temperature and has a low level of 

toxicity unlike mercury. As one of the components of the liquid metal, Indium has a  
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(a)

(b)

 

Figure 1.4 (a) Surface tension driven self-folding of patterned polyhedral. Two dimensional 
templates fold when solder hinges between adjacent faces melts.[26] (b) Injection of liquid 
solder into microchannels produces deformable metallic structures.[21] 
  

relatively low melting point (~ 158 °C) compared to popular solid metals such as copper and 

gold.[21] The metal can be easily liquefied with mild heating and thus has been widely utilized 

for reflow soldering in packaging, micromolding and three dimensional (3D) connections of 

electronic components.[22-25] The fluidic properties of the metal may be utilized in self-
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folding microstructures(Figure 1.4(a)).[26] Placing indium at the hinges of two dimensional 

(2D) structures leads to surface tension-driven folding process as the metal heats above its 

melting point. More recently, Siegel and coworkers reported a new concept of 

“microsolidics” by injecting molten indium or indium alloys into microchannels(Figure 

1.4(b)).[21] The method takes advantage of microfluidic techniques to fabricate complex 

metallic microstructures in 3D. Solid metallic components (e.g. electrodes, heaters, inductors, 

electromagnets) form by injecting metals at elevated temperatures into microchannels and 

then cooling them subsequently to room temperature.[27-29] Because the metallic components 

are thin and composed of soft metals, they can be flexed, bent, or twisted.  

Gallium and gallium based alloys such as EGaIn and eutectic gallium indium tin 

(Galinstan, 68.5% Ga, 21.5% In, 10% Sn) have lower melting points than indium (Ga ~30°C, 

EGaIn ~15.7°C, GaInSn ~ –19°C).[30-32] Gallium exhibits the largest temperature difference 

between the melting point (30 ºC) and boiling point (2200 ºC) among all elements,[30, 33] and 

has effectively no vapor pressure at room temperature, in contrast to mercury. The promise of 

the liquid metals to replace solid metals in microelectronics and microfluidics promoted 

studies on the physical and mechanical properties of the metals. Initial studies on the 

mechanical and rheological properties of EGaIn show that the surface oxide layer dictates 

those properties.[34] As a result, the critical pressure required to induce the flow into 

microchannels depends on the size of the channels. More in-depth studies on the rheological 

properties of the liquid metal showed that the oxide skin has non-Newtonian behavior with 

viscoelastic properties.[35] Other groups have characterized the fluidic properties of Galinstan 

such as contact angles, surface tension and electrowetting behavior for applications in 
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microdevices.[36, 37] EGaIn is more expensive than copper which is wide used in electronics. 

However, the amount of the metal required in micro-electrosystems is on microliter scales, 

thus the value from new functionalities could exceed the cost. Table 1.1 summarizes the 

physical properties of gallium, EGaIn and Galinstan, and compare them with those of water 

and mercury. We focus our studies here on EGaIn. We avoided using gallium in most cases 

because it has a freezing point above room temperature. We avoided using Galinstan because 

a ternary system is potentially more complicated to study than a binary system.  

 

Table 1.1 Physical parameters of gallium and gallium based alloys in comparison with 
mercury and water [30-33, 38] 
 

 Gallium GaIn Galinstan Hg Water

Melting point (°C) 29.8 15.7 -19 -39 0

Boiling point (°C) 2200 2000 >1300 357 100

Density (kg m-3) 6100 6250 6440 13599 1000

Thermal conductivity (W mK-1) 28 41.8 16.5 7.8 0.61

Viscosity (10-3 kg m-1 s-1) 1.96 1.99 2.4 1.55 1

Electric resistance (mΩ m) 0.27 0.29 0.29 0.96 1.8×108

 

Because of their potential for substituting mercury in electronic and microfluidic 

applications, the gallium and gallium based alloys have been utilized in applications 

including reconfigurable and stretchable antennas,[39-45] pressure sensors,[46-48]  
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(a) (b)

 

Figure 1.5 (a) Photographs of a stretchable loop antenna. The antenna is stretched, folded, 
and twisted.[39] (b) The resonance frequency of a stretchable dipole antenna shifts as a 
function of applied strain. The mechanical deformation and the resulting frequency are 
reversible.[42] 

 

interconnects,[49] soft and conformal electrodes for molecular junctions,[50-55] reconfigurable 

plasmonic devices,[56] microelectrodes,[57-59] soft matter based diodes and memristors,[57, 60] 

photovoltaic devices,[61-63], coolant for computer chips in place of water.[33, 64] Flexible and 

stretchable electronics such as stretchable and reconfigurable antennas and sensors is one of 

the most popular applications of the liquid metals. As discussed in Chapter 2, we describe 

different types of reconfigurable antennas by injecting EGaIn into elastomeric casings with 

different geometries.[40, 41, 45] Other groups also reported reversibly deformable and 

stretchable antennas by using highly stretchable elastomers (Figure 1.5).[42, 43] Galinstan has 

been also used as conductive elements in stretchable antennas.[39, 44] Soft artificial skin that 

senses strain and normal force has been reported (Figure 1.6).[46, 48, 65] The sensors are 
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formed by injecting EGaIn or Galinstan into elastomeric microchannels. The surface pressure 

and in-plane strain induce electrical resistance changes in the conductive channel. The ability 

of the metal to flow readily in response to applied stress also allows a fast and simple way to 

fabricate self-aligned microelectrodes. Chapter 5 describes one method to fabricate 

inherently aligned electrodes in microchannels.  

 

(a) (b)

 

Figure 1.6 (a) Photograph of a prototype of capacitive microfluidic device formed by 
embedding Galinstan within PDMS elastomer (top left), and a layout of microchannels (top 
right). Sensitivity of pixels to direct and indirect loading (bottom).[48] (b) Multilayered soft 
artificial skin sensor with embedded EGaIn microchannels.[46] 
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It is possible to form cone-shaped EGaIn top electrodes to measure tunneling current 

through self assembled monolayers.[50] The cones form by bifurcating a droplet of the metal 

and the presence of the oxide skin helps stabilize the shape of the metal. EGaIn provides soft, 

non-damaging contacts and showed better yield than deposited solid metal electrodes or 

mercury electrodes. After this pioneering work, the liquid metal has been used to measure 

characteristics of various types of molecular junctions.[50, 51, 53-55] These soft electrical 

contacts can also be fabricated by injecting EGaIn  into microchannels.[27, 57] EGaIn also 

accomplished great conformal contact with a rugged polymer substrate and showed good 

performance as an electrode of photovoltaic cells.[63] Surmann and coworkers tested the 

voltammetric behavior of Galinstan and showed the potential windows of use for different 

pH values are similar to those obtained with conventional mercury electrodes.[66]  Knoblauch 

and coworkers reported microinjection of organelles into cells with minimal cellular damage 

by using the heat-induced expansion of Galinstan within a pipette.[67] 

The ability to create soft electrodes offers an opportunity to interface with other soft 

materials to create electronic analogs that are composed entirely of soft materials. Chapter 4 

describes a memory resistors composed of hydrogel and EGaIn. The ability to control the 

thickness, and thus resistivity, of an insulating oxide skin on the metal enables the current 

rectification. This property can also be used to fabricate soft diodes(Figure 1.7).[57] Soft 

devices composed of hydrogels[68-70] are of interest because hydrogels are biomcompatible, 

soft, aqueous, and ionic[71]; these features are similar to the features of circuits found in 

biology including the brain.  
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(a) (b)

 

Figure 1.7 The electrically insulating oxide skin on the EGaIn electrode is reduced or 
oxidized further depending on the direction of the bias, thereby allowing unidirectional ionic 
current. (a) A schematic depiction of the soft-matter diode with asymmetrically configured 
polyelectrolyte gels under forward and backward biases. (b) Current rectification of an 
EGaIn/electrolyte solution/Pt diode. The negative bias reduces the insulating oxide layer at 
the interface of the liquid metal. The positive bias oxidizes the liquid metal resulting in a 
resistive barrier for electrical current.[57] 

 

This dissertation focuses on EGaIn because of its fascinating properties for 

applications including soft electronics, patterning microstructures and microfluidics. EGaIn 

has low viscosity and high electrical conductivity (more detail will be provided in section 

1.2). Moreover, the liquid metal can be micromolded because of the oxide skin that grows 

spontaneously on the surface of the metal and passivates the inner liquid. The oxide skin 

stabilizes mechanically the liquid metal and prevents it from resolving to hemispherical 

structures to minimize surface energy. The ability to mold the liquid metal into 

microstructures provides a new concept to shape a high surface tension liquid, for example, 

injection of the metal into microchannels or capillaries (Chapter 2 to 5) and patterning self-

supporting 3D microstructures (Chapter 6). These novel ways to control the shape of liquid 

extend the range of applications with new functionalities and capabilities which would be 
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impossible with solid metals or high surface tension liquids such as water and mercury. 

While this dissertation focuses on EGaIn, the conclusions reached will likely be applicable to 

any liquid alloy containing gallium (e.g., Galinstan) since it would have a thin layer of native 

gallium oxide which governs the mechanical and electrical properties of the metal. 

 

1.2 Properties of Eutectic Gallium Indium 

EGaIn does not evaporate and effectively has no vapor pressure at room temperature. The 

metal is liquid at room temperature (m.p.=15.7 °C[32]) which makes this metal more 

appealing than solders for applications in flexible electronics. EGaIn is capable of remaining 

in a supercooled liquid state at temperatures below the solidification point for a long time[72]. 

When seeded or stirred, the metal solidifies rapidly. The surface tension of EGaIn 

(624mN/m) is about ten times higher than that of water.[38] The bulk viscosity of EGaIn is 

1.99 × 10-3 Pa · s, which is a factor of two greater than that of water.[32]  Thus the metal 

readily flows under gravity or applied stress. The density of EGaIn is 6250 kg·m-3 [32] and the 

conductivity of EGaIn is 3.4 × 104 Scm-1[38] which is about eight times more resistive than 

copper. EGaIn has a thin solid oxide skin on its surface in ambient conditions. The oxide skin 

allows the metal to be micromolded into different shapes and dictates surface and fluidic 

properties of the metal. The characteristics of the oxide skin and the advantages are described 

in Chapter 1.3. 

Gallium has a low level of toxicity.[73]  Gallium alloys have been evaluated as 

substitutes for mercury dental amalgams and a review summarizes the mechanisms of 

gallium for health purposes.[74] Gallium(III) is the most stable oxidized state of the metal. 
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Because gallium(III) and ferric salts behave similarly in biological systems, gallium ions 

often mimic iron ions in medical applications. The gallium ions localize to and interact with 

many processes in the body in which iron(III) is found (an important exception is 

hemoglobin, which does not bind to gallium (III). As these processes include inflammation, 

which is a marker for many disease states, several gallium salts are used, or are in 

development, as both pharmaceuticals and radiopharmaceuticals in medicine to treat some 

cancers, hypercalcemia, allograft rejection, and autoimmune diseases.[75-82]  The effects of the 

long term exposure to gallium metal and gallium alloys needs to be studied further before 

these metals are used in consumer devices. 

 

1.3 Surface Oxide of Eutectic Gallium Indium 

The liquid metal has a thin, passivating solid-like oxide skin, i.e., the oxide protects the inner 

liquid underneath from further oxidation. Studies of the skin by using Auger spectroscopy[34] 

show spectra with an enhanced amount of Ga and O at the surface compared to the bulk, 

confirming that the skin consists of gallium oxide. This result is consistent with X-ray 

reflectivity and scattering studies on the surface of the metal.[83-85] After sputtering etching 

the oxide skin off the metal, the surface became enriched with In due to its lower surface 

energy. However, the gallium oxide displaced In at the surface immediately after the metal is 

exposed to ambient air. Studies of Galinstan by using XPS confirmed the surface of the metal 

is also enriched with gallium oxide like EGaIn as a consequence of the preferential oxidation 

of gallium in the near-surface region.[86] 
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A fascinating advantage of the oxide skin is that it allows the liquid metal to be 

molded into mechanically stable non-spherical microstructures.[34] The skin distinguishes 

EGaIn from mercury, which tends to bead up to minimize its surface area and is therefore 

difficult to manipulate. The ability to control the shape of the metal is essential for the liquid 

metal to be applied in 3D micro-patterning and opens new possibilities in micro-electro 

systems including antennas, microelectrodes, soft and conformal top electrodes for molecular 

junctions. Notably, it is possible to mold EGaIn on the µm-to-mm size scale (i.e., on the 

macroscopic scale, EGaIn is not moldable because the skin is unable to support gravitational 

forces). This observation suggests that its moldability is a function of the ratio of surface area 

to volume (a ratio which increases as the size of the structure decreases), and is therefore 

attributable to the properties of its skin.  

A rheometer with parallel plate geometry studied the unique mechanical properties of 

the liquid metal with the oxide skin.[34, 35] Figure 1.8(a) shows photo images which illustrate 

how the ‘‘skin’’ on the EGaIn surface deformed during the oscillation of the top plate about 

the axis normal to the plane of the plate (the bottom plate was stationary). The oscillating 

stress generates creases in the skin slanted in concert with the rotation. The oxide skin 

rupture easily during handling by external force including shear stress, gravity, vibration and 

agitation since it is floating on a liquid substrate and is only a couple of nanometer thick.[55] 

The liquid metal showed a critical surface stress (~0.5 N/m) above which the oxide skin 

ruptures and the metal starts to flow (Figure 1.8(b)). Once the oxide skin ruptures, any 

surface of the metal newly exposed to air or water oxidizes immediately. 
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(a) (b)

 

Figure 1.8 (a) A series of side-view snapshots of EGaIn between the two parallel plates of 
the rheometer. The plate rotated to the right of the center position (top), returned to its initial 
center position (middle), and the relaxed skin appeared crumpled after being stretched. The 
plate rotated to the left of the center position, and the creases of the skin slanted accordingly 
(bottom). (b) A plot of elastic and viscous modulus as a function of stress for EGaIn. The 
data shows that the EGaIn flows readily beyond a critical surface stress (0.5 N/m).[34] 
 

Oxidized metal wets most surfaces, which makes it very hard to clean the metal from 

substrates or containers. However, acidic or basic solutions which are strong enough to 

dissolve the oxide (pH below 3 or above 11),[87, 88] remove the skin and reveal shiny and 

reflective liquid metal surface. In the absence of the skin, the metal beads up on most 

surfaces. Therefore, the ability of the metal to ‘wet’ surfaces is likely due to the formation of 

the stiff oxide skin (i.e., the term ‘wetting’ is not an inherent fluid property, as used 

commonly, but rather a function of the composite oxide-liquid system). Electric bias provides 

another way to control the thickness of the oxide skin.  
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1.4 Eutectic Gallium Indium on the Micro-scale 

On the micrometer length scale, the oxide skin dictates the mechanical and rheological 

properties, and thus the shape and flow of the metal. Here, we discuss examples of the unique 

behavior of the liquid metal in microscales and how the properties have been utilized in 

several applications. 

 

(a)

(b)

 

Figure 1.9 (a) A series of photographs of the formation of a conical tip of EGaIn. From left 
to right: A micromanipulator 1) brings a drop of EGaIn suspended from a needle into contact 
with a substrate, and 2) raises the needle until the EGaIn separates into a conical tip (which 
remains attached to the needle) and a drop on the substrate.[50] (b) Characterization of 
molecular rectification in Metal−SAM−Metal Oxide−Metal Junctions by using EGaIn soft 
top contacts.[51] 
  

The surface oxide skin of EGaIn allows the metal to be molded into non-

hemispherical shapes such as conically shaped microtips. The tips may be formed by 

suspending a drop of EGaIn from a needle, bringing the drop into contact with a bare 
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substrate, and retracting the needle slowly(Figure 1.9).[50] The EGaIn adheres to both the 

needle and the substrate and pinches into to an hour-glass shape until it bifurcates into two 

structures, one attached to the syringe and one attached to the substrate. The conical tips of 

EGaIn do not retract into a semispherical droplet (as would high surface tension liquids) and 

ranges from less than 1 m to 100 m in diameter. These tips form soft and stable electrical 

contacts in micrometer scales with SAMs thus minimize the contribution of defects in the 

SAMs to tunneling current, resulting in high yields (70-90%). 

EGaIn can be injected easily into microfluidic channels because of its low viscosity. 

Its thin passivating oxide layer provides mechanical stability to the liquid metal in the 

channel despite its high surface tension. EGaIn is therefore a suitable metal for microfluidic 

applications. The ability to inject EGaIn into a microfluidic channel depends on the 

pressure applied to the metal at the inlet of the channel, and the pressure, in turn, depends on 

the cross-sectional dimensions of the channel (Figure 1.10).[34]  The relationship between the 

critical pressure (Pc) required to induce flow and the critical dimension can be expressed with 

the Young’s-Laplace equation   

1 1
2 cos ( )cP

W H
    

where γ is the effective surface tension, θ is the contact angle between the liquid and the 

walls and W and H is the width and height of the channel, respectively. In the absence of the 

skin, EGaIn has a surface tension of 624 mN/m.[34, 38] Phenomenologically, the skin acts like 

surface tension (~0.5 N/m) in the sense the critical pressure scales inversely with critical 

dimension; this value is the surface stress that must be exceeded before EGaIn flows. Above 
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the critical stress, the liquid metal rapidly fills microfluidic channels because of its low 

viscosity. Below the critical stress, the oxide skin provides mechanical stability to the metal 

within the channels (i.e., it does not withdraw from the channels). Mercury, in contrast, 

withdraws from microchannels rapidly to minimize its surface area. In the absence of the 

oxide skin, EGaIn behaves like mercury and is unstable in microchannels. 

 

 

Figure 1.10 Pressure to fill EGaIn or Hg into microchannels increases as a function of the 
inverse of the smallest width (1/W) of the channel.[34]  
 

 Micro and nanodroplets of EGaIn can be stabilized by coating the surface of the metal 

with self assembled monolayers (Figure 1.11(a)).[89] The molecules on the surface of the 

metal stabilize the microdroplets and prevents them from coalescing into bigger droplets. 

Flow focusing using microfluidics offers a simple way to fabricate EGaIn microdroplets 

(Figure 1.11(b)).[90] The effect of different channel dimensions, flow rates and types of 

carrier fluids on the shape and size of the metal microdroplets have been studied. The 
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droplets form and retain non-spherical shapes in oxygenated silicone oil due to the 

instantaneous formation of the oxide skin. However, in aqueous poly(ethylene glycol) 

solution and deoxygenated silicone oil, the metal droplets adopt a spherical geometry to 

minimize the surface energy. Controlling the formation of metal microdroplets can 

potentially be used in micro-electro-mechanical system (MEMS) devices for optical and 

electrical switches, valves and micropumps. 

 

(a) (b)

 

Figure 1.11 (a) (A, C) EGaIn droplets imaged by scanning electron microscopy (SEM) and 
(B, D) transmission electron microscopy (TEM). EGaIn dispersed in (A and B) 3-mercapto-
N-propionamide (1ATC9), and (C and D) 1-dodecanethiol (C12).[89] (b) EGaIn droplet 
formation in aqueous PEG solution using a microfluidic device. A series of images shows 
droplet generation at different flow rate ratios.[90] 
 

1.5 Motivation and Layout of this Dissertation 

Conventional electronics are typically fabricated from rigid materials (e.g., silicon and 

copper) using expensive processes, such as milling, etching, deposition and 

photolithography. Inexpensive flexible devices are being developed that enable new 

applications; examples include flexible solar cells,[91-94] textiles with integrated 
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electronics,[95-97] and electronic papers.[98-101] While the flexibility of current materials stems 

from thin-film geometries, the materials cannot be stretched or deformed significantly 

without inducing irreversible damage. Here, we study a room temperature liquid metal for 

making metallic components because it flows in response to deformation and thus the 

mechanical properties of electronic devices composed of the liquid metal depend on the 

properties of the casing material. In Chapter 2 and 3, we will discuss reconfigurable and 

mechanically tunable antennas and highly stretchable conductive fibers formed by injecting 

the liquid metal into elastomeric casings. 

 In addition to forming stretchable components for electronics, the metal can also be 

utilized for soft electronics. Although the term soft electronics can have many implications, 

here we use it to describe electronic devices that are composed entirely from soft materials. 

This concept is motivated in part by the differences between modern computers and ‘circuits’ 

found in nature (e.g., the human brain). The brain, for example, is composed of soft 

materials, has a 3D architecture, operates in an aqueous environment, and uses ions to 

operate. Computer chips, in contrast, are 2D, rigid, electron-based, and require a dry 

environment. Furthermore, computer chips have not been able to mimic the operational 

complexity of the brain.  In Chapter 4, we introduce a new class of soft and quasi-liquid 

electronic memory devices formed by combining the liquid metal and hydrogel doped with 

polyelectrolyte. The electronic functionality of these devices originates from the ability to 

control the electronic and ionic transport at the interface between the metal and the hydrogel. 

The oxide skin of the metal is a wide band-gap semiconductor and the electrical resistance 

through the oxide skin depends on its thickness. Controlling the thickness by applying 
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electric bias and/or changing pH of environments offers a new way to control resistance of 

electric devices. We combine the metal and this operating principle with hydrogels, which 

are a class of soft materials that are biocompatible and aqueous based.  

 The mechanical properties of the oxide skin offer new opportunities to create metallic 

components using fabrication methods that would not be possible with rigid metals. For 

example, EGaIn is well suited for microfluidic applications since the oxide skin provides 

mechanical stability to the liquid metal inside microchannels. In Chapter 5, we present liquid 

metal microelectrodes for integrated microfluidic devices. The metal can be injected into 

microfluidic channels to produce structures that are self aligned with adjacent microfluidic 

channels; that is, the channels are produced in the same fabrication step as the microfluidic 

channels and are therefore inherently aligned. The liquid metal microelectrodes are in direct 

contact with the microchannel fluid and also span from the bottom to the top of the channel, 

thus generate an effective electric field in micro-electro systems.  

 Interfacial tension limits the ability to pattern liquids into arbitrary shapes both in and 

out of plane. For example, the Rayleigh instability limits the aspect ratio of liquid cylinders 

to below . However, the oxide skin allows new opportunities to overcome the destabilizing 

effects of surface tension. In Chapter 6, we describe printing of the liquid metal into a variety 

of stable free-standing 3D microstructures such as cylinders with aspect ratios significantly 

beyond the Rayleigh stability limit, 3D droplet arrays, out of plane arches and wires. Because 

of the importance of the oxide skin for all of the applications described in this thesis, we 

sought to study the mechanical and rheological properties.  
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Although much is known about the metal itself, little is known about the composite 

oxide-metal system. In Chapter 7, we seek to understand the rheological properties of this 

system in different chemical environments and exploit them for various applications. This 

study will produce fundamental understanding of the skin and provide insight for future 

applications. It also provides some fundamental understanding the complements the other 

chapters in this thesis. For example, it elucidates the behavior of the metal in contact with 

water, which occurs in the memristor devices described in Chapter 4.  
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Chapter 2. Reversibly Deformable and Mechanically Tunable 

Fluidic Antennas* 
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2.1 Introduction 

This chapter describes a simple technique to fabricate reversibly-deformable and 

mechanically-tunable antennas by injecting a liquid metal alloy into elastomeric microfluidic 

channels. The metal, eutectic gallium indium (EGaIn, 75 %, Ga 25 % In by weight, 

m.p.=15.7 °C[1]), fills the channels rapidly at room temperature and possesses a thin oxide 

“skin” that keeps the fluid mechanically stable inside of the channels despite the high surface 

energy of the metal.[2] We fabricated the channels using soft lithography,[3] a rapid 

prototyping method capable of producing antennas without any milling or etching. The 

elastomeric channels define the mechanical properties of the antenna since the metal is a low 

viscosity fluid. Unlike conventional copper antennas, the fluidic antennas resist permanent 

deformation (i.e., the antennas return to their original state after removal of an applied stress) 

and can thus be deformed (stretched, bent, rolled, and twisted) reversibly without any 

hysteresis. The fluid metal ensures electrical continuity during deformation and “self-heals” 

in response to small cuts. Having a radiation efficiency of ~90% over a broad frequency 

range (1910 to 1990 MHz), these fluidic antennas are as efficient as conventional dipole 

antennas with solid metallic elements. In addition, the resonant frequency of the antenna can 

be mechanically tuned by elongating (i.e., stretching) the elastomer, and can therefore act as 

a wireless sensor of strain. The fluidic antennas have the potential to enhance the emerging 

field of flexible electronics by enabling wireless communication capabilities. We 

demonstrate, characterize, and model the capabilities of these fluidic dipole antennas. 
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2.2 Background  

The rapid growth of applications requiring wireless communication or remote sensing has 

created demand for advances in antenna technologies. We sought to fabricate antennas that 

are highly flexible, stretchable, and reversibly deformable. Flexible antennas have the 

potential to enhance the emerging field of flexible electronics, which is primarily motivated 

by the desire to incorporate electronics into flexible substrates such as textiles, displays, and 

bandages. The ability to reversibly deform antennas may also enable new capabilities (e.g., 

rolling and unrolling for remote deployment, enhanced durability) and the ability to 

reconfigure the shape of an antenna mechanically (e.g., by elongation) provides a means of 

tuning its spectral response or sensing external forces. Bendable antennas are also of interest 

for “smart antenna” applications; that is, beam-forming and beam-bending antennas. These 

devices are useful in millimeter-wave applications (e.g., automotive radars, security and 

surveillance systems, and high-data rate wireless communication systems).[4] Mechanically 

scanned antennas—that is, devices in which a portion of the antenna is designed to bend out 

of plane—are being explored for these applications because they are less expensive, more 

efficient, and offer better control than electronic phase shifting arrays.[4-7]  

Most conventional antennas are fabricated by milling or etching rigid sheets of copper 

into a static shape that dictates a singular function. Copper forms efficient antennas, but is 

poorly suited for flexible electronics because it fatigues when bent repeatedly and undergoes 

irreversible plastic deformation beyond strains of ~2%.[8] Thin inorganic films[9, 10] and 

semiconducting organic polymers[11-13] are the primary materials used for flexible electronic 

applications. These materials, however, are limited in the extent to which they can be 
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stretched and do not exhibit the electrical properties required for efficient antennas. Flexible 

electronics have been formed by encasing thin coils of metallic wire in an elastomer.[14-20] 

These approaches take advantage of the ability to bend metals with sufficiently small cross-

sections. Unfortunately, when thin films of metal are stretched they can form micro-cracks[21] 

or deform.[22, 23] The use of coils also imposes an unnecessary design constraint for antennas 

and increases the complexity of fabrication. 

 Polydimethylsiloxane (PDMS), a silicone elastomer with a low Young’s modulus (< 

2 MPa), has recently been used as a supporting substrate for copper to make flexible 

antennas.[4] The mechanical properties of the device are defined by those of the copper 

(Young’s modulus ~130 GPa). Although the antenna can be bent slightly, it is not designed 

to be deformed (twisted, rolled, stretched) without inducing irreversible deformation or 

fatigue.  

 We sought to fully utilize the deformability of the PDMS substrate by replacing the 

solid metal components with a fluid metal, thus allowing significant deformation of the 

antennas as governed by the mechanical properties of the elastomeric substrate, rather than 

that of a solid metal. Importantly, the liquid metal has a thin, solid-like oxide skin on its 

surface that is well suited for microfluidics. The liquid metal fills microchannels rapidly at 

room temperature when the pressure applied to the inlet exceeds the force required to rupture 

the skin. Once the metal is inside the channel, the skin reforms and provides mechanical 

stability to the otherwise low-viscosity and high surface tension liquid (Hg, in contrast, 

withdraws from microchannels rapidly to minimize its surface area).[2] The use of fluid metal 

allows the elastomeric antenna to be deformed (stretched, bent, flexed, or rolled) 
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significantly and reversibly without loss of electrical continuity; the resulting antennas are 

therefore durable. The fluid can flow in response to elongation of the elastomer, resulting in a 

reconfiguration of the geometry of the antenna and thus a shift in the resonant frequency. We 

demonstrate that the fluid metal forms highly efficient antennas that can be tuned via 

mechanical elongation without any hysteresis.  

 

2.3 Experimental Design 

We chose to fabricate a dipole antenna because the simplicity of the design allows changes in 

geometry (and thus resonant frequency) during stretching to be interpreted easily. The dipole 

structure can also be simulated numerically under multiple operating conditions using finite 

element method (FEM) modeling. Typically, the metallic elements of conventional planar 

copper antennas are fabricated by mechanical stamping and forming of a sheet of metal or 

through a sequential multi-step process of plating a conductive layer of copper on a dielectric 

substrate, etching the desired antenna element, and milling the antenna assembly from the 

host dielectric substrate. As a result, the rapid generation of large sets of prototype antennas 

may incur a significant cost. We fabricated the antenna by injecting fluid metal into an 

elastomeric microfluidic channel formed by a soft-lithographic process based on replica 

molding.[3] This fabrication method allows for rapid prototyping of new antenna designs and 

a single “master” can be replicated to produce many identical antennas. 

 We used PDMS (Sylgard 184 kit, Dow Corning) as the antenna substrat. PDMS is a 

commercial elastomer that is used routinely for preparing microfluidic channels.[24] PDMS is 

highly elastic, and possesses a low modulus and low surface energy; these properties enable 
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it to conform to surfaces. PDMS has a low dielectric constant (2.67) and a high loss tangent 

(0.0375).[25] Dipole antennas, however, do not have resonant fields within the surrounding 

dielectric and therefore the field densities inside the PDMS are low. PDMS is thus a suitable 

casing for dipole antennas.[4]  

 We used EGaIn as the conductive element of the antenna, which has several 

advantages compared with other conductive materials such as water, solder, or mercury. 

Microfluidic channels are typically used to manipulate aqueous solutions. Although saline 

water is electrically conductive, it is poorly suited for antenna formation because it can 

evaporate and the conductivity is relatively low compared to metals. Mercury could be used 

to fill the channels, but it is toxic and its high surface energy prevents it from forming 

mechanically stable structures (i.e., mercury withdraws from the channel to minimize its 

surface area).[2] EGaIn is a low viscosity (approximately twice the viscosity of water) liquid 

metal alloy at room temperature with a relatively high conductivity (=3.410 Scm-1 [26, 27]). 

For comparison, the conductivity of copper at room temperature is 5.96105 Scm-1
.
[28] Unlike 

solder, EGaIn does not need to be heated prior to injection and it maintains its fluidity after 

injection, which is critical to maintain continuity during deformation. Unlike mercury, EGaIn 

has a low level of toxicity[28] and is well-suited for forming conductive and mechanically 

stable structures in microfluidic channels.[2, 29] The thin passivating oxide layer (i.e., it does 

not grow thicker with time)[30, 31] that forms on EGaIn provides mechanical stability to the 

liquid metal such that it can maintain its non-spherical structure in the microfluidic channels 

despite its high surface tension. EGaIn is therefore a suitable metal for microfluidic 

applications.  
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2.4 Fabrication and Characterization of Dipole Antennas 

We fabricated dipole antennas by injecting EGaIn into PDMS microchannels. A dipole 

antenna consists of two conductive rods of equal length that are aligned along their long axis 

and separated by an insulating gap. A dipole resonates with a wavelength, λ, that is 

approximately twice that of the total antenna length, L (λ = 2 L) and is inversely proportional 

to the resonant frequency (λ = cν-1, where  is the resonant frequency, and c is the speed of 

light). The total length of the antenna (~54 mm) was chosen so that it resonates at a 

frequency (~2 GHz) within the range of the detector. 

Figure 2.1a is a schematic diagram of the process used for fabricating a fluidic dipole 

antenna. We used photolithography to generate a “master” pattern of the dipole on a silicon 

wafer using a negative photoresist (SU-8, Microchem). The pattern consisted of two 150 μm 

thick (as verified by profilometry), 25.4 mm long, and 0.5 mm wide lines aligned along their 

long axis and separated by 2 mm. Curing a PDMS pre-polymer against this topographically 

patterned substrate (i.e., replica molding)[3] produced an inverse replica of the master. After 

exposure of the replica to an oxygen plasma, we sealed it to a flat PDMS substrate (~1 mm 

thick), producing a microfluidic channel into which we injected the liquid metal. An 

additional thin-layer of PDMS sealed the inlet and outlet holes of the channel to assist with 

handling. 

An Agilent E5071B ENA series network analyzer measured the spectral properties of 

the antenna. We used a balanced-to-unbalanced (balun) transformer to convert the 

“unbalanced” (i.e., grounded) coaxial cable from the network analyzer to the “balanced” (i.e., 

ungrounded) antenna.[32] The input to the balun is a coaxial connection and the output is a 
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pair of balanced electrical leads. Solder typically connects the leads from the balun to copper 

antennas, but in this case, the leads could simply be inserted into the fluidic antenna 

elements. The network analyzer transmits incident electromagnetic waves into the antenna 

and measures the amount of energy reflected back to the analyzer as a function of frequency. 

The reflection coefficient, Γ or S11, is the ratio of the reflected voltage divided by the incident 

voltage. For each frequency in the sweep, the network analyzer calculates the reflection 

coefficient. In decibels, the reflection coefficient, or return loss, is -20 log |Γ| where |Γ| is the 

magnitude of the complex reflection coefficient. The frequency with the lowest return loss is 

the resonant frequency.  

We characterized the spectral properties and efficiency of the fluidic antenna in the 

“free space” position (i.e., not stretched or clamped). The antenna resonated at approximately 

1962 MHz with ~90% radiation efficiency as measured by a far-field, anechoic chamber. The 

radiation efficiency is defined as the ratio of total power radiated by the antenna to the power 

delivered to the input of the antenna. An efficiency of 100% implies that all of the input 

power is radiated by the antennas without any losses. An efficiency of 90% is expected for a 

similar dipole with solid metallic elements. These results, therefore, indicate that the 

electrical losses of EGaIn within PDMS channels are insignificant.  

The fluidic antennas can be deformed reversibly (stretched, bent, rolled, wrapped, 

folded) without any loss of electrical continuity (cf Figures 2.1b-2.1c). We characterized the 

spectral characteristics of the antenna before and after deforming the antenna in the following 

ways: (1) stretching (up to 40% strain); (2) twisting along the long axis by 90 degrees; (3) 

folding in half; and (4) rolling. Without exception, the antenna exhibited the same spectral 
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response before and after deformation. Furthermore, the resonant frequency did not change 

significantly during deformation. These observations demonstrate that the fluidic antennas 

are reversibly deformable and suggest that they are durable because of the lack of hysteresis. 

 

 
Figure 2.1 (a) Fabrication process of a reversibly deformable dipole antenna. PDMS 
elastomer cured on a topographically-patterned substrate produces two adjacent microfluidic 
channels (only one shown). After sealing the PDMS channels to another piece of PDMS, 
injection of liquid metal alloy into the microfluidic channels produces a dipole antenna. (b-c) 
Photographs of a prototype antenna being stretched and rolled. There is no hysteresis in the 
spectral properties of the antenna as it is returned to the “relaxed” state. (d)  The antenna self-
heals in response to sharp cuts, such as those inflicted by a razor blade.  

 

The fluidic antennas self-healed (that is, they retained their conductivity) after being 

cut with a razor blade. We cut entirely through the metal portion of the antenna 

(perpendicular to the long axis), as shown in Figure 2.1(d), but left some of the PDMS 
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surrounding the antenna intact. After removing the razor blade, the electrical resistance 

through the antenna returned to its pre-cut value. Stretching the antenna slightly expanded the 

gap formed at the site of the cut and caused the resistance to be infinite. Within the gap, it 

was apparent that the razor blade created two distinct metal-air interfaces, suggesting that the 

metal remained flush with the cut interface (i.e., it did not reflow into or out of the channel). 

Observation of these exposed interfaces by optical microscopy showed that the oxide skin 

gets pinned at the edges of the opening in the channel created by the razor blade. When we 

relaxed the antenna, it returned to its original conducting state. The process of re-breaking 

(by stretching the antenna and thereby separating the metal interfaces in the cut region) and 

reconnecting the wire could be repeated. In contrast to previous work, which has shown that 

discontinuities in wires in microfluidic channels composed of solder can be healed by heating 

and sonication,[33] the fluidic antennas heal spontaneously. We were able to get the two metal 

interfaces to merge into a continuous element by intentionally pressing on the channels. As a 

control experiment, we embedded a thin copper wire (with similar cross sectional area to the 

antenna) in PDMS and measured the electrical resistance before and after cutting through it 

with a razor blade. Approximately 40% of the time the wire returned to a conductive state, 

and 60% of the time the resistance was infinite. These results suggest that while the elasticity 

of the PDMS is primarily responsible for reconnecting the broken wires, the soft interface of 

the fluidic antenna facilitates reliable healing.  

We hypothesized that elongating an (uncut) antenna by stretching (Figure 2.2) the 

elastomeric device would shift the resonant frequency towards lower frequencies. We built 

an apparatus to stretch the antenna to minimize human bias in the measurements. The device 
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contained no metal parts to avoid electronic coupling with the antenna and thus simplify the 

interpretation of the results. The device consisted of two clamps composed of plastic (Delrin) 

onto which we affixed each end of the antenna. The clamps slid along glass rods parallel to 

the long axis of the antenna. Plastic screws exerted the force required to elongate the antenna 

in a controlled manner. A picture of the clamping fixture is shown in Figure 2.3.  

 
Figure 2.2 A schematic depiction of a dipole antenna before and after being stretched. The 
ability to stretch the antenna improves its overall durability and allows it to sense strain by 
the modulation of the spectral response during elongation. 
 

      (a)                     (b) 

   

 

 

 

 

 
Figure 2.3. Photographs of the device used to stretch the fluidic antenna. (a) Two clamps 
with four screws secure each end of the antenna and slide parallel to the long axis of the 
antenna. (b) The dipole fluidic antenna mounted in the device. Two main screws exerted the 
required force to push the clamps away from each other; this motion caused the antenna to 
elongate in a controlled manner. 

Clamp screws 

Clamp  

Antenna 

Main screws 
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We stretched the antenna from 54 mm to 66 mm (defined as the total end-to-end 

length of the metal in the antenna) by increments of 2 mm. We chose this range because it 

minimized the chances of tearing the device (discussed below) and thereby enabled the 

measurement of hysteresis in the device during strain relaxation (from 66 mm back to 54 

mm). The liquid metal in the elastomer maintained its electrical continuity during stretching. 

Although the cross-sectional area of the antenna reduces during elongation to maintain its 

total volume (the Poisson ratio of PDMS is 0.5[34]), the length of the metal is directly 

proportional to the length of elastomer. 

Figure 2.4 shows that elongating the antenna modulates the spectral response; the 

antennas can therefore sense strain. We determined the resonance frequency of the antennas 

using the radio frequency network analyzer. A reflection coefficient (or return loss) below -

10 dB is considered sufficient for effective radiation in commercial antennas. We recorded 

the spectral response as a function of the length of the antenna (measured using calipers) at 2 

mm increments, but only plotted four series in Figure 2.4 for clarity. The resonant frequency 

at 56, 60, and 64 mm follow the same trends as those in Figure 2.4.  

Stretching the antenna beyond ~75 mm caused it to tear (~40 % elongation at break). 

The theoretical extent of elongation depends on the type of PDMS and the way in which it is 

prepared.[35, 36] In principle, PDMS can be stretched beyond 40% strain, but it is likely that 

the antennas failed prematurely because of small defects at the surface of the PDMS that 

focused the applied stress. The antennas typically failed in regions of the PDMS that had 

been compromised or cut during fabrication.  
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Figure 2.4 shows that the antennas behave as true dipole antennas in the frequency 

range predicted from simple scaling (~ 2 GHz). As expected, the resonant frequency of the 

antenna decreased with increasing antenna length (Figure 2.5). The resonant frequency 

measured during the release of the applied strain did not exhibit any hysteresis. This result 

illustrates that the antenna is reversibly stretchable and the resonant frequency is indicative of 

the length of the antenna regardless of whether strain is increasing or decreasing.  

 

 
Figure 2.4 A plot of the measured reflection coefficient of the dipole both in its “relaxed” 
position (54 mm length) and mechanically elongated positions (58, 62, and 66 mm length) as 
a function of frequency. The ability to stretch the antenna allows the frequency to be tuned 
mechanically.  
 

We used a FEM simulator to model the resonant frequency of the dipole antenna as a 

function of induced strain. A computer-aided design (CAD) file input into the simulator 

identified the physical geometries and electric properties of each element within and 

surrounding the antenna. The FEM simulator generated a complex mesh of elements over the 
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antenna and iteratively optimized an approximate solution to Maxwell’s equations over the 

mesh until it achieved a solution with a sufficiently low error value. The model accounted for 

the geometry of the dipole (as a function of strain), the presence of the PDMS dielectric, and 

the surrounding clamping fixture. Figure 2.5 presents the simulated resonance frequency with 

the measured resonance frequency. The difference between the simulated and measured 

resonance frequencies is insignificant (± 0.1-0.3 % at each point). 
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Figure 2.5 Resonant frequency of a fluidic dipole antenna as a function of the length of the 
antenna as modulated by stretching. The calculated values were modeled using finite element 
modeling. 

 

2.5 Fabrication and Characterization of Microstrip Patch Antennas 

Antennas with radiating elements that have narrow cross sections (such as a dipole) have 

proven to be straight forward to fabricate reliably by simply injecting the metal into 

microchannels shaped with the desired geometry. In contrast, the conductive elements (i.e., 
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radiating element and ground layer) of the patch antenna resemble a large, flat rectangle. 

Channels with cross-sections that have small aspect ratios (i.e., a small height relative to the 

width) present at least two challenges. First, the channels tend to collapse because of the low 

modulus of the PDMS, which is an important attribute of the polymer that allows it to flex 

easily. Second, we found it challenging to inject the metal uniformly into low aspect ratio 

channels without creating pockets of air bubbles or uneven filling. This problem is 

exacerbated by the critical yield stress behavior of EGaIn; that is, it flows readily only when 

the pressure is large enough to rupture the skin and therefore does not necessarily flow 

evenly in every direction.  

 We overcame these challenges by designing microchannel geometries that guide the 

metal to fill the wide, rectangular geometry of the patch antenna uniformly by taking 

advantage of the rheological properties of EGaIn described in Chapter 1.2 with Young’s-

Laplace equation. As shown in Figure 2.6, we designed a serpentine pathway of posts with 

constant height (H, 100 m) in which the distance between two neighboring posts (W2, 100 

μm) is much smaller than the width of the serpentine channel (W1, 1000 μm). The critical 

pressure required to inject the metal through the channel (Pc1) is therefore less than that 

required to inject it through the posts (Pc2). In this implementation, the ratio of the two 

critical pressures is approximately 2:1; that is, it takes nearly twice as much pressure to force 

the metal between the posts than through the channels. The liquid metal therefore flows 

selectively through the serpentine-shaped channel (rather than between the posts) and thereby 

fills the entire area of the antenna. The posts also prevent the channel from collapsing. Once 

the metal fills the serpentine pathway completely, the pressure is increased (e.g., by simply 
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pressing on the top of the antenna by hand) to force the metal between the posts to merge, as 

shown in Figure 2.7. The patch antennas could be flexed without significant change in 

performance.[37]  

 
 

 
 
Figure 2.6 Photograph of a partially filled patch antenna taken as the liquid metal fills the 
antenna in a serpentine fashion to ensure uniform and complete filling of the patch geometry. 
(right) A close-up micrograph of the leading edge of the liquid. 
 
 
 

 
 

Figure 2.7 Photograph of a complete, evenly filled patch antenna and ground plane. (left) A 
close-up micrograph of a representative region of the radiating element shows the PDMS 
posts and the evenly filled liquid metal. 
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2.6 Advantages of Fluidic Antennas 

Relative to conventional copper antennas, fluidic antennas have several advantages: (1) The 

antennas are reversibly deformable and durable. The elastomeric casing defines the 

mechanical properties of the antenna and the fluid metal flows in response to deformation to 

ensure electrical continuity. (2) The fluidic antennas are mechanically tunable and sensitive 

to strain. (3) The liquid metal forms contacts with the baluns at room temperature without 

soldering. (4) The antenna self-heals in response to sharp cuts. (5) The fabrication of the 

antenna by soft-lithography is simple and many antennas can be produced from a single 

lithographic master.   

  An additional attractive feature of fluidic antennas is the new ways in which they can 

be integrated into devices. We envision two general strategies. In the first approach, the 

fluidic antenna (casing plus liquid metal) is fabricated ex situ and subsequently integrated 

with a device. For example, the low modulus and low surface energy of PDMS allows the 

fluidic antennas to conform to numerous surfaces and substrates.[3] The flexibility of the 

antennas could also enable them to be wound or woven into devices. In the second approach, 

the fluid antenna is fabricated in situ by injecting liquid metal into conduits that are part of 

the larger device structure. For example, microfluidic channels formed by sealing a mold (c.f. 

Figure 2.1) onto a substrate or capillaries in monolithic structures could be filled with liquid 

metal to form the fluidic antennas. The latter approach is distinguished from conventional 

approaches because the metallic elements are introduced in an additive manner and can be 

formed on demand by fluid injection. The ability of the liquid metal to form electrical 



 

47 

contacts without solder or wire bonding further simplifies the integration of these antennas 

into devices.  

 

2.7 Limitations 

While the use of PDMS enables deformability, it is not ideal for situations that require static 

antennas. This problem can be overcome by placing the antenna on a solid support, which is 

facilitated by the conformable nature of the PDMS elastomer. There are also limits on the 

extent to which PDMS can be stretched. The fluidic antenna tore into two pieces after ~40% 

strain; this value could be increased with optimized design and minimization of defects in the 

PDMS that otherwise focus stress, or by exploring other elastomers. The use of a fluid metal 

could also be worrisome for cases in which the antenna is severely damaged. Fortunately, the 

small amount of EGaIn in the antenna does not flow readily in the absence of a large driving 

force because of the presence of the mechanically-stabilizing oxide skin. For example, EGaIn 

did not leak or spray out of the device when the antenna ripped beyond 40% strain nor did it 

flow when cut in half, as evidenced by the self-healing properties.  

 

2.8 Conclusions  

By injecting fluid metal into elastomeric microfluidic channels, we have demonstrated a 

simple method to produce highly deformable and mechanically tunable antennas. The fluidic 

dipole antennas radiated with 90% efficiency and displayed a resonant frequency in excellent 

agreement with theoretical modeling. The shape of the antenna was reconfigurable and the 

resonant frequency could be tuned mechanically by elongating the antenna via stretching 
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without hysteresis upon relaxation. This property may be useful for sensing strain wirelessly 

(e.g., sensing the expansion and contraction of bridges, or the detection of motion). We also 

demonstrated a novel, multi-layer microstrip patch antenna composed of liquid metal that is 

mechanically flexible. The thickness of the elastomer could be tuned to change the 

mechanical properties of the antenna and thereby change the amount of strain induced by a 

given stress. Fluidic antennas can also withstand mechanical deformation without damage 

and self-heal when cut. The flexibility of the antenna may allow it to be incorporated into 

specialized products, such as electronic fabric, without loss of ergonomic functionality, or to 

be rolled up for remote deployment. Fluidic antennas also have the potential to enhance the 

emerging field of flexible electronics by providing new sensing or wireless communication 

capabilities. The ability of the fluid metal to alloy with many metals could facilitate the direct 

electrical connection and incorporation of antennas onto substrates featuring electronic 

components.  
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Chapter 3. Ultrastretchable Fibers with Metallic Conductivity 

Using a Liquid Metal Alloy Core 
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3.1 Introduction 

This chapter describes the fabrication and characterization of ultra-stretchable fibers with 

metallic conductivity formed by injecting a moldable liquid metal into hollow elastomeric 

fibers.  We fabricated the hollow fibers by melt processing commercial elastomers (Kraton 

G1643).  Injecting a liquid metal alloy, eutectic gallium indium (EGaIn, 75% Ga, 25% In by 

weight, melting point 15.7°C[1, 2]), into these fibers produces conductive wires encased in an 

insulating polymer shell.  Because the metal is a liquid at room temperature, it is capable of 

maintaining electrical continuity while stretching the fibers significantly (~800% strain).  

Stretchable and flexible conductive fibers are important for a number of applications, 

including stretchable electronics, electret filtration, and electronic textiles. Conventional 

electronics are fabricated typically from rigid materials (e.g., silicon, copper, aluminum).  

Flexible electronics are motivated, in part, by the ability to incorporate electronic function 

into non-rigid substrates (e.g., textiles, filters, clothing, chapter, sensors).[3-5] Stretchable 

electronics furthers the concept of flexible electronics and enables the electronics to be used 

in more mechanically demanding applications. Here, we focus on stretchable conductors, 

which are useful for wires, interconnects, meta-materials, and antennas.   

 Conductive fibers are an attractive platform for flexible and stretchable electronics 

because fibers are inexpensive, inherently flexible, compatible with fabrics, and can be mass 

produced via melt processing with very high speeds (>1000 m/min). The most common 

methods to impart conductivity into melt processed fibers include coating the fibers with 

conductive films (e.g., metals or carbon)[6-8] or creating conductive composites by 

introducing electrically conductive additives (e.g., graphite or carbon,[9-12] metal 
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nanoparticles,[13] conductive polymers[11, 14-17] such as polyaniline and poly 3-

hexylthiophene).  The composite method requires including enough additive to exceed a 

percolation threshold to ensure conductivity through the fiber. Thus, the mechanical 

properties (modulus, toughness, tactility, yield point) of the fiber change in unintended ways; 

coating methods have similar effects. Moreover, the composite fibers rarely results in 

metallic conductivity and conductive polymers tend to degrade due to oxidation.[6, 18] In some 

applications (e.g., commercial wires), it may be undesirable to have the current carrying 

components exposed to the exterior of the fiber.  Commercial wires (e.g., copper wire 

insulated with polymer) are flexible due to their thin cross-section, but are not stretchable.[19, 

20] We sought to demonstrate a new approach to create conductive fibers that would be 

simple, highly conductive, and stretchable without modifying the mechanical or tactile 

properties of the fiber. The present work is distinguished by (1) the ability of the fibers to 

maintain metallic conductivity with ultra-large strains, (2) the geometry of the fiber (a 

conductive core surrounded by an insulating shell, which is similar to conventional wires), 

and (3) the mechanical and tactile properties of the fiber, which are altered minimally since 

the fiber shell is unadulterated polymer.  

 We fabricated the fibers by injecting a moldable liquid metal into hollow fibers.  The 

metal, EGaIn, is liquid at room temperature with a low viscosity and a high conductivity ( = 

3.4 × 104 S/cm[21]). The liquid metal forms spontaneously a thin oxide skin at room 

temperature that reforms rapidly when ruptured.  The metal can be injected into capillaries, 

microchannels, and hollow fibers by exceeding the pressure required to rupture the skin.[2]  

Once it is in the capillary, a new skin forms rapidly and holds it into place.  This ability to 
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mold the metal into non-spherical shapes has been utilized to fabricate microelectrodes,[22] 

stretchable antennas,[23-25] soft diodes[26] and flexible solar cells.[27] Here, we harness this 

property to form ultra-stretchable, conductive wires inside hollow elastomeric fibers.   

 Poly[styrene-b-(ethylene-co-butylene)-b-styrene] (SEBS) resin is a thermoplastic 

elastomer with low modulus, high tensile strength (stress at break ~10.34 MPa), high 

stretchability (strain at break >600%), and good resistance to most chemicals.[28]  SEBS 

resins are used widely in the production of handles and grips, medical equipment, roofing 

and many other applications due to their rubber-like properties. We chose one type of SEBS 

resin, Kraton G1643 because it is commercially available, highly stretchable (strain at break 

>900%) and easy to melt process. This particular resin consists of 20% styrene endblocks 

and 80% ethylene-butylene midblock.[28]  Here, we describe the fabrication and 

characterization of stretchable conductive fibers and demonstrate their function as a 

stretchable charger for electronic devices and as a stretchable cable for earphones.   

 

3.2 Experimental  

3.2.1 Fabrication of hollow fibers 

We fabricated the hollow fibers by a melt drawing process because it is a widely used 

technique in the non-wovens industry. We used a pilot scale Fuji Filter Melt Spinning Tester 

(MST-CII Special Type).  The instrument melt extruded the polymer resin at 230 C and 400 

psi through a hollow configured die.  The die consisted of a circular slit divided into three 

equal sections.  The circle had an outer diameter of 2 mm and inner diameter of 1.5 mm.  The 

slits were 3 mm deep and the sections were separated by 0.2 mm. A series of rollers 
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mechanically drew the extruded hollow fibers through a water bath at room temperature to 

cool the fibers and the final roller collected them and dictated the “spinning rate”.  We varied 

the quench distance (i.e., the distance from the die to the water bath) between 20” and 38”, as 

well as the speed of the gear pump that meters the polymer (between 20 and 47 rpm).  These 

changes had minimal effects on the fiber dimensions.  Taken in sum, these results suggest 

that other methods may be necessary to make even smaller fibers (e.g., different die 

dimensions). 

 

3.2.2 Injection of liquid metal 

We injected the liquid metal into the hollow fibers to fabricate stretchable conductive fibers. 

A needle on a syringe filled with the liquid metal and threaded into the fiber provided the 

source of the conductive core of conductive fibers.  For cases in which the gauge of the 

needle was larger than the diameter of the fiber, we inserted the fiber into the needle and 

sealed it with glue so that the syringe would force the metal into the fiber. 

 

3.2.3 Mechanical Characterization 

We measured the mechanical properties of both hollow and filled fibers with different 

dimensions using an Instron 5943. Two hydraulic grips held one inch sections of fiber and 

stretched it at a constant rate of 10 cm/min. A computer recorded the gauge length between 

the two grips throughout the entire experiment process and converted it into pressure with the 

available cross-sectional area of the material in each test sample.  
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3.2.4 Electrical Characterization 

A customized digitally controlled stretcher extended the conductive fibers at 1 mm/s while 

measuring the resistance using a four point probe measurement. Copper wire inserted into 

both open ends of the fibers provided electrical connections between the liquid metal and the 

probe clamps from the source meter.  We measured the resistance of these wires to be 13.4 

m, which agrees with the theoretical value based on the resistivity of copper and the 

physical dimensions of the wires.  To prevent any slippage that might occur during fiber 

stretching, we assembled loose loops of the fiber at each end of the conductive fibers.  The 

loops had a diameter of about 0.25” while leaving a 1” straight section in between the loops 

as the effective original sample length.  A drop of glue encased the loops and the copper wire 

connections, and their resistance was subtracted from the overall resistance measurement to 

isolate the contributions from the stretchable portion of the fiber.  A four point probe 

technique using a Keithley 2400 measured the overall resistance (through the copper wires, 

loops, and stretchable portion of the fiber). 

 

3.3 Results  

We produced hollow fibers by melt extruding SEBS through a die consisting of a circular slit 

divided into three equal segments.  The fibers exited the extruder in a downward motion (i.e., 

in the direction of gravity) and a collection roller dictated the speed with which the fibers 

were drawn through a water bath at room temperature.  To control the dimensions of the 

hollow fibers, we varied the spinning rate of the collection roller.  Figure 3.1 shows the cross 

sectional dimensions of the fibers for spinning rates ranging from 25 to 1000 m/min. In all 
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cases, the fibers have a triangular cross section, which is most likely due to the shape of the 

die. The fibers tended to have a slightly more circular shape at slower spinning rates. The 

inner diameter of the fabricated fiber varied from 400 to 800 microns (we define the inner 

diameter as the average of the length of the three lines that originate from the vertexes and 

bisect the triangular cross-section of the core of the fiber) and the thickness of the walls of 

the fiber ranges from 100 to 200 m.  As expected, faster spinning rates produce smaller 

fibers.  The fiber geometry appears to level out at higher spinning rates.  We varied several 

processing parameters, but did not observe significant changes in fiber geometry.    

 

Figure 3.1 (a) Optical image of the cross-section of a hollow fiber. (b) The inner diameter 
(ID) and wall thickness (WT) of the fibers decrease with spinning rate. 
 

 

It is straightforward to inject the metal into the hollow fibers.  A long segment of 

hollow fiber can be filled with liquid metal using a syringe and then cut into several pieces 

with desired lengths. The oxidized skin of the metal prevents the metal from flowing out of 
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the fiber when the fiber is not disturbed (e.g., squeezed significantly). The inset in Figure 

3.2(a) shows that the metal remains flush with the cut end of the fiber.   

 
 

 
 
 
Figure 3.2 (a) A relaxed, 2 cm section of an ultra-stretchable conductive fiber. The shiny 
core of its cross-section (inset) is the liquid metal. (b) The fiber is stretched to 20 cm and the 
metal appears to uniformly fill the stretched fiber. 
 

 

We hypothesized that the incorporation of the metal impacts minimally the 

mechanical properties of the fibers since the metal is a low viscosity liquid and flows readily 

in response to applied strain. We measured the mechanical properties of both the hollow and 

filled fibers using an Instron.  Figure 3.3 shows the stress-strain profiles of the fibers for two 

spinning rates spanning an order of magnitude in spin speed (100 m/min and 1000 m/min). 

The profile shows the typical properties of thermoplastic elastomers: low modulus and high 

tensile strength. Fibers made with the lowest spinning rate can be strained the furthest before 
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the point of failure. At the lowest spinning rate (100 m/min), we found that the fibers could 

be stretched to 800-1000% strain before reaching the point of failure (with an ultimate 

strength of ~14 MPa).  Figure 3.3 shows that the fibers with and without the metal have 

nearly identical mechanical properties, which illustrates the negligible effects of the liquid 

metal on the mechanical properties of the fibers.   

 

 

 
 
Figure 3.3 The strain-stress plots of elastomeric hollow (hollow symbols) and filled (solid 
lines) fibers with two different spinning rates.  The fibers have the same mechanical 
properties with and without the metal. 
 

 

 For any stretchable electronics application, a consideration is the effect of multiple 

strain cycles on the performance of the fiber.  We performed cyclic testing on the fibers to 

quantify the effects of repeated strain on the mechanical properties.  Figure 3.4 shows that 
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after the first cycle (0 to 800 to 0% strain), subsequent strain cycles overlap nearly perfectly 

with minimal signs of hysteresis. After the first cycle, there is ~50% unrecoverable strain (i.e., 

the “set”) and each subsequent cycle has a similar set.  This result suggests there is some 

plastic deformation during the first strain cycle, but negligible plastic deformation during 

subsequent cycles.  Similar behavior was observed for fibers fabricated with other spinning 

rates.   

 

 
 
Figure 3.4 Cycling test on the mechanical properties of the hollow fibers fabricated with a 
spinning rate of 1000 m/min. Beyond the first cycle (largest stress), the fibers show minimal 
signs of mechanical hysteresis.   
 

 

 We sought to assess the electrical performance of the ultra-stretchable fibers during 

elongation. It is expected that the electrical resistance of the fiber should increase as a 

function of applied strain since the length of the fiber increases while the cross-sectional area 

decreases with elongation. We measured the resistance as a function of strain and normalized 
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all measurements by the resistance at zero strain such that the initial normalized resistance is 

1.  The resistance R of a wire depends on its resistivity ρ, length L, and cross-sectional area 

A, as shown in Pouillet’s law.  If we assume a Poisson’s ratio of 0.5 and the metal is 

incompressible, then the resistance of the fiber should be proportional to the change in the 

square of the length from a purely geometric perspective.  We note, however, that decreasing 

spinning rates tend to shift the cross sectional area from triangular to a more circular shape.  

We developed two sets of theoretical resistance values: one is based on the assumption that 

the cross-sectional area remains triangular while stretching and the other one assumes it 

becomes circular (i.e., for a given circumference, the cross-sectional area is 60% larger for a 

circle than an equilateral triangle and thus, the resistance through a circular cross section 

should be lower). The experimental data, in principle, should be within these bounds for the 

given assumptions. Figure 3.5 shows that the resistance increases as a function of strain. We 

repeated these measurements at least three times for each fiber with large and small cross 

sectional areas (i.e., 100 and 1000 m/min) and the test results are reproducible for both sizes. 

The fibers with a smaller cross sectional area (1000 m/min) have an electrical resistance that 

agrees nearly perfectly with that predicted by the model for a triangular cross sectional area.  

The fibers with a larger cross sectional area (100 m/min) have an electrical resistance similar 

to the theoretical resistance for a triangular cross section until ~200% strain and starts to 

deviate to lower values and follows the model for a circular cross-section until 700-800% 

strain, at which point the resistance rises rapidly and ultimately loses conductivity. In most 

cases, we observe that the loss of conductivity coincides with the physical collapse of the 

fibers. Our best sample (100 m/min) maintained conductivity to 1000% strain, but we chose 
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to plot more conservative values.  The conductivity recovers upon returning the fibers back 

to a non-stressed state (in some cases, massaging the fibers is required to regain continuity).  

To investigate how the spinning rate affects the discrepancy between the measured values 

and the two theoretical models, we embedded the 100 and 1000 m/min fibers in UV curable 

epoxy while applying 200 % strain and observed the cross section of the fibers after cutting it 

in half.  The cross section of the fiber with 100 m/min spinning rate becomes circular with 

strain while the fibers with 1000 m/min spinning rate maintain their triangular cross section.  

We speculate that the stability of the cross-sectional profile of the fibers at higher spinning 

rates (compared to those at lower rates) could be associated with the stiffer mechanical 

properties, the more triangular initial geometry, or the smaller size (e.g., increasing the 

circumference of the fiber should make the side walls easier to deform).  Sources of error in 

our measurements include experimental variability and uncertainty in the fiber geometry, 

minor slippage of the fiber from the clamps, potential void space in the metal or non-uniform 

constriction of the non-circular cross-section.  Regardless, the model captures the general 

trends and suggests that the resistance is less than or equal to that expected from a triangular 

shaped fiber.  We emphasize that the key advance is the remarkable conductivity at large 

strains and only offer speculation that the triangular cross section may have the added benefit 

of lowering the relative electrical resistance due to the effective enlargement of the cross 

sectional area of the fiber as it elongates. Because the conductivity is metallic, the results 

match the most conductive composite fibers in the literature.[29]  The elongation also matches 

the best stretchable fibers in the literature.[16]  
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Figure 3.5 The experimental (filled squares) and two sets of theoretical resistance (empty 
triangles and circles) of conductive fibers with two different spinning rates of (a) 100 and (b) 
1000 m/min. The resistance increases as the applied strain increases. 
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A potential drawback of a liquid core encased in an elastomeric shell is that the metal 

can flow and increase its resistance when pinched. We performed some qualitative 

experiments to emulate conditions the fiber may encounter during handling.  We pinched the 

100m/min fiber between our fingers and found the resistance to increase by an order of 

magnitude, but not lose electrical continuity.  The resistance returned to its initial value when 

we ceased to pinch the fiber.  We also observed that the resistance increased two orders of 

magnitude, but did not lose its electrical continuity when pinched using more concentrated 

pressure from our finger nails. It recovered to its pre-pinched value after releasing the force 

and massaging the fiber.  These qualitative experiments suggest that it is challenging to 

completely eliminate electrical continuity by hand when the fiber is in the rest state.  

 To demonstrate the stretchable fibers in electronic applications, we utilized the fibers 

as wires of a charger and earphones for an iPod. We cut a portion of a iPod charger line and 

inserted  four stretchable fibers (two power wires and two data transmission wires) as shown 

in Figure 3.6(a).  The iPod began charging when connected to a computer through the 

stretchable charger, and maintained the mode while we repeatedly stretched and relaxed the 

fibers. We also inserted the fibers to replace a portion of the wires for earphones (Figure 

3.6(b)) and the earphones continued to play music as well as the unmodified earphone even 

when elongated.  
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Figure 3.6 (a) Stretchable charger for electronic devices and (b) stretchable cable for 
earphones. 
 

3.4 Conclusion 

This study provides an alternative approach to generate ultra-stretchable conductive fibers by 

simply injecting liquid alloy (EGaIn) into hollow polymer (Kraton SEBS) fibers. The 

dimensions of the conductive fibers can be manipulated readily by varying the spinning rate 

of collecting rollers during the melt spinning process. The fibers have the same mechanical 

and tactile properties with and without the metal.  Metallic electrical continuity can be 

maintained to greater than 800% strain depending on the dimensions of the fiber, which we 

believe represents one of the best combinations of conductivity and stretchability for 
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conductive fibers reported to date. The triangular cross section of the fibers appears to have 

an unexpected benefit of decreasing the relative resistance while elongating the fiber due to 

changes in the cross sectional area.  The conductive fibers can be incorporated into numerous 

applications including flexible electronics, smart garments, stretchable wires, inductors, 

interconnects, and antennas.  The mechanical properties of the fibers here are limited only by 

the properties of the polymer, which in principle could be rendered even more stretchable 

(with less hysteresis) by the incorporation of block-selective oils.[30]   
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Chapter 4. Towards All-Soft Matter Circuits: Prototypes of 

Quasi-Liquid Devices with Memristor Characteristics* 
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Mater., 2011, 23, 3559. 



 

71 

4.1 Introduction 

We present a new class of electrically functional devices composed entirely of soft, liquid-

based materials that display memristor-like characteristics.  A memristor, or a “memory 

resistor”, is an electronic device that changes its resistive state depending on the current or 

voltage history through the device.  Memristors may become the core of next generation 

memory devices because of their low energy consumption and high data density and 

performance.[1-3]  Since the concept of memristors was theorized in 1971,[4] resistive 

switching memories have been fabricated from a variety of materials operating on 

magnetic,[5] thermal,[6] photonic,[7] electronic and ionic mechanisms.[3,8,9]  Conventional 

memristive devices typically include metal-insulator-metal (M-I-M) junctions composed of 

rigid stacks of films fabricated by multiple vacuum-deposition steps, often at high 

temperature. The most common “insulator” materials in M-I-M memristor junctions are 

inorganic metal oxides such as TiO2
[10] and NiO[11].  Conducting pathways can form by 

current bias across such layers.  Solid electrolytes between metal electrodes can also be used 

to create resistance switches (e.g., Ag/Ag2S/Pt), in which conductive metal filaments that 

bridge the two electrodes can be formed or annihilated on demand.[3,9]  Memristive circuits 

composed of organic materials have advantages over conventional metal oxides due to their 

ease of processing, light weight, and low cost. A variety of organic materials such as 

homogeneous polymers, small-molecule or nanoparticle doped polymers, and organic donor-

acceptor complexes have been evaluated as components in memory switching devices.[12]   

We present a new class of controllably bi-stable memristor-like devices that are 

fabricated entirely from liquid-based materials. These soft and flexible devices are built from 
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liquid metal and hydrogels that are used routinely in laboratories for hosting biological 

molecules and supporting cell growth. Hydrogels are soft, moldable and bio-compatible 

media similar to biological systems with high ion mobility due to the high water content (> 

90 % water).[13,14]  The ionic properties of the gels can be tuned by inclusion of 

polyelectrolytes that are immobilized via entanglement within the gel network.  Hydrogels 

doped with polyelectrolytes have been utilized for fabricating electronic devices such as 

diodes and photovoltaic cells.[13,15,16]  The electrodes of these devices, however, are rigid 

metals such as platinum and they cannot truly be classified as “soft” electronics.  Replacing 

the rigid electrodes with a moldable liquid metal that is electrochemically active harnesses 

the synergetic effect of the two liquid based materials – hydrogel and a liquid metal.  

Because these soft memristor prototypes function on the basis of ionic transport, they 

complement recent reports on the analogy between memristors and neural systems,[17,18] 

where the memristive characteristic of synapses enables learning and adaptation in biological 

systems.   

 An eutectic alloy of gallium and indium (EGaIn, 75 % Ga, 25 % In) is well suited as a 

soft electrode because it is a low viscosity liquid at room temperature with a high 

conductivity (σ = 3.4 × 104 S/cm).[19]  The surface of the EGaIn liquid metal forms 

spontaneously a thin, native skin of gallium oxide, which is a wide band-gap semiconductor 

(~ 4.8 eV at room temperature).[20]  The electrical conductance through the oxide skin 

depends on the thickness of the oxide layer, which can be controlled using pH and/or electric 

bias to oxidize or reduce the skin.[21]   
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4.2 Experimental 

The polyelectrolyte doped hydrogels were prepared following a procedure described 

previously.[16] The gel contained 2 wt. % agarose (biochemistry research grade, Acros 

Organics).  PAA (Mw 100,000, Sigma-Aldrich) and PEI (Mw 750,000, Sigma-Aldrich) 

polyelectrolytes were used as doping agents to adjust pH condition of the hydrogel.  The pH 

values of the hydrogel with 0.72 wt. % and 7.2 wt. % of PAA and 0.57 wt. % and 5.7 wt. % 

of PEI were ~2.3, ~3.3, ~10.1 and ~10.8, respectively.  Eutectic gallium/indium was 

purchased from Sigma-Aldrich.  For the fabrication of the device shown in Figure 4.1, two 

pieces of Tygon tube filled with EGaIn liquid metal using a syringe were inserted from the 

bottom of two polydimethylsiloxane (PDMS) molds, which have hemispherical wells of 

diameter ~ 5 mm.  The wells were filled with the polyelectrolyte gels melted by microwave 

heating to form either PAA/EGaIn or PEI/EGaIn interface.  After cooling down, the two 

polyelectrolyte gels interfacing the EGaIn liquid metal electrodes were brought in contact 

with each other, creating a gel-gel interface. All I-V curves were collected by using a 

computer-controlled source meter (Keithley 2602, Keithley Instruments Inc.) at room 

temperature. 

The crossbar array was fabricated by PDMS (Figure 4.1).  Two PDMS sheets with 

four circular holes of diameter ~ 2 mm for each node in the 2 × 2 crossbar array were 

prepared to support hydrogel pellets doped with PAA or PEI. Another two PDMS sheets with 

two parallel channels were prepared by soft lithography (i.e., replica molding).  The line 

patterns were placed on the top and the bottom of the two gel layers and crossed 

perpendicularly from the top view at the junctions of two polyelectrolyte gels, which act as 
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independent nodes.  All of the PDMS sheets were sealed by oxygen plasma treatment.  After 

assembling all of the sheets, the liquid metal was injected into the line channels by using a 

syringe and tubes to form electrodes.   

 

 
 
Figure 4.1 Fabrication process of the memristive circuit with a crossbar structure. Two 
PDMS sheets with four circular holes of diameter ~ 2 mm were prepared to support hydrogel 
pellets doped with PAA (blue) or PEI (red). Another set of two PDMS sheets with line 
patterns were prepared by soft lithography (i.e., replica molding). Each PDMS sheet with 
holes was assembled with the PDMS sheet with line patterns and sealed by using oxygen 
plasma. After inserting the gel pellets into the holes, the two sets of PDMS sheets were 
aligned perpendicularly to create four nodes with gel-gel interface. The liquid metal was 
injected into the line channels by using a syringe and tubes to from electrodes at the top and 
bottom of the stacked gel layers. 
 

4.3 Fabrication and Characterization of Soft Matter Based Memristors 

We constructed memristor-like devices composed of two liquid metal electrodes separated by 

two thin layers of hydrogel each doped with polyelectrolytes (polyacrylic acid, PAA and 

polyethylene imine, PEI) as shown in Figure 4.2a.  The polyelectrolytes control the local pH 

in the gel and create asymmetry in the device, which is essential for bipolar switching 

memristors.[22]  The local pH in the individual gel layers is maintained because the 
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polyelectrolyte molecules, acting as buffers, are entangled with the agarose polymer 

network.[15]  The fabricated device exhibits hysteretic and bipolar I-V traces that are 

characteristic of memristive devices (Figure 4.2b).  In the range of positive voltage, the 

device shows two different levels of current values depending on the history of the bias.  The 

current during the forward sweep from 0 V to 5 V (1 and 3b in Figure 4.2b) is approximately 

two orders of magnitude higher than those during the backward sweep from 5 V to 0 V (2a 

and 4 in Figure 4.2b).   

The thickness of the oxide skin that forms on the metal dictates the conductance 

through the device; the ability to control the thickness of the oxide in an asymmetric fashion 

is central to the operation of the quasi-liquid memristors.  To elucidate their operating 

mechanism, we investigated the effect of pH and electric bias on the interface between the 

liquid metal and the (PAA or PEI) gel.  According to the Pourbaix diagram,[21] the oxidation 

and reduction of liquid metal depends on the applied electric bias and pH values of its local 

environment.  We observed the morphology of the surface of the liquid metal electrodes in 

each polyelectrolyte solution while applying a bias of ± 5 V between two liquid metal 

electrodes using the experimental set-up illustrated in Figure 4.3a.  Figure 4.3b and 4.3c 

show the effect of PAA and PEI polyelectrolytes on the formation of the oxide skin of the 

metal electrodes (at 10× the concentration in the bulk in order to highlight their effect).  

Before applying a bias, the electrode, which is coated with a thin native oxide layer, appears 

smooth, reflective, and metallic.  After applying + 5 V to the electrode in the PAA solution, 

the whole surface formed a thick oxide skin as shown in Figure 4.3b.  This skin maintained  
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Figure 4.2 Soft memristor prototypes based entirely on soft materials. (a) A schematic 
depiction of the memristive device. Two polyelectrolytes entrapped in a matrix of 
agarose/H

2
O dictate the pH values of each hydrogel layer. (b) I-V curves of the device by ± 5 

V sweeps. The numbers and the arrows represent the order and the direction of the bias 
sweeps, respectively. The hysteresis of the I-V curves is the characteristic feature of 
memristors.  The red dotted line indicates the reading bias of 1 V, where the “memorized” 
resistance is measured. The sweep rate is 0.04 V/s. 
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its shape and morphology for more than 1 hour (without bias) until we applied  5 V to 

reduce it.  The surface of the electrode in the PEI solution under + 5 V, however, only 

changed slightly compared to that in the PAA solution (Figure 4.3c) and reverted 

spontaneously to its original state within a couple of minutes.  The difference in the oxidative 

behavior of the skin of the metal is associated with the pH values of the PAA and PEI 

polyelectrolytes in the agarose gel, which are ≈3.3 and ≈10.1, respectively. Experiments with 

polyelectrolyte concentrations equivalent to those used in the soft memristor, and 

experiments with aqueous HCl and NaOH solutions with pH values equivalent to those of 

gels in the device show the same results as those in Figure 4.3b and 3c (Figure 4.4), 

supporting the conclusion that pH is the critical parameter for controlling the formation and 

removal of the oxide skin.  The anodic formation of the oxide film on EGaIn is analogous to 

the properties of typical valve metals, such as Al, Ta and Nb.[23, 24] 

 In our system, the asymmetry leading to memristor-like behavior arises from 

differences in the stability of the surface oxide layers on the two metal electrodes that contact 

the polyelectrolyte gel (Figure 4.3d).  A positive bias applied to the electrode interfacing the 

PAA gel causes the metal to oxidize further and thereby decreases the conductance through 

the device.  A negative bias applied to the same electrode reduces the oxide layer at the 

interface between EGaIn/PAA gel.  At the other electrode, the interface of the EGaIn/PEI gel 

invariably suppresses the oxidation reaction driven by the applied bias and consequently 

introduces asymmetry into the device.  Thus, the formation (i.e., oxidation ) or removal (i.e., 

reduction) of the oxide layer at the interface of the PAA-doped gel determines the high 

(“off”) or low (“on”) resistance states of the memristor, respectively. 
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Figure 4.3 Proposed operating mechanism of the gel/liquid metal memristors based on the 
electrochemical behavior of the oxide skin of the metal in PAA or PEI polyelectrolyte 
solution. (a) Cross-sectional view of the experimental set-up for the observation of the 
surface of the EGaIn electrodes in each polyelectrolyte solution. Flexible plastic tubes of 
diameter  500 µm filled with EGaIn were inserted from the bottom of the solution 
reservoir. The concentrations of PAA and PEI are 7.5 wt. % and 5.7 wt. %, respectively. (b, c) 
Optical images of the top surface of the EGaIn electrodes to which voltage is applied in PAA 
(b) or PEI (c) solution. In the presence of aqueous PAA, a thick oxide layer on the EGaIn 
electrode is formed or removed depending on the applied bias. In the presence of aqueous 
PEI, the oxide layer formed by the applied bias is unstable and is spontaneously removed. (d) 
Proposed mechanism of memristor-like function based on the electrochemical behavior of the 
oxide skin of the EGaIn electrodes. Since the interface of PEI/EGaIn stays conductive, the 
formation and dissolution of an oxide layer at the PAA/EGaIn interface determines the 
resistance of the memristor. 
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Figure 4.4 The effect of pH conditions on the formation of oxide skin on the EGaIn 
electrodes. (a) Optical images of the surface of the EGaIn electrodes to which the voltage is 
applied in PAA or PEI polyelectrolyte solution of the same concentration as the memristor 
device.  (b) The EGaIn electrodes in aqueous solution with identical pH values as the 
memristor device show the same surface morphological changes in terms of the bias 
application, which suggests that the different pH values of PAA and PEI polyelectrolyte 
solutions result in the difference in the oxide formation. 

(a) 

(b) 
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The oxide-based mechanism is consistent with the bipolar I-V characteristic of the 

memristor shown in Figure 4.2b.  The oxide layer grows at the interface of EGaIn/PAA gel 

during the first forward positive sweep (1 in Figure 4.2b) from 0 V to 5 V, which sets the 

memristor into the high resistance state (off state) and maintains its increased resistance 

during the backward sweep from 5 V to 0 V (2a).  The grown oxide layer is reduced during 

the negative bias sweeps (2b and 3a) and the memristor resets into the low resistance (“on”) 

state.  The I-V curves of the consecutive forward and backward positive sweeps (3b and 4) 

demonstrate a recovery of the first positive sweeps (1 and 2a).  The current and voltage traces 

of these soft memristive devices show subtle differences from conventional semiconductor 

memristors,[2,8,10] which operate on completely different principles and materials. However, 

they clearly show the essential memristive characteristics – bistable, history-based resistance,  

 

          (a) Pt / PAA gel / PEI gel / Pt               (b) Al / PAA gel / PEI gel / Al 

 
 
Figure 4.5 (a) Symmetric I-V traces with no hysteresis occur when electrochemically inert 
metals, such as platinum, were used as electrodes. (b) The device with Al electrodes shows 
slight I-V hysteresis because Al also forms an oxide layer on its surface. Compared to solid 
Al metal, it appears that the liquid EGaIn metal has the advantage of self-regeneration due to 
its fluidity, which results in reproducible hysteresis and more reliable memristive 
performance. 
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which can be reversibly switched between on and off states.  The non-zero current at 0 V 

during sweep 3 likely results from the spontaneous formation of the native oxide at the 

interface of the PAA gel/EGaIn.[25,26]  This current is transient and is suppressed when the 

oxide skin grows to the equilibrium thickness.  Inert metal electrodes (e.g., Pt) or 

symmetrical gel layers do not exhibit the effective memristive as shown in Figure 4.5, 4.6 

and 4.7.  Further electrochemical studies are underway to better understand any secondary 

processes that may be occurring in this ionic system. 

 
 

 

 
 
Figure 4.6 The device with symmetric PAA polyelectrolyte gel exhibited hysteretic I-V 
curves initially. However, since the oxide skin grows at both electrodes under the pH 
environment of PAA, total resistance of the device continuously increases as the bias loop is 
repeated.                     
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Figure 4.7 Slight hysteresis occurs in the device with only PEI polyelectrolyte gel, which is 
maintained even in the consecutive bias cycles (left). However, the off-state resets 
spontaneously to the on-state after ~10 min because the oxide skin is unstable and removed 
under the PEI environment (right).  

 

A quantitative analysis on the effect of the bias history on the resistance of the 

device establishes the operational parameters of the soft matter memristor, including the 

switching and reading biases.  Consecutive forward and backward bias sweeps of varying 

magnitudes up to 10 V applied to a pristine device resulted in the I-V traces shown in Figure 

4.8a.  First, sweeping the voltage forward and backward from 0 V to 1 V (black curves in 

first row) produced I-V traces with hysteresis in which the current is suppressed during the 

backward sweep.  This result suggests that the thickness of the oxide layer increases during 

the forward sweep.  The device remembers its processing history and "records" bias 

magnitude in the form of a highly resistive state that is maintained even after the bias is 

removed.  The current remains suppressed initially in the subsequent sweep from 0 to 3 V 

(red curves in second row) and only increases after exceeding ~ 1 V.  Similarly, the I-V 

traces in the consecutive sweeps from 0 to 5 V and from 0 to 10 V (blue and green curves in 

third and fifth rows) exhibit rapid increase of the current at ~ 3 V and ~ 5 V, which are the 
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recorded maximum voltages during the previous sweeps (0 to 3 V and from 0 to 5 V, 

respectively).  Thus, the maximum voltage of the pre-applied bias determines the range of 

bias in which the memristor maintains a high resistive state.  The “stored” resistance can be 

read as long as the reading bias is lower than the switching bias.  We selected ± 5 V as the 

switching bias to turn on and off the memristor and 1 V as the reading bias, which are similar 

in magnitude to solid state memristors.  

 

 

 
Figure 4.8 Performance characteristics of the gel/liquid metal memristors. (a) Conductance 
through the device depends on the pre-applied bias history. The current is suppressed (off 
state) below the maximum pre-applied voltage. (b) Switching performance of the memristors. 
(c) Long-term stability of the stored information. The low-conductance, i. e. ‘off’ state, is 
restored to ‘on’ state after 3 hrs by applying the switching bias. A switching bias of ± 5 V 
was applied to the memristors for 3 sec for the experiments of b and c.  
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We assessed the reliability of the quasi-liquid memristor by performing on-off 

switching tests and evaluated the stability by observing how the recorded resistance changes 

with time.  Figure 4.8b shows that these prototypes can be switched reversibly between high 

and low resistance states during multiple cycles.  Figure 4.8c demonstrates the long-term 

stability of the recorded resistance, where for both on and off states, the device preserved the 

recorded resistance for more than 3 hours.  Since the polyelectrolytes are molecularly 

entangled with the gel matrix and therefore immobilized,[15] each polyelectrolyte gel 

maintains the effective pH medium at the electrode interface contrary to hydrogels doped 

with small diffusive ions such as HCl and NaOH.  There is no significant difference in 

current at the on and off states in terms of the duration of the applied switching bias over a 

range of 3 to 30 sec (Figure 4.9). Overall, the quasi-liquid prototype exhibits reliable 

switching behavior and reasonable long term stability considering the simplicity of the 

architecture.  

We demonstrated that these memristor elements can be integrated into soft memory 

matrices by constructing a basic crossbar array in which the resistance at each node can be 

controlled independently.  Figure 4.10a shows a prototype circuit fabricated by aligning 

perpendicularly two sets of liquid metal lines at the top and bottom of a stack of doped 

hydrogel layers.  Figure 4.10b is a schematic of the circuit with the four memristive nodes.  

The circuit possesses 24 different binary information states for the on and off states at each 

node.  We confirmed that each node can be operated independently without crosstalk in the 

integrated memristive circuit (Figure 4.10c).  Switching node 1-B from on to off (or vice 
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versa) showed a decreased or recovered current (green filled or empty triangles) while the 

other nodes maintained their conductance.  In the subsequent measurement, the node 2-A 

also showed similar switching behavior as the node 1-B, confirming independently controlled 

information state at each node.  

 

 
 
Figure 4.9 Effect of the duration of switching bias on the on/off ratio of the memristor. The 
“on” state becomes slightly more conductive at longer switching times and the “off” state 
becomes slightly less conductive at longer switching times.  Regardless, switching occurs 
after only 1 s of applying the switching bias. 
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Figure 4.10 A crossbar array of soft material-based memristors. (a) Photograph of a 
prototype of an integrated memristor circuit with a 2 × 2 crossbar array. The device is flexible 
as shown in the inset image and compatible with water. (b) Schematic of the prototype in (a). 
The arrows point to the nodes. (c) Switching performance of the memristor circuit device. 
The switching bias to turn ‘off’ (+ 5 V) and ‘on’ ( 5 V) the nodes is applied to the 1-B node 
for the first and second cycles and to the 2-A node for the third cycle, respectively, as shown 
by the arrows. The filled symbols represent the nodes in the ‘off’ state. The switching bias 
was applied to each node for 1 sec to minimize the crosstalk. 
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4.4 Conclusion 

In conclusion, we present a new class of memristors that is based entirely on soft materials 

and operates on an ionic conductance mechanism.  The devices are simple to fabricate using 

bench top methods and consist of hydrogels doped with polyelectrolytes sandwiched with 

liquid metal electrodes.  The asymmetric configuration of the gels allows effective resistive 

switching by controlling the formation of the interfacial oxide layers by electric bias, while 

memorizing the last state of the system.  The devices showed reliable switching behavior and 

stable long-term operation.  A crossbar integrated memristive circuit demonstrates the 

scalability of this liquid based architecture. Since the operation of the memristor is based on 

ionic conductance in aqueous systems, such classes of devices could find potential 

applications in bioelectronic systems, such as artificial brain-mimicking or neuromorphic 

structures, and provide better understanding of the origin of primitive intelligence.  The 

polysaccharide hydrogel core of these devices is biocompatible and they could be interfaced 

with live neural tissue and other biological systems.  Further research on the optimization and 

improvement of the prototype memristors could enable fabrication of high density three-

dimensional soft circuits and in vivo operation of such devices.  
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 Chapter 5. Inherently Aligned Microfluidic Electrodes 

Composed of Liquid Metal 
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5.1 Introduction 

This chapter presents a simple technique for the fabrication of electrodes composed of a 

liquid metal that are inherently aligned with and in direct contact with microfluidic channels.  

Metallic microcomponents are essential for numerous microfluidic devices.  They can be 

used as heaters,[1-4] magnets,[5-7] antennas,[8] electrochemical sensors,[9-12] electromechanical 

pumps and actuators.[13, 14]  They can also be used as mixers,[15, 16] pumps,[17, 18] and sorters[19, 

20] based on the principles of electrophoresis, dielectrophoresis, and electroosmosis.  Injecting 

metals with low melting points, such as solder, into microchannels is a simple way to 

fabricate electrodes.  Here, we show it is possible to fabricate electrodes that are in direct 

contact with a microfluidic channel (i.e., a channel that can be used for conventional 

microfluidic applications, such as fluid manipulation and analysis) by injecting liquid metal 

into specially designed microfluidic channels.  All of the channels are patterned in the same 

lithographic step; the electrodes are therefore significantly simpler to fabricate than 

conventional approaches that involve multiple fabrication steps and registration (i.e., 

alignment of the electrodes with the microchannel).  Injection of the liquid metal can be done 

by hand at room temperature and produces electrodes that vertically span the sidewalls of the 

channel, which is important for generating electric fields with non-diverging field lines 

throughout the microfluidic channel.  This chapter discusses the formation, stability, and 

performance of these liquid metal electrodes.   

Microfluidic channels are fabricated typically by sealing a substrate (e.g., 

polydimethylsiloxane (PDMS) or glass) featuring recessed channels to a flat substrate.  A 

common way to incorporate metal microcomponents into these devices is to pattern thin 
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metallic features onto the flat substrate prior to sealing.[21-23]  This approach involves 

depositing metal (e.g., thermal evaporation, e-beam evaporation, electro-deposition, 

sputtering) and patterning the metal (e.g., lithography), which both require specialized 

equipment.  The resulting patterned microelectrodes must be aligned (i.e., registered) with 

the microchannels, which is challenging and often results in poor sealing because of the 

topography of the patterned electrodes.  Another limitation of this conventional approach is 

that the thin metal electrodes are in the same plane and are effectively two-dimensional; 

because the electrodes do not span the top to bottom of the microchannel, all electric field 

lines between adjacent electrodes will diverge within the channel.[24]  Diverging field lines 

may be desirable for certain applications (e.g., dielectrophoresis), but not for those that 

require uniform field lines. 

 Several approaches have been developed to provide alternative ways to fabricate 

metallic microcomponents in microchannels.  For example, ion milling of metal coated 

structures, [25] depositing metal films or implanting metal ions at an angle can create 

electrodes on the side walls of microfluidic channels.[26, 27]  This approach still requires 

physical alignment (of the microchannels with the deposition source) and the electrodes can 

easily crack when deposited onto soft materials such as PDMS.  Electrodeposition can also 

be used to create electrodes that span the top to bottom of a microfluidic channel.  For 

example, gold electrodes electrodeposited on the side walls of a microfluidic channel showed 

lateral electrical fields uniform along the vertical direction in the channel.[28]  This approach, 

however, requires registration and multiples steps such as e-beam evaporation to define seed 

layers for plating.  Polymer-based conducting composites smeared onto a sacrificial mold 
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have also been used to produce three-dimensional microelectrodes.[29-31]  The fabrication 

process, however, is time consuming and requires multiple lithographic steps and alignment.  

Furthermore, the composite materials tend to have lower conductivity than pure metals. 

 Cofabrication is a strategy for fabricating multiple microsystems in a single step by 

injecting functional materials into pre-fabricated channels.[32]  It generates correctly aligned 

micro-components in a fast and inexpensive way.  For example, wires, microelectrodes,[33] 

micro-heaters[34] and electromagnets[35] can be formed by injecting solder or conducting 

liquid into channels.  These components are adjacent to, but physically isolated from the 

fluidic channels (i.e., those used to manipulate fluids such as water) by the walls of the 

channels (typically PDMS).  Here, we demonstrate an approach to co-fabricate 

microelectrodes by using specially designed channels that harness the unique rheological 

properties of certain fluid metals to achieve electrodes in direct contact with the fluids in 

microfluidic channels.  The metal is injected into electrode channels (we define the term 

“electrode channel” to differentiate them from the “fluidic channel” used subsequently to 

manipulate fluids) formed during the same lithographic steps to make the fluidic channels.  

The resulting metal electrodes are inherently aligned with other components and the 

electrodes span the top to bottom of the channel.  The ability to fabricate microelectrodes in 

direct contact with fluidic channels is necessary for various applications including 

electrophoresis, dielectrophoresis, electroosmosis, and electrochemistry.  Bringing the 

electrodes closer to the fluidic channel also enhances the intensity of the applied electric field 

resulting in, for example, more effective sorting, mixing and amplified electric signals for 

sensing.   
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 We focus primarily on eutectic gallium indium (EGaIn, Ga 75 % In 25 % by weight, 

m.p. ~ 15.7 °C) for the liquid metal electrode because the metal is a low viscosity liquid 

(approximately twice the viscosity of water) at room temperature, and therefore, can be 

injected readily by hand into microfluidic channels to form electrodes without heating.  We 

also demonstrate the possibility of injecting molten, low melting-point metals such as 

gallium (Ga, m.p. ~ 30 °C) and an indium alloy (InBiSn, In 51 % Bi 32.5 % Sn 16.5 % by 

weight, m.p. ~ 60 °C, Indium corp.), which are solid at room temperature.  These low 

melting point metals have the appeal that they are solids at room temperature and are 

therefore more stable mechanically than liquids such as EGaIn.  EGaIn is stabilized 

mechanically within the channels by a thin oxide skin.  The oxide skin is a wide band-gap 

semiconductor, however, it is thin[36] enough for EGaIn with the skin to be utilized to 

measure charge transport through self-assembled monolayer (SAM).[37]  The metal will flow 

into a channel as long as the applied pressure at the inlet exceeds the critical pressure 

required to rupture the skin.[36]  The critical pressure scales inversely with the cross sectional 

dimensions of the channel (i.e., narrow channels require greater pressure than channels with 

wide cross sections).   Controlling the geometry of the channels therefore provides a simple 

means of guiding where (and where not) the liquid will flow.  Once the metal stops flowing, 

the skin reforms spontaneously and rapidly on the surface of the metal and restabilizes the 

metal such that the electrodes maintain their shape.[36]  We harness this feature to force the 

metal to be adjacent to the fluidic channel without flowing into the fluidic channel (as shown 

in Figure 5.1).  The liquid metal electrodes are stable and can generate electric fields in both 

non-aqueous and aqueous systems under DC and AC electric fields.  Here, we demonstrate 
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and characterize the stability of these electrodes, and highlight their utility for an application 

involving electrohydrodynamic mixing, which requires large electric fields. 

 

5.2 Fabrication and Characterization of the Liquid Metal Microelectrodes 

We fabricated microelectrodes in direct contact with a central fluidic channel by injecting 

liquid metal into PDMS microchannels that flank the fluidic channel, as shown in Figure 5.1.  

We chose this geometry because it enables the application of electric fields perpendicular to 

the direction of flow over long distances.  To fabricate the electrodes, we first used 

photolithography to generate a “master” pattern of the electrodes and the fluidic channel on a 

silicon wafer using a negative photoresist (SU-8, Microchem).  Curing a PDMS pre-polymer 

against this topographically patterned substrate (i.e., molding)[38] produced an inverse replica 

of the master.  After brief exposure of the replica to oxygen plasma, we sealed it to a 

substrate (either glass or PDMS), producing simultaneously the fluidic channel and the 

electrode channels.  We injected liquid metal into the electrode channels by hand using a 

syringe.  A row of posts between the electrode channels and the central fluidic channel 

guided the liquid metal through the electrode channels during the filling process.  The 

distance between two neighboring posts in Figure 5.1(b) is much smaller than the width of 

the electrode channels (50 μm vs. 1000 μm), yet have the same height (50 μm).  Thus, the 

critical pressure required to inject the metal through the electrode channels (~ 13 kPa) is 

almost half of that required to inject it between the posts (~ 25 kPa); the metal flows readily 

along the path of least resistance.  The liquid metal can be injected into the electrode 

channels to form electrodes that align inherently with the central fluidic channel without 
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leaking through the posts.  The electrodes span from top to bottom of the fluidic channel with 

a thickness exactly equal to the height of the channel.  These electrodes would be challenging 

to fabricate with conventional deposition processes.  

 

 
Figure 5.1 (a) Cut-away depiction of the process used to fabricate liquid metal 
microelectrodes in contact with a central fluidic channel. Two parallel rows of posts separate 
the liquid metal electrodes from the fluidic channel. (Not shown: The channels are sealed on 
top by a flat slab of PDMS.)  (b) Top-down, back-lit optical micrograph of the fluidic 
channel flanked by two liquid metal electrodes.  The posts prevent the metal from entering 
the fluidic channel. 
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 The shape and spacing of the microelectrodes dictates the spatial pattern of the 

electric field lines in the fluidic channel.  We explored several different electrode geometries 

that may be useful depending on the desired application.  Figure 5.1(b) is a representative 

micrograph of a portion of electrodes that extend the length of a channel (~ 3 cm long, the 

limit of our equipment).  A potential limitation of this geometry is that the electrodes are 

interspersed with PDMS pillars that may affect the flow profile in the fluidic channel.  

Figure 5.2 shows two additional ways to fabricate electrodes that are flush with a central 

fluidic channel.  To achieve the geometry shown in Figure 5.2(a), we injected the metal from 

the two inlets at the left and right ends of the device (not shown) until it reached the 

intersection with the central fluidic channel.  To achieve the geometry shown in Figure 

5.2(b), we utilized the same principles used to form the electrodes in Figure 5.1; that is, we 

injected the metal into channels adjacent to the fluidic channel.  The metal fills the electrode 

channels from the inlets to the outlets (left to right) without leaking through the narrow gap 

that defines the interface of the metal with the fluidic channel.  The microelectrodes in Figure 

5.2(b) are easier to form than that those shown in 2(a) because it requires less control over 

the injection process.   
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Figure 5.2 Optical micrograph of microfluidic electrodes. (a) Electrodes flush with the 
central fluidic channel fabricated by injection.  (b) Electrodes recessed from the channel.  
 

 

 We hypothesized that pressure and shear forces originating from flow of fluid within 

the central fluidic channel could destabilize the oxide skin that otherwise stabilizes the liquid 

metal.  To study the mechanical stability of the metal, we used a microchannel ~ 25 mm 

long, 50 μm deep, and 200 μm wide (see Figure 5.1) and increased the flow rate of water 
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until the electrodes failed mechanically.  The metal electrodes maintained mechanical 

stability until the flow rate reached 180 l/min (30 cm/s), which is two orders of magnitude 

greater than the range of flow rate commonly used for microfluidic devices.   The pressure in 

a microfluidic channel decreases from the inlet to the outlet along the length of the channel.  

The deformation of the electrodes initiates near the inlet of the channel, which supports the 

concept that pressure is the dominant deformation force.  Assuming Poiseuille flow as a first 

order approximation, the pressure required to achieve this large flow rate is approximately 25 

kPa, which corresponds to the critical stress of the metal[36] (i.e., the stress required to induce 

the metal to flow by rupturing the otherwise stabilizing skin that spans between the 50 μm 

posts).  This result suggests that the electrodes are stable provided that the critical pressure is 

not exceeded.  The shear stress originating from the flow can, in principle, also contribute to 

the deformation of the electrodes.  The shear stress at this flow rate is on the order of 1 Pa, 

which is four orders of magnitude lower than the pressure and is therefore negligible.  The 

ratio between the shear stress and the pressure in a rectangular die has been proposed to 

depend on the dimensions of the channel in the equation of 2L(H+W)(HW)-1 where L, H and 

W is the length, height and width of the channel, respectively.[39]  The equation suggests that 

the shear stress becomes comparable with the pressure only when the length of the 

microfluidic channel is very short compared to the other dimensions, (e.g., 3 μm long, 100 

μm deep, and 100 μm wide, which is both impractical and outside the fully developed flow 

regime).  

We studied the utility and stability of the electrodes in aqueous systems under DC and 

AC electric biases.  We hypothesized that the fluid electrodes should become mechanically 
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unstable at conditions in which the oxide layer is removed (e.g., by reduction via electric 

bias).  Without the oxide skin, the liquid metal is a high surface tension liquid that will 

change its shape spontaneously to minimize its surface free energy (i.e. the electrodes will 

become mechanically unstable).  To test the stability, we first fabricated electrodes like those 

shown in Figure 5.1 and filled the fluidic channel with sodium chloride (NaCl) solutions at a 

flow rate of 10 ml/min (1.67 cm/s).  This flow rate is similar to those used in practical 

microfluidic applications.  We grounded one electrode and applied a bias to the opposing 

electrode while monitoring the mechanical stability.  Most experiments used 0.1 M NaCl 

solution in the fluidic channel to mimic practical applications that use ionic conducting 

solutions, such as buffer solutions.  The electrodes are stable in deionized water until a large 

bias (>30 V) is exceeded since pure water is a poor conductor.  The added salt ions increase 

the conductivity of the stream, and thus facilitate the redox reactions at the surfaces of the 

metal electrodes. 

In principle, EGaIn electrodes in the presence of the salt solution should be stable 

until the applied DC bias exceeds the voltage required to reduce the oxide skin of the metal.  

According to the Pourbaix diagram, reduction occurs at ~1V relative to SHE at neutral pH 

(Note that electrolysis of water can also occur at similar operating conditions, which is a 

problem that limits all types of electrodes since electrolysis can produce bubbles.  This 

problem can be minimized by using flow to carry away electrolysis products before they can 

nucleate into bubbles).[40]  Figure 5.3 (a) is representative of EGaIn electrodes destabilized 

by an applied relative bias of 2V (we did not use a reference electrode for all of experiments).  

The DC bias oxidizes the positive electrode and reduces the negative electrode (lower and 
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upper electrodes, respectively, in Figure 5.3 (a)); only the reduced electrode withdraws 

because of the absence of the oxide skin.  Destabilization is most pronounced near the inlet, 

which is likely due to the relative large pressure of the salt water at the inlet.  The 

deformation of the reduced electrode can be minimized by sealing the inlets and outlets so 

there is nowhere for the liquid metal to go, but there is still some withdrawal of the metal due 

to the flexibility of the walls of the PDMS channel.  This problem, however, can be 

overcome easily by using metals with melting points above the operating temperature so that 

the electrodes are solid (i.e., frozen at room temperature) during operation.  For example, 

pure gallium (Ga) has a slightly higher melting point (30 °C) than EGaIn (15.7 C).  Thus, it 

can be injected into microchannels after moderate heating (e.g., warming by hand is 

sufficient) and cooled down to room temperature where it is solidified to maintain its molded 

structure even under an electric bias (note: gallium can exist as a liquid in a supercooled 

state, so it is often necessary to cool it down to -10 °C to freeze it[41]).  Another convenient 

alloy for electrodes is a commercially available indium alloy (InBiSn) that has even higher 

melting point (60 °C).  We heated the metal above its melting point to liquefy it and injected 

it into the microchannels, followed by cooling to room temperature to solidify it again.  

Figure 5.3 (b) shows that the Ga electrodes are stable even after applying 2 V DC bias, which 

is in contrast to the EGaIn microelectrodes under the same conditions.  InBiSn electrodes are 

also stable under DC bias. 
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Figure 5.3 Optical micrographs of the EGaIn (a) and Ga (b) electrodes after applying 2 V 
DC bias for 10 sec. Ga electrodes are stable in the solid state while one EGaIn electrode 
deforms as its thin oxide layer is reduced. 
  

 

We hypothesized that AC electric fields would minimize the deformation of 

electrodes composed of EGaIn operating at conditions above the threshold voltage since each 

electrode rapidly alternates between states of oxidation and reduction.  The duration of 

reduction during a single cycle at high AC frequencies should not be sufficiently long to 

destabilize the metal via reduction of the oxide.  Figure 5.4 (a) and (b) demonstrate the 

importance of frequency on the stability of EGaIn electrodes at 2 V, sinusoidal AC bias with 
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0.1 M NaCl solution flowing between the electrodes.  At low frequencies (0.1 kHz) the 

electrodes are unstable (Figure 5.4b), whereas the electrodes are stable at higher frequencies 

(10 kHz) at the same conditions (Figure 5.4c).  Whereas only one electrode deforms in the 

presence of a DC bias (e.g., Figure 5.3a), both of the electrodes (grounded and biased) show 

deformation in the case of the AC bias since it reduces the oxide layer on both electrodes at 

low frequency (e.g., Figure 5.4 (b)).  The retraction of the metal under AC occurs slowly 

compared to the DC instability, presumably because the AC instability alternates between 

stable (oxidized) and unstable (reduced) states.  We measured the AC frequency at which the 

electrode starts deforming as a function of the amplitude of the AC bias.  Figure 5.4 (c) 

shows that the electrodes require higher frequencies to maintain stability as the voltage 

increases, suggesting that both the duration (i.e., frequency) and driving force (i.e., voltage) 

dictate the stability of the electrodes.  For instance, 20 kHz is sufficient to keep the electrodes 

stable with 2 V, however it is not enough with 10 V.  The voltage affects the rate at which 

current arrives at the electrodes and therefore the rate of oxidation / reduction.  We 

speculated, therefore, that the stability of the electrodes would also depend on the 

conductivity of the electrolyte solution between the electrodes.  Figure 5.4 (d) shows the 

effect of ionic concentration of the solution (spanning five orders of magnitude) on the 

deformation of the electrodes under 10 V AC bias.  As expected, fluids with higher ionic 

concentration require higher frequencies to maintain the mechanical stability of the 

electrodes.  Solid Ga and InBiSn electrodes are stable at room temperature under AC bias 

under all test conditions (0 to 30 V, 0 to 100 kHz, 10-5 to 10-1 M NaCl).   
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Figure 5.4 Optical micrographs of EGaIn electrodes under AC sinusoidal electric bias at 2V 
with two different frequencies 10 kHz (a) and 0.1 kHz (b).  The dotted lines in (b) represent 
the location of PDMS posts and where the metal interface placed before applying bias.  The 
EGaIn electrodes show improved mechanical stability as (c) the AC frequency increases at 
constant ionic concentration (0.1 M NaCl) and (d) the ionic concentration decreases at 
constant electric bias (10 V). 
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 We sought to demonstrate the utility of the liquid metal electrodes in an application 

that requires large electric fields: electrohydrodynamic mixing.  Mixing strategies are 

important for microfluidics because the flow is inherently laminar due to the low Reynolds 

numbers in the channels.  Electrohydrodynamic mixing relies on an interfacial instability that 

results from the destabilizing effects of electrostatic forces acting normal to the interface 

between fluids of different electrical properties, such as conductivity and permittivity.  As 

two laminar streams of fluid flow between two parallel electrodes, the electrostatic force 

generated by applying an electric field between the electrodes induces a transversal flow 

across the interface between the fluids, causing them to mix.  Planar microelectrodes have 

been used for electrohydrodynamic mixing of adjacent laminar streams in microfluidic 

channels.[42, 43]  Injecting the liquid metal into microchannels enables fast and facile 

construction of the mixer with perfect alignment.  As shown in Figure 5.5 (a), the 

microfluidic mixer consists of two inherently aligned EGaIn liquid metal electrodes 

fabricated by injection with a central fluidic channel containing laminar streams of an 

electrically conducting and an insulating fluid.  For the electrically conductive stream, we 

doped light mineral oil with Stadis 450, which is a commercially available conductivity 

enhancer and added a commercial dye, Oil Red O, for visualization.  A pure light mineral oil 

comprised the electrically insulating stream.  A syringe pump forced the two fluids into the 

channel at a flow rate of 2 μl/min each (6.7 mm/s).  In the absence of an applied electric 

field, the two streams assumed laminar flow.  Applying 100 V (5 × 105 V/m) DC bias across 

the two electrodes caused the interface to become unstable, and thus the streams mix readily 

as shown in Figure 5.5 (b).  Since the pure mineral oil is electrically insulating, the reduction 
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reaction of the metal electrode observed with aqueous solutions can not occur, and thus, the 

electrodes maintain their mechanical stability even with the high electric bias.  The mixing 

proceeds and halts as the electric field is turned on and off, respectively.  This transition 

happens so fast that it cannot be seen with the naked eye.  Solid Ga and InBiSn electrodes 

showed same result without any deformation of the electrodes under the same electric bias, 

100 V. 

 

 
 
Figure 5.5 Optical micrographs of EGaIn electrodes for a microfluidic mixer.  (a) Two 
adjacent fluids undergo laminar flow with minimal mixing. The red colored oil is more 
conductive than the transparent oil. (Note: The PDMS posts are not visible adjacent to the 
bottom electrode due to index matching.  Reflections from the surface of the metal appear as 
discoloration in these images) (b) The two fluids mix rapidly when 100 V DC bias is applied.  
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5.3 Advantages and Limitations 

Injection of liquid metal into microchannels offers a simple method to integrate electrodes 

into microfluidic devices.  Conventionally, external electrical components have to be aligned 

with microfluidic channels in a manner that is tedious and technically challenging.  A distinct 

advantage of forming these components via fluid injection is that the structures are inherently 

aligned with other micro-components because all the microchannels are fabricated in a single 

lithographic step.  The aligned liquid metal electrodes span from the top to bottom of the 

microfluidic channel, providing uniform electric fields to the subjected fluid throughout the 

height of the channel.  The technique is extremely simple and can be accomplished in a 

single step by hand at room temperature.  The metal can be in direct contact with the fluidic 

channel, which is important for many applications.  External electrical contacts with the 

metal are created by simply touching the liquid with a wire and do not require any solder or 

special procedures. 

The mechanical stability of the liquid electrodes is a limitation of this technique.  The 

oxide layer of the liquid metal, which stabilizes the electrodes, can be ruptured under large 

pressures or can be reduced under certain pH and electric conditions.  According to the 

Pourbaix diagram, pH value below ~3 and above ~ 11 reduce the oxide layer, thus the pH of 

sample fluids flowing in contact with the metal electrodes should be in the range of 3 ~ 11 to 

prevent the deformation of the electrode.  We identified a wide range of operating conditions 

in which the liquid metal electrodes are stable using both DC and AC biases.  Using fluids 

with low (or negligible) ionic concentration helps to enlarge the range of stable operating 

conditions.  Furthermore, stability can be improved by using metals that can be injected as 
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liquids, but used during operation as solids (such as Ga or an In alloy).  Gallium and indium 

in the liquid electrodes can form soluble complexes or insoluble salts during both DC and 

AC operation because of electrochemical reactions at the surface. Thus the liquid electrodes 

have limited applications in which these complexes or salts do not affect the control or 

analysis of sample fluids. 

  

5.4 Conclusions 

Injection of liquid metals into microchannels enables fast and facile fabrication of 

microelectrodes that are aligned with and in direct contact with other microfluidic channels.  

We found that EGaIn, a low viscosity liquid metal, forms mechanically stable electrodes 

after being injected into the channels defined in the same lithographic step as the microfluidic 

channels.  The presence of an oxide skin stabilizes the electrodes mechanically despite being 

composed of a low viscosity liquid, although the rupture (by pressure, for example) or 

removal of this skin (by reduction, for example) will destabilize the electrodes.  We 

established the range of stable conditions for EGaIn under DC and AC applied electric biases 

and showed that the metals with melting points above room temperature ensure mechanical 

stability at all operating conditions explored in this study.  An electrohydrodynamic mixer 

formed using the EGaIn liquid metal electrodes generated an extremely high electric field (~ 

105 Vm-1) sufficient to induce mixing between adjacent laminar streams.  In addition to 

mixing these electrodes may be useful for pumping, sorting and heating; the EGaIn liquid 

metal does not change its phase in the range of temperature reached by Joule heating and has 

low vapor pressure. 
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The microelectrodes have a variety of possible geometries and applications beyond 

those demonstrated here.  For example, placing two electrodes on the same side of a fluidic 

channel generates diverging electric fields, which can be utilized for dielectrophoresis along 

the side walls of the channel.  The metal could also be extended into the channel to create 

narrow gaps between the electrodes.  Here, we demonstrated microelectrodes in PDMS 

because it is commonly used for microfluidics, but the liquid metal electrodes could be 

incorporated into different substrates, such as glass, depending on the desired applications 

and operating conditions. 
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Chapter 6. Three-dimensional Printing of Free Standing Liquid 

Metal Microstructures  
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6.1 Introduction 

Interfacial tension limits the ability to pattern liquids into arbitrary shapes both in and out of 

plane. For example, liquid cylinders with aspect ratios greater than  undergo Rayleigh 

instabilities that break the liquid into droplets.[1, 2] Here, we show it is possible to print a low 

viscosity liquid metal at room temperature into a variety of stable free-standing 3D 

microstructures (cylinders with aspect ratios significantly beyond the Rayleigh stability limit, 

3D droplet arrays, out of plane arches, wires). A thin (~ 1 nm thick), passivating oxide skin 

forms rapidly on the surface of a gallium indium alloy and stabilizes the microstructures 

despite the low viscosity and large surface energy of the liquid. The ability to directly print 

liquids with metallic conductivity is important for soft, stretchable, and shape reconfigurable 

analogs to wires, electrical interconnects, electrodes, antennas, meta-materials, and optical 

materials.  

Arbitrarily controlling the shape of liquids on the microscale is challenging. In the 

absence of external forces, interfacial tension dominates the behavior of liquids when the 

capillary number is greater than 1. The interfacial tension dictates the shape and has a 

number of destabilizing effects on liquids out of mechanical equilibrium. For example, it can 

cause smaller droplets to coalesce into larger droplets,[3-5] jets of liquid to break up into 

droplets,[6-11] and thin films of liquid to destabilize.[12, 13] Several techniques have been 

developed to stabilize the fluids into desirable shapes despite the destabilizing influence of 

surface tension. The most prevalent approach is to trap the liquid in a non-equilibrium shape 

by phase transformation of the liquid into solid using, for example, temperature, evaporation, 

or in the case of polymers crosslinking molecular chains. In general, with the exception of 
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thermoplastics, the resulting structures are permanently changed and cannot be easily 

returned to their liquid-like state. Likewise, liquid droplets can be stabilized against 

coalescence by the inclusion of solid particles, macromolecules, or surfactants on their 

surface. However, these structures which include, liquid marbles,[14, 15] microcapsules,[16, 17] 

colloidosome,[18, 19] polymersome and emulsions[20-22] typically adopt spherical or semi-

spherical shapes. In this chapter we demonstrate a method to pattern a highly conductive 

liquid anisotropically out of plane in spite of the destabilizing effects of surface tension.  

Low-cost and simple methods to produce well-defined 3-D both electrically 

conductive and insulating microstructures are important for printed electronics on flexible 

substrates,[23] microfluidic networks,[24-26] tissue engineering scaffolds[27, 28] and photonic 

band gap structures.[29, 30] There are several strategies to pattern 3-D microstructures 

including standard and soft lithography,[30-32] laser based polymerization,[33] colloidal or 

epitaxial assembly[34, 35] and direct-write techniques[24, 26, 28, 36-42] depending on the 

comprising substances and their applications. Most work has focused on the patterning of 

insulating structures, but recently, there has been great interest in new methods to pattern 3-D 

microstructures of metal. [36-38, 43] Direct writing of conductive materials offers an additive 

method to fabricate conductive 3-D patterns with fine resolution that are useful for electronic 

devices such as antennas,[36, 37] flexible displays[44-46] and wire bonds[38, 43] and other 

electronic interconnects in flexible materials that undergo large strains.  

Conductive polymers[47, 48] or inks containing metal particles extruded through a 

nozzle or electrodeposited from a conductive tip[38, 43] can form solid 3-D micro or nano 

structures with self-supporting features. However the conductivity of the polymers is 
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typically much lower than metallic materials, and also, in the case of polymer 

nanocomposites, the resulting structures exhibit large, sometimes nonlinear changes in their 

conductivity when stretched. The metal wires formed by extrusion or electrodeposition are 

often not elastic. For most applications it is desirable to have a higher conductivity than can 

be provided by particle composite materials or conductive polymers and have predictable 

resistance changes under strain with minimum of hysteresis.  

Previously, microfluidics proved to be a useful method to shape low melting 

temperature metals for reconfigurable wires and antennas,[49-53] interconnects,[54] and 

elements for microfluidics.[55] Here, we present a new method to direct-write 3-D, free 

standing, conductive microstructures comprising the liquid metal, which is a low viscosity 

and high surface tension liquid at room temperature.  

We envision using these liquid metal structures with high conductivity that remain 

liquid-like at room temperature and can flow in response to stress will be useful for soft, 

stretchable, or shape reconfigurable electronics. Like injecting metallic liquids into molded 

microfluidic structures, free standing metal structures can be encased in various types of 

materials such as elastomers, polymers, or ceramics with different mechanical and electrical 

properties depending on the desired applications. Since the metal microstructures support 

themselves without any encapsulation, they can be embedded afterwards. This ability allows 

the fabrication of 3D complex microstructures inside different castable materials which 

would be difficult with conventional methods, for example, fabrication of microchannels 

followed by injection of functional fluids. The encasing material can also be chosen to 
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determine the mechanical properties of the resulting devices since the liquid metal inside it 

flows readily in response to strain.  

 The binary eutectic alloy of gallium and indium (EGaIn, 75% Ga 25% In by weight) 

is liquid at room temperature (m.p. ~15.7 °C2) with metallic conductivity.[56, 57] The liquid 

metal exhibits a negligible vapor pressure and low toxicity that allows for safe handling in 

open air environments.[58] Upon exposure to air, EGaIn forms a thin (~1 nm) passivating 

“skin” composed of gallium oxide which is commonly observed behavior among group III 

elements and other alloys based on gallium.[56, 59] In the presence of the oxide skin, the metal 

only flows when the critical yield stress is exceeded. Despite the significant mechanical 

contributions of the oxide skin, electrical resistance seems to remain largely unaffected due 

to the skin being thin.[60] In addition, the liquid metal sticks to most surfaces and alloys with 

many metals. 

 The oxide stabilizes the metal mechanically in microchannels despite the large 

surface tension of the metal.[59] Using microfluidics to shape the metal is limited because the 

channels are in a single plane, whereas many applications (e.g., interconnects, meta-

materials, optical materials) require out of plane or 3-D architectures. In addition, the 

necessity of inlet and outlet ports makes it difficult to pattern arrays of small, discrete 

structures of the metal via microfluidic injection. Here, we present free standing liquid metal 

structures such as wires, fibers, interconnects, and stacks and arrays of droplets using four 

separate methods: (1) Injection into microchannels followed by dissolution of the channel 

walls, (2) Simultaneously extruding the metal on a substrate while manipulating the position 

of a supporting stage, (3) Stacking droplets, and (4) Rapidly ejecting the metal from a syringe 
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to form a continuous liquid metal fiber. We characterize the conditions under which these 

structures may be formed, elucidate the strength of the extruded wires, and present a working 

proof-of-concept flexible circuit using liquid metal wire bonds.  

 

6.2 Result and Discussion 

Figure 6.1 depicts the general approach to printing liquid metal structures. A free standing 

straight wire of liquid metal is extruded through a needle connected to a syringe filled with 

the liquid metal while the substrate is lowered by a motorized translation stage. The syringe 

is not connected to a pump and the liquid metal flows under hydrostatic pressure due to 

gravity which is approximately 2 kPa. The metal forms continuous straight wires as the 

substrate moves away from the syringe at a rate of 50 – 200 m/sec. Typically the wires 

featured a footprint with a diameter larger than the wire diameter, as shown at the base 

Figure 6.1. The length of these wires can be several cm long and was limited by the travel of 

the translation stage. The wires, however, can be terminated at any time by apply negative 

pressure to the syringe (c.f., Figure 6.1). The wires can also be terminated by increasing the 

vertical rate of displacement of the substrate. Thus a variety of motive forces, i.e. hydrostatic 

pressure, pneumatic pressure, and volume displacement pumps may be used to control the 

flow of the metal and lengths of the wire. Once detached from the syringe, the wires maintain 

their shape.  

The maximum draw rate at which the liquid metal forms mechanically stable and 

continuous wires depends on the diameter of the wire, but slower draw rates proved to be 

easier to control using the limits of our apparatus. The diameter of the wire is directly 
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proportional to the diameter of the nozzle. Thinner wires are capable of supporting higher 

maximum aspect ratio (height to diameter) structures since the ratio of surface area to volume 

increases as the wire becomes thinner. The diameter of the wires is typically larger than the 

inner diameter of the needle but smaller than the outer diameter of the needle.  

 

 
 

Figure 6.1. A series of sequential images in which a syringe needle extrudes liquid metal to 
form a straight wire on a withdrawn substrate (from left to right). The oxide skin on the 
surface of the metal stabilizes the liquid metal wire against gravity. The outer diameter of the 
hollow needle and the extruded wire is 500 and 270 m, respectively. The length of the final 
wire shown  is 8 mm before it was intentionally ended by applying vacuum to the syringe. 
 

 The mechanical stability of the straight wires gives insight into the physical 

contribution of the oxide skin on the liquid structure and dictates their robustness in practical 

applications. We prepared different dimensions of straight wires on a glass substrate and 

observed the tilt angle at which they toppled (we define an angle of zero to occur when the 

wires are aligned parallel to gravity). As expected, the angle at which the wires collapse 
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decreases as the height of the wires increases. For example, a wire 3 mm tall and 100 m in 

diameter did not collapse even at 90° and remained stable when the substrate was upside 

down. In contrast, wires of 4.5 mm and 5 mm in height with the same diameter collapsed at 

22° and 8°, respectively. The diameter of the wires also affects their mechanical stability 

since thicker wires have a bigger footprint on the substrate. We compared mechanical 

stability of the wires of 100 m and 230 m in diameter with the same height (5 mm). The 

thicker one collapsed at an angle twice as large as the thinner wire since it has bigger 

footprint at the base of the wire. In addition to slowly expelling the metal while it is in 

contact with a substrate, it is possible to form free standing liquid metal microstructures in at 

least three additional methods: (1) Rapidly expelling the metal to form a liquid metal 

filament, (2) Expelling droplets from the syringe and stacking them sequentially and (3) 

Injecting the metal into microchannels and subsequently removing the channels. The 

structures in Figure 6.2a and 2b rely on rapidly expelling the metal from the syringe using 

bursts of pressure. The resulting structures are fibers composed of liquid metal that are tens 

of micrometers in diameter, which form in milliseconds. In Figure 6.2a, the fiber spans from 

a microsyringe to the substrate and in Figure 6.2b, the resulting fiber is strong enough to span 

across a large gap without support. The fibers in Figure 6.2a naturally form a bead upon 

hitting the surface, which may be useful for forming contact pads.  

 Figure 6.2c relies on extruding the metal from a syringe in a slow and controlled 

manner while simultaneously increasing the distance between the syringe and the substrates. 

This process can fabricate 3-D microstructures of the liquid metal such as wires, arches, and 

bridges. The structure in Figure 6.2c forms in a manner identical to those in Figure 6.1, but is 
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bent mechanically to form an arch using the motion of the stage. Without optimization, these 

fibers have a nearly uniform diameter (with some observed beading). Figures 2d and 2e 

involve forming liquid metal droplets and assembling them into 3-D microstructures by 

stacking them individually. Figure 6.2d is a tower of 17 metal droplets and Figure 6.2(e) 

shows a 3 × 3 × 3 array of droplets of approximately 500 µm in diameter. When the droplets 

touch each other, they do not merge into one bigger droplet but form a physical and electrical 

contact by breaking only in a portion of their oxide skin.  

   

.  
Figure 6.2. Photographs of the diverse free standing, liquid metal microstructures. (a) Liquid 
metal spouted rapidly from a glass capillary forms a thin wire. (b)  Suspended liquid metal 
fibers formed by rapidly extruding the metal from a syringe. The fiber is strong enough to 
suspend over a gap. (c) A free standing liquid metal arch structure spanning ~3 mm. (d) 
Tower, (e) 3 × 3 × 3 cube array and (f) crossover lines composed of liquid metal droplets. 
The droplets act as building blocks and form continuous physical and electrical junctions. (g) 
An array of in-plane lines of free standing liquid metal fabricated by filling a microchannel 
with the metal and removing the mold. Scale bars represent 500 �m. 
 

Removing microfluidic molds after injection of the liquid metal offers another way of 

fabricating free standing 3-D microstructures. We injected the liquid metal into a 10-turn, 

coil-shaped PDMS microchannel that is 200 m in width and height, and then dissolved the 

PDMS mold in 1.0 M tetrabutylammonium fluoride (TBAF) / dimethylformamide (DMF) 



 

122 

solution (Figure 6.2 (f)). The patterned metal lines maintain their mechanical stability due to 

the oxide skin even after removing completely the polymer casing. 

 Characterizing the mechanical properties of the liquid microstructures with various 

extrusion processes allows for the assessment of the feasibility and scope of possible 

practical applications of the structures as well as better understanding of the mechanics of the 

extrusion process. Since the free standing structures consist of liquid covered with a thin 

oxide skin, their mechanical stability solely depends on the surface oxide skin. Thus, the 

mechanical properties of the structures can be correlated with the mechanical properties of 

the surface oxide of the metal. The surface oxide has been reported to undergo sudden failure 

at a certain critical stress.[59] We modeled the oxide layer of an extruded wire as a thin, 

radially symmetric shell with uniform thickness. When tension is applied to the structure, the 

stress within the oxide shell can be approximated using the equation (1), where F is the 

applied force, r is the minimum radius of the extruded wire, and  is the tensile stress. 

F = 2r (1) 

We measured the tensile force required to neck the wire structures using a 32 gauge needle as 

a cantilever. We calibrated the force by measuring the deflection imposed by various sizes of 

droplets at the end of the needle and then measured the deflection of the needle while 

stretching wires composed of liquid metal. Figure 6.3 shows the force as a function of 

minimum circumference of the wire for a number of samples. The slope of the fitted line is 

0.77 N/m which is close to the previously reported value of critical stress of the oxide (~ 0.5 

N/m) measured using a rheometer in shear mode.[59] Correcting for differences in geometry, 

these values are nearly identical.  



 

123 

 

Figure 6.3. Observed (dot) and fitted (line) tensile force as a function of the minimum 
circumference of the extruded wire. The slope of the graph represents the stress required to 
yield the surface oxide skin during the extrusion process, which is ~ 0.77 N/m 
  

We believe the tensile forces of the moving stage cause the metal wire to elongate. 

Because the liquid forms a skin, the capillary forces do not act to collapse the fiber. Thus, as 

long as the internal pressure is sufficient to force the metal into the extruded tube, it 

maintains stability. However, the pressure inside the wire must be small enough to prevent it 

from expanding radially to form beads. Studies on the experimental conditions where stable 

wires forms without bulging or necking are underway. 

 Encasing the free standing liquid metal structures with other materials such as 

polymers, elastomers and ceramics may be desirable due to ease of handling, device 

durability, as well as tuning the mechanical properties depending on the applications. Since 

the metallic conducting part is liquid, the encasing material dictates the mechanical 

properties of the resulting devices. To demonstrate an application of liquid metal wires for 
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stretchable electronics (i.e., electronics that function while being elongated), we embedded 

the wires in polydimethylsiloxane (PDMS) (Figure 6.4). A micrograph of the wire in PDMS 

(Figure 6.4(a), inset) shows a wire bondcomposed of liquid metal droplets connecting two 

surface mounted LEDs which are ~5 mm away from each other. The liquid metal bridge 

connecting the LEDs functioned up to the strain limit of PDMS (Figure 6.4(b), ~ 35 % strain) 

and while being flexed (Figure 6.4(c), (d)) without losing its electrical continuity. 

 

 

Figure 6.4. (a) A prototype device composed of two LEDs and stretchable wire bonds 
connecting them in PDMS (Inset: Micrograph of the liquid metal wire bonds). (b-d) The 
fluidic property of the metal wire in the elastomer allows stretchability (b) and flexibility (c, 
d) of the device and keeps its electrical continuity. 
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6.3 Conclusion 

In summary, we described a method to direct write 3-D, free standing, liquid metal 

microstructures by four different methods including extruding the liquid metal through a 

capillary or removing mold after injection of the metal into microchannels. Although the 

liquid metal microstructures are not as robust as solid structures, the thin oxide layer on the 

surface of the metal allows for the formation of mechanically stable structures strong enough 

to stand against gravity and the larger surface tension of the liquid. We demonstrated the 

feasibility of the microstructures to form stretchable wire bonds where the fluidic properties 

of the metal facilitate deformation without losing electrical continuity. We expect that other 

types of encasing materials such as castable plastics, ceramics, resins and gels could provide 

new functionalities with the liquid metal microstructures. We also believe skin forming 

liquids represent a new method to pattern liquids into shapes previously prohibited by the 

destabilizing effects of surface tension. Here, we patterned free standing liquid wires in and 

out of plane with aspect ratios more than 100 times greater than the Rayleigh stability limit.  
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Chapter 7. Tuning the Interfacial Rheological Properties of Eutectic 

Gallium Indium 
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7.1 Introduction 

This chapter characterizes the mechanical properties of a thin oxide skin that forms on a 

gallium-based liquid metal alloy[1, 2] and the significant changes to these properties in 

response to changes in the chemical environment surrounding the metal.  The metal, eutectic 

gallium indium (EGaIn) is a liquid at room temperature and forms an oxide skin rapidly 

under atmospheric conditions.[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 antennas,[5-8] microelectrodes,[9] interconnects,[10] tunneling junctions with self 

assembled monolayers.[4, 11] 

Previous rheological measurements 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).[12]  

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.[7, 8] 

In this chapter, we describe how to control and modify the mechanical properties of the skin 

(i.e., the elastic modulus and the critical yield stress).  

We manipulate and measure the mechanical properties of the oxide skin by exposing 

the metal to different chemical environments using a magnetic bearing rheometer with a 

parallel plate geometry. Rheological analysis is typically used to characterize bulk properties 

of fluids. In our current study, all the unusual properties arise from the thin solid skin on the 

liquid metal surface. Here, the bulk liquid is of low viscosity (two times that of water)[13], so 
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the oxide skin dominates the mechanical properties.  The oxide is known to be elastic below 

a critical yield stress, above which, the metal flows readily.   

We aim to modify the yield properties of the liquid metal under different chemical 

environments and characterize them 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.  

 

7.2 Mathematical relationships[14, 15] 

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, 

)sin(0   t ………………………………(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) 
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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 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° 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. 



 

134 

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 
 . 

 

7.3 Experimental Section 

We used an AR-G2 rheometer (TA Instruments) with a 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 set by the low friction 
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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. All the 

measurements use EGaIn (99.99%, from MMM).  Figure 7.1 provides a schematic of the 

rheometer setup. A custom-made acrylic reservoir provides a vessel into which liquids may 

be added in intimate contact with the liquid metal.  

 

 

Figure 7.1 A schematic of the experimental setup. EGaIn is sandwiched between an 
oscillating top plate and a stationary bottom plate. 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). To test EGaIn in different chemical environments, an acrylic reservoir fits 
firmly with the dummy bottom plate. The reservoir is filled with different liquids, which we 
call the “surrounding liquids”, to quantify their effect on the mechanical properties of the 
skin on EGaIn.  
 

In a typical experiment, we sandwich 1 ml of EGaIn between the plastic top plate 

which is 40 mm in diameter and dummy bottom plate and set the gap as 1500 μm. Since all 

the rheological properties in this case arise from the surface of the liquid metal rather than 
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from the bulk metal, all the bulk fluid rheological data are converted to interface rheological 

data (i.e., modulus and stress (N/m) instead of bulk modulus and stress (Pa)). The conversion 

process is described in the previous section (Chapter 7.2). In an oscillatory stress sweep test, 

we scanned the sample from an oscillating stress (bulk) (~ 10-3 Pa) to a high value (15 - 30 

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

decade) 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.  

 

7.4 Results and Discussion 

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

change in different chemical environment as the oxide skin changes its thickness and/or 

composition. Before testing our hypothesis, we sought to establish our experimental 

techniques by first repeating rheological measurements of the metal in air from the literature. 

Figure 7.2 shows a representative plot of the rheological behavior of EGaIn in air which is in 

a good agreement with the literature[2]. 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 oscillating bulk stresses (~30 Pa), we limited the stress between 0.001 to 15 Pa 

without any pre-shearing of the sample. 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 
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it drops down to ~ 0.1 N/m in water. This result suggests the 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[16], 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.  
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Figure 7.2 Oscillatory stress sweep of EGaIn in air, water and after drying. All the reported 
values are for surface modulus. The elastic modulus plateaus before the liquid metal yields 
beyond a critical stress. The elastic modulus decreases by an order of magnitude in water. 
The yield stress is also reduced by approximately a factor of three. The elastic modulus and 
yield stress of the dried metal is higher than the elastic modulus of the metal in water. 
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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. EGaIn exhibits a 

slightly 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. 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 7.3. Removal of the oxide skin using acid causes the modulus of the skin to decrease 
significantly with time. The mechanical modulus in 0.1 M HCl solution drops down 
continuously over time whereas the metal in 0.001M HCl soliution shows similar value of 
the metal in water. We suspect that the skin is thinning with time in 0.1 M HCl solution as 
indicated by the continuous decrease in elastic modulus.  
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The Pourbaix diagram suggests that the oxide skin of EGaIn can be removed by acid 

(with pH <3)[17]. As soon as the acid removes the oxide skin, the metal beads up to be a 

spherical shape due to its high surface energy. 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 the time sweep of the metal in two different concentrations of 

HCl solutions (0.1 M and 0.001 M) to investigate the kinetics of dissolution process of the 

oxide skin. Figure 7.3 shows that the elastic modulus decreases with time in the 0.1 M HCl 

(pH = 1) solution whereas the modulus of metal in the 0.001 M HCl (pH = 3) solution does 

not change, showing similar value with what in DI water. We also observed the stability of 

spread metal on a glass slide after dropping the two concentrations of the acid solutions on 

the metal. The metal covered with 0.1 M HCl solution beads up suddenly after a few seconds 

while the metal with 0.001 M HCl solution shows no change in shape. It implies that the pH 

of the 0.001M acid solution is not low enough to remove the oxide skin which is in a good 

agreement with Pourbaix diagram.[17] 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]. 

  

7.5 Conclusion  

We demonstrated methods to decrease the modulus and yield properties of the oxide skin. 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 
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returns to the original value measured in air.  Tuning the yield properties of the metal is 

important for defining the stability of the metal in microscale. Thus such findings can be 

applied to control the physical behavior of the liquid metal in microchannels. 
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Chapter 8. Summary and Outlook 
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8.1 Summary 

Injecting low melting point metals, such as eutectic gallium indium (EGaIn), into 

microchannels offers a simple way to fabricate metallic components including electrodes, 

reconfigurable and reversibly deformable antennas, and soft electronics. A thin oxide skin 

that forms rapidly and spontaneously on the surface of the metal stabilizes mechanically the 

otherwise low viscosity, high surface tension fluid within the channel. We fabricated dipole 

and patch antennas by injecting the liquid metal into PDMS elastomeric microchannels. The 

fluidic dipole radiates with ~90% efficiency over a broad frequency range, which is 

equivalent to the expected efficiency for a similar dipole with solid metallic elements such as 

copper. Periodic posts embedded in microstrip patch antennas allow the liquid metal fill 

uniformly the volume for conducting elements that have high aspect ratio, and keep the 

PDMS channels from collapsing. The shape and thus, the function of the dipole and patch 

antennas, are mechanically tunable. 

 Using similar principles, we fabricated highly stretchable elastomeric fibers with 

metallic conductivity. The core-shell structure resembles a conventional wire with metal in 

the core and polymer (SEBS) on the outside, but the present work is distinguished by the 

unique electrical and mechanical properties enabled by the liquid metal.  The fiber has EGaIn 

in its core and the ability of the metal to flow during deformation of the SEBS elastomeric 

shell ensures electrical continuity. Because the conductive element of the wire is a fluid, the 

mechanical properties are defined by the SEBS gel, which shows tremendous stretchability 

(as high as 900-1000 % strain at break). We demonstrated the stretchable conductive wires as 

a charger for an iPod and earphones to play music while applying a strain. 
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 We utilized the electrical properties of the oxide skin of the liquid metal, which can 

be controlled in thickness by applying electric bias, to realize a new class of memristors 

based entirely on soft and liquid-based matter. The devices consist of liquid metal electrodes 

interfaced with water-based gel doped with polyelectrolytes. They memorize the last state of 

bias polarization on the basis of the asymmetric conductance of the hydrogel-oxide-liquid 

metal stack. In addition to operating in conditions that are considered harsh toward 

conventional electronics (e.g., water, base, acid), such devices may find application in the 

interface between circuits and live tissue, soft robotics, and neuromorphic systems. 

We also described the fabrication and characterization of microelectrodes that are 

inherently aligned with microfluidic channels and in direct contact with the fluid in the 

channels. The distinguishing characteristic of this work is that the electrodes are inherently 

aligned and in direct contact with the fluid in the microfluidic channel, which is useful for a 

number of applications such as electrophoresis. Moreover, the injected electrodes vertically 

span the sidewalls of the channel, which allows for the application of uniform electric field 

lines throughout the height of the channel. The electrodes are mechanically stable over 

operating conditions commonly used in microfluidic applications and are formed in a single 

processing step, which represents a tremendous improvement over conventional fab-based 

methods. As a demonstration of their utility, the fluidic electrodes are used for electro-

hydrodynamic mixing, which requires extremely high electric fields. 

Interfacial tension limits the ability to pattern liquids into arbitrary shapes both in and 

out of plane. However, we show it is possible to print a low viscosity liquid metal at room 

temperature into a variety of stable free-standing 3D microstructures.  The oxide skin that 
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forms rapidly on the surface of EGaIn stabilizes the microstructures despite the low viscosity 

and large surface energy of the liquid. We measured the tensile strength of the wires which 

showed a good agreement with the mechanical strength of the oxide skin. We also 

demonstrated the feasibility of the microstructures to form stretchable wire bonds where the 

fluidic properties of the metal facilitate deformation without losing electrical continuity.     

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

surface of the metal. Thus, understanding and controlling the oxide skin is essential for 

applications descried in Chapter 2 to 6 as well as new possibilities. We measured the 

mechanical properties of the liquid metal in different chemical environments (i.e., air, water 

and acid) and observed that the modulus and the yield stress of the oxide skin are greatly 

affected by the environments showing more than two orders of magnitude of changes. 

 

8.2 Future Outlook 

This dissertation describes several electronic and microfluidic applications of eutectic 

gallium indium and a novel technique to pattern the liquid metal by utilizing its mechanical 

and electrical properties that are mainly attributed from the thin layer of surface oxide. We 

believe that the conclusions reached in this thesis will extend to other gallium-based alloys. 

A number of emerging applications that use these metals in addition to those presented here 

rely on a dynamic system where both of the liquid metal and its solid oxide skin play a role, 

yet few studies have been carried out to fully elucidate the combined mechanical and 

rheological properties of the system. Thus, the next studies could focus on understanding 

fundamentally the surface and interfacial properties of the liquid metal and its oxide skin 
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which is important for manipulating, modifying, and tuning it to form soft, flexible and 

functional electronic, microscale components. 

In many electronic applications of the liquid metal including those presented in this 

dissertation, the liquid metal has been injected into microchannels. The liquid metal forms a 

thin oxide skin in the presence of oxygen.  It is unclear, however, if the skin exists at the 

interface between the metal and an oxygen impermeable substrate of a microchannel.  During 

the filling process, the leading interface of the liquid metal is in contact with air and should 

therefore be covered with an oxide skin.  As this plug of metal is pushed through the channel, 

it is unclear whether the skin “slips or if it sticks to the walls and continuously regenerates 

itself as the leading oxide skin is “pulled” onto the channel walls.  Clarifying this filling 

mechanism will help prove if microfluidics can be used to form metallic contacts with 

surfaces under ambient conditions. The ability to form metallic contacts at room temperature 

is important for electrically addressing “soft” materials.  We can further study the importance 

of surface chemistry, wetting property and roughness on the morphology and composition of 

the interface. 

 The rheological studies on the liquid metal could offer a new way to analyze the 

tunable mechanical properties of the liquid metal. We described certain chemical 

environment (i.e., water and acid) weaken the mechanical strength of the oxide skin. It is also 

possible to strengthen the oxide skin by coating the metal with different materials such as 

metals, polymers and surfactants. The resulting structure is effectively a free-standing thin-

film that is supported by a low-viscosity liquid.  Thus it can be applied to study kinetics and 

mechanics of surface adhesion of molecules, for example, self assembled monolayers 
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(SAMs). It is possible to examine the morphology of the surface film using scanning electron 

microscopy (SEM) before and after deposition and characterize the composition of the skin 

by spectroscopy (e.g., Energy Dispersive X-Ray Spectroscopy (EDS), X-ray Photoelectron 

Spectroscopy (XPS), and/or Auger Spectroscopy).  Also, the changes in the mechanical 

properties can be characterized by using the rheometer described in Chapter 7. 

 Anodization offers another possible way to tune the mechanical properties of oxide 

skin by controlling its thickness. As shown in Chapter 4, the oxide skin can be oxidized 

further or reduced depending on the applied bias and/or the pH of surrounding solution. 

Combined with rheological studies on the liquid metal, anodization process could be 

analyzed qualitatively and quantitatively. For example, we could measure the mechanical 

modulus of the skin with time while applying the oxidative potential and calculate the 

relative amount of grown oxide skin as a function of duration and strength of the applied 

bias. Repeating oxidizing and reducing biases (i.e., AC) would provide information on 

reducing process and any hysteresis. The findings from these experiments could be applied in 

microfluidic and electric devices by controlling the critical pressure to flow the liquid metal 

and enable new functionalities.   
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