ABSTRACT

KHAN, MOHAMMAD, RASHED. Charactrizing, Rupturing, and Removing Surface Oxide
to Manipulate Liquid Metals. (Under the direction of Michael David Dickey).

Liquid metals offer new opportunities for soft, stretchable, and shape-reconfigurable
electronic and electromagnetic components. Mercury is a common liquid metal, but its
toxicity limits its use. Gallium and its alloys are the best alternatives to mercury. However,
gallium forms a surface oxide layer (skin) that has historically been considered a nuisance
because of its tendency to stick to surfaces and impede flow. This dissertation describes new
ways to control the shape of a room temperature liquid metal alloy, eutectic gallium indium
(EGaln), by manipulating the skin. The skin provides mechanical stability to the liquid metal
such that it can be molded into non-spherical shapes such as wires. It is also possible to flow
the liquid metal on demand for shaping it into functional components in microsystems (e.g.,
antennas, switches, sensors, electronic filters). This thesis describes shape shifting antennas
and electronic filters that change their electrical length, and therefore, frequency in response
to pressure. The application of positive pressure ruptures the oxide and advances the metal
further into microchannels. Once inside the channels, the adhesion of the oxide to the walls
prevents the metal from being removed easily without leaving metallic residue on the walls
of the channel. Electrochemical reduction, however, can remove the oxide in a controlled
way in the presence of electrolyte. Removal of the oxide induces capillary behavior; this
process is termed ‘recapillarity’. Recapillarity can turn on and off capillary behavior using
applied voltage to withdraw the metal cleanly and controllably from microchannels. Current
density is the key factor dictating the velocity of withdrawal since current reduces the oxide

on the leading interface of the metal as well as the oxide sandwiched between the wall of the



microchannel and the liquid metal. Spectroscopic measurements through silicon nitride
windows confirm the presence of the oxide on the metal at the walls of the microchannels. In
addition, the composition of the channel walls affects the morphology of the oxide on the
walls of the channel. Outside of microchannels, recapillarity also enables the patterning of
films of liquid metal. It is also possible for the metal to flow smoothly through capillaries and
across surfaces without sticking by using an interfacial slip layer of water between EGaln
and the surface. The presence of water also changes the chemical composition of the oxide
skin from gallium oxide to gallium oxide-mono-hydroxide, which weakens its modulus by an
order of magnitude and yield stress by a factor of five. The slip layer provides new
opportunities to control and actuate liquid metal plugs in microchannels — including the use
of continuous electrowetting—enabling new possibilities for shape reconfigurable
electronics, sensors, actuators and antennas. Combinations of the techniques described in this
dissertation are capable of producing reversibly tunable metallic components that can be

harnessed as antennas and sensors for microsystems.
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CHAPTER 1

INTRODUCTION



1.10VERVIEW

This dissertation seeks to understand and manipulate the native oxide that forms on eutectic
gallium indium (EGaln) to control the shape of the metal. EGaln is a liquid metal at room
temperature. The aim of this dissertation is to elucidate the properties of a passivating® oxide
layer (skin) that forms spontaneously on a room temperature liquid metal alloy, eutectic
gallium indium? (EGaln), and manipulate it to control the shape of the metal. In the absence
of the oxide, EGaln is a high surface tension®*, low viscosity> Newtonian liquid metal at
room temperature. In the presence of the oxide, the rheological properties change such that it

0 11,12

can be molded into useful, non-spherical shapes (e.g., antennas®™®, interconnects'*?,

electrodes™ 1),

Application of stress beyond a critical value can rupture the oxide,
allowing the metal to flow (e.g., into microfluidic channels) and providing a method to
elongate or move conductive structures. Removing the skin chemically or electrochemically
allows the metal to flow freely in response to capillary forces, which offers a route to change
the shape of the metal. In this dissertation, we seek to understand these properties to better
control the shape of the metal by accomplishing the following:

I. Demonstration and characterization of shape shifting devices by using

engineered microfluidic channels that harness the rheological and yield properties of
the oxide-coated EGaln to control the way it flows into microchannels in response to
pressure. Chapter 2 and 3 demonstrates and characterizes pressure responsive shape
shifting devices.

Il.  Interfacial studies of EGaln. We focus on understanding the interface of the liquid

metal in contact with different surfaces (e.g, hydrophobic and hydrophilic, air



permeable and air impermeable). Chapter 4 reports on spectroscopy to probe this
interface and optical microscopy to investigate the morphology. These studies
suggest that injecting metal into capillaries results in an oxide layer between the
metal and the walls of microchannels. a.

Investigation and characterization of electrochemistry to reduce the oxide skin to

induce capillary behavior, which can cause the metal to withdraw from
microchannels on demand (Chapter 5). Chapter 6 shows that this principle can also
locally destabilize films of liquid metal and create different patterns. These studies
underscore the importance of electrical current for controlling the capillary-driven
movement of the metal.

Demonstration of a slip layer to enable reconfigurable liquid metal components.

The presence of the oxide skin on the surface of the liquid metal causes it to stick to
most surfaces, which limits the ability to easily reconfigure its shape on demand.
Chapter 7 shows that water can provide an interfacial slip layer between EGaln and
many surfaces, which allows the metal to flow smoothly through capillaries and
across surfaces without sticking. The slip layer provides new opportunities to control
and actuate liquid metal plugs in microchannels — including the use of continuous
electrowetting—enabling new possibilities for shape reconfigurable electronics,

sensors, actuators and antennas.



1.2 MOTIVATION

Electronic devices consist of multiple types of materials, including semiconductors,
insulators, and conductors. This thesis focuses only on conductors, which are vital in nearly
all electronic devices. Conventional electronic devices typically contain rigid metals (e.g.,
copper, aluminum, and gold). There is great interest in making electronics flexible (and
stretchable) because of the new applications that emerge’®. Examples include conductive

17,18

textiles'"*8, paper like flexible displays®#, conducting skin®®, RFID tags®*®, solar cells®,
pap play g

228 and photovoltaics?®. Typically, flexible electronics are fabricated by

non-volatile memory
making conventional materialsthin (cf. Figure 1). Aluminum foil is an everyday example of
a material rendered flexible simply by being thin. However, thin film geometries on flexible
substrates cannot be stretched significantly because of induced fracture upon strain®3!,
Several groups have addressed this problem by using buckled or out-of-plane geometries that
deform like an accordion and therefore offer greater flexibility®*®*. Figure 1 summarizes

these approaches.

Liquids do not fracture and therefore are appealing materials for stretchable electronic
devices. However, familiar liquids—Ilike salt water—often have low electrical conductivity
and high vapor pressure, which restricts their applicability in flexible electronic devices.
Moreover, most of the liquids cannot be micro-molded into useful shapes such as wires since
surface tension causes fluids to adopt a shape that minimizes the free surface energy. All of
these aforementioned challenges can be addressed by harnessing the properties of room

temperature liquid metals based on gallium. The following section will introduce gallium



alloys along with some of the important properties will also be discussed in successive

sections.

3?’« oyc[e &.@tﬁ'n o 30%‘

e 4

i

applied tensile strain (%)

Figure 1. Brief overview of challenges associated with flexible devices. (a) A silicon wafer
can be sliced into (b) ribbons or (c) wavy sheets and embedded into (d-e) elastomeric

substrate®. f) These devices can crack or develop fracture upon repeated applied strain®*3*.

1.3 LIQUID METALS
There are five known elements that are liquid at (or near room temperature): mercury,
gallium, cesium, rubidium and francium. Rubidium and cesium are explosively reactive and

francium is radioactive, so these metals are not practical. Mercury is the most common room



temperature liquid metal but its high surface energy, its toxicity, and its density makes it
unfavorable for microfluidic applications>*. Gallium is a compelling liquid metal because it
has a low bulk viscosity (like mercury)®, but forms a surface oxide® that dominates its fluid
behavior®. Figure 2 compares the behavior or mercury and EGaln (one of the alloys of

gallium) in microchannels.

Gallium melts at 30 °C*" and is therefore technically a solid at room temperature (although it

is known to super cool readily)®%

. Other low melting metals (e.g., indium, zinc and tin)
form alloys that depress the melting point of gallium below room temperature®’. We focus
on eutectic gallium indium because it is the simplest of these alloys (i.e., it is binary) and
much is known about its properties. EGaln melts at 15.7 °C° and has an extremely low vapor
pressure at ambient temperature’®*'. The surface of EGaln oxidizes readily to form a
passivating layer (i.e., it does not grow thicker with time in dry conditions) which we call a
‘skin’. The skin consists of oxides of gallium® similar to the oxide that forms on pure
gallium. This oxide can be removed by using acid or base (cf. Figure 3) and in the absence of
the skin these alloys behaves like other high surface tension fluids. Most experimental
conclusions from EGaln (regarding its skin) are most likely to be applicable for other alloys
of gallium too, like, GalnSn (Galinstan). Furthermore, studies on gallium and its surface

oxide are typically relevant to EGaln since gallium dominates the important interfacial

properties.



PDMS Channel |
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b) Increase pressure until the metal flows through the narrow channel

HH
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Figure 2: Comparison of EGaln and Hg in a tapered microchannel. (a-b) Both of these
metals can be injected into a 20um channel by applied pressure. Higher applied pressure is
required for EGaln due to the presence and yield properties of the oxide skin. (c) EGaln
structure is mechanically stabilized by the oxide; however, Hg retracts from the
microchannel due to higher surface tension and absence of the skin. This image is adapted

from reference °.

1.3.1 PHYSICAL PROPERTIES

Pure gallium is an odorless soft, grey white metal having a rhombic face centered crystal
lattice in the solid form®“? (a = 4517, b = 4511, and ¢ = 7.645 ); in liquid form it closely

resembles mercury®®. Gallium and its alloys are liquids over a wide range of



temperatures®®***34 Of all the elements, gallium has one of the largest ranges between its

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

Gallium has several interesting properties that occur during freezing: a) It can super cool to a
temperature below its melting point up to -40 °C* (i.e., 70 °C below its freezing point). b)

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

36,45

g/lem®), resulting in 3.2% increase in volume when it solidifies®®**, c) Electrical conductivity

of liquid gallium is higher than solid gallium because of the increase in co-ordination number

in the molten state®**. Electrical resistance and thermal expansion of solid gallium are

different along the three crystallographic planes®*“.

The surface of gallium and its alloys oxidize rapidly in air to form oxides of gallium
(reported, but not proven to be amorphous?). It forms on gallium and other forms of gallium

alloys (i.e., Galn or GaInSn) even at ppm levels of oxygen concentration**’. Among all the

48,49 50-53

polymorphs®* of gallium oxide, p-Ga,Os is chemically®* and thermally the most

56,57

stable®®>. This form is a wide band gap>®®’ transparent n-type semiconductor with

amorphous structure. It has been widely used as a gas sensor’®2°, luminescent phosphor®,

59,62,63

transparent oxide>, catalyst , insulator’>®** for gallium based semiconductors,

nanowires and nano ribbons, in laser lithography, solar cells, and optoelectronic devices®® ™.



(a) Glass (b)

(e) ‘ (d) 1mm

Figure 3: (a) Non-spherical shape of a liquid metal drop is stabilized by the presence of the
oxide, even though the bulk metal has a very high surface tension. (b-c) Addition of acid
(pH<3) or base (pH>10) can remove the oxide and (d) the metal drop beads up due to high

surface tension. This image has been adapted from reference *.

The oxide skin forms quickly in air (within microseconds’®) and is passivating (i.e., does not
grow thicker with time in dry air)'. The following section highlights some of the key
properties of the oxide which have been harnessed in this dissertation to accomplish some of

the key objectives.

1.3.2 RHEOLOGY

The ability to flow or stabilize the metal on demand is important for shaping it into useful,

and in some cases, responsive structures (i.e., those that change shape by flowing in response



to some stimuli)®®"2, When the skin ruptures, the underlying metal gets exposed and is prone
to oxidation in the presence of oxygen. Sandwiching the metal in a parallel plate rheometer

offers one route to characterize the yield stress of the oxide coated meta

I 5,73
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Figure 4: Rheological characterization of liquid metal in air using (a) a parallel plate
rheometer. In a typical experiment, the metal is sandwiched in between the oscillatory-top
plate and stationary-bottom plate. The sample is about ~1mm thick. Once the top plate is
rotated at an angular velocity, any resistance to deform the liquid metal is essentially coming
from the surface oxide. Therefore this test is usually considered as an interfacial
characterization. (b) The oxide ruptures ~0.5 N/m applied stress, where the elastic modulus
drops instantaneously and the viscous modulus takes over. Beyond this applied stress, the
skin acts like an elastic membrane and gives the metal mechanical stability. This image is

adapted from reference *°.

10



The oxide is strong enough to support the material below its critical limit but it ruptures in
response to external stimuli once the applied stress is higher than ~0.5-0.6 N/m, as shown in
Figure 4. This property affects the pressure required to inject the metal into microchannels®.
Different micro-components can be designed, fabricated and analyzed by harnessing the
geometry of the microchannels, yield stress of the oxide and viscosity of the liquid metal.
Several studies have already explored this for the formation of 3-D™* and 2-D”° structures and

78,79

to form stretchable interconnects™, wires’, antennas’”®, sensors”®”®, and plasmoinc

structures®® fabricated by injecting the metal into microchannels.

1.3.3 ADHESION AND WETTING

758183 (with some notable exceptions®®). . The

The oxide adheres to most surfaces
interaction of metal/oxide interface with substrates affects the mechanical stability of the
metal in the channels, the behavior of the metal during injection and withdrawal, and the
electrical characteristics of the interface between the metal and the walls of microchannels®.
The mechanical properties of the oxide, its adhesion to surfaces, and its ability to break and
reform complicate the interpretation of conventional interfacial measurements (e.g. pendant
drop, sessile drop, contact angle). Specifically, , the shape and contact angle of the oxide-
coated metal depends very much on how the metal is handled (i.e., it is hysteretic). Thus, the
most reliable methods of characterization are those that dispense the metal in the same
manner, such as measurements of the advancing and receding contact angle. The adhesion of

the liquid metal has been attributed to the formation and mechanical history of the

metal/oxide interface.®* Figure 5 briefly summarizes the wetting nature of the oxide skin.
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Figure 5: A droplet of liquid metal can be brought in contact or pulled away from surface in

oxide shell

many different ways. Two of these approaches are illustrated in (a) and (b). (a) Schematic
illustration of (old) rough oxide — surface interface, where the droplet is brought in contact by
changing the height of the stage. (b) Schematic illustration of (new) smooth oxide —surface
interface, where the droplet barely touches the surface initially and then the volume of the
drop increases. (c) Optical images from advancing-receding experiments that utilize the
concept of (b). (d) Optical images from the same experiment that utilizes the concept in (a).
Freshly grown oxide tends to stick to surfaces more than the old oxide. (e-f) Freshly grown
or old oxide can be dissolved by using acid, acid vapor or by using acid impregnated surface.

(a-d) are adapted from reference  and (e) is adapted from &’
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Actuating the metal in microchannels necessitates either removing the oxide or preventing it
from adhering to surfaces. It is possible to remove it using acid, acid vapor, base, or acid

82,84,88

impregnated surfaces which are hazardous and corrosive materials®. It is possible to

819991 to reduce the adhesion of the metal

use Teflon-like surfaces or roughened surfaces
oxide. In the case of microsystems, these approaches limit the materials of construction and
increase the complexity of fabrication. For these reasons, most studies involving the

actuation of liquid metals in microchannels focus on Hg despite its toxicity® %,

1.3.4 ELECTROCHEMISTRY

It is possible to utilize electrochemical reactions to deposit or remove the oxide using low
voltages (<1 V)®. In the absence of the oxide, the metal has a large surface tension.
Depositing the oxide by electrochemical oxidation in electrolyte lowers the surface tension of
gallium alloys by two orders of magnitude®. Electrical control of surface oxidation is simple,
requires minimal energy, and provides rapid and reversible control of interfacial tension over
an enormous range. This approach avoids the use of toxic mercury, and provides a new
opportunity for shape reconfigurable, reversible microfluidic electronics featuring gallium

alloys as the conductive elements. Figure 6 briefly illustrates this concept.

13



(i)

i 86°
S ;
(iii)
‘ d
e o 124

Figure 6: Giant and switchable surface activity of liquid metals using oxide as surfactant in
an electrochemical environment. (a-b) A pendant or sessile drop of liquid metal, submerged
into electrolyte, dramatically spreads into many different patterns (i.e., pancake, fractal or
triangle). The oxide acts as a surfactant that lowers the surface tension of the metal and
allows it to spread without bound. (c) Changing the polarity of the applied bias removes the
oxide via electrochemical reduction. Removal of the oxide induces capillary action. (d)
Removal of the oxide locally allows a drop to asymmetrically de-wet from the substrate. All

of the images have been adapted from reference *.
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Electrochemical studies can elucidate the Kkinetics of surface oxidation/reduction®® %,

102-107

Passive oxide films (i.e., those that do not grow thicker with time) on metals, such as

the one formed on gallium, are very common and widely studied for aluminum?%¢1%114

115-118 I 119,120

titanium , and stee (often called valve metals). These films are also important for

corrosion protection’®*?!, These passive films can be removed by scrapping, cutting,

115,116,118,122-128

yielding, rupturing, scratching and shearing to facilitate the study of oxidation.

The electrochemical behavior of gallium has been studied in aqueous, acidic and alkaline
environments'?®*¥’. Electrochemistry of indium has been carried out in chloride, alkaline,

138-146

acidic and in agueous environments as well. The Pourbaix™*’ diagram predicts the

behavior of the oxide versus electric potential and the pH of the aqueous environment.

(@) Observe
Electrolyte l 1 l
solution Pt foil
or water
EGaln

(b)

Figure 7: In an (a) electrochemical environment the oxide skin can be (b) removed or grown

depending upon the direction of bias'*®.
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The thickness of the oxide skin on liquid metal can be tuned electrochemically**®**°. This
property has been harnessed to form memory resistive devices**® and diodes'*® where the
resistance to current increases as the oxide thickness increases. Figure 7 summarizes this

result.

1.4 APPLICATIONS OF LIQUID METALS

Flexible devices consisting of thin foils of rigid materials typically cannot be stretched
significantly because the materials that comprise them are not inherently stretchable. Soft,
deformable, and stretchable electronics can be integrated into bandages, textiles, artificial

muscles and soft robots.

The remarkable properties of gallium alloys have recently been utilized for the formation of
soft and deformable electronic devices that can change their shape in response to external
stimuli (i.e., pressure). A number of new applications based on pattering and shape

reconfiguring on demand are briefly summarized in these two sections.

1.4.1 PATTERNING LIQUID METAL
Soft and stretchable electronics devices that contain liquid metal rely on the ability to pattern
liquid metal alloys on different substrates rapidly and reliably. A majority of the patterning

techniques to date utilize the wetting properties of the oxide and the viscoelastic nature of the
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oxide-coated metal. Table 1 lists some of the key processes to pattern liquid metal on
different substrates along with the minimum size reported to date. These fabrication methods

are still at the exploratory stage and yet to be characterized for larger scale of production.

Table I: List of technologies to date for patterning liquid metal

Name Year
1. Injection into Microchannels 2008
2. Inkjet Printing or Direct Writing 2013
3. Microcontact Printing 2013
4. Stencil lithography 2013
5. Masked Deposition 2013
6. Freeze Casting 2013
7. Imprinting 2014
8. Tape transfer 2014
9. Laser Ablation 2014

Soft lithography and replica molding techniques are widely used and the devices are highly
reproducible. Replica molding is a widely used casting process to inversely replicate a
topographical master for making microfluidic channels. The resulting inverse replica of the

master constitutes the channel through which liquids may be injected.

Highly flexible, stretchable and reversibly deformable devices have been fabricated by
injecting liquid metal into elastomeric microfluidic channels using this method as shown in
Figure 8. Although this method is very effective for producing devices with the smallest

dimensions >10 microns, it is a time consuming batch process. Starting from designing a
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photo mask,this method requires several hours to fabricate and characterize a single device

depending upon the nature of the experiment.

Figure 8: Soft lithographic approach to make microfluidic channels filled with liquid metals.
(a) A stretchable un-balanced loop antenna, (b) A flexible patch antenna, (c) A deformable
dipole antenna, (d) A soft interconnect for CMQOS chip. (a) is adapted from 10, (b) is from

130 () is adapted from *® and (d) is from **.

This method requires operator skills for successful replication of each master, fabrication of
the elastomeric device and lastly, injection of liquid metal into micro channels. The yield
stress properties of the liquid metal limit the minimum channel size into which the metal may
be injected. As the channel dimension decreases, applied pressure to force liquid metal into

microchannel increases.
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Micro-contact printing™®® deposits discrete drops, lines and arrays of patterns. Here, the
printer works like a pixel printer and the printer head is controlled by a motorized XYZ stage.
The tip of the printer, dips into the liquid metal pool, is wetted by the oxide skin, and then the
wet tip moves away from the pool and touches the substrate to deposit a discrete dot of liquid
metal or draw lines. Spatial positions of the drops or arrays are controlled by a computer
program. Using this method ~ 350 micron droplet can be deposited whereas two lines can be

deposited with ~ 200 micron separation distance.

Sealing
Layer

Deposited EGaln

Sealing

EGaln Deposition

EGaln Wire
(2 um wide)

—

1
/ 10 um
Inter-wire

spacing (1 um)

Figure 9: Different ways of producing shapes and patterns. (a) A comb capacitor by using
microcontact printing method. (b) An array of liquid metal by using a stencil mask. (c)
Demonstration of a liquid metal circuit using tape transfer method, (d) Directly written liquid
metal lines, and (e) Liquid metal lines by imprinting method. Photographs for this figure are

adapted from (a) 2, (b) 2, (c) *** (d) " and (e) *®.
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Microcontact printing avoids the use of lithographic steps but the minimum features are one
order of magnitude higher than those formed by soft lithography. This deposition of droplets
is serial and requires the use of precise hardware control. It also works only on substrates to
which the oxide-coated metal adheres.

153 or tape transfer™* methods.

Liquid metal has been patterned using stencil lithography
Using a stencil mask on top of a substrate, a puddle of liquid metal can be rolled and later the
stencil along with excess metal is removed to form patterns and shapes. Patterns are defined
by the openings in the stencil. Tape transfer is another method that utilizes similar working
principle as stencil lithography. These techniques are capable of forming ~ 100 micron scale

width lines. Imprinting®*

utilizes compressive force to push metal into micron scale
grooves. Examples of devices based on these fabrication techniques are mentioned in Figure
9.

The ability to shape liquids into free standing, stable 3D micro structures is extremely
difficult and nearly impossible due to the dominance of interfacial tension over gravity. At
the sub-mm scale liquid jet breaks up into tiny droplets or droplets of liquid coalesce into
large bead. In contrast, liquid metal pendant drops can be stacked on top of each other and
form out of plane 3D structures. Utilizing the viscoelastic nature of the oxidized metal
droplets, a number of different 3D microstructures have been demonstrated. 3D printing’ of

liquid metals, as shown in Figure 10, is obtained by, a) applying sudden burst pressure that

forces metal drop out of the syringe needle, b) stacking pendant drops on top of each other, c)
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extruding wires, and d) injecting metals into elastomeric channel which is followed by

dissolving the channel.

Figure 10: 3D printing of free-standing liquid metal structures. (a) Sudden burst pressure
forces liquid metal out of the syringe tip, which extends as a fiber to the substrate. The fiber
is stabilized by the oxide layer. (b) Resulting fibers are strong enough to span a gap. (c)
Extruded wire that is bent into the shape of an arch. (d) Stacks of liquid metal droplets. (e)
Liquid metal injected into microchannels remains mechanically stable after dissolving all of
the channel walls except the substrate. Scale bars are all 500 um.” The caption and this

image has been adapted directly from reference *°.
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All of these structures are stabilized by utilizing the oxide skin that forms rapidly in air. 3D
printing of room temperature alloys could play a major role of producing electronics on

demand without the need of other complicated fabrication processes.

Direct writing” is another common approach of depositing temperature sensitive materials,
especially polymers, layer by layers on a substrate and build different but industrially
important objects. It is possible to print conductive inks on elastomer surface'®®. However,
these inks are not suitable for applications where higher conductivity or improved
mechanical properties are needed. Moreover, out of plane structures, like 3D printing of

liquid metal droplets, are not possible from direct writing of these conductive inks.

Direct writing addresses the challenge associated with speed of deposition in microcontact
printing process. These processes also do not require any steps involved in lithography and it
exploits the wetting properties of the oxide and the flow properties of the liquid metal. In
direct writing process, metal is continuously forced by a syringe pump out of a nozzle that
defines the size of the resolved features, and the motion of the nozzle creates the traces. The
mechanical property of the oxide skin is also important to stabilize the written traces on glass
or elastomer surface. Strong wetting behavior of the oxide pins the traces to the substrate and
they do not damage during encapsulation by elastomer coating. Approximately ~80 micron

traces were deposited by this technique.

22



Figure 11: Soft and stretchable liquid metal embedded polymers. (a) Patterns are created by
using laser ablation technique. (b) Masked deposition technique to make patterns that avoids
the use of lithography or contact printing. Images are adapted from (a) **’, and (b) **%.

158 techniques can also create metallic patterns on

Laser ablation® and masked deposition
elastomeric substrates (cf. Figure 11). Laser ablation method utilizes CO, lasers to ablate
materials and create patterns on a composite layer which is composed of PDMS-metal-
PDMS. Later, additional PDMS seals this patterned layer to make soft, stretchable and

function sensors. Laser ablation assisted patterning is a direct and fast method of producing

shapes that eliminates the need of soft lithography, customized or automated printing, and
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mask for stencil lithography. Masked deposition is another recent approach that does not

require any steps involved in soft lithography.

1.4.2 RECONFIGURABLE DEVICES

The ability to reconfigure the shape and therefore, the function of electronic devices offers
the opportunity to create more dynamic devices. Most electronic devices (e.g., antennas and
circuit boards) have a singular, static shape that defines their performance. Conventional
shape reconfigurable devices, in contrast, can alter their functional behavior by changing the
electrical paths, which typically involves mechanical or electrical switches (e.g., micro-
electro mechanical systems, diodes, RF MEMS capacitors)® that selectively connect and
disconnect active segments. Efficient integration of these switches at different arrangements

and layouts, therefore, require strategic design and complex fabrication steps™®.

Shape reconfigurable devices composed of liquid metal encased in elastomer have been
demonstrated®. These devices can change their physical shape without the need of external
switches, and therefore, function in response to external stimuli. The conductive element —
room temperature liquid metal — in these devices flows in response to applied stress, and
therefore, reversibility can be attained without the loss of electrical continuity. Present
antenna architectures from liquid metal alloys are mechanically stretchable, flexible and offer
numerous possibilities where a liquid conductor is needed. One form of a RF antenna — a

dipole antenna - is shown in Figure 12. Elongating a dipole antenna, for example, lowers the
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resonant frequency once stretched in a predictable manner and then the antenna becomes a

strain sensor.

Resonance Frequency (GHz)

0:/.. ’ .3(;%‘ ’ sé%l .90“/.‘ .12(1)%
Tensile Strain (/- /) / [,

0.6

Figure 12: Stretchable radio frequency liquid metal antennas from polymers other than
PDMS. The antenna resonates at different frequencies as the length changes upon strain. This

image has been adapted from reference ’.

Mechanically stretchable antennas also find application as strain sensors'®. Soft sensors
utilize the principle of mechanically stretchable antennas to sense and detect deformation of
soft structures and translate this deformation in terms of some measureable quantities so that

real time monitoring can be achieved®*°".
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'YX XX,

Bottom layer

Figure 13: Liquid metal filled capacitive sensors for normal force detection and
measurement. (a) Photograph of the prototype device. No solid electronic parts are used in
the device. (b) Images of the sensor array. This figure has been directly adapted from

reference 2.

One such example has recently mimicked the performance of human fingers by utilizing
liquid metal that detects the external pressure, applied strain, and temperature. For the
demonstration of normal force sensor, two layers of liquid metal filled PDMS are stacked
against a layer of air filled chamber. The metal filled PDMS layer had some individual tactile
elements capable of sensing loads ranging from 0-2.5N. One such example is shown in

Figure 13.
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Figure 14: Schematic depiction of a reversible vacuum pressure actuated liquid metal
device in the presence of acid vapor to remove the oxide. Examples at the right include

antennas, shields and polarizers from top to bottom. This image has been taken from ref*

In this example, physical deformation changes the dimension of the elastomeric channel that
in turn changes the electrical resistance. This concept of sensing and detecting applied

pressure has been utilized for electronic skin and soft robotics as well. Radio frequency
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radiation sensors and large area wireless strain sensors have recently utilized rigid
components along with microfluidic passive components for high level of performance as

well?3161

Liquid metal filled microchannels also form useful soft electrodes™ *>®163164  These
electrodes are easy to fabricate and align along the length of the fluid flow and therefore, can
be exploited to use as coulter counter or create chaotic advection for enhanced fluid mixing.
It is also possible to make soft interconnects from liquid metal which can smartly be
integrated into CMOS circuits™. Liquid metal filled wires on self-healing polymers have
also been severed mechanically and electrically to form reconfigurable circuits and 3D

elements'®

. When the structures are cut with a razor, liquid metal remain flush with the
channel, and when the structures are pressed together, the polymer selfheal via hydrogen

bonding and the metal remains conductive.

Majority of the shape reconfiguration of the aforementioned devices relies on mechanical
stretching of the elastomer which in turn elongates the conductive liquid metal. The oxide of
liquid metal has a tendency to adhere to the walls of microchannels, impedes flow the liquid
metal and thus the use of gallium alloys in applications requiring the reversible control of

micro-scale switches, pumps, optics, or shape reconfigurable electronics'®®

utilize mercury.
Vapor or liquid of a strong acid or base (e.g., HCl or NaOH) can address this issue by
removing the oxide >**"**®_ One recent example, as shown in Figure 14, utilizes this concept

to form reconfigurable circuits. Rather than utilizing pneumatic pressure, in presence of acid,
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the metal is actually pulls into the relief structures by vacuum to form reconfigurable
antennas. Apart of using acid/base, non-stick surfaces have also been utilized to minimize

improve non wetting behavior of the liquid metal alloys™’.

1.5 THESIS OUTLINE

A majority of the applications based on liquid metals are static. This dissertation combines
fundamental research — intended to provide better understanding of the metal/oxide interface
— with applied research focused on shape reconfigurable components composed of liquid
metal. Overall, this dissertation aims to contribute to the development of a new paradigm of
microelectronic devices that can be controlled and manipulated on demand in a manner that
is completely reversible. The next few sections briefly outline the approach of this

dissertation.

Chapter 2 and Chapter 3 discuss a shape shifting antenna and microstrip fluidic filter . The
goal of this work is to control the way in which metal changes shape, and therefore function,

in microchannels by using pressure to force the metal further into engineered channels.

The mechanical properties of EGaln as a composite can be tuned by modifying the skin,
which would also likely modify the chemical and electrical properties of the interface.
Fundamental studies of the interfacial properties of EGaln will be carried out by surface

measurements. Chapter 4 describes this work.
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Due to the presence of the oxide skin, it is not straightforward to get the metal to withdraw
from microchannels without leaving metal residue on the walls of the channel. The ability to
withdraw liquid metal from micro channel is critical for truly reconfigurable systems (i.e.,
wires, interconnects, antennas, filters, valves, mixers) that change their function by changing
the shape of the metal on demand. The use of pneumatic pressure to remove the metal seems
like an obvious approach for pushing or pulling the metal out of the channels but it leaves
significant metal residue inside the channels. A mild to moderately concentrated acid
solution can remove the oxide from the surface of EGaln and induce capillary withdraw in an
uncontrollable fashion, which is undesirable. Chapter 5 describes a simple approach to
withdraw a fluidic metal wire from microfluidic channels in response to an applied electric
potential in the presence of an electrolyte. This electrochemical approach reduces the
passivating oxide skin and induces capillary motion of the metal from the microfluidic
channels. Since these processes are driven by an external voltage in presence of an
electrolyte, we define reecapillarity (reduction capillarity) as the process of reducing the

oxide skin on the metal to induce capillary action.

Chapter 6 utilizes the principles of recapillarity to induce localized instabilities in a liquid
metal alloy (eutectic gallium indium, EGaln) using low voltages. These instabilities can be
turned on or off to pattern 2D films of the metal. The patterning process begins by spreading
a film of the metal on a substrate. A thin oxide layer that forms spontaneously on the surface
of the metal stabilizes the film despite the large surface tension and low viscosity of the

metal. In the absence of the oxide, the metal film beads up to minimize interfacial energy.
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The use of localized electrochemical reduction of the oxide in the presence of electrolyte
induces capillary withdrawal of the metal (so-called ‘recapillarity’). The resulting patterns
and shapes of the liquid metal can be controlled by the placement of the counter electrode
with respect to the metal, as well as the duration of the applied current. This patterning
method is similar in spirit to the Etch-a-Sketch™ toy, but is distinguished by the use of

capillary withdrawal rather than physical scribing.

The presence of the oxide skin on the surface of the liquid metal causes it to stick to most of
the surfaces, which limits the ability to easily reconfigure its shape on demand. Chapter 7
shows that, water can provide an interfacial slip layer between EGaln and other surfaces,
which allows the metal to flow smoothly through capillaries and across surfaces without
sticking. The slip layer provides new opportunities to control and actuate liquid metal plugs
in microchannels — including the use of continuous electrowetting—enabling new

possibilities for shape reconfigurable electronics, sensors, actuators and antennas.
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CHAPTER 2

A FREQUENCY SHIFTING LIQUID METAL

ANTENNA WITH PRESSURE RESPONSIVENESS”

“This work has been published in Applied Physics Letters. Contributors to this work: G.

Hayes, Ju-Hee So, G. Lazzi.
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2.1 INTRODUCTION

This chapter describes antennas fabricated from a liquid metal alloy that can change their
electrical length and thus, frequency in response to pressure. Most antennas have a singular,
static shape that defines their performance. Reconfigurable antennas, in contrast, can alter
their functional behavior (e.g., frequency, bandwidth, or polarization)* by changing the
shape of conductive elements of the antenna. This approach typically involves mechanical
or electrical switches (e.g., MEMS, diodes, RF MEMS capacitors)* ' that selectively
connect and disconnect conductive segments to the antenna. Stretchable antennas composed
of liquid metal encased in elastomer can change their physical shape, and therefore resonant
frequency, in response to strain'®>*". Here, we present an antenna architecture that can change
its shape in a simple manner by inducing the conductive antenna elements to flow (and
merge) in response to external stimuli without using any external switches. The challenge
with this approach is to control the way the liquid metal changes its shape so that the
response is predictable and rapid. We address this challenge by harnessing the rheological
properties of a low viscosity'®, conductive™ liquid metal alloy (eutectic gallium indium?,
EGaln, 75% gallium and 25% indium) that is stabilized mechanically within microchannels
despite its large surface tension due to the presence of a solid oxide skin'® that forms
spontaneously on its surface and does not grow thicker with time (i.e., it is passivating™).
Previous rheological measurements confirm the elastic nature of the skin and establish that it
yields beyond a critical stress?>. We designed a microfluidic channel in such a way that an
initially short dipole antenna (~25 mm long) would merge with adjacent segments of metal to

create an elongated dipole (~51 mm long) when exposed to a pressure above the critical
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value required to yield the skin. The merging process changes the shape, and therefore
resonant frequency (in three distinct states), in a predictable manner. Because the process of
merging is irreversible in its current form, the resonant frequency of the antenna represents a
spectral memory state that records the pressure to which it is exposed and offers a simple
approach for sensing and recording stimuli (e.g., pressure) wirelessly. This chapter
demonstrates and models this frequency-shifting fluidic antenna and elucidates the

mechanism by which it changes its shape.

2.2 RESULTS

Figure 1 describes the concept of frequency shifting antennas formed by injecting liquid
metal into microfluidic channels composed of polydimethylsiloxane (PDMS)*?% . The
antenna geometry consists of a single row of four collinear segments (each 1 mm wide, 12.6
mm long, 50 um thick) placed end-to-end. Initially, the two innermost segments comprise the
dipole. Two rows of posts (each row consists of 50 um diameter posts with a 100 um center-
to-center spacing) separate the two innermost segments from the two outermost segments
[Figure 1(b)]. During the fabrication process®, the metal is injected by hand through the
inlet holes (an outlet vent allows air to escape the channel during filling), fills the channels
readily, and is stabilized mechanically at the posts by a thin oxide skin [Figure 1(c)]. It does
not flow between the posts (the posts acts as Laplace barriers?’) as long as the critical
pressure is not exceeded (the critical pressure depends on the geometry of the posts and is

approximately 7 psi for the present geometry)*®.
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(a)

Input Holes,

PDMS Posts

(b)

Microfluidic

(c)

(d)

Figure 1. A depiction of an antenna that reconfigures its shape in response to pressure (not to
scale). a) Empty microchannels with inlet holes (not shown in remaining depictions) b)
Rows of posts separate the two outermost segments of the antenna from the two innermost
segments. ¢) Injecting liquid metal into the microfluidic channels produces four antenna
segments. Initially, the two innermost liquid segments of length L, define the dipole antenna.
The metal will not flow through the posts until the applied pressure exceeds the critical
pressure required to yield the skin that mechanically stabilizes the liquid. d) The four sections
of metal merge into two longer sections (each of length, L,), which lowers the resonant

frequency.
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Pressures that exceed the critical pressure force the metal to flow between the posts and
thereby merge the outermost segments with the inner segments [Figure 1(d)] to increase the
physical and electrical length of the dipole.

(a) State 1 (L :L,)
~ PDMS

p . T
oo L1-..-.| [ L1-—«—«-| EGaln

State 2 (L4:L,)

e Ly Ly ——i
State 3 (L,:L,)
——t L
I J L i | . L,

(b)

(i)

Figure 2: Photographs of a shape reconfigurable antenna in three different states. Length L;
is 12.6 mm. a) State 1 consists of four isolated segments of liquid metal embedded in
elastomer. The two innermost segments, Li:L;, define the antenna Applying pressure to the
right side of the antenna causes two of the sections to merge such that the dipole assumes a
different geometry, State 2 (Li:L,). Merging both outermost segments with the innermost
segments forms State 3 (L,:L,) b) Micrographs of the region between the segments of metal.
i) A narrow gap defined by two rows of posts initially separates the segments. ii) By
applying sufficient pressure at the inlet, the metal flows through the posts and merges into an

electrically continuous segment.
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Figure 2 shows photographs of the antennas in three different states. The two innermost
segments comprise the initial dipole antenna with lengths L; (“state 1”). Pressure applied to
one input hole ruptures the oxide skin to produce “state 2” by increasing the length of one
arm of the dipole (L, >L;). Pressure applied to the other input hole produces “state 3” in
which the dipole consists of two arms, each of length L,. Figure 2(b) shows micrographs of

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

0
8 10t
b= | Simulated E‘
% = State 1 )
% 20} —® State 2 % |
o A .
3 State 3 z
s 4
.5-3 Measured "
§ -30F o State 1 A .
E o— State 2 A
—4A— State 3
_40 2 1 2 1 2 1 2
0 1 2 3 4

Frequency (GHz)

Figure 3. Three distinct frequency responses illustrating the frequency shifting nature of the
antenna. Measured spectra (open symbols) match well with the simulated spectra (filled
symbols). As the arms of the antenna get longer (going from State 1 to 2 to 3), the spectral

response of the antenna shifts to a lower resonant frequency.

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

excited the antennas™. A network analyzer measured the spectral responses (reflection
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coefficients) of the antennas and CST-MWS?® software simulated the spectral response of the
antennas. The simulated models of the different lengths of dipoles included the physical and
electrical properties of the PDMS substrate (¢=2.7 and tand = 0.04) and the liquid metal
components™® (¢ = 3.4x10* Scm™); Figure 3 shows that the simulation results and
measurements are in good agreement. As the length of the dipole increases via merging of
the segments (from states 1 to 2 to 3), the resonant frequency shifts to a lower value (from
3.6 t0 2.6 to 1.9 GHz, respectively, based on the best impedance match), which is consistent
with the simulated spectra. The electrically isolated outermost segments in state 1 exhibited
minimum electrical coupling to the innermost segments as confirmed by simulation. During
the merging process, the metal would often leave small air gaps between some of the posts
[e.g., Figure 2(b)]. Based on the model, the trapped air has a negligible effect on the antenna

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

The merging process occurs extremely fast (within a few milliseconds) due to the low
viscosity of the liquid metal and the short distance it has to travel. To elucidate the merging
process, a video camera with a fast capture rate (5,000 fps) recorded the liquid metal as it
ruptures between the posts due to applied pressure. Figure 4 shows 12 chronological frames
that capture the merging process over a window of time spanning 3.6 ms. Rupturing occurred
at ~8 psi of applied pressure, which is in sufficient agreement with the predicted yield stress

(~7 psi) behavior of the skin of the metal for the given geometry®.
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Figure 4. Sequential micrographs of the process of merging liquid metal segments. Images
are taken from a high speed video camera and each frame represents about 0.3 milliseconds.
Pressure applied to the lower segment causes the liquid metal to rupture through two posts
and merge with the adjacent metal to form an electrically continuous wire segment and

thereby elongate the antenna.

Typically, the liquid metal only ruptures between one set of posts (c.f., Figure 4). This result
is consistent with the critical yield stress property of the metal; once the metal ruptures
between two posts, the pressure drop at the other metal / air interfaces is no longer sufficient
to rupture the skin. The liquid metal merges with the adjacent segment of metal to form an
electrically continuous wire before flowing toward the vent holes. Without optimization (and
using only our hands to control the pressure applied to the syringe during the initial filling),
the segments merged ~75% of the time. In the failures, the wires did not merge due to small

air gaps between the two metal interfaces spanning neighboring posts. The yield increased to
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100% by either (1) pushing the metal as far as possible through both rows of posts prior to
rupturing to increase the chances of merging, or (2) applying pressure to the inlets of both

adjacent segments of the metal and thereby forcing the metal to merge.

2.3 CONCLUSION

This chapter demonstrates antennas that change their shape, and therefore frequency, in
response to external stimuli (pressure) without utilizing any external switches or electrical
connections by inducing a liquid metal to flow and merge into elongated geometries in a
predictable manner. This simple approach controls the shape of the active elements of the
antenna by exploiting the rheological behavior of the liquid metal that originates from its
oxide skin. Modeling of the different states agreed with the experimental results that show
shifts of the reflection coefficient response to lower frequencies as the antenna is elongated.
Images from a high speed video helped elucidate the mechanism of merging in which metal

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

The ability of the antenna to changes its shape, and therefore function, in response to external
stimuli is useful for wireless sensing in which the antenna itself is a sensor. In its current
form, the merging process is irreversible and therefore serves as a passive memory element
in which hysteretic information is stored in the spectral signature of the antenna. This
chapter demonstrates the ability to merge four sections of wires to create three distinct
antenna states, but in principle, many different states and geometries are possible. The

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

60



posts.  In addition to changing the operational frequency (reflection coefficient), the
approach could also be used to tune other antenna parameters, such as radiation pattern and
polarization. These antennas could be used in wireless sensing or monitoring radio systems,
switches, RFID tags, conformal circuits for health monitoring, or in military applications.
An additional advantage of liquid metal antennas is that they adopt the mechanical properties
of the encasing material. Antennas encased by elastomer can therefore be bent, twisted and
stretched. Here, external pressure altered the shape of the antenna, but it may be possible to

use other stimuli (e.g., flexing the antenna) to induce segments of the antenna to merge.
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CHAPTER 3

A PRESSURE RESPONSIVE FLUIDIC MICROSTRIP
OPEN STUB RESONATOR USING A LIQUID METAL

ALLOY"

*This work has been published in IEEE Microwave component letter. Contributors of this

work: Silu Zhang, G. Hayes, G. Lazzi.
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3.1 ABSTRACT

This chapter describes a fluidic microstrip bandstop filter with transmission properties that
change in discrete states. The filter consists of a liquid metal alloy - eutectic gallium indium
(EGaln) - as the conductive component in microfluidic channels. The fluidity of EGaln
allows the open stub resonator of the filter to change its length by flowing in response to an
applied pressure. A series of posts in the channel defines the length of the stub filled by the
metal and dictates the pressure needed for the liquid metal to flow and thereby extend the
stub length. The frequency response of the filter changes in response to the changes in the
length of the resonator stub. This approach is a simple method for creating tunable filters
and impedance matching sections using soft materials that change dimensions in response to

pressure.

3.2INTRODUCTION

This chapter presents a unique fluidic microstrip bandstop filter with a pressure sensitive
frequency response. Changing the length of liquid metal in an open stub microfluidic channel
alters the frequency response of the filter. Conventional tunable microstrip filters with open
stub resonator sections are fabricated from printed circuit board (PCB) technology*?, using a
method of etching patterns on stacked sheets of copper and dielectric. The electrical length of
the stub and, therefore, response of the filter may be altered using a number of methods
including the incorporation of varactors®, MEMS*, or PIN diodes that bridge disconnected

segments of the stub® or alter the impedance of the stub. In all of these applications, the
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physical geometry remains fixed after assembly. In contrast, our approach allows the stub
length to be tuned post-assembly in a simple manner using pressure applied by fingertips. In
addition, our approach uses simple and common fabrication techniques (soft lithography),
which is useful for rapid prototyping. Also, the soft materials that comprise the filter may be
useful for conformal or flexible electronics. By incorporating the liquid metal to form both
the transmission line and the resonating element, this approach expands upon reconfigurable
components that use liquid metals to alter the resonant performance of coupled structures

such as defected ground structures® frequency-selective surfaces’, and antennas®*°.

Figure 1 and 2 illustrates the geometry of the microstrip filter. Liquid metal - eutectic gallium
indium, EGaln (75% Ga and 25% In) - forms the conductive 50 Q transmission line in a
polydimethylsiloxane (PDMS) substrate. The liquid flows into the open stub in response to
external pressure and the length of the stub changes in a predictable manner due to several
rows of posts that define discrete stub lengths. This approach takes advantage of the fact that

EGaln only flows when the applied pressure exceeds a critical value™.

3.3 DESIGN

We designed microchannels with three discrete stub states that correspond to three discrete
pressures. Figure 3 illustrates the geometries of each state. Injecting the liquid metal through
inlet hole (Port 1) into the transmission line by a syringe forms the initial, transmission line
(State 1) of the prototype. The oxide skin on the metal stabilizes it within the transmission

line so that it does not withdraw from the channel. A row of posts prevents the metal from
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entering the open stub (Figure 4a). These rows of posts act as Laplace barriers'?. A Laplace
barrier is a geometric constriction through which a fluid cannot pass unless a critical pressure

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

Stub line

(25.4mm x 0.9mm) Port # 1

Top PDMS layer
(~0.3mm thick)

Transmission line
(65mm x 0.5mm x 0.1mm)

Cu ground Plane

(45mm x 120mm) Bottom PDMS layer
— (~0.22mm thick)

Figure 1. Geometry of bandstop filter with a 50 Q microstrip transmission line from Port 1

to Port 2 and open stub section.

EGaln Channel

PDMS {0.5 mm x 0.1 mm)
\ 1 0.3 mm

0.22 mm

Cu Ground plane

Figure 2. Cross section of a 50 Q microstrip transmission line.

69



Applying a higher pressure at the inlet (8 psi) achieves State 2. The higher pressure ruptures
the oxide skin that spans the first row of posts and induces the liquid metal to flow between
the posts up to the second row of posts (i.e., half of the stub line). Since the second row of
posts are spaced closer together than the first row of posts, the liquid metal ceases to flow
(Figure 4b). Increasing the pressure further (15 psi) causes the metal to flow through the
second set of posts and fill the stub completely with liquid metal (Figure 4c) to produce State
3 of the filter. In general, larger applied pressures correspond to longer stub lengths and the

transition between states is on the order of milliseconds.

3.4. MEASUREMENT AND SIMULATION

We measured the frequency response of the system in all three states using a network
analyzer and simulated the spectral response of the filter using CST Microwave Studio. The
simulated models of the different states of the filter include the physical and electrical
properties of the PDMS substrate (¢, = 2.68, tand= 0.04) and the EGaln conductors
(6=3.4x10* Scm™). The measured reflection coefficient responses (Figure 5) are below -10
dB up to 4.5 GHz in the State 1 with a higher reflection at the various band stop regions

corresponding to State 2 and State 3.
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a)

2
IS row of posts

(Dia: 0.75mm
Gap: 0.12mm)

MicrostripTransmission
line is filled with EGaln

b)

First stub (~11.2mm)
line is filled with

EGaln Applied

Pressure

c)

Stub(~25.4 mm) line
is completely filled
with EGaln

2" row of posts
(Dia: 0.80mm
Gap: 0.06mm)

Figure 3. Geometry of bandstop filter: (a) State 1, (b) State 2, and (c) State 3
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(c) State 3 (25.4mm Stub)

Figure. 4. Photographs (left) and micrographs (right) of the microstrip filter in three
different states: (a) State 1 consists of a 50Q transmission line filled with EGaln and an
empty stub line, (b) State 2 with a partially filled open stub, and (c) State 3 with a fully filled

open stub.

Figure 6 indicates that the simulations and measurements have the same resonant frequency.
In State 1 the filter behaves like a 50Q transmission line with low transmission loss (below
1.5 dB up to 4.5 GHz). As the length of the stub increases (from State 1 to 2 to 3), the
filtered frequency shifts to lower frequencies. Although the measured resonant frequencies
agree with the simulation, the simulated values indicate a higher Q factor than the measured
results. This difference may be partially attributed to the measured response including losses

due to the microstrip-to-coax transitions at both ends of the assembly.
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Figure 7. Measured transmission coefficient of a prototype with an open stub shortened

from 22.7 mm to 0.5 mm.

Also, the actual losses of the PDMS may be larger than the simulated model and the
thickness of the PDMS top layer may be thicker than the model. Regardless, the
measurements show that the transmission properties may be switched dramatically using

pressures that can be generated by fingertips.

The change in stub length is not inherently reversible due to the stability of the oxide skin.
We investigated the reversibility of the bandstop filter response by destabilizing the oxide
skin®® to reverse an open stub from 22.7 mm down to 0.5 mm. Figure 7 shows the shift in
transmission coefficient from 1.5 GHz at 22.7 mm to 0.5 mm with a response similar to a

transmission line.
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3.5 CONCLUSION

We fabricated and characterized a tunable microstrip bandstop filter incorporating a novel
fluidic transmission line and open stub resonator section. The electrical length of the
resonator increases in discrete steps with increasing pressure that allows the assembly to
transition from transmission line to a tunable bandstop filter. The end user can manually tune
the electrical performance of a circuit by applying pressure to achieve a desired physical
length of the open stub that remains fixed upon release of the pressure; the device is therefore
also a sensor of pressure. This system has the appeal of being built using simple techniques
incorporating soft materials, which may be useful for conformal or wearable applications.
For simplicity, we use a Cu ground plane, but previous work shows it is possible to form

ground planes from liquid metal'.
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INVESTIGATING THE INTERFACE BETWEEN THE

WALL AND A LIQUID METAL ALLOY IN
MICROCHANNELS"
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4.1 ABSTRACT

Eutectic gallium indium (EGaln) is a low viscosity liquid at room temperature that can be
injected into microchannels to form electrical components including electrodes, antennas,
and interconnects. The metal rapidly reacts with oxygen to form a surface oxide. Injecting the
metal into air impermeable microchannels offers the potential to form oxide-free metal
contacts to surfaces at room temperature. However, energy dispersive X-ray spectroscopy
shows that EGaln also forms a surface oxide at the interface with the walls of air
impermeable microchannels. The air permeability and the surface chemistry of the walls also
affect the morphology of the interface. The metal forms dimples when injected into air-
impermeable glass microchannels but does not in air permeable (PDMS) microchannels.
Channels pre-filled with acid form a smooth interface with the metal regardless of the air-
permeability of the walls since the acid prevents the oxide from forming. Taken in sum, the
results here show that (1) the oxide is present in all channels unless it is removed chemically,
and (2) that the oxide-coated metal forms the smoothest interfacial morphology in channels

in which the oxide can form and adhere well during injection.
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4.2 INTRODUCTION

This chapter provides evidence that injecting eutectic gallium indium (EGaln) into
microchannels results in a thin metal oxide layer between the liquid metal and the walls of
the channels even if the walls of the channel are impermeable to air. EGaln, like most alloys
of Ga, has low viscosity, low toxicity, and metallic conductivity’ ™. Injecting the metal into
microfluidic channels is a simple way to define the shape of the metal. During the filling
process, the leading interface of the liquid metal is in contact with air and is therefore
covered with a solid ‘cap’ of surface oxide. EGaln reacts rapidly with oxygen to form a thin
(1-3 nm thick) surface oxide composed of oxides of gallium>”. Inducing the low viscosity
metal to flow into microchannels requires applying modest pressure to yield this skin®. Once
inside the channel, the thin oxide ‘cap’ that forms at both the inlet and outlet of the channel
provides mechanical stability to the liquid metal despite the high surface tension of the fluid;
that is, the oxide prevents the metal from withdrawing. This property enables the fabrication

2 13-15

of stretchable wires®, antennas®?*?, sensors**°, electrodes®?’

, self-healing circuits'®*?,

thermocouples®, and optical structures®.

We sought to understand if the oxide ‘skin’ exists at the interface between the metal and the
walls of air impermeable microchannels. The liquid metal and the oxide have significantly
different rheological, chemical, electrical, and wetting properties**"?** and thus the
presence (or lack) of the oxide at that interface has implications for the mechanics of the flow
of metal in and out of microchannels, as well as the morphology and physical properties of

the metal at the interface. For example, oxide-free interfaces would allow a simple way to
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make soft, metallic contacts that may be useful for probing the electrical properties of soft
materials (e.g., self-assembled monolayers (SAMs)*"?, biological species?” and gels?®%)

without the need to deconvolve the influence of the oxide layer on sensitive measurements.

Here, we show that EGaln injected into both air permeable (polydimethylsiloxane, PDMS)
and air impermeable (glass and silicon nitride) microchannels, results in a thin oxide between
the walls and the metal. We verify the presence of the oxide at the interface by using energy
dispersive X-ray spectroscopy (EDS) and characterize the morphology under a scanning
electron microscope (SEM). We also establish the importance of the chemistry and
permeability of the walls of the microchannel in dictating the morphology of the metal at the

interface formed via injection.

4.3 EXPERIMENTAL DESIGN

We sought to characterize the chemical composition of the metal (whether oxygen is present
or not) at the interface with an air-impermeable wall. Previously, the chemical composition
of the surface of gallium-based alloys has been studied by using different characterization
techniques including EDS, X-ray photoelectron spectroscopy (XPS) and Auger
spectroscopy” . The studies, however, focused on metal surfaces that were exposed to air,
and thus, known to have the native surface oxide. One study suggests this oxide forms at

oxygen levels as low as ppm.”
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Probing the interface between the liquid metal and the wall is experimentally challenging.
The measurement must be done without exposing the interface between the metal and the
wall of the channel to ambient air after injection. Thus, the experiments require an air
impermeable, oxygen-free, and optically and electron transparent substrate to enable
interfacial characterization techniques such as microscopy and spectroscopy. The oxide, if
present, is expected to be very thin (~1 nm) based on previous studies in oxygen®®; thus, any
characterization technique must be surface sensitive. Considering these demanding
requirements, we developed an experimental method to investigate the interface of the liquid
metal with air-impermeable substrates by performing a series of experiments that involve

EDS through silicon nitride “windows”.

The qualitative nature of EDS as a thin film characterization technique could be seen as a
limitation in this study. Indeed, the e-beam of EDS generates a tear-drop shape of interaction
volume in a specimen that probes beyond the surface. Moreover, the low energy X-rays from
light elements such as nitrogen, carbon and oxygen are easily absorbed by the detector. Thus,
it is difficult to analyze quantitatively ultra-thin layers composed of light elements. Despite
these challenges and limitations (and the lack of alternatives), it represents the best

characterization technique that meets all of the requirements for our analysis.

In our experiments, we choose to work with “windows” consisting of a thin film of SizN4 on
a Si substrate. Etching a hole through the backside of the Si substrate generates the silicon

nitride window (Figure 1). The window provides an oxygen-impermeable interface that is
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effectively transparent to electrons and photons (necessary for EDS and SEM measurements
and optical inspection).Such silicon nitride windows have been used as the walls of a
microfluidic channel to image liquid flow with a scanning transmission electron
microscope®, but not in the case of interfacial investigation of atomic composition. The
SizNy4 films are available in various thicknesses; thin nitride windows are less mechanically
stable, but provide more sensitive measurements since the e-beam involved in EDS
experiments does not have to travel as far through the window. We used the thinnest window

that is mechanically robust toward the liquid metal injection process (~50 nm).

Injecting the liquid metal into microchannels sealed against these nitride windows is
information-limited and brings numerous experimental challenges: (i) preventing the PDMS
channels from overlapping the windows, which would lead to unwanted detection of oxygen,
(i1) establishing a mechanically stable contact between the channels and the nitride substrate,
(iii) injecting the metal without rupturing the thin nitride windows, and (iv) preventing the
disturbance of channels in vacuum during EDS measurements. To overcome those issues, we
fabricated a 2 mm wide and 1 cm long channel and placed it on the silicon nitride such that it
straddled the window (1 mm x 1 mm). Injecting the metal into these wide channels requires
low pressure, thus minimizing the stress on the thin nitride windows. We sealed the edges of
the PDMS channel to the nitride substrate by using a silver paint adhesive (Figure 1). The
presence of silver in the adhesive allowed us to confirm by EDS that no adhesive entered into

proximity of the nitride window. We also prepared reference samples that are expected to
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show an oxygen peak for EDS measurements by gently placing a drop of oxide-coated metal

onto the nitride window in the presence of air.

Silicon substrate

Si;N, layer

|

“Nitride window”

PDMS channel i

Silver paint
adhesive

|

i) Oxide interface

Oxide layer

EDS

ii) Metal interface

Figure 1. Experimental procedure for detecting the presence of oxide at the interface with an

air-impermeable wall. Liquid metal is injected into a PDMS microfluidic channel on top of a

silicon nitride window and examined by EDS through the window. We sought to study

whether there is a metal oxide at the interface (i) or the interface is pure metal (ii).
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4.4 RESULT AND DISCUSSION

We examined the interface of liquid metal in contact with the nitride window (Figure 2(a)).
SEM images confirmed that the liquid metal maintained mechanical stability under the high
vacuum state without flowing and disturbing the interface. Theinjected EGaln formed a
smooth interface with the nitride window (Figure 2 (b)), whereas the oxide-coated droplet of
EGaln had a wrinkled texture (Figure 2(c)). The amount of wrinkles on the surface of the

droplet depended how gently it was handled during sample preparation.

We inspected the atomic composition of the interfaces by EDS. To determine the appropriate
parameters for the EDS measurements, we used two EDS modeling software packages
(Casino and Electron Flight Simulator). Results suggest that the electron beam used for EDS
can penetrate the nitride window and the signal from the oxide layer will be distinct and
detectable through the window. In the model, we varied the acceleration voltage (0 — 10 keV)
and the thickness of the oxide (0 — 10 nm) through a 50 nm thick nitride window. At large
accelerating voltages (> 5 keV), the model suggests that the beam penetrates too deep into
the sample to distinguish the thin oxide layer from the large interaction volume of the e-
beam. At small accelerating voltages (< 3 keV), the model suggests that the beam does not
penetrate through the nitride window. Although these values can be considered estimates,
they provided a guide for determining an appropriate range of accelerating voltages to probe

the sample.
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Based on the theoretical range of accelerating voltage, we performed EDS measurements on
the reference samples of droplets and control samples of PDMS channels (Figure 3). EDS
measurements performed on blank nitride windows contained no oxygen and no gallium in
the spectra. Both reference and control samples had oxygen and gallium peaks at 4.5 and 5.0
keV, suggesting the presence of the oxide layer in both samples. The data in Figure 3
represent the average of six measurements performed by two different researchers. We also
repeated this test four times where we first cleaned the SisN,4 surface with low pressure
oxygen plasma prior to injection, but the plasma treatment did not change the result.

Regardless of preparation, a small amount of adventitious carbon appeared in all the spectra.

Increasing the accelerating voltage increased the gallium to oxygen ratio (from 0.22 to 0.47
for the droplet samples and from 0.33 to 0.34 for the channel samples) since the beam probes
deeper into the metal. Indium peaks (M = 0.368 keV, La = 3.286 keV) are barely detectable
at accelerating voltages between 4-5 keV. This result is not surprising given the small
gallium peaks (~1% of the signal), the lower population of M and L peaks relative to K
peaks, and the possible overlap of the M peak with the large nitrogen peak (Ka = 0.392 keV)
from the nitride windows. The lack of indium may also be indicative of enrichment in
gallium at the interface based on previous studies. *>’ Nevertheless, the In peaks became
apparent after increasing the accelerating voltage (e.g., 20keV) to probe deeper into the bulk

of the metal.
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(a) E-beam
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Figure 2. (a) A schematic diagram of the assembly of EGaln and the nitride window for EDS
measurement. (b) SEM images of EGaln in a microchannel focused through the nitride
window. The rectangles represent the probed area where the e-beam focused at the first (left)

and second (right) EDS measurements. (¢) SEM images of a droplet of EGaln that was

87



exposed to air and gently placed on the nitride window before the measurement. The scale

bars are 50 pum.
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Figure 3. Atomic percentage of gallium and oxygen from EDS measurements on EGaln-

silicon nitride interfaces prepared by placing the droplet of EGaln on the nitride substrate or

injecting EGaln into a channel with the nitride wall.
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The thin silicon nitride windows are transparent for both optical and scanning electron
microscopy. Microscopy suggests that immediately after injection theinterface is smooth
with a few ‘dimples’ (cf. Figure 2b). During SEM imaging, additional dimples formed upon
exposing the smooth regions to the electron beam (marked by rectangles in Figure 2 (b) and
(c)). These dimples expanded when irradiated with electrons, which suggested that gaseous
species may exist at these dimples.The source of these dimples is unknown, but we speculate
(based on subsequent experiments) that the poor wetting of the metal to the nitride may
contribute to the formation of these dimples. . In presence of air, EGaln can be physically
spread on many substrates (e.g., PDMS, glass), yet it is hard to spread the metal onto silicon
nitride substrates. In the absence of the oxide, the high surface tension of EGaln renders it is

impossible to spread on most surfaces (e.g., PDMS, silicon wafers, glass slides) including

silicon nitride.

H

Figure 4. Interfacial morphology of EGaln with pristine (a), oxygen plasma treated (b), or

plasma treated and acid-treated (c) PDMS substrates.
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We sought to gain a more complete understanding of the role of the channel walls on the
interfacial morphology of EGaln by imaging the metal / substrate interface formed by
injecting metal into PDMS microchannels placed against substrates of various surface
properties. In all cases, we chose optically transparent substrates to image the interface. We
hypothesized that the interfacial morphology of the metal depends mainly on both the air
permeability of the substrates and the adhesion of the surface oxide to the substrate. We first
utilized PDMS substrates, which are known for being highly permeable to air. Injecting
metal into microchannels placed on unmodified PDMS results in dimples and ripples, as
shown in Figure 4a(i). Injecting the metal by applying a positive pressure to the inlet

produced the same result as injecting the metal by applying vacuum to the outlet.

Unmodified PDMS is hydrophobic, but can be rendered hydrophilic by generating surface
hydroxyl groups upon exposure to oxygen plasma. Injecting EGaln into hydrophilic PDMS
resulted in a smoother interfacial morphology (Figure 4a(ii)) than the unmodified PDMS
substrate. These results suggest that the hydroxyl groups on the PDMS more favorably
interact with the oxide on the EGaln to create a more conformal interface. We speculate that
the dimples that form on the nitride surfaces may form for the same reasons. Figure 4a(iii)
shows the interface of the metal injected into a PDMS channel pre-treated with oxygen
plasma and pre-filled with 1M HCI. The presence of the acid prevents the oxide on the metal

from forming during injection, resulting in a smooth interface, as expected.
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Unlike PDMS, nitride windows are air impermeable and mechanically rigid. To explore the
effect of air-impermeability, we replaced the PDMS substrate with glass which has hydroxyl
groups on the surface but is impermeable to air and mechanically rigid. The interface of

EGaln on a pristine glass substrate is shown in Figure 5 (a).

50 ym

H
(H

Figure 5. Interfacial morphology of EGaln with pristine (a), oxygen-plasma treated (b), acid-

treated (c) glass substrates.

Injecting EGaln into a microchannel with an oxygen plasma treated glass substrate creates a
smooth interfacial morphology (Figure 4b(ii)). There are afew dimples that are randomly
distributed throughout the entire length of the microchannel. Relative to the smooth interface
formed on plasma treated PDMS (Figure 4a(ii)), the generation of dimples may be due to the
glass substrate being rigid or impermeable. Similar to Figure 4a(iii), the glass substrate
treated with 1M HCI appeared smooth without the noticeable presence of the oxide, which

suggests that the dimples on the other substrates are not due to particles.
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To investigate the effect of the surface chemistry, we silanized the glass slides to render the
surface hydrophobic. The interface of EGaln with a glass substrate treated by fluorosilane
shows very rough and patchy surface morphology (not shown here) which can be attributed
to unfavorable interaction of oxide with the silanized surface of the glass. Taken in sum,
these results suggest that both of the air-permeability and the presence of hydroxyl groups of

substrates contribute to conformal formation and wetting of the oxide at the interface.

4.5 CONCLUSION

This chapter shows that there is oxide at the interface between EGaln and air impermeable
microchannel walls. The morphology of this interface depends on the composition of the
channel walls. Dimples form on hydrophobic PDMS (i.e., an oxygen permeable substrate),
but do not on hydrophilic PDMS. Dimples form on rigid glass (i.e., oxygen impermeable),
but there are significantly fewer after the glass slide is treated with oxygen plasma. Treated
(plasma or solvent) substrates directly affects the wetting or non-wetting properties of the
oxide skin. This can be utilized as a direct evidence to study the presence of oxide as well as
can be harnessed to form soft intermetallic contacts at room temperature. The ability to form
well-defined, soft metallic contacts at room temperature may be useful for probing various
electronic devices in a non-damaging, high throughput manner. Also we can further utilize
this tool to study the importance of surface chemistry and roughness by placing films or self-

assembled monolayers on the SizN,4 substrate prior to filling.
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Chapter 5

RECAPILLARITY: ELECTROCHEMICALLY
CONTROLLED CAPILLARY WITHDRAWAL OF A

LIQUID METAL ALLOY FROM MICROCHANNELS’

“This work has been published in Advanced Functional Materials. Contributor to this work:

Chris Trlica.
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5.1 ABSTRACT

This chapter describes the mechanistic details of an electrochemical method to control the
withdrawal of a liquid metal alloy, eutectic gallium indium (EGaln), from microfluidic
channels. EGaln is one of several alloys of gallium that are liquid at room temperature and
form a thin (nm scale) surface oxide that stabilizes the shape of the metal in microchannels.
Applying a reductive potential to the metal removes the oxide in the presence of electrolyte
and induces capillary behavior; we call this behavior ‘recapillarity’ because of the
importance of electrochemical reduction to the process. Recapillarity can repeatably toggle
on and off capillary behavior by applying voltage, which is useful for controlling the
withdrawal of metal from microchannels. This chapter explores the mechanism of
withdrawal and identifies the applied current as the key factor dictating the withdrawal
velocity. Experimental observations suggest that this current may be necessary to reduce the
oxide on the leading interface of the metal as well as the oxide sandwiched between the wall
of the microchannel and the bulk liquid metal. The ability to control the shape and position
of a metal using an applied voltage may prove useful for shape reconfigurable electronics,

optics, transient circuits, and microfluidic components.
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5.2 INTRODUCTION

The ability to accurately manipulate liquids on the sub-mm length scale is important for
many applications including MEMS devices (e.g., sensors, actuators, and RF electronics),
micro-total analysis systems, micropumps for mixing and analyses of fluids, reconfigurable
electronics (antennas, interconnects, relays), and optics’**. Metals are particularly desirable
for such applications because of their optical, thermal, and electrical properties. One material

that holds promise for these applications is eutectic gallium indium (EGaln), one of several

14,15

alloys of gallium that are liquid metals at room temperature . EGaln has a melting point

of 15.7 °C'® and a liquid phase viscosity approximately twice that of water'’®. It has

15,19

metallic conductivity™>*® and low toxicity?®, making it an attractive alternative to mercury for

many applications®# 2,

EGaln spontaneously forms a thin and passivating surface oxide layer at room temperature in

24,25

the presence of oxygen, even at ppm O, levels™ . Though this oxide has historically been

26,27

considered a nuisance™“’, it provides unique opportunities to control the shape of the

metal”®. This oxide ‘skin’ envelopes the liquid and provides mechanical stability that allows

EGaln to be molded into non-equilibrium shapes that would usually be disallowed by surface

29,30

tension . The skin has been Supporting harnessed to print the metal in 3-D*° and 2-D*

13,29 34,35

and to form stretchable interconnects®, wires®, antennas'®*?, sensors**®, and plasmoinc

structures*® fabricated by injecting the metal into microchannels.

Because EGaln is a liquid, its shape and position can be controlled by inducing it to flow.
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Injecting the metal into a microchannel is straightforward by using pressure differentials.
This injection technique has been used to create shape-reconfigurable antennas and filters

composed of alloys of gallium that change length in response to pressure®”>°,

Inducing the metal to flow out of a microchannel, however, is more challenging. The
presence of the oxide skin can cause the metal to leave residue on the channel walls (Figure
1a), like wet paint flowing through a tube®. It is possible to use Teflon-like surfaces or

roughened surfaces® ™

to reduce the adhesion of the metal oxide, but these approaches limit
the materials of construction and increase the complexity of fabrication. It is also possible to
use acid or base to remove the oxide skin, but this approach lacks external control and
involves the use of possibly hazardous or corrosive materials**.  For these reasons, most
studies involving the actuation of liquid metals in microchannels focus on Hg despite its

toxicity®™ .

The Pourbaix diagram predicts that reductive electrochemical potentials can remove the
oxide skin on gallium®. Without the stabilizing presence of the skin, the metal undergoes
capillary action to minimize its surface energy. Figure 1b illustrates this concept: A puddle
of the metal beads up in response to a reductive potential. Although an applied bias likely
lowers the interfacial tension of the metal (relative to bare metal) via electrocapillarity*®, the
tension is still large enough to induce capillary phenomena. This phenomenon can be
exploited to induce withdrawal of the metal in microchannels (Figure 1c) by capillary action

toward a reservoir where the metal may lower its interfacial energy by adopting a larger
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radius of curvature®. Importantly, in the absence of applied potential, the skin rapidly
reforms, allowing capillary flow to be stopped on demand. Controlling interfacial
phenomena represents an attractive way to manipulate fluids since capillary forces dominate

51,52

on the sub-mm length scale®™"“. Furthermore, the use of applied voltage is an ideal way to

manipulate fluids because it is highly controllable, easily accessible, and does not require

bulky or moving parts®* .

We call the technique ‘recapillarity’ because it uses reduction to induce capillarity. The term
also refers to the ability to repeatedly turn on and off the capillary behavior. Recapillarity is
an attractive alternative to conventional electrohydrodynamic approaches for manipulating
fluids (e.g., electroosmosis, electrowetting®’), which are difficult to implement with EGaln
for a number of reasons including the large yield stress of the oxide skin'®. In contrast,
recapillarity takes advantage of the skin by removing it on demand. Here, we describe the
velocity of the withdrawal of EGaln from microchannels induced by recapillarity,
characterize the role various experimental parameters play on the withdrawal, and propose a
mechanism to explain the withdrawal. The proposed mechanism implies that oxide is present
between the metal and the walls of the channel, which is otherwise a difficult interface to

probe.
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Figure 1. (a) Photograph of metal residue on the sidewalls of polydimethylsiloxane (PDMS)
microchannels after attempting to withdraw EGaln using pneumatics. (b) The oxide skin stabilizes
the shape of a puddle of metal submerged in electrolyte. Application of a reductive potential to the
metal removes the oxide and the high surface tension of the metal causes it to bead up. (c) An
example of reduction-driven liquid metal withdrawal in a PDMS microchannel. The EGaln cathode
connects electrically to a counter electrode by a dilute salt solution (10mM NaF). A reductive
potential (1 V) applied to the liquid metal causes it to withdraw from the microchannel toward a
reservoir, leaving the capillary filled with electrolyte. (d) A characteristic plot of the velocity of

liquid metal withdrawal over time. (Both scale bars are 5mm).
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5.3 RESULTS AND DISCUSSION

To study withdrawal induced by recapillarity, we used an inert acrylic platform with two
reservoirs for holding liquid, bridged by a glass capillary (depicted in Supplementary
Information, Figure S1). Electrodes connected the fluid in each reservoir to a voltage source
(Pine WaveNow AFTP1 potentiostat). An electrolyte (10 mM NaF) filled one reservoir and
EGaln filled the other. Capillaries pre-filled with liquid metal spanned the apparatus
horizontally such that each end remained immersed in a reservoir, completing the circuit.
Straight borosilicate capillaries (0.9 +/- 0.1 mm inner diameter, 70 mm long) are well-suited
for these experiments because they are inexpensive, optically transparent, and oxygen
impermeable. They also have round cross-sections and thus lack sharp corners that could

create void space.

Upon applying a reductive potential, the liquid metal withdraws from microchannels at a
velocity that decays over time, as shown in Figure 1d. Regardless of the absolute velocity,
withdrawal velocities start high and then decay. This holds for all of the constant-voltage
experimental conditions we explored, including a range of salt concentrations (1 uM to 3 M),
applied voltages (100 mV to 4 V), and capillary tube diameters (0.25 mm to 1 mm inner
diameter). We sought to understand the behavior of this system by studying the parameters

that could impact the rate of withdrawal.

Unless otherwise noted, 10 mM NaF served as the electrolyte (though all the electrolytes we

tried produced similar results). More concentrated electrolytes result in withdrawal velocities
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that are too fast to observe easily; remarkably, 1 M NaF at 1 V causes the metal to withdraw

at a maximum velocity of ~10-30 cm/sec (Supplementary Information, Figure S2)..

There are a number of possible factors contributing to the decay in the withdrawal velocity.
Since capillary forces are often important on the sub-mm length scale, we examined potential
interfacial factors in addition to electrochemical factors. We examined: 1) the shape of the
liquid metal meniscus as the metal retreats from the channel; 2) the size and shape of the
metal in the reservoir; 3) possible ion gradients at the EGaln/electrolyte interface; 4) effects
of physical channel geometry such as length; and 5) electrical path length. After
systematically studying each of these parameters, we show that the only variables

significantly influencing withdrawal velocity are those affecting the applied current.

Meniscus Shape: At rest, the metal plug in the capillary adopts a hemispherical meniscus at
the electrolyte interface, as shown in Figure 2a(i). However, during withdrawal, the
meniscus flattens (cf., Figure 2a(ii)). We hypothesized that this change in the meniscus
shape lowers the withdrawal velocity relative to a curved meniscus since a flat meniscus
would have a lower capillary pressure and therefore a smaller driving force for withdrawal.
To test this hypothesis, we used recapillarity to withdraw the liquid metal halfway along the
length of the glass capillary. In the absence of potential, the metal stops moving and the
meniscus equilibrates to a round shape within ~100 microseconds (Figure 2a(iii)). The round
shape of the meniscus at equilibrium is similar to its shape prior to starting the experiment.

Applying a reductive potential again [at 21 seconds in Figure 2b] causes the metal to begin
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withdrawing again, continuing at a similar velocity as before the voltage ceased. Since the
velocity did not increase after allowing the meniscus to re-equilibrate, we rejected this
hypothesis. We will later show that the shape of the meniscus is a consequence of the

withdrawal mechanism.
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Figure 2. Effect of meniscus shape (a-b) and shape of the metal in the reservoir (c-d) on withdrawal
velocity. (a) Top down photographs (i-iii) of liquid metal menisci. At the beginning of the
experiment, (i) a hemispherical meniscus (ii) flattens out during recapillarity, and then (iii) returns to
an equilibrium hemispherical shape in the absence of voltage. (b) Plot of velocity versus time to test
the effect of meniscus shape. After 10 seconds, withdrawal stops when the applied voltage is zero.
Ten seconds later, after the meniscus has re-equilibrated, withdrawal continues by re-application of
the voltage with no appreciable change in velocity (at t=22 s). (c) Side view of two end reservoirs

over time including one in the shape of (i) a small bead and (ii) a large hemisphere. (d) Plot of the
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velocity with metal reservoirs of different shape and size, showing that geometry of the metal does

not have a significant effect on metal withdrawal.

Shape of Metal Reservoir: As the metal flows out of the capillary into the reservoir, the
reservoir increases in volume. We speculated that the capillary pressure at the receiving
reservoir might affect the withdrawal velocity, although in principle, the pressure opposing
recapillarity should decrease as the reservoir inflates with more metal and therefore allow the
withdrawal velocity to increase with time. We varied the amount of metal at the reservoir to
change its shape from a small bead (i.e., bead diameter approximately equal to tube diameter)
to a much larger drop (i.e., diameter two or more times larger than the tube diameter), as
shown in Figure 2c. The withdrawal velocities were nearly identical in both cases (Figure
2d), suggesting that withdrawal velocities are independent of reservoir size and shape for the
range of length scales explored in the experiments described in this chapter. Later we show

that electrochemical processes dictate the velocity of withdrawal.

lon Gradients: Because electrochemical reactions drive the withdrawal process, we
hypothesized that local changes in the concentration of ion species (e.g., Ga*3, OH", H', Na",
F’) near the liquid metal interface may affect the withdrawal. After withdrawing the metal
partially, we turned off the applied voltage. We waited for ~10-20 sec to let the meniscus
recover its shape, i.e., a flat meniscus returns back to hemispherical shape (cf., Figure 2a).
Then we refreshed the electrolyte / metal oxide interface by inserting a syringe needle

(Figure S3a) into the capillary tube and gently flushing the interface with fresh electrolyte.
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Figure S3b shows that after re-initiating withdrawal, there is no increase in velocity,

suggesting that ion gradients do not significantly affect the withdrawal velocity.

Liquid Displacement: As metal withdraws from the capillary it simultaneously pulls
electrolyte into the capillary. The viscosity of the electrolyte is lower than that of the metal,
so it should not reduce the speed of withdrawal. Our results suggest a more dominant effect
is the change in electrical resistance along the long axis of the tube. Electrolyte replaces the
metal as it withdraws, lengthening the electrical path between the two electrodes. We
therefore hypothesized that the increasing electrical distance between the liquid metal surface
and the counter-electrode causes the decay in velocity. To test this hypothesis, we withdrew
the metal halfway out of the capillary and then turned off the voltage. Inserting the counter-
electrode into the capillary (Supporting Information, Figure S4) returned the electrode-
electrode distance to a value similar to that at the beginning of the experiment. After
reinitiating withdrawal by application of potential, the velocity began high and subsequently
decayed, mimicking the decay observed during the first portion of the experiment, as seen in
Figure 3a. This result supports the hypothesis that the electrical length causes the decay of
the withdrawal velocity. As a complementary experiment, we reversed the direction of flow
by using a syringe pump to physically force metal into an electrolyte-filled capillary while
measuring the amperometric behavior. In principle, as the electrolyte gets displaced by
metal, the electrical resistance should decrease through the capillary. Consistent with our

hypothesis, the current increases as EGaln displaces the solution (Supporting Information,
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Figure S5). Likewise, physically obstructing the withdrawal during recapillarity results in

constant current.
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Figure 3. Effect of electrical length on the liquid metal withdrawal. (a) After withdrawing the metal
for 10 s but before starting the second withdrawal, a copper wire (anode) inserted into the capillary
shortens the electrical distance between the anode and the metal interface. We do not show the time
spent inserting the electrode on the time axis. Restarting the withdrawal by application of a reductive
potential (t=13 sec) to the liquid metal causes the velocity and current to mimic both the starting
magnitude and decay profile of the initial withdrawal. (b) Plot of measured current versus inverse
length of partially withdrawn metal yields a nearly linear relationship; linear best fit R = 0.97. (c) A
recapillarity experiment performed at constant current rather than constant voltage results in a nearly

constant withdrawal velocity.
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Given these results, we sought a mechanism to relate current to velocity. As the metal

withdraws, the electrical length between the two electrodes increases and current decreases.

The current decreases proportional to velocity, as shown in Figure 3a. Figure 3b shows that
current scales inversely with length (i.e., the length of the electrolyte in the capillary), as
expected for a system following Ohm’s law. Figure 3¢ shows that it is possible to attain
constant withdrawal velocity by applying a constant current (~20pA). These results illustrate

the importance of current, but they do not explain why current is necessary.

Electro-osmotic Effects: First, electro-osmotic flow is a sensible consideration for fluid
motion in a system driven by current. For several reasons, we reject electroosmosis as a
primary driving force in this system. Appreciable electro-osmotic flow in DC systems
usually requires high electric field strength; the electric field in this system is quite weak (~
0.014 V/mm) and increasing field strength does not proportionally increase flow velocity.
The maximum demonstrated electro-osmotic flow rates are on the order of mm/s>!, whereas
we observe velocities of tens of cm/s. Finally, electro-osmotic mobility declines with
increasing electrolyte concentration and we observe greatly increased flow velocities at

higher electrolyte concentrations (cf. Supporting Information Figure S2).
Electrochemical Effects and Meniscus Analysis: The dependence of withdrawal velocity on
current is intuitive in the sense that the electrochemical reduction of the oxide necessitates

current (i.e., Faradaic processes must occur), but it is less obvious why current must be
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applied throughout the withdrawal. We initially expected that the current would remove the
hemispherical oxide ‘cap’ that separates the metal and the solution, but in that case, the
withdrawal should be approximately constant after an initial transient and show a dependence
on the radii of curvature of both the meniscus and the reservoir. The need for continual

current suggests that oxide must be removed continually.

The shape of the meniscus and velocity during the withdrawal provides some insight into the
withdrawal mechanism. The four columns in Figure 4 represent different approaches for
inducing withdrawal. All of the experiments begin with an empty capillary (Figure 4a-c)
except those depicted in Figure 4d, which begin with a capillary prefilled with 1 M HCI.
After injecting the metal into these capillaries, the metal assumes a hemispherical profile at
rest (cf. Figure 2a). An oxide layer coats the hemispherical cap due to its contact with air.
We also depict an oxide layer separating the metal from the capillary walls to help explain
our interpretation of the withdrawal mechanism. Due to the presence of the oxide, the metal
does not withdraw spontaneously from the capillaries. In contrast, Figure 4d shows that the
presence of acid during injection keeps the metal oxide-free and the metal withdraws

spontaneously and rapidly (~ 30-40 cm/s) with a rounded meniscus the entire time.

Figure 4a shows the shape of the meniscus during recapillarity. The metal-electrolyte
interface flattens (i.e., large radius of curvature), which is unexpected based on the large
surface tension of the bare metal. We refer to the shape of the meniscus as flat but note that

the opaque nature of the metal makes it difficult to determine the exact shape.
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In a seperate experiment, we blocked the outlet of the capillary to hinder the withdrawal
(Figure 4b). The small pressure from injecting water via a syringe needle into the capillary
causes the oxide-coated meniscus to artificially flatten prior to applying potential. This
flattened meniscus is apparent at the onset of recapillarity. Upon application of a reductive
potential, the metal does not withdraw because it is physically obstructed. The shape of the
meniscus, however, slowly becomes more round, as shown in Figure 4b, which suggests the
metal slowly pulls away from the wall over time and that reduction of oxide along the wall

may be occurring.

We also observed a flat meniscus while inducing the withdrawal by the addition of 10mM
acid after pre-filling an empty capillary with metal, as shown in Figure 4c. The acid causes
the metal to withdraw in the absence of potential. If the oxide coated only the meniscus of
the metal, then removing it via acid should cause rapid withdrawal. Instead, the withdrawal
velocity is relatively slow (~ 3- 4 mm/min) compared to that obtained with a channel pre-
filled with acid. The similarity of the shape of the menisci in Figure 4a and 4c suggests that
electrocapillarity is not a primary cause of the shape of the meniscus observed during

recapillarity *.

These results, taken in sum, suggest that (1) there is oxide between the walls of the capillary

and the metal, (2) upon removal of the oxide on the meniscus, the resulting bare metal wets

the remaining oxide on the walls to create a non-hemispherical meniscus, and (3) the
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reduction of the oxide on the walls limits the rate of withdrawal and may explain why the

withdrawal velocity correlates only with applied current.

If there is an oxide between the metal and the walls of the capillary, then it likely forms
during injection since the capillary walls are impermeable to oxygen. We speculate that the
oxide layer on the leading meniscus of the metal adheres to the walls during injection and a

new oxide reforms rapidly and repeatedly shears off as the metal fills the channel.

We performed an additional experiment to test for consistency of the presence of oxide
between the metal and the walls of the channel. If this oxide layer exists, the withdrawal
velocity during recapillarity should scale with radius rather than cross-sectional area of the
capillary (for a given current) since the oxide surrounds the circumference of the metal plug.
Using the conditions found in Figure 3c, we compared the withdrawal velocity at constant
current (20 pA) for capillaries with small (260 pum) and large (1 mm) inner diameters, and
found average withdrawal velocities of 3.8 mm/s and 2 mm/s, respectively, over a
withdrawal distance of 4 cm. The ratio of withdrawal velocity (1:2) is much closer to scaling
with perimeter (1:4) rather than cross sectional area (1:16). There are complications that
come with such comparisons, however. First, a decrease in capillary diameter corresponds
not only to a decrease in the circumferential length of the oxide but also to changes in
viscous drag. Second, applying a constant current can also cause a fluctuation in voltage,

which can lead to electrochemical reactions other than reduction of the oxide that contribute
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to the current but do not influence the velocity. We are currently working to understand these

subtleties.
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Figure 4. The shape of the meniscus during withdrawal provides mechanistic insight into
recapillarity. The four columns correspond to four unique experiments. In columns (a-c) metal is
injected right-to-left into an empty capillary tube, followed by addition of electrolyte. In column (d),
the metal is injected into a capillary prefilled with 1 M HCI. In all cases, the meniscus is
hemispherical after injection. (a) The meniscus is nearly flat during recapillarity (withdrawing left to
right). (b) The capillary is physically blocked to keep the metal from withdrawing. Application of a
reductive potential removes the oxide on the cap of the meniscus, and it begins to become round as
the oxide is etched away from the wall. (c) The meniscus is also flat when withdrawal is induced by
adding acid to the end of a capillary prefilled with metal (no voltage). (d) The meniscus is round

when the metal withdraws spontaneously (no voltage) from a capillary prefilled with acid.
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Figure 5. Two demonstrations of shape-reconfigurability of liquid metal microstructures by
recapillarity. (a) A microfluidic channel of arbitrary shape is filled with liquid metal that is
mechanically stabilized by its oxide skin. 10 mM NaF is added as working electrolyte and
copper electrodes are attached to the inlet and outlet. (b) Applying ~40 pA reductive current
induces withdrawal. (c-d) Switching the position of the active electrode controls the
withdrawal path. The withdrawal can be halted at any time by turning off the voltage. Only
the metal in the electrical path withdraws when the voltage is turned on. (e-f) Withdrawal of
liquid metal from a maze-shaped array of microchannels. The red dotted line as shown in (e)
is the only electrically connected path through which the metal can be withdrawn. (f)
Application of 40pA induces withdrawal. Only the metal along the electrical path flows out

of the device.
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Demonstration: It is possible to use recapillarity to withdraw the metal along arbitrary paths
by maintaining an electrically connected pathway. We created a complex metal shape to
illustrate the ability to induce withdrawal of the metal along specific paths on demand. For
example, Figure 5(a-d) shows that by arbitrarily switching the position of the electrodes, the
directionality of withdrawal can be controlled to reconfigure the shape of the liquid metal.
This concept can also be applied to a much more complicated microfluidic network of liquid
metal microstructures as shown in Figure 5(e-f). The results of Figure 5f suggest that
recapillarity enables fluids to ‘solve’ complex mazes by withdrawing along the shortest

electrical path.

5.4 CONCLUSION

We demonstrate a simple approach to turn on and off capillary behavior of a liquid metal in
microchannels, exploiting the reduction of a thin gallium oxide layer that forms
spontaneously on EGaln. Flow can be stopped or started arbitrarily using low voltages (~1
V), withdrawal speed can be controllably varied up to 30 cm/s, and the metal can withdraw
selectively along complex paths with minimal disturbance to neighboring metal traces.
Current-limiting effects, such as electrolyte concentration and electrical path length, are the
most important factors governing the rate of withdrawal of the liquid metal. We speculate
that this withdrawal requires current because of the need to continually reduce the thin oxide
layer. The results suggest further that in addition to forming a cap on the meniscus of the

metal, an oxide layer likely exists sandwiched between the bulk liquid metal and the sidewall
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of the capillary, which may further explain why current is needed throughout the withdrawal

process and why the meniscus flattens during withdrawal.

Recapillarity has several limitations. First, it requires electrolyte. Second, high withdrawal
velocities require large applied currents, but large currents in dilute electrolytes may
necessitate voltages exceeding the electrolysis voltage of water. Bubbles can disrupt the
electrical circuit required to induce withdrawal of the metal; although this was not a serious
issue for the conditions used in this chapter, it could pose problems for some applications.
Finally, recapillarity induces capillary behavior, which implies that the metal will only flow

in directions that lower the total interfacial energy.

Nevertheless, the ability to electrically control the position and velocity — and therefore the
shape — of a liquid metal in microchannels is a promising development in the realization of a
number of novel applications such as reconfigurable wires, antennas, sensors, actuators, soft

robots, meta-materials, plasmonics, transient circuits, and micro pumps.
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CHAPTER 6

LOCALIZED INSTABILITIES OF LIQUID METAL

FILMS VIA IN-PLANE RECAPILLARITY"

*"This work is in progress. Contributor to this work: J. Bell.
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6.1 ABSTRACT

This chapter describes a simple method to turn on or off instabilities in thin films of a liquid
metal alloy (eutectic gallium indium, EGaln) using low voltages. These instabilities can be
localized to pattern films of the metal. The patterning process begins by spreading a film of
the metal on a substrate. A thin oxide layer that forms spontaneously on the surface of the
metal stabilizes the film despite the large surface tension and low viscosity of the metal. In
the absence of the oxide, the metal film beads up to minimize interfacial energy. The
localized electrochemical reduction of the oxide in the presence of electrolyte induces
capillary withdrawal of the metal (so-called ‘recapillarity’). The withdrawal stops in the
absence of potential due to the reformation of the oxide. The resulting patterns and shapes of
the liquid metal can be controlled by the placement of the counter electrode with respect to
the metal, as well as the duration of the applied current. This patterning method is similar in
spirit to the Etch-a-Sketch™ toy, but is distinguished by the use of capillary withdrawal
rather than physical scribing. An appeal of this approach is its simplicity: it is possible to
carry out the patterning utilizing only AA batteries, salt water, and two wires as electrodes.
A quantitative analysis of the system suggests that the withdrawal velocity of EGaln relates
directly to the current density. The dependence of velocity on current density, the shape of
the withdrawing interface, and the independence of withdrawal rate on film thickness
suggests the electrochemical reduction of the oxide layer between the substrate and metal
dictate the rate of withdrawal. The technique may be useful for patterning the liquid into 2D
shapes for soft, stretchable, or flexible micro-components composed of metal and represents

a new way to induce thin film instabilities in a controlled manner.
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6.2 INTRODUCTION

This chapter describes a simple method to control instabilities in thin films of liquid metal
composed of eutectic gallium indium (EGaln). These instabilities can be harnessed to pattern
the metal. EGaln — a low toxicity alternative to mercury - is one of several alloys of gallium
that is liquid at room temperature with a low viscosity and low vapor pressure®. Metals that
are liquid at room temperature are interesting because they have metallic electrical
properties, but can flow like liquids and can therefore be patterned and utilized in ways that
are not possible with solid metals. The ability to control the shape of the metal is important
for a variety of applications including soft electrodes®”, microfluidic components®®,

10-14

reconfigurable electronics™®, soft robotics®, stretchable wires and antennas'®™*, self-healing

circuits'®, and interconnects®Y’.

There are a number of ways to pattern the metal including direct writing’®, stencil

19-21 19,22

lithography'®#, 3D printing'®?, laser ablation®®, micro contact printing®*, injection®,
embossing and molding®?’. The approach described in this chapter is one of the few
‘subtractive’ methods to pattern the metal, although unlike conventional ‘subtractive’

methods, the approach here maintains conservation of mass of metal on the substrate.

The method starts with a thin film of the metal produced by spreading a drop of EGaln onto a
glass slide. Fluids prefer to adopt shapes that minimize surface energy. However, the

28,29

presence of a thin (<1 nm thick, according to x-ray studies®) oxide skin that forms

spontaneously on the surface of the liquid metal holds it in metastable shapes, such as the
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thin films used here. The oxide also likely lowers the interfacial tension of the metal®®. We
show it is possible to locally induce instabilities in the film by electrochemically removing
the oxide using an electrode as a ‘scribe’ to pattern the metal. Unlike conventional scribes,
which physically scratch away material, the ‘scribe’ described here never touches the film,
but instead localizes electrochemical reactions that induce localized instabilities. Upon
removal of the oxide from the surface, the exposed metal returns to a state of high interfacial
energy and withdraws locally and spontaneously to minimize its surface energy, but stops
flowing in the absence of a reducing potential due to the spontaneous reformation of the
oxide. An appeal of this approach is its simplicity: it requires only a battery, salt water, and
two wires. It is also appealing because the application of voltage can turn on or off the
instability at any time and therefore may represent a new way to study thin film instabilities.

Electrochemical processes can pattern solid metals and other surfaces in a process called
electrochemical micromachining®. Electrochemical micromachining locally dissolves and

3233 also

shapes metals through an anodic reaction (i.e. oxidation). Scanning probe methods
remove materials to achieve surface modification * (i.e., subtractive methods). In contrast,
our approach removes only the surface metal oxide via a localized cathodic reaction (i.e.,

reduction) and therefore results in minimal loss of material while allowing the metal to flow

to a new location.

The patterning approach described here relates to the classical dewetting phenomena of
polymeric films®, which are typically trapped in an energetically unfavorable state (i.e., a

film) until the temperature exceeds a sufficiently high value to enable flow of the polymer.
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In contrast, the method presented here induces destabilization using electrochemistry. We
call this technique ‘recapillarity’ because the reduction of the oxide induces capillary action.
%038 1n addition to demonstrating recapillarity for patterning films, experimental evidence
shows that the rate of withdrawal depends strongly on the current density, which provides

insight into the chemical composition of the interface between the metal and substrate.

6.3 RESULTS

Figure 1 depicts the in-plane patterning of liquid metal using localized electrochemistry. To
demonstrate the principle, we spread a drop of EGaln (Figure 1(a) on a glass slide to create a
thin film (Figure 1(b)). The films are generally smooth but often have some pin holes. A
copper wire contacts the edge of the film, thereby making the EGaln the working cathode.
On a separate copper wire, a small drop of electrolyte (i.e., water or salt solution) wet the tip
of the wire after dipping it in a reservoir of electrolyte. Contacting the fluid on the tip of the
wire with the film completes the electrochemical circuit as shown in Figure 1(c). Application
of a reductive bias to the film removes locally the oxide skin, which causes capillary
withdrawal of the metal. We draw the letters “NCSU” and a straight line in the film by
guiding the tip across the surface by hand. We occasionally re-dip the tip into the
electrolyte to replenish it (similar to an old fashioned ink-well pen) as shown in Figure

1(d).
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Figure 1. (a-c) Cartoon depiction of in-plane recapillarity. (a) A droplet of liquid metal
is (b) smeared on a glass substrate. One of the two copper wires from a voltage source
touches the metal film directly and the other one carries a drop of electrolyte on its tip
that contacts the film to complete the circuit. While the voltage is on (d) patterning of
“NCSU” is achieved by localized reduction of the oxide and capillary withdrawal of the
metal. (b) Photograph of in-plane patterning on a 2 x 3” glass slide.

We sought to quantify and understand the primary variable(s) that control the velocity of
withdrawal of the film during reduction. To improve repeatability, we built a spreader to
smear drops of EGaln (~0.3 ml) onto a glass slide cleaned with an oxygen plasma (cf.,
Fig. 2a(i)). The spreader consists of a glass tube ‘roller’ (diameter ~ 12mm) held by a
Plexiglas® structure that sets the spacing between the glass slide and the roller to <90 um

(although the measured thickness of the film was found to be ~ 110 to 120 pum). After
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spreading, we placed approximately 0.2 ml of 10 mM sodium fluoride (NaF) solution on
the metal. This electrolyte formed a puddle covering the majority, but not the entire area
of the EGaln film (Figure 2a(ii)). The liquid metal served as the cathode by connecting
one end of copper wire to the dry edge of the metal and the other end to a power supply.
A 250-um-diameter copper wire touched the electrolyte to form the anode without
making direct contact with the EGaln. An applied bias induces withdrawal of the metal
away from the anode, as depicted in Figure 2a(iii). Turning off the voltage stops the

withdrawal.

A cathodic voltage of 1V proved to be sufficient to drive the electrochemical reduction
of the oxide. The standard reduction potential of gallium is 0.52V vs. Ag/AgCl, which is
lower than the standard reduction potential of water (1.23V vs. Ag/AgCl). We utilized a
two electrode system in this study due to challenges of using a reference electrode with
thin films of electrolyte. A two electrode system is also simpler and therefore more
accessible to others who might use this method. Experiments performed with a
reference electrode (i.e., three electrode system) did not cause significantly different
behavior.

Application of a potential to a stationary counter electrode placed just above the film
causes the metal to withdraw rapidly (1-10 mm/s) and radially away from the tip of the
electrode to form a hole. We used a video camera to record the movement of the metal
while a potentiostat simultaneously measured the electrochemical current. Figure 2b(i)

shows four of the raw frames (on top) extracted from a video and processed (on bottom)
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by an image processing software (ImageJ) that pestimated the area of the expanding

hole.
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Figure 2. Photograph of the (a) EGaln spreader that can create a ~120um thin film. (ii)
10 mM NaF solution covers the majority of the film, except for (iii) only a small portion

which serves as a contact point for a Cu wire. The film itself is the cathode and another
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piece of Cu wire touches the electrolyte to serve as an anode. (b) Four frames from a
typical withdrawal experiment at regular time intervals. Initial (i) raw frames are
processed in ImageJ for analysis. (ii) Corresponding plot of radius (of the hole) vs. time,
and (iii) Plots of velocity of withdrawal vs. timefor different applied currents.

Figure 2b(ii) is a representative plot of the average radius of the circular hole versus
time. It is apparent that the radius expands non-linearly with respect to time and that the
velocity slows as the front moves away from the stationary counter electrode. Figure
2b(iii) plots the radial velocity of withdrawal versus time. The velocity of withdrawal is
the instantaneous slope of the plot of radius versus time; that is, the radial rate of

expansion.

Figure 2b(iii) shows that the velocity increases with current and decreases with time. The
dependence on current is physically intuitive since the withdrawal occurs due to the
removal of the oxide, which is a Faradaic process. The dependence on time suggests
that the current density may be a more important factor since the circumference of the
hole gets larger with time and therefore the current distributes over a larger
circumference of the withdrawing metal rim. We therefore hypothesized that the rate of

expansion of the hole depends primarily on the current density.

Figure 3(a) plots the velocity of withdrawal versus current density, which is calculated
by normalizing the current by the product of the instantaneous circumference and the

height of the film. The plot underscores the importance of current density across a range
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of experimental conditions, including experiments with constant voltage and constant

current.
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Figure 3: a) Plots of velocity of withdrawal (i.e., radial rate of expansion) vs. current
density for different applied currents and applied voltages, showing linear correlation. b)

A sample frame from the video of withdrawal, showing an extreme case of withdrawal
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irregularities. c) Scanning-electron microscope (SEM) image of the leading edge of the

EGaln film after a partial withdrawal.

While measuring the withdrawal behavior, we made two unexpected observations:
Firstly, the metal assumes a low (wetting) contact angle along the perimeter of the
withdrawing circle. Although the angle is difficult to quantify, it is apparent from the
scanning electron micrograph in Fig. 3c that the metal assumes a wetting contact angle
(<90°). This result is surprising because it is well known that in the complete absence of
the oxide, the metal adopts a large contact angle on glass surfaces (~140 degrees®).
During the withdrawal, the metal should rapidly adopt a large contact angle in the
absence of the oxide. The wetting contact angle suggests the metal may be resting
primarily on its own oxide layer®. Recent studies suggest the interfacial tension

between the metal and the interior of its own oxide may be low®, which could explain

this wetting contact angle.

Secondly, the metal did not always withdraw in a perfect circle, as shown in Figure 3(b).
This result is unexpected since a fluid with a large surface tension should adopt a shape
that minimizes surface energy. The ‘fingers’ around the circumference of the metal are
parallel to the direction of shear applied to form the film. It is apparent that these fingers
arise from varying rates of withdrawal. We reasoned that regions that advance faster
may be due to regions of thin oxide (or no oxide) and likewise, regions that advance

slower rest on a layer of surface oxide. Others have shown that spreading metal on a
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surface breaks the surface oxide, resulting in a non-uniform oxide layer between the

metal and substrate®.

We sought to understand the presence of these streaks lines by repeating the experiments on
an oxygen permeable substrate (polydimethylsiloxane, PDMS; Sylgard-184). An oxygen
permeable substrate ensures that the liquid metal is conformally covered with oxide. No
streak lines occurred during withdrawal on PDMS, which suggests a conformal oxide layer
between the metal and PDMS. We repeated this experiment at least 10 times. In contrast,
irregularities (Figure 3b) occurred in approximately ~30% of the experiments performed
on glass. Deviations of a few experimental data points (e.g., 800pA, 2V and 3V) in
Figure 2a are attributed to this effect. The presence of residue on the substrate (apparent
in both Fig 3c and Fig 2b(i)) is also consistent with the oxide being non-uniform below

the metal.

Finally, we performed withdrawal experiments with varying amounts of liquid metal (from a
volume of 0.25ml to 1.7ml) to vary the thickness of the metal while keeping all other
parameters constant. The capillary forces in a thin film should be larger than a thick film.
Yet, the velocity (~ 1.1 mm/s average) did not vary as a function of film thickness except for
a very thick film (i.e., 1.7ml of metal) which behaved differently. This result, combined with
(1) the dependency of the withdrawal velocity on current and (2) the wetting of the

withdrawing interface to the substrate suggests that the removal of the oxide under the metal
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dictates the rate of withdrawal. That is, the metal wets this oxide and only withdraws when

the electrochemical reactions remove the underlying layer of oxide.

6.4 CONCLUSION

This chapter demonstrates a simple approach for patterning films of a liquid metal alloy by
locally reducing the surface oxide of the metal. Removal of the oxide induces capillary
withdrawal of the metal from the counter electrode until the voltage is turned off; we call this
effect recapillarity because of the use of reduction reactions to induce capillary action. We
show it is possible to use a ‘scribe’ — that is, a copper wire dipped in electrolyte—to locally
reduce the film and induce withdrawal. We showed that the instantaneous rate of withdrawal
of an EGaln film is approximately proportional to the current density and can be controlled

by applied voltage or current.

This method does not provide the precision or resolution of other patterning methods, but it
does have the appeal of being simple. We created all the patterns and shapes in this study
manually, i.e. the motion of the anode and the voltage applied were controlled by hand.
The quality of the structures should improve with more precise control of the position of
the anode and current. We only performed our experiments on glass slides and PDMS
films, but we expect that the method could extend to other substrates onto which EGalin
films can be spread. In addition to patterning the metal, this method also provides a tool to
study dewetting of films in a controlled manner at room temperature. Finally, the unusual

dewetting observed in Figure 3b suggest that (1) there may be regions between the metal

136



and substrate that have oxide and some that do not, (2) chemically patterned substrates
may seed secondary patterns by controlling the wetting (or dewetting) properties of the
substrate, and (3) the rate of withdrawal is dictated by the reduction of the oxide between

the metal and substrate.
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CHAPTER 7

THE INFLUENCE OF WATER ON THE
INTERFACIAL BEHAVIOR OF GALLIUM LIQUID

METAL ALLOYS"

“This work has been published in Applied Physics Letters. Contributors to this work: Chris

Trlica, Ju-Hee So, Michael Valeri,
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7.1 ABSTRACT

Eutectic gallium indium (EGaln) is a promising liquid metal for a variety of electrical and
optical applications that take advantage of its soft and fluid properties. The presence of a
rapidly-forming oxide skin on the surface of the metal causes it to stick to many surfaces,
which limits the ability to easily reconfigure its shape on demand. This paper shows that
water can provide an interfacial slip layer between EGaln and other surfaces, which allows
the metal to flow smoothly through capillaries and across surfaces without sticking.
Rheological and surface characterization shows that the presence of water also changes the
chemical composition of the oxide skin and weakens its mechanical strength, although not
enough to allow the metal to flow freely in microchannels without the slip layer. The slip
layer provides new opportunities to control and actuate liquid metal plugs in
microchannels—including the use of continuous electrowetting—enabling new possibilities

for shape reconfigurable electronics, sensors, actuators and antennas.
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7.2 INTRODUCTION

The ability to manipulate the shape and control the motion of liquid metals in microchannels
holds great promise for many micro-device applications, such as valves, switches, pumps,
sensors, actuators and electrodes'®. Mercury has most commonly been used for these
applications, despite the danger it poses to human and environmental health®, because of
nontrivial technical challenges associated with other room temperature liquid metals.
Gallium is the leading alternative to mercury because of its low vapor pressure’®!!, low
viscosity, low toxicity, and metallic electrical conductivity'?. However, gallium suffers from
two challenges. The first challenge is that gallium is solid at room temperature (mp ~29.7
°C). Alloying gallium with certain metals addresses this problem; in this study we use

eutectic gallium-indium (EGaln), which remains liquid at room temperature®2.

The second challenge associated with the use of gallium and its alloys is the presence of a
surface oxide composed primarily of oxides of gallium. This oxide is thin (1~3 nm)™*/,

effectively passivating, and forms spontaneously and nearly instantaneously upon exposure

12,19-22

to atmospheric oxygen'®. The oxide sticks to most surfaces (with some notable

23,24

exceptions=>"), preventing the metal from flowing freely. The unique feature can provide

opportunities for new applications since the oxide mechanically stabilizes the liquid metal in

non-equilibrium shapes®, which is useful for forming 2D or 3D structures®®, antennas®’ 2,

31,32 33,34

micro pumps®® strain®*? and curvature sensors®*** wires®, interconnects®, plasmonic
structures®” and frequency selective surfaces®. The oxide, however, adheres to the walls of

microchannels and thus excludes the use of gallium based alloys in applications requiring the
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reversible control of microscale switches, pumps, optics, or shape reconfigurable

electronics.®

Contact with vapor or liquid of a strong acid or base (e.g., HCI) removes the oxide and can

address this problem4%4%,

However, the use of these harsh chemicals is undesirable for
many practical implementations. It is also possible to modify the chemistry or roughness of
the walls of microchannels to limit the wetting, but this approach limits the materials
available for device construction, and it is not yet established how well it will work over
many duty cycles'®?*2. Electrochemistry can remove the oxide, but this approach requires a

constant supply of energy to keep the metal oxide-free®®. For all of these reasons, most

studies of liquid metal manipulation have used Hg.

Here, we show that simply pre-filling a channel with water prior to adding metal creates an
interfacial slip layer between the surface of the metal plug and the walls of the microchannel
that prevents the oxide from sticking to the walls. The presence of water also changes the
composition of the oxide, decreases its modulus by nearly an order of magnitude, and makes
it less passivating. The presence of water lowers the pressure required to inject the liquid
metal into microchannels, even though water is =55 times more viscous than air. The

aqueous slip layer allows continuous electrowetting (CEW) of the metal,***°

enabling the use
of voltage to control the movement of the metal in microchannels. The slip layer also allows
the use of pressure to inject and withdraw the metal from microchannels without it adhering

to the channel walls.
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The changes to the oxide in the presence of water are particularly important for applications

that use the metal in aqueous environments, such as metal-hydrogel contacts***’

. This paper
describes the use of water to provide new opportunities to modify and control the interfacial

properties and microfluidic behavior of oxide-forming liquid metals.

7.3 EXPERIMENTAL SECTION

Eutectic gallium indium (EGaln) was purchased from 5N Plus. Capillary tubes were obtained
from Friedrich and Dimmock Incorporation. An AR-G2 rheometer (TA instruments) was
used for rheology of the EGaln. Pristine laboratory glass slides (75 mm x 50 mm x 1 mm)
were obtained from Fischer Scientific and Corning Corporation. These slides were cleaned
by rinsing with isopropanol and water, unless otherwise noted. “Wet” substrates were
prepared by submerging these slides into DI water and removing excess water such that no
water was visible. PDMS microchannels, as shown in Figure 6, were fabricated by using soft

lithography and replica molding techniques.

7.4 RESULTS & DISCUSSION

1. Plug flow in water and in air: To investigate the difference in the behavior of the metal
interfaced with air or water, we injected EGaln into a dry capillary (borosilicate glass, 70 mm
length, 0.9 mm inner diameter) and a capillary pre-filled with deionized water. It is
straightforward to inject the metal by syringe into microfluidic channels or capillary tubes.
The capillaries were initially oriented horizontally and we observed whether the metal flows

out of the capillaries under gravity as we rotated them vertically. Metal injected into a dry,
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empty capillary tube is stable since the oxide skin adheres the capillary wall and provides
mechanical stability to the liquid metal, as shown in Figures. Repeating the experiment with
a capillary tube pre-filled with water produces a different result (Figure 1b): in this case,
tilting the tube beyond ~50° relative to the horizon causes the metal to flow out of the

capillary due to gravity (Figure 1b(iii)).

(ii) (iii)

.‘ Metal

l

(b) (i) (ii) (iii)

LB
s

Water Empty

Slip Layer oo > Metal

10 mm

Figure 1.Contrasting the behavior of EGaln in (a) a dry capillary, and (b) a capillary pre-
filled with water. The capillaries are mounted on a wall using adhesive attached to a rotating
holder. (a) (i, ii) When EGaln is injected into a dry capillary, the oxide skin forms
spontaneously and adheres to the capillary wall. (iii) When the capillary is rotated vertically
(aligned with the force of gravity), the liquid metal does not flow out of the capillary. (b) (i)
When a capillary tube pre-filled with water is injected with EGaln, the oxide skin does not
adhere to the capillary wall because of the presence of a thin aqueous layer between the metal
plug and the capillary wall. (ii) In this case, the metal is stable horizontally, but (iii) flows out

of the capillary when tilted due to gravity.
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The oxide also forms in water because of the presence of dissolved oxygen, yet it does not
provide mechanical stability in the capillary. Similar behavior was also observed when pre-

filling the capillary with light mineral oil rather than water.

2. Rheology: There are two potential explanations of the behavior observed in Figure 1: (1)
the presence of a slip layer between the metal plug and the walls of the capillary, and/or (2)
the weakening of the oxide layer by water. We used rheological methods to determine the
effect of water on the mechanical properties of the oxide that forms on EGaln. With a
rheometer (AR-G2, TA Instruments) configured with parallel plate geometry, we repeated

previous rheological measurements***®

of the mechanical properties of the oxide in air. The
top plate rotates with a controllable angular frequency while the bottom plate remains
stationary; these parallel plates (40 mm diameter) sandwich ~0.6 ml to 1 ml of EGaln in a
gap of ~1.2 to 1.6 mm. Because the bulk viscosity of the liquid is so low, the measurements
provide information solely on the mechanical properties of the thin solid oxide skin that
spans the top and bottom plates around the circumference of the metal. Small amplitude
oscillatory stress sweeps provide information about the modulus (10 N/m) and the yield

stress (~0.5 N/m) of the oxide in air as shown in Figure 2. The surface elastic modulus

plateaus and dominates relative to the viscous modulus, as expected.

For the rheological measurements on the metal in water, we designed an acrylic reservoir

which allows these measurements to also be made in a water environment. We filled the

reservoir with deionized water, which brought water into direct contact with the oxide layer.

149



After exposing the oxide to water for ten minutes, we repeated the rheological measurements.
The low viscosity of the surrounding water provides negligible resistance to the movement of
the top plate and therefore any change in rheological properties are attributed to changes in

the oxide itself.

We hypothesized that the surface elastic modulus and yield stress of the oxide skin in water
would be similar to those in air because the oxide layer is considered passivating (in air).
However, the surface 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 oxide skin also shifts to a lower
value in water compared to that in air from ~0.5 N/m in air to ~0.1 N/m in water. Thus,
exposure to water represents a simple way to lower the elastic modulus and yield stress.
These results suggest that when exposed to water, the oxide skin is either changing its
composition or getting thinner. It is visually apparent that the oxide gets thicker after
submerging the oxide-coated metal in water for long time period (e.g., weeks) and
preliminary ellipsometry measurements (not reported here) also suggest the oxide gets
slightly thicker on the time scales of our experiments here. These results suggest that

chemical changes are responsible for the weakening of the oxide.

3. XPS: Inspired by these surprising rheological results, we sought to understand why water
changes the mechanical properties of the oxide. An X-ray photoelectron spectroscopy (XPS)
study of the surface of gallium as a dental amalgam suggests that the oxide changes its

composition in the presence of water to a gelatinous complex of gallium oxide

150



monohydroxides (GaOOH)*. This change in composition corresponds to a 0.5 to 0.7 eV shift
in XPS data for the Ga (2ps/2) and O (1s) peaks relative to their dry state. We carried out the
same experiment and observed a similar 0.73 eV shift in the binding energies of Ga and O
after exposing the oxide to water for ten minutes. In our control sample, binding energies of
oxygen, O(1s) and gallium, Ga(2ps») peaks were found at 530.99eV and 1117.99eV
respectively. Both of this spectra shifted by 0.73eV for the water-soaked sample, in which
O(1s) was found at 530.26eV and Ga(2p3/2) was at 1117.26eV. These results suggest further
that the changes in the mechanical properties of the oxide are likely associated with chemical

changes.

We sought to understand whether the weakening of the oxide skin by exposure to water
could explain the behavior in Figure 1b(iii). We filled a glass capillary with EGaln (as shown
in Figure 1a), oriented it vertically, and submerged it in water. If the weakened oxide was
the only contributing factor to the mechanical instability of the metal in Figures 1b, then the
metal should flow out of the capillaries within minutes. Instead, the metal is stable in the
capillary throughout the duration of our experiment (several hours), which suggests that the
order of injection of the fluids (i.e., pre-filled with water prior to injecting the metal) must be

important and that the instability observed in Figure 1b is due to another mechanism.
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Figure 2. The effect of water exposure on the mechanical properties of the oxide skin that
forms on EGaln. (a) A schematic of the experimental setup. EGaln is sandwiched between a
top plate and the stationary bottom plate. To test EGaln in different environments, an acrylic
reservoir fits firmly with the dummy bottom plate. The reservoir is filled with different
liquids, which we call “surrounding liquids”, to see their effect on the mechanical properties
of EGaln. (b) During a small amplitude oscillatory stress sweep in water, the elastic modulus
G' plateaus near 1 N/m and yields at 0.1 N/m and dominates relative to the viscous modulus
G". The elastic modulus decreases by an order of magnitude in water relative to the modulus

in air. The yield stress is also reduced by approximately a factor of five.
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4. Continuous Electrowetting: We hypothesized that a thin layer of water between the
metal and the wall of a capillary explains the instability observed in Figure 1b. To test this
hypothesis, we investigated whether a plug of the metal in a capillary pre-filled with water
moved under an electric field by the mechanism of CEW. CEW relies on a potential drop
across the interface of a metal plug and a thin electrolyte layer between the metal plug and
the capillary sidewall. This potential drop varies along the length of the plug. Because of
electrocapillarity, this potential gradient translates into a difference in interfacial tension,
driving plug movement, which has been used previously to move plugs of liquid metal®.

Thus, movement of the metal plug in response to voltage provides evidence that there is a

thin layer of water between the metal and the wall of the capillary.

To test the CEW effect, we injected aqueous electrolyte (0.01 M NaF) into a glass capillary,
then subsequently injected a ~1 mm long plug of EGaln into the capillary. The electrolyte
provides a polarizable interface with the metal like a capacitor (i.e., minimal charge transfer)
in the range of applied voltage used here. The capillary bridged two electrolyte-filled
reservoirs in a plastic holder, forming an electrically continuous path. Copper electrodes
inserted into each reservoir applied a 1 V AC voltage while sweeping the frequency. Figure

3 shows several frames from a video demonstrating the CEW effect.
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Figure 3. The presence of a thin slip layer of aqueous electrolyte between the capillary wall
and a plug of liquid metal enables continuous electrowetting of the plug. Application of low-
frequency AC bias (1 V) causes plug movement inside the capillary. As the potential

oscillates from positive to negative, the plug displacement oscillates left and right.

The metal moves smoothly through the tube without leaving any residue on the walls of the
capillary. The plugs oscillate in response to voltage and frequency using 1 V over

frequencies spanning from DC to ~70 Hz. The observation of the movement of the metal
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plug by CEW, confirms that there is a layer of water between the metal and the capillary

wall.

We speculated that hydrophobic channels might prevent the slip layer from forming. While
the system is seemingly more responsive in hydrophilic channels such as glass capillaries,
CEW actuation occurred in hydrophobic channels, such as perfluoroalkoxy (PFA) tubing
(Omegaflex TYTP-116132). This results suggests that the electrolyte solution wets the oxide
skin during injection of the metal, forming a sheath over the metal plug. This sheath

functions as a slip layer between the plug and the channel wall.

Notably, plugs of metal do not move under these same conditions if the metal plug is injected
before the water. When there is a slip layer of water between the metal plug and the walls of
the channel, ions can travel freely from end-to-end of the capillary and CEW occurs.
However, in the absence of the slip layer, the ions in the electrolyte have to convert to
electrons via electrochemical reactions at the interface to travel from the electrodes placed at
each end of the capillary. In this case, application of higher voltage AC bias causes the
electrolyte solution to slowly infiltrate from the ends of the plug towards the center of the
plug, enabling plug oscillation only to the point at which water has maximally infiltrated.
When the infiltration fronts from each end of the plug meet, the entire plug begins to move in
a manner identical to that seen during CEW of a metal plug injected into a water-filled
capillary. The infiltration of water is therefore likely due to the electrochemical reduction of

the surface oxide that coats the metal and adheres to the walls of the capillary (cf., Figure 1a).
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5. Slip layer: The presence of a slip layer also has implications outside of microchannels.
We observed the behavior of droplets of metal placed on dry substrates and compared them
to the same substrates exposed to water. As a control sample, we placed a drop of EGaln on

a pristine glass substrate cleaned by oxygen plasma (Figure 4a).

(C))

EGaln Drop

Figure 4. Evidence of a water slip layer in an open system. (a) An EGaln drop is placed on a
dry glass slide. (b) The glass slide is tilted to 90° yet the droplet does not slide off the surface.
(c) An EGaln drop placed on a glass slide dipped briefly in water. (d) When tilted, the drop

slides off at a small angle (30° to 40°). For scale, the glass slides are 1mm thick.

We refer to these substrates as ‘dry’, although we made no additional efforts to remove
surface-bound water to represent normal laboratory conditions. The drop stayed on the

surface even after tilting the substrate to 90°(Figure 4b), as expected since the oxide skin

156



adheres to the substrate™®. In contrast, after pre-exposing the glass surface to water (dipped
in DI water), the drop of EGaln slid off, as shown in Figure 4d. This result further supports
the hypothesis that water acts as a slip layer. Notably, water was not visible on the surface of
the glass when we placed the EGaln drop onto it, which suggests that the water layer is thin.

We repeated these experiments multiple times and observed the same result each time.

We speculated that substrates dipped in water would start to behave like a dry substrate as the
trace amount of water on the surface evaporates. We brought droplets of the liquid metal
hanging at the end of a needle into contact with glass slides. The droplets stick to dry
substrates and break away from the needle as it is pulled away from the substrate. However,
the droplets did not stick to glass slides pre-submerged in a DI water bath (Figure 5a), which
further illustrates the importance of water as a non-stick layer. After ~8-9 minutes of drying
(Figure 5b), the drop begins to stick to the substrate. After ~10-12 minutes (Figure 5c), the
droplets fully adhere to the substrate. These results suggest that dipping substrates in water
represents a temporary way to prevent adhesion of the oxide to the substrate. This may
inspire new approaches for designing substrates that do not adhere to the metal, approaches

51-53

such as liquid-infused surfaces® >, which mimic lubricating structures found in Nepenthes

pitcher plants.

Prior work suggests that droplets of EGaln only adhere to glass surfaces when the droplet

volume increases while in direct contact with the glass®®. Figure 5¢ suggests that droplets
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adhere to the glass without expanding or significantly distorting the droplet. We repeated the

experiments depicted in Figure 5 ten times.

Figure 5. “Wet’ to ‘dry’ transition of a glass substrate. In each row, the metal is brought into
contact with a substrate (i-ii) and then removed (iii-iv). (a) On a glass slide exposed to
moisture (immediately after dipping in a water bath), the metal does not stick to the surface.
(b) After 8-9 minutes of drying in air, the metal begins to stick and leaves some residue on
the substrate. (c) After ~10 minutes, the metal sticks to the surface in a manner identical to

adhesion on a dry glass substrate.

We also measured the adhesion of droplets to nominally dry glass slides (i.e., those without
exposure to water immediately before measuring) after cleaning them separately with (1)

water followed by a rinse with isopropanol, (2) water followed by a rinse with acetone, (3)
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acetone followed by a rinse with water, (4) isopropanol only, (5) acetone only, (6) oxygen
plasma, and (7) heating at 70 °C for an hour to drive off water. In all cases—which were
each repeated at least ten times—the EGaln droplets adhered to the glass in a manner similar
to that shown in Figure 5¢c. However, the drops did not adhere to the glass after washing with
soap and rinsing with isopropanol and acetone, which suggests that the method of preparation
affects wetting. Nevertheless, the increased adhesion with time shown in Figure 5 suggests

that the surface dries over time. |

6. Implications of slip layer and a demonstrative device

The presence of water has implications for injecting the metal into microchannels because (1)
water weakens the oxide and (2) the slip layer prevents the oxide from sticking to the walls
of the channel. We measured the pressure required to inject the metal into dry versus water-
filled microchannels composed of polydimethylsiloxane (length 65 mm, width 1 mm, height
0.05 mm) and fabricated using standard replica molding techniques. We placed a drop of
metal at the inlet to these channels and measured the pneumatic pressure required to inject
the metal. The average pressure required to partially fill a microchannel pre-filled with water
was ~40% lower than that needed to fill a dry microfluidic channel. We repeated these
measurements more than twenty times and always found the pressure to be lower in wet
channels. We are currently working to understand the competing influences of water during
injection including the need to displace the fluid in the capillary (pressure increases due to
the larger viscosity of water relative to air), rupture the oxide (pressure decreases due to

water weakening the oxide), slip along the walls (only possible with water), and overcome
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any effects of interfacial tension. Nevertheless, the presence of water provides a simple and
non-intuitive way to lower the pressure required for injection of gallium alloys into

microchannels.
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Figure 6: Demonstration of a reconfigurable antenna that can be injected and withdrawn
from microchannels due to a water slip layer. (a) Initially (i), water fills the channel and a
drop of metal rests in a reservoir at one end of the channel, capped by a hemisphere of
PDMS. Pressing the reservoir with the tip of a spatula (ii) pushes the metal into the channel.
Removing the pressure causes the metal to spontaneously withdraw back into the reservoir.
(b) The spectral response of the device in all three states. For scale, the width of the

microchannel is Imm wide.

The presence of the slip layer offers an opportunity to push metal in and out of

microchannels without adhesion to the channel walls. This capability is particularly
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compelling for antennas since the frequency of an antenna depends on its shape. We utilized
the slip layer to fabricate and characterize a reconfigurable antenna that can be activated or
deactivated by hand. This antenna, depicted in Figure 6, is comprised of a reservoir of EGaln
connected to a water-filled PDMS microchannel. When confined to the reservoir, as shown
in Figure 6a(i), the liquid metal has no resonant frequency because its negligible length — it is
therefore in the ‘off” state. To activate the antenna, we pressed the reservoir manually,
forcing the metal into the microchannel, as shown in Figure 6a(ii). In this ‘on’ state, the
antenna has a resonant frequency corresponding to the length of the microchannel, as
expected. After releasing the applied pressure, the metal withdraws back into the reservoir,
transitioning the antenna back to the ‘off” state, as shown in Figure 6a(iii). A thin, dome-
shaped membrane of PDMS caps the reservoir and deforms when depressed. Upon releasing
the applied pressure, the dome returns back to a hemi-spherical shape and helps pull the
metal back into the reservoir. The spectral responses of these three different states are shown
in Figure 6b. The ‘off” and ‘initial’ states are slightly different due to challenges connecting

the antenna to the network analyzer in this prototype device.

7.5 CONCLUSION

This paper describes the effects of water on the oxide skin of EGaln, and discusses the
implications of these effects in the context of liquid metal microsystems. Water changes the
chemical composition of the oxide and weakens its critical yield stress by a factor of five.
Water can also create a slip layer between plugs of metal and the walls of microchannel by

placing water in the microchannels prior to injecting the metal. We focus on water and
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aqueous solutions in this paper, but other fluids appear to create slip layers too, including
mineral oil. In the future it may be possible to use functional slip layers for active control

over the metal®*

. An aqueous slip layer enables controlled actuation of liquid metal plugs
inside microchannels via continuous electrowetting and prevents the metal from sticking to
wet surfaces, addressing one of the major practical issues in the use of gallium alloys. We
utilize the slip layer to demonstrate a shape reconfigurable antenna based on EGaln that
reversibly changes its spectral properties by pushing metal in and out of microchannels. The
presence of a slip layer thus provides a route to avoid Hg in devices and experiments that
depend on liquid metals, but does have the drawback of requiring the presence of an
additional fluid (and notably, water appears to cause the oxide to get thicker over long time

scales). Remarkably, the presence of water also reduces the pressure necessary to inject the

metal into microchannels relative to dry microchannels, which warrants further investigation.

This work is a step toward enabling the actuation of low toxicity liquid metals that have
surface oxides. Although we focus on EGaln, other alloys of gallium support a surface oxide
of similar composition and thus, the conclusions can likely be extended to these metals. The
ability to reversibly actuate liquid metal plugs by CEW or pneumatics may help facilitate the
development of shape shifting devices and reconfigurable antennas, sensors, actuators, meta-

materials, circuits and passive elements.
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Appendix A

SUPPORTING INFORMATION

CHAPTER 5

RECAPILLARITY: ELECTROCHEMICALLY CONTROLLED
CAPILLARY WITHDRAWAL OF A LIQUID METAL ALLOY

FROM MICROCHANNELS
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Experimental Setup

To maintain consistency between experiments, we fabricated an acrylic plate to hold the

liquid reservoirs, electrodes, and borosilicate capillaries.

»
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Figure S1. (a) Isometric view of the acrylic substrate used to perform recapillarity experiments in
glass capillaries. (b) Side view of a typical setup using an acrylic substrate and a glass capillary.

Reservoirs measure 4 mm x 4 mm X 2 mm.

Velocity Measurements

Results were recorded with a HD camcorder (Canon VIXIA HF S20) mounted on a
stereoscope. We used video processing software (Avidemux) to extract frames from the
video. Each frame contained time and position information, from which withdrawal velocity

was calculated.
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Effect of Electrolyte Concentrations

We used 70 mm long borosilicate glass capillaries (0.9 mm +/- 0.1 mm ID) and a range of
different concentrations of NaF solution to quantify the effect of electrolyte concentration on
recapillarity. At constant applied voltage, withdrawal velocities increase with increasing salt
concentration, as illustrated in Figure S2 . For a particular salt concentration and fixed bias,

we also found that the withdrawal velocity is higher for capillaries with larger diameters.
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Figure S2. Effect of electrolyte concentration on withdrawal speed of EGaln. For a given

voltage, more concentrated electrolytes enable faster withdrawal due to increased current.

173



Effect of lon Gradients
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Figure S3. Effect of interfacial ion gradients on the withdrawal velocity. (a) After 11 sec of
withdrawal, the voltage was turned off and a syringe needle was inserted into the capillary to flush the
interface with fresh electrolyte before withdrawal was resumed. (b) The withdrawal velocity does not
show any velocity increase after flushing the interface and turning the voltage back on after the 11 sec

mark on the plot. A plot of current (not shown) also indicates insignificant changes after flushing.
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Effect of Electrical Length

Cu Wire EGaliln

Figure S4. Effect of electrical length on withdrawal velocity. A copper wire (anode) was
inserted into the capillary to shorten the electrical distance between the anode and the metal

interface. Shortening the distance increases the velocity for a given voltage.

Physically Opposing Recapillarity

During a typical recapillarity experiment, the metal withdraws toward a reservoir in response
to voltage. In this opposing recapillarity experiment, we physically blocked the outlet of the
capillary (i.e., obstructing the withdrawal) by using tubing attached to a syringe secured in a
syringe pump. From 0 to 5 s, the metal could not withdraw and therefore the current (at 1 V)
is constant during this time frame. At t=5s, we pumped the metal at a rate of 50pL/min into
the electrolyte-filled capillary. Figure S5 shows that current increases as EGaln displaces the
electrolyte and the electrical length between the leading interface of the liquid metal and the

anode shorten.
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Figure S5. A plot of current vs. time as EGaln is injected into a capillary toward the counter
electrode. The pump injected EGaln at t=5 sec and continued until t=40 sec. As EGaln

displaces electrolyte, current increases.

Liquid Metal Withdrawal from a Complex Microfluidic Network

The complex PDMS microfluidic channel network was fabricated using soft lithography and
replica molding techniques. EGaln was injected into the channels manually using a syringe.
10 mM NaF was added to one of the outlets and 40 A current was applied to induce
withdrawal. The velocity of withdrawal is nearly constant due to the use of constant current.
The metal followed the most direct electrical path. Formation of a bubble following the path
of withdrawal was also observed. Movement of metal segments perpendicular to the
electrical path suggests that there were some voids in the microchannels left unfilled during

the EGaln injection process.
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