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ABSTRACT | Inkjet printing on flexible paper and additive
manufacturing technologies (AMT) are introduced for the sus-
tainable ultra-low-cost fabrication of flexible radio frequency
(RF)/microwave electronics and sensors. This paper covers ex-
amples of state-of-the-art integrated wireless sensor modules
on paper or flexible polymers and shows numerous inkjet-
printed passives, sensors, origami, and microfluidics topolo-
gies. It also demonstrates additively manufactured antennas
that could potentially set the foundation for the truly conver-
gent wireless sensor ad-hoc networks of the future with en-
hanced cognitive intelligence and ‘“zero-power” operability
through ambient energy harvesting and wireless power
transfer. The paper also discusses the major challenges for
the realization of inkjet-printed/3-D printed high-complexity
flexible modules as well as future directions in the area of
environmentally-friendly “Green’’) RF electronics and ‘“Smart-
House” conformal sensors.
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I. INTRODUCTION

Printing technologies have been playing an ever increasing
role as fabrication methods over the last decade, especially
in the growing field of flexible electronics because of their
low operation cost, their ability to deal with flexible sub-
strates, their capacity to work in large-area roll-to-roll
(R2R) approaches and their inherent environmental
friendliness [1]. Indeed, printing processes such as gravure
printing, screen printing and inkjet printing are strictly
additive and therefore do not waste much (if any) material.

Research towards the development of flexible electro-
nics is very active at all levels, from the physical charac-
terization of printed materials, the development and
improvement of printed optoelectronic components and
transistors to the integration of such components into fully
printed flexible systems such as flexible displays and wear-
able and portable devices [2].

Such flexible and conformal wireless systems could
play a vital role in the implementation of networks of a
new range of low cost, wireless, “smart,” autonomous and
therefore self-sustainable from a power perspective or, as
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we call it, “zero power,” devices capable of sensing, com-
municating measurement data and featuring unique iden-
tification capabilities.

However, printing techniques are not unique as many
of their advantages are shared with the family of additive
manufacturing technologies (AMT). These technologies
can be seen as the extension of 2-D printing technologies
to the third spatial dimension. Each material layer is de-
posited on top of the previous in order to form truly 3-D
structures. These processes are also strictly additive, can
accommodate large surfaces or volumes, thus being also
very cheap and eco-friendly. AMTs are capable of produc-
ing flexible, conformal and rollable devices by printing
flexible materials, especially in the light of the new pos-
sibilities offered by the use of the third dimension and
their capacity of depositing new nanotechnology-enabled
materials with mechanical and physical properties un-
available in the realm of 2-D printing.

This paper presents a thorough investigation of the
potential of AMTs for the fabrication of a broad range of
flexible microwave electronics and systems, as a first step
into assessing the challenges and feasibility of these novel
manufacturing technologies for the scalable low-cost pro-
duction of high performance wireless passives, sensors and
integrated systems. For this purpose, we will first discuss
in Section II the properties and advantages of AMTs for the
fabrication of flexible wireless electronics. In Section III
we will then present various flexible wireless component
prototypes fabricated with AMT. Section IV reports preli-
minary printed sensor modules, such as inkjet-printed
nano-carbon-enabled gas and microfluidic sensors. Fully
assembled RF nodes and modules (radar, beacon) are
presented in Section V, while major challenges and future
directions for the implementation of AMT-fabricated
“zero-power” green flexible RF systems are discussed in
Section VI.

II. ADDITIVE MANUFACTURING
TECHNOLOGIES (AMT)

A. Inkjet Printing

As previously argued, printing technologies started get-
ting used due to their inherent capability of low-cost fabri-
cation of devices using a wide range of materials on flexible
substrates, in an environmentally friendly manner while
being compatible with the strict quality requirements of
multilayer components up to millimeter-wave frequencies.

Inkjet printing, in particular, has the specificity of be-
ing a printing method but also part of the AMT. Indeed,
once the design file has been created, the inkjet printer can
directly start depositing the ink layer by layer to fabricate it
with no intermediate steps required. Furthermore, a wide
range of materials can be deposited with precise layer-to-
layer alignment with resolutions sufficient for operation
up to sub-terahertz frequency range. For these reasons, it

584 PROCEEDINGS OF THE IEEE | Vol. 103, No. 4, April 2015

Actuator

Drjve signal

Fluid supply

TFW

Substrate
motion

Fig. 1. DOD material jetting.

has been considered as one of the most promising manu-
facturing technologies for flexible wireless/RF devices and
systems.

This strictly additive process, in most cases, works in a
“drop on demand” (DOD) manner similar to that used in
office inkjet printers. In DOD inkjet fabrication, small
drops of ink loaded with the material to be deposited are
generated by inkjet nozzles and projected toward the
substrate (see Fig. 1). The nozzles and/or substrate are
moved to place the droplets of ink in specific places to
generate the desired pattern. Upon hitting the substrate,
the drop solvent, which is suspending the material to be
deposited, evaporates from and/or absorbs into the
substrate leaving the patterned material. Unlike standard
photolithography methods that are subtractive and gener-
ate large amounts of chemical wastes, the only material
wasted in this process is the solvent which can be recycled
through ventilation systems. As a consequence, inkjet
printing has an extremely low environmental footprint as a
fabrication method. This simple process also gives a huge
amount of versatility as to what materials can be printed
and what substrate or object they can be printed onto.

The recent advancements in this manufacturing tech-
nology have been mostly driven by progress in the ink
technology. Silver nanoparticle inks have now been used
for more than a decade to print traces with conductivity
values in the order of magnitude of screen printing tech-
niques [3]. It is now possible to print dielectric polymers
(such as PVP, PMMA, SUS8, etc.) that have enabled the
fabrication of fully inkjet-printed multilayer components
[4]-[8] such as the ones that will be shown later on in this
paper. All these layers of different materials can be de-
posited with high definition and precise alignment.

Furthermore, inkjet printing offers the unique capa-
bility of depositing in room temperatures precise quanti-
ties of nanoparticles (such as carbon nanoparticles) on
flexible substrates to take advantage of their “sensing”



Hester et al.: Additively Manufactured Nanotechnology and Origami-Enabled Flexible Microwave Electronics

semi-conducting properties. It has to be stressed that
materials such as carbon nanotubes (CNT) require temper-
atures higher than 500 °C to be deposited with common
fabrication processes, such as chemical vapor deposition
(CVD) [9]. Most commonly used flexible dielectric sub-
strates for radio frequency electronics can only tolerate
temperatures up to, at most, 400 °C and therefore cannot
be used with CVD of CNTs, a problem that does not exist
with inkjet printing. This versatility is a reason why inkjet
printing is very widely utilized by material scientists and
serves as a major cross-disciplinary interface where inno-
vations in materials can readily enter the realm of electri-
cal engineers for system integration.

Moreover, inkjet printing offers very good deposition
definition. Features and gaps of 50 pum can be readily
achieved even with entry level prototyping inkjet printers
such as the Dimatix DMP-2800, while much lower values
around 10 pm have been reported through surface treat-
ment approaches. Last but not least, this fabrication pro-
cess is extremely cheap due to the low cost of flexible
substrates, the extremely small volume of the used ink and
the lack of a clean room requirement.

B. 3-D Material Jetting

As demonstrated, inkjet printing is a leading technique
in the fabrication of flexible conductive traces and thin/
thick dielectrics due to its low material volume require-
ments and R2R processing capability, which naturally
lends itself to straightforward integration with similar 3-D
structure jetting technologies for the local realization of
below 100 pum detailed features.

Popularized by companies like Objet (now Stratasys)
and ExOne, the jetting technology for 3-D structures is
well known for being robust, scalable and able to handle
multi-material concepts well. In addition to the more
traditional inkjet printing that has already been described,
the material jetting side of AM can be broken into two
more branches, material jetting and binder jetting. Mate-
rial jetting typically relies on photo-polymers to build up
3-D structures. As the print head moves over the part-
building area, small droplets are deposited and cured via
UV light to solidify, in situ, before another pass is per-
formed. Layer-by-layer, this section is gradually built up
until completion. In contrast, binder jetting (see Fig. 2)
simply prints a glue above a powder bed. After every pass, a
fresh layer of powder particles is spread evenly across the
top and the next layer is “glued” to the previous layer,
essentially “gluing” millions of particles of sand together to
realize the desired shapes.

As has been already discussed, both 3-D jetting tech-
niques offer great benefits in terms of precision, cost, and
environmental impact; only the material that is necessary
is printed. A key advantage that these 3-D jetting technol-
ogies offer is the added benefit of complex multi-material
interactions. The Objet line of printers can, not only, print
in multiple colors, but can also provide multiple different
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Powder

spreader P Binder droplets

—Unused powder

Build platform

I !‘*Z positioning system

Fig. 2. Binder jetting.

strengths of material combinations in the complete range
of 100% of one material and 0% of the other, to the com-
plete opposite. This can be best visualized by looking at
Fig. 3 of a multi-color figurine. Instead of using materials
with different colors, this technique could be adapted for
materials of RF/electromagnetic (EM) interest including
magnetic, dielectric, sensing, piezoelectric materials. Sev-
eral of these printers already have the capability of printing
both very rigid and very flexible materials. Years of re-
search and experience have been devoted to mixing and
printing flexible parts meaning that custom flexible sub-
strates could be printed on-the-fly for different compo-
nents. Furthermore, binder jetting features the added
benefit of removing the material (the powder) from the
jetting process completely. This means that many materi-
als that cannot be jetted can still be utilized if put into a
powder form [10].

III. ADDITIVELY MANUFACTURED
RF COMPONENTS

A. Inkjet-Printed Inductors and Capacitors

In order to realize any practical RF system, certain pas-
sive components are required. Capacitors and inductors
play a crucial role in wireless and microwave systems by
providing such elements as antenna-to-system impedance
matching circuits, signal band-pass and band-stop filters,

Fig. 3. Example of a multicolor/multimaterial single-print object
taken from Stratasys.
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and discrete reactive components. The integrity of these
components are typically outlined in three parameters:
capacitance/inductance, self-resonant frequency (SRF),
and quality factor. The integration of these passive compo-
nents with inkjet printing allows for simple integration
with flexible and conformal wireless systems, therefore
eliminating the need of bulky external components, that
would be easily delaminated for practical radii of curvature.

1) Metal-Insulator-Metal Capacitors: The most common
variety of capacitor design typically used for low-profile
reconfigurable applications and easily configurable appli-
cations is the metal-insulator-metal (MIM) capacitor. The
simplicity of the design, where a single dielectric film se-
parates two metallic plates, leads to a lot of flexibility in the
plate area design, dielectric material characteristics, and
even the possibility of multilayer stack-ups. This design
scheme can be easily implemented with the inkjet printing
fabrication process with the whole geometry (metal plates,
thin dielectrics) being fully printed. Several demonstra-
tions have shown fully printed capacitors with either
flexible substrate integration or SRF’s reaching into the
gigahertz range, yet what is desired is a combination of
these two important facets [11]-[13].

Recent work with inkjet printing has achieved highly
efficient MIM capacitors on flexible organic substrates,
offering high SRFs suitable for RF applications and a capa-
citance per unit area comparable with that of bulk capa-
citors [6]. Using PVP-based (thiner layer hence higher
capacitance) and SU-8-based (thicker layer hence lower
capacitance) polymeric inks to realize thin and thick
dielectric films with thicknesses of 0.8 and 4 pm, respec-
tively, along with a highly conductive silver nanoparticle-
based metallic ink, these capacitors are fabricated on a
flexible Kapton substrate, shown in Fig. 4(a). The equiva-
lent capacitance values, as extracted from the reactance,
and plotted versus frequency, as shown in Fig. 4(b), de-
monstrate a similar effect of using thin and thick dielectrics
on the overall capacitance of the component. SRF is also
reported for each capacitor to exceed 1 GHz, entering
the regime of high-frequency wireless and microwave
electronics.

2) Spiral Inductors: The second flexible passive compo-
nent to be realized through inkjet printing is the inductor.
The most common implementation of RF inductors, typical
in CMOS technology and other low-profile applications, is
the spiral inductor. Typical designs of such inductors are
realized through a physical spiraling of a metallic conductor
and the utilization of a dielectric bridge to direct the con-
ductor out from the center of the spiral. Several demon-
strations of meander-line and spiral inductors have been
proposed with inkjet printing fabrication, yet many suffer
from a low quality factor (Q) [14] and a low frequency
operational restrictions [15], [16]. These implementations
suffer mostly from fabrication limitations in the printed
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Fig. 4. (a) Fully inkjet-printed capacitors on a flexible Kapton
substrate. (b) Equivalent capacitance simulation and measurement
curves for thin (PVP) and thick (SU-8) printed dielectrics.

dielectric bridge thickness, where a thinner bridge has the
potential to introduce a detrimental parasitic capacitance
to the inductor element.

Through the introduction of a printable thick SU-8
dielectric ink, spiral inductors can be realized through a
fully additive inkjet-printed method on flexible substrate
[7]. The printing process includes the deposition of a con-
ductive spiral, followed by a 24 pm thick dielectric bridge
with via holes that is complemented with an overlying
conductive trace effectively connecting the printed spiral to
the output trace. Fabricated 1.5 turn inductor prototypes
before and after bridge fabrication are shown in Fig. 5. This
tully printed thick dielectric bridge allows for a smaller
parasitic capacitance, thus leading to the realization of
higher inductance values for a given SRF. Fig. 6(a) shows
the equivalent inductance, extracted from the measured
reactance, of 0.5 and 1.5 turns designs. The quality factor of
the printed inductors, shown in Fig. 6(b), varies from 8.5 to
21 at 1 GHz, depending on the number of silver nano-
particle layers printed, demonstrating the highest quality
factor and inductance values reported in printed passives
literature. Multiple iterations of inductor fabrication de-
monstrates a repeatability within 5% for both inductance
and SRF, showing great promise for fully printed RF
modules. The combination of these fully printed high-Q
inductors and highly scalable capacitors help define a basis
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(@) (b)

Fig. 5. Fabricated samples of inkjet-printed flexible spiral inductors:
(a) before and (b) after dielectric bridge deposition.

for performance low-cost and flexible RF electronic sys-
tems through inkjet printing.

B. Flexible Interconnects, Metamaterials, and
Isolating Structures

It is very common for flexible RF electronics and mod-
ules to be mounted or wrapped around curved lossy (e.g.,
human body mounted wearable electronics) or metallic
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Fig. 6. (a) Equivalent inductance and (b) quality factor measured
and simulated values for different number of turns and metal
thicknesses (500 nm per layer).

structures (e.g., bridge-mounted structural health monitor-
ing sensors). Thus, there is a necessity for highly efficient
and durable flexible interconnects isolating structures,
such as artificial magnetic conductors and frequency-
selective-surfaces utilizing metamaterial architectures in
order to maximize the communication range and optimize
the RF performance in typical rugged scenaria. This section
discusses various additively manufactured structures of
these types stressing major large-area implementation
challenges.

1) A Printed Flexible Artificial Magnetic Conductor (AMC)
for Wearable Application: In numerous practical applica-
tions with highly lossy or conductive mounting structures,
the spacing between the thin-substrate RF components
and the mounting structure themselves plays a critical role
on the excited modes of wave propagation as well as on the
effective range of the wireless system. This is especially
true for radiating elements such as antennas, especially
when mounted on high-permittivity lossy materials, such
as the human body (e, > 30 [18]). This detrimental effect
is commonly referred as “detuning” of the component. It is
possible to tackle this issue by designed patterned isolation
structures, such as artificial magnetic conductors (AMC),
that can be placed between the component and the
mounting structures.

To demonstrate the capability of inkjet printing process
to realize low-cost flexible large-area isolating structures,
an inkjet-printed AMC-backed flexible monopole antenna
for wearable applications was introduced in [17]. A waffle-
like unit cell AMC was inkjet-printed on low-cost flexible
paper, and a microstrip line-fed monopole antenna was
mounted on top of this periodic structure, as shown
on Fig. 7.

[ Metal 2
- Metal 1

[ Ground 16.5 mm

7 mm

L =~ ~-6mm l
—— 40 mm

Fig. 7. AMC backed monopole antenna [17].
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Fig. 8. Reflection coefficient S;; (measured and simulated) of the
AMCc-backed monopole [17].

The simulated and measured reflection coefficients
(see Fig. 8) and radiation patterns (see Fig. 9) of the
antenna show good agreement over the WiFi band around
5-6 GHz. The slight differences between the simulated
and measured reflection coefficient values, including a
sharper resonance at 5.8 GHz, are attributed to small fab-
rication variations. They do not, however, significantly
deteriorate the wide operation bandwidth or the efficient
radiation performance of the antenna. The gain values
measured “on” (folded around a human phantom) and
“off” (free space) of a human phantom (see Fig. 10) show
virtually no difference and therefore demonstrate how the
flexible AMC, on top of improving the performance of this
non-grounded antenna, isolates it from highly lossy mate-
rials that it may be placed on. This opens the possibility to
print a broad range of flexible high-performance antenna
designs for wearable applications.

2) Flexible Printed Metamaterial Absorber: A novel inkjet-
printed metamaterial absorber is introduced for the first
time in [19]. Unwanted electromagnetic (EM) waves in
specific frequency bands can be typically dissipated and

= Simulation
;| = Measurement |,

180°

(a)

Fig. 9. Radiation patterns (measured and simulated) of the
AMC backed monopole at (a) 5 and (b) 6 GHz [17].
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Fig. 10. Gain of the printed flexible AMC-backed monopole (simulated,
measured in free space and measured on a human phantom) [17].

absorbed by EM absorbers to suppress undesirable reflec-
tions from dielectric/metallic boundaries [20]. Conven-
tional material-based absorbers are bulky, heavy and
high-cost. However, the inkjet-printed metamaterial-based
absorbers on paper are low-cost, flexible, and low-profile
due to the additive and cost effective properties of inkjet
printing [21], [22]. The designed EM absorber prototype is
making use of a frequency selective surface (FSS) structure
which consists of a periodic resonator structure backed by
a conductor. Therefore, it is possible to achieve a more
low-profile flexible metamaterial structure than conven-
tional absorbers while maintaining high absorptivity.

The geometry of a unit cell of the presented absorber’s
periodic structure, which consists of circular Jerusalem-
Cross resonators, is demonstrated in Fig. 11(a). The
designed absorber consists of circular Jerusalem-Cross re-
sonators and is inkjet-printed on paper. The absorber
prototype was inkjet-printed on paper and was composed of
15 X 15 unit cells on a 0.5 mm thick paper as shown in
Fig. 11(b). The flexibility of the printed absorber is shown
in Fig. 11(c). The amount of absorbed power (dissipated
power by the EM absorber) is shown in Fig. 12. with a
peak value of measured absorptivity equal to 79.5% at
10.36 GHz. The discrepancy between the simulation and
the measurement results are attributed to the surface
roughness of the fabricated EM absorber. Indeed, the re-
ported surface roughness of photo paper is about 1 ym and
the polymeric surface of paper experiences mechanical
stress during the thermal sintering and bonding process [5].

3) An Inkjet-Printed Flexible Via-Hole Interconnect and a
Flexible Substrate Integrated Waveguide (SIW): Intercon-
nects play a critical part in the performance of integrated
RF modules as well as in the realization of low-EMI/EMC
substrate-integrated waveguide structures. Flexibility
requirements further complicate the design of RF inter-
connects, as they typically create cracks and local disconti-
nuities enhancing local reflections and exciting local
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Fig. 11. (a) Geometry of a unit cell, (b) fabricated absorber, and (c) flexibility of the absorber.

standing waves. In this subsection, a novel flexible via fab-
rication process utilizing inkjet printing technology is pre-
sented. In previously reported efforts, inkjet-printed via
holes have been successfully implemented on very thin
substrates [23]—[25]. The stepped via approach shown here
(with a 2 mm diameter) achieved the thickest via (1 mm
long) while demonstrating a good via resistance of
7.4 £ 2€) compared to prior approaches despite the fact
that it is very challenging to metalize via holes on relatively
thick substrates. If the via holes were metalized with a
similar approach to other inkjet-printed structures, i.e.,
printing multiple layers on drilled via holes, it would result
in detrimental discontinuities. The printed silver nanopar-
ticles fail to form a continuous metal layer on the straight
via hole configurations due to the shrinkage of the silver ink
during the sintering process because of the resulting
evaporation of the solvents, the polymers (a dispersant on
the silver nanoparticles) and the impurities of the ink.
Gravity further enhances the downward shrinkage of the
ink, which results in cracks on the metalized via wall. A
stepped via hole is introduced in order to create a gradual
transition between the top and the bottom planar substrate
surface and reduce the stress on printed silver nano-

1.0 T T T
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0.8 | == Measurement

0.5

Absorptivity

8.0 8.5 9.0 9.5 10 10.5

I 11.0
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Fig. 12. simulated and measured absorptivity of the inkjet-printed
absorber prototype.

particles on the via hole during the sintering process, that
are typically detrimental for the performance of uniform
vias as reported previously. The fabrication process is
shown in detail in Fig. 13.

This novel flexible via-hole fabrication process was also
utilized to realize a fully inkjet-printed flexible Substrate
Integrated Waveguide (SIW) on polyimide (thickness:
250 pm) as demonstrated in [26]. The geometry of a
microstrip-SIW-microstrip (back-to-back microstrip-SIW

e

LI

Substrate

(€Y

(

A

©)
0
0

)

(e

Inkjet-printed metal

.

Fig. 13. Fabrication process of the flexible via interconnect with
laser etching of one side (a)-(b) followed by laser etching of the
other side (c)-(d) and inkjet printing of nanoparticle conductive ink
on the (e) top and then on the (f) bottom half area.

(

Vol. 103, No. 4, April 2015 | PROCEEDINGS OF THE IEEE 589



Hester et al.: Additively Manufactured Nanotechnology and Origami-Enabled Flexible Microwave Electronics

Fig. 14. Fabricated stepped via hole (magnification ratio: x10).

transitions) benchmarking transition is shown in Fig. 15(a)
with the dimensions of the transition and the vias being
optimized to minimize the radiation leakage, the insertion
loss, and the fabrication error.

The flexibility of the SIW interconnect is experimen-
tally demonstrated as shown in Fig. 15(b). The fabricated
SIW interconnect was wrapped around cylinders with
diameters ranging from 25 to 70 mm. The measured fre-
quency responses for all different radii of curvature (S;; and
S21) have shown good repeatability and robustness since the
measured S-parameters have been almost identical before
and after the bending test. This demonstrates that it is even
possible, using the via fabrication method previously pre-
sented, to fully inkjet print flexible via-enabled RF struc-

-10

-15 N

S-parameters (dB)

«==Flat: |Sy]
= Flat: |Sy|
5 | eeeD=70mm: |Sy,|
-25 I~ — @D =70 mm: |S;|

m . wee D=25mm: |Sy,|
w— D =25 mm: |S;]|

30 35 40 45 50 55 60 65 70 75 80
Frequency (GHz)
(b)

Fig. 15. (a) Geometry of the benchmarking microstrip-SIW-microstrip

transition. (b) Flexibility test of the fabricated flexible transition
prototype (D is radius of curvature) [26].
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tures (e.g., broadband transitions, waveguides) that remain
functional under various bending, flexing and rolling
conditions.

C. Flexible “Origami” Reconfigurable Antennas

Traditional antennas lack the ability to adapt to chang-
ing system requirements by virtue of their design, since
their operating characteristics are fixed. Introducing re-
configurability to an antenna can improve system perfor-
mance and/or reduce the required number of antennas for
a particular application. Reconfigurability is the capacity to
change a radiator’s operating characteristics, such as fre-
quency of operation, impedance bandwidth, and radiation
pattern. Reconfigurable antennas have been in existence
since the early 1930’s, when the nulls of a two-element
array were steered by a phase changer to determine the
arrival direction of a signal [27]. The most common meth-
ods utilized to achieve reconfigurability have since been
through the use of phase shifters, attenuators, diodes, tu-
nable materials, active materials, microelectromechanical
structures (MEMS) or mechanical methods via moving
parts [28]. However, a novel way of achieving reconfigur-
ability taking advantage of “origami-based” shape changing
enabled by a combination of inkjet printing and AMT on
flexible materials is presented in this subsection.

The introduction of deployable origami structures has
introduced new methods for shelter construction [30],
biomedical applications [31], and space applications [32].
These structures enable expanded and compressed “end”
states and numerous in-between states. Deployable struc-
tures, such as the one shown in Figs. 16 and 17, hold much
promise for use in flexible reconfigurable antennas.

As a first proof-of-concept demonstration, a flexible
reconfigurable “origami-based” axial-mode helical antenna
which can change its operating frequency bands through
its height modification has been created [33] with a struc-
ture shown in Fig. 18, while Fig. 19(a) and (b) show the
simulated and measured return loss at the compressed and
expanded states.

Kirigami is a derivative of origami which involves cut-
ting and gluing in addition to traditional folding. A variety

(®)

Fig. 16. (a) “Origami”’-creased flexible base material. (b) Folding of a
flexible deployable accordion lantern structure [29].
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Fig. 17. (a) Flat paper with copper strip before folding. (b) Assembled
flexible reconfigurable accordion antenna [29].

of other interesting shapes taking advantage of this method
can be formed. For example, an inkjet-printed flexible re-
configurable spiral antenna incorporating this technique
was created [34] on photo paper. The two end states are
the equivalent of a planar spiral antenna and a conical
antenna as shown in Fig. 20. As the flexible structure is
telescoped into its conical shape, the gain of the antenna is
effectively increased in real time.

Efforts are underway to take origami/kirigami inspired
antennas one step further. Two drawbacks of current de-
signs are the requirement for manual reconfiguration and
the need of mechanical support structures for the stabili-
zation of the different states. Traditional mechanical com-
ponents could support this operation but tend to be bulky
and require additional power. One cutting-edge solution

_
4
A

AR

Fig. 18. Flexible helical antenna constructed on a deployable
origami structure [33].
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Fig. 19. Reflection coefficient of the (a) compressed state and
(b) expanded state of the flexible helical antenna of Fig. 18 [33].

implemented to alleviate this problem is the use of smart
flexible materials [35]. For instance, a shape memory alloy
(SMA) was utilized with a reconfigurable helical antenna to
accomplish changes in height [36]. Applying a direct current
(DC) through the SMA heats the material causing the SMA
to contract, thereby reducing the height of the antenna.
Once the current is removed, the spring-like forces of the
helix extends the structure back to its original height.

A revolutionary way of depositing flexible smart mate-
rials through additive manufacturing is a process termed

(@) (b)

Fig. 20. A kirigami-inspired reconfigurable spiral antenna.
(a) Planar configuration and (b) conical configuration [34].

Vol. 103, No. 4, April 2015 | PROCEEDINGS OF THE IEEE 591



Hester et al.: Additively Manufactured Nanotechnology and Origami-Enabled Flexible Microwave Electronics

“4-D Printing” that uses a multi-material polymer printer
to create printed active composites (PACs), which are 3-D
printed, with an added fourth dimension being a shape
change effect [37]. Origami inspired boxes, pyramids, and
airplanes have already been demonstrated by utilizing PAC
hinges to achieve the folding.

Current research efforts are devoted to utilizing 4-D
printing to achieve partially self-actuated origami/kirigami-
inspired flexible reconfigurable antennas, resonators and
other RF structures. An Objet Connex 260 (Statasys, Edina,
MN, USA) 3-D multi-material polymer printer has been
used for the fabrication of a proof-of-concept preliminary
flexible prototype. Droplets of a polymer ink are initially
deposited at a temperature of around 70 °C and then UV
photo-polymerized. Commercial inks TangoBlackPlus and
VeroWhite are, currently, the most utilized materials for
that purpose. The thermo-mechanical properties of the
printed materials matrix can locally be selected by adjusting
the ratio of the two materials. Hinges for origami-type flex-
ible folds are created using a matrix with a higher content of
TangoBlackPlus, which employs a lower glass transition
temperature than VeroWhite. The printed configuration of
the structure, also called the “permanent” state, can be
changed to a “temporary shape” by heating the hinges past
the associated glass transition temperature and applying a
small mechanical force. Once the object is cooled to room
temperature, it maintains its “temporary shape.” Reheating
the body past the glass transition temperature of the hinges
triggers a return to the permanent state.

Fig. 21 shows the prototype of a cubic structure in its
“temporary shape” with an inkjet-printed patch antenna
on one of its faces.

Current efforts are focusing on coupling this polymer
depositing AMT with conductor-depositing AMTs, such as
inkjet printing, in order to create fully additively manufac-
tured flexible reconfigurable antennas, such as the one
shown on Fig. 21. Various printed wireless power transfer
(WPT) powered local heating topologies are also currently
investigated for the wireless triggering of the shape chang-
ing effect of the flexible “origami”-based devices.

Fig. 21. Flexible 3-D printed SMA cube with an inkjet-printed
antenna on one of its faces [38].
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3-D/4-D printed flexible reconfigurable antennas can
be easily launched in compact volumes and deployed on
aircraft and space platforms (commercial or military) as a
low-cost rollable/flexible alternative to current methods
which are commonly bulky and non shape-reconfigurable.
Wearable and implantable electronics and sensors can also
benefit from such structures, as they cause only minimal—
if any—interference with motion. Other potential appli-
cations could also include, among others, health and
contamination monitoring, artificial limb control, and exo-
skeletons. Wireless systems with requirements for arbitrary
orientation cognitive radio systems, and real-time reconfi-
gurable wireless systems (e.g., structural health monitoring
“smart skins”) could also benefit from this technology.

IV. FLEXIBLE INKJET-PRINTED
SENSING STRUCTURES

One of the fastest growing areas of flexible RF/wireless
modules is the area of wireless sensors. In addition to flex-
ible passives, interconnects, isolation structures and anten-
nas, previously presented, that enable the efficient wireless
communication capabilities of such modules, it is very
important to “seamlessly” integrate flexible sensing struc-
tures, such as microfluidics and nanotechnology-enabled
sensing configurations. This section presents preliminary
proof-of-concept flexible prototypes of microfluidic sensors
that can be utilized to distinguish between different fluids
based on their relative permittivity values and nanomater-
ial-based gas sensors that can be integrated into wireless
nodes to enable them with chemical gas sensing and
discrimination capabilities.

A. Inkjet-Printed Flexible Microfluidic Tunable
RF Structures and Sensors

Due to its inherent capability of manipulating extreme-
ly small quantities of liquid, microfluidics is an emerging
technology that has been widely used in manufacturing
control, biomedical sensing, chemical assay and lab-on-
chip applications over the past decade. Lately, there have
been numerous efforts to integrate flexible microfluidics
with different RF designs to enable them with real-time
liquid-controlled tunability. Specifically, in order to realize
low-cost and environmental-friendly microfluidic devices
on flexible paper and polymer substrates, the inkjet-
printing manufacturing technique has been introduced as a
reliable fabrication process, as shown in Fig. 22. In preli-
minary reported prototypes, the channel and the feed holes
are laser etched into sheets of poly(methylmethacrylate)
(PMMA). Fully inkjet-printed flexible microfluidic chan-
nels are under development and are expected to be re-
ported in the near future. In the flexible prototype reported
in [39], a Dimatix DMP-2800 series printer is used to inkjet
print a silver nanoparticle ink onto the paper substrate.
After curing the silver ink, a layer of polymer (SU-8) is
printed over the metalized pattern to be used as an adhesive
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Fig. 22. Fabrication process of an inkjet-printed flexible microfluidic
tunable filter/liquid sensor.

1. Laser Etch Channels on PMMA

: . 2. Print Metallization on paper

to seal the channel as well as the isolation layer between the
filling fluids and the metalized pattern. Then the device is
finalized by curing the SU-8 layer while applying pressure.
Such flexible microfluidic structures could be a useful
tool to develop numerous flexible and tunable antennas,
passives, resonators and filters. A metamaterial-inspired
temperature stable inkjet-printed microfluidic-tunable
bandstop filter, built by coupling a split ring resonator
(SRR) to a coplanar waveguide, is shown in the inserted
tigure in Fig. 23(b). By loading the capacitive gap of the
SRR with a variety of fluids having different permittivities,
the resonant frequency of the filter can be tuned with a high
sensitivity of 0.4 %/, as shown in Fig. 23(a), which verifies
this filter’s ability to distinguish different fluid or mixtures
based on their permittivity. Moreover, the flexible fabri-
cated filter demonstrates a high level of temperature
sensitivity, as shown in Fig. 23(b). For a 35 K temperature
increase, a 9% increase of the resonant frequency for a
water-filled device is demonstrated, which verifies the
functionality of the liquid-tunable filter as a temperature
sensor as well. The initial results could be easily extended
to creating flexible fluid-tunable SRR metasurfaces which
could be used in a vast array of applications ranging from in-
vivo sensing to wide-dynamic-range tunable RF filters.

B. Inkjet-Printed Flexible
Carbon-Nanomaterial-Enabled Sensors

1) Fundamental Sensing Mechanism: Carbon nanomater-
ials (e.g., CNT’s, graphene) have already found a very ex-
tensive use as sensing devices since they experience notable
changes in their electrical properties (e.g., DC resistivity,
dielectric constant, effective complex impedance) in the
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Fig. 23. (a) Measured and simulated insertion loss for different fluids
pumped into the channel [40]-[42]. (b) Resonant frequency shift due
to the temperature change of the into the microfluidic channel.

presence of particular substances. The underlying mecha-
nism is their ability to selectively absorb various com-
pounds on their surface, resulting in electron donating and
accepting interactions. The resulting material properties
changes can be exploited to determine the presence and
concentration of various chemicals by translating them into
measurable electrical quantities, such as changes in volt-
age, current, resonant frequency, and backscattered power
amplitude. Typical excellent electrical conductivity values
as well as an inherent ability to be easily functionalized for a
wide range of chemicals make these novel materials ideal
candidates for the development of a broad spectrum of
portable and wearable sensors. Moreover, the ability to
deposit these materials via inkjet printing on low cost,
flexible, environmentally friendly substrates opens the
possibility of a scalable production of such flexible carbon-
nanomaterial-enabled sensors. Multiple and differently
functionalized sensors of this type could be easily integ-
rated on a variety of flexible substrates, such as paper or
polymer, with other previously reported RF flexible compo-
nents thus featuring a combined capability of wireless
communication and selective ambient sensing of a wide
range of gases.
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Fig. 24. (a) Flexible CNT sensor response as a function of the sensed
gas concentration and (b) Time response in the presence of NH3
and NO; using concentrations of 10 ppm at 864 MHz and 2.4 GHz.

2) Flexible Carbon Nanotube (CNT)-Based Sensor Proto-
type: The first proof-of-concept prototype [43] presented
in this section features the use of multiwalled CNT’s
(MWCNT) as the basis for a thin-film gas-sensing material,
which was deposited using a water based MWCNT ink that
was inkjet-printed on a flexible polyimide Kapton substrate.

NO, and NHj, diluted in N;, were chosen as the test
gases due to their extensive industrial use, toxicity, and
relative ease of acquisition. The effect of these gases on the
MWCNT material properties was tested using a KIN-TEK
FlexStream gas standard generator, which is capable of
providing very stable and accurate analyte concentrations
into a carrier gas down to very low concentrations, using
gas permeation tubes of various gas delivery rates. The
changes in the resistance of the tested sensor were moni-
tored as a sensing indicator.

Before any test, an almost complete desorption of
chemical species potentially previously absorbed by the
sensing material was achieved by placing the sensors under
a flow of pure nitrogen (N;) for 5 min.

Fig. 24(a) shows the sensitivity variation of the flexible
CNT sensor as a function of the concentration of both test
gases in the environment surrounding the sensor and at
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the two unlicensed frequencies of 864 MHz and 2.4 GHz.
The sensitivity is hereby defined as the change of the
resistivity of the inkjet-printed CNT-based sensing patch as
a function of time relative to its value at time t = 0

R —
Sensitivity = TRO (1)

where Rg is the resistance at time t = 0. Sensitivities of
21.7% and 9.4% were achieved for 10 ppm NO; and 4 ppm
NH3, respectively, at 864 MHz; these values are higher
than those achieved in recent efforts [44] for a higher con-
centration (100 ppm) of NHj. Fig. 24(b) shows the re-
sponse over time to the same chemical gases at the chosen
frequencies. For this portion of the experiment, 10 ppm
was used as the concentration for both gas tests. As shown
in Fig. 24(b), the MWCNT-based flexible gas sensor fea-
tures a very fast response to both gases (less than 1 min).
After testing, the sensor exposed to NHj features a rapid
recovery as well.

3) A Flexible Inkjet-Printed Reduced Graphene Oxide (rGO)-
Based Sensor Prototype: Recently reported rGO-based inks
have enabled the implementation of flexible inkjet-printed
graphene-based gas detection sensors featuring good recov-
ery and response times as well as high sensitivity. In the
prototype reported in [45], graphene oxide (GO), which is
the precursor to graphene, is inkjet printed onto a UV-ozone
treated Kapton substrate (see Fig. 25). The printed GO is
then post processed to reduce it to rGO. Sintering GO using
heat and laser can be both used for this process. After
applying 500 ppm of NH3, resistivity value changes of up to
6% were observed with response times of less than five
minutes. Upon the removal of the gas at t = 15 min and
application of air, the sensors recovered by 30% within five
minutes verifying the reusability of such flexible inkjet-
printed sensors. Fig. 26(b) displays sensitivity values of the
flexible sensing film for CO and NHj; showing a noticeable
difference in the characteristic response of the sensor to each
gas, verifying the selectivity characteristics of these sensors.

Inkjet-printed graphene oxide , Inkjet-prined silver nano-particles
. p B e

Pattern 1 Pattern 2 Pattern 3
Fig. 25. Three different lengths of rGO patterns interfaced with
inkjet-printed silver nanoparticle electrodes on flexible Kapton

(referred to as patterns 1, 2, and 3, counted from left to right).
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Fig. 26. (a) Measured response of the three flexible inkjet-printed
rGoO thin films shown on Fig. 25 in presence of NH;s. (b) Measured
response of the flexible rGO thin film (pattern 1) to NH; and CO.

V. INTEGRATED RF SYSTEMS

A. Flexible RF Modules

The previous sections have focused on state-of-the-art
flexible RF electronic and sensing components that have
been fabricated using inkjet printing and other additive
manufacturing techniques. Section V presents various flex-
ible inkjet-printed RF integrated modules and systems

ranging from a beacon oscillator and a rollable inkjet-
printed ground penetrating radar to a flexible printed
reflection amplifier and various conformal wireless sensor
nodes. Although some high-frequency active circuits [46]
and logical circuits, such as low-frequency radio frequency
identification (RFID) transponders [9], have been reported
using a state-of-the-art inkjet printed thin-film transistor
(TFT) technology, acceptable combinations of low power
dissipation, high mobility (for use in higher frequencies
than kilohertz), high oN-OFF current ratio, small size and
repeatable/scalable manufacturing have not yet been
demonstrated for high-frequency flexible topologies. For
these reasons, most reported flexible RF modules need to
combine standard integrated circuits (IC) with the fully
inkjet-printed flexible components previously presented.

1) Flexible Inkjet-Printed Beacon Oscillator—Active Antenna:
Numerous system-level hybrid printed electronics devices
have been recently reported in [47] and [48]. They are
composed of additively manufactured passives, such as
transmission lines, antennas, capacitors and inductors,
with discrete active/nonlinear components (transistors,
diode, etc.) and high-performance CMOS chips on low-cost
flexible substrates, effectively providing a flexible and
cost-effective method for circuit fabrication, that simulta-
neously takes advantage of both the unique features of both
CMOS and AM/inkjet printing technologies. In [47], [48],
a folded slot antenna along with a circuit layout were
inkjet-printed on paper, and IC chips, such as JFET and a
voltage regulator, were mounted on the printed circuit.
These prototypes demonstrate the easy integration of active
circuits with energy harvesters, such as a solar cell, utilizing
inkjet printing technology and low-cost flexible substrates.

A proof-of-concept flexible RF beacon oscillator is
shown on Fig. 27. It consists of four blocks: a solar module,
a power regulator, an oscillator, and an antenna. The solar
module, the power regulator, and the oscillator circuits
were mounted on the inkjet printed circuit footprint by
using a conductive epoxy. The autonomous module oscil-
lates at 858 MHz [see Fig. 28(a)] by continuously
converting solar power to RF power, while a phase noise
value of —130 dBc has been measured at 1 MHz away from
the carrier frequency [see Fig. 28(b)].

T icﬂ
C
R
% L.‘ Solar R‘Rg 0, Dy,
Antenna Oscillator  Module
(@)

(W)

Fig. 27. (a) Circuit schematic and (b) fabricated flexible printed RF beacon oscillator prototype [47], [48].
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Fig. 28. Measured (a) spectrum and (b) phase noise of the flexible
RF beacon oscillator of Fig. 27 [48].

2) A Rollable/Flexible Printed Ground Penetrating Radar
(GPR): Typical GPR systems transmit electromagnetic
waves and then measure and analyze the multiple reflec-
tions in order to develop accurate subsurface mapping and
detect buried objects. Environmental GPR systems use fre-
quencies in the very high frequency (VHF) band to achieve
large exploration depths through conductive soil layers
(6, & 3-15, 0 ~ 0.001-0.01 Sm™?'). The large antennas
required, however, can complicate wide-area outdoor mea-
surements which is why most systems are equipped with
detachable antennas. A drastic improvement in portability
can be achieved through the application of new flexible and
rollable packaging approaches that would allow the entire
system to be stored quickly and transported easily, while
being easily re-deployed at the point of exploration. A flex-
ible radar system that can be rolled into a compact con-
tainer and attached to a backpack for easy transportation
would reduce the cost of GPR implementations, particu-
larly for measurements requiring a large staff to transport
heavy equipment through remote places with extreme
conditions as well as when requiring the use of multiple
transmit/receive antennas for complex measurements. In
the presented flexible radar prototype, inkjet printing tech-
nology is used to develop a monolithic radar system [49] in
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which the actives, passives and antenna should share a
single roll-able substrate. This level of integration addresses
various major challenges of realizing a flexible system when
it comes to materials, processes and electrical design. For
this particular application, the two-step electroless plating
bath technology process was chosen. This process consists of
the inkjet printing of a catalyst ink as a seed layer followed
by copper deposition on top of the seed layer through the
use of electroless copper bath deposition process. This ap-
proach was chosen due to its inherent wide-area printing
capabilities and excellent adhesion properties [50], both of
which are beneficial for the realization of a large flexible
system which must roll around a tight radius.

The fabricated system prototype [see Fig. 29(b)] features
a basic frequency-modulated continuous-wave (FMCW)
architecture that includes the voltage controlled oscillator
(VCO), coupler, low noise amplifier (LNA), mixer and
matching circuits chosen to implement the fundamental
FMCW radar functions, that consist of a frequency sweep,
amplification and conversion from RF to intermediate fre-
quency (IF). The entire system was realized on a single layer
of Polyethylene terephthalate (PET) flexible film and
measured 10 cm X 8 cm. In the experimental verification
stage, the local oscillator (LO) frequencies 217, 222, 228,
and 234 MHz were mixed with an RF input frequency of
200 MHz. The measured beat frequencies (17, 22, 28, and
34 MHz) verified the basic functionality of the system [see
Fig. 29(b)]. The system was then rolled around a foam
cylinder with a radius of 4.5 cm both horizontally and
vertically. The system demonstrated a consistent flex-
independent performance without any delamination or
cracking (see Fig. 29).

B. Inkjet-Printed Flexible Nodes

1) A Flexible Printed Reflection Amplifier With Enhanced
Communication Capabilities: Due to its low-power and low-
cost nature, backscatter radio is an appealing scheme for
use in RFID [51], [52], authentication [53], and sensing
applications [54]-[58]. Especially for sensing applications,
extended communication ranges are desired; to achieve
extended ranges, the backscattered signal’s signal-to-noise
ratio (SNR) at the reader has to be boosted. This section
presents a preliminary printable flexible prototype for the
novel idea of a reflection amplifier that addresses this issue
in a very effective way.

When a tag antenna with input impedance Z, is connected
to a load Z;, the system reflection coefficient is given by

Z -7
Fi = - . (2)
Zi+ 7,

T'; is a complex quantity that determines the amplitude
and the phase of the reflected signal from a tag when
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Fig. 29. output power spectrum and layout/prototype of the flexible GPR module: (a), (b) flat; (c), (d) curved horizontally; and

(e), (f) curved vertically.

illuminated by a reader’s carrier wave. If for bit “0” a load
value of Zj is used, and for bit “1” a load value of Z; is used,
two reflection coefficient values I'g and I'; will alter the
reflected signal accordingly, to achieve binary modulation.
The distance |AT| 2, - To| is of particular importance
to the reflected signal’s SNR. In [59], where the complete
backscatter radio signal model is derived by accounting for
both microwave and wireless communication parameters,
it can be easily observed that the tag signal SNR at the

reader relies on the reflection coefficient distance |AT
and the bit duration T,

SNR o |AT[*Ty. (3)

Thus, a way to increase the tag signal SNR is to increase
the bit duration Tj, by reducing the tag bit-rate. For further
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increase of the SNR though, the quantity |AT'| has to be
maximized.

Typically, RF tags utilize passive components for binary
modulation purposes, which results in reflection coeffi-
cient values |T';] < 1. This means that increasing the tag
SNR by controlling AT is bounded by |AT'| < 2. The case
|AT| = 2 corresponds to semi passive tags with antipodal
points on the Smith chart (e.g., open and short antenna
loads). To override this bound, non-conventional tag de-
signs have to be utilized, that achieve values of |T';| > 1,i.e.,
front-ends that feature a reflection gain instead of a reflec-
tion loss (as in conventional tags). One novel flexible and
rugged implementation of such a system that achieves
reflection coefficient amplitudes greater than unity incor-
porates a reflection amplifier (shown in Figs. 30 and 31),
that increases the amplitude of and reflects incoming
signals (see Fig. 32). This system also incorporates a phase
shifter to alternate the phase of the reflected signal be-
tween 0° and 180°, thus achieving binary phase modula-
tion. The total system achieves |I';| > 1 for both tag states
and T, Ty are antipodal; this maximizes |AT| for a given
reflection amplifier (see Fig. 33), significantly increasing
the SNR of backscattered signals.

The binary phase modulator reflects any incoming
signal with two different phase values and attenuated am-
plitude (due to the switches’ insertion loss). The two re-
flection coefficient values are shown in Fig. 34 for a tag that
only employs the phase modulator (both states |I';| < 1).In
the same figure, the two states of the reflection amplifier-
phase modulator system are shown: two antipodal reflec-
tion coefficient values are achieved, both with amplitude
IT';| &~ 2. Specifically, the amplifier-equipped tag achieves
|AT| = 4.1, in contrast with the modulator-only tag that
achieves |AT'| = 1.1. This corresponds to a tag signal SNR

VDD

470 pF

270 nH

ll}ﬁ_

Fig. 30. Reflection amplifier schematic with a common input/output
terminal. The amplifier is biased with a low DC voltage to prevent
oscillations [60].
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=

Fig. 31. Inkjet-printed flexible reflection amplifier prototype.

increase of 11.43 dB, which is very beneficial for a signi-
ficantly increased communication range. For a tag that
could otherwise have a very low SNR (order of 0 dB) and
would thus be “hidden” from the reader, the 11.43 dB SNR
increase could enable the reader to successfully decode it.

An important aspect of the front-ends presented in this
section is their low-complexity architecture, which

Reflection

Phase Shifter Amplifier

Conventional Tag Enhanced Tag

Fig. 32. Left: passive backscattering-based RF tag modulator.
Right: Tag with a reflection amplifier and a binary phase shift
modulator [60].

(-VG,0) (VG,0)

Fig. 33. For a reflection amplifier tag that utilizes a phase shift
modulator, I', and I'; can both lie far from the unitary circle,
maximizing the distance between I'y and I' [60].
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Fig. 34. Comparison of the antipodal reflection coefficient values (S;)
for a conventional modulator-only tag and an enhanced backscatter
efficiency amplifier-equipped tag [60].

simplifies their implementation. This type of front-end
requires only a small number of discrete components and
microstrip transmission lines, thus allowing for an easy
flexible circuit fabrication using inkjet printing techni-
ques, even on low-cost materials such as photo paper. In
Fig. 31, an inkjet-printed flexible reflection amplifier is
shown, implemented on paper substrate (¢, = 2.9, tan 6 =
0.045, thickness = 210 pm). In a similar manner, numer-
ous novel backscattering-based RFID-enabled integrated
sensing nodes (including control logic, sensors and wire-
less front-ends) can be fully implemented on flexible
substrates by inkjet-printing the required traces and com-
ponent pads, to minimize the total fabrication cost.

2) Flexible Wireless Passive Microfluidic Sensors: Flexible
printed microfluidic components, such as the ones shown
in Section IV-A, can be easily integrated into RFID archi-
tectures, similar to the one discussed in Section V-B1, to
achieve flexible printable zero-power and cable-less sens-
ing platforms. In the benchmarking integrated prototype
presented in this section, the RFID-enabled microfluidic
tags are designed to operate with a mounted Higgs 3 EPC
Gen-2 RFID (Electronic Product Code Generation 2) chip.
By effectively varying the capacitive load of a slot placed
near the edge of an inkjet printed flexible monopole by
utilizing small amounts of different fluids, the electrical
length of the antenna will effectively change “on-the-fly.”

Typical passive tags need first to harvest energy fed
from the reader before being able to communicate back to
it. If the reader does not emit enough power or if too much
power is reflected back at the interface between the chip
and the antenna, the chip does not receive enough power
and cannot turn on. In the “energy harvesting” mode, the
tag’s antenna is connected to the energy harvesting circuit

and its load therefore is Z; = Z} . octer i Order to optimize
power transfer through the minimization of the reflection
coefficient [see (2)]. The antenna’s input impedance (Z,)
is frequency-dependent while also varying as a function of
the antenna length. Only the energy that is not reflected is
received by the harvester. Therefore, we can measure the
minimum transmitted power required from the reader to
turn the tag on over a certain frequency range at a set
distance (shown in Fig. 35) in order to indirectly receive
information on the value of I' of the RFID antenna, which
is a function of the value of the liquid-dependent Z, which
is itself related to the length of the antenna and therefore
to the permittivity of the liquid.

The flexible sensing platform presented here is univ-
ersal and can be extended to applications in water quality
monitoring, biomedical analysis, and fluid process control.

3) A Flexible WISP-Enabled Gas Sensing Node Using Inkjet
Printed rGO: As a proof of concept and without loss of
generality, in the presented flexible prototype, the popular
wireless identification and sensing platform (WISP) is
connected to the inkjet printed rGO sensing component
presented in Section IV-B3. The sensor prototype is a
battery-free, and programmable RFID tag that can be pow-
ered and read by off-the-shelf EPC Gen2 ultra high fre-
quency (UHF) RFID readers [45], [61]. It has an on-board
micro-controller for sensing and computing functions and
is a multi-functional platform. The block diagram of a WISP
is shown in Fig. 36, which includes power harvesting, sen-
sor, signal processing, and modulation/demodulation capa-
bilities. The WISP is solely powered by the RF energy
transmitted by any commercial RFID reader, which is rec-
tified by a charge pump topology consisting of diodes and
capacitors to charge an on-board supercapacitor. Whenever
located within the interrogation zone of an RFID reader, the
WISP-enabled gas sensor, shown on Fig. 37, is automatically

Tag Activation Power (dBm)

950 960 970 980 990
Frequency (MHz)

1000

— EMpty Hexanol » Ethanol Water

e Ethanol 80 %, Water 20 % == Ethanol 90 %, Water 10 %

Fig. 35. Wireless measurements of a microfluidic passive tag with a
mounted Alien Higgs 3 chip utilizing the Tagformance RFID reader.
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Fig. 36. Block diagram of the WISP RFID-enabled wireless
sensor platform.

detected and begins the transmission of the sensed
information through the EPC Gen2 protocol.

As the conductivity of the inkjet-printed rGO changes
upon exposure to gas, the graphene sensor is used in a
resistor divider configuration with a fixed resistor, which is
placed across the WISP’s regulated 1.8 V and ground
traces. When the WISP is interrogated by the reader, the
voltage from the voltage divider circuit is read by the
WISP’s analog-to-digital converter (ADC), processed, and
sent to the reader in the form of an EPC Gen2 packet. Such
types of inkjet-printed flexible autonomous wireless sens-
ing modules could set the foundation for the first real-
world large-scale Internet of Things and Smart Skin
implementations on virtually every flexible substrate.

VI. MAIN CHALLENGES FOR THE USE OF
AMT FOR RF FLEXIBLE COMPONENTS
AND MODULES FABRICATION

Starting as a technology once envisioned for completely
different applications (namely photoplotting and rapid
prototyping), additive manufacturing has seen itself
continually evolving to meet ever increasing demands in
a direct digital manufacturing (DDM) landscape; yet, de-
spite all the advancements, numerous challenges in mate-
rials, deposition methods and IC integration still stand in

Graphene-based
Inkjet-printed
Gas Sensor

ADC Input

Regulated 1.8 V

Fig. 37. An rGo-based WISP gas sensor.
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the way of large-scale flexible inkjet-printed/3-D printed
high-complexity modules.

A. Additive Manufacturing Techniques

Additive manufacturing techniques for radio frequency
additive manufacturing (RFAM) can nominally be broken
into those that are typically used for metallic traces and
those that are used for the dielectrics. This is because the
processes and materials used to fabricate conductive traces
are typically designed to produce small volumetric deposi-
tion rates (on the order of mg/min) for optimized precision
and printed feature size; on the contrary, thick dielectric
fabrication with these rates would be too time consuming.
Summarized in Table 1 are a few types of AMTs that lend
themselves to RFAM. As can be seen on Table 1, inkjet-
printing has a low volumetric deposition rate and, as a
consequence, is an excellent fabrication method for flexi-
ble, thin RF components up to sub-THz frequency bands.
However, the combination of inkjet-printing with other
RFAM technologies would enable the additive fabrication
of a new range of flexible truly 3-D low-cost RF integrated
modules and systems.

B. Materials

1) Dielectrics: Since the beginning of “rapid prototyp-
ing” with stereolithography and other techniques, AM as a
whole has mainly focused on the implementation of di-
electric structures. Beneficial to the RFAM movement is
the fact that previously unrealizable complex geometries
and configurations can now be printed with ease. Unfortu-
nately, only a very limited amount of materials and meth-
ods have been optimized for high-frequency performance
up to now. Many of the standard materials available for use
either feature a very high dielectric loss or, as will be
detailed in the next section, are unsuitable for some of the
standard sintering processes required for Silver NanoPar-
ticles (SNP) inks.

AM promises to provide a significantly improved con-
trol and accuracy in the fabrication of complex geometries,
allowing engineers to envision new ways of achieving de-
sired RF performance and pushing the state-of-the-art by
orders of magnitude. One ground breaking example in this
area has been the accurate fabrication of 3-D heteroge-
neous and custom dielectrics for substrates or even lenses
[62], [63] by tailoring the effective permittivity of a struc-
ture with the inclusion of voxels of air [64]. Furthermore,
graded-index (GRIN) lenses, such as Luneburg or Maxwell
lenses, can be manufactured with smoother point-to-point
index gradients [62].

However, RFAM dielectrics are not without their de-
tractions. As mentioned before, many well understood and
developed AM methods use photopolymers as their
medium [65]. This works very well for mechanical struc-
tures but yields a poor RF performance in regards to the
dielectric loss [66]. At this point in time, proper RF
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Table 1 Additive Manufacturing Techniques Compared

Additive Tech- Materials Features Benefits Drawbacks Commercial Examples
nique size (um)
Material Extru- 100-1000
sion o Thermoplastics e Ultra low-cost o High surface roughness o Stratasys
e Good integration with e Mediocre feature size e 3D Systems
other AM technologies e Anisotropic parts o Ultimaker
e High volumetric deposi- e Unknown material pro-
tion rate duction standards
Stereolithography! 1-100
o Photopolymers o Fine feature size e RF Lossy materials e Materialise
e Low surface roughness o Difficult to directly inte- e 3D Systems
grate with other technol-
ogy
o Expensive
Material Jetting 10-100
o Photopolymers o Fine feature size o RF Lossy materials o Objet (Stratasys),
o Waxes e Good surface roughness e Poor integration with e 3D Systems
o Binders e Potential integration with other AM technologies
inkjet-printed metals o Expensive
Aerosol Jetting 10-100
o SNP inks o Fine feature size e Only thin layers e Optomec
o Photopolymer e Low surface roughness e Low volumetric deposi-
resins o Multi-material tion rate
e Poor integration with
other AM technologies
o Expensive
Inkjetting 10-100
e SNP inks o Low-cost e Medium thickness layers o Dimatix
o Photopolymer o Fine feature size (no more than 200 um) (Fujifilm)
resins o Multi-material e Low volumetric deposi-
e Low surface roughness tion rate
e Medium thickness layers
(up to 200 pm)
Syringe Pump 100-1000
e SNP inks o Low-cost e Mediocre feature size o nScrypt/Sciperio
o Any other paste e Multi-material
e Good integration with
other AM technologies
e High volumetric deposi-
tion rate

dielectrics are a missing link in the fabrication of direct
write devices. Advancements in the material extrusion
process, mitigation of losses due to photopolymer dielec-
trics, utilization of some of the other AM techniques (e.g.,
sheet lamination or binder jetting) and rigorous RF char-
acterization of the deposited materials would result in
major leaps forward in the future. Preliminary examples
coupling AM with inkjet-printing has led to flexible RF
antennas, capacitors and inductors 3-D prototypes with
acceptable performance up to 10 GHz, demonstrating a
potential way to alleviate the high-frequency dielectric-
related challenges of AM.

2) Conductive Traces: Advancements in additively
manufactured conductive traces have been substantial in
recent years utilizing a variety of conductive materials
[67], [68]; however, SNP inks above others have stood out
as the preferred solution for conductive trace applications
[69], [70]. SNP inks offer good conductivity values, simple
post-processing steps and are stable for a relatively long

time when stored properly; however, these benefits all
come at a cost considering that SNPs can be quite expen-
sive by weight and currently don’t feature any reliable way
to be effectively integrated into 3-D printed structures.

In commonly utilized inks, SNPs are suspended in a
solution that allows the particles not to settle to the bottom
just the same as color inkjet inks in the office or home.
When printing a pattern, the ink droplet hits the substrate
and ideally forms a nicely shaped hemisphere of liquid ink.
Once printing is complete, the ink is sintered using a va-
riety of techniques [71]. The thermal conduction is critical
to ink curing as it evaporates the solvent used to carry the
SNPs effectively melting the SNP’s together, thus enabling
a continuous metal trace that can be used for electronics
applications [72]. Utilizing the above method, SNPs can
obtain good performance results with relatively little addi-
tional work featuring conductivity values on the order of
bulk metal [73].

However, SNP use features a tradeoff. The use of oven
sintering techniques naturally works well for substrates
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that are thermoset or have a high glass transition tem-
perature (Tj), such as many of the flexible substrates used
for inkjet-printing (Kapton, LCP, paper, etc.). Unfortu-
nately, most of the standard materials available for de-
position by REAM either have a T, that is often too low for
use in an oven (resulting in structure deformation) or very
lossy and ill-suited for use as an RF substrate. Further-
more, SNP prices can be in the range of hundreds of
dollars per dL, making some applications of this technique
cost-prohibitive.

In comparison to SNP inks, one newly developed ink
for the printing of conductive traces is the diamine silver
acetate (DSA) ink. DSA offers numerous benefits for flexi-
ble electronic applications: low-cost (< 100/100 mL) com-
pared to SNP inks (> 100/100 mL), conductivities above
90% bulk silver’s and complete sintering at room temper-
ature [74]. Because DSA is relatively new, its true impact
and practical limitations have yet to be seen; however, as
time progresses DSA may come to supplant SNP as the
favored silver deposition method for AMT-manufactured
electronic devices.

C. Component Integration

One method of component integration highlighted by
[75] is what is known as self assembly, that can be thought
of as the “positioning and bonding of components by ran-
dom interactions.” The method of bonding can vary from
electrostatic to magnetic to chemical; however, the pre-
mise remains that it is based on random events that are
tailored to result in a desired outcome. Self-assembly is
normally thought of in a chemical or nano-level sense;
however, in the realm of RFAM it could potentially offer
an extremely low-cost method for wireless device fabrica-
tion. Self-assembly would not require expensive pick-and-
place robotic facilities or infrastructure, but would rather
rely on random energy sources (vibration, thermal, etc.) to
realize the whole device. For example, [76] demonstrates
the effective patterning of a substrate into templates. With
the help of vibrations, IC chips dispersed in a fluid are then
driven in those templates through a process called “fluidic
self-assembly deposition process”. AM, and more specifi-
cally RFAM, will require a robust and flexible method of
accurately depositing/mounting 2-D or 3-D structures to be
integrated with printed components and substrates.

Currently, process planning software is not optimal or
even setup to consider the multi-material and embedded
component issues that RFAM brings to the table. New
technology and software will need to be developed that can
handle dielectric, metallic and component level integration
all in one suite in order to truly see RFAM lead the way in
producing the new generation of easy-to-scale low-cost
large-area, flexible RF devices and modules.

VII. CONCLUSION

This paper has reviewed recent advances and capabilities of
inkjet printing on flexible substrates as well as other addi-
tive manufacturing techniques for the sustainable ultra-
low-cost fabrication of flexible, conformal, wearable and
rollable RF/microwave components, sensors and integrated
modules. Numerous examples of flexible inkjet-printed
passives, nanotechnology-enabled sensors, microfluidics,
energy harvesters, origami reconfigurable components and
radar/beacon systems verify the unique capabilities of ink-
jet printing/additive manufacturing for the implementation
of the first real-world truly convergent wireless sensor
ad-hoc networks of the future with enhanced cognitive
intelligence and “zero-power” operability. The presented
printed structures are a first step in assessing the feasibility
and identifying the major challenges of the novel additive
manufacturing techniques for the fabrication of a wide
variety of high-frequency (wireless, RF, mmWave, sub-
terahertz) autonomous flexible components and systems as
well as lay groundwork for future development and steps
into mass market implementation. To take full advantage of
the presented additive manufacturing approaches, it would
be essential that a significant effort be undertaken to de-
velop reliable and scalable manufacturing means with re-
peatability and process variations comparable to existing
approaches. Nevertheless, despite the outstanding major
challenges for the realization of inkjet-printed/3-D printed
high-complexity modules, such an approach could feature
tremendous potential in numerous future wireless appli-
cations requiring very large numbers of flexible RF elec-
tronics, such as Internet of Things, machine-to-machine
(M2M) communication systems, environmentally- friendly
(“Green”) RF electronics, “Smart Skins” and “Smart-
House” topologies. B
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