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Abstract 
The demand for printable electronics has sharply increased in recent years and is 

projected to continue to rise. Unfortunately, electronic materials which are suitable for 

desired applications while being compatible with available printing techniques are still 

often lacking. This thesis addresses two such challenging areas. 

In the realm of two-dimensional ink-based printing of electronics, a major barrier 

to the realization of printable computers that can run programs is the lack of a solution-

coatable non-volatile memory with performance metrics comparable to silicon-based 

devices. To address this deficiency, I developed a nonvolatile memory based on Cu-SiO2 

core-shell nanowires that can be printed from solution and exhibits on-off ratios of 106, 

switching speeds of 50 ns, a low operating voltage of 2 V, and operates for at least 104 

cycles without failure. Each of these metrics is similar to or better than Flash memory (the 

write speed is 20 times faster than Flash). Memory architectures based on the individual 

memory cells demonstrated here could enable the printing of the more complex, 

embedded computing devices that are expected to make up an internet of things. 

Recently, the exploration of three-dimensional printing techniques to fabricate 

electronic materials began. A suitable general-purpose conductive thermoplastic filament 

was not available, however. In this work I examine the current state of conductive 

thermoplastic filaments, including a newly-released highly conductive filament that my 
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lab has produced which we call Electrifi. I focus on the use of dual-material fused filament 

fabrication (FFF) to 3D print electronic components (conductive traces, resistors, 

capacitors, inductors) and circuits (a fully-printed high-pass filter).  The resistivity of 

traces printed from conductive thermoplastic filaments made with carbon-black, 

graphene, and copper as conductive fillers was found to be 12, 0.78, and 0.014 ohm cm, 

respectively, enabling the creation of resistors with resistances spanning 3 orders of 

magnitude.  The carbon black and graphene filaments were brittle and fractured easily, 

but the copper-based filament could be bent at least 500 times with little change in its 

resistance.  Impedance measurements made on the thermoplastic filaments demonstrate 

that the copper-based filament had an impedance similar to a conductive PCB trace at 1 

MHz. Dual material 3D printing was used to fabricate a variety of inductors and 

capacitors with properties that could be predictably tuned by modifying either the 

geometry of the components, or the materials used to fabricate the components.  These 

resistors, capacitors, and inductors were combined to create a fully 3D printed high-pass 

filter with properties comparable to its conventional counterparts.  The relatively low 

impedance of the copper-based filament enable its use to 3D print a receiver coil for 

wireless power transfer. We also demonstrate the ability to embed and connect surface 

mounted components in 3D printed objects with a low-cost ($1,000 in parts), open source 

dual-material 3D printer.   This work thus demonstrates the potential for FFF 3D printing 
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to create complex, three-dimensional circuits composed of either embedded or fully-

printed electronic components.  
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1. Introduction 
Printing methods have existed for almost two thousand years with the 

development of the block printing technique. It is quite remarkable to think that, despite 

printing technologies having existed for so many years, the field is still experiencing such 

a high degree of growth and innovation. Historically, ink-based, two-dimensional (2D) 

printing methods have been used to reproduce text and images. But by the early 1900’s 

researchers began to look towards printing techniques to make electronic circuitry.1 In 

fact, various additive processes for making circuits were the first to be investigated. 

Depositing lines of conductive material onto a blank substrate to create a circuit seemed 

an obvious approach and early researchers like Thomas Edison investigated methods to 

do so. By the 1930’s, however, lithographic patterning coupled with etching or other 

subtractive methods became prevalent in making circuits as they were the first technique 

presented which was well-suited for mass production while enabling high performance.1 

Nevertheless, researchers have continued to pursue additive processes as they produce 

less waste, require less energy, are compatible with a much wider range of substrates, 

offer more geometric freedom, and can be fabricated easily relative to conventional 

techniques which often require expensive equipment, clean room manufacturing 

environments, and a great deal of devoted skill and time to complete a complex, multi-

step workflow.2 
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In the early 1980’s, a new technique for printing emerged which is now referred to 

as three-dimensional (3D) printing.3  Coupled with computer aided design (CAD) 

software, this technology has become a powerful tool for the fabrication of customized 

complex 3D objects on demand.4 This has been particularly advantageous ever since for 

designers of structural objects during the prototyping stage. More recently, however, a 

new wave of excitement in 3D printing technology has emerged, spurred on by the 

prospect of utilizing additive manufacturing for biomedical, defense, education, artistic, 

market research, and extra-terrestrial manufacturing applications.3-5 These fields aim to 

take full advantage of the primary motivations for additive manufacturing: design 

customizability, complexity being free, and creation of items on an items on an as-needed 

and on-site basis (which is particularly valuable in remote locations). 

In this thesis, I begin by first introducing in Chapter 1 the motivations for printing 

electronics and prior work which has been done in the field. In Chapter 2 I focus on one 

area of ink-based printing that has been particularly challenging, the development of a 

printable non-volatile memory (NVM). In this effort, I focus on identifying the key metrics 

of a non-volatile memory, addressing the state of the art in printable NVM using those 

metrics, and comparing them to the industry standard (Flash memory). I then present the 

development of a new material which is printable while rivaling the performance of Flash. 

That material being a solution-coatable, non-volatile memory based on resistive switching 

in Cu-SiO2 core-shell nanowires. Next, in Chapter 3, I turn to 3D printing where I identify 
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that the fused filament fabrication technique has many potential advantages over other 

methods in the production of 3D printed electronics. I identify the primary obstacle is the 

lack of a highly conductive filament material. I then concentrate on a new highly-

conductive copper-filled thermoplastic filament material developed in our lab which has 

helped to fill this gap. Finally, I outline the design and characterization of various 

electronic components and circuits using the conductive filament material in a wide range 

of DC and AC electronics applications. 

1.1 Motivation for Printing Electronics 

Printed Electronics has to date generally added value in high-volume production 

applications where low-cost is critical, and high-performance is not required.  Printed 

electronics have most commonly been made by printing functional inks onto flat surfaces 

using printing processes designed for use in the graphics industry (screen, ink-jet, flexo, 

gravure, microcontact, etc.).6 By using these printing techniques, electronics can be 

fabricated at high speeds on a wide range of substrates including stretchable, flexible, 

large-area and light-weight substrates. Applications for low-cost printed electronics 

currently include RFID tags, displays, smartcards, keypads and packaging; trillions of 

which will be necessary to make up an internet of things.2 Following the introduction of 

soluble semiconductors and conductors printable electronics has become a major player 

in the technology sector.7 The total market value for printed, flexible and organic 

electronics is forecast to be $73.69 billion by 2025.8  
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The recent development of tools for additive manufacturing has spurred interest 

in applying similar techniques to the development of 3D printed electronics.  Combining 

electronically functional materials with the ability of additive manufacturing tools to 

create complex 3D geometries from multiple materials can enable the creation of devices 

that simply are not possible with conventional 2D printing methods designed for the 

graphics industry, such as multilayer circuit boards, electrical connectors, 3D antennas, 

mission-specific satellite components, 3D structures with embedded electronics, and 

batteries.9-12  Also, many 3D printers are portable, which can be particularly advantageous 

when manufacturing must be done in remote locations such as would often be the case in 

the defense industry and in space exploration. Furthermore, 3D printers are becoming 

very economical with certain models now available for as low as $200. Ultimately, the 

field of 3D printable electronics hopes to enable low-volume, on-site, on-demand 

production of highly complex and easily customizable electronic structures while 

reducing material waste, energy consumption, prototyping time, and cost relative to 

conventional electronics fabrication methods.2  

1.2 Printing Methods and Prior Work 

Research in printable electronics can be divided into three broad categories: (i) 

those leveraging the use of solvents to dissolve/disperse and print functional electronic 

elements using low-viscosity compatible methods such as inkjet printing, (ii) those which 

disperse/dissolve active materials into viscous pastes or gels which are then generally 
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extruded from a syringe print head, and (iii) those which utilize thermoplastic polymeric 

matrices loaded with appropriate functional electronic fillers which can then be printed 

by forcing the material through a heated nozzle. These categories can be subdivided 

further to include many distinct methods, however, and it is not uncommon for multiple 

techniques to be used in combination with one another.  

1.2.1 2D Printing with Inks 

Inks can be deposited using a wide range of mature techniques like aerosol, inkjet, 

screen and gravure printing which are now enabling the use of a wide range of new 

substrates including textiles, metals, glass, paper and plastics.8,13,14 Depending on the 

specific printing method used, a variety of factors will become important in the 

development of a printable ink including viscosity, surface tension, substrate 

wetting/adhesion, nozzle size and filler size/dispersion/loading.15 These ink-based 

printing techniques can produce films with thicknesses below 1 µm. Ink-based printing is 

referred to as 2D printing because (a) the height in the z axis is often very small relative 

to the x and y axis dimensions and (b) such printing techniques are not able to build upon 

themselves for many layers to produce 3 dimensional macroscopic structures. 

Furthermore, the printing of multiple functional electronic materials has proven 

problematic as mixing amongst deposited materials becomes a hurdle.13 

However, one key advantage in the use of ink-based printing methods in the 

fabrication of electronics is compatibility with roll-to-roll manufacturing techniques like 
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those used in newspaper printing (Fig. 1).7 This method enables the production of large 

volumes of product at very high speed. Ink based methods are currently being employed 

in the production of a wide range of electronics including transparent conductors, RFID 

tags, and sensors.14 

 

 

Figure 1: Roll-to-roll printing of transparent conductor.14 

 

One area which has been difficult for researchers in the field has been the 

development of a printable non-volatile memory (NVM). Several methods for doing so 

have been investigated. A common way to store information in a material is in the form 
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of trapped charge, and this is how information is stored in Flash memory.  Printable 

materials used for charge-based information storage include graphene oxide,16 

polymers,17 and nanoparticle-polymer composites.18,19 The fastest write speeds for these 

materials is on the order of tens of milliseconds (10,000 times slower than Flash), with up 

to ~103 cycles demonstrated for some examples (versus 104-105 cycles for Flash), and 

retention times of <3 days (versus >10 years for Flash). Ferroelectric polymers have also 

been used to store information in printed memories that achieved switching speeds as low 

as 10 ms,20 with degradation in the performance occurring after 103 cycles,21 and only 1 

hour of data retention.22 Write speeds as low as 100 µs have been achieved in a phase-

change memory based on solution-processed GeTe nanoparticles, but degradation in 

performance was observed after only 102 cycles, and data retention times were not 

reported.23 Thus, every solution-coatable alternative to Flash is at best 100 times slower, 

retains data for periods that are at least 1,000 times shorter, and/or fails after 10 times 

fewer cycles. 

Resistive switching random access memory (RRAM) is an exciting alternative to 

Flash due to the fact that it can offer write speeds as small as 0.1 ns, 10,000 times faster 

than typical Flash memory.24 RRAM can also offer greater numbers of cycles before 

failure; up to 1011 switching cycles have been demonstrated.25 Copper-based RRAM 

devices have demonstrated excellent 10 year data retention at 150 °C.26 These copper-

based devices often utilize SiO2 as the solid electrolyte, and resistive switching appears to 
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occur through the formation of a metallic filament.27-29 However, these studies required 

the use of evaporation techniques to deposit metal-active layer-metal sandwich structures 

with thin/uniform active layers. 

Several types of RRAM devices have been reported which operate according to 

different mechanisms. In this thesis, I focus on Electrochemical Metallization. Fig. 2 shows 

a schematic which illustrates the basic principle governing the behavior of such memories. 

An electrochemically active electrode (Cu) is paired with an inert electrode (Pt) with a thin 

insulating dielectric layer between the two (SiO2). Such a structure is initially highly 

resistive. Application of sufficient positive bias to the Cu electrode results in oxidation of 

Cu atoms. The electric field present between the two electrodes causes the migration of 

Cu ions towards the Pt electrode, where they are reduced. This process continues until a 

metallic Cu bridge has formed across the SiO2 dialectic layer. The cell is now in a low-

resistance state. The cell can also revert back to a high-resistance state by simply reversing 

the polarity of the applied bias.   

Several authors have reported resistive switching in ~100-nm-thick films of 

solution-processed solid electrolyte layers (e.g., TiO2 or ZnO) sandwiched between metal 

electrodes, but none of these studies have reported switching speeds, and they have 

demonstrated at most 500 cycles.30 High-performance RRAM devices made with vapor-

based methods typically employ a solid electrolyte 3-50 nm-thick, and obtaining a 
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continuous, smooth, solution-processed film with a thickness in this range is 

challenging.24,25 

 

Figure 2: Schematic illustrating the mechanism of a RRAM cell which follows 
the conductive bridge phenomenon. (A) Oxidation, migration and reduction of Cu 

ions occurs until (B) a metallic bridge is formed resulting in a decrease in resistance. 
(C) Reversal of applied bias enables the dissolution of the metallic bridge and (D) 

recovery of the highly resistive state.31 

 

An alternative approach is to employ nanowires coated with an electrolyte layer 

with the appropriate thickness.32 The anisotropic structure of nanowires is ideal for 

spanning printable distances in along its axis while possessing thin shells which can 

provide active functionality. This concept was first demonstrated by Dong et al. for 
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crossbars composed of Si/a-Si core-shell nanowires and Ag nanowires.33 This device 

exhibited writing times of 100 ns, retention times of 2 weeks, and 104 switching cycles. 

However, this device required the fabrication of metal contacts on individual nanowires 

with electron beam lithography, and thus is not low-cost or scalable.  Cagli et al. have 

reported magnetically assembling crossbars from Ni-NiO core-shell nanowires, but in this 

work e-beam lithography was also required to make electrical contact with the 

nanowires.34 Bellew et al. demonstrated resistive switching in networks of nanowires, 

which could be contacted by metal evaporation through a shadow mask.35 They proposed 

that a single nanowire-nanowire junction in the network was responsible for resistive 

switching. Switching was reported for five cycles, and no switching speed was reported. 

Clearly, this approach, while promising, requires more effort to become a viable method 

of printing NVM. 

In Chapter 2 I address this issue by presenting a new printable material which 

rivals the performance of Flash. That new material is a solution-coatable, non-volatile 

memory based on resistive switching in Cu-SiO2 core-shell nanowires that exhibits 

average on-off ratios of 106, switching speeds of 50 ns, retention times of 4 days, and has 

been demonstrated to operate for at least 104 cycles without failure. This memory 

represents a 10-fold increase in number of cycles, and a 1,000-fold increase in speed and 

retention time than the next best reported metric for a solution-coatable non-volatile 

memory. 
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1.2.2 Expanding to 3D: Paste-based and Fused Filament Fabrication 
Techniques 

Pastes/gels, while still being solvent-based, can be used to create more three-

dimensional structures. Each printed layer, which is typically deposited using a syringe 

as shown in Fig. 3, is thicker and with careful control of their rheological properties it is 

possible for these materials to build upon themselves to a limited degree.2,36 However, 

when it becomes necessary to build up large, complex 3D structures it may not be possible 

for these materials to support themselves. In certain cases, it may be practical to print such 

items inside of a gel support matrix. This technique has gained considerable attention in 

biomedical fields.37  

The fused filament fabrication (FFF) technique, on the other hand, is the method 

employed by most low-cost, commercially-available desktop 3D printers today. In this 

approach, a thermoplastic filament is fed by a motor into a nozzle which is heated above 

the glass transition temperature of the thermoplastic. The polymer liquefies upon entering 

the nozzle and is pushed out as more filament is fed into the nozzle. After it has been 

extruded out of the nozzle, the material quickly solidifies, often with the aid of active 

cooling focused on the extrudate. The previously deposited material can easily be built 

upon in a layer-by-layer fashion to generate highly complex, freestanding 3D structures. 

Achievable resolutions for FFF and paste/gel printing techniques are similar at 0.02 mm 

in the z axis, corresponding to the thickness of each layer, while resolution in the x and y 
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axes correspond with the nozzle diameter used, and typically falls in the range of 0.1 mm 

– 1 mm. 

 

 

Figure 3: Schematic depicting extrusion techniques for printing pastes/gels.4 

 

Current approaches to 3D printing electronics generally fall into one or more of 

the following categories: (1) surface direct write, (2) post-processing by injection or 

electroplating, (3) freeform 3D printing.2,38,39 The surface direct write technique involves 

printing on a 3D surface rather than printing free-standing 3D structures. Processes that 

fall into this category include droplet-based (Ink-jet, Aerosol JetTM),9,40-43 laser-based,44,45 

and extrusion-based methods.46-49  The strengths and weaknesses of these various 



 

13 

techniques have been described in depth elsewhere.2,4 Many researchers have utilized 

proven methods and materials involved in 2D ink-based printing of conductive traces 

(usually silver-based) and applied them to a wide variety of substrates including 

stretchable and/or flexible ones.46,50-54 Periard et al., for example, have implemented a 

syringe-based extrusion technique with a commercially available silver-filled conductive 

silicone.55 The material sets within a few minutes of deposition without the need for 

further heat or UV treatment. But this approach suffers from low resolution due to lateral 

flow of the material.  

Interest in 3D printed electronics has motivated the development of several new 

commercially available equipment. For example, Nano Dimesion’s DragonFly 2020 

(available for ~$50k and released in 2016) enables multilayer printed, solderable 

conductive traces using an inkjet technique at a lateral resolution of ~30 µm.56 Currently 

this printer utilizes proprietary Ag and dielectric nanoparticle proprietary inks.  In 

general, it can be very difficult and time consuming to develop novel electronic inks for 

ink-jet processes due to the need to tune the surface tension and viscosity (8-12 cp) of the 

ink to obtain a desired droplet size (~30 µm) and reproducible jetting characteristics.  In 

addition, clogging can be an issue if the size of the particles or amount of solids in the ink 

is too high.  The Aerosol JetTM process, developed by Optomec, circumvents many of these 

issues by enabling the printing of much small droplets (1 – 5 µm) from inks with a much 

wider range of viscosities (1 – 1000 cp).57  The Aerosol JetTM (available since 2004) uses a 
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sheath gas as the nozzle, thereby eliminating many of the clogging issues that plague ink-

jet, and enabling the use of a much wider variety of materials in the inks.  However, the 

cost of Aerosol JetTM systems ranges from $295k - $495k, making them out of reach for 

many potential users.  In comparison, the Voxel8 (released in 2016), which combines a 

conventional plastic filament extrusion nozzle with a syringe-based silver ink extruder, is 

less expensive at $9k for the developer kit.58 The lateral resolution of the conductive traces 

that can be printed with the Voxel8 is 250 µm with a recommended pitch of 2 mm,59 and 

the printer allows pausing of the print to enable manual placement of circuit components.  

However, as with ink-jet and Aerosol JetTM, the Voxel8 has a limited capability to print 

free-standing structures in the z-direction, with recommended traces thicknesses < 500 

µm. Voltera also has two material capability. Their syringe extrusion is able to print 

solderable conductive traces, and their system also includes a second extruder which 

prints insulating material.60 This enables conductive lines to cross over one another. 

Although this is a great step toward on demand printable circuit boards, the approach is 

still largely limited in the z-direction as well. 

To circumvent the high-cost and limitations of dedicated 3D printed electronic 

systems using surface direct write processes, there have been efforts to develop post-

processing techniques for 3D printed parts to imbue them with the desired electronic 

properties.  Perhaps the most popular of these is electroplating a plastic part, which can 

be accomplished after an initial metallization with electroless deposition or conductive 
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paint. Swissto12 has used this technique to produce a variety of 3D printed antennas and 

waveguides, and Yurduseven et al. demonstrated metallization of 3D printed cavity 

antennas for imaging.61,62  However, this technique produces chemical waste and it can be 

difficult to achieve consistent, high-quality results. It is also limited to surfaces only and 

thus can be challenging to obtain uniformity in certain structures such as deep, narrow 

crevices.  Wu et al. showed that 3D conductive traces could be created by injecting silver 

paste into 3D printed channels, and used this process to create passive wireless sensors.63  

However, the filling process had to be repeated five times to fill ~70% of the channel with 

paste, and the smallest channel that could be filled was 600 µm.  

Freeform 3D printing techniques enable the printing of out-of-plane, freestanding 

electronic structures, without the requirements of an existing 3D surface or post-

processing. For example, sheer-thinning silver nanoparticle inks were developed to 

enable syringe-based printing of free-standing, three-dimensional interconnects.49  

However, these inks required sintering at high temperatures (~250 °C) to become 

conductive in 30 min. Ladd et al. demonstrated that gallium liquid metal alloys can be 

extruded from a nozzle to form freestanding, out-of-plane metal structures up to a few 

millimeters in height that are stabilized by the material’s oxide shell.64 The liquid metal 

does not require sintering and can be embedded in PDMS to create stretchable devices, 

but its liquid nature means that the freestanding structures cannot be used for practical 

applications. The liquid metal materials are showing the most versatility, however, as 
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shape reconfigurable conductors.65-67 In principle, either sheer-thinning inks or liquid 

metals can be printed with low-cost (< $200), fused filament fabrication (FFF) 3D printers 

by replacing the original polymer extruder with a syringe-based extruder consisting of 3D 

printed parts.68  

It should also be mentioned that many of the previously described ink/paste-based 

techniques are limited by the necessity for curing at elevated temperatures to achieve 

highly conductive traces. As a consequence, a compromise must often be reached between 

performance and compatibility with the substrate and other components. Such materials 

also often release volatile organic compounds (VOCs) and have limited shelf lives. 

Furthermore, the typical filler used, Ag, is expensive. 

To date there has been little published work on making 3D printed electronics 

using widely available and low-cost fused-filament fabrication (FFF) printers.  These 

printers, available for as little as $200, construct objects by extruding thermoplastic 

filaments through a heated nozzle, which rapidly cools and retains the printed shape (Fig. 

4).  Thermoplastic feedstock materials are compatible with direct write printing on a wide 

variety of substrates, can be used with print interrupting techniques to embed objects 

manufactured by other means, and are able to form freestanding out-of-plane structures. 

In terms of low-cost, accessibility, and ease of use, it would be ideal to create a highly 

conductive polymer filament that can be used directly with low-cost FFF printers to create 

electronic components and interconnects without the requirement of sintering.  This 
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would allow many people who already own a 3D printer to create their own custom 3D 

printed electronics. Until recently, however, the only conductive materials that were 

commercially available for FFF printers were two carbon-based filaments, Black Magic 3D 

and Proto-pasta, which have a reported volume resistivity of 0.6 ohm cm and 30 ohm cm, 

respectively.  Researchers have shown that similar materials can be used to create resistive 

flex and touch sensors69, but these high resistivities are not suitable for general use as 

conductive traces.  For example, a 10-cm-long, 2-mm-thick trace made from Black Magic 

3D and Proto-pasta would be 150 ohm and 7,500 ohm, respectively.  Thus, these materials 

are better suited for printing of resistors rather than interconnects. 
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Figure 4: Schematic diagram of fused filament fabrication process.70 

 

Given our lab’s previous experience with highly conductive, copper-based 

nanostructures,71,72 we decided to create a conductive filament that could be used to print 

electronic components and interconnects with low-cost, FFF-based 3D printers.  The 

resulting copper-based filament, Electrifi, has a resitivity of 0.006 ohm cm and is 

commercially available.39 Further details as to how to make a filament with this level of 

resistivity will soon be reported elsewhere.  Recent reports have demonstrated  Electrifi 

can be used to 3D print microstrip transmission lines and 3D metamateral building 

blocks.73,74 In Chapter 3, I use a combination of commercially available dielectric and 
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conductive filaments to demonstrate the potential for additive manufacturing of basic 

electronic components and interconnects with low-cost FFF technology. Functional 

electronic components including conductive traces, resistors, capacitors and inductors are 

printed with both single and dual-extrusion. The high conductivity of Electrifi allows for 

3D printing of items for AC applications including: a wireless power transfer circuit, a 

high pass filter, and a frequency-diverse metasurface antenna. I show Electrifi can be used 

in conjunction with a dual-material printer to electrically connect standard surface mount 

components, such as an LED, by either re-heating the material and pressing the 

component in place, or by printing over the pads of a component embedded in 3D printed 

plastic.  Finally, I demonstrate that Electrifi can be used to 3D print flexible conductive 

traces, multi-level embedded conductive traces, as well as freestanding, thin-walled 

structures such as a horn antenna. 



 

20 

2. Ink-based printable Memory 
The primary challenge in the development of a printable RRAM is the active layer 

in such devices must be very thin, generally between 3-50 nm. Such features are not 

possible to create with currently available printing techniques. The anisotropic structure 

of a nanowire, however, is ideal for spanning printable distances along its axis. 

Furthermore, nanowires can be easily coated with thin shells which can provide active 

functionality. This chapter outlines the synthesis and characterization of a printable 

nanowire-based NVM which takes advantage of these characteristics. 

2.1 Synthesis of nanowire-based resistive switch 

Cu nanowires (NWs) were synthesized by implementing a 50x larger scale version 

of the reaction described previously by Ye et al.75 Conventional photolithographic 

techniques were used to make the electrodes during initial investigation of the new 

memory material even though they may alternatively have been printed from solution 

using a variety of previously reported methods.76,77 This was done to minimize variables 

while we explored the properties of the new material. In a recently published follow-up 

study, however, we also incorporated printed conductive traces to demonstrate a fully-

printed NVM.43 

2.1.1 Nanowire synthesis  

The formation of Cu NWs is due to the difference in the growth rate of the Cu 

crystals along different crystallographic directions.78,79 Cu nanowires grow to be tens of 
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micrometers long via the selective reduction of ionic Cu species onto the end of the 

nanowires, which consists of a pentagonal pyramid with five (111) planes.78-80 In 

comparison, the addition of Cu to the (100) planes on the sides of the nanowire is so 

minimal that the diameters of the nanowires are typically between 20 and 150 nm.78,79,81,82 

It has been hypothesized that the difference in the observed growth rate between the (100) 

and (111) planes may be due to the presence of a so-called capping agent which 

preferentially adsorbs on the (100) surface and physically blocks the addition of Cu to that 

surface.78,79,83,84 Similar hypotheses have been suggested to account for the growth of Ag 

and Au nanowires in the presence of capping agents.85-88 The capping agents for the 

syntheses of Cu nanowires usually have an amine functional group and include such 

chemicals as ethylenediamine (EDA),80,82,84,89-91 hexadecylamine (HDA),92-94 and 

octadecylamine (ODA).95  

In principle, the difference in atomic addition to different facets due to the 

presence of a capping agent can be measured with appropriate electrochemical 

measurements on Cu(111) and Cu(100) single crystals in the reaction solution. We 

performed the first such experiment and in doing so have demonstrated that although 

EDA does promote the growth of Cu nanowires, it does not do so in the way that has 

previously been hypothesized. Rather than blocking electrochemical reactions from 

happening on (100) facets, EDA preferentially promotes reduction of Cu(OH)2- on (111) 

facets by keeping them relatively free of Cu oxide. It is the presence of Cu oxide on (100) 
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facets that hinders atomic addition to the sides of the nanowire. Thus, we show that EDA 

is a facet-selective promoter of Cu nanowire growth rather than a true capping agent.96   

The growth of Cu nanowires depends on two redox reactions: the oxidation of 

N2H4 and the reduction of ionic Cu species in solution. It is important to recognize, 

however, that a surface oxide can be continuously produced on the Cu nanowires due to 

a large amount of OH− in the reaction solution;97 this surface oxide is also reduced by N2H4 

making it challenging to determine the nanowire growth reaction mechanism by direct 

electrochemical analysis.  

To separately determine the currents from reduction of Cu(OH)2− and oxidation of 

N2H4, we used an electrochemical quartz crystal microbalance (EQCM) to simultaneously 

measure the changes in mass and reaction potential at an electrode in the nanowire 

growth solution. According to mixed potential theory, spontaneous redox reactions occur 

at a mixed potential (Em) where their rates are identical.98,99 For Cu nanowire growth, the 

redox reactions take place at a potential where the cathodic current from the reduction of 

Cu species exactly matches the anodic current from the oxidation of N2H4. Thus, the 

current from oxidation of N2H4 at this potential can be used for estimating the reduction 

rate of Cu species. In addition, the change in the mass of the electrode can be used to 

calculate the current due to reduction of Cu(OH)2-. Comparing the reduction rate of 

Cu(OH)2- calculated from the mass change and the oxidation rate of N2H4 at the reaction 
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potential shows that most of the electrons from N2H4 oxidation go toward reduction of Cu 

oxide.  

The mass and potential behaviors of a polycrystalline Cu electrode in the solution 

for nanowire synthesis are presented in Fig. 5A&B. Initially, the electrode mass increased 

for 20 s due to the rapid formation of surface oxide in a high pH environment.97 The mass 

then decreased for 280 s due to the reduction of the oxide by N2H4. These steps took place 

at a potential below −0.55 V (Fig. 5B). At t = 300 s, a sharp decrease in the mass and a shift 

in the potential from −0.55 to −0.75 V were observed due to the exposure of metallic Cu. 

Finally, the mass of the electrode started to increase, implying Cu deposition on the 

electrode. The increase in the mass during this period gave an average reduction rate for 

Cu(OH)2- of −0.064 mA/cm2 using the following equation, 

𝑖
"#(%&)(

)*∆,-..∙0∙1234∙5∙6
 

where n is the number of electrons required for a reduction reaction (1, 𝐶𝑢(𝑂𝐻);
< 	+

	𝑒< 	→ 	𝐶𝑢A 	+ 	2𝑂𝐻<), F is the Faraday constant (96485 C/mol), MCu is the atomic mass of 

Cu (63.546 g/mol), and t is time. At the same time, the potential stabilized to a value of 

−0.8 V, which was used as the Em for the spontaneous redox reactions on a polycrystalline 

Cu electrode.  
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Figure 5: Determination of the electrochemical potential and redox currents for 
copper nanowire growth. Changes in (A) mass and (B) open circuit potential at a 

polycrystalline Cu electrode in 15 M NaOH solution with 4.74 mM Cu(NO3)2, 70 mM 
EDA, and 5.5 mM N2H4. (C) Current−time behavior for N2H4 oxidation at Em on 

polycrystalline Cu in a 15 M NaOH solution with 70 mM EDA and 5.5 mM N2H4. (C) 
Diagram of redox reactions in the Cu nanowire growth solution.  

 

The oxidation rate of N2H4 at Em was obtained from chronoamperometry in a 

NaOH solution containing EDA and N2H4 (Fig. 5C), and the average current of N2H4 

oxidation was found to be 0.241 mA/cm2. This value is 3.77 times greater than the 

reduction current of Cu(OH)2- calculated from the mass change, suggesting that a large 
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amount of electrons from N2H4 were continuously consumed by the reduction of Cu 

oxide. Fig. 5D summarizes the redox reactions on the Cu surface and illustrates how the 

combined current going to reduction of both Cu oxide and Cu(OH)2- equals the current 

from oxidation of N2H4. The difference between the oxidation rate of N2H4 (Fig. 5C) and 

the reduction rate of Cu(OH)2- (Fig. 2A) is equal to the reduction rate of Cu surface oxide, 

which was −0.177 mA/cm2. This implies that reduction of Cu oxide and Cu(OH)2- 

competitively occurs on the electrode and consumes 73.4 and 26.6% of the electrons 

provided by N2H4 oxidation, respectively. These results suggest that the formation of 

surface oxide by OH− and its reduction by N2H4 are important to Cu nanowire growth.  

In the absence of EDA (Fig. 6A), we observed a decrease in the potential over time 

that was roughly the same for both Cu(111) and Cu(100) electrodes. This decrease in 

potential corresponds to a decrease in the current from the oxidation of N2H4 and 

reduction of surface oxide. We believe that the rapid polarization occurring around 150 s, 

as with the similar potential change in Fig. 5B, is associated with the partial exposure of 

the metallic Cu surface. In the presence of EDA, a second smaller polarization was 

observed, and this potential shift to −0.9 V occurred much more rapidly for Cu(111) than 

for Cu(100). It took only 54 s for the potential to drop to −0.9 V for Cu(111) after the first 

polarization, compared to 345 s for Cu(100). The oxidation rate of N2H4 is essentially zero 

at −0.9 V, meaning that the surface oxide is completely removed and no new oxide is being 

generated. Our interpretation of these results is shown in Fig. 6C. After the first 
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polarization, EDA started to adsorb on the surface of the metallic Cu and inhibit its further 

oxidation. Since EDA adsorbed more quickly on (111) than on (100), there was a period 

during which the surface oxide was completely removed on the (111) surface while the 

(100) surface was still oxidized.  

 

 

Figure 6: EDA-dependent open circuit potential of Cu(111) and Cu(100) single-
crystal electrodes. Potential behavior of Cu(100) and Cu(111) electrodes in 15 M NaOH 

solutions containing 5.5 mM N2H4 (A) without and (B) with 70 mM EDA. (C) 
Schematic diagram of Cu(111) and Cu(100) surfaces in a NaOH−EDA− N2H4 solution 

showing the removal of Cu oxide and the adsorption of EDA.  
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The inhibition of surface oxidation by EDA suggests that EDA might also hinder 

electrochemical reactions from occurring on the electrode. To determine if this was the 

case, we measured the current from oxidation of N2H4 versus EDA concentration (Fig. 7). 

Surprisingly, the peak current for N2H4 oxidation increased with an increase in EDA 

concentration. EDA promoted the oxidation of N2H4, likely by keeping the electrode 

surface metallic and free of oxide. This means that EDA does not behave like a traditional 

capping agent in that it does not physically block the approach of electrochemical 

reactants. In addition, the oxidation current of N2H4 was greater on Cu(111) than on 

Cu(100), indicating that EDA promotes the oxidation of N2H4 to a greater extent on (111) 

facets. These results suggest that EDA promotes anisotropic growth of Cu nanowires by 

keeping the (111) facets at the end of a growing Cu nanowire relatively more free of oxide 

than the (100) facets on the sides of Cu nanowire.  
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Figure 7: Representative I−V curves of N2H4 oxidation on Cu(100) and Cu(111) 
electrodes in 15 M NaOH solutions with 5.5 mM N2H4 and various concentrations of 

EDA. The solid black arrows indicate the direction of the linear potential sweeps. 

 

To determine the difference in the reduction rates of Cu(OH)2- on Cu(111) and 

Cu(100) electrodes, we compared the open circuit potential at single-crystal electrodes 

submerged in NaOH−EDA−N2H4 solutions with and without Cu(NO3)2. The electrons 

from N2H4 oxidation were completely consumed by the reduction of surface oxide in the 

absence of Cu(NO3)2 (red circles in Fig. 8A&B), but they were consumed by both the 

reduction of Cu oxide and Cu(OH)2− in the solution containing Cu(NO3)2 (blue squares in 

Fig. 8A&B). Thus, the difference in the potential originates from the reduction of Cu(OH)2-. 

As shown in Fig. 8A&B, the potential difference between the two solutions was much 

larger for the Cu(111) (125 mV at 100 s, 138 mV at 300 s) than for the Cu(100) (5 mV at 100 
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s, 42 mV at 300 s). The Coulombic efficiency (CE) of Cu(OH)2- reduction was defined as 

the amount of electrons used for Cu(OH)2− reduction divided by the total amount of 

electrons provided by N2H4: 

𝐶𝐸"#(%&)() 	= 	
𝑖"#(%&)()

𝑖"#(%&)() + 𝑖"#	EFGHI
×100% 

where 𝑖"#(%&)() is the current for Cu(OH)2- reduction and 𝑖"#	EFGHI is the current for Cu 

oxide reduction.  

Fig. 8C shows that Cu(OH)2- reduction was the dominant reaction on Cu(111), 

whereas oxide reduction was the dominant reaction on Cu(100). This difference between 

the (111) and (100) facets is responsible for the anisotropic growth of Cu nanowires. This 

phenomenon originates from the effect of EDA preferentially adsorbing to and inhibiting 

the oxidation of (111) facets.  

We note the facet-selective chemistry is time-dependent in that the Coulombic 

efficiency of Cu(OH)2- reduction on Cu(100) gradually increases over several hundred 

seconds. Thus, as the reaction proceeds, the anisotropic growth effect diminishes allowing 

for more isotropic addition and the generation of longer and fatter wires. It was previously 

observed that, 300 s after Cu nanowires form, additional Cu can start to deposit on the 

sides of the nanowires, leading to an increase in the diameter of the nanowires.100 This 

phenomenon can now be understood in terms of the increase in the Coulombic efficiency 

of Cu(OH)2- reduction on Cu(100) relative to Cu(111) that occurs over 400 s.  
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Figure 8: Mechanism for diffusion limited growth of Cu nanowires. Potential 
behavior of (A) Cu(111) and (B) Cu(100) crystals in 15 M NaOH solutions containing 
70 mM EDA and 5.5 mM N2H4 with and without 4.74 mM Cu(NO3)2. (C) Coulombic 
efficiency of Cu(OH)2- reduction on Cu(111) and Cu(100) surfaces. (D) Schematic 
diagram of Cu nanowire growth in NaOH−EDA−Cu(NO3)2−N2H4 system.  

 

The schematic diagram summarizing our current understanding of EDA-assisted 

Cu nanowire growth is presented in Fig. 8D. The electrons for reduction of both Cu oxide 

and Cu(OH)2- are provided by the oxidation of N2H4. The degree to which adsorbed EDA 

prevents surface oxidation is larger on (111) than that on (100), leading to a larger 
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reduction rate of Cu(OH)2- on (111) facets at the end of the nanowire. Meanwhile, Cu oxide 

is continuously formed via reactions of Cu with OH− on the (100) facets and continuously 

reduced by N2H4. Thus, rather than acting as a capping agent, EDA acts as an anisotropic 

promoter of Cu nanowire growth by keeping the facets at the end of the nanowire 

electrochemically active and free of oxide.  

The procedure used in the preparation of nanowires for our NVM is presented 

here. NaOH (1 L, 15 M), Cu(NO3)2 (50 mL, 0.1 M), and EDA (7.5 mL) were added to a 

round bottom flask. This mixture was heated at 50 °C and stirred for 15 minutes. The 

solution was then swirled vigorously by hand to ensure adequate mixing of the EDA. 

N2H4 was then added (1.25 mL, 35 wt%) and the mixture was stirred for 5 minutes. After 

5 minutes, stirring was discontinued and the reaction was allowed to continue for 1 hour 

to generate long and thick nanowires. After the reaction was complete, the contents of the 

round bottom flask were transferred to a separatory funnel where a 3 wt% PVP and 1 wt% 

DEHA solution in DI H2O was used to wash the nanowires. Upon addition of PVP/DEHA 

solution, a large nanowire aggregate was formed. This aggregate was soaked in 

PVP/DEHA solution and carefully rinsed. The aggregate was then shaken to disperse the 

nanowires and stored under Argon in a solution of DEHA (1 wt%) and PVP (3 wt%) at 

room temperature to prevent oxidation. 
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2.1.2 SiO2 coating 

Cu NWs were coated with amorphous silica shells according to an adapted version 

of the reaction described by Koboyashi et al.101 In our adaptation, 7.7 mg of Cu nanowires 

were rinsed 1x with a solution of 3 wt% PVP in DI H2O, and transferred to a 20 mL 

scintillation vial containing 10.5 mL EtOH and 1.7 mL DI H2O. While stirring, 282 µL of 

dimethylamine (40 wt%, Sigma-Aldrich) and 40 µL of TEOS (tetraethylorthosilicate, 98%, 

Acros Organics) were added to the Cu nanowire suspension, and the reaction mixture 

was stirred for 10 minutes during the growth of the SiO2 shells. The nanowires were then 

rinsed 1x with a 50/50 EtOH/DI H2O solution and characterized by TEM (FEI Tecnai G2 

Twin) and SEM (FEI XL30 SEM-FEG). 

2.1.3 Ink formulation 

A nitrocellulose-based ink was used to print the nanowires into a well-dispersed 

thin film. To prepare the ink, a 3 wt% solution of nitrocellulose in acetone was mixed with 

a 0.5 wt% solution of Zn(OAc)2 in EtOH in a 1:1 ratio. The Zn(OAc)2 acts as a binder 

between the nitrocellulose and silica. After the SiO2 coating, core-shell nanowires were 

rinsed with 190 proof EtOH 1x, followed by our ink formulation 1x, and then finally 

suspended in ink at the desired concentration for printing. 
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2.1.4 Memory fabrication 

Fabrication of this nanowire-based memory involves simply coating nanowires 

from solution onto microfabricated metal electrodes; no e-beam lithography is required 

to create the nanowires or connect to them.  

Electrodes for probing the memory were fabricated on glass microscope slides. 

Photolithographic patterning was performed and Au and Cu electrodes were deposited 

by electron beam evaporation and RF sputtering, respectively. The core-shell nanowires 

were dispersed in our ink formulation and printed from solution directly onto the 

electrodes. After drying, the nitrocellulose was removed from the film by heating under 

forming gas (4.926% Hydrogen, 95.074% Nitrogen) at 200 °C in a tube furnace for 30 

minutes. This step was also performed to minimize variables as we investigated this new 

material.  

2.2 Results for nanowire-based resistive switch  

A key advance that enables such high performance in a device that can be made 

with solution-based processes is the development of a technique to make electrical contact 

to individual nanowires without the need for electron beam lithography. This section 

focuses on characterizing the behavior of our nanowire-based NVM which easily forms a 

single electrically conductive pathway through an initially insulating random nanowire 

network during an initial electroformation step.  
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All resistance measurements as well as the voltage sweeps were performed with a 

Keithley 2400 SourceMeter®. Pulses for characterization of the switching speed were 

generated with a Hewlett Packard 8112A 50 MHz pulse generator, and a Hantek DSO – 

5200A oscilloscope was used to record the results.  

2.2.1 Electroformation and Switching 

Fig. 10A shows a scanning electron microscopy (SEM) image of a typical Cu-SiO2 

nanowire-based memory cell, which consists of a network of core-shell nanowires 

deposited across two electrodes. The 15-nm-thick SiO2 shells coating the Cu nanowires 

(Fig. 10B) serve to electrically insulate all the nanowires from one another and from the 

electrodes. Electrical contact is made with a single nanowire in the network by applying 

a positive bias of about 7 V to the copper electrode while the gold electrode is grounded.  

This bias (1) dissolves the copper electrode to form copper ions, (2) drives the positively 

charged copper ions across the SiO2 shell, and (3) reduces the ions onto the copper 

nanowire until a metal filament forms across the gap.  Once a conducting filament forms 

between the copper electrode and the nanowire, filament formation proceeds in a similar 

manner at the junction between the copper nanowire and the gold electrode until the 

nanowire is electrically connected to both electrodes. When this occurs, the current rises 

until a compliance current is reached (Fig. 10C). This process is similar to the initial 

electroforming step in electrochemical metallization cells, also referred to as 
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programmable metallization cells.102 Figs. 10D&E show a schematic illustration of the 

initial electroforming process. 

 

 

Figure 9: Nonvolatile nanowire-based memory. (A) SEM image of memory 
cell. (B) TEM image of the 15 nm-thick SiO2 shells coating the copper nanowires. (C) 
A plot of the current and voltage between the electrodes during electroformation. (D) 

The nanowires are initially electrically isolated from the metal electrodes. (E) 
Application of +7 V to the Cu electrode drives Cu ions into the SiO2 shell and induces 

the growth of Cu filaments.  
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Once electrical connection of the nanowire to the electrodes is complete, the cell is 

in the ON (low resistance) state. To reset the memory cell back to the OFF (high resistance) 

state, a negative bias is applied to the copper electrode, resulting in anodic dissolution of 

the copper filament between the copper nanowire and the gold electrode (Fig. 11A).  The 

memory cell can be set back to the ON state by subsequent application of a positive bias 

to the copper electrode.  As shown in Fig. 11B, an average of 2.3 V was required to switch 

the memory ON and -1.2 V was required to switch the memory OFF. This low voltage is 

compatible with many electronic circuits.103,104 By comparison of the FORM, SET, and 

RESET traces, the operation of this memory appears very similar to the Cu-SiO2-Pt system 

described by Schindler et al.28 Fig. 11C shows that the device could be switched between 

the ON and OFF states at least 10,000 times, with an average ratio of the resistance in the 

ON and OFF states (ROFF/RON) of 106. The OFF state resistance appears more noisy on the 

graph because it is at the limit of detection of the instrument.  The large difference in 

resistance between the ON and OFF state ensures that the state of the device can be 

measured reliably. Fig. 12 shows the cumulative probability of the SET/RESET voltages of 

a single device over the 10,000 cycles. The variability of switching voltages in different 

devices is shown in Fig. 13. 
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Figure 10: ON/OFF cycling. (A) The memory can be switched from the ON to 
OFF state by applying -2 V to the copper electrode so as to dissolve the copper 

filament. A positive bias can then be applied to switch the memory back to the on 
state. (B) A plot of the current and voltage between the electrodes during erasing and 

writing. (C) A plot showing no degradation in performance after 10 000 write/erase 
cycles.  
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Figure 11: Cumulative probability distribution of VSET and VRESET over 10,000 
cycles. 

 

 

Figure 12: SET/RESET voltage histogram. Twenty samples were tested to 
determine how the threshold voltages varied from sample to sample. The average of 
100 switching cycles for each sample was recorded and populated into the histogram 

to show the distribution of (A) VRESET, and (B) VSET amongst different samples.  
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In order to provide further evidence that the memory cell is operating through one 

nanowire out of a nanowire network between the electrodes, we measured the 

relationship between electrode size and the ON resistance.  If the memory is operating 

through multiple nanowires, the ON resistance should decrease with increasing electrode 

size because there are more nanowires available to serve as conducting paths.  However, 

Fig. 14 shows there is no significant effect of electrode size on the resistance of the memory 

cell in the ON state. This data supports the position that the electroforming step selects 

one nanowire out of the network to serve as the connection between the electrodes. 
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Figure 13: Electrode scaling behavior of ON resistance. (A) 10 µm, (B) 50 µm, 
(C) and 100 µm electrodes were used to conduct 100 write/erase cycles. (D) The size of 
the electrodes has no significant effect on the ON resistance. Scale bars indicate the 

standard deviation of 100 measurements. 

 

2.2.2 Retention 

To measure the retention time of the core-shell nanowire-based memory, four 

memory cells were switched ON and the resistance of each was measured periodically 

through the application of a 10 mV read pulse (otherwise no bias was applied). The ON 
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state resistance showed negligible degradation after 1 day of exposure to normal 

atmosphere (Fig. 15). After this point 50% of the devices began to increase in resistance 

but remained ON (with a resistance below 1 MΩ) for at least 4 days. These results indicate 

that this technology is moderately resilient to air exposure, but an air-impermeable 

coating will likely be required to ensure longer-term retention of data.  

 

 

Figure 14: Data Retention. The ON state resistances of all devices tested were 
ON for at least 4 days. After this point 50% of the devices tested began to show signs 

of degradation. 

 

2.2.3 Speed 

One of the most impressive characteristics of the core-shell nanowire memory is 

its write speed of 50 ns +/- 20 ns (n = 15).  This is the fastest write speed of any nanowire-
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based or solution-coatable memory.  An example of one write speed test conducted 

according to a commonly implemented method for measuring switching speed is shown 

in Figs. 16A&B.105,106 A low-voltage test pulse was first applied to confirm the cell was in 

the OFF state.  A 15 V write pulse was then applied to switch the cell on, followed by a 

low-voltage test pulse to confirm the cell was in the on state. Fig. 16B shows an expanded 

view of the delay between the applied bias and the current response through the memory 

cell. Fig. 17 provides further information about the testing method and calibration. 

 

 

Figure 15: Write speed test. (a) A pulse of voltage was used to turn the memory 
ON while the current response was measured with an oscilloscope. Lower magnitude 
voltage pulses were applied before and after the write pulse to verify the state of the 
memory. (b) Expanded view of the write pulse. The delay (after calibration) between 
the applied voltage and the current response at 90% of the maximum amplitude was 

used to determine the write time.  
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Figure 16: Speed testing method. (A) Test circuit wherein channel 2 of an 
oscilloscope records a voltage pulse applied to the circuit while channel 1 of the 

oscilloscope is used to observe the change in voltage across a 200 KΩ resistor. This 
change in voltage is directly related to the current response as the memory switches 

ON which is easily calculated by dividing the measured channel 1 voltage by 200,000 
Ω. (B) The calibration curve relates the difference in resistance between the memory 
and 1 KΩ (x-axis) to the time delay between the voltage and current pulses. (C) An 
example is shown wherein a 15 V pulse applied to the test circuit as measured with 

channel 2 of the oscilloscope is shown in blue. The calibration curve was used to shift 
the original current response curve (dotted line) forward by 192 ns (red line) to 

account for a measured 429 Ω difference between the 1 KΩ resistor and the memory 
after it had been switched ON.  

 

Characterization of the switching speed was performed with the circuit shown in 

Fig. 17A. The voltage applied by the pulse generator was detected by channel 2 of the 

oscilloscope while channel 1 was used to measure the change in voltage through the        

200 KΩ resistor in series with the memory. When the memory is in the OFF state, channel 

1 of the oscilloscope will read a 0 V drop across the 200 KΩ resistor. During the write 

process, the resistance of the memory cell decreases by several orders of magnitude, 

causing the current through the memory to increase. The 200 KΩ resistor ensures the 

current flowing through the memory does not continue to climb to damaging levels. As 

the memory is switched on, the voltage across the 200 KΩ resistor increases while the 
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voltage across the memory is simultaneously limited to 50-75 mV as determined by the 

value of the applied write pulse (10 or 15 V). In this way both the current and the voltage 

are limited in the memory, thus completing the transition. The current flowing through 

the memory was calculated by dividing the voltage detected by the oscilloscope by 

200,000 Ω. This current response through the memory is observed from channel 1 on the 

oscilloscope while monitoring the input voltage on channel 2.  A higher input pulse (as 

compared to the voltage sweep cycle testing) was used to overcome the effects of parasitic 

elements in the switching speed test circuit. A calibration curve was created to correct for 

the variation of the ON state resistance of the memory (Fig. 17B). To generate this curve, 

the resistance of one channel was varied with a variable resistor and the difference 

between the total resistance of channel 1 and channel 2 was recorded (x-axis). The time 

delay between the current and voltage pluses was then measured for each of the resistance 

differences between channels 1 and 2, and plotted on the y-axis. When the memory cell 

was switched on, the difference in resistance between channel 1 and channel 2 was 

measured for each individual test and a correction factor was applied based on the 

calibration curve to shift the current response curve. An example correction is shown in 

Fig. 17C. After the correction was applied, the time delay between when the applied 

voltage and current response reached 90% of their maximum value was recorded as the 

write speed for the memory. A total of 4 samples were tested and all of their measured 

write speeds were comparable as shown in Fig. 18. 
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Figure 17: Switching speed test results for 4 different samples. Sample A 
corresponds to Figure 4 wherein a ~15 V write bias was used (n=15). A 10 V bias was 

used on Samples B – D (n=3).  

 

2.3 Summary 

In summary, this chapter has introduced a solution-coatable memory with the 

highest performance metrics to date. The memory exhibits average on-off ratios of 106, 

switching speeds of 50 ns, retention times of 4 days, and has been demonstrated to operate 

for at least 104 cycles without failure. As shown in Table 1, this memory represents a 10-

fold increase in number of cycles, and a 1,000-fold increase in speed and retention time 

than the next best reported metric for a solution-coatable non-volatile memory. Such 

performance metrics were achieved in a solution-coatable format by electroforming to a 

single nanowire out of a network of nanowires that span two microfabricated electrodes. 
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In this way, we circumvented the need to fabricate a sub-50 nm electrolyte film to obtain 

a high-performance resistive switch, and instead use a 15 nm-thick SiO2 shell on the 

nanowires to serve as the electrolyte. This advance paves the way toward addressable, 

high-performance memory that can be printed from solution. 
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Table 1: Comparison of Non-volatile Memory Technologies. Common metrics for 
evaluating a non-volatile memory are shown here for Flash (the industry standard), 

the best previously reported performance metrics for printable memory technologies, 
and this work. Superscript numbers correspond to referenced articles. a. The authors 

here report that the memory was able to function until 105 cycles. However, 
significant degradation in performance can be seen beginning at 103 cycles. 

technology write speed write/erase 
voltages 

data retention 
time 

ON/OFF cycling 
endurance 

 
Flash 

 
1 µs107 

 
12 V107 

 
> 10 years107 

 
104 – 105 

cycles107,108 
 

charge trap printable 
memory 

 
10 ms70 

 
2 V18 

 
3 days107,108 

 
103 cycles71 

 
ferroelectric printable 

memory 

 
5 ms18 

 
15 V109 

 
1 hour109 

 
103 cycles21,a 

 
phase change printable 

memory 

 
100 µs23 

 
3V / 15 V23 

 
- 

 
150 cycles23 

 
Cu@SiO2 NW 

 
50 ns 

 
2 V 

 
4 days 

 
> 104 cycles 
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3. 3D Printing of Electronics Using a Highly Conductive 
Filament 

This chapter will focus on the implementation of fused filament fabrication (FFF) 

techniques to print electronics. Following the discovery of our lab’s highly conductive 

filament, Electrifi, I began exploring applications for which the material would be well-

suited. As the field of 3D printed electronics is still in its infancy, there was much to do. 

Therefore, I approached the project by exploring the basics regarding 3D printing 

conductive materials. I then turned my focus to demonstrating some simple real-world 

applications. 

Three of the most central and basic electronic components are resistors, capacitors 

and inductors. By combining these three basic components, a wide range of electronic 

circuits can be fabricated including voltage/current dividers, sensors, oscillators, relays, 

crossovers, transformers and filters.110 Of course, to electrically connect these components 

one also needs a conductor, which should ideally contribute a negligible amount of 

resistance to an electrical circuit. This is often taken for granted in the design of electronic 

circuits wherein highly conductive (~2 x 10-6 ohm cm) copper traces are commonplace, but 

the relatively high resistivity of 3D printed traces requires that one take their non-

negligible resistance into account. 
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3.1 Fabrication Methods: Filament Development, Printer Design, 
Multi-material Modeling, and Print Settings 

Hatchbox PLA and ColorFabb bronze-fill PLA were used for the dielectric material 

in dual printed pieces. Electrifi was used as the primary conductive material. Black Magic 

3D, and Proto-pasta traces were also fabricated for testing conductive properties, 

however. BuildTak and painter’s tape were used as build surfaces. 

The Electrifi conductive filament was developed in our lab using a proprietary 

blend of materials consisting primarily of copper filler in a biodegradable polyester 

thermoplastic. Briefly, the fabrication process involves first dispersing conductive filler in 

the thermoplastic through solution-based or dry mixing methods. The resulting 

composite is then cut into pellets. The pellets are fed into a filament extruder which pushes 

the pellets towards a heated nozzle and emits the 3D printable filament. 

The prevention of cross contamination during dual-extrusion, i.e., the mixing of 

two filament materials during printing, is critical to printing electronic components 

because cross contamination of the conductive material will result in either shorting 

between conductive traces, or in the interruption of a conductive trace with non-

conductive material. Although many printers are available with multiple nozzles, all 

printers we have tested (Prusa, Hictop, CTC 3D, and LulzBot Taz 5) are not able to prevent 

cross-contamination.  Typical multimaterial printers use two separate nozzles at the same 

z height, but this method leaves the inactive nozzle in a position where it will is likely to 

scrape across the printed surface and cause cross-contamination.  
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One approach that has been advertised as a way around this issue is to extrude 

multiple materials through the same nozzle.  To change the printed materials with a single 

extruder, the old filament is programed to retract all the way out of the hotend and a new 

filament is then fed into the hotend by a separate stepper motor. However, the old 

material must be cleared out of the nozzle by purging 40 mm or more of filament material 

through, resulting in a significant amount of waste and added cost for a part that requires 

material changes in every layer.   In addition, if the two filaments require different printing 

temperatures, the nozzle will likely clog.  

Due to the limitation of suitable commercially available printers we chose to build 

our own 3D printer. The design of our printer is based off the open source D-Bot printer,111 

and has a total parts cost under $1,000 (Fig. 19A).  The original design was converted from 

single to dual extrusion, and the Bowden extruder was changed to a direct drive.  A 

Bowden extruder pushes filament through a long tube before it reaches the nozzle, which 

frequently results in softer filaments bending and getting jammed inside the tube due to 

the back pressure from the nozzle.  A direct drive system, in which the extrusion motor 

sits directly above the nozzle, pushes on a shorter piece of filament so that bending and 

jamming occurs less frequently.  A dual-direct drive system has enough weight to bend 

the 8-mm-rods typically used in low-cost 3D printers up to ~200 µm, but the aluminum 

extrusions used in the D-Bot printer can easily accommodate the increased mass. To 

address the cross-contamination problem, we incorporated Dglass3D’s Autolift 
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retractable hotends (Fig. 19B).  These hotends have integrated bushings which cause the 

nozzles to retract when the filament is not extruded through the nozzle.    

 

 

Figure 18: Custom Printer Optimized for FFF Printing of Electronics. 

 

Fusion360 software was used to create 3D models of components. Figure 20 

outlines the workflow for this process. First, the dielectric is modeled, which will become 

the overall package of the component and any necessary electrical insulation (Fig 20A). 

Next, the conductive trace is designed in place (Fig 20B). The conductive trace body is 

then subtracted from the dielectric body to form channels in the dielectric for the traces to 

occupy (Fig 20C). In this step, it is important to select “keep tools” to retain the conductive 

trace body. Finally, the finished conductive trace and dielectric bodies are exported as .stl 

files (Fig 20D). 
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Figure 19: Multimaterial 3D Modeling. (A) The insulating dielectric is 
modeled. (B) The conductive trace is modeled in place. The insulating dielectric is 
shown here at 50% transparency to make the conductive trace visible. (C) A copy of 
the conductive trace is subtracted from the dielectric. The conductive trace is hidden 
to make the subtracted channel visible. (D) The finished conductive trace and 
dielectric are shown together. The conductive trace and dielectric are then exported as 
.stl files and imported to Simplify3D where they can now be easily aligned by 
matching their X, Y and Z offsets. 

 

The models were then imported to Simplify 3D slicing software to generate 3D 

printable .gcode files. Alignment can be accomplished in Simplify3D by matching the X, 
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Y and Z offsets for both the conductive and dielectric models. The printing parameters 

used for each filament are listed in Table 2. When printing separator material for the 

capactitor, PLA and Bronze-fill was over-extruded slightly to ensure each separator layer 

was completely solid and would not short. Another important note is the thermal 

expansion of Electrifi is significantly different from PLA and it thus requires a higher 

extrusion multiplier to print solid traces. No heated bed was used on any of these prints 

to preserve the conductive properties of Electrifi. Instead, items were printed on BuildTak 

and painter’s tape surfaces at room temperature.  

 

Table 2: Printing Parameters 

Material Extrusion Temp (°C) Print Speed (mm/s) Extrusion Multiplier 
 

PLA 
 

185 - 190 
 

30 - 40 
 

0.9 - 1.05 
Bronze-fill 195 20 1.1 
Proto Pasta 190 40 1.0 
Black Magic 190 40 1.0 

Electrifi 140 15 1.15 
 

3.2 Results 

Before testing fabricated samples, silver paste from Electron Microscopy Sciences 

was applied to the contact pads/screw terminals of each sample and allowed to dry for at 

least 24 hours before testing to minimize contact resistance from the test leads. 
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3.2.1 Conductor 

Fig. 21A shows printed traces of commercially available conductive materials 

measuring 2 x 2 x 50 mm. The impedance magnitude |Z| and phase behavior of each trace 

was measured over a range of frequencies from 1 Hz to 5 MHz (Fig. 21B-C). A single-

sided, 1 oz (35 µm thick) Cu PCB trace of identical length and width was also tested for 

comparison. The phase of the Cu PCB trace increases at 1 kHz as it becomes inductively 

reactive, but resistance of the carbon-based materials is so large that minimal inductive 

reactance was observed over the range of frequencies tested. In contrast, inductive 

reactance was observed in the Electrifi trace, but its contribution began at a frequency 100x 

higher (100 MHz) than the Cu PCB trace.  Interestingly, the impedance of the Cu PCB 

trace is roughly equivalent to the Electrifi impedance at 1 MHz.  
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Figure 20: Electrochemical Impedance Spectroscopy analysis of printed 
conductive traces. (A) 2 x 2 x 50 mm traces of Electrifi, Black Magic, and Proto Pasta 

conductive filaments were printed. Electrochemical Impedance Spectroscopy was then 
performed over the frequency range 1 Hz – 5 MHz on each material to discover their (B) 

impedance and (C) phase behavior. The impedance and phase of a 1 oz Cu PCB trace of the 
same length and width was also measured (orange line) for comparison. 
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The mechanism of failure for the conductive properties of Electrifi is due to Joule 

heating effects. As the current density increases, heat will be generated according to 

Joule’s law. This effect is mitigated, however, by the exposed surface area of the conductor 

which allows for the dissipation of heat to the environment. Therefore, the maximum 

current density of the material is a function of both the volume of the conductor and its 

exposed surface area. This relationship can be described using a combination of the 

equations for Joule heating and Newton’s law of cooling: 

𝑗 =
𝑈∆𝑇
𝜌

⋅
𝐴T6
𝑉

 

where 𝑗 is current density, 𝑈 is the overall heat transfer coefficient, ∆𝑇 is the difference in 

temperature between the core of the conductive trace and the surroundings, 𝜌 is the 

resistivity of Electrifi, 𝐴T6 is the exposed surface area of the conductive trace, and 𝑉 is its 

volume. 

Figs. 22A&B show several printed traces and a plot of their DC current density to 

failure as a function of the surface/volume ratio. Measurements were taken on a Keithley 

2400 SourcMeter. Applied current was slowly increased at a rate of 1 mA per 5 s. Current 

density to failure was defined as the current at which the resistance of the sample 

increased by 50%. The equation from the linear fit of the data can be used to design 

conductive traces with adequate current-carrying capacity for a particular application. If 

it is required, strategies for increasing the current per gram of material used may include: 

a) using multiple parallel traces with higher total surface area rather than a single thick 
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trace, b) applying thermally conductive compounds to accelerate heat dissipation, or c) 

incorporating active cooling. 

 

 

Figure 21: Maximum Current Density. (A) 20 mm long printed conductive 
traces with varying cross-sectional areas. Ag paste was applied to contact pads to 
minimize contact resistance. (B) Maximum current density of printed traces as a 
function of surface area to volume ratio. 

 

In addition to current density, the operating temperature was also considered. Fig. 

23 shows the result of both a printed trace of Electrifi and an unprinted section of Electrifi 

filament. The samples were suspended between two alligator clips during testing. The 

alligator clips were connected to a Fluke multimeter and the resistance measurements 

were performed in situ. The results are very similar and show stable resistance behavior 

up until 50 °C. After which, however, the resistance increases rapidly as the material 

begins to soften. Beyond 60 °C both samples were completely severed.  
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Figure 22: Effect of Operating Temperature on the Resistance of Electrifi. 

 

The flexibility of the conductive materials was also investigated by bending 100 

mm long, 2 mm wide, and 1 mm thick traces in half (Fig. 24). Black Magic could not 

complete 1 bend cycle before fracturing while Proto Pasta fractured on the second bend. 

Electrifi, on the other hand, was bent 180 degrees for 500 cycles. The results show that the 

resistance approximately doubles during the first few cycles. This trend is subsequently 

diminished, however, as the resistance becomes relatively stable with continued bending 

cycles.  The greater flexibility of Electrifi is likely due to the fact that it is made from a 

more flexible biodegrable polyester rather than the PLA used in the carbon-based 

filaments. 
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Figure 23: Bending test on 100 mm long x 2 mm wide x 1 mm high conductive 
traces. The printed traces were repeatedly bent in half 180 degrees and resistance 

measurements were taken periodically in the unbent orientation. Black Magic 
snapped on the first bend, while Proto Pasta snapped on the second bend. Electrifi 

was bent 500 times without snapping. 

 

After observing the favorable flexibility tests for Electrifi shown in Fig 24, I 

designed a flex PCB with the material to demonstrate this capability. One desirable trait 

of printing fabrication methods is their compatibility with flexible substrates. However, 

issues involving delamination or mechanical damage often occur when conductive traces 

are printed onto the surface of plastic films. Multimaterial 3D printing can be particularly 

useful as the flexible conductive traces can be embedded in the flexible substrate resulting 

in enhanced mechanical stability. Figs. 25A-C show a flexible organic photovoltaic (OPV), 

flexible supercapacitors (SC), and a flexible control circuit (CC) are all interfaced with one 
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another using a fully printed flexible circuit board which I designed and printed using 

Electrifi as the conductive material and PLA as the dielectric. Complete details regarding 

the characterization of the device will soon be published elsewhere. 

 

 

Figure 24: Flexible 3D printed circuit board. (A) This PCB is interfaced with an 
OPV, supercapacitors, and a control circuit. (B) The OPV charges the supercapacitors 
and powers sensors and a display simultaneously through the PCB’s conductive 
traces. (C) The light is turned off and after 20 seconds the display and sensors are still 
receiving power through the PCB from the supercapacitors. 

 

3.2.2 Resistor 

When a resistive element is desired in a 3D printed circuit it is necessary to achieve 

predictable, and reproducible resistance values. This can be achieved by altering the 

dimensions of the resistive element and the material it is comprised of. Fig. 26A shows 

that by simply varying the cross-sectional area of 50 mm long printed traces resistors with 

different values ranging from approximately 10 ohm - 10 Kohm can be obtained. Fig 26B 
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shows a linear trend can be obtained from these results with an excellent correlation which 

follows Ohms law:  

𝑅 = 𝜌	𝐿/𝐴 

where R is the resistance, L is length, 𝜌 is resistivity, and A is cross-sectional area. From 

these linear fits we determined the resistivities of the printed filaments to be 12, 0.78, and 

0.014 ohm cm for Proto-pasta, Black Magic 3D, and Electrifi, respectively. Not only do 

three materials enable one to 3D print resistors with a wide range of commonly used 

values, they allow one to customize the resistance to best fit a desired application.  

 

 

Figure 25: Printed resistors. (A). Thin 0.5 mm wide, 50 mm long traces with 
varying heights were printed using Electrifi (shown), Black Magic and Proto Pasta. 
The resistance of each trace was measured using a multimeter and their resistance as a 
function of inversed cross-sectional area was plotted showing a good linear 
relationship for each. 



 

62 

3.2.3 Capacitor 

Parallel plate capacitors were 3D printed using Electrifi as the conductive material, 

and two types of PLA, Black-pigmented and bronze particle-filled, as the dielectric. The 

overlapping dimensions of the parallel plates is 10 mm x 10 mm with a vertical separation 

distance of 0.2 mm (Fig. 27A). The following equation shows that for a parallel plate 

capacitor the magnitude of capacitance can be easily tuned by altering 4 parameters:  

𝐶 = 𝑛	(𝑘𝜀_0	𝐴)/𝑑 

where k is the relative dielectric permittivity of the separator, A is the overlapping area of 

the conductive plates, d is the separation distance between plates, and n is the number of 

stacked capacitors. Relative permittivity can be altered by changing the separator 

material, and the geometry (A, d, and n) can also be varied to achieve a desired capacitance 

value.  

In order to evaluate the versatility of the FFF 3D printing technique we chose to 

focus on this scaling behavior of n. The number of stacked layers was varied from 1 to 5, 

and Fig. 27B shows the capacitance values obtained from a C1 + R1 equivalent circuit fit 

of an EIS measurement. The capacitance scaled linearly with the number of stacked layers 

for capacitors made with either black PLA or Bronze-fill PLA. Using the measured 

capacitance and equation 4, we calculated the dielectric constant k of black PLA to be 2.66, 

which is in good agreement with literature reported values ranging from 2.4 to 2.8.112,113 

As expected, bronze-filled PLA exhibited higher capacitance values because the 

incorporation of metal particle filler increases the dielectric constant.114 
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Figure 26: 3D Printed Parallel Plate Capacitors. (A) Half-slice view of the 
printed five-layer parallel plate capacitor with black PLA separator. (B) Linear 
behavior in the change in capacitance as a function of number of stacked parallel 
plate layers for two different separator materials indicating that predicting the value 
of capacitance in a 3D printed capacitor is possible by varying the number of stacked 
layers and/or changing the separator material. 

 

3.2.4 Inductor 

An air-core spiral inductor was used to evaluate the potential for 3D printing 

inductors with Electrifi filament (the carbon-based filaments are not sufficiently 

conductive to serve as inductors). This type of inductor is the most common in RF 

electronic circuitry. Circular spiral inductors are the most efficient of spiral inductors but 

square spiral inductors are most often used because semiconductor processes restrict 

spiral angles to 90 degrees.115 3D printing processes, however, do not have such 

limitations. Therefore, we chose to use circular shaped inductors. Three different 

inductors were fabricated with the number of turns being varied from 5 to 9. Dual printing 
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was necessary to fabricate these structures as the innermost coil of a spiral inductor must 

bridge over or under the inductor to connect to the rest of an electrical circuit as shown in 

Fig. 28A. We used PLA as an insulating dielectric material in our structures. EIS data was 

fit to an L1 + R1 equivalent circuit model to obtain inductance values (Fig. 28B solid line). 

Wheeler’s approximation (Equation 3) was used to calculate the predicted inductance for 

these geometries, 

𝐿 =
𝑟;𝑛;

8𝑟 + 11𝑤
 

where L is inductance in µH, r is the mean radius of the inner and outer edges of your 

spiral in inches, n is the number of turns, and w is the width of the coil in inches.116 This 

formula is accurate to within 5% when the magnitude of w is greater than 20% of r. The 

equation was applied to our printed inductor geometries and plotted for comparison to 

the measured inductances (Fig. 28B dotted line). A good correlation is evident despite a 

systematic error of 0.2 µH in the measurements. The parameters used in this calculation 

are included in Table 3. 
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Figure 27: 3D Printed Inductors. (A) Micro CT image of 3D printed spiral 
inductor in top-view and side-view. (B) Inductance as a function of number of turns. 
(C) Demonstration of wireless power reception using the 9 turn spiral inductor. (D) 
Oscilloscope measurement of the transmitted and received waveforms. 

 

As a simple demonstration of wireless power transfer capability via inductive 

coupling a commercial wireless phone charger was used to power an LED (Fig. 28C). Fig. 

28D shows the transmitted and received waveforms during the wireless power transfer 

process. Considering that this wireless power demonstration was not tuned to the 
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resonant frequency to maximize efficiency and yet still is able to collect enough power for 

the LED, it seems the power transfer ability of the 3D printed inductor is quite promising. 

An additional thing to note is that this printed inductor also serves to demonstrate the 

ease with which FFF technology can enable conductive traces which can cross over one 

another as evidenced by the conductive traces which connect the inner rings of each spiral 

to the exterior.  

 

Table 3: Inductor Calculation Values Applied to Wheeler's Approximation 
Formula. 

Number of Turns n Mean Radius r Width of Coil w Inductance L 

 
5 

 
0.3937 

 
0.3937 

 
0.5180 

7 0.4724 0.5512 1.111 
9 0.5512 0.7087 2.016 

 

3.2.5 High pass filter 

To evaluate the performance of these 3D printed components in a functional 

circuit, a high pass filter was designed and printed using dual printing. High pass filters 

are commonly included in AC circuits whenever lower frequencies may cause signal 

interference. The fully 3D printed filter circuit consists of a 60 pF capacitor, a 2.2 µH 

inductor, conductive traces, PLA dielectric, and screw terminal breakouts (Fig. 29A). A 

sinusoidal waveform was applied to the input of the circuit and the output waveform was 

measured. The results showed that low frequencies were successfully filtered out with a 
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cutoff frequency, which is defined as the frequency at which 50% of the input signal is 

filtered (i.e., -3 dB), at approximately 7 MHz (Fig. 29B). The signal is filtered by ~20 dB per 

decade which is what one would expect from a first-order passive high filter circuit such 

as this. 

 

 

Figure 28: 3D Printed High Pass Filter. (A) Fully 3D printed high pass filter LC 
circuit. (B) Measured filtering characteristics for the functional high pass circuit. 

 

3.2.6 Mills-Cross Metasurface Frequency-diverse Antenna 

We then continued to explore the potential for utilizing our conductive filament at 

even higher frequencies by crossing into the microwave regime. To do so, we collaborated 

with David Smith’s lab of Duke University to develop a Mills-Cross metasurface antenna 

for imaging in the K-band frequency regime (17.5-26.5 GHz). Potential applications for 

such an antenna include security-screening, biomedical imaging, body-centric 
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communication and wireless power transfer. The frequency-diverse system is capable of 

imaging by means of a simple frequency-sweep in an all-electronic manner, avoiding 

mechanical scanning and active circuit components. Using the synthesized system, 

microwave imaging of objects is achieved at the diffraction limit. It is also demonstrated 

that the conductivity of the Electrifi polymer material significantly affects the performance 

of the 3D printed antennas and therefore is a critical factor governing the fidelity of the 

reconstructed images.  

The concept of frequency-diverse imaging relies on encoding scene information 

onto a set of frequency points. Operating over a certain frequency band, as the imaging 

frequency is swept, the fields radiated by the antennas sample the scene, which is 

reconstructed using computational imaging algorithms. 

Antenna choice is an important aspect for the design of a frequency-diverse 

imaging system. A critical factor governing the performance of an antenna for 

computational imaging is its quality (Q-) factor. The Q- factor of an antenna governs the 

orthogonality of the radiated fields produced by the antenna as a function of frequency. 

For a frequency-diverse antenna, it is desirable to maximize the Q-factor, minimizing the 

overlap between the radiated field patterns sampling the scene at adjacent frequencies. 

The overall coverage in the spatial frequency domain (k-space) is determined by the 

convolution of the radiated fields from a transmit and receive pair of antennas; 

minimizing correlation between the measurements amounts to ensuring that the 
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convolution of the fields covers as large a region of k-space as possible with minimal 

redundancy.117,118 

Usually frequency-diverse antennas are fabricated using machining, 

photolithography and laser printing. Although these manufacturing tools are highly 

accurate and reliable, they can be expensive and time-consuming. For example, previous 

work has shown that fabricating the frequency-diverse antennas in this way requires the 

machining of the metal structure by removing a large amount of material from a solid 

piece of metal.119 It also results in a heavy and bulky antenna. Alternative printed antennas 

require the use of high-precision printed circuit board (PCB) and laser etching printers, 

which are expensive.117,120-122 Moreover, whereas such printers are suitable to fabricate 

planar structures, they are not convenient for 3D designs.  

In this section, I demonstrate an alternative 3D printing approach using Electrifi 

to manufacture frequency-diverse metasurface antennas and demonstrate the use of such 

antennas for computational imaging applications. A simulation code, developed in David 

Smith’s lab, termed the Virtualizer123, is used to synthesize a composite aperture by 

employing an array of the 3D printed frequency-diverse metasurface antennas for 

imaging over the K-band frequency regime (17.5-26.5 GHz), thereby reducing our 

materials cost and fabrication time in the characterization of our 3D printed antenna.  

To measure the fields radiated by the antennas, we make use of a near-field 

scanning system, NSI 200V-3x3. By scanning the fields over a plane near the aperture, we 
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can determine the fields everywhere throughout the measurement volume by the 

aperture fields to the desired points. The near-field scanning approach to characterization 

obviates the need for full-wave simulations or for analytical models of the antenna 

properties. Iterative least-squares reconstruction algorithms were used in image 

reconstruction estimations.124  

To obtain the greatest diversity of radiation patterns from a frequency-diverse 

antenna, a number of parameters must be optimized, such as the quality factor (Q-factor), 

radiation efficiency, and Fourier space (k-space) sampling.117 The Q-factor plays the 

dominant role in determining the orthogonality of the fields radiated by the antennas at 

adjacent frequency points over the operating frequency band. Increasing the Q- factor is 

desirable in that it reduces the spatial overlap between radiation patterns, reducing the 

redundancy of the information collected from the scene as the frequency is swept. 

However, the Q-factor of a frequency- diverse antenna is inversely proportional to the 

radiation efficiency, which governs the signal-to-noise ratio (SNR) for imaging.120,125 As a 

result, there is a tradeoff between the Q-factor and the radiation efficiency of a frequency-

diverse antenna, which needs to be tailored for the requirements of the desired 

application. Because the Q-factor is such an important parameter for imaging 

applications, the use of cavity-backed apertures can be desirable for frequency-diverse 

antennas. The larger the volume of the cavity, the larger the Q-factor and the larger the 

number of usable radiation patterns available. In practice, the total number of useful 
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radiation patterns for imaging is limited by the space bandwidth product (SBP) or, 

equivalently, the diffraction limit associated with the aperture size.  

Recent work117-119 has reported the concept of cavity-backed, Mills-Cross 

metasurface antenna and demonstrated that these antennas have optimum characteristics 

for frequency-diverse imaging. In the Mills-Cross configuration, the radiating irises (or 

unit cells) on the receive and transmit antennas are perpendicular to each other and, if 

overlapped, form a Mills-Cross pattern for a given transmit and receive antenna pair. The 

radiating irises are sub-wavelength in size and can be circular slots for polarimetric 

imaging117,120,121,125 or rectangular slots for single polarization imaging119,126,127. The 

rectangular slot iris structure, which is also used in our 3D printed antenna, consists of 

multiple sub-wavelength slots of varying lengths (on the order of λ/4 - λ/2 over the K-

band) in order to flatten the radiation response of the antennas over the K-band frequency 

range.119  

The outer part of the 3D printed cavity was fabricated using dielectric PLA 

material while the inner walls of the cavity was constructed using Electrifi as shown in 

Fig. 30. The overall wall thickness of the 3D printed cavity is 10 mm, ensuring that the 

fabricated prototype is rigid, while the wall thickness for the conductive part is 1 mm, 

significantly reducing the 3D printing cost of the antenna. The wall thickness for the 

conductive part was chosen to be larger than the skin depth of the Electrifi material 

determined by the conductivity, σ=1.67*104 S/m.  
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Figure 29: Cross-section view of the 3D design of the air-filled Mills-Cross 
cavity metasurface antenna. Parts of the model printed with PLA and conductive 

polymer material (Electrifi) are indicated. 

 

As with other structures presented in this thesis, it should be noted that no heated 

bed was used for printing in order to maintain maximum conductivity of the Electrifi 

material. Due to the size of this model, however, this item was more challenging to 

fabricate without the use of a heated bed. In order to prevent warpage of PLA, which is a 

common problem when printing large items, a number of stress relief structures, 

including chamfered edge and cylindrical voids near the corners of the antenna model, 

were included in the model.(Fig. 31) BuildTak was used as the primary build platform, as 

it is compatible with PLA when no heated bed is used.  
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Figure 30: PLA model designed with stress-relief structures. 

 

As can be seen in Fig. 30 the cavity is fed in the center using a coaxial feed. In order 

to ensure that the wave is launched directly into the cavity and not into the dielectric PLA 

part, a conductive window was designed to guide the wave launched by the coaxial feed 

into the cavity. The as-fabricated 3D printed air-filled Mills-Cross antennas are shown in 

Fig. 32.  
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Figure 31: Fabricated 3D printed Mills-Cross cavity antennas. (A) Cavity base 
(top) with receive (bottom left) and transmit (bottom right) front covers. (B) 

Assembled receive cavity. (C) Assembled transmit cavity.  
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Following the fabrication, the quality factor (Q-factor) of the antennas was 

analyzed. The Q-factor of a frequency-diverse antenna can be investigated by analyzing 

the impulse response of the antenna in the time domain.117 Increasing the Q-factor results 

in a widened impulse response. Fig. 33A demonstrates the impulse response of the 

antennas measured using a vector network analyzer (VNA, Keysight N5222A) while the 

reflection coefficient pattern of the antennas across the K-band is shown in Fig. 33B. From 

the measured impulse-response pattern in Fig. 33A, the Q-factor of the 3D fabricated 

Mills-Cross antennas was calculated to be Q=300.  

A key parameter in the 3D fabrication of the Mills-Cross cavity antennas is the 

conductivity of the Electrifi conductive polymer material. For an imaging system 

synthesized using these antennas, it is important that the effect of material conductivity 

on the antenna performance is investigated. In view of this, we performed the full-wave 

simulations of the antennas in CST Microwave Studio and analyzed the impulse response 

patterns of the antennas as a function of different conductivity values; a) reducing the 

conductivity of the Electrifi material by a factor of 10 (σ=1.67*103 S/m), b) using the actual 

conductivity value of the Electrifi material (σ=1.67*104 S/m), and c) increasing the 

conductivity of the Electrifi material by a factor of 10 (σ=1.67*105 S/m). The obtained 

impulse response patterns as a function of conductivity are also shown in Fig. 33A. The 

radiation efficiency was calculated by means of analyzing the radiated fields measured 

using the near-field scanning system117,125 and is reported to be η=20%.  
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Figure 32: Q-factor determination. (A) Simulated and measured time-domain 
patterns as a function of material conductivity (𝝈). (B) Measured frequency-domain 

pattern. 

 

In order to use the 3D printed Mills-Cross antennas for imaging, a composite 

aperture needs to be synthesized. To this end, we use the Virtualizer123, an in-house code 

developed in the Matlab programming environment. Using the Virtualizer, we can model 

composite frequency-diverse apertures of any desired size and configuration (monostatic, 

bistatic and multistatic), by means of either analytically modelling or importing the near-

field scans of the fabricated antennas. Using the analytically calculated or measured fields 

in conjunction with Virtualized targets—collections of voxels each with assigned value of 

reflectivity—we can obtain accurate predictions of imaging performance. In view of this, 

we first import the experimental near-field scans of the 3D printed transmit and receive 

Mills-Cross antennas into the Virtualizer. At this stage the overall aperture consists of only 

two antennas. We then synthesize a larger multi-static aperture by populating an area 
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with another pair of these antennas, resulting in a composite aperture depicted in Fig. 

34A.  

The total number of measurement modes supported by the imaging system 

depicted in Fig. 34A can be given as 𝑀 = 𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡	𝑎𝑛𝑡𝑒𝑛𝑛𝑎𝑠	×

	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑟𝑒𝑐𝑒𝑖𝑣𝑒	𝑎𝑛𝑡𝑒𝑛𝑛𝑎𝑠	×	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦	𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔	𝑝𝑜𝑖𝑛𝑡𝑠. The frequency-

diverse antennas operate over the K-band (17.5-26.5 GHz), sampled at 201 frequency 

points, bringing the total number of measurement modes to M=804.  

The resolution limit is one of the key metrics in defining the performance of an 

imaging system. To confirm that the imaging is done at the diffraction limit of the 

synthesized aperture, we analyze the point-spread-function (PSF) of the aperture by 

imaging an array of point sources shown in Figure 34A. The scene is discretized into 3D 

voxels, with the dimensions of the voxels selected in accordance with the theoretical 

resolution limit of the synthesized composite aperture in range (x-axis), δr, and cross-

range (y-z plane), δcr, calculated using SAR resolution equations:128-130  

𝛿r =
𝐶
2𝐵

 

𝛿tr =
𝜆,G0𝑅
2𝐷

 

where c denotes the speed of light, B is the operating bandwidth (B = 9 GHz), λmin is the 

free-space wavelength at 26.5 GHz, R is the approximate distance of the target from the 

aperture (R = 50 cm) and D denotes the size of the overall aperture (D = 30 cm). Inputting 

these values the theoretical resolution limits of the synthesized aperture were calculated 
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to be 𝛿r = 0.94 cm and 𝛿tr = 1.67 cm, respectively. Accordingly, the scene discretization 

voxel size for imaging of the point-scatter target was selected to be ∆y = ∆z = 1 cm in cross-

range and ∆x = 1.5 cm in range, respectively. The least-squares reconstructed image of the 

target is shown in Figure 34B. The reconstructed image was up-sampled by a factor of two 

for plotting. These results indicate that the use of 3D printable conductive materials to 

fabricate high-frequency antennas for imaging applications is quite promising.  

 

 

Figure 33: Imaging of a point-scatter array. (A) Synthesized composite aperture 
and system layout. (B) Reconstructed image of the target. 

 

3.2.8 Hybrid Chip Insertion Technique 

Similar to the chip insertion capability demonstrated by the Voxel8, we can simply 

pause a print, insert a component, and print Electrifi over the contact pads of the 

component to complete the circuit.  To demonstrate this capability, a 3D model was first 



 

79 

designed which included a cavity in the shape of the package for a 5050 LED. The model 

was then printed and the printing process was interrupted at the top of the cavity. The 

interruption is performed at the right time by editing the .gcode file prior to printing to 

include an M226 pause command at the appropriate location. The 5050 LED was then 

manually placed into the cavity as shown in Fig. 35A. After the print is resumed, 

conductive traces are printed over the top of the LED contacts. Screw terminals were used 

to connect a battery to the circuit and the successfully and brightly lit LED is shown in 

Fig. 35B. This simple example demonstrates that when the use of high-performance 

integrated circuit components is desired, they can easily be integrated into 3D objects 

using FFF. 
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Figure 34: Print-in-Place Technique for Incorporating Off-the-Shelf 
Components. (A) The printing process is paused and an LED is placed into a cavity 
before resuming the print. (B) After resume, conductive traces are printed on top of 
the LED contacts. (C) When the print process is complete, the LED component is fully 
embedded. (D) Screw terminals are used to attach a battery to the Electrifi traces and 
light the LED. 

 

Another method for integrating off-the-shelf components takes advantage of the 

thermoplastic matrix to enable an easy way to insert components into conductive traces 

after printing is complete. Fig. 36A shows a Micro-CT image of a dual print with 
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embedded conductive traces which was fabricated to demonstrate the technique. As with 

previous examples, the print was performed with autolifting hotends to eliminate 

shorting of the conductive traces (Fig. 36B). After printing was complete, JST connectors 

were installed via screw terminals so that a battery could later be connected (Fig. 36C). 

Next, the conductive contacts were re-heated by blowing hot air them with a solder reflow 

tool (Fig. 36D). Once the material exceeds its glass transition temperature it softens. At 

this point, it is possible to simply press components into the printed traces (Fig 36E). The 

completed T-800 model with embedded electrical circuit is shown in Fig 36F lighting the 

LEDs. This technique can enable easy access to components for upgrades/replacements. 

However, the fully-embedded approach enables superior mechanical stability.  
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Figure 35: Press-in-Place Technique for Incorporating Off-the-Shelf 
Components. (A) Micro-CT image of 3D model with embedded circuitry. (B) The 
model is fabricated by utilizing dual FFF printing. (C) Screw terminals were 
incorporated in the model to provide power to the circuit. (D) The contact pads are 
heated with a solder reflow tool to soften the thermoplastic matrix. (E) LED 
components can be pressed into the Electrifi contacts while soft. (F) After connecting 
the battery the completed electrical circuit powers the LEDs. 
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3.2.9 Freestanding Conductive Structures 

A distinct advantage conductive thermoplastics have over conductive inks/pastes 

is enhanced design freedom in the z axis. Figs. 37A&B demonstrates how this capability 

can be exploited to fabricate useful conductive 3D structures. Here a hollow pyramid 

structure with 0.5 mm thick, 35 mm tall walls at 70 degrees angles printed with Electrifi. 

Such structures are often used in radio frequency (RF) applications as horn antennas.  

 

 

Figure 36: Printing of Freestanding Structures. (A) Thin-walled hollow 
pyramid structure printing in vase-mode. (B) The completed structure is 0.5 mm thick, 

35 mm tall, with 70 degree angled walls. 

 

4. Summary and Conclusion 
The field of printable electronics, both 2D and more recently 3D, is an active and 

growing area of research. The utilization of ink-based printing techniques for the 

manufacture of certain electronic devices is currently underway and their prevalence is 
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projected to increase considerably in the future.  More work is needed to develop suitable 

electronic materials compatible with available printing methods, however. I anticipate a 

printable non-volatile memory of sufficient quality for practical use like the one I have 

presented here in Chapter 2 will be a welcome addition to the field which could enable 

low-cost wearables for medical applications, for example, to monitor and record patient’s 

symptoms, enable real time adjustment of dosage to suit a patient’s needs, and record 

symptom-related data to facilitate medical diagnoses. 

3D printing, as it relates to electronics, is still very much in its infancy. I have 

demonstrated in Chapter 3 that by combining conductive thermoplastic materials with 

FFF fabrication techniques on inexpensive 3D printing machines, a wide range of 3D 

electronic components and circuits can be easily can be made for both AC and DC 

applications. Moreover, I expect that the ability to fabricate freestanding conductive 

structures will allow for increasingly complex electronics to be developed which take full 

advantage of all three spatial dimensions. The examples I have presented should be 

viewed as a first step. Further work is needed to increase the conductivity of the 

conductive material, and to identify and characterize new materials and methods for 3D 

printing electronics.  

Generally speaking, printable electronic materials will struggle to perform as well 

as their conventionally manufactured counterparts. However, this reality does not mean 

printable electronics materials and techniques are lacking in value. It is important not to 
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view printable electronics as a possible replacement for conventional electronics. Rather, 

I believe printable electronics will be increasingly used a complementary addition to 

conventional electronics materials. When ultra low-cost is most important as would be the 

case in the manufacture of trillions of RFID tags to make up an internet of things, then 

ink-based printing techniques would be ideal. If customizability is key and/or the location 

where a need exists is remote (e.g. on the International Space Station), then 3D printing 

may be the best option to fabricate desired electronics. Of course when high performance 

electronics are required, conventional electronics manufacturing techniques utilizing 

silicon-based fabrication methods will continue to be utilized. However, the hybrid chip 

insertion technique, which I demonstrated in Chapter 3, is beginning to show that both 

printing and conventional electronics manufacturing techniques can be utilized in the 

same device, taking advantage of the strengths of each method. The combination of 

customizability and on-site/on-demand fabrication that one gets from additive 

manufacturing with high performance integrated circuits made by conventional 

manufacturing techniques may enable the creation of a whole new class of electronic 

devices and because of this I believe it would be wise for researchers to continue to 

investigate this capability.   
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