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Abstract—In the past decade, additive manufacturing and 
printed electronics technologies have expanded rapidly on a 
global scale. As the additive manufacturing techniques have 
become more capable and affordable, and able to work with a 
broader range of materials, the machines are increasingly being 
used to make advanced products at significantly lower costs and 
risks. The additive manufacturing industry is populated by a 
broad family of technologies, and the present paper provides an 
overview of key additive manufacturing technologies and their 
impact on materials processing, device applications, and future 
markets. Our R&D efforts on the development of core 
technologies for the realization of flexible electronics, and 3D 
microscale structures are also highlighted.   

Keywords—additive manufacturing; inkjet printing; flexible 
devices; 3D printing  

I.  INTRODUCTION  
Additive manufacturing technologies employing, metal, 

dielectric, polymer, and semiconducting materials are creating 
a world of possibilities decoupling product development time 
and complexity of design [1-3]. Besides the ability to 
manufacture highly complex parts at high resolution, the high 
recycling rate of additive manufacturing leads to a reduction of 
material waste compared to conventional subtractive 
manufacturing processes. Inkjet based contact-free printing 
technologies are gaining interest in low-cost, large area 
production of high performance electronic devices and systems 
meeting the cost, functionality, and environmental demands. 
The possibility of manufacturing semiconductor devices on 
flexible substrates opens up a wide expanse of new applications 
that were not practical with traditional electronics. Current state 
of the art inkjet printers are capable of printing functional 
electronic circuits with line-widths as small as 10µm. The 
inkjet printing technology will play an increasingly dominant 
role in shaping the printed electronics which is emerging as an 
estimated $300 billion market [4]. The additive printed 
electronics technology in combination with additive 
manufacturing technologies is opening up new possibilities for 
conformal electronic circuits and systems embedded in 
advanced 3D structures [5-7]. The 3D additive manufacturing 
(AM) technologies are advancing at a rapid pace since their 
introduction more than 20 years ago. AM systems have been 
used in a variety of applications ranging from conventional 
prototyping and rapid tooling to more advanced applications 
such as medical implants, aerospace and automotive 
manufacturing, 3D electronic devices, and micro-systems [8-

12]. Not only does additive manufacturing remove the 
traditional limits on part geometry, but highly complex 
components can also be fabricated faster while consuming less 
material and using less energy. From an engineering and design 
standpoint, AM technologies are becoming more accurate with 
features ranging from micron-sized to building sized. The 
combination of 3D microscale structures and additive printed 
electronics is going to have a significant impact on the 
functionality and component design, manufacturing processes, 
and business model.  

Oak Ridge National Laboratory is working with additive 
manufacturing equipment manufacturers and end users to 
revolutionize the way products are designed and built. Through 
collaboration with every aspect of the manufacturing supply 
chain, ORNL is identifying the critical equipment and materials 
advancements required to establish additive manufacturing as a 
mainstream manufacturing process and help realize the vast 
potential of this technology. R&D projects currently underway 
will ensure additive manufacturing center-stage status in the 
next generation manufacturing process.  The aim of this paper 
is to highlight core AM technologies, and R&D efforts at 
ORNL focused on advanced additive manufacturing 
technologies. 

II. DIRECT WRITE MANUFACTURING  

A. Inkjet Printing Technology 
In the last few years, there has been growing interest in the 

development of additive manufacturing and all printed 
electronics to meet the manufacturing technology demands of 
higher functionality, reduced material usages and device 
dimensions, and lower energy consumption of products. The 
range of materials being processed by additive manufacturing 
techniques is growing rapidly, and the material list includes 
organic/inorganic semiconductors, biomaterials, conductive 
nanoparticles and polymers, dielectrics, ferromagnetic 
materials, and superconductors. Printed electronics by direct 
writing techniques show promise for use in a wide range of 
active and passive device applications, such as thin film 
transistors, OLED lighting, solar cells, RFIDs, antennas, 
inductors, capacitors, interconnects, sensors, and displays [13-
15]. The increasing demand in flexibility in electronics 
production has become the driving force for the development 
of current manufacturing methods and encourages seeking of 
new manufacturing processes. Additive digital printing offers 
new possibilities to electronics integration by enabling direct 
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writing on even nonplanar surfaces and interconnects without 
specific substrates for integration. Digital production 
technologies, such as inkjet printing, have the potential to 
produce a variety of products on the same manufacturing line. 
The inkjet technology offers significant advantages with 
respect to simplicity, resolution, flexibility, and costs over 
existing technologies. All kinds of hybrid applications can also 
be envisioned as a result of co-integration with the 
conventional technology. As an example, as shown in Fig. 1, it 
is foreseeable that a smart sensor system integrated on flexible 
substrates will evolve towards all printed technological solution 
taking us towards “peel-and-stick” wireless sensors. Various 
R&D efforts at ORNL are focused on the co-integration of 
existing in-house materials and device technologies to realize 
such a multifunctional sensor platform.   

The inkjet printing technology offers significantly higher 
print resolution as compared to conventional screen printing 
technology. In inkjet printing technique, the material loss is 
minimal, as shown in Fig. 2, due to additive approach; no 
functional materials are removed as in masking process. The 
elimination of masking and etching steps alone results in 
reduced material waste, energy consumption, and processing 
time and steps. In the all-additive approach, the materials are 
deposited with controlled location and geometries. Multiple 
materials (metal, dielectric, and semiconductor) can be 
deposited in the same process phase employing several 
printheads, thus eliminating several process steps. Furthermore, 
inkjet is a non-contact deposition method, which makes it 
applicable to a broad range of substrates (e.g. metals, ceramics, 
polymers, and silicon) with characteristic porosity and surface 
energy. The attainable line widths with a commercial drop-on-
demand inkjet are approaching 20µm while reports of finer line 
widths (~1µm) are already emerging.  

Recently, there has been significant development in the use of 
inkjet technology for printing diverse functional materials, and 
currently conductive, dielectric, and semiconductive inks are 
available for the development of a complete electronic system 
with a single inkjet printer [16-18]. The inkjet printing of the 
conductive metal inks is probably the most mature and 
extensively researched topic.  A variety of nanoparticle based 
colloids are used as ink, such as silver, copper, gold, nickel, 
etc., due to their good electrical properties. As listed in Table I, 
the metal ink performance has improved significantly over the 
years, and the conductivity values are fast approaching the bulk 
values with improvements in the ink quality and advances in 

 
Figure 1.  A multifunctional sensor platform for smart buildings. 

 

 
Figure 2.  A comparison of substractive IC processing and additive priniting 

approch for thin film device development. 

TABLE I.  THE NANOPARTICLE METAL INK PERFORMANCE IN 
COMPAISON TO BULK MATERIAL. 

 

thermal annealing techniques and systems. The current metal 
ink conductivities are acceptable for a wide range of PCB and 
interconnect applications. The electrical performance of 
applications created using printed electronics is not at the same 
level as that of Si-based electronics. However, the advances in 
the materials and processing technology are continuously 
pushing the performance limits. 

B. Pulse Thermal Processing Technology 
Novel low temperature, low thermal budget annealing 

techniques are required to realize highly functional materials 
and devices on flexible substrates. Fig. 3 shows the key 
enabling components for the realization of low cost, low 
temperature flexible electronics. The pulse thermal processing 
(PTP) technique is being explored at ORNL for the 
development of cost-effective, high yield, and high quality 
integrated thin films and devices on low temperature substrates. 
This technology offers the ability to expose large areas of 
material to an extremely high energy flux during a very short 
period of time meeting the demands of roll-to-roll 
manufacturing technology. The PTP technique has the ability 
to thermally process thin layers of material at several hundred 
degrees Celsius while restricting the thermal exposure of 
underlying materials to a small percentage of that temperature 
[19]. Thus, this technology has the potential to dramatically  
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Nanoparticle Ink 
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(µΩ-cm) 
Ag 1.6 2 
Cu 1.7 5 
Al 2.8 5 
Ni 7.0 20 

 



 
Figure 3.  Realizing multifunctional materials and devices: Key enabling 

components. 

impact the manufacturing and thermal processing of a wide 
range of thin film products. The general benefits of Pulsed 
Thermal Processing with the plasma arc lamp are low thermal 
budget, increased throughput, higher heating rates, the ability 
to process on lower temperature substrates, and being able to 
control diffusion on the nanometer scale. 

Novacentrix and ORNL have been developing the 
technology for pulsed thermal annealing over the past several 
years. The high-density plasma arc lamp facility at ORNL is 
capable of producing extremely high power densities of up to 
20 kW/cm2. In September of 2008, Novacentrix purchased the 
license to commercially develop ORNL’s Pulsed Thermal 
Processing technology. The PulseForge 3300 is the latest 
system in NovaCentrix’ series of advanced photonic processing 
tools. PulseForge 3300 tool is designed to process materials 
demanding higher energy levels, such as silicon, zinc oxide and 
ceramics, used for printed logic, display, battery, and 
photovoltaic applications. The system is designed for roll-to-
roll and conveyor-based material processing with peak 
production rate approaching 300 meter/minute. The PulseForge 
3300 tool incorporates advanced engineering and it is capable 
of delivering extremely high power in very short pulses (as low 
as 30 microseconds). The broadband lamp spectrum is suitable 
for processing both the thermal and UV-processed material 
sets. The temperature sensitive substrate supporting the sample 
can be a biomaterial, polymer, resin, metal, ceramic, or 
semiconductor. The pulse thermal processing setup at ORNL is 
suitable for small scale and pilot production, as well as full-
speed production when needed. The same PulseForge tool and 
process conditions can be used for development as well as full-
scale commercial production. 

Extensive R&D work is being carried out at ORNL on low 
temperature material and device development. The PTP 
technique has been explored for the development of diverse 
functional materials ranging from quantum dots to bulk 
ceramics. Fig. 4 shows some of the device applications enabled 
by low temperature, low thermal budget pulse thermal 
processing technique. The PTP fluence and thermal budget 
have been successfully exploited for diverse applications: ultra-
shallow junctions in CMOS, sintering of quantum dots to 
improve quantum efficiency for solid state lighting, 
crystallization of cathode materials for batteries, glass 
strengthening by photonic curing, metal sheets from 
nanoparticles, flexible solar cells, structured materials for 
automobiles, etc [20-23].  

 
Figure 4.  Low temperature electronics enabled by pulse thermal processing 

technology. 

III.  HYBRID ADDITIVE MANUFACTURING 
The versatility, flexibility, and simplicity of additive 

manufacturing processes and great potential for time and cost 
savings in comparison to conventional manufacturing 
technologies have resulted in a rapid rise in worldwide R&D 
efforts focused on diverse materials and systems.  Since their 
introduction more than 20 years ago, AM has become an 
integral part of modern product development and the AM 
systems have been used in a variety of applications ranging 
from conventional prototyping and rapid tooling to more 
advanced applications such as aircraft and automotive parts, 
medical devices, buildings technology, medical implants, 3D 
electronic devices, and space technology. From a business-
strategic standpoint, AM technologies are becoming faster, 
cheaper, safer, more reliable, and environmentally friendly. 
The technology manufactures parts for every phase of the 
product life cycle - from predevelopment and prototyping up to 
rapid manufacturing or the supply of spare parts; essentially, 
moving design rules from a "manufacturing-driven design" to a 
"design driven manufacturing approach".   

Various AM techniques offer the capability to process 
mechanically capable and geometrically accurate components 
with unique internal geometrical complexity. The 
representative AM processes include stereolithography (SL) 
using a laser and liquid photocurable resin, beam  sintering 
using a laser or an electron beam and powder material, fused 
deposition modeling (FDM) using heated extrusion nozzles and 
solid thermoplastic filament, ultrasonic additive manufacturing 
(UAM) for low temperature rapid prototyping, and 3D printing 
(3DP) using inkjet printer heads and liquid jettable 
photocurable resin.  The layer thickness and vertical 
dimensional accuracy of these AM techniques are now well 
below the level of 100µm.  

The advances in the AM techniques have only recently 
been explored in the context of electronics integration. The 
hybrid additive manufacturing enabled by the design freedom 
of AM techniques and additive printed electronics technology 
is changing not only how things are made, but what is made. 
The combination of additive manufacturing approaches to form 
hybrid 3D structures of arbitrary and complex form with 
directly integrated printed electronics offers unique 
functionality and market opportunities while addressing the 
cost/performance demands of the manufacturing technology. 



The hybrid AM merges the boundary line between component 
development and system integration.  The co-integration of 
roll-to-roll manufacturing technology with AM techniques will 
lead to entirely new products and markets. Embedding of 
electronics components in 3D structures will allow a high 
degree of miniaturization, and eliminate the need for discrete 
electronic components and wiring network to realize a highly 
functional system at reduced cost and weight. The 3D 
integration of metal, dielectric, and semiconducting materials 
and interconnects can realize a complete microelectronic 
system co-integrated with 3D structure. Diverse active and 
passive components such as resistors, capacitors, inductors, rf, 
TFTs, batteries, and solar cells can be integrated on 3D 
structures to form novel devices and structures. The concept of 
hybrid additive manufacturing has been well demonstrated with 
the printing of a conformal sensor, antenna, and power and 
signal circuitry directly onto the FDM printed wing of a UAV 
model. The Optomec’s 6-axis 3D printing utilizing Aerosol Jet 
technology shows promise for true 3D printed electronics with 
current line widths approaching 10µm which is sufficient for 
diverse electronic components and circuits [24]. In another 
hybrid AM approach, curved-layer fused deposition modeling 
(CLFDM) has been exploited to print curved plastic parts that 
have conductive electronic tracks and components printed as an 
integral part of the plastic component [6].  Many aspects of 
technology development such as high resolution additive 
processes, flexible substrates, and low thermal budget 
processing are coming together to realize low cost, multi-
functional printed electronics. Extensive R&D efforts are 
underway at ORNL’s Manufacturing Demonstration Facility 
with focus on technologies impacting numerous application 
areas, from aeronautic to robotic and automotive to biomedical.  

IV. CONCLUSIONS 
The increasing competition and shortage of resources raise 

a challenge for future manufacturing technologies. Additive 
manufacturing has become an integral part of modern product 
development and the industrial applications are apparent in 
diverse technology areas. Our efforts on inkjet printing and low 
thermal budget pulse thermal processing techniques are critical 
to realize the hybrid additive manufacturing technology based 
on the co-integration of 3D structures with printed electronics. 
Through collaboration with every aspect of the manufacturing 
supply chain, ORNL is identifying the critical equipment and 
materials advancements required to establish additive 
manufacturing as a mainstream manufacturing process and help 
realize the vast potential of this technology.  

REFERENCES 
[1] R. Parashkov, E. Becker, T. Riedl, H-H Johannes, and W. Kowalsky, 

“Large area electronics using printing methods”, Proceedings of the 
IEEE, vol. 93, pp. 1321-1329, 2005. 

[2] B. Berman, “3-D printing: The new industrial revolution”, Business 
Horizons, vol. 55, pp. 155-162, 2012. 

[3] J. van den Brand, R. Kusters, M. Barink, and A. Dietzel, “Flexible 
embedded circuitry: A novel process for high density, cost effective 
electronics”, Microelectronic Engineering, vol. 87, pp. 1861-1867, 2010. 

[4] R. Das and P. Harrop, “Printed, Organic & Flexible Electronics 
Forecasts, Players & Opportunities 2011-2021”, IDTechEx Business 
Report, Internet: www.idtechex.com 

[5] M. G. Urdaneta, R. Probst, P. Y. Stepanov, I. N. Weinberg, and S. T. 
Fricke, “Goodbye wires and formers: 3-D additive manufacturing and 

fractal cooling applied to construction of MRI gradient coils”, IEEE 
Nuclear Science Symposium And Medical Imaging Conference, pp. 
2479-2482, 2011. 

[6] O. Diegel, S. Singamneni, B. Huang, and I. Gibson, “Curved layer fused 
deposition modeling in conductive polymer additive manufacturing”, 
Advances In Mechanical Design, Pts 1 and 2  Book Series: Advanced 
Materials Research, vol. 199-200,   pp. 1984-1987, 2011. 

[7] A. J. Lopes, E. MacDonald, and R. B. Wicker, “Integrating 
stereolithography and direct print technologies for 3D structural 
electronics fabrication”, Rapid Prototyping Journal,  vol. 18, pp. 129-
143, 2012. 

[8] A. Pique, S. A. Mathews, B. Pratap, R. C. Y. Auyeung, B. J. Karns, and 
S. Lakeou, “Embedding electronic circuits by laser direct-write”, 
Microelectronic Engineering, vol. 83, pp. 2527-2533, 2006. 

[9] R. van Noort, “The future of dental devices is digital”, Dental Materials, 
vol. 28, pp. 3-12, 2012. 

[10] F. P. W. Melchels, M. Domingos, T. J. Klein, J. Malda, P. J. Bartolo, 
and D. W. Hutmacher, “Additive manufacturing of tissues and organs”, 
Progress in Polymer Science, vol. 37,    pp. 1079-1104, 2012. 

[11] C. Emmelmann, M. Petersen, J. Kranz, and E. Wycisk, “Bionic 
lightweight design by laser additive manufacturing (LAM) for aircraft 
industry”, Proc. Of SPIE, vol. 8065, pp. 80650L-1 – 80650L-12, 2011. 

[12] M. D. Monzon, N. Diaz, A. N. Benitez, M. D. Marrero, and P. M. 
Hernandez, “Advantages of fused deposition modeling for making 
electrically conductive plastic patterns”, International Conference on 
Manufacturing Automation, pp. 37-43, 2010.  

[13] K. Futera, M. Jakubowska, and G. Koziol, “Printed electronic on flexible 
and glass substrates”, Proc. Of SPIE, vol. 7745, pp. 77451A-1 – 
77451A-6, 2010. 

[14] V. Sanchez-Romaguera, M-B Madec, and S. G. Yeates, “Inkjet printing 
of 3D metal-insulator-metal crossovers”, Reactive & Functional 
Polymers, vol. 68, pp. 1052-1058, 2008. 

[15] D. Briand, F. Molina-Lopez, A. V. Quintero, C. Ataman, J. Courbat, and 
N. F. de Rooji, “Why going towards plastic and flexible sensors?”, 
Procedia Engineering, vol. 25, pp. 8-15, 2011. 

[16] K. Kaija, V. Pekkanen, M. Mantysalo, S. Koskinen, J. Niittynen, E. 
Halonen, and P. Mansikkamaki, “Inkjetting dilectric layer for electronic 
applications”, Microelectronic Engineering, vol. 87, pp. 1984-1991, 
2010. 

[17] T. Someya, B. Pal, J. Huang, and E. K. Howard, “Organic 
semiconductor devices with enhanced field and environmental responses 
for novel applications”, MRS Bulletin, vol. 33, pp. 690-696, 2008. 

[18] D. Zhao, T. Liu, J. G. Park, M. Zhang, J-M Chen, and B. Wang, 
“Conductivity enhancement of aerosol-jet printed electronics by using 
silver nanoparticle ink with carbon nanotube”, Microelectronic 
Engineering, vol. 96, pp. 71-75, 2012. 

[19] K. A. Schroder, S. C. McCool, and W. R. Furlan, Technical Proceedings 
of the 2006 NSTI Nanotechnology Conference and Trade Show, vol. 3, 
pp. 198-201, 2006. 

[20] R. Ott, “Pulse thermal processing for electronic applications”, JOM, vol. 
58, pp. 31, 2006. 

[21] J. Xu, R. Ott, A. S. Sabau, Z. W. Pan, F. X. Xiu, J. L. Liu, J. M. Erie, 
and D. P. Norton, “Generation of nitrogen acceptors in ZnO using pulse 
thermal processing”, Appl. Phys. Lett., vol. 92, pp. 151112-1 – 15112-3, 
2008.  

[22] T. Kumpulainen, J. Pekkanen, J. Valkama, J. Laakso, R. Tuokko, and M. 
Mantysalo, “Low temperature nanoparticle sintering with continuous 
wave and pulse lasers”, Optics and Laser Technology, vol. 43, pp. 570-
576, 2011. 

[23] C. E. Duty, C. J. C. Bannett, A. S. Sabau, G. E. Jellison, P. R. 
Boudreaux, S. C. Walker, and R. Ott, “Advanced method for increasing 
the efficiency of white light quantum dot LEDs”, Phys. Status Solidi A, 
vol. 208, pp. 1980-1982, 2011. 

[24] “3D Printed Electronics”, Optomec Web-reference, Internet: 
www.optomec.com 


