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we call it, “zero power,” deeis capable of sensing, com- . Actuator
municating measurement data and featuring unique iden- Df’Ye s
tification capabilities.

However, printing techniques are not unique as many —
of their advantages are shared with the family of additive Fluid supply
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 Substrate
flexible materials, especially in the light of the new pos- motion
sibilities offered by the use of the third dimension and
their capacity of depositing new nanotechnology-enabiigd.. bob material jetting.
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 rangetwds been considered as one of the most promising manu-
flexible microwave electronics and systems, as a first $aefuring technologies foeflible wireless/RF devices and
into assessing the challenges and feasibility of these reystems.
manufacturing technologies for the scalable low-cost pro-This strictly additive process, in most cases, works in a
duction of high performance wireless passives, sensors‘drap on demand” (DOD) manner similar to that used in
integrated systems. For this purpose, we will first discaffice inkjet printers. In DOD inkjet fabrication, small
in Section Il the properties and advantages of AMTs for tlneps of ink loaded with the material to be deposited are
fabrication of flexible wireless electronics. In Section ¢ienerated by inkjet nozzles and projected toward the
we will then present various flexible wireless componeunistrate (see Fig. 1). The nozzles and/or substrate are
prototypes fabricated with AMT. Section IV reports preiitoved to place the droplets of ink in specific places to
minary printed sensor modules, such as inkjet-prini@eherate the desired pattern. Upon hitting the substrate,
nano-carbon-enabled gas and microfluidic sensors. Eo#ydrop solvent, which is suspending the material to be
assembled RF nodes and modules (radar, beacondepesited, evaporates from and/or absorbs into the
presented in Section V, while major challenges and futsudstrate leaving the patterned material. Unlike standard
directions for the impleméation of AMT-fabricated photolithography methods that are subtractive and gener-
“zero-power” green flexible RF systems are discussedeiiarge amounts of chemical wastes, the only material
Section VI. 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

II. ADDITIVE MANUFACTURING fabrication method. This simple process also gives a huge

TECHNOLOGIES (AMT) amount of versatility as to athmaterials can be printed
and what substrate or object they can be printed onto.

A. Inkjet Printing The recent advancements in this manufacturing tech-

As previously argued, printing technologies started gettogy have been mostly driven by progress in the ink
ting used due to their inherent capability of low-cost falieéchnology. Silver nanopiate inks have now been used
cation of devices using a wide range of materials on flexibienore than a decade to print traces with conductivity
substrates, in an environmentally friendly manner whilalues in the order of magnitude of screen printing tech-
being compatible with the strict quality requirements ofques [3]. It is now possible to print dielectric polymers
multilayer components up to millimeter-wave frequenci¢such as PVP, PMMA, SUS8, etc.) that have enabled the

Inkjet printing, in particular, has the specificity of bdabrication of fully inkjet-printed multilayer components
ing a printing method but also part of the AMT. Indeef]—[8] such as the ones that will be shown later on in this
once the design file has been created, the inkjet printer paper. All these layers of different materials can be de-
directly start depositing the ink layer by layer to fabricat@dsited with high definition and precise alignment.
with no intermediate steps required. Furthermore, a wide Furthermore, inkjet printig offers the unique capa-
range of materials can be deposited with precise layebility of depositing in room temperatures precise guanti-
layer alignment with resolotis sufficient for operationties of nanoparticles (such as carbon nanoparticles) on
up to sub-terahertz frequency range. For these reasorflextble substrates to take advantage of their “sensing”
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semi-conducting properties. It has to be stressed the’ X-Y positioning system

materials such as carbon nanotubes (CNT) require tempe —Inkjet print head
atures higher than 50 to be deposited with common
fabrication processes, such as chemical vapor depositi
(CVD) [9]. Most commonly used flexible dielectric sub-
strates for radio frequency electronics can only tolerat — Unused powder
temperatures up to, at most, 40D and therefore cannot
be used with CVD of CNTs, a problem that does not exis
with inkjet printing. This versatility is a reason why inkjet ¥—Z positioning system

printing is very widely utilized by material scientists and

serves as a major cross-disciplinary interface where imm0z2. Binder jetting.

vations in materials can readily enter the realm of electri-

cal engineers for system integration.

Moreover, inkjet printing offers very good depositiatrengths of material combinations in the complete range
definition. Features and gaps of 5@ can be readily of 100% of one material and 0% of the other, to the com-
achieved even with entry level prototyping inkjet printeptete opposite. This can be best visualized by looking at
such as the Dimatix DMP-28008hile much lower valuesFig. 3 of a multi-color figurine. Instead of using materials
around 10 m have been reported through surface treatith different colors, this tdnique could be adapted for
ment approaches. Last but not least, this fabrication praterials of RF/electromagnetic (EM) interest including
cess is extremely cheap due to the low cost of flexitlagnetic, dielectric, sensing, piezoelectric materials. Sev-
substrates, the extremely small volume of the used ink aral of these printers already have the capability of printing

Powder :
spreader i«—Binder droplets

Build platform

the lack of a clean room requirement. both very rigid and very flexible materials. Years of re-
search and experience have been devoted to mixing and
B. 3-D Material Jetting printing flexible parts meaning that custom flexible sub-

As demonstrated, inkjet printing is a leading technigsieates could be printed on-the-fly for different compo-
in the fabrication of flexible conductive traces and thinénts. Furthermore, binder jetting features the added
thick dielectrics due to its low material volume requirbenefit of removing the material (the powder) from the
ments and R2R processing capability, which naturdlying process completely. This means that many materi-
lends itself to straightforward integration with similar 3-fls that cannot be jetted can still be utilized if put into a
structure jetting technologies for the local realization péwder form [10].
below 100 m detailed features.

Popularized by companies like Objet (now Stratasys)
and ExOne, the jetting technology for 3-D structuresli$. ADDITIVELY MANUFACTURED
well known for being robust, scalable and able to hanBleE COMPONENTS
multi-material concepts well. In addition to the more
traditional inkjet printing that has already been describéd, Inkjet-Printed Inductors and Capacitors
the material jetting side of AM can be broken into two In order to realize any practical RF system, certain pas-
more branches, material jetting and binder jetting. Matdve components are required. Capacitors and inductors
rial jetting typically relies on photo-polymers to build ypay a crucial role in wireless and microwave systems by
3-D structures. As the print head moves over the pameviding such elements as antenna-to-system impedance
building area, small droplets are deposited and curedm&ching circuits, signal band-pass and band-stop filters,
UV light to solidify,in sity 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; onlyé 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 0n|y1 p”ﬂ&] 3. Example of a multicolor/multimaterial single-print object
in multiple colors, but can also provide multiple differenken from stratasys.
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and discrete reactive components. The integrity of th Clbielectrc

components are typically outlined in three paramete el | e fi22020)
capacitance/inductance, self-resonant frequency (S :
and quality factor. The integration of these passive con
nents with inkjet printing allows for simple integratio
with flexible and conformal wireless systems, therefi
eliminating the need of bulky external components, tt
would be easily delaminated for practical radii of curvatt

[

G
0.5 mm

1) Metal-Insulator-Metal Capacifbng most common

variety of capacitor design typically used for low-pro @

250 I

reconfigurable applicatioand easily configurable appli s H ; :
cations is the metal-insulator-metal (MIM) capacitor. T e L : .

. .. . . . . . |} ===« Su8: Simulation ol i . i
simplicity of the design, where a single dielectric film ¢ 290 [| 222 5. vossarement |T ' 1

s

parates two metallic plates, leads to a lot of flexibility in t5
plate area design, dielectric material characteristics, g 0 ~=~-~
even the possibility of multilayer stack-ups. This des,§
scheme can be easily implemented with the inkjet printig 100 f—----

______ o ——

J S

fabrication process with the whole geometry (metal plaiS | ___...-- " i
thin dielectrics) being fully printed. Several demonsti 50 i it - e i
tions have shown fully printed capacitors with eith ; @:--’-- """"
flexible substrate integration or SRF’s reaching into 0

. . . . . . 0. 1.0 1.5 2.0 25
gigahertz range, yet what is desired is a combinatior Frequency (GHz)
these two important facets [11]-[13]. )

Recent work with inkjet printing has achieved highly
efficient MIM capacitors on flexible organic substratqa%_ 4. (a) Fully inkjet-printed capacitors on a flexible Kapton
offering high SRFs suitable for RF applications and a caparate. (b) Equivalent capacitance simulation and measurement
citance per unit area comparable with that of bulk cap@ves for thin (PVP) and thick (SU-8) printed dielectrics.
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 thidkelectric bridge thickness, where a thinner bridge has the
dielectric films with thicknesses of 0.8 andM, respec- potential to introduce a detrimental parasitic capacitance
tively, along with a highly conductive silver nanoparticte-the inductor element.
based metallic ink, these capacitors are fabricated on &hrough the introduction of a printable thick SU-8
flexible Kapton substrate, shown in Fig. 4(a). The equidalectric ink, spiral inductors can be realized through a
lent capacitance values, as extracted from the reactafutly, additive inkjet-printeanethod on flexible substrate
and plotted versus frequency, as shown in Fig. 4(b), [@&- The printing process includes the deposition of a con-
monstrate a similar effect of using thin and thick dielectridgctive spiral, followed by a 24n thick dielectric bridge
on the overall capacitance of the component. SRF is ®aligb via holes that is complemented with an overlying
reported for each capacitor to exceed 1 GHz, entemogductive trace effectively connecting the printed spiral to
the regime of high-frequency wireless and microwdke output trace. Fabricated 1.5 turn inductor prototypes
electronics. before and after bridge fabrication are shown in Fig. 5. This

fully printed thick dielectd bridge allows for a smaller

2) Spiral Inductor3he second flexible passive compparasitic capacitance, thus leading to the realization of
nent to be realized through iek printing is the inductor. higher inductance values for a given SRF. Fig. 6(a) shows
The most common implementation of RF inductors, typita¢ equivalent inductance, extracted from the measured
in CMOS technology and other low-profile applicationsréactance, of 0.5 and 1.5 turns designs. The quality factor of
the spiral inductor. Typical designs of such inductors #re printed inductors, shown in Fig. 6(b), varies from 8.5 to
realized through a physical spiraling of a metallic condu@@rat 1 GHz, depending on the number of silver nano-
and the utilization of a dielectric bridge to direct the coparticle layers printed, demonstrating the highest quality
ductor out from the center of the spiral. Several demdaetor and inductance values reported in printed passives
strations of meander-line and spiral inductors have bétmarature. Multiple iterations of inductor fabrication de-
proposed with inkjet printing fabrication, yet many sufferonstrates a repeatability within 5% for both inductance
from a low quality factor (Q) [14] and a low frequen@nd SRF, showing great promise for fully printed RF
operational restrictions [15], [16]. These implementatiansdules. The combination of these fully printed high-Q
suffer mostly from fabrication limitations in the printethductors and highly scalable capacitors help define a basis
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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), () curved vertically.

illuminated by a reader’s carrier wave. If for bit “0” a loezhder relies on the reflection coefficient distgncej

value of7, is used, and for bit “1"” a load valug,a0$ used, and the bit duratiofy,

two reflection coefficient valueg and ; will alter the

reflected signal accordingly,achieve binary modulation.

The distance j%j 1 o is of particular importance SNR/j jZTb: 3)

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 paramet@&is s, a way to increase the tag signal SNR is to increase
it can be easily observed that the tag signal SNR atttiesbit durationT, by reducing the tag bit-rate. For further
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increase of the SNR though, the quairijtityj has to be
maximized.

Typically, RF tags utilize passive components for binary
modulation purposes, whichstdts in reflection coeffi-
cient valueg ij 1. This means that increasing the tag
SNR by controlling is boundedby | 2. Thecase
j ¥ 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 valjegof 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 amplities greater than unity incor-Fig. 31. Inkjet-printed flexible reflection amplifier prototype.
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 phesgase of 11.43 dB, whichvery beneficial for a signi-
shifter to alternate the phase of the reflected signal Eeantly increased commuation range. For a tag that
tween 0 and 180, thus achieving binary phase modulaeuld otherwise have a very low SNR (order of 0 dB) and
tion. The total system achieyeg > 1 for both tag stateswould thus be “hidden” from the reader, the 11.43 dB SNR
and i; ¢ are antipodal; this maximizes j for a given increase could enable the reader to successfully decode it.
reflection amplifier (see Fig3B significantly increasing  Animportant aspect of the front-ends presented in this
the SNR of backscattered signals. section is their low-complgy architecture, which

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 atag t
only employs the phase modulator (both sjatp& 1). In
the same figure, the two states of the reflection amplifi
phase modulator system are shown: two antipodal ref
tion coefficient values are achieved, both with amplity
i i 2. Specifically, the amplifier-equipped tag achiey
j  j¥ 41, in contrast with the modulator-only tag thed =
achieveg ¥ 11. This corresponds to a tag signal SM  Conventional Tag Enhanced Tag

Reflection

Phase Shifter Amplifier

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

VDD

: 470 pF

(VG,0)

Fig. 30. Reflection amplifier schematic with a common input/output Fig. 33. For a reflection amplifier tag that utilizes a phase shift
terminal. The amplifier is biased with a low DC voltage to prevent modulator, Gy and G; can both lie far from the unitary circle,
oscillations [60]. maximizing the distance between G, and Gy [60].
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and its load therefore & ¥4 Z, ;. ester IN Order to optimize
power transfer through the minimization of the reflection
coefficient [see (2)]. The antenna’s input impedé¥ige
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 of the RFID antenna, which
is a function of the value of the liquid-dependgnthich
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

Fig. 34. Comparison of the antipodal reflection coefficient values ( S11) . s
for a conventional modulator-only tag and an enhanced backscatter Printed rGOAs a proof of Concept and without loss of
efficiency amplifier-equipped tag [60]. generality, in the presented flexible prototype, the popular

wireless identification and sensing platform (WISP) is
connected to the inkjet printed rGO sensing component
simplifies their implementation. This type of front-engresented in Section 1V-B3. The sensor prototype is a
requires only a small number of discrete components aattery-free, and programmable RFID tag that can be pow-
microstrip transmission lines, thus allowing for an eased and read by off-the-shelf EPC Gen2 ultra high fre-
flexible circuit fabrication using inkjet printing techniguency (UHF) RFID readers [45], [61]. It has an on-board
qgues, even on low-cost materials such as photo papemibro-controller for sensing and computing functions and
Fig. 31, an inkjet-printed flexible reflection amplifier is a multi-functional platform. The block diagram of a WISP
shown, implemented on paper substrat&42:9,tan ¥ is shown in Fig. 36, which includes power harvesting, sen-
0:045, thicknes#®: 210 m). In a similar manner, numer-sor, signal processing, and modulation/demodulation capa-
ous novel backscattering-based RFID-enabled integiaitées. The WISP is solely powered by the RF energy
sensing nodes (including control logic, sensors and wiransmitted by any commendiID reader, which is rec-
less front-ends) can be fully implemented on flexililéed by a charge pump topology consisting of diodes and
substrates by inkjet-printing the required traces and carapacitors to charge an on-board supercapacitor. Whenever
ponent pads, to minimize the total fabrication cost.  located within the interrogation zone of an RFID reader, the
WISP-enabled gas sensor, shown on Fig. 37, is automatically

2) Flexible Wireless Passive Microfluidic Selestinge
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, HT@?;S. Wireless measurements of a microfluidic passive tag with a
tag’s antenna is connected to the energy harvesting cCifGaitted Alien Higgs 3 chip utilizing the Tagformance RFID reader.
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