
ABSTRACT 

VAGHANI, DHWANIL PRAVINBHAI. Liquid Metal Injection Molding: Patterning Liquid 

Metals for Soft Electronics (Under the direction of Dr. Michael D. Dickey) 

 

Liquid metals are unique elements in the periodic table that possess both the properties of 

metals and liquids, making them extremely useful as conductors in the advancing field of 

stretchable electronics. This work studies unique properties possess by alloys of gallium, which 

are liquid at room temperature (< 30 օC), possess low viscosity (~2x that of water), density (~6x 

that of water), high surface tension (720 mN/m, ~10x that of water), low toxicity (relative to 

mercury) and almost zero vapor pressure. Additionally, it forms a thin (typically ~3nm) passivating 

native oxide that stabilizes gallium to form non-spherical shapes. The gallium oxide adheres to 

most of the smooth surfaces which can be useful to pattern liquid metals in several ways that are 

simply not possible with solid metals.  

This work discusses various ways of patterning liquid metals with challenges associated 

with each of the methods. Following their limitation, we have demonstrated a novel approach to 

printing liquid metals that is simple, easy, and dependable. Liquid metal injection molding 

(LMIM) involves the injection of bulk liquid metal through metallophobic microchannel mold to 

pattern liquid metal geometries in order of sub-microns. The present thesis work follows the 

process of liquid metal injection molding to pattern various complex geometries with high 

electrical and mechanical consistency. The method promisingly demonstrates the repetition of 

printing the liquid metal geometries with the same mold for commercial scale printing of liquid 

metals.  



Subsequently, the present work also demonstrates some exciting applications of the 

printing method for the making stretchable electrodes, wearable soft heater, soft grippers its use as 

circuits interconnects, sensors, health monitoring, and soft robots. In addition, we examine the 

stability of liquid metal patterned wires on different substrates by varying current densities. During 

this measurement, we found dewetting of LM at a high-temperature point, this gives an important 

aspect for selective dewetting of bulk liquid metals. Finally, we provide a brief overview of future 

directions and challenges associated with research involving liquid metals in stretchable 

electronics. 
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CHAPTER 1 

INTRODUCTION TO LIQUID METALS 

 

1.1  Introduction 

 

In recent years, liquid metal has gained a lot of attention due to its duality of possessing 

metallic and fluidic properties intrinsically at or near room temperature. These properties have 

enabled the use of liquid metals in soft and stretchable electronic devices. Mercury is the most 

well-known liquid metal; however, its applications are limited due to its toxic nature. Gallium and 

its alloys, on the other hand, are preferred due to their low toxicity, low melting point, low 

viscosity, high boiling point, and nearly zero vapor pressure 1. Other known liquid metals with low 

melting points such as cesium, rubidium, and francium are not safe for practical applications. 

Gallium-based liquid metals like eutectic gallium indium (EGaIn), due to their unique ability to 

resist deformation and retention of electrical conductivity are compelling for applications in soft 

circuits2, stretchable wires3, sensors4, pumps5, stretchable antennas6, 7, and optical structures. 8, 9. 

1.2  Gallium alloys 

 

Gallium has piqued curiosity since its discovery in 1875 due to its unique features of 

combining conductivity and fluidic properties at ambient temperature. Gallium is found on earth 

as lead, but it is distributed in trace amounts among ores such as bauxite. Thus, the processing 

required to purify it from other ores, increases its cost despite its overall abundance. Gallium has 

widely been researched for its use in medical and electronic devices.  Studies have been reported 

for its use as an antimicrobial agent against certain pathogens 10.  However, the wide-scale 

application of gallium has still not been implemented fully due to the corrosive effects of gallium 

and its alloys on other metals 11, 12
. 
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1.3  Physical and chemical properties 

 

Gallium is soft, grayish, odorless, and has the lowest melting point of the post-transition 

metals. The electronic configuration of an element has a significant impact on the melting and 

boiling point of a metal. Gallium ([Ar] 3d104s24p1) has partially filled p, completely filled s and d 

shell. The unpaired electrons in the partially filled p shells can form both covalent and metallic 

bonds.  The presence on reactive electrons in the p shell leads to high boiling point (2400 օC) while 

the melting point is dependent on the crystal structure of solid phase and degree of delocalization 

of the valence electrons. Gallium has a melting point of 29 օC in its purest form, however, this 

value can decrease when it is alloyed with other metals based on the composition ratio of metals 

13. EGaIn (25% gallium and 75% indium) and Galinstan (68.5 % gallium, 21.5 % indium, 10% 

tin) have reported melting points around 15.5 օC and -19 օC respectively 13.  

Table 1: Physical properties of liquid metals, fluids, and conductors 

Material Density 
Melting Point 

(C) 

Electrical 

Resistivity (µΩ 

.cm) 

Thermal 

Conductivity 

(Wm-1. K-1) 

Gallium 5.91 29.8 27.2 30.54 

EGaIn 6.25 15.5 29.4 26.43 

Galinstan 4.44 10.7 30.3 25.41 

DI water 1 0 1.82 × 1013 0.6 

Copper 8.96 1084.6 1.678 401 

Silver 10.49 961.8 1.587 429 

 

In addition, gallium and its alloys have the interesting property that, like aluminum, they 

form a thin oxide layer (~3nm) on its surface when exposed to oxygen at ambient temperature14. 
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Normally, liquids with low viscosity and high surface tensions tends to bead up spherically on the 

surface to minimize the surface energy. Yet, the oxide allows gallium to maintain non-spherical 

shapes. In the absence of oxide, small volume of Ga will bead up spherically. The oxide skin is 

amphoteric and can be removed by strong acid or base (NaOH/ HCl) at pH < 3 or pH > 10 15.  

 

Figure 1: (a, b) Gallium alloys can gain a non-spherical shape due to presence of thin native oxide, and (c, d) Exposure 

to acid/base oxide get dissolve causing the metal to bead up due to high surface tension 15 

The intrinsic properties of gallium based liquid metal to form a thin native oxide has limited 

its application in several ways. The adhesive nature of these oxide enables them to get adhere to 

many surfaces which inhibits the flow property, making it difficult to be used for fluidic 

applications. Gallium and its alloys leave metal oxide on most surfaces, posing handling issues in 

the laboratory and in a manufacturing environment. The oxide also forms a thin barrier layer that 

eliminates the physical contact of metal with the surroundings. It also interferes with the 

electrochemical properties, which also limits the use of gallium. Therefore, despite being toxic, 

mercury has been used for its application in thermometers, barometers, dental amalgams, 

polygraphy, micropumps, valves, and optical switches 16-17. However, oxide plays a pivotal role in 

the mechanical stability of the gallium. The oxide that forms on gallium alloys possess yield stress 

of ~0.4 – 0.6 N/m and below the critical yield stress, the oxide skin is elastic and stable at ambient 
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temperature but beyond that, the oxide layer splits and the low viscosity metals flow smoothly on 

the substrate15. As a result, it is feasible to pattern liquid metal into different geometries that are 

difficult to do with other conventional liquids. The ability of LM to flow by breaking oxide beyond 

critical stress and rapidly reforming of oxide for stress lower than the critical stress, has opened 

the ways to pattern liquid metals for use in soft and stretchable electronics.  

1.4  Liquid metal patterning  

 

 Liquid metal pattering is a topic of interest as they enable optical and electrical component 

in the circuits that are soft, stretchable, and deformable. The thin elastic oxide formed around the 

metal upon its exposure to oxygen have significantly impacted its rheological behavior and 

adhesion on substrates15. Liquid metal encased in elastomer can be deformed elastically to large 

strains while maintaining excellent electrical conductivity. This electromechanical response makes 

it desirable for stretchable conductors and composites. Unlike conventional metals, liquid metal 

can be injected into microfluidic channels or can be direct written on various substrates which 

makes it an inexpensive, easy, and fast way of fabricating electronic devices 27. Liquid metals can 

be patterned on a variety of substrates including gels, polymer, elastomers, biological materials 

and fabric at ambient temperature and pressure. Liquid metal can be patterned without the need of 

high-cost processing including vacuum deposition, physical vapor deposition and sputtering that 

are used conventionally for the deposition of solid metals. Moreover, the fluidic property of liquid 

metal allows for the fabrication of shape reconfigurable devices. 

Gallium-based alloys possess intrinsic property of forming a native thin oxide that has 

enabled their micro-scale patterning at room temperature. Previous studies have demonstrated 

various patterning techniques for patterning liquid metals with each having its own merits and 

demerits 27. The application of these patterning techniques has resulted in varying feature size of 
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the geometries. This section briefly discusses different patterning techniques to highlight their 

capabilities, limitations, and scope of improvements for advancement in the field.    

1.4.1 Imprinting 

 

  Previous work has reported an interesting way of imprint lithography-based pattering of 

liquid metal on elastomeric substrates for its application in making stretchable interconnects18.  

 

Figure 2: Imprint lithography for patterning of liquid metal 

Imprinting liquid metal with elastomeric molds involves spreading the liquid metal film uniformly 

on the planar substrate onto which elastomeric mold with fine topographical feature is pressed. 

The oxide adheres to the cavities of the mold and this causes metal to remain stuck in the feature 

even after lifting the mold off from the substrate. The mold with the EGaIn filled cavities is then 

encapsulated by another layer of elastomer for its use in stretchable electronic devices. The method 

demonstrated to pattern geometries having dimensions of 2 µm width and submicron depth. 

1.4.2 Selective adhesion 

 

The interfacial properties of substrate and liquid metal reflects the wetting and non-wetting 

behavior of liquid metals on the substrate. Liquid metal with the native oxide layer adheres to most 

of the smooth surfaces while it has poor adherence with the rough surfaces. Such rough surfaces 

are termed as metallophobic surfaces 19, 20. The substrate properties can be altered to enable 
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selective wetting of metals 21, 22. Spreading the metal uniformly on the pre-modified substrate with 

wetting and non-wetting region offers a novel way to pattern the metal. 

1.4.3 Stencil printing 

 

Figure 3: Thin stencils can increase the resolution of LM designs. A thin 3 mm metal stencil backed by a thicker 

frame layer yielded 10 µm LM features 23 

Stencil printing of liquid metal is a high throughput method of patterning liquid metals that 

uses stiff stencils to pattern desired geometries on various substrates24. As shown in Figures 3(a, 

b) a stencil pattern is crafted on a supporting frame. Liquid metal is spread uniformly across the 

stencil using a hand roller as shown in Figure 3(c). Liquid metal with oxides will get adhered to 

the surface. The stencils are then peeled off leaving LM patterns on the substrate with fine 

geometries of 10 µm in width. The feature size of the patterned geometries highly depends upon 

the preparation of stencils 23. 

1.4.4 Direct writing  

 

The unique property of gallium-based LM of forming a stable oxide layer on the surface 

enables different ways of direct writing of LM 25.  Typically, the direct writing method involves 

the extrusion of LM through a syringe tip using a pneumatic or liquid displacement pump. The 

method relies heavily on adhesion between the substrate and LM oxide, weak adhesion between 

(a) (b)

) 

(c)

) (d)

) 
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them results in an unfavorable pattern. LM drops can be stacked to a height of 1 cm, enabling 3D 

patterns25. The interfacial characteristics of the substrate can be changed to improve the adherence 

of oxide to the surface. For printing the LM in a controlled fashion, the nozzle diameter, rate of 

LM extrusion, dispensing pressure, and height between the substrate and nozzle tip are all essential 

parameters26. The direct writing of LM works well on smooth and hydrophilic surfaces however, 

it gets challenging with rough surfaces where there is poor contact between the oxide and substrate. 

1.4.5 Injection 

 

 

Figure 4: (a) Microfluidic channels within elastomer formed by replica molding. (b) The liquid metal is filled in the 

microchannel using a syringe (c) Flexible dipole antenna made by injection of liquid metal inside the elastomer27. 

The injection of LM through microfluidic channels has been utilized widely in soft matter 

electronics applications. The methods involve injecting LM through prefabricated microfluidic 

channels with inlet and outlet holes using nozzles. The thin oxide formed by LM helps in 

maintaining a stable non-spherical geometry. The injection of LM into microfluidic channels 

necessitates a significant differential pressure to break the oxide and displace the air in the channel, 

allowing the LM to flow. The LM forms a stable oxide at all interfaces after injection, resulting in 

continuous stable geometry. The holes at the two ends of the channel are then sealed with silicones 

or elastomers to prevent leakage. In some cases, the oxide adheres to the smooth channels. 

Injecting a carrier fluid before injecting the LM introduces a slip layer between the oxide and wall 

of channels. This enables reversible actuation of LM within microfluidic channels 28.  
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1.5  Vacuum filling 

  

Figure 5: Process schematic of vacuum filling of liquid metals into a microfluidic channel. This involves a mold with 

an inlet hole covered with the LM droplet. The entire substrate is placed in a vacuum chamber where air bubbles from 

droplet as well as the substrate are removed and liquid metal fills the microchannels 29. 

Vacuum filling resembles the injection method where a prefabricated microfluidic channel 

is used to cast the pattern on the substrate. The process includes a slug of LM placed on the inlet 

hole of the microfluidic channel. The entire setup is then placed in a vacuum where the LM 

displaces the air out of the channel to form fine featured geometry with dimensions as small as 5-

10 µm 30. Vacuum filling is used generally for the patterning of complex shapes or geometries as 

there is always a risk of leakage in case of manual filling of the microfluidic channels31. Although 

the technology has a potential for patterning complicated designs, the entire process takes longer 

than previously mentioned methods. It requires a continuous pathway for LM to flow is required 

and any blockage can result in discontinuous patterns. Hence, the vacuum filling method is used 

selectively based upon the complexities and application of the pattern. 
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1.6  Applications 
 

 

Figure 6: Pressure sensing using (a) Spiral shape and (b) serpentine-shaped EGaIn microchannel encapsulated in 

silicone (elastomer) caused by changes in electrical conductivity with regard to changes in dimensions for the 

geometry 32(c) Flexible tactile sensors with fingerprint patterned microfluidic channels embedded with Galinstan to 

measure the temperature and contact force33 (d) LM-Based multiaxial flexible force sensors for electronic skin 34. 

The ability to print liquid metals on a wide range of substrates with small to large feature 

sizes depending on the application has made its way for its use in wearable electronics. Figure 6(a) 

and 6(b) reports spiral and serpentine microchannels filled with EGaIn and encapsulated with 

silicone. The primary objective was to use external deformative forces to alter the dimension of 
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the LM geometries to harness the change in electrical resistance for sensing. The basic principle 

here is the change that enable the increase or decrease of the resistance value when external axial 

or tangential forces cause physical deformation. This sensing therefore can be utilized in many 

soft or flexible actuator applications. Figure 6(c) reports the fabrication of a soft tactile sensor for 

force and temperature sensing applications. A digital light processing printing was used to make 

fingerprint shape microfluidic channels on the elastomer to sense the force applied to it along with 

the temperature. The fabricated sensor is reported to possess a relatively high sensing ability of 

0.29 N-1 and 0.55% at 20 to 50 օC. It also possesses relatively high durability and flexibility that 

can potentially be used in various application such as soft robotics35- 36, smart prosthetics 37-39 and 

medical health monitoring devices 40. Figure 6(d) manifests the fabrication of a soft multi-axial 

force sensor for the e-skin application. It indulges two distinct layers of microfluidic channels 

embedded with LM that are positioned on top of one another. The force was applied with a finger 

to cause physical deformation which mechanically alters its electrical resistance, and the response 

was measured; the sensor was mentioned to be relatively highly durable and stretchable.  

1.7  Outline of thesis 
 

Chapter 1 gives an overview of liquid metals and how they are classified based on their 

physical and chemical properties. It also provides a brief overview of various patterning techniques 

for patterning liquid metal on various substrates. Finally, it also highlights some interesting 

applications of printed bulk liquid metal in the field of soft electronics. 

Chapter 2 proposes a novel method of patterning Liquid metal that is simple, dependable, 

and highly consistent. The method is very similar to traditional injection molding of solid 

conventional metals. This chapter concentrates on the stages involved in injection molding of 

liquid metal and efforts to optimize various parameters to enable consistent printing of LM. 
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Chapter 3 focuses on harnessing the injection patterning method for two applications: 

stretchable heaters for use in thermotherapy, and electroadhesive in soft actuators.  

Chapter 4 will provide brief concluding notes for the thesis, discussing future research 

directions and potential commercialization applications for the soft electrical devices presented in 

Chapter 3. 
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CHAPTER 2 

LIQUID METAL INJECTION MOLDING 

 

2.1  Introduction 

 

The combined fluidic and conductive properties of liquid gallium (and its alloys) have led 

to new ways to fabricate soft and stretchable electronics. The ability to maintain its functionality 

upon mechanical deformation has enabled its use in wearable electronics, sensors, medical 

implants 2, capacitive sensors 3, prosthetics 4,5, and soft robotic actuations6. Patterning of LM has 

therefore become a very crucial step for fabricating soft electronic devices for various applications. 

Injection of liquid metals into microfluidic channels7–11, appears to be a very viable option for 

patterning since it is relatively simple, reproducible, and consistent. Despite its simplicity, the 

methods hold certain drawbacks which limit its application. The prefabricated microchannel molds 

used for the injection of microchannels are often made using lithographic tools which increase the 

cost and time of the patterning process 12,13. The microchannel molds are difficult to combine with 

the external circuit components. There is always a risk of microchannels collapsing in the mold. 

This challenge can be addressed with direct writing of liquid metal 14, but it can only be used to 

the pattern on the flat substrates. In addition, it uses a complex mechanical system15. To overcome 

these difficulties, a novel method is introduced for easy, reliable, and consistent patterning of liquid 

metal on the flat as well as non-flat surfaces. 

Liquid metal injection molding (LMIM) is a novel approach for patterning LM on the soft 

and stretchable substrate. It is analogous to plastic injection molding or metal injection molding 

(MIM) which involves melting the plastic or solid metal particles respectively. Subsequently, the 

feedstocks are then injected into the mold in liquid form using injection molding machines. After 
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it is detached from the mold, the material undergoes various operations such as drying and cooling 

for obtaining desired properties. The advantage of liquid metal is that it is liquid at room 

temperature, making it possible to inject it through a microfluidic metallophobic mold and connect 

it to the substrate. The metallophobic fumed silica coating prevents the adhesion of LM oxide with 

the mold which enables precise patterning of liquid metals geometries on the target substrate. The 

microfluidic mold here is not part of the final device. The present thesis introduces and 

authenticates a novel method of liquid metal injection molding (LMIM) for precise patterning of 

LM on various substrates with the use of the thermoplastic metallophobic microfluidic mold for 

their application in 3D printed electronics.   

2.2  Materials and methods 
 

2.2.1 Preparation of microchannel thermoplastic molds 

 

Figure 7: (a) Schematic of laser engraving of strain gauge shape microchannels on PMMA (b) Schematic of fabricated 

mold 

The pre-designed microchannel geometries were ablated on thermoplastic acrylic sheets 

(PMMA) using a commercial laser writing system (VLS 3.50, Universal Laser System) with a 40 

W CO2 laser operating at 10.6 µm. The geometries engraved on the thermoplastics depend upon 

the operational parameter of the laser writer which comprises the speed and power. Here, we 

optimized the parameters as 30% power and 20% speed for patterning geometries of ~300 µm 

width. The present work demonstrates the use of thermoplastic for making the microchannel mold, 
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however, other materials can be used for the fabrication of the microchannel molds for the liquid 

metal printing process. 

2.2.2 Metallophobic coating using fumed silica (FS)  

 

 

Figure 8: Schematic of fumed silica coating on the PMMA mold 
 

Liquid metal oxide have the inherent quality of adhering to most surfaces, limiting their 

capacity to flow and shape stability. This can be eliminated by introducing roughness at the 

interface by developing metallophobic surfaces, researchers previously have used molding16, 

etching17, sputtering 18–20, and spray coating21,22 to make the surface metallophobic. Although these 

techniques are simple, they can only be used to coat exterior surfaces, which restricts their use for 

treating the walls of microfluidic channels. The LM oxide tend to adhere to the thermoplastic mold 

and therefore, the thermoplastic mold was coated with FS which has a larger surface area (~150 

m2/g) by using the sol-gel process 23. The FS coating introduces a nanoscale roughness (3-10 nm) 

on the surface of molds by temporarily plasticizing and partially solubilizing the surface of the 

polymer with the solvent. The plasticization helps in making the surface tacky and polymer chains 

at the surface mobilize, this enables adhesion between the FS and the polymer surface. The initial 

experiments were performed by coating PMMA with the FS solution however other surfaces like 

glass or metal can be coated with FS by sol-gel process. 

  

Thermoplastic mold 

FS Coating solution 
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2.2.2.1 Solvent ratio optimization 

 

 The morphology of the fumed silica-coated thermoplastic mold was altered by varying the 

ratio of good solvent to poor solvent. The good solvent promotes making the mold or polymer 

surface tackier if used in correct proportion with the poor solvent but using a higher proportion of 

good solvent could also result in dissolving the polymer mold. However, using large quantity of 

poor solvent relative to the good solvent results in the optimal roughness to prevent the adhesion 

of LM oxide with the polymer surface but leads to insufficient robustness for multiple uses of the 

mold. Therefore, we characterized the morphology of the coated surface and optimized the 

concentration of the good and poor solvents. The coating solution was prepared by dissolving the 

nanoparticles in dichloromethane (DCM- good solvent) followed by the addition of isopropanol 

(IPA- poor solvent). The FS coating of the microchannel mold was found to be efficient in 

introducing the roughness over the interior walls of the channel resulting in the prevention of 

adhesion between the LM oxide and PMMA surface.  

2.2.2.2 Characterization of FS coated mold 

 

The FS coating of mold was done to introduce a nanometric surface roughness with a 

notion of preventing the oxide adhesion with the engraved walls.  

 

Figure 9: Scanning electron microscopy (SEM) images of (a) weakly bounded fumed silica (b) robustly bounded 

fumed silica on PMMA                                                            
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Fumed silica can be actively dispersed in both good and poor solvents. An experiment was 

performed by using the poor solvent for dispersing FS and coating the polymer surface. Figure 

9(a) demonstrates that if only poor solvent was used to coat FS on the polymer surface, the 

adhesion between the FS and the polymer surface was good enough to prevent the wetting of LM 

on the surface but was found to be lacking robustness on performing the test multiple times. 

Simultaneously, if only a good solvent is used for the coating, the FS is not at all coated on the 

surface instead the solvent dissolves the polymer and creates a porous structure. Therefore, the 

mixture of good and poor solvents in an appropriate ratio was used for the metallophobic coating 

of the polymer mold which yields both robustness and non-wettability. Figure 9(b) manifests the 

FS particle to be well adhered on the polymeric mold and yields non-wettability of LM on the 

surface. Previous work has reported that FS coating on the PMMA surface does not alter the 

transparency of the polymer23. However, the transparency of the PMMA changes upon the 

dissolution of the polymer surface. The dissolution of the polymer surface depends upon the ratio 

of the good solvent to the poor solvent. 

 

Figure 10: Optical images of PMMA with/without FS coating with varying ratios of good and poor solvents (b) UV 

-VIS spectra of the samples in the visible range (c) FT-IR spectra of the FS coated PMMA sample before and after 

sonication (d) Advancing and receding a liquid metal droplet on the coated substrate on the right side to test the 

adhesion of the LM oxide to various substrates with and without coating 
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Figure 10(a) and 10(b) demonstrates the change in the optical transparency with a different 

solvent and which is found to decreases with the increase in the proportion of the good solvent 

(DCM). The PMMA mold without coating and with FS (ethanol) coating has the highest 

transmissivity whereas the transmissivity drops with the addition of DCM. In the present work, we 

have tested different composition ratios of good solvent to poor solvent 1:1, 1:2, 1:3, 1:4, and 1:5. 

It was observed that composition with a 1:3 (% weight) ratio demonstrated optimum performance, 

and the PMMA mold was found to be almost transparent as with the increase in good solvent, the 

light scattering increases. Thereby, decreasing the transparency over the visible light range. The 

robust coating of FS on the polymer can be determined by conducting Fourier transform infrared 

spectroscopy in attenuated total reflection mode (FT-IR ATR) spectra. The FS-coated structure 

reflects stronger Si-O stretching intensity at 1100 cm-1 which is demonstrated by peaks in Figure 

10(c) (black and red spectrum). The weakly bound FS coating can be easily removed by 

mechanical stimuli like bath sonication. As a result, the intensity of Si-O peak decreases clearly 

for the magenta plot (Figure 10(c)). On the other hand, if the FS coating is robust then the peak 

intensity will not change as shown by the blue graph. We have conducted experiments to 

demonstrate the robustness of the coating by partially coating the mold with FS solution followed 

by advancing and receding the LM droplet multiple times at the same spot as shown in Figure (d). 

While receding, the LM lefts behind the residue on the uncoated surface. However, even after 

multiple advancing and receding of LM drop, there was no residue found on the FS coated surface 

which suggests an advantage of patterning LM geometries multiple time with the same FS coated 

mold. 
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2.2.3 Injection of liquid metal 

 

Figure 11: Schematic for injection of liquid metal into microfluidic channels. 

The PMMA molds are fabricated with two holes that are used as an inlet and outlet for LM. 

The FS-coated mold has a roughness of nanometer scale, which is sufficient to prevent the 

adhesion of LM oxide with the polymer or mold surface. The FS coated mold is then placed on 

the substrate which needs to be patterned with LM geometries for its application in 3D electronics. 

The syringe or nozzle filled with the LM is used to inject the liquid metal through the 

microchannels. The LM is injected through the inlet holes with the pressure sufficient to break the 

oxide skin and it readily flows through microchannels and emerges out from the outlet hole.   

2.2.4 Lifting off the mold 

 

Figure 12: Schematic of a precise strain gauge patterned on lifting the mold off the substrate. 

The final stage in the LMIM process for printing liquid metal geometries on different 

substrates is to lift off the metallophobic mold. Following the injection of liquid metal, the 

metallophobic mold must be carefully lifted off to obtain a precise pattern. Since the wall of 
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channels is FS coated, the roughness prevents the LM to get stuck with the walls. The LM will 

adhere strongly to the substrate providing a stable fine geometry or lines after lifting of the mold.  

 

Figure 13: (a) Schematic demonstrating the cohesive failure of LM patterned geometry using the non-coated PMMA 

mold (b) Schematic showing roughness introduced by FS coating on mold prevents cohesive failure enabling smooth 

and precise patterning of LM on substrates (c) Snapshots of the strain gauge patterned on substrates using PMMA 

mold with and without FS coating 

The Figure 13(a, b) demonstrates the lift-off step for the polymer mold with and without 

FS coating. The mold without the FS coating has a smooth surface, LM-filled microchannels cling 

to the wall. As a result, the LM oxide get adhered to the smooth surface of the mold during the lift-

off stage leading to a cohesive failure which ultimately results in non-uniform patterns having a 

very high resistance value. However, the mold with FS coating has sufficient roughness to prevent 
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adhesion between the LM and the polymer surface which results in precise and reproducible 

patterns. 

2.2  Surface independent patterning 

 

Figure 14: (a) A strain gauge LM was patterned on various substrates which make the method surface independent 

(b) various geometries were patterned independent of its geometrical parameters (c) Liquid metal circuit with LED 

was patterned on the curved surface 
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Liquid metal oxide readily adheres to most surfaces regardless of their chemical nature24. 

Hence, the LMIM method can use to print geometries on various substrates. The Figure 14(a) 

shows the strain gauge printed using the LMIM method on various types of stretchable, flexible, 

and rigid substrates. We conducted an experiment to verify the ability to inject print on different 

substrates and to do so repeatably. This included pattering strain gauge 50 times with a single 

polymer mold, with constant electrical resistance in all the patterns. The resistance value of all the 

strain gauge wires was around 1.38 Ω, which indicates wires were identical. The FS coating on the 

polymer is also durable enough for reproducible patterns with the same mold, demonstrating that 

LMIM is a highly consistent and reliable method. The minimum width of liquid metal lines 

achieved with this method was 100µm. Note that the linewidth also depends upon the geometries 

of microchannels on the thermoplastic molds. The resolution can be improved further by using a 

high-resolution laser for ablating microchannels on thermoplastics and a method of applying 

uniform pressure to the mold during liquid metal injection to prevent leaks from all sides of the 

mold.  

As shown in the Figure LMIM is used for patterning various geometries with different 

widths, angles, and shapes. Unless and until the mold has two holes for inlet and outlet of liquid 

metals, liquid metal inject can be utilized to form diverse shapes like spiral coils, North Carolina 

boundary, serpentine, etc. The modulus of the substrate also affects the flow of LM via 

microchannels; hence the LM could be injected if the modulus of the substrate is lower than ~300 

kPa patterning geometries. In the present study, as we used thermoplastic mold, it was also possible 

to pattern LM on curved surface as shown in Figure 14(c). PMMA mold was thermoformed with 

a glass vial at a temperature beyond the glass transition temperature. This mold was then placed 

on the curved surfaced glass vial and liquid metal was injected into the microchannels. After lifting 
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the mold carefully, a precise strain gauge pattern was obtained on the glass surface. A LED was 

attached to demonstrate its electrical connectivity of the strain gauge pattern. This makes liquid 

metal injection molding a potential method for printing 3D electronics.  

2.3  Large scale printing of liquid metals 

 

Figure 15: Large scale printing of (a) strain gauge (b) NCSU. The strain gauge was patterned 50 times and its 

resistance value was compared. 

We conducted experiments to demonstrate that reusability of the mold for patterning. The mold 

was attached to a piston in a way that it does not cover the inlet and outlet holes of the mold for 

LM to flow. The mold was then placed on the substrates, followed by injection of liquid metal, 

and then lifting off of the mold. The process was repeated multiple times by arranging the substrate 

for multiple patterning of liquid metal. This demonstrates the durability of the non-stick coating 
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using the same mold repeatedly. As shown in the Figure 15(a, b), the strain gauge and NCSU 

patterns on the substrate were highly consistent and with identical cross-section. Figure 15 (c) 

compares the resistance values of 50 strain gauges to evaluate the uniformity of electrical 

properties. 

2.4  Conclusion 
 

 We presented a new method for imprinting liquid metal that is repeatable, simple, and 

reliable. The current study addresses the disadvantages of using conventional injection to print 

liquid metal and demonstrates a new method of patterning LM. In contrast to earlier injection 

methods, the mold in LMIM does not become a part of the system, reducing the possibility of 

microchannel collapse and enabling the metals to be encased by a variety of polymers that differ 

in composition from the mold. Liquid metal injection molding can be used for mass scale printing 

of various geometries on flat as well as curved surfaces for its potential application in 3D 

microelectronic devices.  
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CHAPTER 3 

APPLICATIONS 

 

3.1  Introduction 

 

Liquid metal injection molding (LMIM) is a promising method for printing various geometries for 

applications in soft and stretchable electronic devices. The electrical, mechanical, and thermal 

properties of the liquid metal geometries make it important for its potential use in soft circuits, 

wearable heaters, soft actuators, and soft robotic applications. The present chapter provides a brief 

overview of the use of the LMIM method for patterning LM geometries for applications in soft 

and wearable electronic devices.  

3.2  Stretchable wires 

 

 

Figure 16: The electro-mechanical properties of stretchable liquid metal wires created by injection molding. (a) 

Strain-resistance curve for different elastomer substrates (b) Cyclic test of stretchable LM wires. 
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LM wires can be employed as interconnects between circuits elements 1–6. Patterned LM 

shows highly stable electro-mechanical properties as long as the substrates embedding the LM is 

elastic. As shown in Figure 16(a), the resistance value of the wire increases as the LM wire 

encapsulated in the elastomers was stretched. The resistance value of the strechable wire was 

directly proportional to the square of the strain, λ = 𝜺 + 1 where  𝜀 is elongated length/actual length, 

following the Pouilet’s equation since the volume of the liquid metal is conserved while stretching. 

The resistance of LM wire increases by 64 times at 800% strain to (~30 Ω from its initial value) 

of 0.55 Ω Ω at zero strain. This increase occurs due to elongation of the length and narrowing of 

the cross-section of the wire during elongation. The LM wires encapsulated in the elastomer were 

tested mechanically and electrically, these wires tends to fail only when the substrates failed 

mechanically. Along with the stretchability of LM wires, the cycalibility is also crucial to ensure 

the robustness and consistency of the stretchable electrodes or wires. As shown in Figure, 

experiments were conducted by patterning the LM wire and encapsualting it in a commercially 

available elastomer (Ecoflex 0030) as an initial substrate material. Ecoflex0030 has high 

stretchability, elasticity and negligible mechanical hystresis up to ~300% of the strain. Initially, 

we stretched and released the liquid metal wire encapsultaed in elatomer to 100% strain with two 

different strain conditions (100%/s or 500%/s). The resistance value for both the case were 

identical over 12k cycles and there were no changes found in cyclability of LM wire and the 

substrate. Formation of oxide was evident from the wrinkles formed on the surface of the LM and 

from the loss of the shiny surface of LM. As expected, the resistance value of the LM wire did not 

change after 6000 strain cycles. The experiments were terminated in either of the case when the 

elastomer eventually failed due to mechanical fatigue, however the electrical conductivity did not 

change until the elastomer failed completely.  
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Figure 17: Application of stretchable wires, highly deformable 2×2 LED array is embedded in elastomers. 

An array of LEDs was used as a demonstration of the durability of the LM patterned wires.. 

This serve as an important practical application to visually confirm the structural integrity of a 

circuit under mechanical deformation. Because of this stabilty, the circuit consisting array of LEDs 

remains functional when rolled, folded, twisted and crumpled. This also demonstrates the 

stretchability and durability of LM wires patterned by LMIM. 

3.3  Wearable heaters 

 

Wearable electrically driven heaters based on Joule heating are useful 7–13. Due to its 

compliant nature, the heating of soft matter has been adopted for its application in material 

intelligence, sensors, thermotherapy14–17, and other medical applications. In this work,  we 

fabricate and characterize the performance of the soft wearable heater fabricated using liquid metal 

injection molding. The fabrication process involves patterning of LM wire on PDMS substrate, 

followed by its encapsulation with additional cured polymer.  The LM wire ends are connected 

with the external electrodes to a DC voltage supply. The notion was to test the stability of the LM 
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base soft heater by tuning the current input to obtain the desired temperature range for its 

application in thermotherapy.  

      

Figure 18: (a) Schematic of the Joule heating experiment where a LM wire was patterned and encapsulated into an 

elastomer. The temperature distribution was measured at different value of the current (b) Thermal imaging of the LM 

wire encapsulated in elastomer when 1.0 A current was applied. 

As shown in the Figure 18(a), the initial experiments were performed by patterning LM 

wire with of width about 300 µm, length of 40 mm, and semi-circle crossectional geometry. The 

temperature of the PDMS surface was detected by using a thermal imaging camera (FLIR). The 

Joule heat generated is directly proportional to the square of the input value of current and therefore 

the temperature rises reasonably at a steady state. The temperature on the surface increases for a 

few minutes until it reaches to its steady state. The average time required for reaching a steady 

state was measured to be about 3 minutes. However, this duration also depends on the thickness, 

thermal conductivity, density, and heat capacity of the elastomer matrix. The experiments were 

successfully performed for current density up to ~ 5 kA/cm2 i.e. 1.75 A current input without any 

sort of failure. The amplitude of current density here is pretty higher than the previously reported 

work. The thermal imaging camera utilized for temperature measurement had a temperature 

monitoring limit of up to 150 օC and therefore, the surface temperature higher than 150 օC was not 
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measured. However, the steady-state temperature determined by simulation at a current density of 

5 kA/cm2 was 205 օC. The liquid metal wire encapsulated into PDMS was found to loose its 

electrical conductivity above 5 kA/cm2.  

 

Figure 19: (a) Schematic of the Joule heating effect with two parallel lines encapsulated in an elastomer (b) Transient 

plot for measuring the temperature distribution with respect to time. The dashed lines are a representation of data from 

the FEM simulation and the solid lines represent the experimental data. (c) Spatial plot for the temperature difference 

between the lines printed at various distances. (d) Plot representation of the temperature difference at the center and 

the difference between the maximum point and the center point. 

The simulation was carried out using the finite element method (FEM) to measure the 

temperature over time for different current density values. The simulation and experimental results 

for transient and stable states are closely related as shown in Figure 19(b). The experimental data 

closely matches the simulation results, highlighting the consistency and dependability of the 

(a) 
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LMIM patterned geometries.  The experimental data was limited to 150 օC while the simulation 

data was used to predict the temperature value for applied current density. The distribution of heat 

also depends upon the distance between the patterned lines. The distance between lines needs to 

be optimized to eliminate temperature hotspots and have a uniform temperature field over the area. 

To optimize the distance between patterned lines, multiple LM wires were patterned by the LMIM 

method to generate uniform temperature distribution across the area. The temperature distribution 

between two 40 mm long, 300 µm wide patterned wires was carried out at varying distances. 

Figure 19(c) demonstrates that as the distance between two patterned wires decreases, the 

temperature at the center point between the two lines increases due to interference of the 

temperature fields of patterned wires with each other. The temperature difference between the 

center point and each patterned line was 2.3, 7.86, 14.1, 17, 17 օC (top to bottom) and the distance 

between patterned lines was 4, 8, 13, 16, and 39 mm respectively. As shown in the Figure the 

interference of temperature fields starts to happen when the distance between two lines gets smaller 

than 13 mm. The data manifests that the shorter the distance between the patterned lines more is 

the interference of the temperature field, and the more uniform the temperature distribution. If the 

tolerance range for the temperature difference is set to 2.3 օC then 4 mm can be adopted as the 

optimized distance between two lines to avoid any significant temperature gradient and provide 

uniform heat distribution. The optimized distance between the two parallel patterned lines can be 

potentially used in patterning different geometries to enhance the performance of the wearable 

heaters 
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Figure 20: (a) Thermal imaging of the soft heater while stretching (b) Testing the soft heater with various modes of 

deformation (c) Optical image of soft heater and thermal image on application of 0.5 A current (d) optical and thermal 

imaging of the serpentine patterned soft heater. 

Employing a 4 mm gap between the parallel lines, we have fabricated a wearable soft heater 

using the LMIM method to pattern different geometries that can be potentially used in for thermal 

therapy and health monitoring sensors. The liquid metal was injected through a microchannel mold 

to print a serpentine pattern as shown in Figure 20(c) to minimize the resistance change while 

stretching. The LM patterns were made on the TPU polymer film which was then encapsulated 

with additional elastomer. The conductive nylon fibers were used as external electrodes for the DC 

power supply. The fabricated soft heater was highly stretchable and did not show any 
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disconnection owing to the compliance of the liquid metal under strain. The soft heater band was 

worn on the wrist as depicted in Figure 20(b) and its temperature was adjusted to be slightly higher 

than the body temperature (40-45 օC) which is generally the case for thermal therapy, The 

temperature across the heater band was controlled by finely tuning the current input value. The 

heater's properties were then tested and it was observed that it does not show any discontinuous 

functioning during wrist deformation modes, including extension and flexion. The current input 

value for the wrist band heater was 0.5 A yielding a temperature range around 40-45 օC.  The 

LMIM method was used to pattern other convoluted geometries to optimize the performance of 

the soft heater for its application in thermotherapy and other health monitoring devices.  

 

3.4  Electroadhesion based soft device and grippers 

 

In recent years, there has been an increase in the number of research works involving 

electroadhesion forces for soft actuators applications18–20. Electroadhesion employs an adhesion 

mechanism that involves the generation of adhesion force by applying high voltage.  The 

electroadhesion system generates forces that help in handling irregular, rough surfaces, soft and 

fragile objects. In comparison to other adhesive forces, electroadhesion devices offer lightweight 

and high compliance properties due to the flexible film structure21–24. The electroadhesion devices 

also generate non-contact force that enhances the adaptability towards uneven and porous 

materials 25. Electroadhesion can be triggered by simply turning on the high-voltage supply which 

reduces various complexities associated with the operation26. The electroadhesion with all its 

advantage has been employed in various sectors such as wafer transportation and processing of 

semiconductors27, adhesion mechanism for climbing robots, electroadhesive grippers 28,29, and 

effectors for conducting space missions30–34, The present work involves incorporating the liquid 
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metal electrodes to be used as electroadhesion device and soft grippers for its application in soft 

robotics. The electroadhesion forces were utilized to hold soft as well as fragile objects effectively 

which can be an interesting application in soft robotics.  

 

Figure 21: (a) Schematics of the electro adhesion and gripper device using LM electrodes (b, c) optical image of the 

two electrodes for electroadhesion 

The experiments to demonstrate the electroadhesion phenomenon using liquid metal 

electrodes involves the fabrication of a device that utilizes high voltage values across the electrode 

to generate a strong adhesion force between electrodes and the object surface. The device includes 

the patterning of two electrodes on a 40µm thick TPU film followed by encapsulation with the 

Ecoflex 0030 as shown in Figure 21(a). The red electrode was applied with a high voltage value 

(up to 4 kV,  40  V/µm) and the black electrodes were grounded. The liquid metal electrodes were 

printed using the LMIM method and the distance between the red electrode lines and black 

electrode lines were kept at about 400 µm. Figure 21(b) shows a schematic representation of the 

black and red electrodes which generate a strong electric field on the application of a high value 

of voltage. The device was designed to lift soft as well as fragile objects by controlling the voltage 

input. When a high voltage is applied to the device, a strong electric field is created, which causes 

an object to become polarized. The polarized object and the electrodes are then subjected to a 
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powerful electrostatic force. As the polarized object and the electrodes are brought closer, the 

generated electrostatic force gets sufficiently strong to hold them together shown in Figure 21(c). 

This adhesion between the polarized object and the electrodes was harnessed to lift and drop the 

objects at varying heights. The object used here provides versatility in terms of thickness, weight, 

softness, and brittleness. The notion was to demonstrate to harness electrically driven adhesion for 

its compatibility with different objects.  

 

Figure 22: (a) Schematic for using measuring the shear forces using the paper as specimen (b) Extension-load curve 

for 1 couple with varying voltage values (c) Snapshot of the measurement of the shear force using different couples 

of LM electrodes (d) Extension-load curve for 1 kV with varying electrode couples. 

 

To study the shear forces acting between the polarized object and the electrodes, a 25 mm 

wide paper strip was used as a specimen. We pulled it from the bottom to the top direction of the 

device while measuring the force using the tensile tester (Instron) as shown in Figure 22(a). The 
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shear force is comprised of the electro-shear force and the friction force between the device and 

the polarized object. The measurement was found to be complex as it was difficult to deconvolute 

the two forces and the friction force is highly dependent on the interfacial materials. If glass was 

used instead of paper, due to high friction it would be difficult to measure the forces accurately 

and hence paper is widely used to eliminate the intrinsic adhesion between the surface of the object 

and the electrode substrates. The friction between the paper and TPU film was found to be an 

almost negligible Figure 22(b) manifests that the shear force increases with increasing the values 

of voltage. The maximum force measured was 1.7 N at 4kV, considering the adhesion area (25mm 

x 1mm) shear force was found to be compared according to the previously reported work. If the 

number of electro-adhesion couples increases, the adhesion area interacting with the object 

increases, and hence the shear force increases. Figure 22(d) demonstrates the relation between the 

forces measured with extension for different number couples. The electro adhesion area decreases 

with pulling the paper out as the paper is pulled towards the top direction, and the contact between 

the couples and the paper starts reducing due to which the electroadhesion area decreases and so 

do the shear forces. The experiments provide credential over increase in the shear force with an 

increase in the electro adhesion area, the voltage applied, and an increase in the number of the 

couples. The findings demonstrate that having more electroadhesion couples increases the shear 

forces acting at the interface between object and film. The weight of the device was about 50 g 

and theoretically, the device can hold an object weighing 8 times heavier than the device itself.  
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Figure 23: Soft grippers used for lifting object on application of the voltage 

To harness the electroadhesion forces, we fabricated a soft and flexible gripper to grab and 

move an object. As shown in the Figure, an egg weighing about ~60g was used as a specimen to 

demonstrate the application of the electro-adhesion force for handling a curved object. The 

experiment involves four electro adhesion devices attached to exoskeletal PMMA pieces and the 

electrodes were externally connected with the high voltage supply. Figure 23(a) shows that the 

gripper does not grab the object without the application of voltage as such there are no electrostatic 

forces responsible for the adhesion of the object and the device. However, when 3 kV of voltage 

was applied to the liquid metal electrodes, the gripper gets adhered to the object’s surface and 

grabbed the object. The adhesion force was sufficiently strong to hold and move the object around 

without dropping it. One of the key benefits of this gripper is the weak normal force and in terms 

of magnitude, the normal forces are two orders weaker than the shear force. When high voltage is 

applied, the grippers wrap around the object and due to weak normal forces, the grippers gently 

grab the object which eliminates the threat to break fragile objects. The grippers can be controlled 

with the application of voltage and hence can be used to move around the objects in a controllable 

way. The grippers utilizing the electro adhesion forces can be good potential solutions for handling 

soft, uneven, and fragile objects. 
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CHAPTER 4 

CONCLUSION AND FUTURE WORK 

 

4.1  Overview 

 

The present study demonstrates a novel method of patterning liquid metal on the soft 

substrates for its soft electronics. Thermoplastic poly(methyl methacrylate) (PMMA) was used to 

fabricate a mold using a commercial laser engraver (VLS 3.50, ULS) to define microchannels on 

the surface. The acrylic mold was then coated with FS using the sol-gel process to introduce the 

nanoscale roughness surface roughness to prevent the adhesion between the liquid metal oxide and 

mold surface. The study also promotes the use of other materials (beyond PMMA) to be coated 

with fumed silica for patterning the liquid metal geometries on the substrates. The acrylic mold 

has holes engraved on both ends of the microchannels. Liquid metal can be injected through these 

holes into the microchannels. The mold is then removed, leaving liquid metal on the substrate.  

The metallophobic FS coating prevents the metal from sticking to the mold. The patterned metal 

is potentially used as electrodes, sensors, wearable heaters, actuators, and soft grippers as discussed 

earlier.  

 

4.2  Areas of advancement 

 

A commercial laser writing system (VLS 3.50, universal laser system) using a 40 W CO2 

laser operating at 10.6 µm sanded the microchannels on the PMMA molds. The width of the 

geometries was restricted to 300 µm, but the main area for improvement in the liquid metal 

injection molding method for commercial printing of liquid metal would be to achieve higher 
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resolution. Therefore, improvement can be accomplished by engraving the microchannels with a 

higher resolution laser or other patterning techniques. 

The liquid metal injection molding method has consistency and reliability for patterning 

different geometries of liquid metal on the substrates, Lifting the mold after liquid metal injection 

is a crucial step in maintaining consistent geometries, so work can be done to improve the 

controllability of this process. The challenges of applying pressure manually can be addressed in 

a better way during the manual injection printing of liquid metals. The present work demonstrates 

an advancement in continuous printing of liquid metal, which can enable commercial printing of 

liquid metal for its various applications in soft electronics. However, the process still needs to have 

a fully automated dispensing system for the injection of liquid metal through the microchannel 

mold. The system would ensure the specific volume of the liquid metal injected into the 

microchannels. The technology uses a piston to place the mold, which tends to apply uniform 

pressure and ensures clean removal of the mold, improving the consistency of the various patterns. 

The ability to print geometries on curved or non-flat surfaces is one of the most intriguing aspects 

of the current work because it allows for some of the most exciting applications for 3D-printed 

microelectronic devices. As a result, the use of LMIM in 3D-printed electronic devices can be 

explored in the future. 

The work also reports the fabrication of a soft wearable heater for harnessing the Joule 

heating of the LM wires or geometries, The results and observation for a series of experiments 

indicated that the LM wire withstand the current density up to ~ 5 kA/cm2 and beyond this value, 

the liquid metal line break or discontinues as shown in Figure 24(b).  
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Figure 24:  Microscopic image of LM wire encapsulated in elastomer (a) current density < 5 kA/cm2 (b) current 

density >5 kA/cm2 

Future studies can investigate the cause behind the discontinuity of liquid metal wires at 

high current density. For example, it may be caused by thermal expansion differentials, or it could 

be caused by electromigration. The liquid metal wires were patterned and tested at high current 

values, and it was observed that the wire remains conductive for a current density less than 5 

kA/cm2 and beyond that the liquid metal discontinues as shown in Figure 24. Once they break, 

they no longer possess its electrical conductivity.  
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The following is a technical report for a project I worked on during my MS thesis.  The project 

focused on using continuous electrowetting to move slugs of liquid metal to enable thermal 

switching.  We ultimately abandoned the project due to the formation of bubbles via 

electrochemical reactions that prevented the switch to be used in outer space applications. 

              



51 

 

ABSTRACT 

 

Thermal management of satellites in orbit requires a careful balance of heat rejection to 

space via radiation with the internal and external heat loads. The thermal environment encountered 

by satellites varies greatly throughout the orbit which makes thermal management extremely 

difficult. One promising technology is a thermal switch which can provide thermal control by 

switching between high and low heat transfer regimes around a set point. The present research is 

carried out on passive techniques for the actuation of liquid metal by an electric field. The work 

primarily focuses on the continuous electrowetting of LM (CEW) in a confined operational 

condition for its application in thin thermal switches for space applications. The report briefly 

provides an overview of the research findings and attempts made to fabricate a fully operation 

thermal switch on a lab scale. It also provides brief insights into operational hurdles during the 

testing of the device and attempts made to resolve them.  
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EGAIN-BASED THERMAL SWITCH FOR AEROSPACE APPLICATIONS 

 

Introduction 

Thermal management of satellites is a primary requirement in recent times which requires 

a cautious balance of the heat rejection to space via radiation with the internal and external heat 

loads. The thermal environment encountered by satellites varies greatly throughout the orbit which 

makes thermal management extremely difficult. One promising technology is a thermal switch 

which can provide thermal control by switching between high and low heat transfer regimes 

around a set point. The ultimate need for thermal control has specifically become important with 

power densification resulting in devices with local heat fluxes as high as 1 KW/cm2[1]. Primarily, 

the passive technique is explored more due to its reliability in the thermal expansion of the terminal 

material. Liquid metals are one of the most promising materials due to their unique duality of being 

fluidic and conductive at room temperature. Fundamentally, liquid metal has the property of 

forming a thin elastic oxide which is about the dimension of 3-5nm. The oxide help LM droplets 

to hold spherical shapes in ambient conditions. Gallium-based liquid metal LM is highly promising 

for its use in soft electronics due to lower vapor pressure and non-toxicity. Liquid metal possesses 

high thermal conductivity and relatively low conductivity. The property of LM of being actuated 

by an electric field has made it one of the potential materials for thermal management of the heat 

loads in satellites. The present research demonstrates the fabrication of the thin thermal switch 

harnessing the continuous electrowetting of LM. The report manifests challenges and outcomes 

for continuous electrowetting of liquid metal in a prefabricated acrylic geometry. 
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Figure 25: (a) "ON" state where LM droplet acts as a bridge for conduction of heat between source and sink.  (b) 

"OFF' state where LM drop does not serves as a bridge between the heat sink and source1. 

The above-mentioned schematic demonstrates the actuation of LM droplets in a silicone 

channel filled with the reducing liquid or vapor which reduces the oxide formed and enables the 

motion within the channel path. The report will provide a brief overview of the experiments 

conducted for the fabrication of EGaIn-based thermal Switch applications for Space applications.  

 

Purpose: 

The previous work reported the continuous electrowetting of LM in a prefabricated 

“Master card shaped” switch filled with 1M NaOH (aq) as a fluid that keeps metal free from oxide. 

The device demonstrated was fabricated using a stack of acrylic pieces and was held un-sealed 

during the testing. 
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Methods and materials 

                

Figure 26: (a) Top-down schematic of the thermal switch "Master card design". The blue/red region houses the 

electrodes.  The liquid metal will reside in the round regions and move back and forth between the two round chambers 

via continuous electrowetting. (b) Dimensions of the channel used for connecting electrodes. 

The work has demonstrated the continuous electrowetting of liquid metal in the master card 

design for controlled motion of LM for thermal switch applications. The master card design was 

intended to have two chambers and of them would serve as a thermally conductive path when LM 

gets displaced to act as a bridge between the heat source and heat sink (Which reside below and 

above the disc-shaped chamber). The initial design and fabrication were done with PMMA (acrylic 

of thickness 2mm). The dimensions of the channels were estimated by trial and error and the depth 

of these channels was measured by Laplace pressure difference equations. The work demonstrated 

the use of AC Square wave signals for the CEW of EGaIn.  

Table 2:  Function wave generator parameters 

Signal Frequency (Hz) 
Amplitude 

(Vpp) 
Offset (DC) Duty Cycle (%) 

Ac square wave 1 µHz 1 ± 4.5 80 

Ac square wave 1 Hz 1 ± 4.5 80 
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Ac square wave 10 Hz 1 ± 4.5 80 

Ac square wave 50 Hz 1 ± 4.5 80 

 

Observation: 

The testing was carried out with a square wave of variable frequency and the above-

mentioned parameters. The work shows pulsation at frequencies of 1 Hz, 1 Hz, and 10 Hz, 

however, it begins to decline when the frequency is increased while the time for completing each 

cycle decreases. For each cycle, the signal is in the positive phase for 80% of the time and in the 

negative phase for 20% of the time. The device that was tested with these parameters allows for 

continuous electrowetting of LM, and the LM slug displaces the reducing liquid in either chamber, 

depending on the polarity of the applied voltage. The signal tends to behave like a DC signal when 

the frequency value increases and hence the pulsation of LM is not evident during normal 

observation. The existing work done by the team was reviewed and few key issues were found, 

and future work was proposed to address the problems.  

Key issues and future work 

The testing of devices manifests the CEW of LM slug inside the device which can 

potentially use for managing the heat loads of the satellite.  

1. Robust sealing 

Since the device is unsealed the reducing fluid (NaOH) was displaced and pumped out 

through the electrode channels and over time after a few cycles the device is just left with LM slug 

and air which results in oxide formation and hence ultimately hinders the motion and CEW. This 

section will address the issue of sealing and prospective solutions to avoid the leakage of reducing 

fluid from the device. 
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2. Electrolysis  

The reducing liquid is aqueous NaOH and hence one of the major problems observed using 

the aqueous solution in a confined device with the voltage value mentioned earlier results in the 

electrolysis of water which enables the formation of H2 and O2 gases at the respective electrodes. 

These gases in form of air bubbles not only disrupt the contact between electrolyte and electrodes 

but also form oxide around the LM slug which leads to adhesion of the oxide with the acrylic (top 

and bottom substrates). The reports manifest the work done to solve the problem of electrolysis 

and eliminate the bubbles formed to an extent that will guide the future direction of the project. 

3. Redefined geometries 

Since the voltage value required to enable CEW of LM slug in master card design was 

higher than the electrochemical windows (1.23 eV). The bubbles were introduced to the system by 

electrolysis of water and hence the report demonstrates the work done to design and test geometries 

other than master card design for the lower voltage drop across the path.  

4. Reaction of EGaIn with (NaOH) 

The formation of bubbles was also suspected as a byproduct of the reaction between the 

EGaIn and NaOH and hence several attempts were made to define an alternative reducing liquid 

instead of NaOH. The report manifests the work done on various electrolytes to enable CEW of 

LM slug in a confined device. 
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1. ROBUST SEALING 

Purpose 

The voltage-driven CEW of liquid metal slug in the reducing liquid media (NaOH) causes 

pumped of the low viscous/denser fluid out through the microfluidic channels designed for the 

electrodes and this causes air to enter the device that results in the formation of oxide causing the 

device to stop functioning. The aim here is to apply a robust sealing that avoids the leakage of 

NaOH from the device and prevents the air from entering to the device. 

Proposed solution 

The device is sealed with robust sealing by using the scotch-weld 2216 B/A (5:7) and 

Epoxy (353 ND) A: B (1:10). The epoxy takes around 24 hours for curing under ambient 

conditions, while takes around 3-4 h. when kept in an oven at 80 C. The sealing was robust enough 

to avoid any sort of leakage from adjoining points of three acrylic pieces.  

Method/ Process/ Experimentation 

 

Figure 27: Existing process flow for fabrication of thin thermal switch 
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The above-mentioned process flow has been used for the fabrication and testing of the thin 

thermal switch. The sealing of the device was found to have certain flaws and due to which an 

additional step was defined to enhance the adhesion between different acrylic pieces.  

 

 

Figure 28: Modified process flow for fabrication of thin thermal switch 

 

Observations 

The sealing of the device proved to prevent major leaking of the reducing fluid during a 

test of the device. The viscosity of the epoxy is relatively less and due to this, the epoxy flows 

through the gaps between the acrylic pieces leading to channel clogging and hence the electrode 

channels get blocked.  
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Figure 29: (a) Master card design sealed with the epoxy (b) Master card design sealed with scotch weld (c) 

Schematic showing leakage of electrolyte due to poor contact of scotch weld with a metal electrode 

Figure 6 (a & b) demonstrates the sealing of the device using scotch weld and epoxy. The work 

reports that the adhesion of metal electrodes with the epoxy and scotch weld is poor due to which 

there is often a chance of leakage of NaOH through the electrode channel as shown in Figure 6 

(c). This also leads to evaporation of the electrolyte at required conditions.  

Outcomes 

The later experiments can be done using some glue or epoxy which makes good contact between 

the metal electrodes. Torr Seal and silicone are suggested to be used for the better sealing of the 

electrode channels. 

 

 

(a) (b) 

(c) 
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2. ELECTROLYSIS 
 

When the voltage value is applied beyond the electrochemical window (1.23 eV), the 

aqueous reducing liquid employed as an electrolyte undergoes electrolysis leading to hydrogen 

and oxygen gas evolution. According to previous research, the minimum offset voltage necessary 

for enabling the CEW of the LM slug in master card design is 4.5 V, which is higher than the 

electrochemical limit, resulting in the evolution of H2 and O2 gas at corresponding electrodes. Over 

numerous cycles of the LM slug moving on either side (chamber), these air bubbles grow large 

enough to create an oxide around the slug, resulting in oxide adhesion to the substrate (Top and 

Bottom pieces or layer). 

Purpose To eliminate or suppress the formation of air bubbles for increasing the shelf life of the 

device. 

Method/ Process/ Experimentation 

a) Electrode materials 

To resolve the formation of bubbles various metallic electrodes were tested to suppress or 

eliminate the formation of bubbles including copper, nickel, platinum, and tungsten.  

 

Figure 30: (a) OER volcano plot for metal (b) OER volcano plot for metal oxide 
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The above Figure demonstrates the voltage value for oxygen evolution reactions for 

different metal and metal oxide. It was found that with a combination of metal as cathode and 

anode, the HER and OER intensify, and the device quickly gets to the point where it stops 

functioning further. The threshold voltage value required for the CEW of LM is beyond the 

initiation of hydrogen or oxygen evolution reactions and hence it is extremely difficult to suppress 

the formation of the bubbles with different metal and metal oxide electrodes. The experiments 

were conducted with copper, nickel, and platinum electrodes, copper was observed to get errored 

over time due to its reactivity with the electrolyte while nickel and platinum do not chemically 

react with the electrolyte. However, the work can be done for advanced research on hybrid metallic 

alloy electrodes which also are prone to react with the reducing liquid (NaOH), but the present 

work was limited to the use of traditional metal electrodes for the continuous electrowetting of 

LM.  

b) Electrolytes 

Another possible way of suppressing or reducing the formation of bubbles inside the 

system was to find an alternative to the reducing liquid or electrolyte. The present work focuses 

more on finding the optimum concentration of aqueous NaOH to reduce the formation of bubbles 

and increase the shelf life of the device. Subsequently, an alternative electrolyte was worked upon 

to serve the purpose of continuous electrowetting of liquid metal in confined geometry. 

Purpose To find an alternative composition of electrolytes that suppresses or reduces the intensity 

of bubbles formed during the function of the device. 
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Method/ Process/ Experimentation 

 

Figure 31: Time vs concentration of acid or base for removal of oxide 4. 

The above Figure demonstrates the time vs concertation of the reducing liquid used to get 

rid of the oxide. The initial trials were made by reducing the concentration of NaOH starting with 

ranging from 0.01 M to 1 M.  

 

Table 3: Observations at different concentrations of NaOH 

 

NAOH 

CONCENTRATION 

(M) 

DID EGAIN 

MOVE? 

BUBBLE 

FORMATION 

OXIDE 

FORMATION 

(OVERNIGHT) 

0.01 

No, EGaIn 

Didn’t move at 

a voltage range 

from 1V to 

4.5V 

Yes, but fewer 

bubbles were 

observed 

Yes 

0.05 

Yes, EGaIn 

moves with 

V˃3 V 

Yes, but fewer 

bubbles were 

observed 

Yes 
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0.1 

Yes, EGaIn 

moves with 

V˃3 V 

Yes, but fewer 

bubbles were 

observed 

Yes 

0.125 

Yes, EGaIn 

moves with 

V˃3 V 

Yes, but fewer 

bubbles were 

observed 

Yes 

0.25 

Yes, EGaIn 

moves with 

V˃3 V 

Yes No 

0.5 

Yes, EGaIn 

moves with 

V˃3 V 

Yes No 

 

 

The results suggested with the decrease in the concentration of NaOH, the intensity of 

bubble formation was reduced and therefore the shelf life was increased but bubbles were still not 

eliminated from the system. The conductivity of the solution decreases with the decrease in the 

concentration of NaOH and hence other salts were tested to increase the conductivity of the 

electrolyte. Buffers such as NaNO3, NaH2PO4, and Na2SO4 were ineffective in preventing bubble 

formation at the electrodes and did not seem to slow down the electrolysis.  

Therefore, further advancement of the work was pursued for finding an alternate electrolyte 

with ideal characteristics that enable CEW of LM in a confined (sealed) device without any 

formation of bubbles and erosion of electrodes. The two pathways for finding electrolytes involves 

aqueous and non-aqueous electrolyte. The work on aqueous electrolytes was proposed for 

increasing the range of the e-chem window to avoid electrolysis at lower voltage values. Primarily 

for the selection of the ideal electrolyte, the following criteria need to be addressed. 
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Figure 32: Electrolyte characteristics 

 

➢ The viscosity of the electrolyte should be less than the viscosity of the LM slug. 

➢ The electrolyte should be conductivity. 

➢ The electrolyte should be sufficient to reduce the oxide around the LM slug to avoid any 

sort of adhesion. 

 

1-decylphosphonic acid (DPA) ethanolic solution 

 

Figure 33: Surface treatment for increasing the contact angle 2 

Electrolyte 
Characteristics 

Viscosity Conductivity
Oxide Reduction / Prevent 

Adhesion
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Phosphonic acid modifiers are used to modify the fluid interface chemistry rather than 

removing the oxide. The phosphate group favors the adsorption of metal oxide through several 

bonding including hydrogen and some covalent bonds. Phosphonic acid treatments result in the 

formation of low surface energy hydrophobic surface which eliminates adhesion of the oxide skin 

to substrates while simultaneously controlling the thickness of the native surface oxide.  

Non-aqueous electrolyte 

2 M NaOH in Methanol (MeOH) 

Previous work has reported the use of 2M NaOH being effective in keeping the LM drops 

oxide free. The present work replicates the use of 2M NaOH for the CEW of the LM. The 

electrolyte has also been to reduce the oxide layer and avoids LM to adhere with substrates. The 

mentioned electrolyte however tends to reflect precipitation and settling of NaOH particles which 

can break the contact of the electrode with the electrolyte in the longer run. Bubbles were observed 

on the application of the threshold voltage for continuous electrowetting of liquid metal. The gas 

evolved can be carbon dioxide, hydrogen, methane, etc.  

 

0.2 M Tetrabutylammonium chloride in acetonitrile 

The organic solvent (Acetonitrile) was employed in the experiment; however, it lacked 

conductivity. So, tetrabutylammonium chloride in acetonitrile was used as salts to provide free 

ions and improve conductivity. There were no bubbles found when voltage was applied through 

acetonitrile without salts, whereas the electrolyte with salts initially removes the oxide when 

voltage is applied, but as the voltage is increased, bubbles appear in the system, ruling out the use 

of electrolyte for CEW of LM in thermal switches. 
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3. REDEFINING THE GEOMETRIES 
 

The continuous electrowetting of LM in master card design requires a threshold value of 

about 4.5 eV for the complete functioning of the device. The voltage required is higher than the 

electrochemical window and hence to avoid the generation of bubbles, some changes were made 

in the design to lower the voltage drop.  

Purpose To lower the voltage value for CEW of LM to eliminate the formation of the bubble via 

electrolysis of the aqueous electrolyte (NaOH) 

Method/ Process/ Experimentation 

The initial experiments were designed to reduce the voltage value required for CEW of LM 

by decreasing the width of the channel and correspondingly reducing the volume of LM slug in 

the device 

 

 
Figure 34: Relationship between velocity, voltage, and channel width 3 
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The above Figure demonstrates the relation between the width of the channel and the 

voltage value required for different volumes of the LM slug in the device. The relation shows the 

voltage value required for CEW of LM increases with the increase in width of the channel and the 

volume of the LM in the device. Hence, few attempts were made to narrow down the channel 

width to reduce the voltage value. 

A) Adding a shelf to the master card design  

 

           

Figure 35: Schematic for master card design with shelf 

The shelf was added for bubbles to have an escape route to avoid any sort of hindrance for 

the LM slug to have transitioned from one side to another. The notion was to add excess NaOH to 

increase the shelf life and decrease the voltage value. The second design was proposed to enhance 

the contact between the electrolyte and electrode and was thought to increase the life of the device. 

Observations: The experiments conducting a design test yields no significant drop in the value of 

voltage required for the CEW of LM. The shelf however served the purpose for air bubbles to 

escape and reduces the hindrance to the transition of LM, but the voltage required was about the 

same. 
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B) Circular design 

The attempts were made to design a circular geometry for the Thermal switch device. This 

involves multiple electrode designs for better controlling the motion of the LM slug in the NaOH.  

 

           

            

Figure 36: Schematic for circular design 

Observations 

The circular channels with multiple electrodes were designed for the CEW of LM. The 

design was made with the prospects of having better controllability and lowering the voltage value 

to avoid electrolysis of the reducing aqueous NaOH.  

There were difficulties with the manual fabrication of these circular geometries due to their 

design the top, bottom, and central layers were hard to be placed in stack symmetrically. The laser 

cuts the acrylics thoroughly and therefore makes it difficult to have a uniform channel width with 

the center part being stuck manually with epoxy. The initial design shown in the Figure has a 

2 mm 2 mm 
2 mm 

2 mm 
2 mm 
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straight electrode channel which causes the leakage of NaOH and hence the geometries of the 

electrode channels were re-defined to avoid leakage of the electrolyte. The devices were then tested 

with lower voltage values and in the initial reading, the LM slug was found to be triggering or 

vibrating about its place. However, the motion was not controllable. The device was further found 

to have leakage issues to manual sealing and stop functioning after a few testing attempts. Short-

circuiting of the device was also an issue hampering the controlled continuous electrowetting of 

liquid metal. The minimum voltage value used for the motion of LM was 2.5 V but again it was 

not stable and may the potential reason can be shorting of the device. 

 

C) Semicircular design 

                        

Figure 37: Schematic for semi-circular design 

 

Table 4: Testing parameters for semi-circular design 

Signal AC Square Wave 

Solvent 0.05 M NaOH 

Design Semi-circular 

Channel Width 3 mm 

Frequency 10 mHz 

Amplitude 1.20 Vpp 

Offset 0 VDC 
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Duty Cycle 50 % 

Electrode Ni (2) 

  

The semi-circular designs seem to be promising in the initial testing but later the device 

stops functioning after a few cycles. The potential reasons were the formation of oxide, leakage of 

the electrolyte, etc. The insufficient quantity of the electrolyte can also be a cause for the formation 

of oxide as there is always some leakage of electrolyte due to a lack of robustness in sealing. 

 

D) Straight channel designs 

The straight channel was designed to conduct a trial and error-based experiments to find 

the threshold voltage required to enable continuous electrowetting of LM for its application for 

space application. 

 

Figure 38: Straight channel design 

The single channel geometries were tested and the following are the threshold parameter observed 

for enabling continuous electrowetting of LM.  

 

Table 5: Testing parameters for straight channel design 

Signal Frequency (Hz) 
Amplitude 

(Vpp) 
Offset (DC) Duty Cycle (%) 

Ac Square wave 100 mHz 1.2 0 VDC 50 

Multiple parallel channels 
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Figure 39: Multiple parallel lines 

The multiple channels were tested with different volumes of liquid metal for finding the 

combination that works best, which is also mentioned earlier. The channel with a higher volume 

of LM tends to move faster compared to the channel with a lesser volume, as it moves to the other 

end. This may be because with a larger volume of LM in the channel the path or distance that 

needs to reach the other end is less and hence it covers up faster than the channel with less volume 

of LM. The following was the parameter used for the testing. 

Table 6: Testing parameters for multiple parallel lines 

Signal Frequency (Hz) 

Amplitude 

(Vpp) 

Offset (DC) Duty Cycle (%) 

Ac Square wave 100 mHz 1.2 0 VDC 50 

 

The device works well for the initial few cycles but then it tends to get adhere to the acrylic 

substrates and ultimately stops functioning in the longer run. The key observation here device 

when tested after 24 h. after its fabrication, the above-mentioned parameter didn’t work. The 

possible cause for this is the formation of oxide as the device is untested for 24 h, LM slug forms 

oxide and adheres to the substrates which then makes it difficult to enable CEW with a lower 

voltage value. 
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Fumed silica coating 

The proposed solution for preventing the oxide adhesion with the acrylic substrates can be 

introducing some roughness which is reported to prevent the adhesion of oxide by the previous 

work done in the Dickey Group. The nano-particle coating introduces nano-scale roughness around 

1-10 nm depending upon the exposure time. The FS physically absorbs to the surface of acrylic 

(PMMA) by plasticization making the surface tacky which makes the surface have poor contact 

with the LM oxide. 

 

            

 

Figure 40: (a) Oxide adhesion on uncoated PMMA substrate (b) Fumed silica coated PMMA 

 

E) Reservoir design 

The purpose of designing the device with a reservoir was to have an excess electrolyte to 

avoid the formation of oxide and enable the smooth function of the device for a longer period. The 

single channel design was modified, and some modifications were made to the sealing process.  

Oxide adhesion 

(a) (b) 
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Figure 41: (a) Reservoir design (b) Laser writer parameter 

The Figures manifest the single channel design with two reservoirs of excess NaOH. The device 

was made by cutting the PMMA with mentioned laser parameters. The device was sealed with 

slight modification in the procedure, the below-mentioned chart is the procedure adopted for the 

fabrication of the device. 

 

Figure 42: Process flow for fabrication of the device 

Cutting the 
PMMA 

Fumed Silica 
coating

Applying DCM 
between the 

layers

Sealing with 
Scotch Weld

Filling NaOH 
and LM

Vacuum filling 
NaOH

Applying epoxy 
to seal electrodes 

and curing

Testing the 
Device

(a) (b) 
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The device was tested using AC square wave signals and DC voltage to determine the value of the 

threshold voltage enabling the CEW of LM for the thermal switch. The experiments were 

conducted continuously for the AC square signals while for DC signals the tests were made in 

regular time intervals.  

AC Square signals 

Table 7: Parameters for testing reservoir design 

Signal Frequency (Hz) 

Amplitude 

(Vpp) 

Offset (DC) Duty Cycle (%) 

Ac Square wave 100 mHz 2.3  𝟎 50 

Ac Square wave 5 Hz 1.2 0 80/20 

 

The first configuration was used to have continuous testing of the device and determine its 

life of the device. The latter configuration was used to test the device on time-based intervals with 

a difference of 24 h for a week. 

 

     

Figure 43: Reservoir design (a) at 0 h (b) after 144 h 

 

(a) (b) 
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The device was tested using the first configuration continuously overnight for a week. 

Figure (a) shows the fabricated device after curing and the device shown in Figure (b) is after 144 

h. from the beginning of the test. The formation of bubbles was gradual over time but significant 

enough to get into the path of LM in the channel and block the motion. The device worked well 

for a week before it stops functioning. The latter configuration was used for testing the device at 

regular intervals and it worked well for 12 days. The LM slug forms oxide and gets adhered to the 

wall of the channels as it is on rest for 24 h. between two testings.  

DC Voltage bias 

Table 8: DC voltage parameters 

Signal Frequency (Hz) 

Amplitude 

(Vpp) 

Offset (DC) Duty Cycle (%) 

DC Signal - - 1.2 - 

The device was tested using DC voltage, and it was initially noted that the device operated properly 

for the mentioned voltage value at regular intervals.  

 

   

Figure 44: Reservoir design (a) at 0 h (b) after 120 h 

(a) (b) 
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Figure 20 (a) demonstrates the initial testing after the fabrication of the device, there are some 

bubbles in the system before the testing. These bubbles may have been introduced into the system 

during the injection of LM by the pressure difference created with injection and ejection of the 

syringe into the channels. The curing of the epoxy used to plug the channels' exit holes is another 

potential reason why these bubbles could enter the system.  
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4. Reaction of EGaIn with NaOH and Water 

Purpose 

 To investigate the presence of a bubble in the sealed device.  

Method/ Process/ Experimentation 

The device was tested at a DC voltage of 1.2 V, which is below the electrochemical window for 

aqueous electrolyte electrolysis. Experiments were carried out by creating a device filled with LM 

and electrolytes without any electrodes to investigate the reasons for the presence of bubbles in a 

confined or sealed device. 

 

 

Figure 45: Bubbles formed by the reaction of LM and electrolyte 

A commercially available scotch weld was used to completely seal the device, which was then 

monitored for roughly 10 days. This was never meant to evaluate the device for CEW of LM. 

Thus, the theory of electrolysis-induced bubble formation was terminated. As a result of the 

Air Bubble 
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mentioned fabrication issues, the gadget does have some bubbles in the reservoir. Even though the 

device was kept idle function any motion, the bubbles keep enhancing the device. As shown in the 

Figure after careful observation, some bubbles were found to be on the peripheral region between 

LM slug and channel walls which leads to the formation of oxide and ultimately hinders the motion 

of LM. The potential reason for it is a reaction between the LM and electrolyte i.e., NaOH. 

2Ga + 2NaOH + 6H2O → 2Na[Ga(OH)4] + 3H2 

This was also verified by a simple experiment of Injecting a few drops of LM and adding NaOH 

to it in the vail and sealing it. The vial was kept idle for a few days and was monitored. 

 

         

Figure 46: Vial experiments (a, b) bubbles formed by the reaction of LM and 1 M NaOH electrolyte 

Initially, there were small air bubbles present on the LM slug which keep enhancing over the 

next few days and ultimately get combined to form a bug air bubble as shown in Figure (b).  

 

 

(a) 

(b) 
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Prospects 

The current methods used to build systems that are susceptible to air bubbles are insufficient and 

can be improved as the research objective is to fabricate a device with absolute eradication of 

bubbles inside the sealed system. However, research finding demonstrates various issues that 

need to be addressed to make the system bubble free for its use in thermal space applications. 

Future work can be done to synthesize an alternative electrolyte that is conductive, chemical 

non-reactive, less viscous, and has characteristics to reduce the LM oxide. The CEW of LM in a 

sealed device provides great controllability for thermal switch application by tuning the voltage, 

frequency, and duty cycle parameters.  
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