
ABSTRACT 

PAREKH DISHIT, PARESH. Additive Patterning of Gallium-based Liquid Metal Alloys at Room 

Temperature for Rapid Prototyping of Multilayered Microfluidics and 3D Printed Soft Electronics. 

(Under the direction of Dr. Michael D. Dickey).  

 

This dissertation studies the additive patterning of gallium-based liquid metals such as 

eutectic gallium indium (EGaIn) for direct-writing 3D microfluidic channels with vasculature and 

interconnects for fabrication of flexible and stretchable printed electronics. EGaIn is a conductive 

liquid metal at room temperature. Upon exposure to air or dissolved oxygen, EGaIn forms a thin, 

passivating oxide skin of a few nanometers that alters its rheological properties such that it can be 

used for building 3D, out-of-plane, and free-standing mechanically stable microstructures despite 

the destabilizing effects of high surface tension and density. Doping these liquid metals with other 

bulk conductive metals forms pastes that can be processed near room temperature for nano-

imprinting and fabrication of solid, conductive architectures that are thermally stable.  

Chapter 1 serves as an introduction to highlight the different techniques used in literature 

for incorporating conductive elements into 3D parts made by additive manufacturing, thereby 

motivating liquid metals as electronic materials for patterning soft conductors, microfluidics and 

printed electronics. Chapter 2 focuses on the work done for understanding the shear-driven direct-

writing printing process. This work elucidates the mechanisms, operating parameters, and 

considerations surrounding this process including dispensing pressure, choice of substrate, print 

height, the effect of the surrounding environmental conditions, and finally, the speed and 

acceleration of the printer. This chapter provides an accessible guide containing the best practices 

to implement direct-write printing of liquid metals. Chapter 3 presents a new but simple method 

to fabricate microchannels with vasculature at room temperature by direct-writing liquid metal as 

a sacrificial template material. The method produces robust monolithic structures without the need 



for any bonding or assembling techniques that typically limit the materials of construction of 

microchannels across more than one layer in the Z-direction. Removing select portions of the metal 

leaves behind patterned 3D metal features that can be used as antennas, interconnects, or electrodes 

for interfacing with lab-on-a-chip (LoC) devices. The work also discusses the capabilities and 

limitations of this process. Chapter 4 demonstrates multiple examples of 3D hybrid electronics 

fabricated unconventionally with liquid metal as the conductive element patterned using techniques 

such as screen printing, direct-writing, peristaltic pumping and vacuum filling while depositing the 

polymers using additive manufacturing approaches such as inkjet printing, aerosol jet printing, 

continuous liquid interface production (CLIP), and fused deposition modeling (FDM). We discuss the 

fabrication process flow, important mechanical and electrical characterizations, and finally highlight the 

challenges associated with liquid metal-based 3D printed electronics. Chapter 5 demonstrates and 

characterizes a novel but simple process to formulate a conductive paste for additive patterning of 

solid metallic structures at ambient conditions formed by taking advantage of the low melting point 

of liquid metals such as gallium and its affinity to alloy with other metals such as copper. The paste 

has sufficient shelf life that it can be extruded from a nozzle at modest temperatures to form solid 

3D shapes. The paste can also be molded at room temperature with feature sizes ranging from a 

few millimeters down to hundreds of nanometers. This technique could enable 3D printing of solid 

metals at temperatures compatible with polymers as well as the creation of micro- and nano-structured 

metallic surfaces that may be useful for optics, non-wetting surfaces, or electrowetting. Chapter 6 

discusses the overall summary of the thesis project and outline the on-going efforts and future directions 

to aid the continued progress of this research endeavor. Appendices provide supporting information.  

We believe that the novel work reported in this thesis will serve as a valuable contribution 

to the academic community researching on additive manufacturing of 3D printed, soft electronics.  
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Chapter 1. Introduction 

A part of this chapter has been published by CRC Press as an invited book chapter in 2015 

under the name of “Multifunctional Printing: Incorporating Electronics into 3D Parts Made by 

Additive Manufacturing” with Dr. Denis Cormier and Dr. Michael D. Dickey in the textbook called 

“Additive Manufacturing”.  
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Abstract 

The focus of this dissertation is to investigate and understand the room temperature-based 

patterning of liquid metal alloys such as eutectic gallium-indium (EGaIn) using additive 

manufacturing for fabrication of functional multilayered microfluidics and 3D printed soft 

electronics. There are three themes uniting the work described in this dissertation, including, (1) 

Developing a novel shear-driven direct-writing technique to pattern liquid metals, (2) Enabling a 

simple, maskless platform for fabrication of microfluidic channels and soft electronics, and (3) 

Studying interaction between liquid metals and solid metals to formulate conductive pastes for 

patterning electronics. Since the past few decades, gallium-based liquid metal alloys have been 

gathering growing interest due to its application in various flexible and stretchable electronic 

applications as a conductive yet fluidic metal that can be patterned at room temperature. This 

dissertation proposes to advance this field of research by studying unconventional approaches to 

pattern this liquid metal and further aid the development of its applications in electronics.  

This chapter discusses the different additive manufacturing[1] technologies and its promise 

of being a decentralized and customizable manufacturing technique for the future. To help 

motivate the work reported here, we will review the conventional subtractive method of 

photolithography for building electronics and understand why new-age printed electronics 

processes do not translate readily into additive manufacturing. In addition, we will  evaluate the 

different emerging additive patterning techniques based on surface direct-writing for deposition of 

electronic materials We will then discuss the need for using low-melting point liquid metal alloys 

for fabrication of flexible and stretchable electronic devices. Finally, the unique properties of 

gallium-based liquid metal alloys are highlighted followed by a brief review of its applications in 

soft electronics that will help inspire the novelty of the work reported in this dissertation. 
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1.1 Additive Manufacturing 

1.1.1 Introduction to Additive Manufacturing 

According to the ASTM definition,[2] Additive Manufacturing (AM) or Rapid Prototyping 

(RP) is the process of joining materials to make objects from 3D model data, usually layer upon 

layer. More colloquially, AM and RP are referred to as “3D printing”. In 2014,[1] TIME Magazine 

heralded 3D printing as one of the 25 best inventions of all-time signifying that it can lead to a 

decentralized and highly customizable manufacturing technique in the future. Although many AM 

techniques exist, they all employ the same basic steps. These steps are: (1) Create a computer 

model of the design; (2) Slice the model into thin cross-sectional layers; (3) Construct the model 

physically one layer atop another; (4) Clean and finish the part; as shown in Figure 1.1.[3]  

 

Figure 1.1 Example of an additive manufacturing process. [3] A 3D CAD model is broken up into 

thin slices, which are then printed in an additive manufacturing process in a layer-by-layer fashion 

to create a 3D printed part. 
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The main feature of AM is its low cost due to the potential elimination of tooling as 

opposed to subtractive manufacturing that can help improve faster lead times.[4] In addition, with 

3D printing, the complexity of design is free allowing the user to physically realize multiple design 

iterations as fast as possible due to the technology being direct and digital in nature without the 

need for any investment mold.  

1.1.2 Applications of Additive Manufacturing 

Since the last few decades, 3D printing has been employed in multiple sectors[5,6] such as 

the aerospace industry for prototyping complex assemblies,[7–10] architecture industry for building 

3D construction design models and sustainable housing,[11–13] automotive industry for prototyping 

concept car parts,[14–16] dental industry for realizing accurate and customized dental implants,[17–

20] and the biomedical industry for creating customized bio-compatible prosthetic implants[21–23] 

and advanced experimental work such as bio-printing of organs.[24–26]  Due to this widespread 

adoption of 3D printing, global AM market revenue is expected to grow from $5B in 2015 to $22B 

in 2025 with a compound annual growth rate (CAGR) of 15%.[27] 

1.1.3 Impact of Additive Manufacturing on Electronics 

  Electronics are devices that provide one or more electrical functions (e.g., communications, 

sensing, computation, memory) via the use of circuits and electrical components. Examples of 

electronic components include the fundamental passive circuit elements (resistor, inductor, 

capacitor, memristor), conductors (wires, interconnects, antennas), insulators, transistors, sensors, 

and MEMS devices (useful for switching, actuating, and sensing). Electronics are ubiquitous in 

modern society in the form of cell phones and computers, and are incorporated in many appliances, 

cars, and toys, to name but a few examples. The electronics industry is driven by products that are 

smaller, thinner, lighter, faster, and more cost-effective. Because of the importance of electronics 
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in our society and the growing interest in the ‘Internet of Everything (IoT)’ (that is, the notion that 

objects of interest will someday be interconnected wirelessly), it is natural to understand there is 

— and will continue to be — great demand for electronics in 3D printed objects. 

  AM has several capabilities that are, in principle, well-suited for building electronic 

components. Firstly, AM generates minimal waste and allows for rapid prototyping of new 

designs. Secondly, it can create complex form factors, spanning structures, out-of-plane 

geometries, and embedded electronics. Hence, AM enables the creation of intricate and conformal 

electronics that are structurally integrated into a manufactured part. This attribute will minimize 

cable interconnects and redundant electronics packaging, resulting in a reduction of mass and 

assembly complexity in the final electronic component. It will also allow for the creation of entirely 

new objects containing electronics[28] that simply are not possible to form using 2D approaches.  

  Most commercial AM machines are designed to create objects from a specific class of 

material (typically either polymers,[29] ceramics,[30] or metals[31]). There are exceptions, such as 

tools that print polymers that contain ceramic or metal particles. Constructing 3D parts with 

electronic functionality often requires integrating multiple types of materials, which causes 

fabrication challenges for AM processing. We call these processes ‘multi-functional 3D printing’ 

because of the need to incorporate multiple materials to achieve multiple-functions (typically a 

synergistic combination of electrical functionality with either form factor or mechanical 

properties). The approach for integrating electronic materials into a 3D object depends entirely on 

the desired function and the level of sophistication of the electronics involved. More than a half-

century has gone into the art of building the sophisticated components for computers and 

electronics. It is sensible to consider these mature approaches as a way to integrate electronics into 
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3D objects. In the next section, we describe these methods briefly to illustrate why it is not 

straightforward to use these advanced techniques for integrating electronics into 3D objects. 

1.2 Conventional Patterning of Electronic Materials 

1.2.1 Photolithography Process 

Since the invention of integrated circuits (ICs) in 1959,[32] the electronics industry has 

focused on miniaturization, which has faithfully followed Moore’s Law.[33,34] Miniaturization 

lowers the cost per unit (e.g., per number of transistors) and therefore allows the consumer more 

buying power. Miniaturization also allows devices, such as cell phones, to be possible by fitting 

large amounts of computing power into a small form factor. ICs consist of conductors, resistors, 

insulators, and semiconductors integrated and patterned spatially into complex circuits and devices 

on a planar substrate. The techniques to build these devices are inherently 2D and involve a number 

of steps such as deposition (e.g., physical vapor deposition, sputtering), removal (e.g., etching, 

sputtering), patterning (e.g., photolithography), and modification (e.g., ion implantation for doping) 

of electronic materials. The quest for miniaturization corresponds with an increase in complexity 

and sophistication of the fabrication processes used to build ICs and microfluidics-based 

electronics. There are several excellent monographs and reviews on fabrication methods utilized to 

create such electronics.[35–42] 

Photolithography is the cornerstone process utilized to pattern the components in a 

computer chip and microfluidic channels. AM is effectively a patterning technique and thus, it is 

prudent to briefly discuss photolithography as a basis for comparison. An example of the 

photolithographic process is shown in Figure 1.2.[3,43] Photolithography utilizes patterns of light to 

chemically modify the solubility of thin polymer films coated on a surface. Photolithography is an 

inherently 2D process because the light used to expose the polymer has a single focal plane. This 
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limitation, along with the need to coat, expose, and remove polymer makes photolithography 

essentially incompatible with AM. Although academic research provides many unconventional 

approaches[40,44–52] to pattern electronic materials to overcome some of the limitations of 

photolithography, it still remains the backbone of the semiconductor industry and microfluidics 

fabrication in academia.   

 

Figure 1.2 A schematic outlining steps of the photolithography process.[3,43] (a) The masking film 

is grown on the silicon wafer using oxidation. (b) The desired photoresist is then deposited on the 

masked film using spin coating followed by a softbake to eliminate the excess solvent. (c) UV 

light is shone through an aligned mask with the specific desired pattern on the photoresist. (d) 

After exposure, postbake and development, the desired mask pattern is replicated on the 

photoresist. (e) Using the photoresist as a barrier, selected potion of the masked film is etched 

away using dry/wet chemical processing. (f) The excess photoresist is washed/stripped away 

leaving the desired feature pattern on the silicon wafer substrate.    

There are several reasons conventional electronic fabrication techniques are not compatible 

with AM. State-of-the-art electronics (e.g., ICs, hard drives) rely critically on ultra-pure materials, 

well-defined interfaces, and crystalline semiconductors with precise doping concentration. To 

date, AM has not been capable of meeting any of these requirements. In addition, these 

sophisticated planar processes are carried out in a clean room environment on flat substrates 
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(typically precisely engineered silicon wafers), whereas AM is often done under ambient 

conditions on complex substrates. Also, most AM techniques produce features with resolutions (of 

~ 10-100 microns) that are nearly 3-4 orders of magnitude larger than those produced by 

photolithography. For these reasons, sophisticated electronic components are typically built 

separately and then placed onto or into 3D objects; for example, cell phones are currently built in 

this modular manner in which the case, display, battery, and electronics are all built separately and 

assembled.  

There is, however, a need to interconnect these electronic components to other components 

in the object. Passive components (capacitors, resistors, and inductors) are commonly connected 

to printed circuit boards (PCBs) by soldering using surface mount technologies (SMT) or are 

embedded into multi-layered low-temperature co-fireable ceramic (LTCC) packages.[53] In the 

case of a cell phone, these connections can be made using wires, solder, and flexible circuit boards 

in the void space of the phone, but AM has the potential to directly define these connections in a 

continuous process to minimize assembly and create more complex, customizable parts.  

1.2.2 Need for Unconventional Processing of Electronic Materials 

  In summary, conventional electronics processing uses expensive, sophisticated equipment 

in clean room environments to pattern ultra-pure materials onto planar substrates of a limited 

geometry using numerous processing steps including those requiring large temperature excursions. 

There is a need for additional tools to directly and inexpensively print electronic materials by 

eliminating the masking and etching steps, even if there is a trade-off in quality relative to the 

state-of-the-art. The ability to additively print electronics reduces the material waste, energy 

consumption,[54] and processing time and steps relative to IC processing.[55]  
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  The next section describes this class of printed electronics. These inherently 2D methods 

have features that are useful for integrating electronics into 3D objects. 

1.3 Printed Electronics 

1.3.1 Introduction to Printed Electronics 

Printed electronics are formed by directly dispensing or patterning functional inks to define 

electronic components onto a wide range of substrates. The main aim of printed electronics is to 

reduce the manufacturing cost of electronics per unit area using less expensive, all-additive 

printing methods. Low-cost printed electronics[56,57] have gained a great deal of interest over the 

past 10 years because of their promise to greatly reduce the cost of many electronic applications 

and the ability to print on larger, unconventional surfaces (e.g., flexible substrates, large displays). 

The Printed Electronics Market Analysis report projects that the market size for printed electronics 

will grow from $3 billion in 2015 and to $19 billion in 2025.[58,59]  

1.3.2 Printed Electronics versus Conventional Electronics 

Printed electronics present a trade-off between cost and performance relative to 

conventional electronics, as described in Table 1.1.[60]  

Table 1.1 Comparison between Printed and Conventional Electronics as Complementary 

Technologies.[60] 

 
There are several challenges associated with printed electronics. First, the materials must 

start in the form of an ink that can be deposited. Once deposited, most of these inks need some 
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post-processing, such as thermal treatments, to obtain the final desired properties, which can limit 

the substrate onto which the features are printed and creates additional processing steps. The 

deposition techniques are much lower in resolution than photolithography (typically tens of 

microns or larger). There is a general trade-off between the feature size and throughput of printed 

electronic processes (c.f. Figure 1.3).[61]   

 Despite the inferior performance of printed electronics relative to conventional electronics, 

there are several applications for low-cost printed electronics including radio frequency 

identification (RFID) tags[62], chemical and electronic sensors[63], displays[64], smart cards[65], 

packaging[66,67], and printed circuit boards (PCB)/keypads[68,69]. The common element among all 

these applications is the fact that they do not need either ultra-fast circuitry or ultra-dense circuitry 

such as that in ICs. 

 

Figure 1.3 Comparison of conventional subtractive patterning techniques such as 

photolithography and laser ablation versus different additive printing electronics fabrication 

technologies such as off-set lithography, flexography, and gravure, screen, and inkjet printing in 

terms of the minimum feature size and the throughput obtained from the method.[61]    
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1.3.3 Choosing a Fabrication Technique for Printed Electronics 

  The selection of the appropriate printing method is determined by the physical 

specifications and resolution of the printed materials that comprise the electronic devices, the 

substrate size and composition, the desired throughput, and economic and technical considerations 

of the final printed products. Two of the most promising printing technologies for fabricating low-

cost printed electronics include inkjet printing and gravure printing. Inkjet printing[70–73] is a well-

known technology which makes use of multiple droplet dispensers that deposit individual drops to 

form patterns on a substrate. Gravure printing[74–76] uses a cylinder featuring an etched pattern, 

onto which ink is deposited. Rolling the cylinder over a substrate transfers the pattern from the 

cylinder to the substrate in a manner that is compatible with high throughput roll-to-roll processing. 

There are a number of other methods for printing electronics including screen printing[77,78], 

flexography,[79,80] and off-set lithography[81] that are utilized to fabricate devices such as solar cells, 

OLEDs, and RFIDs.[56] 

  It is possible to print both organic and inorganic materials as inks to form conductors, 

semiconductors, dielectrics or insulators. These ink materials must be available as either a liquid, 

solution, dispersion or suspension.[82] Organic ink materials include conjugated polymers[83] or 

small molecules which possess conducting, semiconducting, electroluminescent, photovoltaic and 

other properties that can be exploited in printed electronics. These organics[84–87] are commercially 

available in different formulations and have been  deposited using inkjet printing,[88] gravure 

printing,[89] flexography,[90] screen printing,[91] and off-set lithography[92]. Organic electronics are 

used commercially in OLEDs and organic molecules are also used in liquid crystal displays 

(LCDs).[93] There are several excellent reviews and books on organic electronics.[94–101] Although 

organic materials offer appealing properties such as mechanical flexibility and tunability of 
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properties via chemical modifications (e.g., light color in OLEDs),[102] they offer poor charge 

carrier mobility[83] and hence the electrical performance lags behind that of conventional silicon-

based electronics. In addition, organic materials are prone to oxidation,[103] which limits the 

longevity of devices built using these materials. There is also a growing interest in printed carbon 

nanotubes[104–108] and graphene[109–113] because of their remarkable electrical properties. These 

materials can serve as conductors or semiconductors, but there are challenges with making, 

purifying, and patterning these materials on a large scale. There are several excellent reviews and 

books on carbon-based electronic materials.[107,114–121] Inorganic ink materials such as dispersions 

of metallic or semiconductor micro- and nano-particles including silver and silicon[122] may also 

be printed. The silver and gold particles can be deposited using, for example, inkjet printing[123,124], 

flexography[125] and offset lithography[126]. After deposition, these particles need to be sintered to 

form stable conductive structures using either conventional heating (often at temperatures 

>200°C[127]), laser sintering,[128,129] flash exposure to light, or microwave sintering.[130] The 

resulting sintered structures generally cannot match the electrical properties of equivalent bulk 

materials but can be deposited relatively easily using these techniques. 

Many of the techniques introduced in this section — such as gravure printing — are not 

directly compatible with the AM of 3D objects because they are not ‘digital’ (i.e., they cannot 

dispense inks into arbitrary patterns on demand). In addition, most of the methods discussed in this 

section are intended only for 2D substrates such as plastic films, foils, and paper and cannot be 

used for AM on complex, non-planar, or 3D substrates. Thus, we limit our focus to only the sub-

set of printed electronics techniques that are digital (i.e., direct-write techniques, such as inkjet 

printing) because of their potential to be compatible with 3D printing.   
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1.4 Direct-write Patterning of Electronic Materials 

1.4.1 Introduction to Direct-writing 

  In addition to layer-based AM processes, “direct-writing” techniques (DW) are a sub-set 

of printed electronics processes in which functional and/or structural materials are precisely 

deposited onto a substrate in digitally defined locations to form simple 2D or complex conformal 

(3D) structures.[131–135] These locations are determined by a computer-controlled translation stage, 

which moves a pattern-generating device, e.g., ink deposition nozzle or laser writing optics, to 

create materials with controlled architecture and composition. DW technologies complement the 

conventional manufacturing techniques such as photolithography for applications that need rapid 

turnaround and/or pattern iteration, for reducing the environmental impact,[54] for conformal 

patterning and modeling intricate components, circuits and sub-assemblies.[136] Direct-writing 

techniques are most often used to print electronic elements onto the surface of an existing part, 

although there is growing interest in hybrid techniques that allow printed electronics within the 

bulk of additively manufactured parts.  

  DW methods can be used for both conductive and non-conductive materials[131,137–142] 

including many of the materials introduced in the previous section. DW does not require expensive 

tooling, dies, or lithographic masks required in conventional electronics fabrication making it a 

low-cost, consumer-friendly process. In general, DW techniques have the following attributes: 

(a) The resolution of the features printed by DW range from ~ 250 μm to 0.1 μm. 

(b) DW techniques are compatible with various classes of materials including metals,    ceramics, 

polymers, and biological materials such as cells. These materials can be a used as powders, 

slurries, or suspensions depending on the technique employed for printing.  
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(c) DW can print directly passive components such as conductors, resistors, inductors, and 

dielectrics. 

(d) DW can increase the reliability of the electronic components since no soldering is needed to 

connect the circuitry.  

(e) DW can print directly on a variety of substrates including flexible surfaces such as paper and 

plastics.  

(f) Since DW deposits materials on-demand, it produces minimal waste and has a small 

environmental footprint. It can also achieve dramatic weight, cost, space, and inventory 

savings.  

(g) DW requires fewer steps compared to conventional subtractive processing and thereby reduces 

the prototyping time, which is helpful in products with short life-cycle (e.g; electronics). 

(h) DW allows for front-end inventiveness (due to reduction in the turnaround time) and back-end 

processing for design revisions thus reducing the time to market of parts from weeks to days.  

(i) Specialty parts can be built “on the fly” in small volumes without the need for mass production 

setup and capital investments.  

1.4.2 Challenges of DW Processes 

  Although DW techniques have many desirable attributes, there exist some key challenges 

when using it to print electronic materials into or onto 3D objects. AM is based on depositing and 

stacking materials one layer at a time. It therefore seems intuitive that DW techniques – which 

have been developed for printing electronics in 2D – could be utilized for depositing layers of 

electronic materials as part of the AM process of building a 3D device. DW processes have several 

limitations that make it challenging to translate for 3D printing electronics: 
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(a) Electronics are composed of multiple materials and therefore would necessitate multiple 

nozzles for dispensing. Each material may have different processing requirements. 

(b) The minimum feature size of DW is about 4-5 orders of magnitude poorer than 

photolithography (Figure 1.3)[61] and therefore cannot produce circuitry as sophisticated as 

conventional electronics. 

(c) DW requires fluidic inks that can be dispensed with controlled viscosity, surface tension and 

solid content. Dispersions of inorganic or metal inks have the tendency to clog creating non-

uniform depositions on the substrate. 

(d) DW inks often contain solvents and additives that require time to dry, which can slow 

processing speeds. These solvents can also interact with the underlying substrate in an 

undesirable manner and the ink needs to be tuned to properly wet the underlying substrate. 

Additives can improve the printability of inks but can also affect the electronic functionality 

of the printed structures.[84] 

(e) DW inks often require thermal post-processing for attaining the desired electrical and 

mechanical properties, which limits the variety of substrates onto which the inks may be 

printed and adds processing steps.  

(f) Adhesion of DW materials to the AM substrates and external circuitry are decided by factors 

such as substrate swelling, surface energy and wettability, roughness and chemical interactions 

between them.   

(g) The thickness of layers of ‘electronic materials’ patterned by DW are often much thinner than 

the layers of polymer deposited by AM; which leads to incommensurate length scales and the 

need to do multiple layers of printing by DW to equal one by AM.    
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(h) DW techniques are generally poor at making self-supporting or spanning structures. Features 

printed by DW usually need an underlying substrate for support.  

(i) DW techniques are intended primarily for smooth 2D, planar substrates, whereas 3D parts 

produced by AM are often rough. 

(j) Multi-functional materials often have different physical properties. For example, materials 

with different thermal expansion coefficients can lead to stress and ultimately delamination. 

(k) The feature quality obtained after DW printing multiple layers of a single material in 3-D can 

suffer due to factors such as unstable print head temperatures or possible smearing which can 

occur due to unsolidified previous layers. 

1.4.3 Classification of DW Processes 

  There are in general two categories of DW techniques: (1) those that can deposit functional 

materials in a single deposition step, and (2) those that deposit materials that have to be 

subsequently processed (at low/high temperatures) to induce controlled and reproducible 

functionality. DW techniques are usually classified based on the deposition mechanism. Figure 

1.4 shows the classification of the various DW techniques.[131] 

 

Figure 1.4 Classification of the different direct-write (DW) methods based on the different 

deposition mechanisms (droplet, energy, flow) employed in the process.[131]  
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We only discuss DW techniques that have been utilized for electronics. Each technique 

differs in resolution, writing speed, 3D and multi-material capabilities, operational environment 

(gas requirement, pressure and temperature) and what kind of final structures can be built. The 

common feature to all techniques is their dependence on high-quality starting materials, with 

specially tailored chemistries and/or physical properties such as viscosity, density, rheology, 

surface tension/wetting properties, mean particle geometry, size and distribution, coefficient of 

thermal expansion, solids loading and porosity. The selection of materials must be based on 

additional chemical and process factors such as solvent and binder removal, the reactivity, 

chemical compatibility, stress development, sintering rate, and the direct-write tool used. To aid 

the choice of a suitable DW method, we have provided addition information in Table A-1.1 and 

A-1.2 of the Appendix that summarizes different DW approaches respectively based on the 

deposition and integration mechanism, deposition rate/writing speed, material requirements, 

feature resolution and if they can build 3D periodic structures.   

The starting materials termed as "pastes" or "inks", may consist of combinations of 

powders, nanopowders, flakes, surface coatings, organic precursors, binders, vehicles, solvents, 

dispersants, and surfactants. These materials can serve as conductors[143,144] (based on 

silver/gold/copper/palladium/copper or alloys), resistors[145,146] (based on polymer thick film and 

ruthenium oxide), and dielectrics[147,148] to make various passive electronic components on low-

temperature flexible substrates such as plastics, paper, and fabrics. The field is advancing rapidly, 

and no single source covers all the different technologies. We will briefly discuss the most relevant 

techniques for the work reported in this thesis in terms of the process and materials involved, 

writing speed and resolution obtained, its applications in electronics and the challenges in the 

technology, wherein, we point the reader to additional resources as needed. 
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1.4.3.1 Droplet-based DW 

Droplet-based DW consists mainly of 2 techniques – (a) Inkjet and (b) Aerosol Jet™ 

printing. 

(a) Inkjet Printing 

Process. Inkjet-based DW[72,149–154] is a highly advanced technique. Inkjet printing is a 

droplet-based “digital” deposition technology that places materials where they are needed via the 

ejection of liquid material from a single nozzle or multiple nozzles to precise locations by thermal 

or piezoelectric actuation. For this process, the jetted material must be a liquid with appropriate 

physical properties including viscosity, surface tension and density. Inkjet printing is appealing 

because it is low cost, high speed and involves non-contact processing. There are two key types of 

inkjet printing technologies, continuous ink jetting (CIJ) and drop-on-demand (DoD). In case of 

CIJ printing, the ink reservoir is pressurized to ensure that a continuous stream of material passes 

through a nozzle which breaks up into individual uniform droplets as it issues from the orifice 

according to the waveform generated by the piezoelectric transducer. In the case of DoD printing, 

droplets may be ejected from the nozzle using a joule heater to heat and volatilize ink or by 

deforming a piezo-electric material in the print head. The schematic for both CIJ and DoD inkjet 

printing (IJP) is as shown in Figure 1.5a.[155] Both methods create the required pressure difference 

for dispensing the droplet on demand. Thermal and piezoelectric techniques are the most common 

approaches for DoD printing, but although the droplets can also be ejected by other methods such 

as electrostatic and acoustic actuation.[156] Both CIJ and DoD have four stages of development[157] 

when a droplet impacts the substrate (kinematic, spreading, relaxation and wetting) which are time-

dependent and controlled by physical forces such as inertia, viscosity and surface tension. In the 

earlier stages of impact, inertial forces dominate, and viscous forces are weak. After impact, 



 

19 

 

capillary (surface tension) forces become more important. Thus, these factors must be considered 

when designing new inkjet printing applications. 

Materials, Writing Speed and Resolution. Inkjet direct-writing systems usually works 

best with low viscosity materials (up to 0.1 Pa.sec) that have a low interfacial tension[151,158–162]                                             

(~ 20 dynes/cm). Various materials are compatible with inkjet printing including metal particle 

suspensions (gold/silver/copper/aluminum), ceramic particle suspensions, and electronic/optical 

materials such as epoxies, solders, and organometallics, among others. Since inkjet printing is a 

non-contact deposition method, it is compatible with a variety of substrates including metals, 

ceramics, polymers, and silicon. The volumetric dispense rate[131,132,163] of a single nozzle is 

typically on the order of 0.3 mm3/sec (DoD) and 60 mm3/sec (CIJ) which can be increased by 

using an array of nozzles. The resolution of inkjet-based DW[131,132,149,164] is measured in terms of 

the droplet size which can range from ~ 20 μm to 1 mm for CIJ printing and ~ 15 μm to 200 μm 

for DoD printing.  

Applications in Electronics. Inkjet-based DW has been used in the field of electronic 

manufacturing since the 1980s and recently in printed electronics[73,165–171] such as solar cells, 

transistors, OLEDs, RFIDs, MEMS and wireless communication among others. For example, the 

DoD inkjet approach can microdeposit organic light-emitting polymers[88] and phosphors, solder 

bumps[172,173], spacer balls, electrical interconnects, and adhesive sealant/bond lines in the 

manufacture of display panels.[174,175] Figure 1.5b[176] shows an electrostatic rotary motor where 

the electrodes are printed in five layers of silver nanoparticle ink with a 100 μm line trace width 

and the diameter of the whole device is 25 mm. Both CIJ and DoD methods have been used to 

achieve solder drops from tens to hundreds of micrometers in diameter, with the capability to 

produce continuous lines and tracks as well as discrete spheres or dots as shown for example in 
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Figure 1.5c.[172] Using a mixture of metal nanoparticles to form a core-shell dispersion, inkjet 

printing has also been able to print RFID antennas onto photo paper.[177] 

 

Figure 1.5 (a) Schematic of CIJ and DoD inkjet printing (IJP) process. [155] (b) Optical micrograph 

of an inkjet printed electrostatic rotary motor.[176] (c) Image showing solder bumps (70 μm 

diameter) deposited by DoD inkjet printing onto an IC test substrate.[172] 

 Challenges.  The major challenge in inkjet printing is to control the four stages of 

development, which are dynamic in nature, using process parameters such as impact velocity and 

initial drop diameter to achieve uniform printing. The drop formation is also affected by inertia, 

viscosity and surface tension.[161] For example, undesirable splashing can occur if the drop formed 

is large with high impact velocity and the fluid has low surface tension and viscosity. Hence, it 

becomes necessary to study these parameters[157,178] in detail. The development stages decide 

whether we obtain homogenous CIJ/DoD or a mixture of these processes which directly affects 

the quality of the printed structure. Electronic features with high conductivity need high 

concentrations of metal particles; however, high concentrations make the ink more viscous and 

therefore difficult to jet.[159] Typical formulations contain 30−40% metal by wt. although up to 
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50% loadings can be found. These higher percent loadings implement very small particle sizes 

which creates the challenge of agglomeration that reduces jetting reliability. Inkjet printing can 

also be carried out by the direct deposition of bulk metals in liquid form using elevated 

temperatures to melt the metals. Bulk metals with higher melting points pose significant challenges 

for print head design since they have large surface tensions, they tend to oxidize, and they can 

easily ruin the piezoelectric transducer. This problem can be avoided by using other actuation 

methods such as direct pneumatic ejection[179] via DoD printing. Metallic particles suspended in a 

suitable fugitive liquid can be printed by inkjet processes and are used for both structural and 

electrical applications. In these applications, small particles are usually favored as the suspensions 

formed are more stable (i.e., the particles do not sediment), which lowers the chance of nozzle 

clogging. In addition, these particles have a high surface area to volume ratio which thus requires 

lower post-processing sintering temperatures.[143,176] Nanoparticle metal ink (Ag/Cu/Al/Ni) 

suspensions in which the solvent does not evaporate but cures to form a binder usually have lower 

conductivity than bulk metal inks which affects the electrical performance in the final device.[55]  

(b) Aerosol Jet™ Printing 

  Process. As the name implies, Aerosol Jet™ is the spraying of inks composed of small 

droplets dispersed in a liquid as seen in Figure 1.6a.[180] The process contains two main 

components: the atomizer and the deposition head. The atomizer is either an ultrasonic or 

pneumatic device which generates a dense vapor (mist) of material droplets. A carrier gas such as 

nitrogen passes through the atomizer to transfer the mist into the deposition head. The resulting 

annular flow leaves the deposition head through a nozzle onto the substrate. Aerosol Jet™ printing 

is particularly well suited to 3D applications as its deposition head can be mounted to a 5-axis 

positioning stage to follow the contour of the substrate at a fixed stand-off distance (typically 1 
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mm to 5 mm).[132] In addition, it is possible to obtain fine feature definition as the aerosol consists 

of a high density of micro-droplets that are aerodynamically focused to produce lines as narrow as 

~ 10 μm.[181] The features can deposit easily and conformally over non-planar surfaces.   

Materials, Writing Speed and Resolution. An appeal of Aerosol Jet™ printing is that it 

can print features with fine resolution using a variety of processing materials and more clog 

resistant nozzles which is challenging in inkjet printing systems.  Aerosol Jet™ systems can handle 

materials in a wide viscosity range, i.e. between 0.001 and 2.5 Pa.sec and thus enables a wide range 

of materials[182] that can be deposited including metals, alloys, polymers, adhesives, and organic 

electronics, among others. The deposition rate obtainable from a single nozzle is about 0.25 

mm3/sec which can be increased by using an array of nozzles. The resolution of Aerosol Jet™ 

printing is measured in terms of line width which ranges from 10 μm to 150 μm with thickness 

ranging from 10 nm to 5 μm.[131,181,182] 

Applications in Electronics. Aerosol Jet™ printing is widely used to print conductive 

traces using gold, silver or other nanoparticles inks[183]. Conductors can be formed by printing a 

seed layer, followed by electroless plating.[184] Embedded resistors can be fabricated by printing 

polymer thick film pastes. Figure 1.6b (Courtesy of Optomec, Inc.) shows an example of a strain 

gauge sensor.[185] For 3D surfaces with larger surface profiles the Aerosol Jet™ system makes use 

of 3-axis printing as shown in Figure 1.6c (Courtesy of Optomec, Inc.).[182] 
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Figure 1.6 (a) Illustration showing the functional principle of the Aerosol Jet™ printing 

system.[180] (i) Functional ink placed in ultrasonic atomizer, (ii) Highly loaded aerosol droplets ~ 

2-5 µm created, (iii) Virtual impactor removes excess gas to create a dense aerosol mist, (iv) Sheath 

gas focuses aerosol mist creating beam diameter 10 µm to 2.5 mm based on flow rate and nozzle 

diameter, (v) Beam exits nozzle at ~ 50 m/second and remains focused during travel to substrate, 

(vi) Long beam focal length allows printing on non-uniform surfaces and 3D substrates such as 

mechatronic integrated devices (MIDs). (b) Image of an Aerosol Jet™ printed silver strain gauge  

sensor on carbon fiber composite[185]. (c) Image of 3D silver interconnects (150 μm line width) 

written over an alumina cube. (Courtesy of Optomec, Inc.).[182] 

Challenges. This printing technique requires inks that can form aerosols, which may 

present a limitation for certain materials. For substrates with high coefficient of thermal expansion, 

thermal mismatch between the ink and substrate material can lead to cracking or delamination of 

the printed metallic circuit material, although this is a challenge of all multi-functional printing 

processes. Rough and porous surfaces can severely affect the behavior of the deposited ink as such 

surfaces have relatively high surface energy which makes it difficult to form a clean and uniform 

deposit. This effect is aggravated when the surface roughness is much larger than the ink thickness 

as it affects the quality of the printed lines. This issue can be avoided by pre-machining the rough 

areas where the electrical circuit is to be printed, although that adds extra processing steps. 
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1.4.3.2 Energy-based DW 

Energy-based DW consists of all those processes which use high power laser/ion/electron 

beam sources[186–191] as a mode for deposition of a variety of electronic-grade materials on the 

substrate. These sources precisely heat local regions of the substrate to high temperatures for 

sintering and curing while taking care to avoid melting of the substrate. The feature sizes are of 

the order of 25 μm due to the small spot size and high energy made possible by commercial laser 

systems. These techniques are divided into 2 broad categories depending on the source of the 

energy beam used for direct-writing: (a) Laser DW (LDW) which uses photons and (b) Focused 

ion beam (FIB) DW which uses ions as the energy source. There are many different varieties of 

these techniques, but almost none of them have been used for electronics in 3D objects. These 

methods have not been used for integrating electronics due to large processing temperatures 

involved which can easily affect any surrounding electronic circuitry. This disadvantage also puts 

a limitation on materials and substrates used in the deposition process.  

(a) Laser Direct-writing (LDW) 

  Process. LDW uses a laser beam to create complex 3D structures with self-supporting 

features having fine resolutions without the use of expensive masks or lithographic methods as 

shown in Figure 1.7a.[192,193] Laser direct-writing techniques[194–207] create patterned materials 

through gas phase deposition, ablation, selective sintering, or reactive chemical processes which 

includes several methods such as thin film consolidation[208,209], laser chemical vapor 

deposition[203] (LCVD), laser ablation[197,198], laser-enhanced electroless plating[210,211] (LEEP), 

laser-induced forward transfer[212,213] (LIFT) and backward transfer[214] (LIBT), laser-guided 

DW[215] (LGDW), flow-guided DW[215] (FGDW), matrix assisted pulsed laser direct write[199,200] 

(MAPLE), two/multi-photon polymerization[195,205] (MPP), and selective laser sintering[201,202,207] 
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(SLS), among others. All of these techniques utilize lasers to localize energy as a means to modify, 

deposit, or remove material.   

  Materials, Writing Speed and Resolution. Each technique places different demands on 

the laser writing tools and the physico-chemical properties of the material being patterned. A wide 

range of materials can be deposited including metals, ceramics, polymers, semiconductors, and 

composites, among others which have been reviewed in the methods referenced above. The 

deposition rate or the writing speed is different for each method and the precursor or feed material 

used at the start of the process. With the exception of ablative approaches, most of the other 

techniques are capable of generating complex 3D structures with self-supporting features[195,216] at 

resolutions comparable to those achieved by various ink-based techniques. 

 Applications in Electronics. LDW was introduced in the 1980s to enable the fabrication 

of micro-electronic circuits with 1D to 2D features which was then developed in the 1990s to 

enable the creation of 3D features for applications such as photonic crystals and MEMS. More 

recently, these techniques have been employed in various devices such as microcapacitors, 

interconnects, phosphor displays, coplanar transistors, and resistors, among others. Examples of 

lithium ion µ-batteries,[217] thin film-like interconnects[193] and chemiresistor gas sensors[218] 

fabricated using contact transfer are shown in Figure 1.7b-d respectively. Contact transfer is a 

derivative of MAPLE in which the mixture material is coated onto a flexible transparent backing 

film and dried at low temperatures (normally below 100°C) to form a dry, flexible ribbon which 

is vacuum chucked and placed in direct contact with the receiving substrate in a conformal manner. 

After the laser irradiation, the ribbon is peeled off and materials remain on the substrate in the 

laser-defined areas. 
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Figure 1.7 (a) A schematic showing printing setup for laser-based DW.[193] A focused pulsed UV 

laser beam passes through a ribbon support and interacts with an ink coating containing a 

suspension of the material to be deposited. Above an incident laser energy threshold, the ink is 

transferred across the gap in the form of three-dimensional pixels, or voxels. (b) Optical 

micrograph showing a sealed Li-ion microbattery made by LDW and embedded inside a printed 

circuit board.[217] (c) Optical micrograph showing  a conductive line laser decal transferred across 

to gold pads on a glass substrate and then laser cured. The line was made from adjacent voxels 15 

µm long × 5 µm wide.[193] (d) Image of a chemiresistor vapor sensor fabricated by depositing 

PECH (polyepichlorohydrin) / carbon over silver interdigitated electrodes using MAPLE DW.[218] 

 Challenges. Most of the LDW techniques are limited by the availability of volatile metal-

organic or inorganic materials, contamination of the deposited materials and the need for expensive 

and specialized reaction chambers, vacuum equipment and lasers. The processing temperatures (≤ 

400°C) are not suitable for the fabrication of high-quality crystalline materials required for state-

of-the-art electronic performance of the final device, even with laser sintering.  The presence of 

porosity in the powders used for DW processes can severely affect the electric performance as it 

can reduce the effective dielectric constant by almost an order of magnitude.[219] Also, in gas phase 

deposition, the morphology and the electrical conductivity of the deposited features are generally 
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inferior when compared with the bulk material and the adhesion of the material to the substrate 

can be poor and difficult to control. 

(a) Focused Ion Beam Direct-writing (FIB DW) 

Process. In FIB DW, a low energy ion beam (10-50 keV) generated from a liquid gallium 

source is used to bombard the precursor gas on the surface of the substrate in a vacuum 

environment. The precursor gas breaks down, resulting in the deposition of material (typical 

metals) as shown in Figure 1.8a.[220] The FIB-induced deposition (FIBID) method is capable of 

conformal deposition and forming 3D microstructures.[221–230] At larger energies, the ions can also 

be utilized to etch the substrate.   

Materials, Writing Speed and Resolution. FIB DW is usually used for depositing 

conductors such as gold, aluminum, copper, and platinum along with insulators using 

organometallic precursor gases. The deposition rate is lower than the LDW methods, but it offers 

higher resolution with the minimum feature that can be produced being of the order of 80 nm. The 

minimum thickness is about 10 nm and the aspect ratios are between five and ten.[221] 

Applications in Electronics. FIB systems are used for micromachining due to their ability 

to precisely add or remove the materials. This feature is extremely important in the semiconductor 

industry for mask repair, failure analysis and IC prototype rewiring.[231,232]  Figure 1.8b and c 

shows scanning ion microscopy (SIM) images of two nanostructures: a bridge and a parallel-

resistance component respectively made of amorphous diamond-like carbon (DLC) containing a 

Ga core deposited using focused ion beam-induced deposition (FIBID).[227,230] Figure 1.8d shows 

chiral metallic nanospirals made up of platinum patterned using FIBID.[233] These results 

demonstrate that a 3D electrical circuit can be fabricated in free space by FIB. 
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Figure 1.8 (a) A cartoon showing the setup for FIBID.[220] SIM images of carbon nanostructures 

patterned into free-space wiring[230] with (b) a bridge shape and (c) parallel resistances. (d) SEM 

images of (left) a 4 × 1 array of chiral nanospirals grown on silicon wafer. The firstly grown 

nanospiral has a constant vertical pitch of 198 nm, with total height of around 1 µm, while the 

subsequent ones are around 5% taller, due to the extra stream of precursor molecules back‐

reflected from the first structure towards the subsequently growing nanospirals and an (right) SEM 

image of the 5 × 5 matrix of nanospirals on a silicon substrate.[233] 

Challenges.  FIB is done in a vacuum environment in a tool that has limited space and can 

therefore typically only accommodate small substrates. It is therefore not compatible with 3D 

printing. Features deposited by FIB are not pure because of the organic contaminants that arise 

primarily from the organometallic precursors used for deposition of metal. The resistivity of these 

deposits is about one or two orders of magnitude higher than those of pure metal. Due to the slow 

writing process, the applications are restricted to low volume production like repair works. Ions 

from the FIB process can also induce damage of underlying layers. 
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1.4.3.3 Flow-based DW 

Flow-based DW methods consists of processes which require positive mechanical pressure 

using a pump, air pressure or extrusion to achieve precise micro-dispensing through a syringe tip 

leading to a continuous flow of ink, paste or slurries on to the substrate. Extrusion systems are 

favorable for integration with AM because the DW tool tip is maneuverable, can dispense in 

different orientations, and can process high volumes of material. Flow-based DW approaches 

consist of two main techniques: (a) Precision pump method, and (b) Extrusion method. 

(a) Precision Pump Method 

Process. The precision pump method is a direct-dispensing tool integrated with nScrypt’s 

novel pump called Smart Pump™.[234] This pump is based on Sciperio’s micro-dispense direct 

write (MDDW) technology developed through the DARPA (US Defence Advanced Research 

Projects Agency) MICE program (Mesoscopic Integrated Conformal Electronics) in 2002. With 

this pump, dispensing is initiated via the opening of a valve which allows the material to be 

dispensed through the dispensing tip onto the substrate as shown in Figure 1.9a.[234] The valve 

retracts to stop dispensing, and this retraction results in suction of material back into the dispensing 

nozzle thus resulting in cleaner, more precise printed features.   

 Materials, Writing Speed and Resolution. The pump is capable of dispensing very small 

volumes of the materials down to 20 pL and within a wide range of viscosities from 0.001 to 1000 

Pa.sec which makes it highly versatile with respect to the materials that can be used and the patterns 

which can be drawn with them. The maximum writing speed can be varied from 0.1 mm/s to 300 

mm/s depending on the material and the application. The resolution measured in terms of the line 

width varies from ~ 25 μm to 3 mm depending on the material and the ceramic tip orifice diameter. 
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 Applications in Electronics. The process has a wide range of applications including, 

conductors, resistors, optics, adhesives, sealants, frit, solders, encapsulants, wire bonding, 

underfilling, flip-chip bumping and MEMS. This system is capable of writing on highly non-

conformal surfaces to make 3D structures. An example of non-conformal writing is shown in 

Figure 1.9b where the interconnects for a 3D accelerometer sensor system in a helmet insert[235] 

are printed using silver conductive pastes.  

 

Figure 1.9 (a) An illustration of the nScrypt’s Smart Pump™.[234] (b) Image of the helmet insert 

with the 3D accelerometer sensor system showing printed conductive silver traces connecting the 

wireless-capable RF PIC microcontroller to the other electronic components such as capacitors, 

resistors, LEDs and a battery.[235] 

 Challenges. The line width obtained from the pump is directly dependent on the material, 

which is often a slurry or paste, as well as the nozzle diameter. Generally, the minimum line width 

is at least 10 times larger than the average particle size in the specific paste.[236,237] Secondly, the 

flow rate is sensitive to the dispensing height (distance between the substrate and the dispensing 

tip) for a constant applied pressure. Thus, to maintain the line width, consistency and accuracy, 
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the dispensing height must be maintained at a constant value. This is generally accomplished by 

laser scanning the substrate and then dynamically adjusting the tool path’s z-axis height based 

upon measured variations in surface height.   

(b) Extrusion Method 

 Process. In this method, the flowable material/ink — typically in the form of liquid, 

particulate slurry or molten polymer filament — is  loaded into a syringe which is then connected 

to the writing head that moves with the help of a computer-controlled transition stage to create 

materials with controlled architecture and composition as shown in the schematics of Figure 

1.10a.[140,238] Depending on the material used for deposition, several methods are available for 

patterning materials in 3D which includes robotic deposition[239], 3D printing[240], fused deposition 

modeling[241,242] (FDM), curved-layer fused deposition modeling[243] (CLFDM), and micropen 

writing[244], among others. Additional details on this method will be provided in the next chapter 

since we use this direct-write process for additive patterning of liquid metals work reported in this 

dissertation.  

 Materials, Writing speed and Resolution. The extrusion systems can dispense fluidized 

materials with viscosities up to 5000 Pa.sec and are mostly used to dispense metal-based inks 

consisting of metal particles or flakes dispersed in a volatile solvent that evaporates after being 

dispensed. The metals used are most commonly gold or silver due to their resistance to oxidation. 

Less expensive carbon-based inks can also be dispensed with these systems, although these inks 

are less conductive than metal inks. Typical writing speeds are of the order of 300 mm/s and the 

resolution measured in terms of the line width varies from 50 μm to 2.5 mm depending on the 

method employed for direct-writing. 
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 Applications in Electronics. Extrusion methods for DW can be used to fabricate 

functional electronics on AM substrates. These devices include embedded, wearable and 

conformal electronics[245], batteries[246], and discreet electronics[247]. Electronics can also be printed 

on flexible substrates such as paper[248] to form functional electronic components[249], including 

thermochromic displays[250], disposable radio frequency identification (RFID) tags[251,252], and 

cellulose-based batteries[253], to name but a few examples. Figure 1.10b and c shows free standing 

silver interconnects printed over an electrode junction and on a gold pad respectively.[140] Figure 

1.10d demonstrates the conformal printing of a small 3D antenna.[254] A 100 μm metal nozzle is 

used to print meander-line patterns on the surface of a glass hemisphere. 

 

Figure 1.10 (a) Schematic diagram illustrating omnidirectional printing and optical image of 

apparatus used.[238] Inks are housed in individual syringes mounted on the z-axis motion stage and 

deposited through a cylindrical nozzle (diameter ranging from 100 µm to 1 mm) onto a moving 

X-Y stage. SEM images of a silver interconnect arch printed[140] over (b) an electrode junction and 

(c) on a gold contact pad (80 by 80 μm). (d) Optical image captured during conformal printing of 

electrically small antennas on a hemispherical glass substrate.[254] 

  Challenges.  For extrusion DW applications, the metal content of the ink is a critical factor. 

Higher loading results in higher particle density and thus better conductivity. However, inks with 
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high metal loadings are more viscous and require more pressure to dispense. Their high particle 

content can lead to clogging issues in the dispensing nozzles and limit the minimum feature size. 

Thus, using larger nozzle tip diameters represents a trade-off; it reduces clogging but increases the 

minimum achievable feature size. The printing quality is also affected by several other factors such 

as the surface energy, ink formulations, roughness and wettability of the substrate. Finally, the 

printed features are “solidified” to obtain better electrical conductivities using harsh post-

processing mechanism, thus, limiting the nature of the surfaces on which they can be patterned 

and the “softness” of the printed interconnects.  

  In the next section, we recognize some of these challenges and motivate the need for using 

liquid metals for patterning in soft electronic applications.  

1.5 Need for Liquid Metals in Soft, Printed Electronics 

 Soft electronics are devices that can be bent, folded, stretched, or conformed regardless of 

their material composition without losing the electronic functionality. In addition to adding smart 

functionality and form factor to the conventional rigid electronics, these devices have the promise 

of being employed in healthcare – designing low-cost stretchable electronic skins or lightweight 

smart sensors conformal to human body for biomonitoring and energy harvesting applications.  

1.5.1 Flexible Electronics 

 One of the subsets of soft electronic devices are flexible electronics that embed conductors 

in thin form factors inside a polymer matrix that can retain their function while being bent. 

Intrinsically stiff materials, such as copper, can be rendered flexible by making them sufficiently 

thin. For example, aluminum foil is flexible even though bulk aluminum is rigid. Examples of such 

electronics include large area flexible displays fabricated using plastic sheets which when bent do 

not alter the performance[255–259], fully integrated and wearable sensor arrays for in situ perspiration 
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analysis[260–263], flexible antennas[264,265], bendable inorganic thin-film batteries[266,267], and 

transparent, lightweight electronics that can be transferred on any object, surface and biological 

tissues such as human skin[268–271]. Some of these examples are shown in Figure 1.11.[256,260,267,268] 

One of the drawbacks of these devices is that they are not inherently stretchable as the conductors 

and the off-the-shelf electronic components used in the fabrication process are rigid and brittle by 

nature.  

 

Figure 1.11 (a) Images of a sheet of electronic paper displaying images while being mechanically 

flexed where bending does not alter the performance of the display.[256] (b) Photograph of a 

wearable, flexible integrated sensor on a subject’s wrist with the embedded multiplexed sweat 

sensor array and the wireless flexible PCB.[260] (c) Photographs of (left) a lithium-ion battery 

turning on a blue LED in bent condition and (right) a picture of an all-in-one flexible LED system 

integrated with a bendable lithium ion battery.[267] (d) Image of an ultra-flexible, lightweight and 

transparent thin film transistor on the top of a 1 µm thick parylene film sitting on a finger nail.[268]     

1.5.2 Stretchable Electronics 

 Whereas flexible electronics can be bent, stretchable electronics can be elongated. Thus, 

stretchable electronics can be used in a wider application space while providing increased 
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durability. To build a stretchable electronic device, in addition to having the backbone of a soft 

polymer matrix, we need to pattern interconnects that are intrinsically stretchable. Using multiple 

patterning processes such as chemical vapor deposition, sputtering, soft lithography, and 3D 

printing, researchers have fabricated a wide variety of stretchable electronics such as 

optoelectronic skin for sensing and display[272–274], soft neural implants that sustain millions of 

mechanical stretch cycles and assist in drug delivery[275–277], stretchable batteries with wireless 

recharging capabilities[278–280], stretchable displays[281–283], soft silicon integrated circuits using 

wavy metal films[284–286], and epidermal electronics for the skin[287–289]. Some of these examples 

are shown in Figure 1.12.[272,275,278,282,284,287] 
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Figure 1.12 (a) Photograph of an ultra-flexible and conformable red seven-segment PLED display 

on the surface of a human hand.[272] (b) Optical image of an e-dura (electronic dura meter) – a soft 

neural implant with the insets exhibiting scanning electron micrographs of the gold film and the 

platinum-silicone composite.[275] (c) Operation of a stretchable battery connected to red light-

emitting diodes (LEDs) while being biaxially stretched to 300%.[278] (d) A demonstration of a 

stretchable display that can be spread over arbitrary curved surfaces.[282] (e) Image of a stretchable 

silicon circuit in a wavy geometry, compressed in its center by a glass capillary tube (main) and 

wavy logic gate built with two transistors (top right inset).[284] (f) A multifunctional epidermal 

electronic system (EES) on skin: undeformed (left), compressed (middle), and stretched (right).[287] 

 Despite their increasing demands, only a handful of these devices have been 

commercialized due to the lack of novel functional materials available along with the complex 

fabrication mechanisms needed to process them. Unlike conventional silicon-based 

microelectronics manufacturing that is limited to rigid wafers, stretchable electronics need to be 

incorporated onto plastics, paper, fibers and even biological tissues – necessitating low 
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temperature processing. A brief comparison of Young’s modulus of these materials is provided in 

Figure 1.13a.[290–293]  According to Wagner & Bauer,[290] the two most important parameters for 

stretchable interconnects is to have high electrical conductance and large critical strain at which 

conduction is lost. Most of the “true” soft electronics patterned today are based on conductive inks 

made with silver[294–296], gold[297], carbon nanotubes[282,298] or conductive polymers[299]. These 

materials are inherently rigid, solid materials that are hence dispersed in colloidal solutions in the 

form of flakes, nanoparticles, nanotubes, or nanowires to form composite conductive inks. Once 

patterned, especially using direct-writing/3D printing, to obtain conductivity on the order of bulk 

materials, we need to apply harsh post-processing treatments such as sintering and annealing at 

high temperatures to burn off viscous, toxic organic binders and obtain close-to-bulk electrical 

conductivities. An example of such dependence of the electrical conductivity on annealing time 

for printed silver nanoparticle inks is provided in Figure 1.13b.[140] This limits the strain on the 

final electronics and the type of substrates used for patterning, thus, leading to formation of cracks 

and fractures over time due to the mechanical mismatch between the soft substrate and the rigid 

conductor.  

 Hence, there is a need for processing soft materials that are intrinsically stretchable and can 

maintain bulk conductivity during reversible elongation (i.e., elastic deformation). To illustrate 

this quantitatively, we exhibit a plot in Figure 1.13c[291] adapted from Matsuhisa & Someya et 

al.[296] where we compare the conductivity at maximum strain for the different conventional 

conductors versus gallium-based liquid metals. To date, no conductive “inks” offer the 

combination of stretchability and conductivity as liquid metal.[290] The open squares represent 

composite approaches, whereas the triangle[300] and the circle[301] are select examples that use a 

gallium-based liquid metal embedded in elastomer. 
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Figure 1.13 (a) Young’s modulus of liquid metals compared with materials found in the human 

body and common materials used for flexible electronics.[291] (b) A plot of electrical resistivity of 

direct-write printed flexible and stretchable silver microelectrodes as a function of annealing 

temperature and time.[140] (c) A plot comparing the conductivity at maximum strain for different 

composite conductors and liquid metals indicating that liquid metals have the highest conductivity 

at maximum strain values.[291] 

  In the next section, we will discuss about the different low melting point metals 

available in nature and discuss their properties and applications.  

1.6 Low Melting Point Metals – Properties and Applications 

 Typically, metals are hard in their solid state and are known for their physical properties of 

high electrical and thermal conductivity in addition to being malleable (can be hammered into thin 

sheets), ductile (can be drawn out into thin wires) and fusible (can be melted to their molten liquid 

state).[302,303] In addition, metals are characterized by their high melting points, however, when 
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liquified, the conductive and fluidic nature of these metals allow it to be a promising candidate for 

applications in microfluidics and soft, flexible and stretchable electronics. Since, it is fairly 

difficult to process and work with high melting point alloys such as bulk copper and silver, we 

focus our attention to the other metals that are liquid at or near room temperature (colloquially, 

known as liquid metals) and available directly in nature. Table 1.2 lists these elements from the 

periodic table with their respective melting points and concerns associated with them. 

 Comparing the properties of different liquid metals from the periodic table.[304–310] 

Table 1.2 Comparing the properties of different liquid metals from the periodic table.[304–310] 

Name Symbol Melting Point (°C) Concerns 

Mercury Hg −38.83[310] Toxic[305,306,309] 

Francium Fr 27[308] Radioactive[307] 

Cesium Cs 28.44[308] Highly reactive and pyrophoric[308] 

Gallium Ga 29.77[308] Low Toxicity[304] 

Rubidium Rb 39.30[308] Highly Reactive[308] 

  

 Out of all the liquid metals tabulated above, mercury is the most familiar metal due to its 

usage in a wide variety of applications – the most common of which is the mercury thermometer. 

In addition to the thermometer, mercury has been a key ingredient in dental amalgams for more 

than 165 years as it mixes easily with other metal powders forming a paste that hardens into an 

intermetallic alloy after a short time.[311–314] Liquid mercury is a part of popular secondary 

reference electrode (called the calomel electrode) in electrochemistry as an alternative to the 

standard hydrogen electrode used in determining potential of half cells.[315–317] The dropping 

mercury electrode is a technique that pumps Hg out of the end of a capillary, which ensures a 
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smooth and uncontaminated metal surface that needs no cleaning or polishing. Hg is also well 

suited as a soft electrode for measuring capacity of electrical double layers[318] and DNA molecules 

that adsorb to the surface of the metal.[319] Other electronic applications for mercury include 

junctions for measuring electron transport through self-assembled monolayers[320], injecting into 

microfluidic channels for reconfigurable electronics[321], and sensors for detecting heavy metals in 

solutions.[322] Due to the high surface tension of mercury, it is well suited for uses in 

actuation[323,324], switches,[325] and micro-pumping applications[326]. Regardless of these promising 

applications, the usage of mercury is limited, if not avoided, due to its toxic nature.[327] 

 Out of all the liquid metals listed above, gallium has the least amount of toxicity or hazards 

associated with it.[304] Unlike Hg, gallium has essentially no vapor pressure at room temperature, 

which implies it can be handled outside of a chemical hood without concern for inhalation.[328] 

Like most metals, metallic gallium has negligible solubility in water and therefore could only 

feasibly enter the blood stream as a salt. Gallium salts (such as gallium nitrate), which are an 

oxidized yet more soluble form of gallium, have been approved by the United States Food and 

Drug Administration (FDA) for magnetic resonance imaging (MRI) contrast agents and also have 

some therapeutic value.[329] Recently, gallium‐based liquid metals were shown to be an effective 

carrier for anti‐cancer drugs.[330] In addition, neurons, which are notoriously sensitive, grow safely 

in the presence of gallium-based liquid metal alloys.[331] Nevertheless, liquid metals should still be 

handled with caution as more is learned about their toxicity.[332] For example, a synthesized 

organo‐metallic salt of gallium was found to be poisonous.[304] Due to its low toxicity, gallium is 

replacing mercury in many cases, and is a widely used liquid metal in emerging electronic 

applications. The next section discusses gallium and its low melting point alloys in detail with a 



 

41 

 

short historic background, followed by its properties and the current applications from the scope 

of this thesis.  

1.7 Gallium and its Low-Melting Point Alloys – Properties and Applications 

 In 1875, gallium was first discovered by a French scientist names Paul-Émile Lecoq de 

Boisbaudran. It is not present in nature in its pure form but instead it extracted as a byproduct of 

aluminum and zinc production.[333] It lies within the group 13 of the periodic table and its atomic 

weight is 69.716.[334] It is the element with the widest liquid temperature range  with the normal 

melting point being 29.83°C and the normal boiling point being 2402.85°C.[335] Gallium 

compounds are known in the periodic table due to their remarkable semiconducting properties with 

the elements of group 15, the most famous of which are GaAs (gallium-arsenide) and GaN (gallium 

nitride).[336,337] In addition, gallium is characterized by its high affinity to mix with a wide range 

of other elements (both metals and non-metals) under ambient conditions, forming halides, 

nitrides, oxides, and sulfides.[335,338] We will apply the affinity behavior of gallium with other 

metals in Chapter 5 of this thesis.  

1.7.1 Properties of Gallium-based Liquid Metal Alloys 

 Eutectic alloys are compounds that form using a specific composition of binary or ternary 

elements and have a melting point lower than the melting point of the individual constituents. 

Gallium forms a couple of eutectic alloys when mixed with indium and tin. The most common 

examples are EGaIn – a eutectic alloy of gallium (Ga) and indium (In) in 75.2 and 24.8 wt. % 

respectively and galinstan – a eutectic alloy of gallium (Ga), indium (In) and tin (Sn) in 67, 20.5, 

and 12.5 wt. % respectively. The physical properties of these alloys vary from the pure liquid metal 

gallium and hence we compare them with water as shown in Table 1.3.[328,335,339–349]  
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Table 1.3 Comparing the physical properties of different gallium-based liquid metal alloys with 

water.[328,335,339–349] 

Physical Property Gallium EGaIn Galinstan Water 

Melting Point (°C) 29.8 15.5 10.7 0 

Boiling Point (°C) 2402 2000 >1300 100 

Density (gm/cm3) 5.91 6.25 6.44 1 

Viscosity (Pa.sec) 1.969 × 10−3 1.99 × 10−3 2.09 × 10−3 1 × 10−3 

Surface Tension (mN/m) 750 632 718 72.8 

Thermal Conductivity (W/m.K) 30.54 26.43 25.41 0.6 

Electrical Resistivity (µΩ.cm) 27.2 29.4 30.3 20 × 108 

  

 In this thesis, we will be using EGaIn in Chapter 2, 3 and 4 for using its direct-writing 

ability at room temperature and gallium in Chapter 5 where we take advantage of the miscibility 

of gallium in metals such as copper for patterning thermally stable metal structures. In the next 

sub-section, we will review the properties of the oxide skin present on all gallium-based liquid 

metals that dominate the behavior of gallium in all applications.  

1.7.2 Role of Oxide Skin on Gallium-based Liquid Metals 

 Similar to aluminum, gallium-based liquid metals rapidly form a thin oxide layer on its 

surface when exposed to air or dissolved oxygen in ambient conditions[350] – even at ppm 

concentrations of oxygen.[351] The native oxide is very thin: ~ 0.7 nm thick in a controlled 

environment under vacuum[352] and ~ 3 nm or thicker at ambient laboratory[353,354] conditions as 

seen in Figure 1.14a which shows TEM images of the EGaIn nanoparticles synthesized in 

dodecane using sonication for oxide thickness measurements. The oxide passivates and does not 

grow significantly thicker over time in dry air in the absence of a driving force or physical 

perturbation.[352,355] The thin oxide “skin” is composed of primarily of oxides of gallium as shown 

in Figure 1.14b.[339] The Auger spectroscopy analysis of the oxide exhibits that the amount of 
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indium is very low as shown by the peaks in ambient conditions, due to the fact that indium 

oxidizes slowly unlike gallium.[356] Although the most stable form of the oxide is β‐Ga2O3 (a wide‐

bandgap semiconductor)[357], the crystallinity of the skin has yet to be characterized (one study 

speculates it is amorphous or poorly crystallized).[352] In the presence of moisture, the oxide can 

change to gallium oxide monohydroxide, which is mechanically weaker and less passivating than 

gallium oxide.[358] 

 

Figure 1.14 (a) TEM images of EGaIn nanoparticles synthesized in dodecane using sonication 

with an inset of the thickness measurement of the oxide skin. Courtesy of Dr. Yiliang Lin and Dr. 

Mohammed Gamal. (b) Auger spectroscopy peaks of EGaIn surface oxide showing the 

composition of the skin is majorly dominated by gallium oxide.[339] 

The oxide skin is a critical feature for patterning soft electronics. The skin forms 

instantaneously allowing the metal to adhere to the surface it is deposited on and adopt stable, non-

equilibrium shapes[359] against the destabilizing effects of gravity and high surface tension (~ 10 × 

water)[340]. An example of the such non-spherical shapes is as shown in Figure 1.15a[360] where 

we form cones of liquid metal using a stainless steel needle tip and Figure 1.15b[361] where we 

stack multiple free-standing beads of the liquid metal EGaIn in 3D using a 10 µm glass capillary 

needle tip. The mechanical strength of the oxide skin allows us to pattern these monolithic 

architectures. The same oxide film can be removed using aqueous acid (e.g., HCl) at pH < 3 as 
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shown in Figure 1.15c[362] or base (e.g., NaOH) at pH > 10, according to the Pourbaix diagram.[363] 

Once the oxide skin is removed, the bare liquid metals, which has a large surface tension, beads 

up and dewets most surfaces. The same oxide skin can also be removed electrochemically.[364] The 

ability to deposit and remove the oxide electrochemically offers new opportunities to reconfigure 

the shape of the metal using low voltages.[365] 

 

Figure 1.15 (a) A series of photographs of the formation of a conical tip of EGaIn being 

manipulated using a syringe into contact with the bare, reflective surface of a silver film.[360]  (b) 

Image of the word LIQUID 3D printed using free-standing, out-of-plane liquid metal 

microdroplets dispensed from a 10 µm needle.[361] (c) Liquid metal in the shape of a cone is 

stabilized by the surface oxide.[362] Acid (1 M HCl) removes the oxide. In the absence of the oxide, 

the metal beads up due to the large surface tension of the bare metal. 

To understand the role of the oxide skin better, a parallel plate rheometer has been used in 

the past to quantify the mechanical properties of the oxide skin that forms on the surface of the 

liquid metal. We choose EGaIn for this experiment as it is a liquid at room temperature and a less 

complex binary alloy system than galinstan. The rheometer instrument consists of two disks that 

sandwich the metal as shown in Figure 1.16a in an “oreo-cookie” configuration where the bottom 

disk remains stationary while the top disk rotates back and forth with the desired applied torque as 

shown in Figure 1.16b.[366] The measurements show that the oxide skin is elastic, and its yield 

stress hence dominates the mechanical response to the applied stress. Figure 1.16c[339] plots the 
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elastic modulus (G’) and the viscos modulus (G”) of EGaIn as a function of the surface stress (σs). 

The plot shows that the skin is elastic and holds a constant value of G’ until it reaches a critical 

(yield) stress of ~ 560 mN/m. Below this stress, the oxide is stable, and the metal will not flow but 

at higher stresses, the oxide ruptures and the metal flows similar to a true liquid.[339]  

 

Figure 1.16 (a) Cartoon showing the “oreo-cookie” configuration of liquid metal with the oxide 

skin between the top and the bottom plate of the rheometer. Courtesy of Dr. Michael D. Dickey. 

(b) Side view images of EGaIn buckling in a parallel plate rheometer showing the top rotating 

plate and the bottom stationary plate, the oxide is stretched as the rheometer rotates left and 

right.[366] (c) A plot of viscous modulus and elastic modulus of the oxide skin as a function of the 

surface stress.[339] 

 The next section discusses briefly about the different patterning techniques available to 

manipulate liquid metals at room temperature which defines its wide range of applications in the 

field of microfluidics and soft electronics.  

1.7.3 Applications of Gallium-based Liquid Metals 

 Liquid metals can be patterned at room temperature by taking advantage of the 

mechanically stiff yet, elastic oxide skin. There are multiple ways to pattern liquid metals[361] and 

they can be divided into four categories: (i) lithography‐enabled, (ii) injection, (iii) additive, and 

(iv) subtractive. To help build the foundation of the work reported in this thesis, we will briefly 
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review the different patterning techniques highlighting the applications in the field of microfluidics 

and soft electronics. 

 (i) Lithography-assisted Liquid Metal Patterning 

 As described in the Section 1.2,  conventional microfabrication techniques for patterning 

metals typically involve depositing thin films of solid metals that are subsequently patterned by 

lithography and etching. It is challenging to create thin, uniform films of the liquid metal. In 

addition, etching removes the oxide and causes the metal to flow due to capillary forces.[367] 

Although photolithography is poorly suited for direct-patterning of liquid metals, researchers in 

the past have used masks such as molds, stamps, and stencils using lithography to fabricate liquid 

metal electronics.  

 There are different techniques used in lithography-assisted patterning such as imprinting 

thin films of liquid metals using a silicone mold,[368] stencil lithography to enable spreading of 

liquid metals on a receiving substrate,[369–371] selective wetting on pre-patterned substrates[372] and 

lift-off where the liquid metal is spread onto substrates that are covered by photoresist and then 

dissolving away the resist to produce high resolution features on the order of tens of microns using 

conventional photolithography processes.[373] Some of these examples are shown in Figure 

1.17.[368,371,373] 
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Figure 1.17 Lithography-assisted methods for patterning of liquid metals. (a) Schematic for 

imprinting-assisted lithography (left) and an optical microscope image of the resulting high 

resolution liquid metal traces patterned.[368] (b) Schematic illustration of the lift-off patterning 

process (left) and the resulting liquid metal patterns obtained (right) that are aligned to 

prefabricated micropatterns.[373] (c) Fabrication of a soft-matter circuit with stencil lithography.[371] 

(i) A stencil is produced by laser engraving a thin film mask and placed on an elastomer. (ii) Liquid 

metal galinstan is spread over the stencil. (iii) The stencil is removed, and copper wires are inserted 

prior to sealing. (iv) Unsealed galinstan heater on an elastomer produced with stencil lithography. 

 (ii) Injection-assisted Liquid Metal Patterning 

 The easiest way to pattern the metal precisely on the sub-mm length scale is to inject it into 

microfluidic channels. Due to its low viscosity, liquid metal can readily fill channels assuming a 

sufficient pressure is applied to yield the oxide layer to fabricate soft reconfigurable 

antennas.[339,374] The pressure required for filling microchannels scales inversely with the diameter 

of the channels due to the need to yield the oxide.[339] Atmospheric pressure (~ 15 psi) is sufficient 

enough to inject the metal into channels with diameters as small as 10 μm using a hand-held 

syringe. Below this pressure, the metal maintains its shape in the microchannel due to the oxide 

skin, which mechanically stabilizes it. The use of posts (“Laplace barriers”) can direct the metal 

into complex channels[375] and it is also possible to fill multilayer channels.[376] Liquid metals have 

been injected into capillaries as small as 150 nm using large pressures[377]. Some of the soft 
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electronics and multilayer microfluidics fabricated using this method are shown from literature in 

Figure 1.18.[374–376] 

 
Figure 1.18 Injection-assisted methods for patterning of liquid metals. (a) Injecting liquid metal 

into microchannels using a hand-held syringe (left) is a simple method to create well‐defined and 

high resolution structures. Photograph showing a reconfigurable dipole antenna.[374] (b) Soft 

artificial skin prototype containing multilayered microchannels filled with injected liquid metal 

inside an elastomeric matrix.[376] (c) Inherently aligned liquid metal electrodes in 

microchannels.[375] Cut-away depiction of the process used to fabricate liquid metal 

microelectrodes in contact with a central fluidic channel. Two parallel rows of posts separate the 

liquid metal electrodes from the fluidic channel. Top-down, backlit optical micrograph of the 

fluidic channel flanked by two liquid metal electrodes. The posts prevent the metal from entering 

the fluidic channel. 

(iii) Additive Liquid Metal Patterning 

The advantage of using additive patterning processes is to deposit the liquid metal in 

desired areas. Inkjet printing is a conventional additive patterning technique, yet it is difficult to 

use conventional inkjet printing to pattern liquid metal due to the surface oxide and large surface 

tension. It is, however, possible to inkjet print liquid metals in the form of colloidal solutions which 

can be sintered mechanically at room temperature by pressing on them[378] or by using acid 

environment to break the liquid metal stream into droplets based on the principle of Lord Rayleigh- 

Plateau instability.[379,380] The presence of the surface oxide also allows the metal to be 3D 



 

49 

 

printed, both out-of-plane[359] and in-plane[141,381] via direct-writing with features stabilized by the 

oxide. The smallest features using this approach are ~ 100 μm.  

Further details for the direct-writing approach will be discussed in Chapter 2 of this thesis. 

It is also possible to transfer liquid metal using microcontact printing[371] (by contacting liquid 

metal with an elastomeric stamp and transferring it to a targets substrate) or by loading it in a ball‐

point pen.[382] Using these methods, liquid metals can be patterned additively at room temperature 

to form structures with metallic conductivity without any sintering or post‐processing steps as 

opposed to conventional metal additive manufacturing approaches. Examples of additively-

patterned liquid metal soft electronics are shown in Figure 1.19.[141,378,381] 

 

Figure 1.19 Additive patterning of liquid metals. (a) Photographs of (left) an inkjet system printing 

EGaIn nanoparticles dispersion, (center) Human hand wearing inkjet functionalized nitrile glove 

with arrays of strain gauges, intricate wiring, and contact pads, and (right) Same hand holding a 

tennis ball, demonstrating stretchability of the electronics.[378] (b) A series of free-standing wires 

3D printed by a syringe being withdrawn from a substrate while extruding liquid metal. Applying 

vacuum terminates the wires on-demand.[381] (c) Photograph of strain gauge devices on glass and 

the schematic of a direct-writing system patterning a serpentine pattern of length L, center‐to‐

center line spacing p with a writing speed v, flow rate Q, and a needle standoff distance h0 with a 

cross‐sectional view of a written trace of width W, height H, and contact angle θ.[141] 
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 (iv) Subtractive Liquid Metal Patterning 

Unlike additive patterning, subtractive techniques are those that selectively remove metal 

from a film to leave behind a pattern of metal. One of the methods is to laser ablate films of liquid‐

metal films in elastomer.[383] It is also possible to selectively remove the metal from complex 

microchannels or surfaces[367] by electrochemical reduction of the oxide.[364,384] After spreading a 

metal film on a surface, it is possible to induce localized and temporary capillary withdrawal of 

the metal by electrochemically reducing the oxide.[384] This technique is termed ‘recapillarity’ due 

to the use of reductive potentials to induce capillary behavior. Applying a reducing potential to an 

electrode (e.g., a wire) with a drop of water in contact with the surface of the film removes the 

oxide layer and allows the metal to flow. Although it is low resolution (~ mm), it offers a simple 

“subtractive” way to induce the metal to flow locally and thereby relocate to other parts of the film 

without any net loss of the metal in the process. Examples of such subtractive liquid metal 

patterning processes are shown in Figure 1.20.[383,384] 

 

Figure 1.20 Subtractive patterning of liquid metals. (a) Proposed mechanism for a direct laser 

ablation process that creates traces of liquid metals and other soft conductors in a rapid and 

inexpensive fashion.[383] (b) Illustration of the recapillarity process where the application of a 

voltage induces capillary withdrawal of the metal via localized reduction of the oxide.[384] 
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The next section discusses the outline to this dissertation with the motivation, overall goals 

and the main findings of each chapter.  

1.8 Motivation and Layout of the Dissertation 

As described in the previous section, there are multiple techniques available to pattern 

gallium-based liquid metals for fabrication of functional microfluidics and soft electronics at or 

near room temperature based on lithography, injection, additive and subtractive 

processes.[291,293,361,362,385] We focus our efforts on an emerging additive technique for depositing 

electronic materials based on direct-write technology[131–133,135,163,191] as we discussed in Section 

1.4.  

Direct-write printing allows for an inexpensive, yet simple, room temperature-based on-

demand patterning process that is compatible with liquid metals and other soft materials such as 

polymers, organics, and biological materials without the need for any harsh post-processing 

techniques used in literature and commercial processes such as selective laser sintering (SLS). 

However, the liquid metal direct-writing process is different from other extrusion techniques since 

it is based on a shear-driven mechanism dependent on the adhesion of the liquid metal oxide skin 

on the substrate, as opposed to a conventional pressure-driven mechanism.  

Chapter 2 elucidates the mechanisms, operating parameters, and considerations 

surrounding this direct-writing process. We study and characterize multiple process variables such 

as dispensing pressure, choice of substrate, print height, the effect of surrounding environmental 

conditions, and the speed and acceleration of the printer. The objective of this chapter is to provide 

the reader an accessible guide containing the best practices to implement liquid metal direct-write 

printing. Once we studied the liquid metal direct-writing process, we applied the fundamental 

principles to develop a new but simple method to fabricate microchannels with vasculature at room 
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temperature by patterning the liquid metal as a sacrificial template material. The method produces 

robust monolithic structures without the need for any bonding, assembling or alignment techniques 

that typically limit the traditional materials of construction of microfluidic channels across more 

than one layer in the Z-direction.[36,37,386,387] Removing select portions of the metal leaves behind 

3D metal features that can be used as antennas, interconnects, or electrodes for interfacing with 

lab-on-a-chip (LoC) devices.  

Chapter 3 discusses about the capabilities and the limitations of this process. As discussed 

in Section 1.3 & 1.4, fabrication of a soft, printed electronic device requires patterning of multiple 

materials using different additive-based deposition processes that are incompatible with traditional 

materials and patterning techniques. Hence, there is a need to apply unconventional materials and 

hybrid additive manufacturing technologies[55,388,389] for building such soft electronics.  

In Chapter 4, we report several AM techniques such as direct-writing, vacuum-filling, 

fused deposition modeling (FDM), inkjet printing, continuous liquid interface production (CLIP), 

and aerosol jet printing to demonstrate the rapid prototyping of soft, 3D printed electronics using 

liquid metal as the soft conductive element.  

In Chapter 5, we take advantage of the low melting point of liquid metals such as gallium 

and its affinity to alloy with other metals such as copper to understand the structure-property inter-

relationships of these materials. We characterize a novel but simple conductive paste for additive 

patterning of solid metallic structures at ambient conditions. The paste can be extruded from a 

nozzle at modest temperatures to form solid 3D shapes. The paste can also be molded at room 

temperature with feature sizes ranging from a few millimeters down to hundreds of nanometers. 

This technique could enable 3D printing of solid metals at temperatures compatible with polymers 
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as well as the creation of micro- and nano-structured metallic surfaces that may be useful for optics, 

non-wetting surfaces, or electrowetting. 

 Chapter 6 discusses the overall summary of the thesis project and outline the on-going 

efforts and the future direction for this work to help advance the progress of this research study.  
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Abstract 

This chapter elucidates the mechanisms, operating parameters, and considerations 

surrounding direct-write printing of liquid metals including dispensing pressure, choice of 

substrate, print height, the effect of the surrounding environmental conditions, and finally, the 

speed and acceleration of the printhead. The ability to direct-write liquid metals is important for 

patterning soft and stretchable conductors in a manner that is compatible with 3D printing. 

Whereas most direct-write processes extrude materials via pressure, liquid metal is instead printed 

by a shear-driven mechanism that occurs when the oxide-coated meniscus of the metal adheres to 

the printing substrate. Through characterizing the effect of different operating variables involved 

in the direct-writing process on the printed trace geometries, this chapter provides a guide to the 

best practices and limitations for implementing direct-write printing of liquid metals at room 

temperature.  
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2.1 Introduction 

As discussed in the previous chapter, additive processing of materials[1–7] has gained 

significant interest since the past few decades to help advance the field of printed electronics. One 

major limitation of additive processing technologies as of today is the limited variety of materials 

available. The process is primarily limited to polymers[8] because of their ease of processing, 

favorable mechanical properties, and cost. Commercial additive manufacturing[9] systems 

typically print polymers either by extruding molten polymer[10], photo-curing pre-polymer[11], or 

fusing polymer particles[12]. However, to create more diverse objects with a greater range of 

function, there are immediate needs to print materials other than polymers. The ability to print 

metals is especially important, as many applications require the desirable mechanical, electrical, 

optical, and/or thermal properties of metals. 

One of the most common methods used for additive manufacturing of metals today is 

“Selective Laser Sintering (SLS)”. SLS[13–20] techniques use metal powder that can be selectively 

sintered one layer at a time as shown in Figure 2.1a.[21] SLS can be used for a variety of polymers, 

metals and alloy powders. Laser scanning in SLS does not fully melt the powders and the elevated 

local temperature on the surface of the grains results in fusion of the powders. Currently, SLS 

processes are utilized in many different applications,[22,23] most commonly for rapid prototyping 

of porous scaffolds for bone tissue engineering[24–28] and building concept parts for aerospace and 

automotive applications.[29–31] Some of these examples are shown in Figure 2.1b.[28,31–33] 
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Figure 2.1 (a) Schematic of the SLS process and mechanism.[21] (b) (Left) Intake manifold of a 

car engine made by SLS with the (polyamide + AlCuFe) powder.[31] (Center) Custom-made skull 

plate with complicated internal structures manufactured in medical-grade titanium using SLS 

process.[28] (Right) An Airbus A320 hinge bracket built using SLS of titanium powder.[32,33] 

Courtesy of Airbus Group Innovations and EOS GmbH. 

SLS process tends to be prohibitively expensive requiring upwards of $500,000 in capital 

investments and use energy-intensive laser writers or electron-beam systems to induce high local 

temperature excursions (> 800°C avg.) to fuse the metallic powder. In addition, they need special 

environments including vacuum-like low pressures to avoid oxidation while handling metal 

nanoparticles, making it a very messy process.[34] Due to the use of metal powders, the final parts 

can sometimes be porous, affecting the mechanical properties and performance in the end-use 

applications.[20,35,36] The printed structures have low feature resolution and poor electrical 

conductivity due to presence of some non-sintered powder particles with organic viscous binders, 

apart from having slow printing speeds as compared to conventional subtractive manufacturing 
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methodologies.[24] Finally, the operating and processing procedures listed above are almost 

impossible to integrate bulk high temperature metals such as titanium with various polymeric, 

organic, soft and biological substrate materials on the same equipment. Thus, there is a need to 

develop new materials and processing techniques that are inexpensive and room-temperature 

compatible for rapid prototyping of soft, printed electronics.  

 Unlike conventional silicon-based microelectronics manufacturing that is limited to rigid 

wafers, stretchable electronics need to be incorporated onto plastics, paper, fibers and even 

biological tissues – necessitating low temperature processing. A brief comparison of Young’s 

modulus of these materials has been provided in Figure 1.13a[37–40] of Chapter 1.  According to 

Wagner & Bauer,[37] the two most important parameters for stretchable interconnects is to have 

high electrical conductance and large critical strain at which conduction is lost. Most of the “true” 

soft electronics patterned today are based on conductive inks made with silver[41–43], gold[44], 

carbon nanotubes[45,46] or conductive polymers[47]. These materials are inherently rigid, solid 

materials that are hence dispersed in colloidal solutions in the form of flakes, nanoparticles, 

nanotubes, or nanowires to form composite conductive inks. Once patterned, especially using 

direct-writing/3D printing, to obtain conductivity on the order of bulk materials, we need to apply 

harsh post-processing treatments such as sintering and annealing at temperatures as high as ~ 

500°C to burn off viscous, toxic organic binders and obtain close-to-bulk electrical conductivities. 

An example of such dependence of the electrical conductivity on annealing time for printed silver 

nanoparticle inks is provided in Figure 1.13b[48] of Chapter 1. This limits the strain on the final 

electronics and the type of substrates used for patterning, thus, leading to formation of cracks and 

fractures over time due to the mechanical mismatch between the soft substrate and the rigid 

conductor.  
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 Hence, there is a need for processing soft materials that are intrinsically stretchable and can 

maintain bulk conductivity during reversible elongation (i.e., elastic deformation). To illustrate 

this quantitatively, we exhibit a plot in Figure 1.13c[38] of Chapter 1 adapted from Matsuhisa & 

Someya et al.[43] where we compare the conductivity at maximum strain for the different 

conventional conductors versus gallium-based liquid metals. To date, no conductive “inks” offer 

the combination of stretchability and conductivity as liquid metal.[37]  

 Room-temperature liquid metals enable promising opportunities in the field of stretchable 

and reconfigurable soft electronics not achievable with solid state electronic materials through 

their unique ability to flow and conform to any channel shape within a substrate.[38,40,49–53] For 

example, room-temperature liquid metals do not need strain-relieving architectures in stretchable 

electronic applications, as do solid state metals.[54] Likewise, while elastomeric composites 

containing conductive solid particles conduct current under strain,[48,55] they sacrifice conductivity 

as strain increases due to an increasingly disconnected percolating conductive network,[56] and 

often exhibit decayed maximum conductivity over multiple strain cycles. In contrast, liquid metals 

retain a consistent bulk metallic electrical conductivity regardless of strain, with only small and 

predictable conductance changes due to severe geometric changes occurring at high mechanical 

deformations. Under such harsh conditions, they naturally “self-heal” upon relaxation to retain the 

original high conductance[53,57,58]. In the field of reconfigurable electronics, liquid metals have the 

ability to flow and move from one position to another reversibly to essentially re-wire electronics 

and provide entirely new functionality on-demand, a property of particular interest in switching, 

antenna tuning, and frequency selective surface applications[52,59–62]. 

There is a small set of liquid metals which can be used to fabricate liquid metal 

components[63]. Mercury has well-known toxicity concerns and a high surface tension (480 
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mN/m)[64]. When confining mercury to micro-channels, Lord Rayleigh-Plateau instabilities[65] 

disconnect electrical connections. Gallium-based liquid metal alloys (GaLMAs), a class of low-

melting point alloys, have been used routinely in recent years as an exceptional non-toxic, room-

temperature alternative. Although GaLMAs exhibit high surface tension (624 mN/m for eutectic 

gallium indium)[66], the presence of a spontaneously formed passivating solid-state surface oxide 

skin dominates the surface properties and enables patterning of the metal into shapes that would 

normally not be stable[67–69] as seen in Figure 1.15 of Chapter 1. GaLMAs also provide lower 

electrical resistivity at lower density than mercury. Note that liquid metals have a ratio of liquid to 

solid resistivity of approximately 1.4 to 2.3[70–72]. Solid gallium (α-axis) has a resistivity of 18 

µΩ*cm, while liquid gallium has a resistivity of 25.8 µΩ*cm[70–72].  

Additive manufacturing of GaLMAs has been explored recently, utilizing techniques such 

as inkjet printing[73,74], direct-writing[75–77], aerosol printing,[78,79] and freeze casting[80,81]. In these 

approaches, the GaLMA is directly patterned as compared to molding approaches in which the 

metal is injected into a pre-fabricated channel network[82,83]. Direct-writing is of particular interest 

as the method prints conductive liquid traces on-demand, without the need for any 

assembly/bonding and post-processing treatments such as evaporation of viscous organic 

binders[48,84–86] or mechanical sintering of printed inks[87] to obtain conductive tracks. Eliminating 

post-processing treatments is a significant advantage when printing on organic, flexible, and 

elastomeric substrates.  

In direct-write applications, fluids are commonly dispensed from a nozzle via volumetric 

displacement (e.g. using a syringe pump)[75], and pressure displacement[76,88] (using a pneumatic 

pump). In this work, we utilize an air pressure, however, we will demonstrate that pressure does 

not directly drive the extrusion. Instead,  adhesive forces between the substrate and gallium oxide 
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skin on the surface of the liquid metal create shear forces as the printing nozzle tip travels across 

the substrate. It was found that this a much more reliable approach assisting the extrusion of liquid 

metals through mechanical shear from the substrate to first yield and rupture the oxide. The applied 

pressure modulates the amount of metal that shears out of the nozzle, generating different 

geometries, but does not control it reliably in the same manner as a typical extrusion process which 

balances extrusion rate as a function of pressure against the speed of the printing tip. Further, 

direct-writing GaLMAs relies on the formation of the surface oxide to constrain the liquid metal 

and offset the effects of the high surface tension[76] of the liquid metal. The focus of this chapter is 

to detail the critical variables for direct-writing eutectic gallium-indium (EGaIn) alloy using a 

shear-driven printing approach and empower future users of this facile and high resolution printing 

technique. 

2.2 Materials and Methods 

2.2.1 Materials 

We utilized EGaIn in the printing studies available commercially as a low melting point 

alloy, (75.5:24.5 by weight gallium:indium, 99.99% purity, from Indium Corporation). Both 

EGaIn samples performed identically and were not distinguishable from one another, and therefore 

are not differentiated in the results section. There were many different substrates used in this study 

sourced from different companies such as glass slides (Corning®), silicon wafers (University 

Wafer, Inc.), Sylgard® − 184 (Dow Corning, Inc.), Ecoflex™ and Dragon Skin® (Smooth-On, Inc.), 

polytetrafluoroethylene (McMaster-Carr), and ortho-trichlorosilane/OTS (99% pure, Sigma 

Aldrich). All other substrates used were synthesized in the lab unless mentioned otherwise.   

To show the broad relevance of the reported work here, we utilized two separate printers 

at two different locations. The first was a customized 3-axis desktop-CNC milling machine re-
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purposed into a 3D printer located in Raleigh, NC, USA within the Dickey Lab at North Carolina 

State University. In this setup, a Nordson EFD Ultimus V Series pressure pump was attached to 

the top of the syringe assembly on a mobile Z-axis using a 3D printed custom-adapter to replace 

the spindle. The substrate was placed below the printing tip, on an XY-stage to provide XY 

mobility. The second system was a printer designed from commercial off-the-shelf (COTS) 

components located at the Air Force Research Laboratory (AFRL) in Dayton, Ohio, USA. The 

second system consisted of a bridge-gantry (Aerotech Inc.) above a stationary granite base, 

providing a XYZ mobile print head. A Nordson EFD Ultimus V Series pressure pump was attached 

to the top of the syringe assembly. Since nearly all experimental results were observed on both 

systems, and no discrepancies were observed between the two systems, hence, we do not 

distinguish the printers within the results and discussion section. Information on both the printing 

equipments with additional details on the hardware is provided in the Appendix A-2.1. 

2.2.2 Experimental Procedures 

EGaIn was loaded into a vertically oriented 3 ml syringe barrel with Luer-lock-attached 

printing needle tips of various diameters, purchased from Nordson EFD. We primarily used plastic 

tips for printing (polypropylene – PP and polytetrafluoroethylene – PTFE, 200-410 µm inner 

diameter, purchased from Nordson EFD) since the outside of stainless steel tips wet rapidly with 

EGaIn, creating substantial inconsistencies in the print process. The density of EGaIn (6.25 kg/m3) 

is significantly greater than traditional inks and our printing routines accommodated the added 

hydrostatic pressure (Ph) by applying a mild vacuum at the top of the fluid column to control the 

pressure at the outlet of the nozzle and hence prevent any leakage. The reported pressure in this 

work is the net pressure at the bottom of the printing tip rather than just the applied pressure (Pa), 

as denoted in Equation 1 below. Since there is no solvent to remove or dry out, the ink pot life is 
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effectively infinite, and no post-processing was required to retain previously reported maximum 

conductivity values ~ (3.4 × 106 S/m)[66] in our printed structures. In addition, the printed liquid 

metal can be recycled by physically removing it from the surface utilizing acids such as 1 M HCl 

(aq.) solution or concentrated HCl vapor that etches away the oxide skin and then allowing the 

EGaIn to dry so that it can reform the oxide skin needed for the printing work. The printing tip 

required ‘priming’ to fully fill/wet the EGaIn to the bottom of the syringe tip before printing 

commenced (described in the Appendix A-2.2), but once primed, the same tip was reused for 

weeks without any indication of clogging or corrosion. 

a h a EGaIn headP P P P gh     (1) 

A schematic of the printing process and a photograph of the tip are presented in Figure 2.2a and 

Figure 2.2b. 

2.2.3 Operating Parameters 

Direct-write printing consists of several variables that are interdependent, which we 

investigate in detail in this work. The primary variables investigated in these experiments are the 

following: 

(1) Choice of printing substrate 

(2) Extrusion pressure (Pa), print height (h), and inner diameter (ID) of the tip  

(3) Environmental conditions (relative humidity)  

(4) Tip printing speed (v) and acceleration (a)   

The geometries of the printed traces provide a metric of the role of these parameters. This 

includes the amount of EGaIn printed, as well as the resulting thickness (t) and width (w) of the 

printed traces, as detailed in Figure 2.2c. The thickness and widths are reported as the greatest 

values of the trace.  
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Figure 2.2 (a) Schematic diagram of print apparatus and key parameters of the printing process. 

(b) Inset of a printing tip direct-writing EGaIn. Pressure (P) is total applied to the top of a column 

of metal with a tip of a specific inner diameter (ID), which shears the liquid metal across a chosen 

surface at a set velocity (v). The tip is held at a constant Z-position above the substrate (h). (c) 

Confocal microscope image exhibiting that the trace has a semi-circular cross-section with a 

measurable width (w) and thickness (t). 

2.3 Results and Discussion 

2.3.1 Choice of Printing Substrate 

While EGaIn has a low bulk viscosity (2-2.4 × 10−3 Pa.sec),[83,89–91] its rheological and 

interfacial behavior is largely dictated by the solid oxide skin that instantaneously passivates the 

surface in presence of air or dissolved oxygen. This surface has been spectroscopically analyzed 

in the literature[92–94] and contains various forms of gallium oxide and gallium oxide mono-

hydroxide,[92–94] that render the surface slightly hydrophilic with a water contact angle of 
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approximately 40°[95]. Successful printing of EGaIn on any substrate is directly correlated to the 

interaction between this surface oxide and the substrate. In this section, we present a method of 

grading the printability of a substrate and to identify common characteristics of a good direct-

writing substrate. 

Since the static contact angle of EGaIn on any substrate is highly subject to the 

measurement process due to the mechanical properties of the oxide (nearly any number of static 

contact angles can be recorded for a substrate depending on hysteresis[96]), we utilized a dynamic 

contact angle measurement to analyze the interface between EGaIn and the chosen substrate. We 

used the FTA 1000 goniometer from First Ten Angstroms (FTA) for dynamic contact angle 

measurements. The test protocol consisted of forming a drop of ~ 1 ± 0.1 µL using a syringe pump 

and a stainless steel needle tip of 150 µm inner diameter in air. The substrate was then gently and 

slowly raised to bring it in contact with the base of the drop at a constant separation (h = 1 ± 0.05 

mm) to minimize any deformation in the shape/curvature of the drop on contact. Once the contact 

was made, the drop was first expanded out by dispensing EGaIn at a rate of 0.05 µL/sec to increase 

the droplet volume and the droplet/substrate contact area, and the advancing contact angle was 

recorded. The droplet was allowed to rest for about 10-15 seconds to equilibrate the shape. The 

droplet was then decreased in volume by reversing the flow of liquid metal back into the syringe 

tip, reducing the volume at the rate of 0.05 µL/sec, and the receding contact angle was recorded. 

The hysteresis in the advancing and receding contact angles was then calculated within an error of 

±5° and is reported in Figure 2.3a.  

It was observed that the liquid metal pins (adhering of the drop around its perimeter on the 

surface) on certain surfaces where the adhesion forces between the oxide skin of the liquid metal 

and the substrate are high. If the liquid metal pins on the surface, the droplet tends to sag when 
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you start deflating it causing an expansion of the baseline at which the liquid metal oxide touches 

the substrate. On complete deflation, we can hence observe a small amount of liquid metal and 

oxide residue on the surface. This pinning and sagging effect can hence cause inconsistency in the 

measurement of the “true” receding angle. In addition, the receding angle value can vary depending 

on the height of the needle inserted in the liquid metal sessile drop and the amount of liquid metal 

withdrawn from the pinned sessile drop on the surface during the receding phase. Thus, although 

large contact angle hysteresis of liquid metal on surfaces can indicate pinning and better adhesion 

of the oxide skin, and making the substrate suitable for printing, in principle, the actual receding 

angle value may not be as useful as compared to other solvent-based conductive inks that do not 

show this pinning behavior. On the other hand, if the liquid metal does not pin on the surface, the 

contact angle hysteresis observed is close to zero as seen in case of OTS-treated glass and silicon 

wafer substrate of Figure 2.3a, hardly leaving any residue on the surface after complete deflation 

and thus implying that the oxide skin does not adhere well to that substrate making it non-ideal for 

printing. We measured the advancing and receding angles along with the hysteresis for a wide 

variety of soft and rigid surfaces to build up a materials library. Additional details on this work 

can be found in the Appendix A-2.3.    

A second, more pragmatic test which we termed the “peck test” provides a facile and robust 

predictor of printability of a substrate. This test is shown in Figure 2.3b and c when it is successful 

and fails, respectively. In these tests, we touched an EGaIn-filled printing tip to a surface on a 10 

mm × 10 mm area and then the needle was retracted to see if the metal adhered. We repeated the 

‘peck’ one hundred times on a variety of substrates and graded the substrates as ‘pass’ or ‘fail’ 

based on how much, if any, EGaIn transferred to the surface. This method is similar to the height 
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variation method, demonstrated by Doudrick et al.,[97] for measuring interfacial contact angles of 

liquid metal oxide with various substrates. 

 

Figure 2.3 (a) Contact angle hysteresis values of EGaIn on various substrates. Hysteresis values 

lower than ~ 35º correlated with failed peck tests. (b) Example of a ‘pass’ result of the peck test 

indicating a printable substrate (c) Example of a ‘fail’ result of the peck test indicating an 

unprintable substrate. 

Based on the results shown in Figure 2.3, three mechanisms are presented as responsible 

for the determination of the printability of EGaIn on a substrate. The first mechanism is one that 

is fairly mundane and related to the presence of dirt and adventitious materials physisorbed on the 

surface of the substrates. For instance, in the absence of surface treatment or cleaning, off-the-



 

84 

 

shelf glass slide produced inconsistent results, particularly from batch to batch or between different 

glass suppliers. We suspect that the various cleaning treatments removed surface contaminants 

which would otherwise make it more difficult to intimately contact EGaIn oxide to the substrate. 

The second mechanism was determined to be adhesion of the oxide skin to the printing 

substrate. Both the untreated, off-the-shelf glass slide and silicon wafer substrates passed the peck 

test and resulted in high contact angle hysteresis, indicating strong pinning potentials and favorable 

interactions between the printing substrate and the EGaIn interface. However, when these surfaces 

are modified through an overnight vapor deposition treatment with ortho-trichlorosilane (OTS), 

rendering them hydrophobic, the hydrophilic EGaIn detaches from both substrates with no residue 

left behind during the receding contact angle measurement and providing extremely low hysteresis 

values, and both substrates failed the peck test resulting in no EGaIn being transferred in any of 

the 100 attempts. The failed peck test result could also be in principle, due to the chlorosilanes 

rapidly hydrolyzing upon contact with moisture in air to release hydrochloric acid.[98–103] Presence 

of hydrochloric acid can affect the stability of the oxide skin and hence its adhesion on the surface.  

Another interesting effect of a chemical treatment was observed when comparing model 

polyvinylmethylsiloxane/PVMS (we call it “model” as it was a control sample synthesized in the 

lab using known crosslinking chemistries and compositions) to the PVMS that was subjected to 

Soxhlet extraction treatment. Soxhlet extraction cleans unreacted species such as uncrosslinked 

oligomers and oils by washing with solvents (here, toluene) from the surface of the PVMS 

substrates. Once the surface was cleaned via extraction, it was able to pass the peck test and 

resulted in a higher contact angle hysteresis, suggesting that these species impair adhesion of liquid 

metal. We suggest that this is one reason model PDMS and Sylgard® − 184 demonstrated  different 

contact angle hysteresis values as compared to model PVMS despite having a similar silicone-
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based backbone, since each of these materials has a different concentration of fillers and 

proprietary chemical additives in the form of silicone oils to modify their chemical properties. 

Additional details on the effect of silicone oils on the wetting of liquid metals on elastomeric 

surfaces has been provided in the Appendix A-2.4. 

The third mechanism is the surface roughness of the substrate. Contact angle hysteresis is 

often correlated with surface roughness or surface heterogeneity[104–106] and it has been 

demonstrated in literature that surface roughness does have an impact on whether EGaIn will wet 

the surface.[91] To decouple the physical effects of roughness from the chemical effects, we 

measured the roughness of different silicone-based polymers such as model PVMS and Sylgard® 

− 184 using atomic force microscopy (AFM) and observed that the RMS values of roughness were 

on the order of tens of nanometers as shown in Appendix A-2.4. Hence, in our case, we believe 

that the surface roughness was not a major contributing factor affecting the printability of liquid 

metals.   

From these results, it appears that while EGaIn does not require a hydrophilic substrate, 

the presence of hydroxide groups increases adhesion with the gallium oxide skin and the presence 

of hydrocarbon or rough surfaces impairs adhesion. For the remaining of this work, glass substrates 

which were rinsed and then cleaned in a UV-ozone cleaner for twenty minutes or an oxygen plasma 

cleaner for five minutes, were chosen as the standard substrate for evaluating the rest of the printing 

parameters.  

2.3.2 Role of Pressure and Print Height 

The majority of the fluid mechanics of gallium-based liquid metal alloys has been shown 

to be attributed to the properties of the oxide skin of a few nanometers in thickness. Specifically 

of interest in this report is the pressure required to extrude the EGaIn from the syringe tip, which 
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requires the oxide to be ruptured. The pressure required to rupture the oxide skin is estimated by 

the Young-Laplace equation utilizing the oxide yield stress (rounded to σ = 550 mN/m[83]) and is 

calculated to be 11 kPa and 5.4 kPa  for the 200 µm and 410 µm ID tips, respectively. This was 

confirmed by slowly stepping up the pressure applied to EGaIn-filled syringes, and the threshold 

for extrusion was recorded as 10.4 kPa and 4.8 kPa for 200 µm and 410 µm, respectively. These 

pressures represent the upper bounds beyond which the liquid metal will extrude/flow in the form 

of a true liquid as opposed to the oxide skin being sheared across the substrate. More detail on this 

calculation based on the geometry of the printed traces is included in the Appendix A-2.5. Once 

the oxide ruptures, the metal will exit the nozzle as a sphere with increasing radius.  As the radius 

increases, the Laplace pressure goes down and the metal continues to flow due to its low viscosity.  

Thus, it is undesirable to simply extrude the metal because it will form spheres and flow 

uncontrollably.    

A much more reliable approach was to assist the extrusion of EGaIn through mechanical 

shear from the substrate to first yield and rupture the oxide. For this process, the print height 

becomes critically important. The relationship between pressure (P) and the print height (h) was 

measured for both a 410 µm and a 200 µm inner diameter (ID) tip (Figures 2.5a and 2.6a, 

respectively). In the parameter space, three regions present themselves within this parameter 

space:  

(1) Insufficient Shear Zone: Only small amounts of liquid metal dispense leading to 

discontinuous traces. (Red region 1 of Figure 2.5 and 2.6) 

(2) Optimal Printing Zone: Traces print predictably and routinely. (Green region 2 of Figure 

2.5 and 2.6) 
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(3) Over-pressurized Zone: Traces ‘burst’, resulting in large, pressure-governed extrusion 

rates and surface tension dominated geometries. (Blue region 3 of Figure 2.5 and 2.6) 

 

Figure 2.4 Cartoon depicting the three different regions observed during direct-writing of liquid 

metals. (a) Region 1 – Insufficient shear, (b) Region 2 – Optimal Printing, and (c) Region 3 – 

Over-pressurized. 

Region (1) occupies the low pressure and high print height regime, indicated as the red-

colored, upper left portion of Figures 2.5a and 2.6a. This parameter space is indicative of poorly 

controlled, non-reproducible features because the pressure of the metal at the tip is insufficient to 

maintain consistent engagement between the EGaIn meniscus extending from the printing tip and 

the substrate. As the forward/applied pressure is increased, a larger EGaIn meniscus forms that 

maintains engagement. Similarly, lower print heights ensure engagement of the modest meniscus 

that extends from the nozzle at lower pressures. 
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Figure 2.5 (a) Test lines printed with a 410 µm ID tip. An assembled image of traces printed at 

pressures (P) in the range of 0-2.5 kPa and print heights (h) in the range 20-220 µm. (b) Trace 

geometry data as a function of pressure extracted from the print height of 20 µm row of (a). (c) 

Trace geometry data as a function of print height extracted from the 2.0 kPa column of (a). 

At the opposite extreme, Region (3) occurs when the pressure within the printed trace 

becomes too high that it ruptures the oxide skin containing the printed liquid EGaIn (~ 100 µL/s – 

1 mL/s), resulting in large (>1 mm) deposits of liquid metal. These droplets have a much larger 

radius of curvature than the printed traces, so the oxide skin provides little resistance to EGaIn 

flow and liquid metal extrudes at a rate limited by the low viscosity of EGaIn. This ‘burst’ event 

occurs above a critical pressure (Pc), which is defined by the geometry of the trace, with analogies 

to a pipe where the walls are composed of the native gallium oxide which retain the liquid metal 

core[69]. Assuming similar compositional and mechanical properties of the oxide skin across the 

various printed geometries, the critical pressure will decrease as the size of the printed structures 

increase. Utilizing a pipe-burst formalism and geometrical relations, the critical pressure of a trace 

is expressed in Equation 2 as derived in the Appendix A-2.5.  
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To calculate the burst pressure, we utilize the width (w) and thickness (t) of traces on the 

border between Regions (2) and (3) (from Figures 2.5 and 2.6), and the yield stress of the oxide 

skin (σ).[83], (assumed to be 550 mN/m). We arrive at theoretical burst pressure values of 3.2 kPa 

and 6.8 kPa for the 410 µm and 200 µm ID tips, respectively, which nearly approximate the 

measured burst pressures of 3.0 kPa and 6.5 kPa for the 410 µm and 200 µm ID tips respectively 

– calculated using Equation 2.    

 

Figure 2.6 (a) Test lines printed with a 200 µm ID tip. An assembled image of traces printed at 

pressures (P) in the range of 0-6.5 kPa and print heights (h) in the range 20-175 µm. (b) Trace 

geometry data as a function of pressure extracted from the print height of 20 µm row of (a). (c) 

Trace geometry data as a function of print height extracted from the 6.0 kPa column of (a). 

Between Regions (1) and (3), the oxide skin adheres to the substrate and draws out EGaIn 

in a controlled manner. Analysis of traces in Region (2) show that the trace geometry depends on 

pressure, as depicted in Figures 2.5b and 2.6b. The width and thickness of the traces were 
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measured using a laser confocal microscope (Keyence VKX-260). An example of the observed 

trace geometry can be seen in Figure 2.2c, showing a semi-circular cross-section. 

For both syringe tip diameters, as a function of pressure, the printed trace widths vary from 

approximately 85 µm at a minimum to a maximum that is nearly equal to the ID of the tip. The 

lower limit of the range may be determined by the surface tension or yield stress of the liquid metal 

while the upper end appears to be correlated to the printing tip. It is seen from Figure 2.5b and 

2.6b that the trace thickness increases dramatically at pressures immediately preceding the 

transition from Region (2) to (3), suggesting that monitoring trace thickness in situ could be a 

method of predicting burst events.  

Trace thickness tends to remain proportional to print height. At low height, EGaIn traces 

tend to be wide and thin. As print height (h) increases, trace width decreases while trace thickness 

increases, decreasing the radius of curvature (Rc). The trend reverses at a print height 

approximately one quarter of the tip ID. At this point, w ~ 2t ~ 2Rc creating a half circle cross 

section with a 90° contact angle. At larger print heights, despite the increasing trace width, the 

trace aspect ratio, t/w, remains greater than 0.5, with an observed maximum of approximately 0.75. 

For trace aspect ratios above 0.5, the trace likely maintains a cylindrical cross section with a 

footprint smaller than the width of the trace, but this has proven difficult to directly measure.  

Print height affects the transition from Region (2) to Region (3) by changing radius of 

curvature of the trace, and thus the critical pressure. The radius of curvature is the largest, and thus 

burst pressure the lowest, at lowest and highest print heights. This indicates that traces are the most 

stable when printed at heights near the minimum of the trace width and the radius of curvature i.e. 

at approximately one-fourth of the inner diameter of the syringe tip as seen in Figure 2.5c and 

2.6c. 
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2.3.3 Role of Environmental Conditions 

Initially it was found that the nozzle tip material choice becomes more important at extreme 

humidity conditions. While most printing described above was done with low cost polypropylene 

syringe tips without any observed clogging or adverse adhesion concerns, at higher humidity, the 

outside of the tip consistently accumulated EGaIn, as depicted in Figure 2.7a. To prevent this 

from occurring at high relative humidity (RH), we utilized a PTFE-coated stainless-steel needle 

tip which was not observed to accumulate liquid metal even after many printing runs, shown in 

Figure 2.7b. To limit EGaIn adhering to the printing tip and distorting the results, a 250 µm ID 

PTFE-coated printing tip (Nordson EFD) was used for the humidity study. 

 

Figure 2.7 Images of (a) EGaIn wetting the sides of a polypropylene tip and (b) not wetting a 

PTFE-coated stainless steel tip. 

With more traditional extrusion-based inks, environmental conductions such as 

temperature and humidity are critical factors for drying and setting of the printed materials. While 

EGaIn has no solvents to dry / evaporate off, environmental conditions are none-the-less an 

important factor in the ability and quality of printed EGaIn features as it can directly affect the 

adhesion of the oxide skin on the printing surface. A range of relative humidities were used to test 

the ability to print on an ideal substrate (UV-ozone treated glass) at an appropriate print height. 
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The environmental conditions were controlled by introducing dry air into an enclosure built around 

the printer.  The printer also contained a small humidifier to increase the humidity, when desired, 

above ambient conditions. The temperature in the printer enclosure was held at 21°C during the 

test. Relative humidity and temperature were measured using a small sensor placed near the 

substrate. The glass substrate was rinsed in distilled water, dried using compressed air and placed 

into an UV-ozone cleaner for 20 minutes. Between each test, the humidity was allowed to reach 

equilibrium.  

Under these conditions, sets of 7.5 mm long lines were printed at print heights of 30 and 

50 µm, a speed of 7.5 mm/s, and a total pressure of 2 kPa. These parameters are near the boundary 

between Regions (1) and (2), so that small changes in humidity result in observable changes to 

printability. Thirty lines were attempted at each humidity. Figure 2.8a includes the ratio of 

successfully printed lines to attempted lines.  

The highest probability of printing occurs near 27% relative humidity (RH), but lines 

printed with similar probability occur throughout the range of 27-54% RH. Only at very high and 

low humidity values did the print probability significantly decrease, with higher humidity levels 

having a moderately more detrimental effect than lower humidity levels. The probability of 

printing was consistently higher at 30 µm compared with 50 µm print height, with more than half 

of the 30 µm printing attempts being successful at all tested humidity values, while lines printed 

at 50 µm were  successfully printed more than 50% of the time only at an RH = 27%. 
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Figure 2.8 (a) Probability of print versus relative humidity at print heights of 30 and 50 µm. In 

this data set, each point represents thirty attempts. (b) Probability of trace width versus relative 

humidity. Trace width data is the average width measured from the successful traces, error bars 

represent one standard deviation. Error in humidity measurement is less than ± 5%. 

We are not sure why humidity is important for printing but offer the following possibilities.  

The increased chance of printing at moderate humidity levels is qualitatively similar to the findings 

of adhesion studies between solid surfaces in the presence of humidity[107,108]. These studies found 
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that moderate humidity levels increase adhesion between hydrophilic surfaces via capillary forces 

and increased hydrogen bonding in the water layers, increasing the effective surface energy. At 

low humidity levels, there is not enough adsorbed water for forming complete monolayers, and 

adhesion is reduced as compared to moderate humidity levels. At higher humidity levels, 

multilayers of water form a slip layer, reducing adhesion. Slip layers of water have been reported 

to allow EGaIn to flow through microchannels, as well as allowing droplets of EGaIn to slide 

across glass slides without leaving residue[109]. It is also worth noting that gallium oxidizes more 

rapidly in humid environments[93], but the presence of water (in the form of gallium oxide mono-

hydroxide surface species) mechanically destabilizes the surface oxide[109]. Humidity has a 

significant effect on the print reliability, as it alters the surface energy and chemistry of both the 

oxide and the substrate.  

The width of successfully printed traces, as seen in Figure 2.8b, also changes as a function 

of humidity. Reported trace widths are averages from a sample of twenty lines, or as many as 

successfully printed, for each humidity and print height. Traces printed with both 30 µm and 50 

µm tip print height demonstrated an inverse relationship between the printed trace width and the 

relative humidity. This indicates adhesion is reduced at higher RH, wherein the oxide is not able 

to stabilize the printed trace by pinning it at wider dimensions. This is likely caused by build-up 

of moisture condensing on the substrate and causing slipping at the interface between the metal 

and the substrate.  

2.3.4 Role of Speed and Acceleration 

For most extrusion-based printing processes, the applied pressure drives ink extrusion. This 

results in the pressure (or volumetric change) applied to the ink requiring control as the print head 

traverses around corners, changes directions, or changes speed to match the ink deposition rate 
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with the print head travel speed leading to significant complication with controls to sync movement 

with pressure modulation. When mechanical shear drives the extrusion process, as in the case of 

EGaIn, it is not necessary to modulate the applied pressure to account for changes in speed.  

Acceleration/deceleration independence can be demonstrated via a print pattern containing 

variations in speed and direction. A modified logo of The United States Air Force (USAF) in which 

each point of the star was printed at a different acceleration is shown in Figure 2.9a and the insets 

show each point. The speed momentarily reached zero at each corner and for approximately a 

second in the middle of each line of the star to accommodate changing the acceleration parameters 

and saving the position, speed, and acceleration data, all the while the pressure was held constant. 

During these periods of zero speed, no EGaIn was deposited since the deposition rate is directly 

(linearly) controlled by the speed. Additional information on the effect of printing speed on the 

width and the height of the printed traces has been provided in the Appendix A-2.6. 

It is evident from examining the printed features that the acceleration rate (and speed) had 

no discernible impact. This can be visually confirmed in Figure 2.9a as each corner looks 

qualitatively the same despite orders of magnitude difference in the acceleration rate. This result 

highlights one of the main strengths of liquid metal printing: you can pick the speeds and 

accelerations which your printer can handle without compromising the results. Further, you can 

pause or stop printing merely by stopping motion rather than turning pressure on or off. The North 

Carolina State University logo depicted in Figure 2.9b highlights another advantage, because ink 

deposits only when there is shear with the substrate, you can print branching structures such as the 

inset letters N and C by reversing the direction and printing directly over the previously printed 

line. This re-printing does not significantly affect the geometry of the printed traces and yields a 

method for printing more complicated geometries as well as fixing small defects. 
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Figure 2.9 (a) Stylized AFRL logo depicts the effect of acceleration and speed. The star was 

printed at four distinct accelerations. The set points are listed in the insets at the bottom. In each 

inset, the trace is printed moving vertically upward and then diagonally downward. (b) NCSU logo 

depicting branching structures such as the letters N and C by reversing the direction and printing 

directly over the previously printed line without affecting the geometry of the printed traces. 

2.3.5 Process Limitations 

Although this method of direct-writing liquid metals has many advantages, it is not without 

limitations. One of major challenges associated is that the printing is currently restricted to flat / 

smooth substrates. In addition, we observed the narrowing / “thinning” out of the liquid metal 

traces when we direct-write it on locations with previously deposited tracks of solvent-based 

conductive inks such as carbon nanotubes (CNTs).[110] It was interesting to notice the gradient in 

the print widths as the liquid metal travels on and off the CNTs in the process. 

Direct-writing of liquid metals is a shear-driven process and hence the print height between 

the needle tip and the printing surface is of utmost importance to ensure a constant rate of oxide 

shearing across the surface. Changes in the print height due to the presence of any abnormalities 
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or roughness on the surface can significantly affect the printing results. An indication of the same 

has been exhibited in Figure 2.5a and 2.6a where we varied the print height at a constant pressure 

and observe the effect on the printed traces. As a result of this limitation, one of the drawbacks of 

this method is that we cannot print long traces (on the order of 10s of centimeters across the 

surface) unless we have ultra-smooth surfaces that do not have a lot of thickness variation or we 

measure the irregularities in the height beforehand and adjust for the same during the printing 

process.[111,112] To give an indication of the order of magnitude of thickness variation, we have 

obtained reproducible and repeatable printing on a 75 × 50 mm glass slide from Corning® bought 

commercially which has a 100 µm thickness variation from one end to another. Hence, we need to 

ensure the calibration of every new substrate in terms of its thickness variation before we begin 

printing on it. One of the solution to overcome this limitation is to integrate an off-the-shelf laser 

displacement sensor on the printhead that can scan the printing surface beforehand to measure the 

thickness variation and incorporate the same in the toolpath of the printhead to account for the 

irregularities.[111,112]  

The second major challenge is characterizing the different types of defects that occur 

during printing. After analyzing the defects that are observed during printing empirically, we have 

placed them into three categories, (1) Disconnections, (2) Herringbones, and (3) Ruptures. 

Examples of the various defects occurring during printing are shown in Figure 2.10 using a model 

pattern. We choose a multipurpose pattern to test several geometries during printing such as 

straight lines, zig-zag lines, double spirals and serpentine traces.  
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Figure 2.10 (a) Design of the print pattern including straight lines, double spiral, zig-zag, and 

serpentine traces to observe the different types of printing defects. Disconnection defects observed 

in (b) double spiral, (c) serpentine traces, (d) zig-zag lines with an inset of the discontinuity. (e) 

Herringbone trace with an inset view of the printed pattern, and (f) Rupture defect observed at the 

end of a straight line. White arrows indicate the direction of the printhead. The widths of the 

different printed traces are in the range of 100-500 microns. 

Disconnection defects observed during the printing of the double spirals and serpentine 

lines as seen in Figure 2.10b and c. These defects could be due to the varying print height from 

the syringe tip to the printing surface due to an unleveled print bed. A possible solution would be 

to level the print bed and hence the substrate using a tilt stage ensuring minimum print height 

variations across the surface. Explanation for the disconnection defects seen in Figure 2.10d has 

been provided in the earlier Section 2.3.4 examining the effect of speed and acceleration of the 

printer on  direct-writing geometries with sharp corners.  
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Herringbone trace defects are the most peculiar type of print defects that seem to be specific 

for liquid metal direct-writing as we have not found any similar printing imperfections in literature. 

They are usually observed over long straight lines and are seen to follow the direction of the 

printhead leaving “fingerprint” of the liquid metal traces behind as seen in Figure 2.10e. One 

possible explanation for their presence could be that the printing tip is a bit too “close” to the 

substrate without sufficient extrusion pressures. This can result into pinning of a small portion of 

the trace on the surface and the rest being withdrawn due to the high vacuum/back pressures.  

Rupture defects are commonly observed when the extrusion pressures applied are higher 

than the yield stress of the skin causing “bursting” of the printed traces. The low viscosity and high 

surface tension of the liquid metal dominates the final geometries causing mini blobs to form on 

the surface as seen in Figure 2.10f. These defects fall in the over-pressurized zone discussed earlier 

and indicated by the blue Region (3) of Figure 2.5 and 2.6.  

The third challenge associated with this shear-driven extrusion process is the incomplete 

understanding of the oxide skin wetting mechanisms on different substrates which eventually 

dictates this patterning technique. The surface oxide creates two complications when performing 

conventional wetting experiments using contact angles of pendant and sessile drops. Firstly, the 

oxide skin forms a barrier between the substrate and the metal. Contacting the liquid metal to a 

substrate likely ruptures the oxide, allowing fresh oxide to form, which affects the wetting.[97] The 

role of surface roughness and chemical composition on wetting are important,[91] but have yet to 

be generalized. Secondly, the oxide provides a mechanical barrier that prevents the metal from 

adopting shapes that minimize interfacial energy, which is the basis for many wetting 

measurements. For example, on many surfaces, the metal can be physically manipulated to assume 

nearly any contact angle due to the stabilizing effects of the oxide (i.e., it gets pinned).[96] The 
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current “peck test” method for evaluating substrates for printing works well , however, there are 

many opportunities to better understand wetting of these oxide‐coated metals to ensure consistent 

and reliable printing behavior.  

2.4 Conclusions 

We have characterized a shear-driven printing process using eutectic gallium-indium 

(EGaIn) liquid metal alloy to identify ideal printing conditions. The metal prints when the nozzle 

tip is close to the substrate and the pressure is sufficiently large to push the metal against the 

substrate, but not so large as to rupture the oxide. Neither the speed nor acceleration played an 

important role on the printing results, but choice of substrate material and surface conditions are 

the dominant factors affecting the printing process: substrates that pass the “peck test” are those 

that are most likely to print. Generalizing these results as seen in Table 2.1, the parameters should 

be applicable to other gallium-based liquid metal alloys (GaLMAs) such as galinstan because the 

print process is primarily governed by the gallium oxide adhering to the substrate. This work 

provides a guide to the best practices to the community for printing GaLMAs that serve as an 

accessible, room temperature, material for printing highly conductive traces without the need of 

post-processing. This type of printing may be useful for creating soft and stretchable interconnects, 

electrodes, or antennas for electronic applications.  

 

 

 

 

 

 



 

101 

 

Table 2.1 Summary of the print variables and its relative effect on the printed EGaIn traces. 

Parameter Effect Strength of Effect 

Substrate Treatment Print/No Print, Width High 

Substrate Material Print/No Print, Width Moderate 

Print Height Print/No Print, Width, and Thickness Moderate 

Pressure Print/No Print, Width, and Thickness Moderate 

Humidity Print/No Print, Width Moderate 

Speed None Observed None 

Acceleration None Observed None 
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Abstract 

This chapter demonstrates a simple method to fabricate 3D microchannels and 

microvasculature at room temperature by direct-writing liquid metal as a sacrificial template. The 

formation of a surface oxide skin on the low-viscosity liquid metal stabilizes the shape of the 

printed metal for planar and out-of-plane structures. The printed structures can be embedded in a 

variety of soft (e.g. elastomeric) and rigid (e.g. thermoset) polymers. Both acid and 

electrochemical reduction are capable of removing the oxide skin that forms on the metal, which 

destabilizes the ink so that it withdraws from the encapsulating material due to capillary forces, 

resulting in nearly full recovery of the fugitive ink at room temperature.  

Whereas conventional fabrication procedures typically confine microchannels to 2D 

planes, the geometry of the printed microchannels can be varied from a simple 2D network to 

complex 3D architectures without using lithography. The method produces robust monolithic 

structures without the need for any bonding or assembling techniques that often limit the materials 

of construction of conventional microchannels. Removing select portions of the metal leaves 

behind 3D metal features that can be used as antennas, interconnects, or electrodes for interfacing 

with lab-on-a-chip (LoC) devices. This chapter describes the capabilities and limitations of this 

simple process. 
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3.1 Introduction 

This chapter describes a new way to fabricate microchannels utilizing 3D printing of liquid 

metals. Microfluidic channels are utilized in various fields such as biochemistry, optics, and fluid 

dynamics. Microfluidic channels also aid several applications including gas capture, flow batteries, 

fuel cells, heat exchangers and autonomous materials, to name but a few examples [1–3]. Most 

existing fabrication strategies are inherently two-dimensional (2D) and therefore confine the 

geometries of microchannels within 2D planes. The ability to make three-dimensional (3D) 

microchannels can add complexity and functionality in devices such as microvalves and 

active/passive mixers[4,5]. In addition, 3D structures can increase the areal density of 

microcomponents by vertical stacking, replicate the complex microvasculature[6–9] found in living 

organisms as seen in Figure 3.1,[8,9] and facilitate integration of electronics and optics[10] on top of 

silicon circuits[11].  

 

Figure 3.1 Comparison of vascular network pattern of branching and structures seen in animal and 

plant.[8] (a) A rat heart was decellularized and was perfused with a red stain to visualize the 

vasculature.[9] (b) A Buddleja davidii leaf was perfused with fluorescein-labeled PEGDA to 

visualize the leaf vasculature.[8] 
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Conventionally, microfluidic channels have been fabricated by patterning topography on a 

polymer substrate and then sealing it against a flat substrate to obtain the microchannels. This 

approach is effectively a 2D process. There are many methods available for fabricating the 

topography such as lithography-based techniques[12,13] including imprint lithography[14–16] and soft 

lithography[15,17]. Subtractive methods are also used, such as laser or X-ray ablation[18], 

femtosecond laser micromachining[19], CNC machining[20,21], and ultrasonic etching[22]. Most 

subtractive methods only remove material from surfaces and are therefore poorly suited for the 

fabrication of complex 3D fluidic networks.  

Taken in sum, most fabrication processes generally result in 2D microchannels, but with 

some difficulty, can form 3D channels by bonding multiple molded layers. Bonding involves the 

need for challenging micro-scale alignment[23,24] of the layers, which is best achieved using a high-

resolution stage[25]. In addition, the stacked layers require sealing[26–29] such as indirect bonding 

techniques (e.g. adhesion bonding) or direct bonding schemes (e.g. thermal fusion bonding, solvent 

bonding, localized ultrasonic welding, surface treatment). Each of these methods adds additional 

steps, time, and cost in the fabrication process[29,30].  In addition, the bonded interface is typically 

a weak-point in the device that is prone to failure / leakage. Many materials are not easy to bond, 

which further limits the materials of construction.  

There are few methods available to directly pattern monolithic microchannels that traverse 

in arbitrary directions. Stereolithography[31–36] and two-photon polymerization[37–40] are exceptions 

that can produce nearly arbitrary 3D microchannels. These techniques do not require external 

alignment and build a monolithic structure without the need for bonding or masking. Although 

these methods require specialized (and in most cases, expensive) tools and photosensitive liquids, 

they can achieve feature resolutions down to ~ 10 µm. Stereolithography is one of several 3D 
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printing strategies to create microchannels[41–53] and it is perhaps the most popular for making 

microchannels because of its resolution and ability to directly print the channels (or create modular 

structures[54]) as seen in Figure 3.2.[35,36] 

 

Figure 3.2 (a) Illustration of the stereolithography/3D printing process for fabrication of 

monolithic microfluidic channels and devices. Photographs of (b) a coil-shaped microchannel 

device and (c) the interfacing of tubing with integrated Luer connectors.[35,36] 

Two-photon polymerization[38–40] is a 3D nanoscale manufacturing tool that offers great 

potential for rapid prototyping and the manufacture of photonic devices, tissue scaffolds and 

biomechanical parts as seen in Figure 3.3.[39,40] Multi-exposure lithography[55,56] and other clever 

lithographic tricks such as tilted exposure, parallel flood exposures, controlled depth exposures, 

and exposure by 3D interference patterns have also been utilized as tools for rapid prototyping of 

periodic 3-dimensional structures in microchannels[57].   
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Figure 3.3 (a) Optical setup for two-photon polymerization.[39] The femtosecond laser is focused 

by a lens and an oil immersion. The imaging system using a charge couple device (CCD) is useful 

both for optical adjustment and for in situ fabrication monitoring. Scanning electron microscope 

(SEM) images[40] of (b) a high-porosity tissue engineering scaffold and (c) test micro-needle array 

for transdermal drug delivery. 

An emerging approach for fabricating microchannels involves patterning ‘fugitive’ inks 

(i.e. a sacrificial material) encased in polymer. A stimulus (typically heat) removes the sacrificial 

ink to form the desired network of channels composed of the stable polymer. It is possible to print 

the fugitive ink by 3D printing and therefore it is possible to construct buried as well as crossed, 

multi-layer 3D microchannels. There are multiple examples of this technique were researchers 

have 3D printed inside a polymer matrix to obtain 3D microvascular networks as seen in Figure 

3.4.[58]  
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Figure 3.4 Schematic of omni-directional printing of 3D microvascular networks in a hydrogel 

matrix.[58] (a) Deposition of a fugitive ink into a physical gel matrix allows the patterning of 3D 

interwoven filaments. (b) Voids caused by nozzle translation are filled with a fluid. (c) Chemical 

cross-linking of the matrix via photopolymerization permanently sets the matrix. (d,e) The ink is 

liquified and removed under light vacuum to expose the microvascular channels. (f) Fluorescence 

image of a Pluronic F127-diacrylate matrix containing red dyed ink. 
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In addition, it has also been shown that the fugitive ink can be direct-write printed on a 2D 

planar substrate to obtain a multilayered scaffold that can be later  encapsulated with a polymer 

resin. Once the polymer matrix is crosslinked, we can remove the patterned ink to obtain a 3D 

microvascular network as seen in Figure 3.5.[59] 

 

Figure 3.5 Schematic representation of the fabrication procedure for 3D microvascular networks 

by direct-write assembly.[59] (a) deposition of fugitive ink (in blue) through cylindrical nozzle. (b) 

multilayer scaffold after ink deposition. (c) resin infiltration into scaffold. (d) resin solidification 

to form structural matrix and (e) 3D microvascular network created after removal of fugitive ink. 
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An appeal of this ‘fugitive’ direct-writing method is the elimination of the masking and 

bonding steps that are needed in layered fabrication. Unlike stereolithography and other 

lithographic methods, there is no need for photosensitivity nor optical transparency. To get rid of 

the fugitive ink, most of the sacrificial template strategies used for making microfluidic channels 

involve processes such as melting,[7,60] dissolution,[61–63] chemical etching,[64] physical removal,[34] 

or thermal vaporization[65–68]. In addition to the need for customized chemistries and, in some 

cases, harsh chemicals, most  of the methods require heating for either the printing, sealing, or 

removal of the fugitive ink and many of them require long wait times (hours to days) to remove 

the ink. Often, the heat can cause the channels to collapse or distort.  

This chapter describes a new method for forming complex microfluidic channels by 3D 

printing with channels spanning every direction (i.e., 3D channels) with alignment defined by a 

motorized X-Y-Z stage and dimensions defined by direct-write processing. The fabrication process 

is simple and employs a room-temperature 3D shear-driven direct-write method that can create 

microchannels composed of a wide variety of materials. The process recovers nearly 100% of the 

fugitive ink at room temperature with the assistance of aqueous solutions. We believe this is the 

first fugitive method that allows conductive metal to remain (by design) in the final printed features 

that can be interfaced as electrodes with microchannels. In addition, the process does not require 

any lithography beyond the 3D printing and can produce monolithic structures without the need to 

bond solid slabs of polymer together. The printer can also print structures of varying aspect ratios 

including tall vertical features that are challenging to build using conventional methods. This 

chapter describes the capabilities and limitations of this process. 
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3.2 Materials and Methods 

3.2.1 Materials 

We utilized EGaIn in our study, either purchased as an alloy, (75.5:24.5 by weight 

gallium:indium, 99.99% purity, purchased from Indium Corporation) or formed by mixing solid 

indium into liquid gallium (99.99% purity, purchased from Gallium Source, Inc.) in the same 

weight ratio (75.5:24.5 by weight gallium:indium) as commercially available. Both samples 

performed identically and were not distinguishable from one another, and therefore are not 

differentiated in the results section. Microscopic glass slides were purchased from Corning® and 

were pretreated with an ultra-violet ozone (UVO) cleaner for 20 minutes to burn off all the 

surfactants on the glass surface and hence enable reproducible direct-writing results. 

Polydimethylsiloxane (PDMS) surfaces were made using a Sylgard® − 184 silicone elastomer kit 

(10 parts of the base polymer mixed with 1 part of the curing agent) from Dow Corning, Inc. and 

were cured in a petri dishes at room temperature overnight to avoid the formation of air bubbles. 

A spin-coating method was used when curing was required to be done on silicon wafers purchased 

from University Wafer, Inc. For using photocurable glues, a kit of Norland Optical Adhesives 

(NOA) UV curable adhesives was bought from Thorlabs, Inc. and cured using an IntelliRay UV 

flood curing system.  

3.2.2 Experimental Procedures 

The fabrication of microfluidic channels involves three main steps and one optional step, 

as depicted in Figure 3.6.[69] In the first step, a 3D printer deposits liquid metal in the desired 

channel geometry on a substrate (e.g. polydimethylsiloxane – PDMS) using an established process 

of direct-writing with liquid metals[70,71] as seen in Figure 3.6a. Additional details on the printing 

process have been provided in the Appendix A-3.1. The substrate ultimately becomes the ‘floor’ 
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of the microchannel.  The liquid metal used here is EGaIn[72–74] , a eutectic alloy of gallium (Ga) 

and indium (In) in a 3:1 ratio by weight that has a melting point of 15.5°C. EGaIn serves as a 

sacrificial ink to define the channel features. Despite being a liquid, the metal forms stable 

conductive features beyond the Lord Rayleigh-Plateau instability limit[75,76] because of the 

passivating oxide skin[77] that forms instantaneously a thin shell on the surface of the metal at room 

temperature in the presence of oxygen. The metal prints readily by dispensing it from a syringe 

barrel attached to a pneumatic air reservoir and a micropositioning stage that can move in X, Y, 

and Z-directions. Due to the rheological properties imparted by the oxide[73,78], it is possible to 

print liquid metal pillars in the Z-direction (i.e. normal to the substrate). The second step as seen 

in Figure 3.6b involves casting and curing polymer onto the printed features. Liquid metal features 

in the Z-dimension can define inlets / outlets, or alternatively, a biopsy punch can define holes in 

the embedding matrix. Flushing the channel with 1 M HCl (or a base with pH > 10) removes the 

oxide skin and capillary forces drive the metal from the channel in the third step as seen in Figure 

3.6c. Alternatively, electrochemical reduction in the presence of electrolyte can remove the oxide 

layer without the need for acid. In the final optional step, the empty channel can be injected with 

another fluid (in this case a colored dye) to help visualize the clean microfluidic channel as shown 

in Figure 3.6d.   
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Figure 3.6 Images depicting the fabrication steps.[69] (a) Printing the liquid metal onto a substrate. 

(b) Encapsulating the printed pattern in a polymer. (c) Emptying the metal from the encapsulated 

channels. (d) Refilling the empty channels with another fluid (here, red dye). 

3.3 Results and Discussion 

3.3.1 Geometry of Microvascular Channels 

A cross-section of an emptied microchannel has a semi-circular profile[79], as shown in the 

inset of Figure 3.7a. The semi-circular profile arises from the shape of the liquid metal that exits 

the extrusion head, which consists of a conical polypropylene needle. To determine the influence 

of the needle gauge on trace width, we varied it from 30 to 18 gauge diameter (inner diameter 

varying from 150 to 840 µm). Figure 3.7b plots a linear fit (forced through zero) of the trace width 

versus the needle inner diameter (ID) with a slope of 0.33 and a regression coefficient of 0.95. The 
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error bars capture the standard deviation of the diameter of at least five lines printed on PDMS, 

each 3 cm long. This plot suggests it is possible to control the width of the features simply by 

varying the diameter of the nozzle. The slope of the best fit line is 0.33, which means that the 

printed structures are nearly a third smaller than the orifice of the needle. We speculate that the 

printed structures are smaller due to the short (< 100 µm) print height between the tip of the needle 

and the substrate, which allows the metal to ‘neck’ due to the tension arising in the oxide shell that 

spans from the substrate to the nozzle tip while the metal gets sheared out of the nozzle. A similar 

observation has been made in a previous literature by Boley et al.[79] where the differential wetting 

of the liquid metal onto various substrates is considered. The inset shows three neighboring lines 

printed using a 21 gauge needle (510 µm ID); it is apparent that the lines are uniform with 

negligible line edge roughness as compared to the resolution of the printed tracks and owing to the 

tendency of surface tension of liquid metal to form smooth surfaces (and the conformal nature of 

the oxide), we believe the surface is quite smooth. The Appendix A-3.2 provides more information 

on the printed lines and using those optical microscope images and a MATLAB script, we have 

determined a couple of important parameters, namely, line width roughness (LWR), line edge 

roughness (LER) and line height roughness (LHR) that are about 10, 10 and 5 microns each 

respectively. We also see that as the traces become wider, they also been taller indicating a 

proportional change in the aspect ratio when we change the resolution of the printed tracks by 

using a different needle diameter as seen in Chapter 2. 
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Figure 3.7 Geometries of the printed microchannels. (a) Photograph showing a cut-away, side-

view of emptied channels with an inset of the cross-section of one of the channels and (b) a plot 

of the printed trace widths (µm) vs. needle inner diameter (µm) with an inset of an array of printed 

lines using a needle with an inside diameter of 510 µm. 
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3.3.2 Electrochemical Withdrawal of EGaIn from Microchannels 

The EGaIn in the microfluidic channel can be withdrawn using electrochemistry, which is 

less harsh than acid since it requires only salt water. Reduction reactions[80] remove the oxide from 

both the leading metal-electrolyte interface as well as the oxide between the metal and the walls 

of the channel, which allows for the metal to withdraw cleanly. The simple method, as shown in 

Figure 3.8, requires a drop of electrolyte (1 M NaF) placed at the inlet of the channel. The drop 

acts as an anode and a bead of liquid metal placed at the other end acts as the cathode. The bead 

of the metal also lowers the Laplace pressure at the outlet, making it easier for the metal to 

withdraw. A reductive potential applied to the metal relative to the electrolyte removes the oxide. 

This effect was coined ‘recapillarity’ because it uses reductive potentials to induce capillary 

behavior[80,81].  Previous studies suggest a potential of −0.6 V  (vs. Ag/AgCl) is sufficient to remove 

the oxide[81]. The experiments here use a two-electrode configuration and therefore we decreased 

the voltage until the metal withdrew (it also withdraws under constant current settings). For 

example, in the experiment depicted in Figure 3.8, we used −1.1 V to induce recapillarity. Care 

should be taken to avoid the formation of bubbles via electrolysis, which can interfere with the 

electrical connection.  As expected, the withdrawal slows as it retreats toward the outlet since the 

withdrawal velocity scales with current density[80]. For this reason, longer channels have higher 

resistance and thus, a slower withdrawal, all things otherwise being equal. In addition to providing 

a less noxious alternative to acid, the use of voltage provides the ability to halt the removal of 

metal at arbitrary lengths by ceasing to apply voltage. Additional information on this process has 

been provided in the Appendix A-3.3. 
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Figure 3.8 Electrochemical withdrawal of liquid metal from the microchannels. Photographs 

showing the (a) electrochemical setup for withdrawing liquid metal from channels printed on and 

embedded in PDMS and (b & c) evolution of the liquid metal withdrawal over time. 
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3.3.3 Selective Removal of Metal from Microchannels 

Microfluidic devices often need metallic components for sensors, communication devices, 

and electrodes[82,83]. Although there are exceptions[84], electrodes are often fabricated separately 

and aligned subsequently to microfluidic channels, resulting in geometries that can be difficult to 

seal. In contrast, the method here can selectively withdraw metal from the channel network to 

generate aligned electrodes in a single step. Figure 3.9 shows a proof-of-concept. After printing 

orthogonal metal lines, the metal can be removed from only one of the paths, leaving behind 

aligned metal electrodes in direct contact with the emptied channel. These electrodes, which can 

be contacted electrically with external wires, initially remain in the microchannels since there is 

no pathway for them to withdraw, but ultimately reform the oxide layer to provide additional 

stability as shown by previous literature[85].  In addition to electrodes, it is possible to print inlet 

and outlet ports using liquid metal droplets. Additional information on this process has been 

provided in the Appendix A-3.4.   
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Figure 3.9 Fabrication of electrodes in contact with a microchannel without the need for external 

alignment. (a-c) Schematic demonstrating selective withdrawal of metal and (d, e) experimental 

images of the metal-filled and metal-purged channels. The white dotted lines indicate the channel 

from which the liquid metal was withdrawn. 

3.3.4 Multi-material Encapsulation 

Another benefit of this fabrication approach is that it does not require solid-solid bonding, 

which makes it simpler to create a stronger microchannel (i.e. less prone to leaking) and opens up 

a wider palate of materials of construction since many materials do not bond well as solids. Casting 

and curing a layer of pre-polymer on the printed structures encapsulates the channels. Thus, in 

principle, it is possible to fabricate microchannels from any material that can be cast as a liquid 
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and later hardened. Figure 3.10 illustrates this simple encapsulation procedure. A liquid metal 

(Figure 3.10a) structure printed on a film of thiol-ene (Norland Optical Adhesive, NOA63) 

remains stable while casting liquid pre-polymer (Figure 3.10b) to form the fully-embedded 

structure (Figure 3.10c). To simplify the process, the encapsulating layer could, in principle, be 

co-printed using a second nozzle alongside the metal nozzle. The ability to cure a liquid pre-

polymer against printed structures on a pre-cured polymer results in a monolithic structure without 

weak interfaces. It is also possible to embed 3D structures. Additional information on this process 

has been provided in the Appendix A-3.5.  

 

Figure 3.10 Encapsulation is straightforward and does not require traditional solid-solid bonding.  

(a) A printed double spiral of liquid metal on NOA63. (b) Pouring and curing additional polymer 

directly onto the spiral encases it to form a monolithic structure. (c) After curing, the microchannel 

lacks any notable interface between the layers of polymer. 

3.3.5 Fabrication of 3D Multilayered Microvascular Channels 

One of the advanatges of this 3D printing method is that it allows the formation of 

multilayer microfluidic channels. The interconnects between layers can be printed directly with 

liquid metal and the alignment is achieved using the accuracy of the printer stage. Features can be 

written both in plane and out-of-plane using the stabilizing effects of the oxide layer. Vertically 

printed structures in the Z-direction help connect the metal across the layers. Figure 3.11 depicts 

examples of multilayer microchannels fabricated by direct-write of liquid metal on a single layer, 

embedding in polymer, and repeating. It is possible to print structures that cannot be fabricated 
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simply by other means — those that are very tall and have extremely high aspect ratios, or that 

have complex geometries and topologies. Figure 3.11e and 3.11f shows components printed along 

all three axis using NOA63 and the rest of the monolithic structures in Figure 3.11a-d are 

composed of PDMS.  

 

Figure 3.11 Multilayer 3D microfluidics. (Top row) Wide angle and (bottom row) zoomed in 

images showing encapsulated channels printed across multiple layers connected through features 

printed in the Z-direction. Images of 3D multilayered (a & b) Ladder and (c & d) Spirals fabricated 

using PDMS. (e & f) Images of an omnidirectonal pillar in X-Y-Z printed using liquid metal and 

embedded in NOA63 pre-polymer. 

3.3.6 Process Limitations 

Although this method has many attractive features, it is not without limitation. The primary 

limitation of this method is the low resolution[70,71] of the fabricated microchannels, which is 

limited to ~ 50-100 µm. The wide variation in the resolution range is due to the dependency of this 

method on a number of factors such as type of substrate, needle size, environmental factors 

(humidity, temperature, etc.), print height of the needle tip from the substrate, to name a few. The 

height of structures printed in the Z-direction in a single step is limited by the ability of the oxide 

skin to stabilize the structures (in this work, the maximum height is approximately 4 mm) along 
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with the risk of the pillars falling down while embedding due to shear forces. In some cases, the 

encapsulating materials would climb up the vertical structures due to capillary action, which 

creates additional forces that can destabilize the vertical structures. In addition, we found that the 

Z-channels that connect the multilayered channels were often wider than the channel diameter. 

Finally, the embedding method in its current form does not allow fine control over the thickness 

of the encapsulant layer. We envision that a doctor-blade process could provide better control 

without collapsing the printed liquid metal; similar to the planarizing strategies utilized by 

commercial 3D printers. 

In a sub-set of samples, we were surprised to find that the metal does not withdraw 

completely from the printed channels with either acid or electrochemically-induced withdrawal. 

Addition information on this challenge has been provided in the Appendix A-3.6. We are currently 

seeking to understand why and when this occurs. Fortunately, sufficient flushing is capable of 

removing the metal in these samples.  

This method, in its current form, is time consuming due to the need of removing the printed 

structures from the patterning equipment for each embedding step. However, it should be possible, 

in principle, to create the microchannels using a multimaterial co-printing method of both metal 

and encapsulant without the need to remove the samples for embedding. The method is currently 

limited to polymers or low melting point solids as it involves room-temperature printing and 

casting processes but in principle, can extend to inorganic materials such as castable ceramics. 

3.4 Conclusions 

This chapter demonstrates a method for fabricating 3D microchannels based on a fugitive 

liquid metal ink patterned via direct-writing. The method can print a wide range of geometries 

with controlled widths (lines, spirals, lines, T-channels, electrodes, and 3D structures). The method 
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is enabled by the mechanical stabilization provided by the surface oxide that forms on the metal.  

After encapsulating the printed structures, the metal can be removed at room temperature using 

acid or electrochemistry while recovering the metal for reuse. It creates monolithic microchannels 

by casting liquid pre-polymer directly onto printed structures, that has the added benefit of 

avoiding solid-to-solid bonding. As co-printing methods become more sophisticated, it should be 

possible to directly print the microchannels using fugitive liquid metal inks and encapsulating 

materials in a single process, enabling rapid processing and more complex structures. 
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Abstract 

This chapter serves to demonstrate and characterize several 3D printed electronic devices 

fabricated using additive patterning of gallium-based liquid metals and polymers at or near room 

temperature without the need for any harsh post-processing mechanisms. We employed several 

readily available additive manufacturing (AM) techniques such as direct-writing, fused deposition 

modeling (FDM), inkjet printing, continuous liquid interface production (CLIP), digital light 

projection (DLP), and aerosol jet printing to exhibit the rapid prototyping of soft, 3D printed 

conductors for electronics including thermoelectric generators (TEGs) for energy harvesting 

applications, radiofrequency (RF) antennas, coaxial transmission lines for communication 

applications, laser pointers, and thin film transistors (TFTs) using liquid metal as the conductive 

element.  

We established that liquid metals can be patterned by multiple deposition methods and is 

compatible with a wide range of dielectric materials that are needed to package / encapsulate the 

conductive elements of the electronic devices. We believe that such multimaterial liquid metal-

based additive patterning processes could enable inexpensive room-temperature patterning of 

electronic components such as interconnects, antennas, transistors, and sensors enabling 

fabrication of flexible, stretchable, reconfigurable, and wearable electronics. 

 

 

 

 

Keywords: liquid metals, additive manufacturing, 3D printing, direct-writing, soft electronics, 

patterning. 
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4.1 Introduction 

During the last few decades, the importance of electronics in our daily life has increased 

manifolds via the use of smartphones and computers as well as due to their integration in various 

appliances, cars, and toys, to name but a few examples. The functionality of the electronics is based 

on the circuits and electrical components incorporated in them that provide one or more electrical 

functions (e.g., communications, sensing, computation, memory). The components can be in the 

form of fundamental passive circuit elements (resistor, inductor, capacitor, memristor), conductors 

(wires, interconnects, antennas), insulators, transistors, sensors, and microelectromechanical 

systems (MEMS) devices that are useful for switching, actuating, and sensing. With advancement 

of fabrication methods, the components become smaller, thinner, lighter, faster, and hence more 

cost-effective. Due to these advantages, there has been an increasing need to rapidly prototype 

customized electronics so that they can be amalgamated wirelessly in our society via the “Internet 

of Things (IoT)” (i.e., the notion that objects of interest will someday be interconnected 

wirelessly). 3D printing[1] as an additive manufacturing (AM) approach is a growing market in 

every manufacturing sector with a global market revenue expected to grow from $5B in 2015 to 

$22B in 2025 with a compound annual growth rate (CAGR) of 15%.[2] It has created a great 

demand for seamless integration of electronics in 3D printed objects with the printed electronics 

market analysis report projecting that the market size will grow from $3 billion in 2015 and to $19 

billion in 2025.[3,4] 

Devices that can be bent, folded, stretched, or conformed without losing the electronic 

functionality are a promising for broadening the application of electronics. In addition to adding 

smart functionality and form factor to the conventional rigid electronics, these devices have the 

promise of being employed in healthcare – designing low-cost stretchable electronic skins, 
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prosthetics, or lightweight smart sensors conformal to human body for biomonitoring and energy 

harvesting applications. Using multiple patterning processes such as chemical vapor deposition, 

sputtering, soft lithography, and 3D printing, researchers have fabricated a wide variety of 

stretchable electronics such as optoelectronic skin for sensing and display,[5–8] soft neural implants 

that sustain millions of mechanical stretch cycles and assist in drug delivery,[9–11] stretchable 

batteries with wireless recharging capabilities,[12–14] stretchable displays,[15–17] soft silicon 

integrated circuits using wavy metal films,[18–20] and epidermal electronics for the skin.[21–23] 

Examples of such soft electronic devices are shown in Figure 4.1.[24–28] 

 

Figure 4.1 (a) Image of a microcontroller circuit fabricated by hybrid 3D printing, in which surface 

mount electrical components are interconnected with printed silver-thermoplastic polyurethane 

(TPU) electrodes onto an underlying TPU matrix.[24] (b) Photograph of an epidermal touch panel 

developed on a soft elastomer substrate to insulate the panel from the skin and to mount the panel 

on a curved surface.[25] (c) Images of surface mounted electronic sensors patterned 

using  stretchable, anisotropic conductors composed of conductive magnetic particles aligned in 

elastomer.[26] (d) Images of VR gloves containing carbon-nanotube (CNT)-based strain sensors as 

components of a textile-based, wearable sensing system for real-time motion detection.[27] (e) 

Electrohydrodynamic (EHD) printed conductor on PDMS with Christmas tree pattern that when 

connected a battery lights an LED and hence remained conductive at the bending state.[28] 
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The different soft electronics shown in Figure 4.1, have a common physical makeup – they 

contain (a) stretchable conductors, patterned on a (b) soft substrate, connecting the different (c) 

rigid electronic components. According to Wagner & Bauer,[29] the two most important parameters 

for stretchable interconnects is to have high electrical conductance and large critical strain at which 

conduction is lost. As we discussed in the introduction chapter, most of the “true” soft electronics 

patterned today are based on conductive inks made with silver,[30–32] gold,[33] carbon 

nanotubes[34,35] or conductive polymers.[36] These materials are inherently rigid, solid materials 

that are hence dispersed in colloidal solutions in the form of flakes, nanoparticles, nanotubes, or 

nanowires to form composite conductive inks. Once patterned, especially using direct-writing/3D 

printing, to obtain conductivity on the order of bulk materials, harsh post-processing treatments 

such as sintering and annealing at high temperatures are needed to evaporate the viscous, toxic 

organic binders and obtain close-to-bulk electrical conductivities.[37] These limit the strain on the 

final electronics and the type of substrates used for patterning, thus, leading to formation of cracks 

and fractures over time due to the mechanical mismatch between the soft substrate and the rigid 

conductor. Hence, there is a need for patterning soft materials that are intrinsically stretchable and 

can maintain bulk conductivity during reversible elongation (i.e., elastic deformation). 

There are several AM approaches available for patterning polymers and metals,[38–46] but 

we will focus on the methods that hold promise for fabrication of 3D printed electronics.[47–51] 

Researchers in the past have used techniques such as fused deposition modeling (FDM),[52–56] 

inkjet printing,[57–60] stereolithography (SLA),[49,61–64] direct-writing,[24,65–70] and aerosol jet 

printing[71–75] to build 3D electronics with conductive elements embedded. The operating 

mechanisms and some examples of such 3D printed electronics are shown in Figure 4.2. 
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Figure 4.2 (a) (Left) A cartoon showing the schematic of a fused deposition modeling (FDM) 

process.[53] (Right) Image of a capacitive sensor fully encapsulated in polycarbonate. This device 

utilizes laser welded components and fully embedded 40 gauge wire. The device pictured also 

contains a fully embedded sensor suite including microcontrollers, capacitors, resistors, diodes, 

and LEDs.[76] (b) (Left) A cartoon showing the inkjet printing process.[77] (Right) Letter N shape 

printed using conductive tracks within a 3 mm thick dielectric pattern connecting an LED to a 

power source.[78] (c) (Left) Schematic of a top down stereolithography (SLA) process where the 

laser scans the surface for the curing of the photosensitive material.[79] (Right) A gaming die 3D 

printed with an embedded processor and accelerometer.[49] (d) (Left) A cartoon showing direct-

writing printing process in which the materials are directly extruded during translation of the 

nozzle.[80] (Right) Optical image of the 3D antenna, fabricated by drawing periodic conductive 

silver tracks on a sticky paper, followed by conformally adhering it to a hemispherical hollow glass 

substrate.[69] (e) (Left) Schematic of an aerosol jet printing process.[72] (Right) Automotive tanks 

with printed fluid level sensors, control and display circuits.[72] The sensors register the water level 

as it rises, lighting the LEDs to indicate the fill level. When the tank compartment is full the circuit 

senses the water fill level and reverses the pump direction. 
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To date, most individual AM technologies utilized for rapid prototyping of electronics are 

generally restricted to one material class and as a result unable to deposit different functional 

materials within one layer. To produce complex, multimaterial three-dimensional (3D) structures 

with embedded electronics, a hybrid AM technology of coupling different unconventional digitally 

driven processes and classes of materials is therefore necessary. This would thereby allow the 

creation of novel, high-value, bespoke, end-use products with intricate features where the 

complexity of the geometry or the integration of embedded electronics does not necessarily affect 

the ability of the part to be manufactured cost-effectively. In this chapter, we will demonstrate 

multiple AM processes that help in rapid prototyping of soft and rigid electronics using liquid 

metal as the single versatile conductor that is compatible with all these processes and the different 

dielectric materials needed to encapsulate the electronic circuitry.  

4.2 Materials and Methods 

4.2.1 Materials 

The common material used in all our prototyped electronics is the conductive element 

which is liquid metal. The liquid metal used here is EGaIn[81–83], a eutectic alloy of gallium (Ga) 

and indium (In) in a 3:1 ratio by weight that has a melting point of 15.5°C. It not only combines 

the desirable properties of rigid as well as soft materials used conventionally, but is inexpensive, 

non-toxic, commercially available and possesses a high electrical conductivity making it a suitable 

choice in the field of soft electronics. Despite being a low viscosity liquid, the metal forms stable 

conductive features beyond the Lord Rayleigh-Plateau instability limit[84,85] because of the 

passivating oxide skin[86] (~ 1-3 nm thick[87]) that forms instantaneously a thin shell on the surface 

of the metal at room temperature in the presence of oxygen. The oxide shell can be removed by 

exposing the metal to an acid or a base; the Pourbaix diagram[88] for gallium suggests that the oxide 
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is removed at a pH value < 3 or >10. The oxide skin provides extraordinary mechanical stability 

to the liquid metal, allowing for the deformation of the liquid metal into non-spherical shapes that 

would otherwise be prevented by the high surface tension. Furthermore, the resulting interconnects 

are self-healing,[89] significantly increasing the long-term reliability of the flexible modules. It has 

been demonstrated that even if an EGaIn line is bent or stretched too far and the interconnect 

breaks, when the strain relaxes the liquid bodies can reconnect and regain their same conductivity. 

These properties make EGaIn an excellent interconnect choice for soft electronics. Previously, 

researchers have patterned the liquid metal using the oxide skin to fabricate flexible antennas[90–

92], ultra-stretchable[93] and self-healing wires[94], 3D printed microfluidics with vasculature[95–97] 

and electrochemical devices[98], that have been utilized in various soft electronics as well as lab-

on-a-chip applications. The other important materials used in the different AM processes depend 

on the electronic device being built and hence the information for the same has been provided in 

separate sub-section for each device.  

(a) Flexible and Wearable Thermoelectric Generators (TEGs) 

The flexible TEG modules for body heat energy harvesting applications were fabricated 

using commercially available Bi0.5Sb1.5Te3 p-type and Bi2Se0.3Te2.7 n-type semiconductor legs. 

The Seebeck coefficient, thermal conductivity and electrical conductivity of the legs were 210 

μV/K, 1.45 W/m.K and 900 S/cm respectively, resulting in an average zT figure-of-merit of 0.8. 

The leg dimensions were 0.64 × 0.6 × 0.6 mm. The legs also had a proprietary metallization stack 

on both the top and bottom surfaces terminated with Au at the exterior surface. In this study, we 

used polydimethylsiloxane (PDMS, Sylgard™− 184) available from Dow Corning, Inc. as our 

elastomer for packaging the TEG device. 
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(b) Liquid Metal-filled Radiofrequency (RF) Antennas 

The insulating portions such as the simulated antenna geometries, four-element array and 

integrated feeding network were printed with a ProJet® 3500 HDMax[99] inkjet printing machine 

from 3D Systems, Inc. that uses VisiJet M3 Crystal® material – a photocurable dielectric resin 

used to encompass the liquid metal. M3 Crystal was selected due to its natural appearance, low 

warping during support material dissolution process, high mechanical strength and resistance to 

solvent exposure. The regions to be metalized are printed using a dissolvable wax-like support 

material (VisiJet S300®) to reinforce overhangs and free-standing geometries. These structures are 

printed at a layer thickness of 29 µm in the Ultra High Resolution (UHD) mode of the printer. The 

sacrificial supports are dissolved and flushed out via small drain holes by submerging the printed 

part into a warm ultrasonic cleaning bath (EZRinse-C, 3D Systems Inc.) and the drain holes are 

sealed by applying a photocurable polymer NOA63 (Norland Optical Adhesive 63). 

(c) Low Loss Coaxial Transmission Lines 

Coaxial lines are widely used as transverse electric and magnetic mode (TEM) 

transmission lines having excellent shielding for signal transmission from DC to RF frequency. 

The dielectric part of the coaxial transmission lines used is 3D printed from a resin material, 

cyanate ester[100] using the commercially available printer Carbon 3D M1 that uses continuous 

liquid interface production (CLIP) technique.[101] As far as we know, cyanate ester has the lowest 

loss factor among commercially available materials for 3D printing. The inner conductor is formed 

by pumping eutectic gallium-indium (EGaIn) through the empty channel of the dielectric part, and 

the outer conductor is electroless silver plated followed by EGaIn coating on top. 
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(d) Liquid Metal-enabled Thin Film Transistors (TFTs) 

To fabricate the substrate-gated thin-film transistors, conducting silicon substrates (p++, 

boron doped) act as the gate of the transistor, while a 300 nm thermally grown SiO2 insulating 

layer acts as the dielectric. The liquid metal EGaIn was used as the source and drain electrodes 

whereas the CNT ink (IsoSol-S100) with a 99.9% purity (purchased from Nanointegris Inc.) was 

used as the semiconducting material between the gate and the source and drain electrodes. The 

devices was encapsulated with a soft silicone elastomer, polydimethylsiloxane (PDMS, Sylgard™− 

184) available commercially from Dow Corning, Inc. 

4.2.2 Experimental Procedures 

The fabrication procedure for each of the device is different as the liquid metal is deposited 

using multiple processes including direct-writing, vacuum-filling, and peristaltic pumping. The 

process is described under each sub-section separately. 

(a) Flexible and Wearable Thermoelectric Generators (TEGs). 

Figure 4.3[102] shows the process flow for assembling the complete flexible device. First, 

5 mil thick aluminum stencils where created for a 4 × 1 cm TEG containing 64 legs of equal 

spacing, with a tolerance of +60 µm on each leg cutout. The legs where then arranged in alternating 

N and P type orientation in the stencil. A handle substrate (in this case, a glass slide) with an 

adhesive (double sided tape) was pressed against the legs within the stencil and transferred. A 

stretchable elastomer PDMS, was then poured over the legs and planarized flush by pressing with 

a flat silicon wafer with a weight on top. PDMS was mixed to a 10:1 ratio by weight (base polymer 

: curing agent) and was also placed under vacuum to degas. The elastomer, after being poured over 

the legs, was then cured on a hot plate at 70°C for 2 hours. Residual PDMS on top of the legs was 

manually scraped off the legs, yielding exposed metal contacts. To ensure good contact with the 
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metal on top of the legs, EGaIn was dispensed on top of the device and then brushed with a cotton 

swab soaked with 1 M HCl to remove the oxide skin and promote wetting. This process leaves 

each gold contact pre-wet with EGaIn drops as seen in Figure 4.3d. It is crucial that the TE legs 

have some sort of metallization on top of them since EGaIn with or without the oxide will not wet 

bismuth chalcogenides, resulting in a poor contact. Before the interconnects are patterned via 

screen-printing on top of the device, it is necessary to remove any residual HCl on the device. This 

acid residue removal was achieved by baking the device at 70°C for 10 minutes in a Thermo 

Scientific 280A vacuum oven at 30 Torr. Then, to promote adhesion of the top EGaIn interconnects 

to the PDMS, the devices were exposed to an O2 plasma at 70W for 210 secs. A wax paper stencil 

was cut using an electronic cutter (Silhouette Cameo™) and aligned over the legs. Wax paper was 

chosen since EGaIn does not adhere to this material and prevents any subsequent issues of the 

interconnects delaminating along with the stencil as it is removed. EGaIn was then 

squeegeed/screen-printed over the stencil and adhered to the exposed legs and PDMS. The wax 

paper was then removed revealing the electrical interconnect traces. Electrical leads were soldered 

to the final two legs of the device using SAC 305 solder wire. An encapsulating layer of PDMS 

was poured over the EGaIn connections and again cured at 70°C for 2 hours. The device was then 

peeled from the substrate and reversed to expose the bottom contacts. The procedure above was 

repeated on the other side of the module to form and encapsulate the EGaIn interconnects. It is 

important to note that the above procedure followed to produce these proof-of-concept devices can 

be much improved for manufacturing by employing pick-and-place equipment used in fabrication 

of rigid thermoelectric modules and 3D printing of the liquid metal interconnects[67,95,97] replacing 

the current squeegeeing/screen printing approach. Additional details on the transition from a rigid 

to a flexible TEG device has been provided in Appendix A-4.1. 
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Figure 4.3 Fabrication process for an EGaIn-based flexible TEG.[102] (a) Start with stencil with 

pattern for leg placement. (b) Arrange legs in stencil in the proper orientation. (c) Transfer legs 

from stencil to an adhesive backed handle substrate. (d) Pour elastomer over legs and planarize 

flat. Remove any residual PDMS on top of legs and then pre-wet legs with EGaIn. (e) Dispense 

top side interconnects between legs. (f) Solder electrical leads to final two legs and encapsulate 

the liquid metal with elastomer. (g) Remove from original handle, flip to new handle substrate and 

pre-wet legs. (h) Deposit bottom side EGaIn interconnects. (i) Encapsulate the final interconnects 

and remove from handle substrate. The device is now complete. 

(b) Liquid Metal-filled Radiofrequency (RF) Antennas 

The proposed fabrication process is illustrated in Figure 4.4.[103,104] The CAD model of the 

antenna structure, designed with an EM simulator (HFSS, Ansys Inc.), is printed with a ProJet 

3500 HDMax [99] inkjet printing machine that uses VisiJet M3 Crystal® material – a photocurable 

dielectric resin used to encapsulate the liquid metal while the regions to be metalized are printed 

using a dissolvable wax-like support material (VisiJet S300®) material to reinforce overhangs and 

free-standing geometries. The inkjet nozzles eject polymer droplets in the form of voxels that 

change its phase from a liquid to a gel, later flattened using a planarizer to form a thin film. The 

deposited layer is then UV-cured using a lamp with a wavelength of 365 nm. The wax material, 

when printed, solidifies instantaneously on the aluminum printpad as it is held at room 
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temperature. The part is then transferred to a heated ultrasonic cleaning bath containing EZRinse-

C® cleaning solution supplied by 3D Systems, Inc. to dissolve away the printed wax supports at 

around 55°C for two hours. Additional details on the printing and post-processing technique has 

been provided in the Appendix A-4.4. 

Once the part is clean and dried as shown in Figure 4.4a, a photocurable glue (Norland 

Optical Adhesive, NOA 63) seals the drain holes that assist with the removal of the support 

materials. A snap-off reservoir (3D printed separately) is then mounted on the cleaned part and 

sealed as shown in Figure 4.4b to aid the vacuum filling process. The reservoir is filled with a 

volume of EGaIn that is at least 30% more than expected to completely fill the antenna (avoiding 

entrance of air into the hollow cavities during vacuum-filling) and then kept inside a vacuum 

chamber at a pressure of ‒30 in. Hg relative to surrounding atmospheric pressure for 30 minutes. 

Returning the chamber to atmospheric pressure allows the liquid metal to rapidly fill the antenna 

cavities as illustrated in Figure 4.4c. The atmospheric pressure drives the metal into the cavities 

as shown in Figure 4.4d. Finally, the reservoir is removed and replaced with a subminiature type 

A (SMA) connector that is affixed using NOA 63 to seal the device, as seen in Figure 4.4e.     
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Figure 4.4 An illustration depicting the fabrication process for liquid metal-filled 3D printed 

antenna geometries.[103,104] (a) 3D printed patch and helix antenna structures with sacrificial wax 

removed. (b) Cross-sectional view of a patch antenna showing a snap-off reservoir for filling liquid 

metal and sealed drain holes. (c) Filling liquid metal inside a patch antenna under vacuum. The air 

in the channel gets pulled through the liquid metal under vacuum. Upon returning to atmospheric 

pressure, the resulting pressure differential pushes the metal into the channels. (d) Cross-sectional 

view of a liquid metal filled patch antenna, and (e) Sealing the SMA connectors on the inlet holes 

to finish the antenna fabrication process. 

(c) Low Loss Coaxial Transmission Lines 

Figure 4.5 shows the fabrication process for a 3D printed coaxial line.  The  cyanate  ester  

coaxial line is built using a Carbon 3D M1 3D printer through continuous liquid interface 

production (CLIP)  process.[101]  For  CLIP  process,  the  layer  thickness resolution is 100 µm, 

with the XY plane tolerance of ±0.1 mm and the Z direction tolerance of ±0.4 mm. After printing, 
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the finished 3D prints as shown in Figure 4.5a are polished by hand. As the dielectric cyanate 

ester is translucent, the empty channel can be clearly seen in Figure 4.5a. The  inner  part  of  the  

3D  printed  dielectric  is  filled  by  the liquid  metal  EGaIn.  The  filling  process  is  carried out 

by  using a peristaltic pump to drive EGaIn through tubes to the inlet of the dielectric as shown in 

Figure 4.5b. A separate yet removable 3D printed adapter is used for the connection between the 

tube and the coaxial line dielectric. Two SMA adapters are mounted on the two ends of the 

dielectric section and sealed with NOA63, as shown in Figure 4.5c. After the liquid metal filling, 

a thin silver layer is deposited via electroless plating on the dielectric exterior surface.[105] To avoid 

plating to occur on the connectors, they are masked with caps, as shown in Figure 4.5d. However, 

the junction part between the dielectric and the SMA is difficult to metalize due to the presence of 

glue. Lastly, the seeded silver layer is manually coated by EGaIn by simply rubbing it on top, 

which could cause the EGaIn oxide skin to yield and wet the surface allowing it to fully coat the 

dielectric exterior, including the junction part, which completes the outer conductor of the coaxial  

line. The 2-inch fabricated 3D printed 50 Ω coaxial line is shown in Figure 4.5e. Additional details 

on the fabrication process for a 2-ns coaxial delay line has been provided in the Appendix A-4.6. 
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Figure 4.5 Fabrication process for the 3D printed coaxial line. (a) Image of a coaxial line 3D 

printed using the CLIP process. (b) Photograph of the peristaltic pump setup for filling EGaIn in 

the 3D printed coaxial line. (c) Image of an EGaIn-filled coaxial line capped by SMA connectors. 

(d) Image of a coaxial line containing EGaIn and plated electrolessly with silver on the outside. 

(e) Image of the final EGaIn-coated, silver plated, and EGaIn-filled 3D printed coaxial line. 

(d) Liquid Metal-enabled Thin Film Transistors (TFTs) 

Figure 4.6 shows the schematic for the fabrication of liquid metal direct-write printed 

thin film transistors (TFTs).[106] Conducting silicon substrates (p++, boron doped) act as the gate 

of the transistor, while a 300 nm thermally grown SiO2 insulating layer acts as the dielectric. The 

substrates were first cleaned using acetone, IPA, and DI water. Next, the substrates were exposed 

to an O2 plasma treatment to remove any organic contamination. The surface was then 

functionalized with a monomer (poly-L-lysine, 0.1 wt. % in H2O) through incubation to promote 

CNT adhesion.  

A CNT ink with a 99.9% semiconducting purity was printed using an aerosol jet printer 

(AJ-300 from Optomec Inc., USA) as seen in Figure 4.6a following ultrasonication for 1 hour to 
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reduce CNT aggregation. The aerosol jet printing operation works by atomizing liquid inks into 

an aerosol which are then carried to the substrate by an inert carrier gas. In addition, an inert gas 

flows annularly along the outer edge of the deposition nozzle to ensure that the aerosolized ink 

follows a focused path down to the substrate and prevents the nozzle from clogging. Due to the 

described operation, the printer is compatible with a wide variety of nanomaterial-based inks and 

allows for resolution down to 15 µm. The received concentration was 0.05 mg/ml s-CNTs 

dispersed in an aromatic solution. The CNT ink was diluted to a concentration of 0.01 mg/mL 

using toluene and printed using a 150 μm diameter nozzle, sheath gas flow of 40 sccm and a carrier 

gas flow of 27 sccm while the atomization current was held at 330 mA. The nozzle speed was 

fixed at 1 mm/s. Both the water bath and the printing enclosure were at room temperature during 

printing, while the platen was held at 50ºC to facilitate solvent evaporation. After printing, the 

channel was rinsed with toluene, dried with an N2 gas, and then baked at 150°C for 30 minutes to 

remove excess solvent and surfactant. 

The liquid metal source and drain contacts were then deposited using direct-write printing as 

seen in Figure 4.6b. Direct-write printing has been shown to be an effective method for the 

deposition of high resolution stretchable conductors in both 2- and 3-dimensions.[37,66,67,95] Direct-

write printing removes the need for fabricating microfluidic channels and places the metal only 

where it is needed based on the digital pattern provided to a 3-axis motion-controlled printing 

stage. In this process, liquid metal is loaded in a 3 cc syringe barrel connected to a pressure actuator 

(Nordson EFD Ultimus V). Pulling a modest amount of vacuum (< 3 kPa) in the head space above 

the metal prevents the liquid metal from leaking from the syringe and allows control over the 

amount of metal being printed. When the liquid metal is brought in contact with a substrate, the 

metal adheres to the substrate, and as the stage moves, the metal is sheared out of the syringe, 
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thereby depositing traces of liquid metal onto the substrate. The mechanical strength of the thin, 

passivating oxide skin that forms instantaneously on the surface of liquid metal helps to stabilize 

the printed geometries against the destabilizing effects of gravity and the high surface tension of 

the liquid metal. The computer-controlled motion of the nozzle allows for printing of arbitrarily 

complex liquid metal patterns. Inset of Figure 4.6b shows lines being printed using a 22-gauge 

conical polypropylene nozzle (nominal inner diameter of 0.413 mm). The thickness of the 

deposited liquid metal lines was approximately 100 µm. The lines were printed on the SiO2 

substrate perpendicular to the printed CNTs.  

 

Figure 4.6 Printed CNT-TFT with fabrication of liquid metal contacts.[106] (a) Schematic 

illustrating the operation of the aerosol jet printer depositing the semiconducting CNTs. (b) 

Schematics of the liquid metal contacts deposition using direct-write printing with an inset 

showing a photograph of the printed liquid metal tracks. 

4.3 Results and Discussion 

Since each electronic device is a bit different in terms of its final application, we will briefly 

highlight the electrical and/or mechanical characterizations associated with them separately that 

are relevant to the work reported in this dissertation and point the reader to necessary resources in 

the appendices for additional information.  
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4.3.1 Flexible and Wearable Thermoelectric Generators (TEGs) 

The main advantage of EGaIn in this application is its stretchability as an interconnect 

material. However, such stretchability is only useful if the EGaIn retains its electrical continuity 

with the TE legs under mechanical strain. In order to test the reliability of the device, the electrical 

resistance was measured during repeated bending cycles. Figure 4.7a & b shows the setup for this 

experiment. A flexible module with an extra 2 cm of blank PDMS on each end was fabricated and 

placed inside an Instron™ 5943 tensile testing system. The system was programmed to bend the 

device to a radius of 5 mm for 1000 cycles at a speed of 6 s for one full bending and relaxing cycle. 

A Gamry Reference 600™ was connected to the electrical output of the TEG and the AC resistance 

was measured every 10 s with an applied sinusoid input of 40 mV RMS at 1 kHz. Figure 4.7d 

shows the results of the bending test. It can be seen that the resistance is unchanged from the start 

to the end of the test, confirming reliable connections between the soft liquid metal contacts and 

the rigid thermoelectric elements. The graph exhibits a few spikes in resistance followed by full 

recovery due to the self-healing nature of EGaIn, where any break or disturbance in the electrical 

connection, can easily be recovered back to a normal state due to the metal being in a liquid state.[89] 

The total electrical resistance of the device consists of three main components; (i) The 

electrical resistance from the EGaIn interconnect; (ii) The electrical resistance from the legs; and, 

(iii) The electrical contact resistance of EGaIn to the legs. The resistivity (ρ) of EGaIn is 2.94 

µΩ.cm[107] and from the cross-section in Figure 4.7c, we note an average EGaIn interconnect 

height (H) of 0.058 cm and width (W) of 0.132 cm. Additional details on the cross-sectional 

characterization can be found in the Appendix A-4.2. If we assume that these values represent the 

majority of the interconnects and that the shape of these interconnects is equivalent to half of an 
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elliptic cylinder, then, using a length (L) of 0.4 cm per trace, we can calculate that each EGaIn 

interconnect has the approximate resistance of, 
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with a corresponding sheet resistance of RS = 64 µΩ/square. The average resistivity value for the 

TE legs is 1.1 mΩ.cm and using the dimensions of 0.64 × 0.60 × 0.60 mm leads to a single leg 

resistance (RLeg) of 18 mΩ. Using all 128 interconnects and 64 legs, we can therefore calculate the 

approximate individual EGaIn-Au metal contact resistance by: 

( )
1m

2

Total Leg EGaIn

c

R N R R
R

N

 
    

where RTotal is the total measured resistance and N is the number of legs used in the device. The 

device contained N = 64 legs and from Figure 4.7d, RTotal = 1.31 Ω. For this calculation, we 

assumed the resistance of the two lead wires, solder joints and electrical contact resistance between 

the metallization and thermoelectric material to be negligible, finally, yielding an approximate 

contact resistance of 1 mΩ per contact, and specific contact resistivity of ~ 4 µΩ.cm2. Typically, 

to ensure good performance of a device, it is desirable to have the contact resistance between the 

interconnects and the legs, in addition to the interconnect resistance itself, to be at least an order 

of magnitude lower than that of the TE leg resistance. In total, the contact resistance contributed 

to ~ 10% of the total resistance, while the interconnects contributed less than 1%. The origin of 

this contact resistance is dependent on the interface between the two metals, contact geometry, 

electronic band structures and chemical properties of the interfacing metals.[108,109]  

More precise studies and optimizations should be done to both better understand and 

improve the contact resistance between EGaIn and alloying metal contacts. Additional information 

on performance testing of these TEG devices have been provided in the Appendix A-4.3. 
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Figure 4.7 (a) Image of a TEG specimen in an unbent state clamped in an instron tensile testing 

system. (b) Image of a TEG specimen being tested in the tensile system with a bending radius of 

5 mm. (c) In-plane cross-sectional image of top and bottom interconnects of a fabricated TEG in 

unbent state. (d) TEG AC resistance vs. bending cycles at a 5 mm radius. Resistance remained 

stable over a period of 1000 bending cycles, with only a few small disturbances. Since EGaIn is in 

a liquid state, it was able to self-heal and recover from any anomalies observed in the resistance. 

 



 

154 

 

 

4.3.2 Liquid Metal-filled Radiofrequency (RF) Antennas 

We first selected a common type of microstrip patch antenna to test the viability of our 

fabrication process. Patch antennas have wide and thin planar surfaces found in many types of 

antennas, yet these are difficult to fill uniformly by injecting metal due to the trapped air. The 

microstrip patch sample was designed to operate at 6 GHz and a photograph of the same is shown 

in Figure 4.8a. The measured reflection coefficient plot shown in Figure 4.8b shows the operating 

frequency of the patch antenna sample as 5.97 GHz.  The reflection coefficient plot shown in 

Figure 4.8b indicates a close alignment with the simulations. The realized gain of the antenna was 

measured to be 3.5 dBi while the simulated value was 2.9 dBi. Similarly, the simulated total 

efficiency of the patch antenna was 41% while that of the fabricated sample was 36%.  

To demonstrate the ability of the vacuum filling method to metalize 3D geometries, a 

helical antenna radiating in the axial mode was designed using VisiJet M3 Crystal® with 

dimensions as shown in Figure 4.8c. Again, the agreement between the measured and simulated 

reflection coefficient as seen in Figure 4.8d verify the ability of this method to accurately metalize 

curved hollow 3D structures. The measured total gain of the antenna of 6.6 dBi was again higher 

than the simulated gain was 6 dBi. The simulated total efficiency was 61% while the measured 

efficiency was slightly lower at 54%. It is challenging to directly characterize the fidelity of the 

filled cavities, but the excellent agreement of the measured and simulated antenna properties 

confirms both the accuracy of the filled cavities and our characterization of the material properties 

of VisiJet M3 Crystal®.  
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Figure 4.8 (a) Image of the fabricated patch antenna showing the connector and ground plane and 

(inset) the liquid metal filled patch antenna sample before attaching the connector. (b) The input 

reflection co-efficient response of the patch antenna sample. (c) Image of the fabricated helical 

antenna. (d) The reflection coefficient measurements of the helical antenna. 

These measured samples indicate the ability to use the proposed vacuum filling process to 

fabricate planar, curved, and coaxial RF devices using 3D printing. While the performance of these 

printed devices is quite similar to conventional methods, it should be noted that the measured total 

efficiencies of the patch and helix (36% and 54%, respectively) are 2 – 3 dB lower than would be 

expected for a similar antenna made with typical materials (e.g., copper and engineered RF 

composites). Two factors can reduce the radiation efficiency – (i) the lower conductivity of 

EGaIn[107] relative to copper and (ii) the high loss tangent of VisiJet M3 Crystal® material relative 

to engineered microwave substrates. To understand the significance of each of these factors, the 



 

156 

 

 

loss tangent of the substrate was changed in simulation while keeping the rest of the geometry 

unchanged – including the resistive losses of the EGaIn. In Table 4.1, we observe that the total 

efficiency increases to 91.1% when the loss tangent of VisiJet M3 Crystal® is reduced to 0.005.  

Table 4.1 Comparison of simulated efficiency of patch antenna using VisiJet M3 Crystal® and 

other engineered RF substrates. 

Simulated Substrate Material Loss Tangent  tan  Total Efficiency (%) 

VisiJet M3 Crystal® 0.047 40.5 

FR4 0.018 61.8 

Rexolite [110],  

Rogers Duroid 5880/5870 [111] 
0.0005 91.1 

 

These values suggest that dissipation in the dielectric is the dominant loss mechanism and 

indicates that effort should be placed on developing printable dielectrics that exhibit low loss at 

microwave frequencies.[110]  In fact, if a low loss tangent printable dielectric were readily available 

today, this process could produce antenna performance competitive with existing PCB fabrication 

processes. Additional information on the 3D printing, post-processing steps, and void detection 

using micro-Computed Tomography (µCT) can be found in the Appendix A-4.5.  

4.3.3 Low Loss Coaxial Transmission Lines 

Loss is the main specification for the coaxial line characterization. Figure 4.9 shows the 

calculated loss of the coaxial line at 10 GHz with regards to the metal conductivity and the 

dielectric loss factor. Three dielectric materials, VisiJet M3 Crystal® at a loss factor of 0.045,[103] 

Cyanate Ester at a loss factor of 0.0046,[100,112] and polyethylene (abbreviated as PE) at a loss factor 

0.0007,[113] are chosen which respectively represents the commonly used materials for 3D printing, 

the low loss factor materials for 3D printing, and the commonly used dielectric.  
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Figure 4.9 Calculated coaxial lines loss per centimeter against the conductor metal conductivity 

with the respective dielectric loss factors at 10 GHz. 

The curves shows that, for a fixed conductor metal conductivity, the decrease of the loss is 

about 0.6 dB/cm when the dielectric changes with dielectric loss factor from 0.045 to 0.0046, and 

0.1 dB/cm when the dielectric changes with dielectric loss factor from 0.0046 to 0.0007. In 

comparison, for any of three dielectrics, the decrease of the loss is about 0.1 dB/cm when the metal 

conductivity of the conductor changes from low to high. The conclusion can be drawn that, for a 

3D printed coaxial line, an easy and effective way to decrease the loss is to use the lowest loss 

factor dielectric that is available. The effect of the metal conductivity to the loss is negligible when 

the dielectric loss factor is relatively high.  
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4.3.4 Liquid Metal-enabled Thin Film Transistors (TFTs) 

It was observed that the direct-write printed liquid metal thin film transistors (TFTs) 

performed poor electrically. This result was attributed to the insufficient EGaIn surface adhesion 

to the CNTs, and thus overall CNT coverage since the direct-write printing relies on surface 

adhesion to help shear the metal from the nozzle. An optical image for the direct-write printed 

structure is shown in Figure 4.10a. The width of the direct-write printed electrodes can be seen to 

become thinner over the CNT channel, indicating poor surface adhesion, while no evidence of 

poor adhesion can be seen with the microchannel devices. The poor surface adhesion for the direct-

write deposited liquid metal can be explained through the operating mechanism. As the needle 

moves across the printing surface with a stand-off distance of ~ 50 µm, the liquid metal adheres to 

the silicon wafer and shears out of the nozzle. Literature suggests that surface roughness – even 

on the order of a few nanometers – can significantly lower the adhesion force of the oxide-coated 

liquid metal to a substrate.[114–118] Through atomic force microscopy (AFM), the CNT channel was 

found to have a measured RMS surface roughness of 3.96 nm as shown in the Appendix A-4.7. 

This roughness is also evident in the SEM of the CNT channel displayed in Figure 4.10b. In 

addition, our experience after printing on many substrates suggests that the oxide-coated metal is 

more likely to adhere to hydroxide-coated surfaces – such as the silicon wafer – than carbonaceous 

surfaces such as CNTs. This poor adhesion leads to a visible change exhibited in Figure 4.10b, 

between the printed features on SiO2 where the liquid metal wets uniformly and the CNT channel 

where the liquid metal rests, but in thinner traces. Furthermore, a crevice directly at the CNT 

channel (Figure 4.10c) corroborates our hypothesis of an interruption in surface adhesion at the 

SiO2-CNT junction.  
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Figure 4.10 (a) An optical image of a direct-write printed device taken at 2.5x magnification. (b) 

Representative SEM image of the dense network of CNTs within the printed, semiconducting thin-

film channel. (c) SEM image of a tilted sample at the interface between direct printed liquid metal 

and the CNT film. 

4.3.5 Process Limitations 

Although using liquid metals as a conductive element is very promising for rapid 

prototyping electronic devices, there are some common challenges associated with patterning 

liquid metals with every hybrid additive manufacturing technology.  

(a) Electrical Contacts 

Most devices that use liquid metal require the metal to make local contact to electrical leads 

and other electrical components. Liquid metals can make electrical contacts to other metals — 

without using solder — simply by bringing the liquid into contact with the surface of interest. For 

example, in some of our devices such as the flexible and wearable TEGs,[89,102,119] we simply insert 

copper wires into the metal to make electrical leads. Although this simplified procedure sounds 

too good to be true, the method has been reliable for relatively simple circuit implementations. 

However, several challenges remain with interfacing integrated circuit chips and other complex 

microelectronic components. Firstly, it is unclear what role the surface oxide has on interfacial 

resistance between the liquid metal and surfaces it contacts (including contact between two liquid‐

metal surfaces). The oxide provides minimal resistance in sensitive electrical measurements of 
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self‐assembled monolayers,[120] so it is possible that the oxide is inconsequential in other 

circumstances. In some cases, pre-wetting of liquid metal without oxide on surfaces of noble 

metals such as gold is needed to decrease contact resistance[121] whereas in other cases, metal‐

metal contacts could be made in the absence of the oxide (e.g., using electrochemical reduction, 

acid, oxygen free environments, or reducing agents). Secondly, liquid metals can be destructive. 

For example, gallium penetrates into aluminum, resulting in embrittlement. Barrier metals (e.g W, 

Mo)[122] or conductive films (e.g., graphene)[123] may help address this issue but long term device 

reliability studies need to be undertaken. Finally, the liquid‐metal structures must be encased in a 

way that they do not leak externally or internally. 

(b) Toxicity 

Several studies suggest gallium has low toxicity, but more rigorous studies are needed to 

understand the impact of gallium on human health especially when prototyping body heat energy 

harvesting devices. With essentially no vapor pressure and limited solubility in water, the metal 

has few ways to get into the body. However, being a liquid, it could enter the body easier than 

solid metals, further emphasizing the importance of effectively and reliably embedding the metal. 

(c) Cost 

Gallium is expensive, nearly one dollar per gram. Gallium is plentiful in the earth but 

cannot be mined directly; it is an impurity often found in alumina, a precursor to aluminum. For 

microsystems, cost may not be an issue considering the small volumes required, but the added cost 

has to be justified by added function, especially from a device manufacturing standpoint.  

(d) Conductivity 

Gallium is orders of magnitude more conductive than other fluids, such as salt water, but 

is still more than an order of magnitude less conductive than copper. The addition of other metals 
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to the alloy only change conductivity modestly. Hence, there is potential room for exploration in 

trying to make liquid metals more conductive without losing the desirable fluid‐like properties. 

(e) Scalability and Stretchability Limits 

There are no commercially available liquid metal electronic devices that are 3D printed 

available today. Thus, there is work that needs to be done to understand how to process and pattern 

liquid metals safely using existing or minimally modified manufacturing steps. In addition, to date, 

liquid metal injected wires have been stretched to nearly 800–1000% strain.[119,124]. However, there 

is limited knowledge available if the limit is defined only by the encasing material, or are other 

factors important, such as channel collapse or capillary instabilities. Any stretchable or flexible 

device will need to withstand many cycles of deformation. In one study, liquid‐metal wires showed 

minimal changes in resistance after hundreds to a thousand of strain cycles[121,125] and soft sensors 

have been shown to withstand more than a thousand cycles.[126] Additional studies need to be 

performed to understand the longevity of devices. 

(f) Resolution Limits 

Currently additive manufacturing techniques suffer from minimum feature size being about 

4-5 orders of magnitude poorer than photolithography.[127] For example, in case of the liquid metal-

filled radiofrequency (RF) antennas that we built using inkjet printing, all the devices described 

operate at 6 GHz.  However, there are potential applications of this technology over a large range 

of frequencies, from hundreds of MHz to over 100 GHz. While scaling down in frequency is 

largely limited by printing area, a primary factor limiting the scaling to frequencies above 8 GHz 

is the ability to produce fine features. The print and flush process struggles to produce consistent 

lateral cavity dimensions when the critical feature size is below ~ 500 µm, despite the printer’s 

vertical layer thickness of 29 µm. We printed a series of microfluidic channels with designed 
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diameters varying from 200 µm to 1 mm and immersed them in the EZRinse-C® cleaning solution 

for periods varying from 15 minutes to 2 hours. As shown in Figure 4.11,[103] in addition to a small 

amount of warping in samples, we observed that a microchannel designed with 500 µm inner 

diameter produced a maximum diameter of 430 µm after 2 hours of submersion because of residual 

wax in the channel. Smaller diameter channels required longer submersion time to dissolve the 

wax. In fact, no dissolution was observed when the diameter was 200 μm.  

In addition, the pressure required to fill these channels scales inversely with the critical 

feature size as dictated by the Young-Laplace equation[128]. Hence, narrow cavities require large 

pressure gradients to fill completely, and we observed the formation of voids that affect the antenna 

performance when cavity dimensions were less than 400 µm. Voids can also occur due to 

incomplete sealing of the drain holes or the reservoir prior to the vacuum filling process. Additional 

details on the detection of voids has been provided in the Appendix A-4.5. Thus, it is important 

to know how small liquid metals can be patterned and at what length scales will capillary forces 

induce fluid instabilities.[129] Liquid metal has been injected into ~ 150 nm capillaries using large 

pressures[130] and liquid metal has been induced inside carbon nanotubes.[131,132] However, most 

methods for patterning the metal have yet to achieve these small length scales.  
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Figure 4.11 Images depicting the time evolution of support material dissolution inside 

microchannels having an inner diameter of 500 µm.[103]  

 (g) Wetting Properties 

The wetting properties of liquid metals to surfaces is important for patterning 3D printed 

electronics. The surface oxide creates two complications when performing conventional wetting 

experiments. First, it forms a barrier between the substrate and the metal. Contacting the liquid 

metal to a substrate likely ruptures the oxide, allowing fresh oxide to form, which affects the 

wetting.[114] The role of surface roughness and chemical composition on wetting are important,[115] 
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but have yet to be generalized. Second, the oxide provides a mechanical barrier that prevents the 

metal from adopting shapes that minimize interfacial energy, which is the basis for many wetting 

measurements. For example, on many surfaces, the metal can be physically manipulated to assume 

nearly any contact angle due to the stabilizing effects of the oxide (i.e., it gets pinned). In summary, 

there are many opportunities to better understand wetting of these oxide‐coated metals. 

4.4 Conclusions 

In summary, we have firstly surveyed the literature for reviewing examples of 3D printed 

electronics using hybrid additive manufacturing (AM) technologies. Secondly, we have 

demonstrated and characterized several printed electronic devices prototyped in our lab that use 

additive patterning of gallium-based liquid metals as the conductive element embedded in soft and 

rigid polymers at or near room temperature. Gallium-based liquid metals offer many advantages 

over more traditional, rigid and solution-processed conductive materials, while providing the 

added benefit of being remarkably stretchable without degradation over hundreds of strain cycles. 

We have utilized multiple AM techniques such as direct-writing to use EGaIn as interconnects in 

fabrication of flexible and wearable thermoelectric generators for energy harvesting applications 

and as a viable source and drain contact material for aerosol jet-deposited CNT-based thin film 

transistors (TFTs).  

In addition, we have used inkjet printing, CLIP and vacuum filling/pumping for 3D printing 

complex, non-planar RF antenna and coaxial line geometries for communication applications 

where the internal cavities are metalized with liquid metals in a hands-free manner near room 

temperature. In addition to the devices demonstrated in the main text of this chapter, we have built 

supplementary electronic devices, including a 3D printed laser pointer using fused deposition 

modeling (FDM) and antennas for walkie-talkie and drone/quadcopter communication 



 

165 

 

 

applications using direct-writing of EGaIn. Information on the fabrication process for these devices 

and their testing/performance can be found in the Appendix A-4.8 and 4.9.  

We have proved that liquid metals is versatile as a conductive ink that can be patterned 

alongside multiple AM approaches and is compatible with a wide range of dielectric materials 

needed to package the printed electronic devices. In principle, we could design one single platform 

with multiple printheads using such multimaterial liquid metal and polymer additive patterning 

processes, that could enable inexpensive and rapid prototyping of flexible, stretchable, 

reconfigurable, and wearable 3D printed electronics at room temperature.  
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Abstract 

This chapter demonstrates and characterizes a simple ink for additive patterning of solid 

metallic structures at ambient conditions by taking advantage of the low melting point of gallium 

and its affinity to form an intermetallic with other metals. Bare copper micro- and nano-particles 

readily mix with liquid gallium near room temperature to form a paste that ultimately amalgamates 

and forms a dense solid when mixed at the appropriate concentration ratios. The paste has 

sufficient shelf life that it can be extruded from a nozzle at modest temperatures to form solid 3D 

shapes. In addition, the paste can be molded at room temperature with feature sizes ranging from 

a few millimeters down to hundreds of nanometers.  

Several characterization techniques such as in situ X-ray diffraction (XRD) and thermo-

mechanical analysis (TMA) shows that within minutes to a few hours, interdiffusion of the gallium 

and the metal powder near room temperature forms a solid intermetallic compound with a melting 

point of ~ 550°C as predicted by the traditional phase diagram of gallium-copper binary alloys. 

Although there are numerous methods to pattern metals, they can be wasteful (subtractive), tedious 

and expensive (lithography), or utilize large temperatures (powder processing). This chapter 

describes the capabilities and limitations of a simple way to pattern metals in an additive fashion 

(syringe-based extrusion) with high resolution (molding) at or near room temperature. These paste-

based techniques could enable 3D printing of solid metals at ambient temperatures and environments 

compatible with polymers as well as the creation of micro- and nano-structured metallic surfaces that 

may be useful for optics, non-wetting surfaces, or electrowetting.   

 

Keywords: liquid metals, imprinting, intermetallics, surface patterning, additive manufacturing, 

3D printing. 
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5.1 Introduction 

The ability to control, pattern, and shape materials has been critical for the advancement of 

society (e.g. building the machinery of the industrial era or the patterning of intricate microchips 

in the era of electronics). The ability to pattern metals is particularly important due to their 

mechanical, optical, electrical and/or thermal properties.  

Patterning and structuring techniques for metals are quite diverse and depend on the length 

scale and application[1–3]. In addition, the metal features can be fabricated by subtractive, additive 

or transformative techniques. The work here focuses on features from several millimeters to tens 

of nanometers, and thus large length scale processes (e.g. milling) are excluded from discussion.  

Conventional electronics utilize subtractive processes such as etching (combined with 

photolithography) to create a network of micro-scale and sub micro-scale metallic interconnects. 

These structures, which require a series of complex procedures and expensive clean-room 

equipments to fabricate, are typically in-plane since these processes are effectively 2D or planar. 

In addition, these processes form the basis of other techniques[4] such as direct nano-imprint 

lithography[5–7] (NIL) can create microstructures on photoresist using metal-organic inks, UV 

curing and metal lift-off processes. This technique can create 3D structures by stacking new 

structures over the original ones, thus helping fabricate metal nanostructures as small as 15 nm[8,9] 

over the microstructures or embed microstructures in flexible substrates. Some of these examples 

are shown in Figure 5.1a and b.[5,7] Such subtractive techniques can produce high resolution thin 

metal structures but not as complex or thick as those produced by the additive techniques since 

most of these transfer-based molding methods need special bonding methods and a photoresist 

pattern that acts as a mask to allow selective etching of the surface of silicon using a solvent or 

electrochemical reactions to form nanostructured lines[10,11].   
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During the past few decades, rapid prototyping methods such as 3D printing, also known 

as additive manufacturing[12] have gained significant interest due to the materials and cost savings 

involved, potential elimination of tooling resulting in faster lead times and the promise of being a 

decentralized and highly customizable manufacturing technique for the future. There is a great 

demand for developing methods to easily pattern metals in 3D on the millimeter scale. However, 

metal patterning has been challenging due to their high melting points, large surface tension, as 

well as the tendency to oxidize – affecting the mechanical properties of the final physical part. 

Most of the commercial metal 3D printers use a technique known as selective laser sintering 

(SLS)[13,14] that requires multiple beds filled with metal powders – rolled onto a center bed where 

lasers selectively sinter the powder layer-by-layer to form the functional object. However, these 

printers are exorbitantly expensive needing capital and operating investments, cumulatively – on 

an upward of a million dollars, need energy-intensive lasers to sinter the powders at high 

temperatures (>800°C) and vacuum-like low pressure environments to prevent oxidation or 

corrosion of metal powders. In addition to these challenging operating conditions, these printers 

have low resolution (as compared to subtractive manufacturing methods such as CNC machining), 

are slow and use metal dust powders – making it an efficient and messy process requiring post-

processing of the finished parts to clean the unsintered metal particles that can otherwise lead to 

porosity or brittleness in the microstructures. An example of patterning silver nanoparticle inks 

using SLS technology is shown in Figure 5.1c and d.[15] 
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Figure 5.1 (a) Optical image demonstrating large area palladium hierarchical structures with a 

primary mold of 2 μm gratings and secondary mold of 250 nm gratings.[7] (b) Optical micrograph 

of microscale electrical structures (source-drain electrodes for multichannel transistors) on a 

polyimide substrate fabricated by direct nanoimprinting of gold nano-particle solution.[5] SEM 

images of (c) the smallest metal line and (d) two-dimensional mesh metal pattern fabricated using 

selective laser sintering of silver nanoparticles.[15] 

 

In literature, researchers have shown that it is indeed possible to simplify this “harsh” 

process by inkjet printing or direct-writing – taking advantage of the depression in the melting 

point of metal nanoparticle inks that are suspended in viscous organic binders – in the mesoscale 

resolution of 10-100 microns[16–27]. Examples of electronics patterned from metal nanoparticle inks 

using inkjet printing and direct-writing are shown in Figure 5.2.[17,22,24,28,29] However, these inks 

are expensive and need a very well-tuned rheology for printing – usually dictated by the non-

conductive binders used to disperse the ink particles. In addition, to form features with electrically 

conductivities on the order of the bulk metals, these methods need sintering of the final part to 

vaporize the viscous organic materials[24,30] – usually at high temperature (>100°C) at which 

polymer substrate degradation could occur– making this method consumer unfriendly due to the 

toxic fumes released in the “burning” process. Without sintering or the post-annealing process, the 

inks printed have high resistivities since the non-conductive viscous organic compound interface 
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forms a bridge between individual nanoparticles. Finally, these methods are not suitable for co-

printing metals with polymers making heterogeneous or multimaterial 3D printing process 

incompatible with soft organic polymers and biological materials. In addition to printing, thin, 

high resolution films of solid metals such as gold, platinum and copper can be deposited 

electrochemically[31–33] by reduction from a solution of ions onto an electrically conductive surface 

(an electrode). However, the electrolytes used here are quite toxic due to the electrolytes used and 

hence the processes are not environmentally friendly. 

 

Figure 5.2 (a) Photograph of a silver nanoparticles-based printed antenna structure, which can be 

used for flexible radio-frequency identification (RFID) tags.[22] (b) A flexible RFID antenna 

printed using copper-silver core-shell ink on inkjet photo paper.[29] (c) Optical and SEM images of 

silver microelectrodes direct-write patterned on a polyimide substrate with a bend radius of 14 

mm.[24] (d) Conductive copper pattern inkjetted onto polyimide substrate with an inset showing 

the width of the printed line.[28] (e) SEM image of a spanning silver microelectrode direct-write 

printed onto a silicon solar microcell array.[17] 
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Apart from subtractive and additive processes, there is another approach that relies on 

transferring metal to the desired positions from another surface or tip. For example, AFM tips can 

transfer particles from solution to the desired locations on a substrate using dip-pen 

nanolithography[34]. Microcontact printing (µCP)[35] and nanoscale transfer printing (nTP)[36–39] 

use a stamp with the desired shape and dimension to transfer the patterns to another surface that 

has higher affinity to the transferred material. An example of nTP is shown in Figure 5.3a.[37] 

Reversal imprinting creates 3D structures by stacking structures on a ready-made pattern as shown 

in Figure 5.3b.[40] Laser beams can also be used to melt a metal film while pressing it against a 

silicon mold to transfer the mold structures into the film[41,42] to produce fast, large area, high 

resolution imprints[43]. An example of laser shock-assisted imprinting is shown in Figure 5.3c.[43] 

Femtosecond laser pulses can also create structures directly on the surface of metals[44–47]. Using 

thermoplastic forming and high pressure imprinting, features as small as hundreds of nanometers 

have been imprinted on multicomponent amorphous alloys, commonly called “bulk metallic 

glasses”[48–52] (BMGs) taking advantage of their remarkable mechanical properties[53]. Examples 

of such BMGs are shown in Figure 5.3d-f.[48,51] However, these processes need temperatures close 

to the bulk metal melting points (>500°C) and careful monitoring and control of the heating and 

cooling rates that are on the order of several 100s of K s-1 making them incompatible with 

substrates such as soft polymers and organic materials. 
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Figure 5.3 (a) Optical micrograph of a gold pattern patterned by nanoscale transfer printing (nTP) 

on a silicon wafer.[37] SEM images of (b) a 19 µm wide round pad pattern made of Au/Ti/SU-

8 patterns over SU-8 gratings[40] (c) array of nanogears imprinted on cold-rolled aluminum foil 

using laser shock mechanism.[43] (d) a microgear fabricated using hot embossing of platinum-BMG 

on an etched silicon wafer.[48] (e) surface patterns and (f) micropillars prepared by molding a 

Pt57.5Cu14.7Ni5.3P22.5 BMG using silicon molds.[51] 

Thus, there is a need for developing a near room-temperature imprinting process that is 

compatible with soft materials and can help replicate metallic features from mm-scale down to the 

nm-scale. Here, we introduce a new method for metal patterning at ambient conditions by mixing 

gallium with metal powders to form a paste that is suitable for replicating features with sizes 

ranging from a few millimeters down to hundreds of nanometers by imprinting. These pastes can 

also be dispensed from a nozzle for additive manufacturing of thermally stable conductive 

geometries near room temperature. 

Researchers in the past have proposed using pastes of gallium with metal powders as 

replacements for mercury-based dental amalgams[54–56] for filling cavities, low contact resistance 

electrodes[57], solders[58], and interconnects[59,60]. In this work, we are mixing liquid metal gallium 
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with micro- and nano-sized bulk metal particles to form pastes that can be later solidified near 

room temperatures via interdiffusion of gallium into metal powders and vice-versa to form the 

final solid, dense metal intermetallic. We believe this is the first work that uses pastes containing 

a pre-mixed system of gallium and bulk metal powders for imprinting metallic features at ambient 

conditions down to the nano-scale and dispensing at the mm-scale.  The ability to control metals 

over such length scales may be interesting for adhesion[61] and wettability[47,62,63], defining the 

optical and electronic functions[64–67] and electronics[68]. 

5.2 Materials and Methods 

5.2.1 Materials 

The major component of our paste is gallium, having a melting point of ~ 29.8°C and a 

boiling point of ~ 2403°C[69–71], with negligible vapor pressure, even at high temperatures[72,73]. 

Gallium also has a high bonding affinity with other metallic films wetting it easily at room 

temperature[74] – similar to solders at high temperatures. A periodic table indicating elements that 

can dissolve in gallium has been provided in the Appendix A-5.1. Finally, it can form a very thin 

(~ 3-4 nm) passivating oxide skin on the surface, almost instantaneously in presence of air or 

dissolved oxygen – even at low concentrations. The oxide skin on the surface is an elastic film that 

allows it to be patterned on various surfaces. The same skin yields beyond a certain amount of 

stress giving the fluid its viscous nature. Our previous work has shown that this oxide skin 

mechanically stabilizes self-supported, free-standing, out-of-plane microstructures[75–77]. There are 

several gallium-based liquid metals available in literature like EGaIn (a eutectic alloy of gallium 

and indium), galinstan (a eutectic alloy of gallium, indium and tin) that have even lower melting 

points than gallium. We choose gallium over EGaIn or galinstan to simplify the multiphase system 

and use the binary phase diagrams of gallium already available in literature.  
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The second component of our paste is copper powder used in varying sizes starting from 

10 microns to nominally 40 nm. The micro-size powders were purchased from Sigma Aldrich and 

they were 99.999% pure and the nano-powders were bought from US Research Nanomaterials, 

Inc. with a purity of 99.9%. The mixing was carried out in a mortal pestle set purchased from Cole 

Parmer®. In addition to pennies, we used pre-patterned polymer sheets donated by 

MicroContinuum, Inc. as master molds. Finally, the transfer molds were prepared using 

polydimethylsiloxane (PDMS) made in a 10:1 pre-polymer-to-curing agent ratio using the 

commercially available Sylgard® − 184 kit from Dow Corning, Inc. 

5.2.2 Experimental Procedures 

The steps for preparing and imprinting the paste are shown in Figure 5.4. In the first step, 

we use gallium metal in liquid form and the bulk metal powder in solid form and mix them using 

a mortar and pestle until the gallium metal comes in intimate contact with the metal powder, 

breaking the oxide barrier, wetting it and forming a homogenous paste. To determine the mixing 

ratios, we refer to the conventional binary phase diagrams available in literature along with the 

ease of mixing as seen in Appendix A-5.2. Additional details on the choice, composition of bulk 

metal powder in the paste and its pre-processing along with phase diagrams and its effect on the 

paste formation over time have been provided in the Appendix A-5.2, 5.3, and 5.4. In parallel 

with the paste preparation, we use a pre-patterned polymer, in this case, PDMS mold with micro- 

and nano-features that is used for imprinting the paste. Once the paste is spread, planarized, and 

molded on the patterned substrate, to accelerate the interdiffusion process, we transfer the sample 

in an oven at 60°C (in principle, we can also work at room temperatures, but it would slow down 

/ decrease the rate of intermetallic formation). After a few hours, the gallium and the bulk metal 

powder interdiffuse to form a dense solid imprinted intermetallic that has a much higher melting 
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point than gallium – as predicted by the phase diagram. It is recommended that while mixing, the 

individual components as well as the paste is kept at temperatures slightly above 30°C to avoid 

freezing of the paste due to the freezing point of gallium being very close to room temperature. 

Once the final solid imprint forms in the oven, it can be delaminated from the PDMS mold by 

placing the sample in a freezer for a minute – thus creating stress due to the mismatch in the thermal 

expansion coefficients between the dense solid intermetallic and the soft polymer mold. In this 

work, we have used copper as the bulk metal to create an intermetallic with gallium and form the 

paste due to it being readily available in both micro- and nano-size inexpensively, safe and non-

flammable, as well as high electrical conductivity. We have optimized our mixing ratio to be 65:35 

(Ga:Cu) in wt. % based on ease of mixing and due to their desirable processability. 

 

Figure 5.4 Schematic of the imprinting process. (a) Adding copper powder and gallium in the 

mortal-pestle. (b) Mixing the ingredients to form the paste. (c) Spreading and (d) Planarizing the 

paste over a pre-patterned mold. (e) Releasing the solid metal imprint after a mild heat treatment. 

(f) Inverting the final sample with replicated patterns to exhibit the out-of-plane features. 
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5.3 Results and Discussion 

5.3.1 Resolution Characterization of Imprinted Features 

As mentioned in the paste preparation process, we can use master molds with both micro- 

and nano-features on them. From our experiments, to replicate features with sizes on the order of 

100 µm or above, we could easily work with micro-size copper particles that were pre-processed 

using a simple shaker mill apparatus as shown in the Appendix A-5.3. We replicated the features 

of the front and back side of the penny as shown in Figure 5.5a and b respectively – showing near 

perfect registration of the inscriptions. On the back side of the penny, as seen in the inset of Figure 

5.5b we can observe the late 16th President of the United States of America – Abraham Lincoln 

sitting at the entrance of the Lincoln Memorial. To replicate features on scale of tens of microns 

or below, we realized that the micro-size copper particles ended up aggregating leading to 

imperfect molding and hence defects in the final imprinted features. Hence, we switched to using 

copper nanoparticles with sizes nominally less than the feature size we wish to replicate. The 

nanoparticles were pre-processed in a forming gas (2% hydrogen in nitrogen) reduction furnace as 

shown in Appendix A-5.3. We obtained pre-patterned master molds donated by MicroContinuum, 

Inc. and carried our imprinting process on them. Figure 5.5c shows an example of an optical 

micrograph and an SEM image of a Ga-Cu imprint that was molded off  the PDMS mold replicated 

from a pre-patterned surface with ZEONOR® cyclic olefin that had features with ~ 350 nm lines 

and spaces. The colored pattern observed on the optical micrograph is due to the diffraction 

patterns reflected off the light hitting the nanofeatures on the sample.  
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Figure 5.5 Resolution characterization of imprinted features. Optical micrographs of the Ga-Cu 

imprints made using separate PDMS molds replicated from the (a) front and (b) back side of a 

penny. (c) Optical micrograph and SEM image of a Cu-Ga imprint made using a PDMS mold with 

~ 350 nm line features. Insets are provided in each case to show an enlarged view of the smallest 

possible features replicated. 

To gather evidence of feature registration on the Ga-Cu imprint versus the master mold 

along with the distribution of the copper and gallium elements in the final imprint, we obtained 

SEM images of the pre-patterned master molds without the paste and SEM-EDS of the Ga-Cu 

imprints fabricated using them. As seen in Figure 5.6a, we have another ZEONOR® cyclic olefin-

based master mold with an array of squares ~ 3 µm in size with 200 nm trenches whereas in Figure 

5.6b, we have a cellulose acetate butyrate (CAB) & polyethylene terephthalate (PET)-based master 

mold with an array of hexagons of ~ 2.2 µm in size with depressions.  

As seen in the SEM images of the imprinted samples in Figure 5.6c and d, the features 

are replicated well. The SEM images show some buckling or sheet-like appearance on the top of 

the imprints – we believe this is due to the buckling of the oxide skin of a few nanometers that 
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forms instantaneously on the surface of the gallium. Finally, the EDS micrographs as seen in 

Figure 5.6e and f exhibit a nominal spatially homogenous distribution of copper and gallium 

elements in the 2D surface scan of the imprinted samples. The insets are representative of the entire 

microstructure and hence confirm that the Ga-Cu solid imprints faithfully reproduce every feature 

from the molds irrespective of the feature size and material of the initial mold. The vertical fidelity 

of the imprinting process has been characterized using atomic force microscopy (AFM) as seen in 

Appendix A-5.8. 

 

Figure 5.6 SEM images of a (a) ZEONOR® and (b) CAB/PET-based mold before imprinting. 

SEM images of the Ga-Cu solid imprints replicated from (c) ZEONOR® and (d) CAB/PET-based 

pre-patterned mold. EDS images of the Ga-Cu solid imprint made using (e) ZEONOR® and (f) 

CAB/PET-based pre-patterned mold showing a spatially homogenous distribution of gallium (in 

red) and copper (in green) in the final microstructure. 

 

5.3.2 XRD Characterization 

We reasoned that the final Ga-Cu solid imprint forms due to the instantaneous 

interdiffusion of the gallium and copper atoms during the paste mixing process. Conventionally, 
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such intermetallics are processed using induction forging – melting the two constituent metals 

together at their respective melting points so that they are in liquid state and then gently cooled 

down at slow rates to obtain the different crystalline and amorphous phases as we observe in a 

binary phase diagram. In our case, we start at room temperature. Thus, we sought to compare the 

XRD spectra of the final intermetallic microstructure obtained from our paste preparation process 

with the one obtained using traditional methods. To achieve the formation of a traditional 

intermetallic, we used an induction furnace in our lab where we heated some copper wire and 

gallium in the same proportion as the pastes (65:35 Ga:Cu wt. % ratio) to reach liquid state for 

both the metals. The liquid sample obtained was then gently cooled, solidified and analyzed by 

XRD analysis, followed by analyzing a solid Ga-Cu imprint sample using our process separately. 

The particle size of the copper powder used here was 100 nm. The results, as shown in Figure 5.7, 

confirm that the intermetallic formed (CuGa2) formed from our paste-based intermetallic 

generation process (top) is indeed similar to the one obtained in the conventional intermetallic 

formation process (bottom). The imprinted material has a surface texture that can affect the peak 

intensities. Therefore, the position of the peaks on the x-axis (2θ) and the phase identifications are 

accurate, but intensities of individual peaks can change based on texture and preferential 

orientations. 
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Figure 5.7 XRD spectra of (a) Ga-Cu intermetallic formed from our near room temperature paste 

formation process and (b) Ga-Cu intermetallic formed using conventional method of using a high 

temperature induction furnace. 

 Additionally, we carried out beamline experiments at Advanced Photon Source (APS) in 

Argonne National Laboratory, Chicago. The time dependence for the formation of the Cu-Ga 
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intermetallics was probed, in situ, using high-energy XRD at beamline 6-ID-D of the Advanced 

Photon Source (APS) at Argonne National Laboratory. In this experiment, gallium and copper 

were mixed in 65:35 wt. % ratio using a mortar and pestle, then sandwiched between two silica 

glass slides and placed on a copper base that was heated to 60C (selected to mimic the mild 

treatment used on imprints). The time between mixing and the start of the annealing experiments 

was minimized to enable the capture of the initial reaction. Diffraction data were measured 

continuous for two hours while the paste was held at the annealing temperature. Figure 5.8 

compares the time evolution of the measured diffraction data. These data do not show a clear 

appearance of new reflections that would indicate the formation of a new phase; instead, diffraction 

peaks for a CuGa2 intermetallic are present throughout the isothermal hold. This result suggests 

that the intermetallic readily forms, and in this experimental setup we were unable to obtain data 

during the initial mixing and the reaction between gallium and the copper powder. Insets shown 

in Figure 5.8a highlight regions of the diffraction data that correspond to the CuGa2 () and Cu 

(111). These data demonstrate that, while the initial formation of the intermetallic is fast, the 

reaction kinetic for the full conversion of Cu into CuGa2 are sluggish, as evidenced by the slight 

increase and decrease in the intensity of the CuGa2 and Cu intensity, respectively. Measured data 

were analyzed using single peak fitting to approximate the time dependent phase fraction evolution 

during the isothermal hold, as shown in Figure 5.8c. The ratio of intensity of CuGa2/Cu increases 

during the hold. A similar observation was made in the work by Hong & Suryanarayana[78] where 

the formation of the θ-CuGa2 binary phase started to occur after the mechanical milling of gallium 

and copper together in the initial two minutes at temperatures of ~ 120°C. The present XRD data 

could be further analyzed to extract information about the kinetics of intermetallic formation near 
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room temperature. Additional details on the XRD experimental setup, measurement and analysis 

process is provided in the Appendix A-5.5.  

 

Figure 5.8 (a) False color plots highlighting specific regions of the in situ XRD data that 

correspond to (left) CuGa2 () and (right) Cu (111) peaks. Over time, it can be observed that the 

CuGa2 intensity increases while the Cu (111) intensity decreases as it gets converted into CuGa2.  

(b) A representative false color plot representing the measured intensity with scattering angle and 

time during the annealing experiment. (c) A graph of time dependent evolution of the phase 

fraction during the isothermal hold analyzed using single peak data fitting. The ratio of intensity 

of CuGa2/Cu increases during the hold. 
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5.3.3 Direct-writing of Liquid Metal Pastes 

Liquid metals, by themselves, have already been proven for 3D printing and direct-writing 

various free-standing, out of plane microstructures[76,77,79] on-demand such as wires, fibers, 

interconnects, and stacked array of droplets with diverse applications in the field of 

microfluidics[75,80,81] and soft electronics[79,82–86]. The thin oxide layer on the liquid metal surface 

can mechanically keep the structure in stable, non-equilibrium shapes[85]. Using these 3D printing 

capabilities of the liquid metal, we can now take advantage of the alloying nature of gallium to 

make pastes with solid metal powders that can be first 3D printed near room temperature in sub-

millimeter scales, stabilized by the surface oxide skin and then solidified by the interdiffusion of 

solid particles in gallium. The goal would be to print precise and robust, monolithic, out-of-plane 

thermally stable, dense solid metallic electronic components such as sensors and interconnects on-

demand for various electronic applications. As a first step towards being able to 3D print such 

electrically conductive elements, we have successfully extruded a line and the words NCSU using 

liquid metal paste (Ga:Cu in 65:35 wt. % ratio) on a glass slide near room temperature using a 

simple heat tape wounded syringe-needle assembly by applying pressure manually to the plunger 

as shown in Figure 5.9a and b. The printed sample is then transferred to an oven at 60˚C for a 

few hours to complete the interdiffusion process and hence obtain the final solid Ga-Cu solid 

structures that can be held in hand as shown in inset of Figure 5.9a. In addition, the printed features 

are conductive as seen with simple LED lighting up in the inset of Figure 5.9b when connecting 

the electrical leads to the word letter C in the word NCSU patterned using the liquid metal paste 

features. Additional details on the printing process has been provided in the Appendix A-5.9. By 

means of this simple approach, we can pattern dense solid metal structures that are conductive as-

printed near room temperature without the need for any harsh operating environments and complex 
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post-processing, in addition to being mechanically robust and thermally stable. These conductive 

architectures can be employed as wires, antennas, interconnects, or electrodes for interfacing with soft 

electronic devices. Additional details on the thermal stability of the patterned microstructures has 

been provided in Appendix A-5.6. These preliminary patterning results provide motivation for 

further study, to perform rheological characterizations and hence improve the printing resolution 

of this simple direct-write paste extrusion process.  

 

Figure 5.9 (a) Image of a line being printed with the Ga-Cu paste on a glass slide using a simple 

syringe extrusion-based process with the inset showing the final solid metal structure held in hand. 

(b) Image of the letters of the word NCSU being printed on a glass slide using the Ga-Cu paste 

with the inset showing the electrical testing of the word  NCSU. The LED being lit indicates that 

the printed structure is electrically conductive. 

5.3.4 Process Limitations 

Although the described imprinting procedure has many attractive features, it is not without 

limitations. The primary limitation of this method is the resolution of the replicated features, which 

is currently limited to only hundreds of nanometers. This is mainly due to the aggregation of the 

copper particles making it difficult to replicate features less than 100 nm. The smallest copper 

particle size used in this work is 40 nm as claimed by the manufacturer, however, we have evidence 

from SEM images (additional details in the Appendix A-5.3) that the particle size is only 
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nominally 40 nm and when the particles undergo reduction processes, there is a higher chance for 

them to aggregate in absence of carbonaceous ligands present initially during their synthesis that 

would have otherwise kept the individual particles dispersed in the mixture. One way to keep the 

nanoparticles dispersed is to use solution-based processing during the paste formation, however, 

that would require evaporation of the solvent during the intermetallic formation procedure and can 

lead to porosity in the final microstructure affecting the mechanical properties and thermal stability 

of the solid imprint. Another reason for defects observed during imprinting is due to the imperfect 

mixing of gallium and copper that leaves large copper crystals unmixed with gallium that 

crystallize out once the intermetallic solidifies. We have also observed air pockets and “dirty” 

oxide surfaces present on the surfaces of both gallium and copper that could result due to non-

uniform smearing of the paste into the mold. The EDS micrographs hence show non-uniform 

distribution of gallium and copper in certain locations where such defects are present. Additional 

information on this limitation is provided in the Appendix A-5.10. Another drawback of the 

imprinting process is that the resulting intermetallics do not have better mechanical properties 

relative to other metals, and are brittle, which, in principle, could be one of the explanations for 

the difficulty in using intermetallics and alloys of gallium with powdered metals as a possible 

replacement for dental amalgam.[56] We tested our samples using a dynamic mechanical analyzer 

(DMA) and found out that the formed intermetallics were too brittle to provide any conclusive 

data on their mechanical strength. Literature suggests insufficient number of slip systems and poor 

grain boundary cohesion could be a reason for the brittleness observed in the bulk intermetallic 

phase.[87] One possible solution would be to harden the intermetallic formed using the traditional 

heat treatment techniques.[88]   
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In addition to imprinting, there are some process limitations associated with the direct-

writing process as well. We analyzed the direct-write printed geometries using an SEM and EDS 

characterization to get information on the microstructure. The SEM micrograph as seen in Figure 

5.10a exhibit that the microstructure indeed is dense without any porosity. Although we see a 

distribution of both copper and gallium in the EDS data in Figure 5.10b, it is not homogenous, 

and we can definitely observe that there is a higher of gallium in the final printed paste 

microstructure as compared to what we have seen in the EDS data of the imprints in Figure 5.6e 

and f. This can be attributed partially to the higher amount of gallium in the paste formulation 

itself. However, we also believe that there is a higher amount of gallium in the printed paste as 

compared to the paste we start with since we observe solid residue left after the printing process is 

carried out. We believe that if the samples are imaged at a higher magnification, we will observe 

a phase distribution / segregation of the gallium and copper phases.  

 

Figure 5.10 (a) SEM image of the printed structure indicating a dense microstructure. (b) EDS 

micrograph showing a distribution of gallium (red) and copper (green) in the same microstructure. 

While extruding the paste through the syringe, we observe a distinct phase separation of 

the gallium from the copper powders and observe that the printed paste is more “liquidy” 

suggesting that is it gallium-rich with minimum copper particles. From our limited understanding, 
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we believe this is a classic example of soft, colloidal particles jamming when mixed with low 

viscosity liquids that is observed in literature[89–92] due to the hydrodynamic interactions between 

particles causing the transition from equilibrium to shear thinning and shear thickening regimes 

based on applied shear rate. When we apply the shear through a syringe needle, due to the 

rectangular cross-sectional geometry of the syringe barrel, the particles settle down in the fluid 

rather than being able to flow around each other leading to a formation of a network that allows 

the liquid metal to “seep” through them easily. Thus, it is likely that we would need to change the 

geometry of the printhead to be able to achieve a homogenous composition of the paste being 

dispensed during the printing process. In addition, we need to incorporate mixing mechanism using 

devices such as augers to keep the paste in suspension during printing avoiding settling and 

aggregation of copper particles in the liquid metal.  

To verify the phase separation and the higher composition of gallium in the printed paste, 

we carried out rheological characterization of the paste using a simple parallel plate geometry 

before and after printing as a function of time to see the changes in the elastic and viscous moduli 

of the material that was transferred to the syringe barrel versus what was actually printed from the 

syringe nozzle. The angular frequency selected was 10 rad/sec and the experiment was carried out 

at ~ 45°C similar to the temperature at which the paste is printed out. We observed that the paste 

dispensed after printing had three orders of magnitude lower moduli than the paste before printing 

as seen in Figure 5.11 indicating that there is a higher amount of gallium in the printed paste as 

compared to what we start with. In addition, the disparity in the elastic ( 'G ) and the viscous 

modulus ( ''G ) value is also representative of the phase separation of gallium and copper that 

occurs during the process of dispensing the paste. Additional information on the rheological 

characterization work has been provided in the future work section of Chapter 6. We hypothesize 
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that during the printing process, the gallium portion of the paste is more likely to flow easier than 

the copper particles due to its visco-elastic nature, resulting in a gallium rich phase being extruded, 

and a copper rich phase remaining in the syringe barrel.  

 

Figure 5.11 Plots of elastic ( 'G ) and viscous ( ''G ) modulus over time comparing the behavior of 

the paste before and after the printing process. 

To confirm that the printed intermetallic contains the same crystalline structure as we 

expect from Figure 5.7a, the printed intermetallic and the residual solidified sample were analyzed 

using X-ray diffraction analysis. The XRD spectra of the printed intermetallic shows several peaks 

specific to the predicted intermetallic (CuGa2), but also shows peaks indicating that copper and 

gallium are both present in unalloyed forms as seen in Figure 5.12 below. In addition, the residual 

material in the syringe barrel also shows the same peaks as printed material indicating alloying 
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behavior along with presence of unalloyed copper and gallium that phase separated during 

printing.  

 

Figure 5.12 Comparing XRD spectra of the printed intermetallic and the residual solidified paste 

left in the syringe barrel. 

These results provide motivation for further study, comparing how time, temperature, and 

different compositions of paste may result in different final intermetallic compositions and how 

that affects the printing resolution and force required to dispense the paste. Additional information 

on the preliminary work being executed in this direction can be found in the future work section 

of Chapter 6. The final goal of this work would be to figure out techniques to enable extrusion of 

a paste with the same composition after printing as the one used in the initial mixing process.   

5.4 Conclusions 

In summary, we describe here a simple, near room-temperature imprinting process to 

fabricate dense solid metallic features from a few millimeters down to hundreds of nanometers. 
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By taking advantage of the low melting point of gallium and its affinity to form an intermetallic 

with other bulk metals, we can form a paste containing mixture of gallium and copper using a 

mortar-and-pestle assembly and conventional binary phase diagrams from literature. The formed 

paste can be molded into various pre-patterned surfaces with feature sizes ranging from a few 

millimeters such as pennies down to hundreds of nanometers such as diffraction gratings on 

substrates with topographical structures that may be useful for optics, non-wetting surfaces, or 

electrowetting. Additional information on the surface wettability characterization of the imprinted 

samples can be found in Appendix A-5.7. Inter-diffusion of copper and gallium atoms helps to form 

the final dense solid intermetallic imprint that is thermally stable with elevated melting points and 

possesses the same phases as obtained from the traditional induction forging techniques that use 

processing temperatures close to the elevated melting point of the bulk metals. The main advantage 

of our imprinting process is the ability to replicate high resolution metallic features from 

multimaterial soft polymeric surfaces at ambient conditions without the need for any complex 

lithography, bonding or assembly procedures that would otherwise affect the resolution of the final 

features or the materials of construction to replicate the features from. We have also shown that 

the paste formed using our approach is printable and hence can be extruded on-demand, using a 

simple syringe-based direct-writing process that has been already proven in literature for printing 

gallium-based liquid metal alloys. The solid metallic structures printed are electrically conductive, 

mechanically robust and thermally stable without needing any harsh post-processing or sintering 

environments. These conductive elements can be functionalized as electronic components such as 

wires, antennas, interconnects, or electrodes for interfacing with various electronic devices.  
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Chapter 6. Summary and Future Work 
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6.1 Summary 

Gallium-based liquid metal alloys offer promising opportunities in the patterning of soft, 

flexible, stretchable, and even reconfigurable electronics that possess both metallic and fluidic 

properties at room temperature.[1] Patterning of liquid metals is mainly possible due to the rapid 

formation of a thin, passivating gallium oxide layer on its surface[2] when exposed to air or 

dissolved oxygen in ambient conditions[3] – even at ppm concentrations of oxygen.[4] The skin 

allows the metal to adhere to the surface it is deposited on and adopt stable, non-equilibrium 

shapes[5] against the destabilizing effects of gravity, low viscosity[6,7] (~ 2 × water) and a high 

surface tension (~ 10 × water)[8] due to the mechanical strength of the skin imparted by its 

viscoelastic rheological properties.[2,9] Finally, being commercially available and a non-toxic 

alternative to mercury, these liquid metals have been demonstrated for patterning several electronic 

components including interconnects,[10–16] antennas and optical devices,[17–50] ultrastretchable 

wires,[51–53] soft capacitors, diodes, and memristors,[54–57] microfluidics,[58–70] soft[71–80] and bio-

electrodes,[70,81–84] reconfigurable circuits,[35,36,42,85–106] sensors and electronic skins,[43,107–119] self-

healing electronics,[120–124] and for energy storage applications.[66,124,125]  

This dissertation investigates the fundamentals of the additive patterning gallium-based 

liquid metals for fabrication of multilayered microfluidics and 3D printed soft electronics at or 

near room temperature. Chapter 1 surveys the literature of additive manufacturing and highlights 

the different conventional and emerging techniques used for patterning of electronic materials. In 

addition, this introductory chapter motivates the need for using gallium-based liquid metals in 

printed electronics as soft conductor by discussing the important properties and applications of 

such low melting point liquid metal alloys in several electronic applications.   
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Chapter 2 elucidates the mechanisms behind the room-temperature based shear-driven 

direct-write printing process for gallium-based liquid metal alloys and discusses how it differs 

from other conventional pressure-driven extrusion techniques. The chapter reports that a “peck 

test” identifies the substrates for the printing process.  Secondly, with the help of a “good” printing 

substrate, we identified the three printing regimes and accomplished the understanding of multiple 

operating parameters such as dispensing pressure, print height, effect of surrounding 

environmental conditions such as the relative humidity, and finally, the speed and acceleration of 

the printer. The effects of these variables were quantified by studying the results of the printed 

trace geometries including the width, thickness, and the radius of curvature. This chapter should 

serve as an accessible guide / “cook-book” of the best practices for direct-write printing of liquid 

metals.  

Using the knowledge gained from understanding the fundamentals behind liquid metal 

direct-writing process, Chapter 3 reports a new yet simple platform for fabricating multilayered 

microfluidic channels with vasculature at room temperature using printed liquid metals as a 

sacrificial template. Without needing any special bonding chemistries, assembling or alignment 

methods that limit the materials of construction of conventional 3D microfluidic channels, we 

successfully patterned robust monolithic structures with high resolution and low line edge/height 

roughness. It is possible to evacuate select portions of the channels to leave behind stable liquid 

metal features that can be used as antennas, interconnects, or electrodes for interfacing with lab-

on-a-chip (LoC) devices. Finally, the chapter discusses the capabilities and the limitations of this 

process.  

To highlight the significance of using various unconventional, hybrid additive 

manufacturing (AM) processes for patterning 3D printed electronics, Chapter 4 demonstrates the 
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different devices that we have fabricated in house using liquid metals as a soft conductor. We 

report work done using several AM technologies such as direct-writing, inkjet printing, aerosol jet 

printing, continuous liquid interface production (CLIP), and fused deposition modeling (FDM). 

The work discusses the fabrication process flow and electrical/mechanical characterization of 

multiple electronic devices such as flexible and wearable thermoelectric generators (TEGs), liquid 

metal-filled radiofrequency (RF) antennas, low loss coaxial transmission lines, and liquid metal-

enabled thin film transistors (TFTs). In the end, we also outline the major challenges associated 

with the rapid prototyping of such liquid metal-based 3D printed electronics.  

Taking advantage of the affinity of gallium-based low melting point alloys with other bulk 

metals from the periodic table such as copper, in Chapter 5, we seek to understand a novel but 

simple process to formulate a conductive paste for additive patterning of solid metallic structures 

at ambient conditions. The formed paste has sufficient shelf life and can be extruded from a nozzle 

at modest temperatures to form solid 3D shapes using direct-writing. In addition, by taking 

advantage of the viscoelastic rheology of the paste, we can mold it at room temperature with 

feature sizes ranging from a few millimeters down to hundreds of nanometers. We utilized several 

analytical characterization techniques such as SEM, EDS, TMA, and XRD to help understand the 

structure-property interrelationships of the resulting intermetallics and the process limitations. In 

principle, this technique could enable 3D printing of solid metals at temperatures compatible with 

polymers as well as the creation of micro- and nano-structured metallic surfaces that may be useful 

for optics, non-wetting surfaces, or electrowetting. 

6.2 Future Work 

This section discusses some key experiments and ideas to take help advance further the 

research reported in this thesis.  
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6.2.1 Direct-writing on Uneven Surfaces 

For the work discussed in Chapter 2, one of the main challenges that we highlighted is the 

requirement of a smooth substrate for printing since shear-driven direct-writing is a contact-based 

printing process.  As such, the nozzle needs to be within 100 microns or so of the printing substrate. 

In case of uneven or rough substrates, knowing the topology of the substrate beforehand could help 

account for the inhomogeneity while printing. Off-the-shelf solutions exist in the form of a laser 

displacement sensor that can scan the substrate to adjust the Z-height of the nozzle during printing. 

However, these sensors still need a controlled alignment system to implement the changes on the 

substrate mechanically during printing. Such systems are quite expensive commercially, however, 

we envision that we can build a similar system in-house using an infrared (IR) sensor or an 

accelerometer to detect any unevenness on the print substrate up to a couple of microns. This 

micron-value would be checked at three places on the substrate forming a triangle and hence move 

one or more of the three motors by a number of turns necessary to level out any irregularities on 

the surface. A sketch of the automated 3-motor controlled alignment system upgrade for our 

printing equipment is shown in Figure 6.1. The motorized alignment system in currently in its early 

stages of prototyping but we foresee it be a part of the current 3D printing system in the near future.   
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Figure 6.1 Schematic of the automated and motor-controlled alignment system. 

 

6.2.2 Co-printing of Liquid Metals and Polymers 

As discussed in Chapter 3, while fabricating individual layers of the 3D printed 

microfluidic channels, we had to encapsulate each liquid metal printed structure with a polymer 

cast manually at room temperature. This process requires the printed structure of the first layer to 

be taken off the printer and hence can easily cause misalignments as we come back to print another 

liquid metal layer once the polymer encapsulation layer is cured. As a result of this back-and-forth 

time consuming process, we are restricted to the mostly short, linear geometries and materials of 

construction for patterning the microfluidic channels. In addition, it is not possible to build more 

than three or four layered microchannels each consisting of liquid metal and an encapsulated 

polymer structure. To solve this challenge, we have been working on upgrading the 3D printer. We 

demonstrated a co-printing head as shown in Figure 6.2a and b that would allow us to print a range 

of polymers (both thermally as well as UV-curable) next to the liquid metal. The co-printing 

assembly as shown in Figure 6.2c acts like a turn-wheel and can be rotated using a motor that is 
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controlled using the hardware and software currently in place – it currently acts as a 4th axis (A-

axis) to our previous 3-axis CNC machine.  

 

Figure 6.2 (a-c) True and rendered images of the co-printing head, (d) Photograph showing the 

co-printing head with its accessories mounted and an image showing a syringe printing (e) liquid 

metal first and then (f) embedding it with a polymer. 
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Such heads on 3D printers cost a fortune to build but we have been able to 3D print our 

components and make one for less than $200 which we believe is a feat of its own. The cradle as 

shown in Figure 6.2d contains a top-down camera for aligning prints when we change from one 

syringe to another, a UV-LED adapter for in situ curing of the polymer as it dispenses from the 

printhead. It can hold 8 syringes in all – making multimaterial homogenous 3D printing possible 

on the same machine at room temperature without needing to move away from the equipment. We 

envision that this will be particularly helpful when we print 3D microfluidics to embed the liquid 

metal pillars quickly once they are printed and hence minimize the possibility of collapses 

happening. 

6.2.3 Direct-writing Planar and Smooth Films of Liquid Metal 

Gallium-based liquid metals are well-suited for patterning radiofrequency (RF) elements 

such as antennas, waveguides, and coaxial lines since their low viscosity and fluidity can be 

exploited to construct complex and potentially reconfigurable geometries. However, many times, 

in case of RF electronics, we need to be able to print patch / connected geometries. For example, 

patch antennas are found in many types of antennas, and have wide and thin planar surfaces yet 

these are difficult to fill uniformly by injecting metal due to the trapped air. In addition, new 

methods for creating flat, thin, and uniform films of high quality are an area of opportunity. Many 

conventional patterning methods start with a smooth film. However, it is difficult to spread thin, uniform 

films of liquid-phase metal.[126] Thick films possess a smooth surface finish, but often exhibit a 

curvature due to the surface tension of the metal. Since spin coated films of liquid metal are not uniform, 

thin films must be spread manually, which are often rough or have holes. 

In addition to modifying the rheology of the liquid metal ink[127,128], another way to direct-

write such planar geometries available today is to use large diameter printing nozzles or dispense 
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liquid metal traces close to each other that can merge to give the solid patch. However, due to the 

large surface tension of liquid metals, there is higher possibility to end up in the over-pressurized 

regime when printing with wider diameter needles or when adjacent traces merge, leading to 

ruptures/bead formation. This is similar to the “pipe-burst” problem as we discussed in Chapter 

2. Reducing/choking the flow rate of the liquid metal from the reservoir of the syringe barrel to 

the substrate could maintain a low-pressure regime to create patch geometries. One way to obtain 

this low-pressure zone could be to fill the space between the liquid metal reservoir and the needle 

outlet with some copper fibers that are wet with liquid metal. This will essentially reduce the flow 

rate at the exit point while ensuring there is an open and connected path for the liquid metal to be 

dispensed from the reservoir to the outlet making the printhead to inherently behave like a “paint-

brush”. Preliminary work shows this is possible by using a copper desoldering braid that helps to 

wick/draw up the liquid metal via capillary action. The braid is wet with a liquid metal such as 

EGaIn or gallium in its liquid state around an acidic environment (1 M HCl) to ensure that the 

copper braid wets the liquid metal locally in absence of the oxide skin. Once the acid is evaporated 

in a vacuum oven or on a mildly heated hot plate, we can insert this braid inside a printing needle 

as shown in Figure 6.3a to fill up the dead volume. Once connected to the reservoir, the needle is 

primed using air pressure, and allows us to print patch geometries as shown in Figure 6.3b.  
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Figure 6.3 (a) Image of a copper braid inserted in a conical polypropylene needle tip with an inner 

diameter of 0.61 mm  (b) Image of a patch printed using a stainless steel needle tip with an inner 

diameter of 1.54 mm. 

There is no specific restriction on the needle diameter to use with this technique but ideally 

the diameter should be big enough such that the liquid metal outlet is not sealed up due to the 

copper braid. This work is under progress and requires more process optimization to quantify the 

dispensing pressures needed before it can be used for printing of patch geometries repeatedly and 

reproducibly for RF applications.  

6.2.4 Rheological Investigation of Gallium-Copper Pastes 

As we have shown in Chapter 5, the liquid metal pastes made by mixing copper particles 

inside gallium have sufficient shelf-life to be able to extrude them into 3D structures using our 

well understood direct-writing process. However, the gallium-copper paste is a system that forms 

an intermetallic over time and hence we only have a short “pot” life before the paste hardens and 

cannot be extruded. In addition, the current resolution of the printed geometries is on the mesoscale 

and it is hence important to improve the feature resolution for rapid prototyping of printed 

electronic components. Hence, we seek to understand the rheological properties of the paste to 

design an extruder or a device that can help us dispense the liquid metal paste into microscale 

conductive architectures.  
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One of the qualities of an ideal paste would be the presence of a shear-thinning behavior 

that would allow it to dispense from a syringe barrel (which has proven to be difficult, especially 

using less than 1 mm inner diameter nozzles, due to the jamming behavior of the paste under 

pressure). We are undertaking a thorough rheological study to elucidate the effect of copper 

particles on the flow behavior of the “liquidy” paste by measuring the change in viscosity as a 

function of shear rate as well as measuring the dynamic yield stress of the paste as a function of 

the oscillating stress provided by the rheometer.  

The preliminary experiments were carried out using an AR-2000 rheometer from TA 

Instruments, Inc. using a parallel plate geometry with a gap of ~ 500 µm. The top and the bottom 

plates were super-glued with sandpaper using a method in literature[129,130] to eliminate slip 

artifacts and also to ensure the paste does not bond with the stainless steel plates. The tests were 

carried out with a pre-shear for 1 min at 0.1 rad/sec to break the microstructure, with zero 

equilibration time and using the environmental test chamber (ETC) at 70°C to ensure that the 

gallium inside the liquid metal paste does not freeze. In order to ensure we have an inert 

environment inside the ETC, we purged the chamber with a continuous flow of nitrogen gas at a 

rate of 10 L/min. In addition, we prevented any effects from the ambient relative humidity on our 

experiments using nitrogen. Figure 6.4 shows the preliminary experiment where we measured the 

change in viscosity as a function of the shear rate (swept from 0.001 to 100/sec) and compared our 

results with that of pure gallium. 
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Figure 6.4 Plot of viscosity vs. shear rate for a pure gallium (100:0-Ga:Cu) and our paste (65:35-

Ga:Cu) sample. 

The above graph proves that the apparent viscosity of our optimum paste composition is 

higher than pure gallium (for all intents and purposes, we can base the pure gallium rheology work 

on the previous literature on EGaIn[2,131,132]) – confirming that presence of particles in the paste 

makes it more viscous than pure gallium. Also, with an increase in shear rate, the minimum 

viscosity achieved by the “yielded” paste is still higher than that for pure gallium. We are currently 

investigating a “bump” that we observed in the plot above at around 0.6 per sec to determine 

whether it is an instrumental error, or it is due to the inherent behavior of the paste. 

The next experiment was performed to understand the effect on the viscosity of the paste 

sample as we increase the amount of copper microparticles. The experimental conditions were 

kept the same as before. The results are as shown in Figure 6.5.  
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Figure 6.5 Plot of viscosity vs. shear rate for a series of paste samples varying copper particle 

content from 0 to 45 wt. %. 

It is interesting to note from the above graph, that the viscosity increases almost linearly as 

a function of increasing copper microparticles content in the paste. However, all these curves fall 

in the shear-thinning regime – one of the primary requirements to dispense an ink from the nozzle. 

To reinforce this claim, we changed performing experiments from a stress-controlled rheometer 

(AR-2000) to a strain-controlled rheometer (DHR-1). We varied the strain (%) from 0.01 to 1000 

at a frequency of 1 rad/sec at 80°C and measured the elastic / storage ( 'G ) modulus and the loss / 

viscous modulus ( ''G ) for the paste with Ga:Cu – 65:35 composition since that is the proportion 

of interest, followed by back calculating the stress applied and plot same elastic and viscous 

moduli. We observed a shear-thinning behavior over increasing strain % as seen in Figure 6.6a 
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and hence stress in Figure 6.6b where the moduli drop significantly giving us an indication of 

material “thinning” out and being able to be dispensed from a syringe.  

 

Figure 6.6 Plot of elastic ( 'G ) and viscous modulus ( ''G ) over increase in (a) strain (%) and (b) 

stress (Pa) with strain (%) varied from 0.01 to 1000 at a frequency of 1 rad/sec at 80°C. 

 

We can see from the above plot that the elastic behavior of the paste dominates over the 

viscous behavior. In addition, it is encouraging to notice that the dynamic flow behavior seen in 

the above graph is similar to what has been shown in literature for silver nanoparticle-based 

conductive inks[133,134] although the moduli values being a couple orders of magnitude higher than 

the ones seen in literature for dispensing such inks.[128] Thus, once the yield stress is overcome, 

the material should “thin” out allowing its easy dispension from the syringe. From the above plot, 

we can use a strain % value in the linear visco-elastic regime (LVE) for our further set of 

experiments before the elastic and viscous moduli start decreasing. We hence chose a 0.05% strain 

for our next set of experiments where we wanted to observe the evolution of paste dynamics over 

frequency and hence time. The goal of our follow-up experiments was to explore the thixotropic 

behavior of the paste where we envision to understand the network formation more clearly as we 

carry out frequency sweeps over time.  
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We carried out multiple consecutive frequency sweeps from 0.1 to 100 rad/sec at 0.05% 

strain at 90°C and observed that the 'G and ''G  data obtained after a fourth run a couple of hours 

later showed much noisier data than we started with in the first run as seen in Figure 6.7a. We 

attribute this behavior to the paste solidification due to interdiffusion and hence intermetallic 

formation that happens over time at elevated temperatures. When the operating temperatures were 

brought down to 45°C, even with a slightly higher strain % value of 0.07, we observed that the 

moduli data is less noisy as seen in Figure 6.7b although we do see close to an order of magnitude 

increase in the values of elastic ( 'G ) and viscous ( ''G ) over increase in frequency and hence time 

indicating the evolution of the initial paste microstructure to form the final intermetallic.  

 

Figure 6.7 Plots of elastic ( 'G ) and viscous modulus ( ''G ) for frequency sweeps carried out at (a) 

90°C & 0.05% strain and (b) 45°C & 0.07% strain. Run 1 represents the data set obtained at the 

start of the experiment and Run 4 represents the data set obtained five hours from the starting point. 

As we see from the above plot, the storage modulus and the viscous modulus increased by 

orders of magnitude over time indicating the network formation causing “locking” of the paste as 

we try to dispense it after a few hours. The main learning, we obtained from these experiments is 

that there are three important parameters that we need to optimize while printing gallium-based 

liquid metal pastes., (i) time taken between formation and dispensing of the paste, (ii) paste 



 

219 

 

 

temperature during dispensing, and (iii) stress applied to dispense the paste. The ideal scenario for 

printing these pastes would be to dispense it as soon as it is formed at a temperature near 50°C 

with enough force applied that the resultant flow behavior is shear-thinning.  

In future experiments, we would also like to determine if it is the oxide skin on 

gallium/paste or the copper micro- / nano-particles that lead to the presence of yield stress in the 

graph above by performing interfacial rheology experiments using the traditional Du Noüy ring 

method[135]. In parallel, we are devising new nozzle geometries such as using a conical syringe 

barrel to avoid the paste “locking” issues seen with conventional syringes where a drastic change 

in cross-section as the paste gets extruded might be causing the clogging and hence phase 

separation over time that we observed with our work.      
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A-1.1 Tables for comparing direct-write printing approaches and their parameters for patterning of electronic materials.  

Table A-1.1 Comparison of all the direct-write approaches used for patterning of electronic materials excluding laser direct-write 

techniques. 

Approach Method Mechanism 
Writing Speed 

(Single Nozzle) 

Materials and  

Viscosity (μ) 
Resolution 

3D 

Structures 

Surface 

DW 

 

Inkjet 

Printing 

(CIJ) 

Deposition of liquid 

droplets by break-up 

of continuous jet 

Up to 60 mm3/s  

Liquid with μ ~ 2 – 

10 × 10−3 Pa.sec; can 

contain small 

particles 

Droplet size  

~ 20 μm – 1 mm 

(typically 150 μm) 

No 

Inkjet 

printing 

(DoD) 

Deposition of 

individual liquid 

droplets when required 

Up to 0.3 mm3/s  

Liquid with μ ~ 10 – 

100 × 10−3 Pa.sec; 

can contain small 

particles 

Droplet size  

~ 15 – 200 μm 
No 

Aerosol 

Jet™ 

printing 

Kinetic bombardment 

of atomized droplets 

Up to 0.25 

mm3/s  

Materials with μ < 2.5  

× 10−3 Pa.sec that can 

be atomized 

Line width ~ 10 – 

150 μm, thickness 

~ 10 nm – 5 μm 

Yes 

Precision 

Pump 

Precision micro-

dispensing pump with 

suck-back action 

Typically, 50 

mm/s (up to 

300 mm/s) 

Liquid, paste and 

slurry materials with 

μ up to 1000 Pa.sec 

Line width  

~ 25 μm – 3 mm 
Yes 

Extrusion 

Deposition of 

materials via syringe-

based flow 

Typically 25 

mm/s 

Liquid, paste and 

slurry materials with 

μ up to 500 Pa.sec 

Line width  

~ 50 μm – 2.5 mm 
Yes 

Focused 

Ion Beam 

(FIB) DW 

Ion-induced deposition 

of precursor gas 

molecules 

Typically 0.05 

μm3/s 
Metals and insulators 

Line width  

~ 80 nm – 20 μm 
Yes 
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Table A-1.2 Comparison of all laser direct-write printing techniques for patterning electronic materials. 

Method Mechanism 
Writing 

Speed 

Materials and  

Viscosity (μ) 
Resolution 

3D 

Structures 

Thin film 

consolidation 
Melting, fusion onto substrates 

10 − 2000 

μm/s 

Metals/ceramics on 

metal/ceramic substrates 

Line width  

~ 10 – 50 μm 
No 

LIFT and 

MAPLE DW 

Transfer of material by kinetic energy 

of vaporizing organic binders 

Typically 3 – 

50 mm/s (up 

to 500 mm/s) 

Metals, ceramics, 

semiconductors, polymers, 

composites 

Line width  

~ 10 – 100 μm 
No 

LEEP Thermal decomposition of the liquid 0.1 – 80 μm/s 
Metals and ceramics on inorganic 

substrates 

Line width  

~ 2 – 12 μm 
No 

Laser-activated 

electroplating 

Accelerated chemical reaction by local 

high temperatures 

0.1 – 10 m/s 

(up to 2.5 m/s) 
Metals on metallic substrates 

Line width  

~ 0.1 – 300 μm 
No 

LCVD 
Decomposition of gases after 

vaporization and condensation 

50 – 100 μm/s 

(up to 5 mm/s) 

Metals, semiconductors and 

ceramic such as Al, Si, W, Al2O3, 

WC 

Line width  

~ 1 – 20 μm 
Yes 

LIBT 

Physical vapor/liquid deposition after 

laser irradiation through transparent 

medium 

10 – 100 mm/s 
Metals and ceramics on 

transparent substrates 

Line width  

~ 5 – 200 μm 
No 

LGDW 
Laser-assisted deposition of generated 

aerosol using optical forces 
Up to 1 m/s 

Non-absorbent droplets and solid 

particulates with μ < 2.5 × 10−3 
Pa.sec 

Line width  

~ 2 μm 
No 

FGDW 

Gas flow-assisted deposition of 

generated aerosol using hydrodynamic 

forces 

Up to 0.25 

mm3/s 

Atomizable fluids and colloids 

with μ < 2.5 × 10−3 Pa.sec 

Line width  

~ 25 μm 
No 

TPP 
Photopolymerization of UV-curable 

resin 

Up to 100 

μm/s 

Photo-sensitive acrylate 

polymers 

Line width  

≤ 100 nm 
Yes 

SLS 
Locally sinters and binds the powder 

bed 

Up to 35 

mm/h 

Polymers, metals, alloy mixtures 

and composites in powder form 

Line width  

~ 100 μm 
No 
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A-2.1 Comparing the Printing Equipment at Air Force Research Lab (AFRL) and North 

Carolina State University (NCSU) 

Figure A-2.1 compares the printing system at AFRL (left) and NCSU (right). The AFRL 

system was a custom built from commercial off-the-shelf (COTS) components consisting of a 

bridge-gantry (Aerotech Inc.) above a stationary granite base. The printer at NCSU has been 

repurposed from a computer numerically controlled (CNC) milling machine where The spindle on 

the CNC machine was replaced with a Nordson syringe and needle setup using a 3D printed 

adapter. Being originally a CNC machine, the motors have a higher range of acceleration possible 

which can sometimes lead to vibration during printing. To combat this problem, we have built a 

special platform on the 3-axis stage. The platform on which the sample is stationed is made of 

three parts; (i) a spring-loaded anti-vibration stage made using a hard drive chassis, (ii) a 125 mm 

rotary tilt-stage bought off-the-shelf from Edmund Optics, Inc. to level any tilt on the print 

substrate and finally, (iii) a silicon wafer to make sure the print substrate can sit flat on the wafer 

without any misalignments over long periods of time. The main operational difference between 

the two systems is that the bed is stationary and the printhead can move in all the three X, Y, and 

Z axes in case of the AFRL printer whereas in the NCSU printer, the bed can move in X and Y 

axes and the printhead moves in the Z axis only. Finally, in both the cases, the pneumatic pressure 

is provided using Ultimus™ V High Precision Dispenser from Nordson EFD, Inc. 
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Figure A-2.1 Photographs of the AFRL printing equipment (left) and the NCSU printing 

equipment (right) 

A-2.2 Priming of the Liquid Metal Printing Tip 

The printing tip requires ‘priming’ to fully fill/wet the liquid metal EGaIn to the bottom of 

the syringe tip before the printing operation starts. There are two priming methods that we 

generally employ: (1) manually ramping up the pressure until you see EGaIn extrude from the tip. 

This can be done close ~ 25-50 µm from a glass slide to help prevent any blobs/beads or in air 

above an EGaIn vial and (2) Gently tap (by hand) the printing tip on a sacrificial but clean substrate 

(e.g., glass slide) until you see EGaIn residue on the slide. Larger inner diameter (ID) needle tips 

(> 400 um) will often self-prime when loading EGaIn, but if not, method (1) is preferred as it is 

less likely to uncontrollably extrude EGaIn onto the printing substrate. 

A-2.3 Substrate Materials Library with Contact Angle Hysteresis and Printing Results  

We have built a library of polymeric surfaces with various treatments (DI water rinsing, 

UVO exposure for 20 mins , overnight vapor silanization using orthotrichlorosilane – OTS and 

Soxhlet extraction for 24 hours using toluene as the washing solvent) subjected as seen in Table 
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A-2.1 to evaluate the liquid metal printing behavior. We use the adhesion of EGaIn on these 

surfaces as a measure of printability. Initially, we started with measuring water static contact angles 

(WSCA) on various surfaces to predict if liquid metal will print on it or not. However, we soon 

realized that surfaces like Sylgard® − 184 are an outlier since even though they are fairly 

hydrophobic (contact angle higher than 100°), liquid metal sticks/prints as good as on them as 

compared to UVO-treated hydrophilic glass slides (contact angle less than 15°). We then started 

performing advancing-receding contact angle measurements with water as well as EGaIn and 

noticed that there are several issues associated with this approach as described in detail in the 

Section 2.3.1 of Chapter 2. Hence, we apply the hysteresis results qualitatively rather than relying 

on the specific advancing or receding angles of EGaIn/water to predict the printing behavior. 

Larger the contact angle hysteresis of liquid metal on surfaces, more chances for the pinning of 

the oxide skin on the surface, and hence better adhesion of the liquid metal during the printing 

process making the substrate suitable for direct-writing. On the other hand, lower the contact angle 

hysteresis, lesser chances of pinning of the liquid metal oxide on the surface, making hence the 

surface is non-ideal for printing. An extreme case of low contact angle hysteresis is observed in 

case of silanized glass and silicon in which, during the volume decreasing phase of the receding 

angle measurement, the drop detaches itself from the surface without leaving any residue on the 

surface, thus indicating that the substrate is unsuitable for the printing experiments. Finally, we 

developed a more practical technique for predicting printing known as the “peck” test which 

basically means, we brought the needle in contact with a substrate 100 times in a small 10 mm × 

10 mm area to see if it leaves any residue of liquid metal or not – we then used this criterion as a 

quantitative measure for deciding if a substrate can be printed on or not with liquid metal. It was 
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found that the results from the qualitative analysis of contact angle hysteresis correlate well with 

the results from the peck test.   

Polymer library with their treatments, contact angle analysis and peck test results. SCA 

refers to the static contact angle and CAH represents the contact angle hysteresis. Exposure to 

ozone generated by ultraviolet light for 20 minutes or an oxygen  

Table A-2.1 Polymer library with their treatments, contact angle analysis and peck test results. 

SCA refers to the static contact angle and CAH represents the contact angle hysteresis. Exposure 

to ozone generated by ultraviolet light for 20 minutes or an oxygen plasma cleaner for five minutes 

often produced the best results. 

Substrate Treatment 

Water               EGaIn 

SCA CAH CAH 
Peck Test 

Result 

Glass 

None 22.4 7.2 10.9 Fail 

Ozone 13.6° 2.7° 66.6° Pass 

DI Rinsed 34.8° 4.8° 59.0° Pass 

OTS 99.1° 6.3° Detaches Fail 

Si Wafer 

None 52.1° 4.4° 53.9° Pass 

Ozone 21.3° 4.1° 67.8° Pass 

DI Rinsed 53.3° 4.3° 59.5° Pass 

OTS 95.8° 25.8° Detaches Fail 

Model PVMS 

None 102.3° 5.1° 12.9° Fail 

Ozone 72.3° 18.4° 34.7° Fail 

Soxhlet Extracted 107.2° 3.4° 53.6° Pass 

Sylgard® − 184[1] 
None 110.1° 4.3° 70.7° Pass 

Ozone 117.9° 3.9° 52.7° Pass 

Model PDMS 

None 113.5° 4.1° 68.7° Pass 

Ozone 94.5° 1.1° 67.7° Pass 

Soxhlet Extracted 109° 0.7° 58.1° Pass 

SEBS 
None 116.8° 0.7° 53.2° Pass 

Ozone 111.5° 2.3° 64.2° Pass 

DragonSkin™[2] 
None 86.8° 8.5° 22° Fail 

Ozone 73.2° 4.5° 53.7° Pass 

EcoFlex™[3] 
None 117.2 6.6° 76.2° Pass 

Ozone 97.2° 2.5° 60.6° Pass 

Teflon None 107.8° 7.5° 16.5° Fail 
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A-2.4 Effect of Silicone Oils on Adhesion of Liquid Metal Oxide 

To understand the effect of the silicone oils on the liquid metal direct-writing process, we 

undertook a case study with three silicone-based elastomers from the above Table A-2.1, namely, 

Sylgard® − 184, vinyl/model PDMS, and model PVMS. The base polymer and the curing 

agent/crosslinker used in the synthesis process of each of these elastomers is shown in Figure A-

2.2. It can also be observed from the peck test result of Table A-2.1 that model PVMS was the 

only non-printable silicone elastomer out of these three polymers. This result was repeated even 

after treating the model PVMS surface with UVO cleaning for 20 minutes and observing a decrease 

in the static water contact angle, a method which usually helps generate enough −OH radicals on 

the surface that the liquid metal oxide can adhere onto and hence show improved direct-writing 

behavior.  

 

Figure A-2.2 Chemical structures of the three elastomers used to study the effect of the silicone 

oils on the liquid metal direct-writing process. 

As seen from Figure A-2.2, all these elastomers have the same silicone-based (Si-H / Si-

O) backbone in their chemical structures. In addition, the untreated versions of these surfaces 

exhibited very similar contact angle behavior with water as seen from Table A-2.1. To confirm 

our hypothesis that the presence of silicone oils on the surface of model PVMS affects the liquid 
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metal printability, we subjected the untreated model PVMS through an overnight Soxhlet 

extraction process using toluene as the cleaning solvent for getting rid of any uncrosslinked 

oligomers/unreacted cycles and observed that although there is little to no change in the water 

static angle, the printing behavior reverses, and we can observe reproducible direct-writing on the 

surface with successful peck test results. Thus, we can confirm that the residual oils on the surface 

of silicone oils can affect wetting of liquid metals during the direct-writing process. In addition, 

the contact angle measurements are not the best indicators for predicting printability on the 

substrate.  

In the next experiment, we wanted to study the effect of amount of silicone oils in the 

model PVMS to decouple the chemical effects of presence of oils and the physical effects of 

surface roughness and change in the mechanical properties resulting from it. We hence synthesized 

the PVMS in three different compositions – most (sample A) to least crosslinked (sample C) using 

a simple ring opening polymerization reaction, with cycle purification, followed by the 

crosslinking step with tetraethoxysilane (TEOS) as shown in Figure A-2.3. The gel fraction and 

stoichiometric ratios used in the process are tabulated in Table A-2.2. 
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Figure A-2.3 Schematic for PVMS Synthesis Process. Reactions depicting (a) Ring-opening 

polymerization and (b) Cross-linking reaction. Images exhibiting setup for (c) Step 1: ring-opening 

polymerization, (b) Step 2: purification of mixture containing methanol and PVMS chains and 

cycles separating into top phase containing methanol and cycles, and bottom phase containing 

methanol and chains. This step is repeated 4 times and then the bottom phase is drained into a 

round bottom flask. (3) Step 3: purification using a Rotovap setup to obtain the final purified 

PVMS.   
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Table A-2.2 Table containing the information on the mass and stoichiometric ratios with the final 

gel fraction obtained from the PVMS synthesis process. 

Sample 
PVMS 

(g) 

TEOS 

(g) 

Mass 

Ratio 

(g TEOS / 

g PVMS) 

Stoichiometric 

Ratio 

(moles TEOS / 

moles PVMS) 

Pre-

Mass 

(g) 

Post-

Mass 

(g) 

Gel Fraction 

(Post-mass / 

Pre-Mass) 

A 2.54 0.036 0.014 7.99 0.16 0.12 0.73 

B 2.51 0.017 0.007 3.77 0.14 0.11 0.75 

C 2.52 0.009 0.004 2.04 0.13 0.09 0.70 

 

As seen from the above table, sample A was the most crosslinked version of PVMS while 

samples C was the least crosslinked polymer. We then subjected the three samples through an 

overnight Soxhlet extraction process with toluene as the washing solvent. Finally, we performed 

the water static contact angle (W-SCA) tests, atomic force microscopy (AFM) analysis, and peck 

tests both before and after the extraction process. The results are provided in Table A-2.3. 

Table A-2.3 Table containing results from the water static contact angle (W-SCA), RMS 

roughness from atomic force microscopy (AFM) analysis, and the peck test outcomes before and 

after the Soxhlet extraction process. 

Sample W-SCA 

before ext. 

(degrees) 

W-SCA 

after ext. 

(degrees) 

RMS 

roughness  

before ext. 

(nm)  

RMS 

roughness  

after ext. (nm) 

Peck Test   

before ext. 

Peck 

Test  

after 

ext. 

A 108 109 25 19 Fail Pass 

B 106 111 5 4 Fail Pass 

C 106 114 22 18 Fail Pass  

 

  As seen from the above table, all three versions of PVMS had very similar water contact 

angles before and after the extraction process with minimum change in the roughness. However, 
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the peck test results reversed where all the three PVMS samples that were previously non-printable 

converted to being printable by passing the peck tests. The roughness values listed in the Table 

A-2.3 are significantly low as compared to what would affect a mesoscale direct-write printing 

process. In addition, the mechanical properties of the three PVMS shown in Figure A-2.4 as 

measured by dynamic mechanical analysis (DMA) confirm that the storage (E') and loss modulus 

(E'') before and after the extraction process are fairly similar and hence do not play a major role in 

affecting the printing behavior. The values of E' and E'' are higher for the extracted PVMS as 

compared to the unextracted PVMS samples since a lot of uncrosslinked oligomers/cycles that act 

as soft plasticizers get washed away in the cleaning process leaving behind a more rigid/brittle 

polymer in the process.   

 

Figure A-2.4 Results from the dynamic mechanical analysis on unextracted and extracted PVMS 

samples measuring (a) Storage modulus (E'), (b) Loss modulus (E''), and (c) Tan(δ).  

In summary, these results validates the significant role of chemical effects over the physical 

effects due to the presence of silicone oils on crosslinked polymer surfaces, hence affecting the 

adhesion of liquid metals during the direct-write printing process. We can use extraction process 

for getting rid of impurities and such oils from the surfaces leading to generation of rigid/brittle 

surfaces after loss of plasticizers and liquid metal is seen to adhere well to soft as well as rigid 

substrates in absence of oils. In addition, mesoscale 3D printing process of liquid metals does not 



 

239 

 

get affected by nanoscale roughness on polymer surfaces and the water static contact angle analysis 

is not a good measure for testing if a surface is printable or not. 

A-2.5 Calculating Trace Geometry using Young-Laplace Pressure Equations 

Figure A-2.5 represents a liquid metal printed using direct writing on a glass substrate. We 

will apply a force balance and derive the Young-Laplace pressure equation as a function of the 

trace geometry, specifically, the width (w) and height (h) of the printed trace.  

 

Figure A-2.5 Cartoon used for depicting a liquid metal trace direct-write printed on a glass 

substrate with width w , height h  and radius of curvature 
cr . (a) Applying force balance at the 

interface of the liquid metal trace and glass substrate. The pressure (P) exerted by the liquid on the 

glass is balanced by the tension of the oxide skin. (b) A cartoon used to apply the Pythagorean 

theorem relating the radius of curvature (
cr ) with the height ( h ) and width ( w ) of the trace. 

The pressure (P) exerted by the liquid on the glass must be balanced by the tension (T) of 

the oxide skin. Since F  is applied in both equal and opposite directions, it cancels out. Hence, our 

final force balance on the oxide skin with thickness b  and the yield stress   of the oxide skin is 

as below, 

2 2 cosPA F b      (1) 

Using the trigonometric relationship from Figure A-2.5b,  
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cos
2 c

w

r
     (2) 

Hence, using equation (1) and (2) and the relationship of interfacing liquid metal oxide area, 

c

c

w
Pwb b

r

P
r









   (3) 

This gives us the original Young-Laplace pressure relationship where the surface tension (  ) is 

replaced by the yield stress ( ) of the oxide skin. Using Pythagorean theory from Figure A-2.5b, 

2 24

8
c

h w
r

h


    (4) 

Using this relationship in equation (3), we get the following equation relating Young-Laplace 

pressure to the printed geometry, specifically the height and the width of the liquid metal line. 

2 2

8

4c

h
P

r h w

 
 


   (5)  

Thus, we use equation (5) to reverse calculate/cross-verify the pressures required to extrude 

the liquid metal lines of a certain desired width and height using an average yield stress value of 

the oxide skin, σ = 550 mN/m[4]. 

A-2.6 Effect of Speed as a Process Variable on Liquid Metal Direct-writing 

Figure A-2.6 plots the effect of speed as a process variable on the print geometry – 

specifically, the height and the width of the printed traces during direct-writing using a 200 µm 

inner diameter syringe needle. It was observed that seed in the range of 0.25 – 10 mm/sec has 

limited effect on the trace width while higher speeds see more variation due to the vibration effects 
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during printing. Overall, the speed of direct-writing does not seem to have any significant effect 

on the quality and geometry of the printed traces.  

 

Figure A-2.6 A graph showing the effects of print speed on the width and the height of the liquid 

metal traces deposited during the direct-writing process using a 200 µm inner diameter needle tip. 
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Appendix A-3  

A-3.1 Process Description for 3D Printing Microfluidics 

The liquid metal printing was implemented using a customized 3D printer. The stage of 

the printer is a Minitech CNC machine with an X, Y, Z travel distance of 300 × 200 × 200 mm 

and a resolution of 10 µm. The speed used for printing was varied from 10 mm/min to 1200 

mm/min with most of the samples made with a speed of 120 mm/min. The spindle on the CNC 

machine was replaced with a Nordson syringe and needle setup using a 3D printed adapter. The 

pneumatic pressure was provided using Ultimus™ V High Precision Dispenser from Nordson 

EFD. The forward pressure and the vacuum was adjusted depending on the hydrostatic head of the 

liquid metal in the syringe such that the liquid metal was sheared out from the needle tip rather 

than extruded out with net pressure in the range of 0.1-5 kPa. The needle standoff distance was in 

the range of 5 – 50 µm depending on the needle size, type and the roughness of the substrate used 

for printing. For the trace cross-section and width measurement work, needle tip diameter was 

varied from 14 gauge (1.54 mm inner diameter) to 30 gauge (0.15 mm inner diameter) along with 

the needle type (stainless steel vs. polypropylene) with most of the samples made with a 22 gauge 

polypropylene cone-shaped needle tip. To measure the average width, a test pattern was printed 

consisting of a series of 5 straight parallel lines separated by 1 mm and having a length of 30 mm 

each. The entire process was imaged and recorded using a 10x macro zoom lens from Edmund 

Optics, Inc. The final setup looks something as shown in Figure A-3.1. The G-codes for printing 

various patterns were first made using Corel Draw and then converted into G-code using a software 

called VCarve from Vectric Systems, Inc. The incision process for making inlet and outlet in 

microchannels was made using a Miltex biopsy punch with plunger from Ted Pella, Inc. The liquid 

metal EGaIn (99.99% pure) was purchased directly from Indium Corporation, Inc.  
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Figure A-3.1 Experimental setup for 3D printing with liquid metals. 

A-3.2 Line Roughness Measurements 

The geometry of the printed liquid metal traces was measured using an optical microscope 

with representative images as shown in Figure A-3.2. To observe the uniformity on a macroscopic 

scale, we printed 10 lines each of 60 mm in length separated by 1 mm from each other on a glass 

slide that was UVO pre-treated for 20 minutes. The sample was then imaged using a stereoscope 

as shown in Figure A-3.2a.  The resulting lines were smooth and uniform at this length scale.   

Line width roughness (LWR) is the deviation in the line width measured over a given 

length of the line feature.[1] For measuring line width roughness (LWR), we printed five lines, each 

3 cm in length using a variety of needle gauges on a PDMS substrate and then imaged them using 

an optical microscope as shown in Figure A-3.2b. The same images were then analyzed with an 
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edge detection script written using MATLAB to threshold and help capture the profile of the line 

as shown in the right image in Figure A-3.2c. The same MATLAB program also allowed us to 

split the image into pixels and hence measure the line width across each image using a data set of 

2496 points per image. The standard deviation between five samples was reported as the ‘error 

bars’ on the data plotted in Figure 3.7b in Chapter 3. For example, a needle with a 410 µm inner 

diameter produces features with a standard deviation of ~ 7 µm. The LWR increases with larger 

needle diameters, although there are likely many factors that could affect the quality of the printing.  

Line edge roughness (LER) is defined as the deviation of a feature edge when viewed top-

down from a microscope as compared to a smooth and ideal shape. Usually, the feature edge 

deviations observed are on a scale much smaller than the resolution limit of the imaging device 

used to pattern or print that feature.[2] To estimate the line edge roughness (LER), we used 10 lines 

printed on a silicon wafer and imaged them using a SEM. Two straight lines were provided to 

guide the eye and to offer a reference point to measure deviations from ideality. We took 20 equally 

spaced points on both the line edges and averaged the deviation from the red line. The results 

obtained from Figure A-3.2d for the top line edge roughness on an average is ~ 2.92 µm with a ~ 

0.89 µm standard deviation. For the bottom line edge roughness, the average value is ~ 1.55 µm 

with a standard deviation of ~ 0.32 µm. The SEM used in the analysis was a Hitachi S3200N 

variable pressure scanning electron microscope (VPSEM). The SEM noise of approximated to 

zero due to the scale of our features being about 1000 times higher than the nanoscale lithographic 

features where the noise starts affecting the roughness results. 
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Figure A-3.2 (a) Optical microscope image of ten liquid metal lines printed on a glass slide with 

each line 60 mm long, separated by 1 mm. (b-c) Optical microscope image (b) and grayscale 

threshold image (c) of a representative printed line for line width measurements. (d-e) SEM images 

of a printed line on a silicon wafer for LER (d) and LHR (e) measurements. The dotted red lines 

indicate the line edges from which the average deviation is measured. The stage is tilted in the 

image in (e), which provides a side view of the printed liquid metal. 

Finally, we estimate the variation in the height of the printed lines which we define as the 

line height roughness (LHR). For this work, we used the same lines printed from Figure A-3.2a 
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as well as a liquid metal trace printed with a 1.36 mm inside diameter needle (15 gauge) on PDMS.  

We embedded the printed structures in PDMS, flushed the channel with 1 M HCl to form the final 

microchannel and then the same microchannel was injected with a photosensitive glue (Norland 

Optical Adhesive, NOA68).  After curing with UV light, the NOA68 can be peeled off the PDMS.  

Thus, we were able to mold the inner surface of the channel. We imaged it using an optical 

microscope to estimate the channel height by measuring the change in focal plane from the top to 

the bottom of the structures. Overall, 13 equally spaced measurements were taken on the samples 

along the length of the traces. We observed that the LHR (i.e. the standard deviation) was ~ 5 µm 

for a line printed with a needle of 410 µm inside diameter whereas (5 µm is approximately the 

uncertainty with this crude measurement). With a 1.36 mm diameter needle, the LHR increased to 

~ 25 µm. The absolute height of the printed lines were ~ 40 µm for the 410 µm needle and ~ 400 

µm for the 1.36 mm diameter needle, indicating an increase in height with increasing needle 

diameter. The observations were complimented by an SEM image as shown in Figure A-3.2e. The 

image was obtained by tilting the sample holder of the VPSEM to ~ 70°. The image confirms that 

the absolute height of the liquid metal line remains fairly consistent over local length scales.  In 

addition, the SEM images show that the metal structures are very smooth, as expected. 

A-3.3 Electrochemical Withdrawal Process  

A Keithley 2400 SourceMeter® was used for the liquid metal withdrawal from 

microchannels. The electrolyte used was 1 M NaF in case of PDMS. The electrochemical 

parameters used in the process vary depending on the width and the length of the channel along 

with type of the casting polymer used in the process. In case of a photocurable glue such as NOA, 

the constant current procedure was used with 50 µA in a solution of saturated NaF (5 M) where 

we used platinum as the electrodes to avoid any corrosion / wetting problems with copper. 
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A-3.4 Creating Inlet and Outlet Ports for a 3D Printed Microfluidic Device 

As mentioned in Chapter 3, we can we can print microchannels with separate inlet and 

outlet ports that are made using liquid metal droplets on the drawn architectures. An image of the 

same is as shown in Figure A-3.4. The drop size is can be varied easily and hence can be made to 

stick out from the pattern even when it is completely embedded. The stable ports are beneficial as 

they remove an important step from the traditional microfluidic device fabrication process 

allowing easy interfacing of the conductive port with an external electrode (e.g., copper wire) in 

case of various lab-on-a-chip applications. 

 

Figure A-3.3 Printing Inlet and Outlet Port for a Microchannel for External Interfacing. Images of 

(a) A double spiral printed on an oxidized glass slide and (b) Liquid metal droplet of varying sizes 

printed at the start and the end of the microchannel that can be used as external ports for sensing 

applications. 

A-3.5 Embedding Inlet and Outlet Ports for a 3D Printed Microfluidic Device 

Every print pattern with a pillar in the Z-direction has to be partially embedded before it 

can be fully embedded to make the final microchannel. Figure A-3.5 depicts the process where 

we have a line ending with a vertical posts on each end that is stabilized first before curing the 

entire microchannel to make a monolithic structure shown in Figure 3.11e and f in the main text 

of Chapter 3. 
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Figure A-3.4 Embedding Inlets and Outlets of a Microchannel. Images of two 3D printed pillars 

of liquid metal connected by a straight 2D line and then encapsulated in photocured NOA63 pre-

polymer.    

A-3.6 Limitations of Liquid Metal Withdrawal Process 

Some of the microvascular channels did not clean us uniformly with either the HCl flushing 

or the electrochemical withdrawal technique. We speculate that the bonding of the oxide skin to 

the surrounding polymer may explain this non-uniform withdrawal behavior. We are currently 

seeking to understand the conditions that cause this poor withdrawal. In some cases, the removal 

of the oxide appears to cause instabilities in the metal, which causes it to break up into metal 

droplets (Figure A-3.6a and b) or plugs (Figure A-3.6c & d). 
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Figure A-3.5 Incomplete withdrawal. (a-b) Images showing channels printed on and embedded in 

PDMS in which liquid metal residue remains after flushing with 1 M HCl from left to right. (c-d) 

Images showing a double spiral printed on and embedded in NOA63 where liquid metal traces 

remain while cleaning the channels via electrochemical withdrawal in a 5 M NaF solution. 
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Appendix A-4  

A-4.1 Transition from a Rigid to Flexible Thermoelectric Generator (TEG) Device 

Figure A-4.1 shows the conceptual transition of a standard rigid TEG to an EGaIn-based 

flexible device, where the hard ceramic plates and metal interconnects (Figure A-4.1a) are 

replaced with stretchable EGaIn interconnects (Figure A-4.1b and c) and finally encapsulated in 

a stretchable elastomer (Figure A-4.1d). Since thermoelectric modules employ legs that range in 

length from hundreds of microns to several millimeters, there exists a non-negligible difference in 

the radii of curvature between the two faces of the module. This means that when the module is 

flexed, the material around the legs as well as the metal interconnects on the two faces must 

compress or stretch without any degradation to the electrical resistance, which is only possible 

with stretchable materials (i.e. elastomer and interconnects). 

 

Figure A-4.1 Transition of a rigid device to a flexible EGaIn-based device.[1] (a) Traditional device 

with rigid metal interconnects and rigid top and bottom ceramic substrates (headers). (b) Removal 

of rigid construction around the legs but retaining the same high quality bulk thermoelectric legs. 

(c) Replace rigid interconnects with stretchable liquid metal. (d) Solder connections to the device 

and encapsulate in a stretchable elastomer. 
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A-4.2 Cross-sectional Characterization of a Flexible Thermoelectric Generator (TEG) 

Device 

Figure A-4.2 shows the cross-sectional images of the completed TEG device in both flat 

and bent orientations. It can be seen in both Figure A-4.2c and the magnified image in Figure A-

4.2d that the EGaIn interconnects both elongate (flatten) and bend with the curvature of the device 

without losing their connection to the legs. Figure A-4.2e shows in-plane cross-sectional image 

of the interconnections displaying the relative thickness of the traces. It can be seen that the EGaIn 

also successfully wets the PDMS around the legs. This is a direct result of the surface treatment 

by oxygen plasma prior to dispensing the EGaIn interconnects. 

 

Figure A-4.2 Cross-sectional images of the completed flexible TEG.[1] (a) High contrast image 

highlighting the thermoelectric (TE) legs and EGaIn embedded within the PDMS. (b) True color 

and magnified images showing the thicknesses of the top and bottom PDMS encapsulations, (c) 

device bent to a radius of 9 mm, (d) magnified bending image showing the curvature of the EGaIn 

wires within the PDMS. (e) In-plane cross-sectional image of top and bottom interconnects. 

A-4.3 Performance Testing of a Flexible TEG Device 

In order test the performance of a TEG device, the output voltage and power are typically 

measured as functions of the temperature difference between the hot and the cold sides of the 

device (ΔT). However, this does not realistically give an accurate picture of the performance since 

the integration of the device into a full system dictates the actual ΔT observed.[2] It is therefore 

necessary to test the device in the intended application to get a better understanding of its 
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functionality. Wearable devices are the immediate target for these flexible TEGs and therefore the 

module was tested on the skin under varying ambient conditions. Figure A-4.3a shows the device 

made for testing on the skin with a TEG area of 4 cm2 and Figure A-4.3b shows the device 

fastened to the wrist and producing an open circuit voltage at an ambient temperature of 

24°C. Figure A-4.3c shows the experimental setup used for measuring the voltage and power 

across a specific load resistance. An Agilent™ DSO4012A 100 MHz Oscilloscope recorded the 

output voltage from the TEG. A 12 VDC electric fan, adjusted by a DC power supply, cooled the 

cold-side of the TEG via forced convection. The device was held on the wrist at a fixed distance 

of 20 cm. The voltage dependence of the air velocity was calibrated using an anemometer 

(Textech™ 45170CM). The ambient temperature was recorded using a hand held multimeter 

(Mastech™ MS8217) and type-K thermocouple. A potentiometer was used to adjust the load 

resistance (RLoad) to the optimal resistance 

 

Figure A-4.3 Flexible device and testing setup. (a) Flexible device tested, (b) open circuit voltage 

at room temperature, (c) testing setup for performance as a function of varying air velocities. 

A-4.4 Inkjet Printing of Radiofrequency (RF) Antennas and Post-Processing Technique 

A ProJet® 3500 HDMax printer from 3D Systems Corp. (Figure A-4.4) was used for the 

antenna fabrication process. The inkjet printhead on the machine contains 618 nozzle jets, where 
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309 jets are used to deposit the support material and 309 jets are used for dispensing the part 

material. The resin and the support materials were kept warmed up at 60°C in the printer to 

maintain their gel and liquid state respectively. Once the part is printed, we keep the printpad in a 

freezer for  two minutes to allow the mismatch in thermal expansion coefficient between the 

aluminum and the printed part to delaminate it from the printpad. The part is then transferred to a 

heated ultrasonic cleaning bath containing EZRinse-C® cleaning solution supplied by 3D Systems 

to dissolve away the wax supports at around 55°C for two hours. Once the support material is 

dissolved, the sample is washed thoroughly with warm water to remove the remaining dissolved 

wax settled on the inner walls. Drain holes were added to the design at the edge of the antenna 

structure during the design stage to simplify the removal process of the support material as well as 

water. Finally, to evaporate any of the trapped water or surfactant, we transfer the part into a 

Thermo Scientific 280A vacuum oven held at 55°C for 12 hours.   

 

Figure A-4.4 ProJet 3500 HDMax Printer (Courtesy: 3D Systems) 

 



 

256 

 

A-4.5 Void Characterization of EGaIn-filled RF Antennas 

An early model of the patch antenna printed using VisiJet M3 Crystal® was imaged using 

an eXplore speCZT CT120 scanner from General Electric (GE) as shown in Figure A-4.5a 

installed in the Biomedical Research Imaging Center (BRIC) at the University of North Carolina 

(UNC) School of Medicine. The resolution of the scanner was ~ 6 µm and the image data shown 

in Figure A-4.5b was collected at the maximum tube voltage of 100 kVp and a tube current of 50 

mA with a window width (WW) of 48599, working level (WL) of 7254, nominal slice thickness 

(T) of 100 µm and an absolute slice location of 274.7 mm set in the viewing program that changes 

100 µm at a time. The voxel size of the scanner was 0.0995 × 0.0995 × 0.0995 mm3.  

 

Figure A-4.5 (a) GE eXplore speCZT CT120 Scanner at BRIC, and (b) A µCT scan of an 

incompletely filled microstrip patch antenna illustrating presence of voids in the ground plane.[3] 

These initial prototypes of the antennas had visible internal voids that resulted in 

inconsistent and varying electrical performance. These voids were formed due to insufficient 

pressure required to fill cavities with small feature sizes (< 500 µm), improper sealing of the EGaIn 

reservoir/drain holes during the vacuum filling procedure or due to leakage of liquid metal (filled 

inside the cavities) while attaching the SMA connector. An example of a scaled prototype of the 

microstrip patch antenna with voids is demonstrated with the help of a reconstructed micro-
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Computed Tomography (µCT) image in Figure A-4.5b.[3] The pressure-related issues were 

mitigated by ensuring that the critical feature resolution of the channels in the cavity to be later 

metallized was least 500 µm ensuring a clear channel after the aforementioned wax dissolution 

process. Moreover, ensuring an air-tight sealing of the liquid metal reservoir using NOA 63 

prevented air from re-entering the cavities during vacuum filling, avoiding visible voids. The 

samples presented in the main body use these improved fabrication procedures and do not show 

evidence of internal voids. We would like to acknowledge Dr. Shumin Wang and Joseph Merrill 

at Biomedical Research Imaging Center (BRIC) Small Animal Imaging at the University of North 

Carolina (UNC) School of Medicine for their help on micro-Computed Tomography (µCT) 

scanning work.  

A-4.6 3D Printed 2-ns Coaxial Delay Transmission Line Fabrication Process 

Time delay lines are common for microwave systems. In order to reduce the overall area, 

they often need to be “nested”, making their shapes more complex and difficult to prototype. To 

further illustrate the benefit of our 3D printing approach, we constructed a serpentine 2-ns coaxial 

cable delay line. Figure A-4.6a shows the CAD model for the 2-ns coaxial delay line. The coaxial 

line of the delay line has the same cross-section dimension as our designed 2-inch coaxial line. 

The length and shape of the delay line is optimized based on the delay time, the mechanical 

strength, and the fabrication capability. The space between the adjacent lines, is set as 10 mm from 

center to center. Also the diameter of 180° bend is designed as 10 mm. The straight line length 

between bends is designed as 52.2 mm. On each end of the delay line, an extra line with a length 

of 7.95 mm is added so the SMA connector can be easily assembled. Small round posts are added 

between lines to improve the strength of the structure. The total effective length of the coaxial line 

is 340 mm, while the total dimension is 68.1 × 45.9 × 5.9 mm. The fabrication of the 2-ns coaxial 
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line follows the same process as described in Chapter 4. Figure A-4.6b and c shows the coaxial 

delay line filled and coated respectively with liquid metal EGaIn. 

 

Figure A-4.6 Fabrication process for a 2-ns 3D printed coaxial delay line. (a) CAD model for the 

2-ns coaxial delay line. Photographs of the 2-ns coaxial delay line (b) filled and (c) coated with 

liquid metal EGaIn. 

A-4.7 AFM Characterization of Printed CNT Channels 

Through atomic force microscopy (AFM), the printed carbon nanotube (CNT) channel was 

found to have a measured root mean square (RMS) surface roughness of 3.96 nm as shown in 

Figure A-4.7. 
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Figure A-4.7 Atomic force microscopy (AFM) image of semiconducting CNT channel with 

indicated roughness. 

A-4.8 3D Printed Laser Pointer Patterned via Liquid Metal Direct-writing 

The objective for fabricating a laser pointer was to observe if we can use EGaIn as 

conductive contacts in place of copper without any loss of functionality. For the liquid metal-laser 

pointer, the housing (7.5 cm × 2.5 cm × 1 cm) was first 3D printed using CubePro™ Trio plastic 

3D printer from 3D Systems, Inc. using white colored polylactic acid (PLA) filament material 

where the filament is heated to about 270°C and deposits the material according to the design file 

as shown in Figure A-4.8a. The electronic components (battery header, LED module and switch) 

are pre-wetted with liquid metal and then populated onto the housing manually (in principle, we 

can use a commercial vacuum-powered pick-and-place method too) as shown in Figure A-4.8b. 

The liquid metal is then direct-write printed drop-by-drop next to each other connecting all these 

components to fabricate the conductive tracks as shown in Figure A-4.8c. The final process step 

involves encapsulating the entire assembly under a UV-curable polymer as shown in Figure A-

4.8d and powering it to a 3V coin-cell battery. We used the commercially available Norland™ 

Optical Adhesive (NOA63)  and cured it using a 365 nm UV lamp for 1 minute to avoid shrinkage 

in the final prototype. 
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Figure A-4.8 Images showing the various steps involved in the liquid metal-laser pointer printing 

process: (a) Top and side views of the 3D model for the laser pointer housing (7.5 cm × 2.5 cm × 

1 cm) printed using a plastic 3D printer. (b) Populating the electronic components on the 3D 

printed housing, (c) Printing liquid metal conductive tracks for electrical connections. (d) 

Encapsulating the structure under photocured NOA63 glue. 

A-4.9 Direct-writing of Walkie-Talkie and Drone Antennas 

The aim of this work was to exhibit that we can print soft and flexible RF antennas for a 

walkie-talkie and a drone at room temperature without any deterioration in the electrical 

performance without using the conventional fabrication methods. Firstly, for the 433 MHz liquid 

metal antenna, the design specifications were obtained from our collaborators in the Electrical and 

Computer Engineering (ECE) department at North Carolina State University. The half-wave 

dipole antennas were 34 cm long each. We made three antennas – two with straight lines, and one 

with meandering pattern as shown in Figure A-4.9a and b using a 25 gauge stainless steel needle 

with an inner diameter (ID) of 250 µm. The antennas were printed on cured polydimethylsiloxane 

(PDMS) surfaces at room temperature that were pre-treated with oxygen-plasma and after printing 

with liquid metal, they were encapsulated once again in PDMS cured at 90°C for an hour.  

For testing purposes, the antennas were connected to a co-axial radio-frequency (RF) 

connector and verified via a spectrum network analyzer to determine how well the printed antennas 
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match the frequency they have been designed for. The antennas resonated well within the 433 

MHz signal frequency range as seen in Figure A-4.9c and allowed us to send signals into the 

repeater of the local radio station over at Apex, NC. In addition, we were able to test the antennas 

using a walkie-talkie where these antennas helped in the transmission of signals to the receiver 

about 100 feet away. The messages sent were heard loud and clear without any electronic noise. 

In addition, it was observed that the bending/flexing of the printed antennas as seen in Figure A-

4.9d had no discernable impact on the final performance. 

 

Figure A-4.9 Images showing the 34 cm long liquid metal antennas direct-write printed using a 

25-gauge stainless steel needle (250 µm ID) and encapsulated under PDMS, followed by their 

testing using a co-axial cable connector and a spectrum network analyzer – (a) straight line design, 

(b) meandering pattern with an inset of the design, (c) results from a spectrum network analyzer 

displaying the frequency response at ~ 440 MHz for the antennas that were designed according to 

the specifications of a 433 MHz antenna. (Courtesy of Dr. Jacob J. Adams and Vivek Bharambe) 

(d) Images showing manual twisting of the direct-write printed antennas. Bending of these 

antennas did not result into any significant losses in the signal performance. 

Using a similar fabrication process, we prototyped antennas for drone/quadcopter video 

communication at a design frequency of 5.84 GHz. Multiple dipole antennas were initially direct-
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write printed on a rigid glass substrate as seen in Figure A-4.10a. The printed geometries were 

then embedded in a soft polymer such as PDMS with the SMA connector mounted as shown in 

Figure A-4.10b. For testing purposes, the antennas were connected to a co-axial radio-frequency 

(RF) connector and verified via a spectrum network  analyzer to determine how well the printed 

antennas match the frequency they have been designed for. The antennas resonated well within the 

5.84 GHz signal frequency range as seen in Figure A-4.10c. We are currently in the process of 

packaging and deploying these antennas in the field with quadcopters and then test the video feed 

obtained from the same to confirm the performance of the direct-write printed antennas.   

 

Figure A-4.10 Images showing (a) multiple liquid metal antennas direct-write printed on a rigid 

glass substrate using a 25-gauge stainless steel needle (250 µm ID), (b) encapsulated under PDMS 

with an SMA connector, followed by their testing using a co-axial cable connector, (c) results from 

a spectrum network analyzer displaying the frequency response at ~ 5.93 GHz for the antennas 

that were designed according to the specifications of a 5.84 GHz antenna. (Courtesy of Vivek 

Bharambe) 
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Appendix A-5  

A-5.1 Periodic Table of Elements  

Figure A-5.1 shows an image of the periodic table consisting of elements (marked in blue) 

that can dissolve in gallium.  

 

Figure A-5.1 Periodic table showing the elements (in blue) that are miscible with gallium.[1] 

A-5.2 Choice of Metal Powder and Phase Diagrams 

The metal powder to be chosen for the imprinting process needed to satisfy the following 

properties: 

(i) Readily available: preference was given to inexpensive powders. 

(ii) Safe: for instance, we excluded aluminum (Al) and magnesium (Mg) because Al powders 

are flammable[2] and Mg powders are explosive[3]. 

(iii) Process-able: A solid phase in the phase diagram should form at mixing ratios near room 

temperature (for example, ~ 250°C as seen in Figure A-5.2b for Ga:Cu in 65:35 wt. % 

ratio). The highlighted regions in the phase diagrams in Figure A-5.2a and b show the 

windows of the possible mixing ratios of gallium (Ga) with silver (Ag) and copper (Cu) 

respectively. Although Ag has a wide two-phase window, the final intermetallic will be a 
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mixture between a solid phase and a gallium-rich phase that will melt at low temperatures 

(~ 30°C); as a result, we chose Cu. 

 

Figure A-5.2 Phase diagrams of Ga with: (a) Ag[4] and (b) Cu[5]. The red highlighted regions 

indicate the windows of possible mixing ratios of Ga with the metal powders to form solids at 

room temperature. Adapted from literature. 

A-5.3 Pre-processing of Micro- and Nano-copper Particles 

One unforeseen challenge of the imprinting process was the difficulty encountered while 

mixing gallium with the metal powder, as it requires effort and time to get them well-mixed 

forming a homogeneous workable paste. We did not anticipate this issue since the phase diagram 

of gallium with copper predict they should mix easily. The challenges with mixing may be the 

result of one or a combination of barriers that make the contact difficult between gallium and the 

copper powder. These barriers include the native oxide skin on both components, and ligands on 

the metal powder that keep it from wetting the powder with gallium. There are two observations 

which suggest that metal oxide hinders mixing.  First, mixing gallium with copper powder in 

presence of HCl (that etches the oxide on both the powder and gallium) makes the mixing very 

easy, however it forms a lot of gas bubbles due to reduction reactions (protons form hydrogen 

bubbles) and makes the final solid highly porous and hence not suitable for imprinting. Second, it 

is easier to mix silver than copper, since silver has lower affinity to form oxide than copper. 
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To test our hypothesis on presence of ligands on copper powder, we employed two separate 

pre-processing steps, (i) milling for micro-size and (ii) reduction for nano-size copper powders.  

(i) Milling 

To break these oxide barriers, we milled the powders before mixing with gallium. The 

purpose of milling is to shear off the oxide and break the powder into smaller particles, thereby 

exposing more fresh metal. We milled the metal powder by vigorous shaking using a paint shaker 

for thirty minutes in presence of zirconia balls as shown in Figure A-5.3a. The milled powder was 

found to be shinier than the unmilled powder. Figure A-5.3b shows photographs of copper powder 

before and after milling. SEM images showed no reduction in the particle size. The milling process 

deforms the particles from spherical to flaky without reducing the particle size. This dramatic 

change in geometry likely leads to defects in the crystal structure of the powder, although this is a 

secondary consideration that we have not yet characterized. 

 

Figure A-5.3 (a) Schematic diagram of the shaker mill for milling the copper powder with zirconia 

balls to shear the powder and (b) Photographic images and SEM images of copper powder before 

and after milling. 
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(ii) Reduction 

For the nano-size powders ranging from 500 nm to 40 nm bought from US Research 

Nanomaterials, Inc., we used a CM Furnace Inc., Rapid Temp Furnace as shown in Figure A-5.4a. 

Forming gas (2% hydrogen in nitrogen) reduces the oxide on the nano-powders inside a well-

insulated environment of the furnace. The procedure involves preparing refractory boats with 

nano-powders as shown in Figure A-5.4b. After placing the boats inside the furnace at room 

temperature, a purge of forming gas at 0.5 L/min. for 20 minutes drives all the oxygen out from 

our system. After the purging step, the flow rate of the forming gas is reduced to 50 cc/min and 

temperature of the furnace is ramped to 650°C in one hour. The boat is then allowed to dwell under 

the forming gas at 650°C for 2 hours. The cooling process is uncontrolled, and we wait till the 

sample reaches room temperature. The final powder appears denser and sintered as shown in 

Figure A-5.4c that can be milled for a minute or so to regain the powder form. The SEM images 

are as shown in Figure A-5.4d and e. This procedure helped to reduce the mixing time of Cu 

nano-particles with Ga from 15 minutes or so (without using reduction) to about 15 seconds (with 

reduction).  
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Figure A-5.4 (a) Schematic of the forming gas-powered reduction furnace, (b-c) Optical and (d-

e) SEM images of pre-reduced and reduced 70 nm Cu powder. 

A-5.4 Effect of Ga:Cu wt. % on Paste Formation Process 

 Our experiments showed that a high gallium ratio promotes easy mixing, however the 

paste does not fully solidify even after a long time. In contrast, it is difficult to mix pastes formed 

with low concentrations of gallium and the resulting paste hardens too quickly. Hence, we tested 

different mixing ratios to find the optimum mixing ratio. We prepared 18 samples of gallium-

copper pastes with compositions ranging from 48 to 82 wt. % gallium (45.7 to 80.6 at. % gallium). 

We tested the samples for softness after a few minutes of mixing at room temperature, 30 minutes, 

60 minutes, overnight and 3 days at 60oC. Figure A-5.5 summarizes the results of all the samples. 

We grouped the compositions of the tested samples in four regions based on how fast they harden. 

All the samples hardened after a few minutes of mixing due to gallium freezing at room 
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temperature. Samples between 48 and 52 wt. % gallium remain solid even at 60oC, which suggests 

that the intermetallic is indeed solid and most of the pure gallium incorporated in the intermetallic. 

Samples with more than 52 wt. % gallium softened after heating at 60oC; the time needed for 

hardening increases as the gallium weight percent increases. The samples with 66 to 78 wt. % 

gallium solidify after a few days and samples with higher gallium percent do not solidify even 

after 3 days. These results suggest that the best region for paste formation with Cu is from 52 to 

66 wt. % Ga. We used 35 wt. % Cu and 65 wt. % Ga for preparing all the samples in this work. 

We used shaker milled-micro copper particles for this work.  

 

Figure A-5.5 Summary of Ga-Cu paste behavior at compositions from 48 to 82 wt. % gallium 

after different periods of time. 

A-5.5 XRD Characterization of Ga:Cu Imprinted Samples 

X-ray diffraction data were measured in-situ at beamline 6-ID-D (=0.123584 Å) of the 

Advanced Photon Source (APS) at Argonne National Labs, as illustrated in Figure A-5.6. 
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Figure A-5.6 Schematic of the sample configuration utilized at the beam line. 

Diffraction data were measured in transmission geometry using a GE amorphous Si 

detector positioned ~ 1500 mm from the sample. Measurements  was corrected, then reduced into 

intensity vs. 2-theta plots using the Fit2D software package. The obtained intensity vs. 2-theta 

plots enables phase identification through peak matching with the ICDD database and phase 

quantification via Rietveld refinement. In addition to the annealing experiment, we also completed 

a complementary measurement where the liquid metal EGaIn was placed on a copper foil. The 

measured intensity vs scattering angle and time are shown in Figure A-5.7. This data shows the 

evidence for the formation of a Ga:Cu intermetallic after prolonged exposure to gallium.   
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Figure A-5.7 Results from the beamline experiments obtained after smearing liquid metal on the 

copper foil. 

A-5.6 TMA Characterization of Ga:Cu Imprinted Samples 

The objective of TMA experiments was to analyze the thermal stability of our imprinted 

samples by comparing the melting point of our imprinted intermetallic vs. what we observe in the 

conventional binary phase diagram as shown in Figure A-5.2b. Traditionally, these phase 

diagrams were constructed by heating both the metals to obtain them in liquid form at elevated 

temperatures and then mix them, followed by cooling them down to room temperature in an 

extremely slow time scale allowing the equilibrium crystallization of different phases at various 

temperatures as the binary phase metal systems cool down. However, in our approach, we are 
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following an opposite route where we are starting from room temperature and obtaining a high 

melting point intermetallic. We use a thermomechanical analyzer (TMA) 4000 Lab System from 

PerkinElmer[6] for our work. The operating range of this machine extends from −80°C to 800°C 

using a cooling water pump and a furnace. The analyzer uses a unique Archimedean float system 

to control the probe, that gets displaced when a phase transition occurs in the system. We use a 

small sample from our imprinted diffraction grating from a compact disc (CD) weighing 25 

milligrams that is kept in a small crucible on which the probe applies gravitational force while 

heating the sample from room temperature to 600°C at a ramp rate of 2°C/min. The upper range 

for temperature was selected based on the melting point shown by Figure A-5.2b for a 65:35 

Ga:Cu ratio mixture – which was ~ 550°C. The cooling process was not controlled as we wanted 

to thermally relax the sample as slow as possible to avoid any thermal shocks that could lead to 

new phase crystallization as the temperatures drop down. A small dip in displacement indicates a 

phase transition whereas a sharp fall with a large dip indicates that the sample is in liquid state – 

i.e. the melting point has reached. As seen in the Figure A-5.8, for a micro-size copper powder 

&gallium sample imprinted from the diffraction gratings in CDs (with feature sizes of ~ 500 nm), 

we see an inflexion point at a few locations indicated by a tangent drawn to the two curves at that 

point. The points are indicated as T1, T2, T3 and T4 with values of 125, 263, 420 and 540°C 

respectively. T1-3 indicates phase transitions, whereas T4 indicates the melting point of the imprint 

sample. If we look at the phase diagram in Figure A-5.2b, we see phase transitions occurring at 

254, 468, 485°C and finally the melting point at 550°C of an intermetallic containing Ga-Cu in 

ratio of 65:35 by weight.  

It is quite interesting to note that the second phase transition and the melting point (T2 and 

T4 respectively) match almost perfectly with the phase diagram. The presence of initial inflexion 
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points T1 and the shifting of T2 and T3 values can be attributed to the inconsistent probe contact 

on the sample once the initial phase transition occurs as well as the sample being not flat enough 

causing the highly sensitive position sensor, a linear variable differential transformer (LVDT) to 

slip during testing. Nevertheless, we can confirm that the imprinted samples fabricated from our 

room temperature paste mixing process are thermally stable and replicate the traditional phase 

diagrams with melting point of the intermetallic exceeding much higher than the melting point of 

gallium – making it an attractive ink for printing of electronic components that can perform in 

applications involving high operating temperatures.  

 

Figure A-5.8 TMA plot of a Ga:Cu (65:35) sample imprinted from the diffraction gratings of a 

CD. 
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A-5.7 Surface Wettability Characterization of Ga:Cu Imprinted Samples 

One of the applications of the imprinting work reported in this document has been to use 

the surface patterning technique to create artificial hydrophobicity on the surface by taking 

advantage of the replicated topographies. In literature, most of the imprinted surfaces have been 

employed in fabrication of super-hydrophobic or self-cleaning surfaces[7–9]. We carried out some 

preliminary water contact angle measurements on our imprinted samples and found that the 

imprinted surfaces were quite water-repelling. Hence, we can employ them as hydrophobic 

metallic surfaces prepared near room temperature – which we believe is a first-of-its-kind. The 

results are as shown in Figure A-5.9. We saw the hydrophobic behavior on our samples across 

different feature sizes as well as particle sizes used for making the imprints. 
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Figure A-5.9 Water contact angle measurements done on (a) Dome imprinted sample (diameter: 

10 μm, pitch: 15 μm, depth: 6 μm) using paste made with copper microparticles, (b) Linear pattern 

imprinted sample (~ 1.1 µm grating) using paste made with 70 nm Cu particles, (c) CD imprinted 

sample (~ 600 nm grating) using paste made with copper micro-particles and (d) Silicon wafer 

imprinted control sample (polished) using paste made with 40 nm Cu particles. 

We observed that our samples showed hydrophobic behavior even when patterned on 

“ultra-smooth” surfaces such as a silicon wafer sample as seen in Figure A-5.9d. In principle, we 

can further enhance the hydrophobicity of these samples by silanizing (in aqueous or vapor 

conditions), the surface of these imprints using commercially available chemicals such as 

perfluoro(octyl triethoxy silane)[10] and methyltricholorosilane[11], FluoroPel™[12,13] or 

Neverwet™[14,15].  
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A-5.8 AFM Surface Characterization of Ga:Cu Imprinted Samples 

Once we realized our imprinted surfaces were hydrophobic, we wanted to model the 

surface wetting behavior with the help of the feature sizes we were imprinting to predict the water 

contact angles on our patterned surfaces. There are two famous models for such a theoretical 

prediction – (i) Wenzel and (ii) Casie-Basxter model. Wenzel model assumes that the liquid is 

fully wetting all the grooves of the surface as shown in Figure A-5.10a. Based on this hypothesis, 

a structured hydrophobic surface is more hydrophobic than a flat one. Also, a structured 

hydrophilic surface is more hydrophilic than a flat one[16]. The model defines two surface areas: a 

geometric area which is the projected area of the surface and an actual area which is the total 

surface area wet by the liquid drop including the grooves. The apparent contact angle based on 

Wenzel’s model is calculated from this equation: 

cos cosw r    

where w  is the apparent contact angle on structured surface, r  is the ratio of the total 

surface area wet by the liquid to the geometric area/projected area. This ratio is always greater than 

1.   is the contact angle of the same liquid on a flat surface of the same material – silicon wafer 

is the flat surface in our case and the Ga-Cu paste is the material we will use to replicate it. 

On the other hand, Cassie-Baxter’s model assumes a composite surface, meaning it is 

composed of different regions (metal and air) and the liquid drop only wets the metal part as seen 

in Figure A-5.10b. Based on this model hydrophobicity of any surface increases if it has surface 

structures[17]. The apparent contact angle is calculated from the equation: 

 cos 1 1cos w f      
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where f  is the ratio of the area contacting the liquid drop to the projected area (similar to 

r  in Wenzel model) and   is the same as Wenzel model.  

 

Figure A-5.10 Schematic diagrams showing a liquid drop wetting a structured surface based on 

(a) Cassie-Baxter model and (b) Wenzel model. 

To calculate r & f , we carry out AFM studies on the 2 surfaces – a CD and a mold called 

LT-1 obtained from Microcontinuum, Inc. For the CD, which is made up of an acrylic label, 

followed by the aluminum (Al) layer and then the polycarbonate (PC)[18], we peel off the acrylic 

label and find the width of the hill and the trough as shown in the Figure A-5.11a. We then perform 

AFM characterization on the CD master (40 µm × 40 µm scan area) to find the 3D and 2D profile 

of the diffraction gratings as shown in Figure A-5.11b and c respectively and thus determine the 

width of the trough and the hills present on the grating. Finally, for knowing the depth profile of 

the pattern, we run a line spacing algorithm to find the height of the features as a function of the 

distance that the AFM tip moves along the surface. The waveform thus obtained is as shown in 

Figure A-5.11d.  
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Figure A-5.11 (a) Cartoon showing layers on CD[18], with the dotted lines highlight the 

dimensions of these structures that we obtain from our AFM scans, (b) 3D topography of the CD 

surface, (c) 2D map/top-view of the sample, and (d) 2D line scan of the reduced area 

Similarly, for the LT-1 mold, we perform AFM as well as SEM measurements to calculate 

the width of hills, valleys and depth of the channels as shown in Figure A-5.12. The AFM results 

obtained in this study prove the high resolution vertical fidelity of our imprinted samples.  
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Figure A-5.12 (a) 3D topography of the LT-1 surface, (b) 2D map/top-view of the sample, (c) 

SEM micrograph of the LT-1 mold showing linear patterns (Scale bar represents 5 µm) and (d) 2D 

line scan of the surface to investigate the variation of height as a function of the scanning length. 

Different criteria were proposed to predict which model describes a specific system, one 

of which suggests that Cassie-Baxter model applies if the condition in the following equation[19] 

is true: 

1
cos

r f

f





  

Based on these dimensions from the above AFM and SEM images, we calculated the values 

of r & f for both samples and calculated the ratio 
1

r f

f 


, the values are shown in Table A-5.1 

below: 
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Table A-5.1 Dimensions of features on the molds and calculated values of parameters r and f . 

Mold Type Trough Width (µm) Hill Width (µm) Depth (µm) r  f  
1

r f

f 


 

CD 0.50 0.60 0.03 1.06 0.55 −0.88 

LT-1 0.65 1.10 0.60 1.69 0.63 −0.35 

  

The contact angle of water on a flat sample (in this case, a silicon wafer replicated on the 

Ga:Cu paste imprint sample) is ~ 109° as we show earlier in Figure A-5.9d. cos (109) 0.33   

which is larger than 
1

r f

f 


 for both the molds. Hence, Cassie-Baxter model applies to both these 

cases. This conclusion also agrees with the observation of wettability change from hydrophilic to 

hydrophobic which is not possible in Wenzel model. By substituting the data in Table A-5.1 in 

Cassie-Baxter’s model, the calculated water contact angle for imprint sample molded from the CD 

mold is 129° and for the LT-1 is 125°. The actual values are 122° and 131°. We expect that the 

deviation (5.7% and 4.6%) from the results to be within the standard deviation seen in literature 

during measurement of water contact angles. 

A-5.9 Direct-writing of Liquid Metal Pastes 

Taking advantage of the moldable nature of the paste when initially mixes, it is possible to 

extrude it from a syringe manually with applied pressure from the plunger. After thorough mixing, 

the paste is loaded into a syringe barrel wrapped in heat tape. The heating tape is set to maintain 

the barrel temperature a >30˚C, to avoid any rapid solidification of the gallium inside the barrel. 

In this case, the material was extruded through a 10-gauge needle (inner diameter of 2.692 mm), 

but the resolution can be improved by using higher gauge needles. Applying pressure forces the 



 

281 

 

paste from the needle, and the material is drawn across a substrate, in this case a glass slide. After 

printing, the alloying process is completed by placing the sample in an oven at 60˚C for 12 hours 

converting them into solid imprints that can be handled. The extruded lines have a line width 

between 1 and 5 mm. This number has a relatively wide margin of error due to pressure being 

applied by hand and the lack of mechanical control over positioning of the needle in the initial 

trials. In the future, this process will be integrated with the controlled direct-write system built in 

our lab. Consistent pressure and motion should result in more uniform lines.  

A-5.10 Imprinting Process Limitations 

As described in the reported work, due to the tendency of copper particles to aggregate, if 

the pre-processing of the powders is not carried out well, we observe defects in the final imprint 

limiting the resolution of our imprinting method to hundreds of nanometers. It is possible to have 

imperfect mixing of gallium and copper where the gallium freezes before it diffuses into copper 

particles leaving large copper crystals unmixed with gallium that crystallize out once the 

intermetallic solidifies. Finally, we have observed air pockets and “dirty” oxide surfaces present 

on the surfaces of both gallium and copper that could result due to non-uniform smearing of the 

paste into the mold. The SEM and EDS micrographs seen in Figure A-5.13 below show non-

uniform distribution of gallium and copper in certain locations where such defects are present. 
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Figure A-5.13 SEM-EDS Images for Ga:Cu intermetallic (65:35 wt. %) showing non-

homogeneity in the imprinted CD diffraction gratings. 
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