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Abstract—Inkjet printing on flexible paper and additive man- ~ as the extension of 2D printing technologies to tfié Spatial
ufacturing technologies (AMT) are introduced for the sus- dimension. Each material layer is deposited on top of the
tainable ultra-low-cost fabrication of flexible radio frequency previous in order to form truly 3D structures. These proesss
(RF)/microwave electronics and sensors. The paper covers<-e . o
amples of state-of-the-art integrated wireless sensor mates are also strictly a_ddmve, can accommodate Iarge surfaces
on paper or flexible polymers and shows numerous inkjet- Volumes, thus being also very cheap and eco-friendly. AMTs
printed passives, sensors, origami and microfluidics topobies. It are capable of producing flexible, conformal and rollable
also demonstrates additively manufactured antennas thatauld  devices by printing flexible materials, especially in trghti of
potentially set the foundation for the truly convergent wireless the new possibilities offered by the use of the& flimension
sensor ad-hoc networks of the future with enhanced cognite . . .
intelligence and “zero-power” operability through ambient en- and thelr ca_tpamty of d_eposmng nevy nanotechrjology-eat?abl
ergy harvesting and wireless power transfer. The paper also Materials with mechanical and physical properties unalséel
discusses the major challenges for the realization of inkie in the realm of 2D printing.

printed/3D printed high-complexity flexible modules as well as In this paper, we will first discuss in Sec. Il the properties
future directions in the area of environmentally-friendly “Green”) 54 advantages of AMTSs for the fabrication of flexible wissle
RF electronics and “Smart-House” conformal sensors. . . . .
_ o - _ electronics. In, Sec. Il we will then present various flé&ib
Index  Terms—Inkjet-printing, ~additive manufacturing,  wireless component prototypes fabricated with AMT. Sec. IV
origami, nanotechnology, flexible ~electronics, RF, wirels o6 preliminary printed sensor modules, such as inkjet
sensors, microfluidics, passives, antennas, modules . . g
printed nano-carbon-enabled gas and microfluidic sensors.
Fully assembled RF nodes and modules (radar, beacon) are
I. INTRODUCTION presented in Sec. V, while major challenges and future direc

PRINTING technologies have been playing an ever irfions for the implementation of AMT—fabricgted "zero-pavwe
creasing role as fabrication methods over the last decalgen flexible RF systems are discussed in Sec. VI.
especially in the growing field of flexible electronics besau
of their low operation cost, their ability to deal with fleldb I1I. ADDITIVE MANUFACTURING TECHNOLOGIES(AMT)
substrates, their capacity Folwork in Iarge-area rolld_tb-r A. Inkjet printing
(R2R) approaches and their inherent environmental friendl ] o ) )
ness [1]. Indeed, printing processes such as gravurenqginti S Previously argued, printing technologies started getti
screen printing and inkjet printing are strictly additivada use_d due tp their |_nherent capability _of Iow—cost_fabrmatof
therefore do not waste much (if any) material. devices using a wide range of materials on flexible substrate
Research towards the development of flexible electronics'fs2n environmentally friendly manner while being compiatib
very active at all levels, from the physical characteratof With the strict quality requirements of multilayer compate
printed materials, the development and improvement otgdin UP t0 millimeter-wave frequencies. o _
optoelectronic components and transistors to the integraf ~ 'NKi€t printing, in particular, has the specificity of beiag
such components into fully printed flexible systems such R&Nting method but also part of the AMT. Indeed, once the
flexible displays and wearable and portable devices [2].  design file has been created, the inkjet printer can diretalt
Such flexible and conformal wireless systems could play3Positing the ink layer by layer to fabricate it with no imtes-
vital role in the implementation of networks of a new rangdiat€ steps required. Furthermore, a wide range of maserial
of low cost, wireless, “smart”, autonomous and therefote seSan be_ deposn_ec_i with premse_ layer-to-layer alignmenh wit
sustainable from a power perspective or, as we call it, “zefgSolutions sufficient for operation up to siiitz frequency
power”, devices capable of sensing, communicating measufa"ge- For these reasons, it has been considered as one of
ment data and featuring unique identification capabilities "€ MOSt promising manufacturing technologies for flexible
However, printing techniques are not unique as many Wfréless/RF devices and systems. _
their advantages are shared with the family of additive manu This strictly additive process, in most cases, works in a

facturing technologies (AMT). These technologies can lemse DroP on Demand” (DOD) manner similar to that used in
office inkjet printers. In DOD inkjet fabrication, small gre

This work was supported in part by NSF and in part by DTRA. of ink loaded with the material to be deposited are generated
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Actuator as a major cross-disciplinary interface where innovations
materials can readily enter the realm of electrical engmee
for system integration.

Moreover, inkjet printing offers very good deposition def-
inition. Features and gaps 60 um can be readily achieved
even with entry level prototyping inkjet printers such ae th
Dimatix DMP-2800, while much lower values aroumd pm
have been reported through surface treatment approachss. L

Drive signal

Fluid suppfy'

but not least, this fabrication process is extremely chesgptd
6 the low cost of flexible substrates, the extremely small nedu
) of the used ink and the lack of a clean room requirement.
Q
aaa @ e
P B. 3D material jetting

Substrate As demonstrated, in_kjet printing _is a leading techqiqug in
the fabrication of flexible conductive traces and thinkhic
dielectrics due to its low material volume requirements and
Fig. 1. DOD Material Jetting R2R processing capability, which naturally lends itself to
straightforward integration with similar 3D structuretjeg
technologies for the local realization of beld@0 um detailed

by inkjet nozzles and projected toward the substrate (Big. features.
The nozzles and/or substrate are moved to place the droplets
of ink in specific places to generate the desired patternnUp X-Y positioning system
hitting the substrate, the drop solvent, which is suspanttia —Inkjet print head
material to be deposited, evaporates from and/or absotbs i -
the substrate leaving the patterned material. Unlike stahd Powder
photolithography methods that are subtractive and gemer spreader
large amounts of chemical wastes, the only material wast
in this process is the solvent which can be recycled throu
ventilation systems. As a consequence, inkjet printingdras
extremely low environmental footprint as a fabrication huet. [
This simple process also gives a huge amount of versatsity +—Z positioning system
to what materials can be printed and what substrate or objeu. '
they can be printed onto. Fig. 2. Binder Jetting
The recent advancements in this manufacturing technology
have been mostly driven by progress in the ink technology.Popularized by companies like Objet (now Stratasys) and
Silver nanoparticle inks have now been used for more tharegOne, the jetting technology for 3D structures is well kmow
decade to print traces with conductivity values in the ordésr being robust, scalable and able to handle multi-mdteria
of magnitude of screen printing techniques [3]. It is nowoncepts well. In addition to the more traditional inkjeirpr
possible to print dielectric polymers (such as PVP, PMMARg that has already been described, the material jetticig si
SU8, etc.) that have enabled the fabrication of fully inkjetof AM can be broken into two more branches, material jetting
printed multilayer components [4]-[8] such as the ones thatd binder jetting. Material jetting typically relies on gib-
will be shown later on in this paper. All these layers opolymers to build up 3D structures. As the print head moves
different materials can be deposited with high definitiod arover the part-building area, small droplets are depositeti a
precise alignment. cured via UV light to solidify, in situ, before another pass i
Furthermore, inkjet printing offers the unique capabilify performed. Layer-by-layer, this section is gradually buib
depositing in room temperatures precise quantities of pano until completion. In contrast, binder jetting (Fig. 2) silyp
ticles (such as carbon nanoparticles) on flexible substitate prints a glue above a powder bed. After every pass, a fresh
take advantage of their “sensing” semi-conducting pragert layer of powder particles is spread evenly across the top and
It has to be stressed that materials such as carbon nanotubesnext layer is “glued” to the previous layer, essentially
(CNT) require temperatures higher thzi °C to be deposited “gluing” millions of particles of sand together to realizeet
with common fabrication processes, such as chemical vap@sired shapes.
deposition (CVD) [9]. Most commonly used flexible dielectri  As has been already discussed, both 3D jetting techniques
substrates for radio frequency electronics can only ttderabffer great benefits in terms of precision, cost, and environ
temperatures up to, at most)0 °C and therefore cannot bemental impact ; only the material that is necessary is piinte
used with CVD of CNTs, a problem that does not exist with key advantage that these 3D jetting technologies offer
inkjet printing. This versatility is a reason why inkjet pti is the added benefit of complex multi-material interactions
ing is very widely utilized by material scientists and sexveThe Obijet line of printers can, not only, print in multiple

motion
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colors, but can also provide multiple different strengttis o [ Dielectric

material combinations in the complete range of 100% of one ';;'m 'i”"'m
material and 0% of the other, to the complete opposite. This ~ #smm
can be best visualized by looking at Fig. 3 of a multi-color
figurine. Instead of using materials with different coldtss
technique could be adapted for materials of Radio Frequency
(RF)/Electromagnetic (EM) interest including magneti¢; d
electric, sensing, piezoelectric materials. Several edétprint-

ers already have the capability of printing both very rigitia

very flexible materials. Years of research and experienge ha @)

been devoted to mixing and printing flexible parts meaning

that custom flexible substrates could be printed on-thesfty f 250 — T

different components. Furthermore, binder jetting fessithe o emsrement i ;
L

= e 508 Simulation
— SuE: Measurement

added benefit of removing the material (the powder) from the _ 200
jetting process completely. This means that many materials
that cannot be jetted can still be utilized if put into a powde
form [10].
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Fig. 4. (a) Fully inkjet-printed capacitors on a flexible Kap substrate.
(b) Capacitance simulation and measurement curves for(\P) and thick
(SU-8) printed dielectrics.

34

Fig. 3. Example of a multicolor/multimaterial single-riobject taken from be_lng fully prmted. S_ever.al demonStratlonS havm_a ShOle ful
Stratasys printed capacitors with either flexible substrate integrabr

SRFs reaching into th&Hz range, yet what is desired is a
combination of these two important facets [11]—[13].
Il. ADDITIVELY MANUFACTURED RF COMPONENTS Recent work with inkjet printing has achieved highly effi-
A. Inkjet-Printed Inductors and Capacitors cient MIM capacitors on flexible organic substrates, offgri

In order to realize any practical RF system, certain passitigh SRFs suitable for RF applications and a capacitance per
components are required. Capacitors and inductors playURit area comparable with that of bulk capacitors [6]. Using
crucial role in wireless and microwave systems by provid2VP-based (thiner layer hence higher capacitance) and-SU-8
ing such elements as antenna-to-system impedance matctiaged (thicker layer hence lower capacitance) polymeks in
circuits, Signa| band_pass and band_stop filters, and QSCrtO realize thin and thick dielectric films with thicknesseds o
reactive components. The integrity of these components &®&Hm and4 um, respectively, along with a highly conductive
typically outlined in three parameters: capacitancefataince, Silver nanoparticle-based metallic ink, these capacacesab-
self-resonant frequency (SRF), and quality factor. Thegra- ricated on a flexible Kapton substrate, shown in Fig. 4(ag Th
tion of these passive components with inkjet printing aiowcapacitance measurements of the capacitors versus freguen
for simple integration with flexible and conformal wireles$hown in Fig. 4(b), demonstrate a similar effect of using
systems, therefore eliminating the need of bulky externdlin and thick dielectrics on the overall capacitance of the
components, that would be easily delaminated for practicg@mponent. SRF is also reported for each capacitor to exceed
radii of curvature. 1 GHz, entering the regime of high-frequency wireless and

1) Metal-Insulator-Metal Capacitors:The most common Microwave electronics.
variety of capacitor design typically used for low-profie-r  2) Spiral Inductors:The second flexible passive component
configurable applications and easily configurable appticat to be realized through inkjet printing is the inductor. Thesn
is the metal-insulator-metal (MIM) capacitor. The simjilic common implementation of RF inductors, typical in CMOS
of the design, where a single dielectric film separates twechnology and other low-profile applications, is the diita
metallic plates, leads to a lot of flexibility in the plateductor. Typical designs of such inductors are realizedugho
area design, dielectric material characteristics, andh élie a physical spiraling of a metallic conductor and the uttima
possibility of multilayer stack-ups. This design schema caf a dielectric bridge to direct the conductor out from the
be easily implemented with the inkjet printing fabricatiortenter of the spiral. Several demonstrations of meander-li
process with the whole geometry (metal plates, thin digke)t and spiral inductors have been proposed with inkjet printin
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1.5 turn inductor prototypes before and after bridge fatiiamn

are shown in Fig. 5. This fully printed thick dielectric bgel
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 of 0.5 and 1.5turn
designs. The quality factor of the printed inductors, shamwn
Fig. 6(b), varies from 8.5 to 21 datGHz, depending on the
number of silver nanopatrticle layers printed, demonstcgifie
highest quality factor and inductance values reportediimt¢l
passives literature. Multiple iterations of inductor fightion

@) (b) demonstrates a repeatability within 5% for both inductaaru
Fig. 5. Fabricated samples of inkjet-printed flexible spimductors (a) before  SRF, showing great promise for fully printed RF modules. The
and (b) after dielectric bridge deposition. combination of these fully printed high-Q inductors andHyg

scalable capacitors help define a basis for performance low-

fabrication, yet many suffer from a low quality factor (QyJ1 cost and flexible RF electronic systems through inkjet prant
and a low frequency operational restrictions [15], [16]e%@

implementations suffer mostly from fabrication limitat® B. Flexible Interconnects, Metamaterials and Isolatingugt

in the printed dielectric bridge thickness, where a thinnéures

bridge has the potential to introduce a detrimental pacasit |t is very common for flexible RF electronics and modules
capacitance to the inductor element. to be mounted or wrapped around curved lossy (e.g. human
body mounted wearable electronics) or metallic structures
(e.g. bridge-mounted structural health monitoring sesjsor
Thus, there is a necessity for highly efficient and durable
flexible interconnects isolating structures, such as easilfi
magnetic conductors and frequency-selective-surfadesng
metamaterial architectures in order to maximize the commu-
nication range and optimize the RF performance in typical
rugged scenaria. This section discusses various adgitivel
manufactured structures of these types stressing majge-lar
area implementation challenges.

50
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Fig. 6. (a) Inductance and (b) Quality factor measured amulilsited values F9- 7- AMC backed monopole antenna [17]

for different number of turns and metal thicknesse80(nm per layer) . . o .
1) A Printed Flexible Artificial Magnetic Conductor (AMC)

Through the introduction of a printable thick SU-8 dieléctr for Wearable Application:In numerous practical applications
ink, spiral inductors can be realized through a fully additi with highly lossy or conductive mounting structures, the
inkjet-printed method on flexible substrate [7]. The prigti spacing between the thin-substrate RF components and the
process includes the deposition of a conductive spirdgi@d mounting structure themselves plays a critical role on the
by a 24um thick dielectric bridge with via holes that isexcited modes of wave propagation as well as on the effective
complemented with an overlying conductive trace effetyiverange of the wireless system. This is especially true for
connecting the printed spiral to the output trace. Fabeitatradiating elements such as antennas, especially when stbunt
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high-permittivity lossy materials, such as the human body 2) Flexible Printed Metamaterial AbsorbeA novel inkjet-
(e > 30[18]). This detrimental effectis commonly referred aprinted metamaterial absorber is introduced for the firseti
‘detuning’ of the component. It is possible to tackle thisuis in [19]. Unwanted electromagnetic (EM) waves in specific
by designed patterned isolation structures, such as Aatificfrequency bands can be typically dissipated and absorbed by
Magnetic Conductors (AMC), that can be placed between tE®1 absorbers to suppress undesirable reflections from di-
component and the mounting structures. electric/metallic boundaries [20]. Conventional matebased

To demonstrate the capability of inkjet printing procesabsorbers are bulky, heavy and high-cost. However, thetnk
to realize low-cost flexible large-area isolating struesyran printed metamaterial-based absorbers on paper are low-cos
inkjet-printed AMC-backed flexible monopole antenna follexible, and low-profile due to the additive and cost effeti
wearable applications was introduced in [17]. A waffle-lik@roperties of inkjet printing [21], [22]. The designed EM
unit cell AMC was inkjet-printed on low-cost flexible paperabsorber prototype is making use of a frequency selective
and a microstrip line-fed monopole antenna was mounted surface (FSS) structure which consists of a periodic reésona

top of this periodic structure, as shown on Fig. 7. structure backed by a conductor. Therefore, it is possible t
achieve a more low-profile flexible metamaterial structtisnt
0 conventional absorbers while maintaining high absortivi

The geometry of a unit cell of the presented absorber's
periodic structure, which consists of circular Jerusaleross
resonators, is demonstrated in Fig. 11(a). The designed ab-
sorber consists of circular Jerusalem-Cross resonatardgsan
- - inkjet-printed on paper. The absorber prototype was inkjet
————————— printed on paper and was composed of 15x15 unit cells on
) . F S a 0.5mm thick paper as shown in Fig. 11(b). The flexibility
e I AU [ERDERDRDUS SR | S R of the printed absorber is shown in Fig. 11(c). The amount
ap | — smustion | 0 W of absorbed power (dissipated power by the EM absorber) is
e shown in Fig. 12. with a peak value of measured absorptivity

4.0 45 5.0 5.5 60 &5 equal to 79.5% at0.36 GHz. The discrepancy between the
Frequency (GHz) simulation and the measurement results are attributedeto th
Fig. 8. Reflection coefficient 13 (measured and simulated) of the AMCSurface roughness of the fabricated EM absorber. Indeed, th
backed monopole [17] reported surface roughness of photo paper is abput and
the polymeric surface of paper experiences mechanicasstre

The simulated and measured reflection coefficients (Fig. @)ring the thermal sintering and bonding process [5].
and radiation patterns (Fig. 9) of the antenna show good
agreement over the WiFi band around 531z. The gain 8
values of the antenna measured “on” (folded around a huma 5
phantom) and “off” (free space) of a human phantom (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 malri
that it may be placed on. This opens the possibility to print &
broad range of flexible high-performance antenna designs fc
wearable applications.
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Fig. 10. Gain of the printed flexible AMC-backed monopolemglated,
measured in free space and measured on a human phantom) [17]

3) An Inkjet-Printed Flexible Via-Hole Interconnect and
a flexible Substrate Integrated Waveguide (SIVifitercon-
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. Flexibikiguire-
ments further complicate the design of RF interconnects, as
they typically create cracks and local discontinuitiesarding
Fig. 9. Radiation patterns (measured and simulated) of tN&C Aacked local reflections and exciting local Standing waves. In this
monopole at (ap GHz and (b)6 GHz [17] subsection, a novel flexible via fabrication process Lititiz
inkjet printing technology is presented. In previouslyoegpd

= Sirnulation
| = Measurerment |
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() (b)
Fig. 11. (a) Geometry of a unit cell, (b) fabricated absaried (c) flexibility of the absorber.

efforts, inkjet-printed via holes have been successfuliple-
mented on very thin substrates [23]-[25]. The stepped vi

approach shown here (with amm diameter) achieved the
thickest via { mm long) while demonstrating a good via
resistance off.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 metalize
with a similar approach to other inkjet-printed structyries.

printing multiple layers on drilled via holes, it would rédsu
in detrimental discontinuities. The printed silver nanticées I/-

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 evaporatio
of the solvents, the polymers (a dispersant on the silve
nanoparticles) and the impurities of the ink. Gravity ferth

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 reduc

the stress on printed silver nano-particles on the via hole .
during the sintering process, that are typically detrirabfar
the performance of uniform vias as reported previously. The

LI

Substrate

@

Inkjet-printed metal

fabrication process is shown in detail in Fig. 13.

o— 0

1 1 I
0.9H e simulation ) i —I ————— 7‘—— - ——}— ——— Fig. 13. Fabrication process of the flexible via intercorinveith laser etching
0.8 s neasurement I of one side ((a) (b)) followed by laser etching of the other side ejd))
and inkjet printing of nanoparticle conductive ink on the &) and then on
the bottom half area (f).

0.7
0.6
0.5
0.4

Absorptivity

8.0 8.5 9.0 9.5 10 10.5 1
Frequency (GHz)

Fig. 12. Simulated and measured absorptivity of the ingjetted absorber
prototype.

This novel flexible via-hole fabrication process was alsg9 14- Fabricated stepped via hole (magnification ratid)x

utilized to realize a fully inkjet-printed flexible Substea
Integrated Waveguide (SIW) on polyimide (thicknezs pum)
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as demonstrated in [26]. The geometry of a microstrip-SIVetermine the arrival direction of a signal [27]. The mogheo
microstrip (back-to-back microstrip-SIW transitions)nisc- mon methods utilized to achieve reconfigurability have ainc
marking transition is shown in Fig. 15(a) with the dimensionbeen through the use of phase shifters, attenuators, diodes
of the transition and the vias being optimized to minimize thtunable materials, active materials, microelectromeitiahn
radiation leakage, the insertion loss, and the fabricatioar. structures (MEMS) or mechanical methods via moving parts
[28]. However, a novel way of achieving reconfigurability
taking advantage of “origami-based” shape changing edable

OO DoOuoDy by a combination of inkjet printing and AMT on flexible
-
i - N materials is presented in this subsection.
Co ) P
— | : =
(s rnm) m
lallsllallsilelallslale: . = T
P Ny — P,
cY B R D5 A <
= : > . Y
4 \ \ I \ i \ \ \ P ' <
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(@ (b)
Fig. 16. (a) “Origami”-creased flexible base material (b)dif of a flexible

S-parameters (dB)
| i, )
w

b1 deployable accordion lantern structure [29].
|
| | | . . . . .
20 B L E — The introduction of deployable origami structures hasontr
] e Flat: |5, . . .
| \ 130 | = Fat: |5 duced new methods for shelter construction [30], biomédica
5 1 D T . e e applications [31], and space applications [32]. Thesesires
L il e i enable expanded and compressed “end” states and numerous
-30 ' ‘ ‘ in-
Lyl ms W L5 B =5 &0 &5 o 75 B in-between _states. Deplqyable structures, such as the one
Frequency (GHz) shown on Fig. 16 and Fig. 17, hold much promise for use
(b) in flexible reconfigurable antennas.

Fig. 15. (a) Geometry of the benchmarking microstrip-SN\Gmstrip As a first proofjof-concept_demonstratiqn, a flexible recon-
transition. (b) Flexibility test of the fabricated flexibteansition prototype figurable “origami-based” axial-mode helical antenna whic
(D is radius of curvature) [26]. can change its operating frequency bands through its height
- . . . modification has been created [33] with a structure shown in
The flexibility of the SIW interconnect is experimentally_. 18, while Fig. 19(a) and Fig. 19(b) show the simulated an

I : ig.
demonstrated as shown in Fig. 15(b). The fabricated Sl{r?\”n/gasured return loss at the compressed and expanded states.

interponnect was wrapped around cylinders with diametersKirigami is a derivative of origami which involves cutting
ranging from 25mm to 70mm. The measured frequencyand gluing in addition to traditional folding. A variety ofteer

responses for all different radii of curvature; (S S ) have inta:esting shapes taking advantage of this method can be

shown good repeatability and robustness since the meas 3 s . . )
. . offned. For example, an inkjet-printed flexible reconfidniea
S-parameters have been almost identical before and a Er xamp InKjet-pri X !

X . L . SPlral antenna incorporating this technique was crea¢pds
the bendmg test._ Th_|s demonstrates_ that it is even possi oto paper. The two end states are the equivalent of a planar
using the via fabrication method previously presenteduby f

S ) ) : spiral antenna and a conical antenna as shown in Fig. 20. As
|nkjet_ prmt flexible \{|a-enabled RF §tructur§s (e.g.b . the flexible structure is telescoped into its conical shdpe,
transitions, waveguides) that remain functional underovesr

. . . . gain of the antenna is effectively increased in real time.
bending, flexing and rolling conditions. Efforts are underway to take origami/kirigami inspired an-

) ] ) . tennas one step further. Two drawbacks of current designs
C. Flexible “Origami” Reconfigurable Antennas are the requirement for manual reconfiguration and the need
Traditional antennas lack the ability to adapt to changiraf mechanical support structures for the stabilization hadf t

system requirements by virtue of their design, since their odifferent states. Traditional mechanical componentsasup-
erating characteristics are fixed. Introducing reconfigilitg  port this operation but tend to be bulky and require addition
to an antenna can improve system performance and/or redpower. One cutting-edge solution implemented to alleviate
the required number of antennas for a particular applinatidhis problem is the use of smart flexible materials [35]. For
Reconfigurability is the capacity to change a radiator'srape instance, a shape memory alloy (SMA) was utilized with a
ing characteristics, such as frequency of operation, iapeel reconfigurable helical antenna to accomplish changes ghhei
bandwidth, and radiation pattern. Reconfigurable antenri&6]. Applying a direct current (DC) through the SMA heats
have been in existence since the early 1930’s, when the nulie material causing the SMA to contract, thereby reducing
of a two-element array were steered by a phase changetthite height of the antenna. Once the current is removed, the
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Fig. 17. (a) Flat paper with copper strip before folding (l§sa&mbled flexible
reconfigurable accordion antenna. [29].

6'{\&(\&

Fig. 18. Flexible helical antenna constructed on a depleyalrigami
structure. [33]

spring-like forces of the helix extends the structure backs
original height.
A revolutionary way of depositing flexible smart materi

als through additive manufacturing is a process termed “4¥9rary shape”.

Printing” that uses a multi-material polymer printer to ates
printed active composites (PACs), which are 3D printedhwi
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Fig. 19. Reflection coefficient of the (a) compressed stajeeXpanded state
state of the flexible helical antenna of Fig. 18 [33]
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Commercial inks TangoBlackPlus and VeroWhite are, cur-
rently, the most utilized materials for that purpose. The
thermo-mechanical properties of the printed materialsrimnat
can locally be selected by adjusting the ratio of the two
materials. Hinges for origami-type flexible folds are ceeat
using a matrix with a higher content of TangoBlackPlus, Whic
employs a lower glass transition temperature than Vero&Vhit
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 “tem-
Reheating the body past the glass transition
temperature of the hinges triggers a return to the permanent
state.

an added fourth dimension being a shape change effect [37].

Origami inspired boxes, pyramids, and airplanes have dyre

been demonstrated by utilizing PAC hinges to achieve t

folding.

Current research efforts are devoted to utilizing 4D prin

ing to achieve partially self-actuated origami/kirigaimspired
flexible reconfigurable antennas, resonators and other
structures. An Objet Connex 260 (Statasys, Edina, MN, US
3D multi-material polymer printer has been used for t
fabrication of a proof-of-concept preliminary flexible poe
type. Droplets of a polymer ink are initially deposited at
temperature of arount) °C and then UV photo-polymerized.

() (b)

&ig. 20. A kirigami-inspired reconfigurable spiral antent@) Planar config-
uration and (b) conical configuration [34]
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= = o | 1. Laser Etch Channels on PMMA

N . 2. Print Metallization on paper

Fig. 21. A flexible 3D printed SMA cube with an inkjet-printethtenna on
one of its faces

3. Print Bonding Layer
on same paper

Fig. 21 shows the prototype of a cubic structure in its B - Bod PMbMA 2ud paper

“temporary shape” with an inkjet-printed patch antenna on

one of its faces. Fig. 22. Fabrication process of an inkjet-printed flexiblenwfluidic tunable

Current efforts are focusing on coupling this polymef'ter/ liquid sensor

depositing AMT with conductor-depositing AMTSs, such as
inkjet printing, in order to create fully additively manatared K inted Elexible Microfluidi bl
flexible reconfigurable antennas, such as the one shown AynInkjet-Printed Flexible Microfluidic Tunable RF Struats

Fig. 21. Various printed Wireless Power Transfer (WPT) pov§f Sensors

ered local heating topologies are also currently inve&a pye to its inherent capability of manipulating extremely
for the wireless triggering of the shape changing effecthef t sma|| quantities of liquid, microfluidics is an emergingtiec
flexible “origami”-based devices. nology that has been widely used in manufacturing control,
3D/4D printed flexible reconfigurable antennas can be edagemedical sensing, chemical assay and lab-on-chip applic
ily launched in compact volumes and deployed on aircrafbns over the past decade. Lately, there have been numerous
and space platforms (commercial or military) as a lowefforts to integrate flexible microfluidics with differenfRle-
cost rollable/flexible alternative to current methods vahéze signs to enable them with real-time liquid-controlled thitigy.
commonly bulky and non shape-reconfigurable. Wearable aBgecifically, in order to realize low-cost and environménta
implantable electronics and sensors can also benefit frem sfriendly microfluidic devices on flexible paper and poly-
structures, as they cause only minimal - if any - interfeeenener substrates, the inkjet-printing manufacturing teghai
with motion. Other potential applications could also it has been introduced as a reliable fabrication process, as
among others, health and contamination monitoring, artithown in Fig. 22. In preliminary reported prototypes, the
cial limb control, and exoskeletons. Wireless systems witthannel and the feed holes are laser etched into sheets of
requirements for arbitrary orientation cognitive radisteyns, poly(methylmethacrylate)(PMMA). Fully inkjet-printedeft-
and real-time reconfigurable wireless systems (e.g. stralct ible microfluidic channels are under development and are
health monitoring “smart skins”) could also benefit fromsthiexpected to be reported in the near future. In the flexible
technology. prototype reported in [38], a Dimatix DMP-2800 series pnt
is used to inkjet print a silver nanoparticle ink onto the grap
substrate. After curing the silver ink, a layer of polymed¢8)
is printed over the metalized pattern to be used as an aghesiv
to seal the channel as well as the isolation layer between the
filling fluids and the metalized pattern. Then the device is
One of the fastest growing areas of flexible RF/wireledialized by curing the SU-8 layer while applying pressure.
modules is the area of wireless sensors. In addition to flexi-Such flexible microfluidic structures could be a useful tool
ble passives, interconnects, isolation structures anenaas, to develop numerous flexible and tunable antennas, passives
previously presented, that enable the efficient wirelesa-coresonators and filters. A metamaterial-inspired tempegatu
munication capabilities of such modules, it is very impotta stable inkjet-printed microfluidic-tunable bandstop filteuilt
to "seamlessly” integrate flexible sensing structureshsas by coupling a Split Ring Resonator (SRR) to a coplanar
microfluidics and nanotechnology-enabled sensing configuaveguide, is shown in the inserted figure in Fig. 23(b). By
rations. This section presents preliminary proof-of-@ptc loading the capacitive gap of the SRR with a variety of fluids
flexible prototypes of microfluidic sensors that can bezgili having different permittivities, the resonant frequendyttze
to distinguish between different fluids based on their iedat filter can be tuned with a high sensitivity of 074/¢, as shown
permittivity values and nanomaterial-based gas sensats tim Fig. 23(a), which verifies this filter's ability to distingsh
can be integrated into wireless nodes to enable them witfiferent fluid or mixtures based on their permittivity. Mor
chemical gas sensing and discrimination capabilities. over, the flexible fabricated filter demonstrates a highlleve

IV. FLEXIBLE INKJET-PRINTED SENSING STRUCTURES
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Fig. 23. (a) Measured and simulated insertion loss for eiffefluids pumped
into the channel [39]-[41], (b) Resonant frequency shift tuthe temperature

change of the into the microfluidic channel.

temperature sensitivity, as shown in Fig. 23(b). Fog5K
temperature increase, a 9% increase of the resonant freguen
for a water-filled device is demonstrated, which verifies the 10
functionality of the liquid-tunable filter as a temperatsemsor
as well. The initial results could be easily extended to timga
flexible fluid-tunable SRR metasurfaces which could be used
in a vast array of applications ranging from in-vivo sendiog

wide-dynamic-range tunable RF filters.

10

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 orwlo
cost, flexible, environmentally friendly substrates opéins
possibility of a scalable production of such flexible carbon
nanomaterial-enabled sensors. Multiple and differentiyct
tionalized sensors of this type could be easily integrated o
a variety of flexible substrates, such as paper or polymer,
with other previously reported RF flexible components thus
featuring a combined capability of wireless communication
and selective ambient sensing of a wide range of gases.

30 I 1 1
— NO,: 864 MHz
25 || == NH,:864 MHz
NO;: 2.4 GHz
== ae NH;: 2.4 GHz
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>
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Fig. 24. (a) Flexible CNT sensor response as a function ofséresed gas
oncentration and (b) Time response in the presence of &lid NG using

B. Inkjet-Printed Flexible Carbon-NanomateriaI-Enable(ioncemraﬁons of 10 ppm 864 MHz and 2.4 GHz.

Sensors

1) Fundamental Sensing Mechanisi@arbon nanomateri-

2) Flexible Carbon nanotube (CNT) based sensor proto-

als (e.g. CNT’s, graphene) have already found a very extensiype: The first proof-of-concept prototype [42] presented in
use as sensing devices since they experience notable shatigje section features the use of Multi Walled CNT’s (MWCNT)
in their electrical properties (e.g. DC resistivity, digtiic as the basis for a thin-film gas-sensing material, which was
constant, effective complex impedance) in the presence dsfposited using a water based MWCNT ink that was inkjet-
particular substances. The underlying mechanism is tiwdir a printed on a flexible polyimide Kapton substrate.

ity to selectively absorb various compounds on their s@ffac NO; and NH;, diluted in N, were chosen as the test gases
resulting in electron donating and accepting interactidie due to their extensive industrial use, toxicity, and rglatase
resulting material properties changes can be exploited db acquisition. The effect of these gases on the MWCNT
determine the presence and concentration of various chematerial properties was tested using a KIN-TEK FlexStream
cals by translating them into measurable electrical qtiasti gas standard generator, which is capable of providing very
such as changes in voltage, current, resonant frequendy, atable and accurate analyte concentrations into a carager g
backscattered power amplitude. Typical excellent ele&ltri down to very low concentrations, using gas permeation tubes
conductivity values as well as an inherent ability to be Igasiof various gas delivery rates. The changes in the resistaihce
functionalized for a wide range of chemicals make these Inotke tested sensor were monitored as a sensing indicator.
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Before any test, an almost complete desorption of chemical
species potentially previously absorbed by the sensingnaht
was achieved by placing the sensors under a flow of pure
nitrogen (Nb) for 5 minutes. ?

Fig. 24(a) shows the sensitivity variation of the flexible
CNT sensor as a function of the concentration of both test : ! i
gases in the environment surrounding the sensor and at the B e s R e e e
two unlicensed frequencies &64MHz and 2.4 GHz. The 1 :
sensitivity is hereby defined as the change of the resigtivit v
of the inkjet-printed CNT-based sensing patch as a function
of time relative to its value at time t=0.

Sensitivity (%)

R — RO 5 Gas A Air
1 7
e (1)

Sensitivity =

where Ry is the resistance at time t=0. Sensitivities of 21.7%
and 9.4% were achieved for 10 ppm N@nd 4 ppm NH,
respectively, aB64 MHz ; these values are higher than those
achieved in recent efforts [43] for a higher concentratib®( !

ppm) of NH;. Fig. 24(b) shows the response over time to the - G S FEV AR S
same chemical gases at the chosen frequencies. For thimport ¢ 5 5

of the experiment, 10 ppm was used as the concentration for Tieme {iin

both gas tests. As shown in Fig. 24(b), the MWCNT-based (®)

flexible gas sensor features a very fast response to botls gasg 26. (a) Measured response of the three flexible inkjeted rGO thin
(less than 1 minute). After testing, the sensor exposed tg N ::)’(ﬁ)lsehrc’(‘gg tcr)1ri]anli?rﬁ Z(S;trt‘e‘r’r:ef)e?ge,\l;faﬁg'(g)o'.weasured response of the
features a rapid recovery as well.

O St S =

Sengitivity 196}

i
|

V. INTEGRATEDRF SYSTEMS
A. Flexible RF modules

The previous sections have focused on state-of-the-art flex
ible RF electronic and sensing components that have been
fabricated using inkjet printing and other additive matiia-
ing techniques. Sec. V presents various flexible inkjettpd
RF integrated modules and systems ranging from a beacon
Fig. 25. Three different lengths of rGO patterns interfaaéih inkjet-printed  OSCillator and a rollable inkjet-printed Ground Penefrati
silver nanoparticle electrodes on flexible Kapton (reférte as patterns 1,2 Radar to a flexible printed reflection amplifier and various-co
and 3, counted from left to right) formal wireless sensor nodes. Although some high-frequenc

active circuits [45] and logical circuits, such as low-foeqcy

3) A flexible inkjet-printed reduced graphene oxide (rGORadio Frequency IDentification (RFID) transponders [9jeha
Based Sensor PrototypeRecently reported rGO-based inkseen reported using a state-of-the-art inkjet printed-fitim
have enabled the implementation of flexible inkjet-printettansistor (TFT) technology, acceptable combinationsoof |
graphene-based gas detection sensors featuring goocergcopower dissipation, high mobility (for use in higher freqoes
and response times as well as high sensitivity. In the pyptot than kHz), high on-off current ratio, small size and repeat-
reported in [44], graphene oxide (GO), which is the preaursable/scalable manufacturing have not yet been demongtrate
to graphene, is inkjet printed onto a UV-ozone treated Kaptdor high-frequency flexible topologies. For these reasons,
substrate (Fig. 25). The printed GO is then post processedst reported flexible RF modules need to combine standard
to reduce it to rGO. Sintering GO using heat and laser camtegrated circuits (IC) with the fully inkjet-printed fldxe
be both used for this process. After applying 500 ppm @bmponents previously presented.

NHs, resistivity value changes of up to 6% were observed 1) Flexible Inkjet-Printed Beacon Oscillator - Active an-
with response times of less than five minutes. Upon thenna: Numerous system-level hybrid printed electronics de-
removal of the gas at t=15 minutes and application of air, tivices have been recently reported in [46], [47]. They are
sensors recovered by 30% within five minutes verifying theomposed of additively manufactured passives, such as-tran
reusability of such flexible inkjet-printed sensors. Fi®(l®) mission lines, antennas, capacitors and inductors, wittreliie
displays sensitivity values of the flexible sensing film fad C active/nonlinear components (transistors, diode, etd)ragh-
and NH; showing a noticeable difference in the characteristmerformance CMOS chips on low-cost flexible substrates,
response of the sensor to each gas, verifying the selgctivétfectively providing a flexible and cost-effective methfuma
characteristics of these sensors. circuit fabrication, that simultaneously takes advantaigeoth
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Antenna Y Oscilator  Module

(@ (b)
Fig. 27. (a) Circuit schematic and (b) fabricated flexiblenf@d RF beacon oscillator prototype [46], [47].

phase noise value 6£130dBc has been measured BMHz
away from the carrier frequency (Fig. 28(b)).

2) A Rollable/Flexible Printed Ground Penetrating Radar
(GPR): Typical GPR systems transmit electromagnetic waves
and then measure and analyze the multiple reflections in
order to develop accurate subsurface mapping and detect
buried objects. Environmental GPR systems use frequencies
in the Very High Frequency (VHF) band to achieve large
exploration depths through conductive soil layers£ 3—15,

o ~ 0.001-0.01 Sm~1). The large antennas required, however,
can complicate wide-area outdoor measurements which is
why most systems are equipped with detachable antennas. A
drastic improvement in portability can be achieved throtigh
application of new flexible and rollable packaging appre@sch

Power [dBm]

845 850 855 860 865 870 875
Frequency [MHz]

@)

-60
- that would allow the entire system to be stored quickly and
— transported easily, while being easily re-deployed at thiatp
1—'; 80 of exploration. A flexible radar system that can be rolled
g =5 into a compact container and attached to a backpack for easy
% -100 transportation would reduce the cost of GPR implementation
Z 110 particularly for measurements requiring a large staff smsr
® 10 port heavy equipment through remote places with extreme
= conditions as well as when requiring the use of multiple
130 transmit/receive antennas for complex measurements.dn th
-140 - . presented flexible radar prototype, inkjet printing tedbgyg
10 10 10 . e . .
Frequency [Hz] is used to develop a monolithic radar system [48] in which the
(b) actives, passives and antenna should share a single tell-ab
Fig. 28. Measured (a) spectrum and (b) phase noise of thélieriF beacon Substrate. This level of integration addresses variousmaj
oscillator of Fig. 27 [47]. challenges of realizing a flexible system when it comes to

materials, processes and electrical design. For thiscpdati
application, the two-step electroless plating bath tetdmo
the unique features of both CMOS and AM/inkjet printingProcess was chosen. This process consists of the inkjeirgyin
technologies. In [46], [47], a folded slot antenna alonghwitof a catalyst ink as a seed layer followed by copper depasitio
a circuit layout were inkjet-printed on paper, and IC chip®n top of the seed layer through the use of electroless copper
such as JFET and a voltage regulator, were mounted lpath deposition process. This approach was chosen due to its
the printed circuit. These prototypes demonstrate the edBfierent wide-area printing capabilities and excellertesion
integration of active circuits with energy harvesters,hsas properties [49], both of which are beneficial for the redlaa
a solar cell, utilizing inkjet printing technology and lowest 0f a large flexible system which must roll around a tight radiu

flexible substrates. The fabricated system prototype (Fig. 29(b)) features &bas
A proof-of-concept flexible RF beacon oscillator is showkrequency-Modulated Continuous-Wave (FMCW) architestur
on Fig. 27. It consists of 4 blocks: a solar module, a powénat includes the Voltage Controlled Oscillator (VCO), ptar,
regulator, an oscillator, and an antenna. The solar mothde, Low Noise Amplifier (LNA), mixer and matching circuits
power regulator, and the oscillator circuits were mountad @hosen to implement the fundamental FMCW radar functions,
the inkjet printed circuit footprint by using a conductieoxy. that consist of a frequency sweep, amplification and coivers
The autonomous module oscillates &8 MHz (Fig. 28(a)) from RF to Intermediate Frequency (IF). The entire system
by continuously converting solar power to RF power, while was realized on a single layer of Polyethylene terephthalat
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Fig. 29. Output power spectrum and layout/prototype of thgitfle GPR module: (a-b) flat, (c-d) curved horizontally dref) curved vertically

(PET) flexible film and measuredOcm by 8cm. In the 1) A flexible printed reflection amplifier with enhanced
experimental verification stage, the Local Oscillator (LO3ommunication capabilitiesDue to its low-power and low-
frequencie®217 MHz, 222 MHz, 228 MHz and234 MHz were cost nature, backscatter radio is an appealing scheme éor us
mixed with an RF input frequency of 200 MHz. The measured radio frequency identification (RFID) [50], [51], authen
beat frequenciesl{ MHz, 22 MHz, 28 MHz, 34 MHz) veri- tication [52], and sensing applications [53]-[57]. Espdgi
fied the basic functionality of the system (Fig. 29(b)). Théor sensing applications, extended communication ranges a
system was then rolled around a foam cylinder with a radidesired; to achieve extended ranges, the backscattereal'sig
of 4.5 cm both horizontally and vertically. The system demonsignal-to-noise ratio (SNR) at the reader has to be boosted.
strated a consistent flex-independent performance witaeyt This section presents a preliminary printable flexible prype
delamination or cracking (Fig. 29). for the novel idea of a reflection amplifier that addresses thi
issue in a very effective way.

B. Inkjet-Printed Flexible Nodes When a tag antenna with input impedar&gis connected
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to a load Z;, the system reflection coefficient is given byhis bound, non-conventional tag designs have to be utilize
Eq. (2). that achieve values dl’;| > 1, i.e. front-ends that feature a
reflection gain instead of a reflection loss (as in conveifion
Zi— L . . .
_ 2t “a (2) tags). One novel flexible and rugged implementation of such a
Zi+ Za system that achieves reflection coefficient amplitudestgrea
I'; is a complex quantity that determines the amplitude anikdan unity incorporates a reflection amplifier (shown in B@.
the phase of the reflected signal from a tag when illuminatethd Fig. 31), that increases the amplitude of and reflects
by a reader’s carrier wave. If for bit “0” a load value ofincoming signals (Fig. 32). This system also incorporates a
Zy is used, and for bit “1” a load value of; is used, two phase shifter to alternate the phase of the reflected signal
reflection coefficient valuek, andI'; will alter the reflected betweerD° and180°, thus achieving binary phase modulation.
signal accordingly, to achieve binary modulation. Theatise The total system achieved’;| > 1 for both tag states
IAT| £ |, — T is of particular importance to the reflectecend I';, Ty are antipodal; this maximizegAT'| for a given
signal’s SNR. In [58], where the complete backscatter radigflection amplifier (Fig. 33), significantly increasing tBaIR
signal model is derived by accounting for both microwave arff backscattered signals.
wireless communication parameters, it can be easily obderv
that the tag signal SNR at the reader relies on the reflection
coefficient distancéAT'| and the bit duratiory:

SNR  |AT|? Ty, (3)

I

Thus, a way to increase the tag signal SNR is to increase the
bit durationT}, by reducing the tag bit-rate. For further increase
of the SNR though, the quantifAT’| has to be maximized. =

Reflection

Phase Shifter Amplifier

Conventional Tag Enhanced Tag

VDD Fig. 32. Left: passive backscattering-based RF tag matuBight: Tag with
(REBlock ) I, a reflection amplifier and a binary phase shift modulator .[59]

{470 pF

270 nH

The binary phase modulator reflects any incoming signal
with two different phase values and attenuated amplitude (d
15nH N BBFF

to the switches’ insertion loss). The two reflection coedfidi
values are shown in Fig. 34 for a tag that only employs the
phase modulator (both stat¢ls;| < 1). In the same figure,
1.0pF 1.8pF the two states of the reflection amplifier-phase modulator
system are shown: two antipodal reflection coefficient \value
= = are achieved, both with amplitud€;| = 2. Specifically, the
Ii-z PF amplifier-equipped tag achievATl'| = 4.1, in contrast with

BFT25A

22 nH
I
|

the modulator-only tag that achieve&T'| = 1.1. This corre-
sponds to a tag signal SNR increasd b3 dB, which is very

Fig. 30. Reflection amplifier schematic with a common inputigat terminal.  D€Neficial for a significantly increased communication eang
The amplifier is biased with a low DC voltage to prevent oatiiins [59]. For a tag that could otherwise have a very low SNR (order
of 0dB) and would thus be “hidden” from the reader, the
11.43dB SNR increase could enable the reader to successfully
decode it.

An important aspect of the front-ends presented in this sec-
tion is their low-complexity architecture, which simplii¢gheir
implementation. This type of front ends requires only a $mal
number of discrete components and microstrip transmission
lines, thus allowing for an easy flexible circuit fabricatio
using inkjet printing techniques, even on low-cost matsria
such as photo paper. In Fig. 31, an inkjet-printed flexible
reflection amplifier is shown, implemented on paper sulestrat
Fig. 31. Inkjet-printed flexible reflection amplifier proype. (er = 2.9, tand = 0.045, thickness= 210 pm). In a similar

manner, numerous novel backscattering-based RFID-eshable

Typically, RF tags utilize passive components for binarintegrated sensing nodes (including control logic, sensoid
modulation purposes, which results in reflection coefficiewireless front-ends) can be fully implemented on flexible
values|I';| < 1. This means that increasing the tag SNR byubstrates by inkjet-printing the required traces and aomapt
controlling AT is bounded by AT'| < 2. The casgAT'| =2 pads, to minimize the total fabrication cost.
corresponds to semi passive tags with antipodal points en th 2) Flexible wireless passive microfluidic sensoFexible
Smith chart (e.g. open and short antenna loads). To overrfiinted microfluidic components, such as the ones shown in
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Fig. 33. For a reflection amplifier tag that utilizes a phasié& shodulator,
T'p andT'; can both lie far from the unitary circle, maximizing the diste

Fig. 35. Wirel f icrofluidi ivent
betweenT'; and o [59]. ig. 35 ireless measurements of a microfluidic passivenittya mounted

Alien Higgs 3 chip utilizing the Tagformance RFID reader

therefore isZ; = Z; .., c.ster IN Order to optimize power
transfer through the minimization of the reflection coeéiti
(Eg. (2)). The antenna’s input impedancg,]) is frequency-
dependent while also varying as a function of the antenna
length. Only the energy that is not reflected is received ly th
harvester. Therefore, we can measure the minimum traregmitt
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 Iof

of the RFID antenna, which is a function of the value of the
liquid-dependent,, 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 univerghl an
can be extended to applications in water quality monitqring
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
Fig. 34. Comparison of the antipodal reflection coefficiealues 1) for genera“ty,’ in the pre_s.entgd flexible pr_ototype, the Po‘p“'a
a conventional modulator-only tag and an enhanced batkscafiiciency WISP (Wireless Identification and Sensing Platform) is con-
amplifier-equipped tag [59]. nected to the inkjet printed rGO sensing component predente

in Sec. IV-B3. The sensor prototype is a battery-free, and

programmable RFID tag that can be powered and read by
Sec. IV-A, can be easily integrated into RFID architecturesgff-the-shelf EPC Gen2 UHF (Ultra High Frequency) RFID
similar to the one discussed in Sec. V-B1, to achieve flexibleaders [44], [60] . It has an on-board micro-controller for
printable zero-power and cable-less sensing platformghén sensing and computing functions and is a multi-functional
benchmarking integrated prototype presented in this @@cti platform. The block diagram of a WISP is shown in Fig. 36,
the RFID-enabled microfluidic tags are designed to operaigich includes power harvesting, sensor, signal procgssin
with a mounted Higgs 3 EPC Gen-2 RFID (Electronic Produgihd modulation/demodulation capabilities. The WISP iglgol
Code Generation 2) chip. By effectively varying the capeeit powered by the RF energy transmitted by any commercial
load of a slot placed near the edge of an inkjet printed flexibRFID reader, which is rectified by a charge pump topology
monopole by utilizing small amounts of different fluids, theonsisting of diodes and capacitors to charge an on-board
electrical length of the antenna will effectively changen®o supercapacitor. Whenever located within the interrogatime
the-fly”. of an RFID reader, the WISP-enabled gas sensor is auto-

Typical passive tags need first to harvest energy fed fromatically detected and begins the transmission of the gense
the reader before being able to communicate back to it. ilfformation through the EPC Gen2 protocol.
the reader does not emit enough power or if too much powerAs the conductivity of the inkjet-printed rGO changes upon
is reflected back at the interface between the chip and theposure to gas, the graphene sensor is used in a resistor
antenna, the chip does not receive enough power and cargivider configuration with a fixed resistor, which is placed
turn on. In the “energy harvesting” mode, the tag’s anten@&ross the WISP’s regulated8 V and ground traces. When
is connected to the energy harvesting circuit and its lodkde WISP is interrogated by the reader, the voltage from the

180°
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B. Materials

=5 [DE"IZ?-”('."‘"}—[ 1) Dielectrics: Since the beginning of “rapid prototyping”
- — - — with stereolithography and other techniques, AM as a whole
Harvester Regulstor H”' o has mainly focused on the implementation of dielectriccstru

—— p— tures. Beneficial to the RFAM movement is the fact that previ-
(Fsk) ously unrealizable complex geometries and configuratians c
now be printed with ease. Unfortunately, only a very limited
Fig. 36. Block diagram of the WISP RFID-enabled wirelessssemlatform. 5 \qunt of materials and methods have been optimized for
high-frequency performance up to now. Many of the standard
Griphenebised materials available for use either feature a very high dteile
ks loss or, as will be detailed in the next section, are unslétab
for some of the standard sintering processes required fér SN
o / (Silver NainarticIes). inks. o .

AM promise to provide a significantly improved control and
accuracy in the fabrication of complex geometries, allawvin
engineers to envision new ways of achieving desired RF
performance and pushing the state-of-the-art by orders of
magnitude. One groundbreaking example in this area has
Fig. 37. An rGO-based WISP gas sensor. been the accurate fabrication of 3D heterogeneous andnausto
dielectrics for substrates or even lenses [61], [62] bytaih
the effective permittivity of a structure with the inclusi@f

voltage divider circuit is read by the WISP’s analog-toitdip . F
converter (ADC), processed, and sent to the reader in tne fo\rloxe'S of air [63]. Furthermore, graded-index (GRIN) lesise

S . . such as Luneburg or Maxwell lenses, can be manufactured
of an EPC Gepz packet. Such types of inkjet-printed ﬂex'b\%ith smoother point-to-point index gradients [61].
autonomous wireless sensing modules could set the fowmdati Y RFAM dielectri t without their det
for the first real-world large-scale Internet of Things amae®t Owever, ielectrics are not without their detrac-
Skin implementations on virtually every flexible substrate

Bepulated 1.8 %

tions. As mentioned before, many well understood and devel-
oped AM methods use photopolymers as their medium [64].
This works very well for mechanical structures but yields a
poor RF performance in regards to the dielectric loss [65].
At this point in time, proper RF dielectrics are a missing
Starting as a technology once envisioned for completgjyk in the fabrication of direct write devices. Advancentgn
different applications (namely photoplotting and rapid®{r iy the material extrusion process, mitigation of losses due
totyping), additive manufacturing has seen itself corly 5 photopolymer dielectrics, utilization of some of the ath
evolving to meet ever increasing demands in a direct digitah techniques (e.g. sheet lamination or binder jetting) and
manufacturing (DDM) landscape; yet, despite all the adeancigorous RF characterization of the deposited materialslavo
ments, numerous challenges in materials, deposition rdeth@esyt in major leaps forward in the future. Preliminary exa
and IC integration still stand in the way of large-scale théi ples coupling AM with inkjet-printing has led to flexible RF

VI. MAIN CHALLENGES FOR THE USE OFAMT FORRF
FLEXIBLE COMPONENTS ANDMODULES FABRICATION

inkjet-printed/3D printed high-complexity modules. antennas, capacitors and inductors 3D prototypes withpacce
able performance up tt) GHz, demonstrating a potential way
A. Additive Manufacturing Techniques to alleviate the high-frequency dielectric-related obiagles of

Additive manufacturing techniques for Radio Frequenc@iM-
Additive Manufacturing (RFAM) can nominally be broken 2) Conductive tracesAdvancements in additively manu-
into those that are typically used for metallic traces arab¢h factured conductive traces have been substantial in rgeans
that are used for the dielectrics. This is because the psesedutilizing a variety of conductive materials [66], [67]; hewer,
and materials used to fabricate conductive traces arealpic SNP inks above others have stood out as the preferred solutio
designed to produce small volumetric deposition rates Ijen tfor conductive trace applications [68], [69]. SNP inks offe
order ofmg/min) for optimized precision and printed featuregood conductivity values, simple post-processing steps an
size ; on the contrary, thick dielectric fabrication withette are stable for a relatively long time when stored properly;
rates would be too time consuming. Summarized in Table | diewever, these benefits all come at a cost considering that
a few types of AMTs that lend themselves to RFAM. As can bBNPs can be quite expensive by weight and currently don’t
seen on Table |, inkjet-printing has a low volumetric defiosi feature any reliable way to be effectively integrated inf» 3
rate and, as a consequence, is an excellent fabricatiorochetfrinted structures.
for flexible, thin RF components up to sdtHz frequency  In commonly utilized inks, SNPs are suspended in a solution
bands. However, the combination of inkjet-printing witthet that allows the particles not to settle to the bottom just the
RFAM technologies would enable the additive fabricatiomof same as color inkjet inks in the office or home. When printing
new range of flexible truly 3D low-cost RF integrated modules pattern, the ink droplet hits the substrate and ideallynéor
and systems. a nicely shaped hemisphere of liquid ink. Once printing is
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TABLE |
ADDITIVE MANUFACTURING TECHNIQUES COMPARED
Additive Tech- || Materials Features || Benefits Drawbacks Commercial Examples
nique size (um)
Material Extru- 100-1000
sion Thermoplastics « Ultra low-cost « High surface roughness Stratasys
« Good integration with « Mediocre feature size 3D Systems
other AM technologies « Anisotropic parts Ultimaker
« High volumetric deposi- e Unknown material pro-
tion rate duction standards
Stereolithography 1-100
Photopolymers « Fine feature size e RF Lossy materials Materialise
« Low surface roughness « Difficult to directly inte- 3D Systems
grate with other technol-
ogy
« Expensive
Material Jetting 10-100
Photopolymers « Fine feature size e RF Lossy materials Objet (Stratasys),
Waxes « Good surface roughness e Poor integration with 3D Systems
Binders « Potential integration with other AM technologies
inkjet-printed metals « Expensive
Aerosol Jetting 10-100
SNP inks « Fine feature size e Only thin layers Optomec
Photopolymer « Low surface roughness e Low volumetric deposi-
resins o Multi-material tion rate
e Poor integration with
other AM technologies
« Expensive
Inkjetting 10-100
SNP inks o Low-cost « Medium thickness layerg Dimatix
Photopolymer « Fine feature size (no more thar200 pm) (Fuijifilm)
resins o Multi-material e Low volumetric deposi-
o Low surface roughness tion rate
e Medium thickness layerg
(up to 200 pm)
Syringe Pump 100-1000
SNP inks o Low-cost « Mediocre feature size nScrypt/Sciperio
Any other paste o Multi-material
« Good integration with
other AM technologies
e High volumetric deposi-
tion rate

complete, the ink is sintered using a variety of techniqu@$.[ technique cost-prohibitive.

The thermal conduction is critical to ink curing as it evegtes In comparison to SNP inks, one newly developed ink
the solvent used to carry the SNPs effectively melting tHer the printing of conductive traces is the diamine silver
SNP’s together, thus enabling a continuous metal trace tlaaetate (DSA) ink. DSA offers numerous benefits for flexible
can be used for electronics applications [71]. Utilizing thelectronic applications: low-cosk($100/100mL) compared

above method, SNPs can obtain good performance results wthSNP inks & $100/100mL), conductivities above 90%

relatively little additional work featuring conductivityalues bulk silver's and complete sintering at room temperature
on the order of bulk metal [72]. [73]. Because DSA is relatively new, its true impact and

However, SNP use features a trade-off. The use of ovBFfactical limitations have yet to be seen; however, as time
sintering techniques naturally works well for substratestt Progresses DSA may come to supplant SNP as the favored
are thermoset or have a h|gh g|ass transition temperaﬂébe ( S”V?r depOSition method for AMT-manufactured electronic
such as many of the flexible substrates used for inkjetipgnt devices.

(Kapton, LCP, paper, etc). Unfortunately, most of the stadd )

materials available for deposition by RFAM either havé,a C. Component Integration

that is often too low for use in an oven (resulting in struetur One method of component integration highlighted by [74]

deformation) or very lossy and ill-suited for use as an RB what is known as self assembly, that can be thought of as
substrate. Furthermore, SNP prices can be in the rangetloé “positioning and bonding of components by random inter-
hundreds of dollars petl., making some applications of thisactions”. The method of bonding can vary from electrostatic
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to magnetic to chemical; however, the premise remains th@t] A. Rida, L. Yang, R. Vyas, and M. M. Tentzeris, “Conduetinkjet-
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 RFANE]
it could potentially offer an extremely low-cost method for

wireless device fabrication. Self-assembly would not neqju (6]

expensive pick-and-place robotic facilities or infrasture,

but would rather rely on random energy sources (vibration,

thermal, etc.) to realize the whole device. For example] [75[7
demonstrates the effective patterning of a substrate eto t
plates. With the help of vibrations, IC chips dispersed irualfl

are then driven in those templates through a process callé}
“fluidic self-assembly deposition process”. AM, and more
specifically RFAM, will require a robust and flexible method|9]
of accurately depositing/mounting 2D or 3D structures to be

integrated with printed components and substrates. Cilyren

process planning software is not optimal or even setup to

consider the multi-material and embedded component issiE$

that RFAM brings to the table. New technology and software
will need to be developed that can handle dielectric, metalf11]
and component level integration all in one suite in order to
truly see RFAM lead the way in producing the new generatiqu]
of easy-to-scale low-cost large-area, flexible RF devigeb a

modules.

VIl. CONCLUSION

This paper has reviewed recent advances and capabilities

(13]

[14]

of inkjet printing on flexible substrates as well as other
additive manufacturing techniques for the sustainablea-ult [15)

low-cost fabrication of flexible, conformal, wearable ardi r
lable radio frequency (RF)/microwave components, sens
and integrated modules. Numerous examples of flexible tinkj
printed passives, nanotechnology-enabled sensors, flaicro

g

idics, energy harvesters, origami reconfigurable compisneH”’!
and radar/beacon systems verify the unique capabilities of

inkjet printing/additive manufacturing for the implemation

of the first real-world truly convergent wireless sensorad-

(18]

networks of the future with enhanced cognitive intelligenc; g,

and “zero-power” operability. Despite the outstanding onaj
challenges for the realization of inkjet-printed/3D peidt

high-complexity modules, such an approach could featufd
tremendous potential in numerous future wireless apjdinat [21)
requiring very large numbers of flexible RF electronics,tsuc
as Internet of Things, Machine-to-Machine (M2M) communi-

cation systems, environmentally- friendly (“Green”) Rl
tronics, “Smart Skins” and “Smart-House” topologies.
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