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to 3-D-printed and flexible dielectric substrates. All these
technologies can be implemented at room temperature,
thus enabling the adoption of unconventional materials and
biopolymers with low glass transition temperatures. In this
article, we also describe how the above technologies are
used to manufacture wireless transponders for tracking and
sensing applications. Several examples of RF components
are reported, including antennas, beamforming networks,
Doppler radars, and wireless passive transponders based on
backscatter radio. Innovative circuit design approaches (such
as the via-less approach) are presented and their impact on
circuit manufacturing and recyclability is discussed.

KEYWORDS | 3-D printing; additive manufacturing; backscat-
ter radio; bioplastics; cardboard; copper foil tape; embossed-
surface patterning; eutectic alloy; fused deposition modeling
(FDM); harmonic radar; harmonic transponder; liquid metal;
metal foil tape; paper; room-temperature metallization; stere-
olithography (SLA); thermoplastics; wireless sensing.

LINTRODUCTION
The implementation of emerging concepts, such as the
Internet of Things (IoT) and digital twins, calls for

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

Vol. 112, No. 8, August 2024 | PROCEEDINGS OF THE IEEE 1065


https://orcid.org/0000-0001-8184-8297
https://orcid.org/0000-0002-4523-2193
https://orcid.org/0000-0001-5747-2445
https://orcid.org/0000-0002-6803-5889
https://orcid.org/0000-0002-1546-5826
https://orcid.org/0000-0002-8335-2663
https://orcid.org/0000-0003-0476-3577
https://orcid.org/0000-0002-2692-547X

Palazzi et al.: Room-Temperature Selective-Metallization Processes

the introduction of a massive amount of electronics on
everyday objects [1], [2]. Electronic systems can be used
to collect data on the item status and to transmit this
information wirelessly to a processing unit for subsequent
elaboration, which makes sensors and radio frequency
(RF) front ends the key components of IoT nodes [3], [4].

Due to the large number of IoT nodes envisioned in
diverse IoT applications, keeping track of all the devices
and providing periodic maintenance to them can be chal-
lenging or even impossible. Devices can be placed in
remote areas or can be moving, which is the case of
IoT nodes for supply chain monitoring. Therefore, first,
designers need to guarantee the energy autonomy of the
IoT nodes, to avoid periodic battery replacements [5],
[6], [7]. In addition, they must replace traditional pol-
luting materials used for electronics with green materials,
to avoid causing a further increase both in pollution and in
the generation of e-waste [8], [9].

Another important feature of electronics for the IoT is its
conformability [10]. IoT devices must become part of the
design of the hosting object, in order not to compromise
its original aim and functionality. To this purpose, flexible
materials or custom 3-D shapes are preferable to standard
rigid printed circuit boards (PCBs).

Alternative manufacturing technologies, including addi-
tive manufacturing, can play a pivotal role in enabling
IoT applications [11]. First, they help reduce the waste
caused by the electronics production. Second, they allow
us to use alternative materials, not purposely developed
for electronics, which ease the integration of electronics
with items and reduce their environmental footprint.

However, emerging processes must overcome several
challenges. RF transmission lines, transducers, and printed
circuits in general require both metallic and dielectric
parts. To replace PCBs, we need to selectively deposit con-
ductive materials on dielectric surfaces. Other transmission
line structures, such as substrate-integrated waveguides
and coaxial cables, require vias and metal coating. Gen-
erally, high-resolution metallic patterns are obtained using
photolithography. However, some materials, such as paper
and cardboard, are porous and cannot sustain the chemical
bath in acid chloride or the photoresist developer.

Alternatively, ink-jet printing and screen printing have
been thoroughly investigated [12]. These processes make
it possible to deposit nanoparticle inks, such as silver
ink, on different surfaces [13], [14], [15]. However, they
have some drawbacks: nanoparticles are generally dis-
persed in solvents, which must be made evaporate using
high-temperature curing steps [16], [17], [18]. These
temperatures (generally well above 100 °C) are not sus-
tainable for green materials, such as bioplastics, or other
resins. Alternative strategies based on laser and UltraViolet
(UV) curing have been investigated [19], [20], [21], [22],
[23], [24]. However, such processes are energy consum-
ing, are characterized by high cost and low yield, and
can be incompatible with the massive tagging of low-cost
items.
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On the other hand, the adoption of alternative materials
and processes can open the door to new functionalities.
Fragile materials can be used as crack sensors, and flexible
and bendable materials can be used as mechanical sen-
sors [25], [26].

Three-dimensional printing can enable compact and
lightweight structures in a variety of different applica-
tions. The 3-D-printed metallic waveguide and reflective
components, including plasmonic waveguides, polarizers,
and reflectarray antennas, as well as all-dielectric low-
propagation loss hollow-core microstructured waveguides
and fibers, and gradient-refracting index lenses, have been
demonstrated up to terahertz (THz) frequencies [27],
[28], [29]. The 3-D printing has been also used to
create periodic microstructures to develop metamateri-
als with exotic electromagnetic, acoustic, thermal, and
optical properties [30], [31], and mechanically tunable
components (i.e., 4-D printing) [32]. However, very few
selective-metallization techniques are reported at such
frequencies, which require a number of different manu-
facturing processes. For instance, in [33], a 2-D array of
gold helix structures is manufactured by combining multi-
photon polymerization with spin coating, 3-D direct laser
writing, and electrochemical gold deposition. Attempts to
combine 3-D printing with nanotechnologies to manufac-
tured 3-D-printed tissue engineering scaffolds have been
reported as well [34].

In the design of RF wireless transponders and sensors,
the flexibility of 3-D printing technologies can be lever-
aged to enhance the telecommunication capabilities of the
nodes or enable microfluidics. This, combined with the
adoption of low-power communication strategies based on
backscatter radios or harmonic radar, can enable passive
and green nodes for IoT applications.

In this article, emerging selective-metallization tech-
nologies at room temperature, which are therefore com-
patible with bioplastics and other materials characterized
by low glass transition temperatures, are explored. Wire-
less sensing solutions developed leveraging the mechanical
and chemical properties of the alternative materials used
for electronics are showcased and their features are
discussed.

This article is organized as follows. Section II is
dedicated to the selective-metallization processes. The pro-
cesses are described step by step and their main features
are reported and compared with the other technologies.
In Section III, antennas and feed networks manufactured
with the reported processes are analyzed, while Section IV
describes complete wireless transponders for sensing and
tracking, highlighting their performance and potential
in terms of integration with everyday objects and their
recyclability.

II. ROOM-TEMPERATURE SELECTIVE-
METALLIZATION TECHNIQUES

In this section, we will examine some of the most
promising techniques to perform selective metallization
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Fig. 1. Room-temperature selective-metallization techniques on
unconventional materials and biopolymer for RF applications:
attenuation per unit length of transmission lines manufactured with
the reported processes versus operating frequency.

on unconventional materials at room temperature for RF
applications. The different techniques are characterized
by variable complexity and features, leading to different
pattern resolutions, surface roughness, and conductivity.
The main features of these technologies are shown in
Table 1. The “metal thickness” reported for liquid metal
corresponds to the diameter of the channel in the scaffold-
ing in which the liquid metal is pumped. The “skin depth”
is calculated with the following equation:

— M

where w is the angular frequency, u is the permeability of
the metal, and o is the conductivity of the metal. “RMS
rough.” stands for “root-mean-square surface roughness”
(Sq). The minimum linewidth of the reported technolo-
gies is compatible with RF circuits in some cases up to
millimeter-wave frequencies.

The measured attenuation per unit length versus fre-
quency of transmission lines manufactured with the
reported processes is shown in Fig. 1. All the reported
values refer to microstrip lines except for the liquid metal,
where coaxial lines are considered. The attenuation of
a microstrip line implemented on a 6.6-mil RO4350B
substrate is shown to compare the performance of the pro-
posed emerging manufacturing technologies with standard
RF PCBs.

These techniques are described in detail in the
following.

A. Metal Foil Tape

The metal foil tape technique makes it possible to man-
ufacture high-conductivity high-resolution metal patterns
on different surfaces at room temperature. In the reported
cases, this technique is applied to copper foil. The main
process steps are shown in Fig. 2.

Copper foil tape generally consists of three layers: the
copper layer, the glue layer, and the plastic protective
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layer. Standard photolithography steps can be applied to
the copper tape exactly as they are applied to standard
PCBs; a photoresist layer is deposited on top of the copper
layer; a mask is placed between the photoresist and a
UV lamp so that only the desired pattern is exposed to
UV light. The exposed areas become soluble or insoluble
depending on whether a positive or a negative photoresist
is used. The areas corresponding to soluble photoresist are
developed using dilute sodium [see Fig. 2(a)]. Then, the
exposed copper is removed with a bath in acid chloride,
as shown in Fig. 2(b); finally, the remaining photoresist
is removed with a saturated sodium solution. A sacrificial
layer is then applied to the top of the copper pattern
and the protective layer beneath is removed, as shown
in Fig. 2(c). The sacrificial layer (usually paper tape)
is needed to avoid deformations in the metallic pattern
during the protection removal and the transfer of the metal
pattern to the substrate. Then, the copper tape is attached
to the desired substrate [see Fig. 2(d)], and the sacrificial
layer is peeled off [see Fig. 2(e)]. This way, all the metal
patterns of one layer can be stuck in one step (even in the
case of separated metal parts). If needed, a metal pattern
can be applied on the top and the bottom of the given
substrate, so as to obtain a double-layer circuit, as shown in
Fig. 2(f) [36]. Alignment marks, such as holes or cuts, must
be made to ensure proper alignment between the top and
the bottom layers. In large-scale production, automated
machines can be used to guarantee proper alignment, such
as in PCB manufacturing. In principle, photolithography
can be replaced by alternative techniques, such as laser
cutting or stamping, and this technique can be applied to
foils of different materials, such as aluminum.
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Fig. 2. Copper foil tape technology: process steps for the circuit
fabrication. M: metal, A: adhesive, P: protection, R: photoresist,

S: sacrificial layer, and SUB: hosting substrate. After [35]. (a) Copper
foil with photoresist pattern, (b) copper foil after chemical etching
with ferric chloride, (c) application of the sacrificial layer on top of
the obtained copper pattern and removal of the protection layer
underneath the copper foil, (d) application of the copper pattern to
the hosting substrate, (e) removal of the sacrificial layer, and (f) in
case of double layer circuits, application of a second copper pattern
on the other side of the substrate.
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Fig. 3. Details of the metal patterns manufactured with the copper
foil tape process. (a) Optical image. (b) Atomic force microscope
image. Each division of the optical image corresponds to 8.58 um.
Sa =207 nm and Sq =263 nm.

The described metal foil tape technique can be defined
as “semi-additive” since the process applied to copper is
subtractive, but once the pattern is ready, it is “added”
to the surface of the prototype. This way, the dielectric
substrate is not subject to photolithography steps, and even
porous and fragile materials, such as paper and cardboard,
can be adopted.

Fig. 3 shows a few details of the deposited metal pat-
terns. The minimum linewidth manufactured with this
technique is 200 um (measured value: 197.34 um). The
measured average surface roughness Sa is 207 nm, while
the root-mean-square roughness (i.e., standard deviation)
Sq is 263nm. The surface roughness depends on the
surface features of the copper foil and on how copper is
applied to the substrate.

It is worth mentioning that the dielectric substrate
obtained using this approach is not homogeneous, as two
thin glue layers are interposed between each metal layer
and the proper substrate, as shown in the insert of
Fig. 4(a). To extract the electromagnetic parameters of
the homogeneous equivalent substrate, resonant structures
manufactured with the copper tape technique have been
used. The S-parameters of the structures are then mea-
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sured and compared with full-wave simulations where the
same metal pattern is applied to an equivalent substrate
(thickness of the equivalent substrate equal to the sum
of the actual substrate plus the two glue layers). The
permittivity and loss tangent of the equivalent substrate
are varied until a good agreement between simulations
and measurements is achieved.

This technique has several advantages. First, metal pat-
terns can be applied to a broad variety of materials at room
temperature. The traces have a bulk conductivity, meaning
that high-quality resonators can be manufactured with this
technique. Since the metal trace is a solid layer, lumped
components can be soldered using standard soldering
pastes. Finally, the dielectric acrylic glue below the copper
layer can be used to manufacture overpass and parallel-
plate capacitors, as demonstrated in [38].

Fig. 4(a) shows a microstrip T-resonator on a paper
substrate, where the metal pattern is manufactured using
copper foil. The S-parameters of the resonators are shown
in Fig. 4(b). The circuit resonates at 23.5 GHz. Despite
the high loss tangent of the paper substrate (about 0.08),
an unloaded quality factor of 32 is obtained.

Finally, a 50-Q2 microstrip line is manufactured on a slab
of Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
substrate. PHBV is a biopolymer that is typically obtained
through a fermentation process that uses, as feedstock,
sugar beets or canes agrowastes, and it is highly biodegrad-
able and bioresorbable [40]. Fig. 5(a) shows a photograph
of the line prototype, while Fig. 5(b) shows the measured
S-parameters. The transmission coefficient is equal to
—2.8 dB at 40 GHz, corresponding to an attenuation of
0.14 dB/mm.

B. Embossed-Surface Patterning

This technique, first described in [41], can be used
for laboratory validation to create metal patterns on
3-D-printed surfaces. The main process steps are shown
in Fig. 6. According to this approach, the areas of the
3-D-printed dielectric scaffolding that must be metalized
are extruded in a protruded fashion with respect to the

4 equivalent substrate

frequency (GHz)

() (b)

Fig. 4. Microstrip T-resonator manufactured using copper foil tape
on paper. (a) Prototype with insert on substrate cross section.

(b) S-parameters. The feed line has a length of 2cm (1 cm for each
side) and a width of 1 mm. The width of the stub amounts to 0.4 mm,
and its length is 2.2 mm. “sim” stands for simulation and “meas” for
measurement. After [37].
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Fig. 5. Microstrip line manufactured on PHBV with the metal foil
process. (a) Photograph of the prototype. (b) Measured
S-parameters from 1 to 40 GHz. Main parameters of the
prototype—thickness: 360 .m, permittivity 2.95 at 35 GHz, loss
tangent 0.015 at 35 GHz, line length: 2 cm, and linewidth: 1 mm [39].

rest of the surface [the step height is indicated with “h;”
and “hy” in Fig. 6(a)]. For this purpose, microstrip lines
are embossed with respect to the rest of the surface, while
slots are engraved. Metallization is carried out by applying
colloidal silver paste to the embossed areas with a brush,
as shown in Fig. 6(b). Fig. 6(c) shows the dielectric with
the embossed metalized patterns. Similar effects can be
achieved by using a multijet printing tool, able to deposit
both conductive and dielectric material [42], or using
fused deposition modeling (FDM) printers with multiple
extruders [43], although the reported conductivity and
resolution of extruded conductive material is still generally
low for RF applications [44].

Fig. 7 shows 3-D-printed lines with different widths.
In Fig. 7(a) the dielectric scaffolding is manufactured using
a low-cost FDM printer (model Anycubic Mega SE). The
diameter of the nozzle is 200 xm and the adopted filament
is polylactic acid (PLA, ¢ = 2.7 and tan§ = 0.008). The
conductive strips of the lines and the ground plane are
painted using a colloidal silver paste that solidifies at room
temperature (model PE16031 Colloidal Silver from Ted-
Pella [45], 0 = 1 x 10° S/m). The linewidth was assessed

.— brush

.— conductive paste

h,
3D printed substrate h,

(@) (b)

.— conductive paste

3D printed substrate

(c)

Fig. 6. 3-D printing-based embossed-surface patterning technique.
(a) 3-D-printed embossed surface. (b) Conductive paste application.

3D printed substrate

(c) Complete prototype with selective metallization.
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Fig. 7. Microstrip lines manufactured with the 3-D printing-based
embossed-surface patterning process. (a) Photograph of the
prototype on PLA (FDM). (b) Photograph of the prototype on the
Clear resin (SLA).

using an optical microscope. The results are shown in
Fig. 8. The extruded 3-D-printed patterns are composed of
adjacent parallel lines so that the border is smooth. The
major source of error is represented by the 3-D-printed
scaffolding; an error in the linewidth comparable with
the thickness of a single line (about 200 zm) has been
observed. Nevertheless, for a given sample orientation
and geometry, the error is systematic and can be partially
pre-compensated in the model. In Fig. 7(b), the dielectric
scaffolding is manufactured using stereolithography (SLA),
while the metallization is manufactured with the colloidal
silver paste. The adopted material is the Clear material
from Formlabs [46]. The surface roughness of this sample
is measured with an atomic force microscope, as shown
in Fig. 9. An average surface roughness Sa of 180 nm
is obtained, which is similar to the surface roughness
of the 3-D-printed dielectric [41]. The root-mean-square
roughness Sq is 250 nm. The thickness of the metal traces
on both samples was measured with a caliper, and in both
cases, an average value of 80 um was obtained.

The main advantages of this technique are that it can be
used to metallize both flat and curved surfaces, even with
high surface roughness, without any epoxy-based primer

(a) (b)
Fig. 8. Optical microscope image of microstrip lines manufactured
with the 3-D printing-b d b d-surface patterning

(substrate: PLA). (a) Nominal linewidth: 0.5 mm (measured
linewidth: 343.2 um). (b) Nominal linewidth: 1 mm (measured
linewidth: 836 .um). In both cases, the ruler each scale division is
10.725 pm.
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Fig. 9. Atomic force microscope image of the microstrip line
manufactured with the embossed-surface process on the Clear
substrate (SLA). Sa =180 nm and Sq = 250 nm.

layers; no masks nor stencils are required for the metal
deposition, and more generally, the pattern resolution is
solely dependent on the 3-D printing process, while no
other high precision tools are needed. The disadvantages,
however, are that surface-mounted components cannot be
soldered on the metal traces (epoxy resins are needed)
and that based on the present technological advances,
only manual deposition processes are envisioned, meaning
that only limited control of the trace thickness is possible.
However, as long as the metal thickness is larger than the
skin depth, the impact of thickness variations on the signal
propagation is limited.

Fig. 10 shows the photograph of the proof-of-concept
prototype of an ultrawideband microstrip crossover devel-
oped with the afore-described technique. The crossover
consists of an overpass and an underpass in microstrip
technology obtained by cutting and bending the sub-
strate, first presented in [41]. The dielectric scaffolding is
PLA (manufactured using FDM), and the metallization is
manufactured using silver colloidal paste. From a visual
inspection, it is clear that the surface roughness is not
uniform, and it increases significantly in the presence of
suspended and curved parts.

The measured S-parameters are shown in Fig. 10.
The crossover features an excellent performance of up
to about 8 GHz. The input reflection coefficient of all
ports is below —13 dB, while the coupling coefficient is
below —35 dB. The transmission coefficient increases with
frequency, and it is equal to —2.3 dB at 6 GHz (line
length: 5 cm). The performance deterioration at higher
frequencies is mostly due to the high surface roughness of
the dielectric.

In the reported examples, the colloidal silver paste is
applied to 3-D-printed scaffoldings with a large Young’s
modulus (the PLA filament has an elastic modulus of
about 3000 MPa [47], while the Clear resin has an elastic
modulus of 2750 MPa and an elongation break of 8%
[46]). When subjected to limited bending (i.e., a fraction
of millimeters), no resistivity increase was observed over
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tens of cycles. However, this paste is not indicated for
flexible electronics since it is subject to the occurrence of
cracks.

C. Electroplating and Electroless Plating

Popular techniques used to metallize 3-D-printed com-
ponents are electroplating and electroless plating [48].
In both cases, first, the component is 3-D-printed using
dielectric materials with techniques such as SLA or FDM.
Then, a conductive layer is deposited on the dielectric
surface. In electroplating, the metal layer is deposited by
electrolysis. The surface to be coated is made conductive
(either applying a conductive paint or by physical sput-
tering); then, it is immersed in an acid solution of copper
sulfide. The copper is deposited by connecting a copper rod
to the positive side of a battery, connecting the negative
pole to the surface to be covered, and applying an electrical
current. This technique leads to a good adhesion of the
metallization and good conductivity (about 1 x 10% S/m),
although it leads to a moderate surface roughness [49].

In electroless plating, no current is applied, and metal
ions are deposited on a catalytic surface thanks to a reduc-
ing agent [50], [51]. The characteristics of the deposited
Cu film are similar for the two techniques, although some
differences exist; for instance, electroplating is character-
ized by a higher yield, while electroless plating can be
applied also to nonconductive surfaces.
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Fig. 10. 3-D microstrip crossover. (a) Top view. (b) Bottom view.

-

(c) Measured S-parameters. Main circuit parameters: h; = 0.8 mm,
h; =0.3 mm, and wjj,o =3 mm.



It is worth mentioning that conductive material used as
a seed for copper plating can have reduced conductivity.
In such cases, this technique can be used for guiding struc-
tures in which the electromagnetic signals propagate above
the copper layer and not below, to avoid high conduction
loss.

Although these techniques are mostly used for waveg-
uides and other all-metal RF components, attempts to
achieve selective metallization have been made. For
instance, in [53], two metal patterning processes are
proposed: one based on a damascene-like approach and
the other based on a 3-D-printed bilayer liftoff. In the
first approach, trenches are 3-D-printed in the areas to be
metallized. A thin layer of titanium (60 nm) is sputtered
to make the surface conductive. Then, a layer of copper
(0.5 um) is deposited, and the metal layer is mechani-
cally removed from the protruding areas of the surface.
According to the second process, a spacer layer (uncured)
is sandwiched between the proper 3-D-printed substrate
and a sacrificial 3-D-printed area. All surface is metallized,
and finally, the sacrificial 3-D-printed area above the spacer
layer is removed. In [52], the thickness of the metal is
increased to 5-6 um using copper electroplating and the
selective metallization is achieved with the damascene-like
process.

This technique was used to manufacture microstrip
components with an air substrate. The main process steps
are shown in Fig. 11. In particular, the two metal lay-
ers of the microstrip line (i.e., the strip and the ground
plane) are manufactured on two separate 3-D-printed
layers with the damascene-like process. One of the lay-
ers is equipped with holes and the others are equipped
with pillars, and the two layers are snapped together
with the copper-coated sides facing each other, so as to
implement an air substrate-based microstrip component.
In Fig. 12(a), a 50-Q microstrip line manufactured with the
damascene-line fabrication process for air substrate-based
microstrip components is shown. The 3-D-printed dielec-
tric material is VeroWhitePlus, and the thickness of the
substrate is 2 mm. The air gap between the two metal
layers is 2 mm. The S-parameters of the microstrip line
are shown in Fig. 12(b). The line shows an input reflection
coefficient below —10 dB up to 5 GHz and a transmission
loss of 0.17 dB/cm at 4 GHz.

Alternatively, a dual-extruder FDM printer has been
used, where nonconductive and conductive films are
deposited on the same component. Both electroplat-
ing [54] and electroless plating [51] have been used
to metallize the areas corresponding to the conduc-
tive filament. In [55], a cold spray gun mounted on
a programmable multiaxis robot arm was used instead
of the conductive filament to deposit the conductive
pattern for subsequent plating. Nevertheless, the com-
ponents manufactured with these techniques (mostly
lines and inductors) have been tested only in dc or up
to 100 MHz.
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Fig. 11. Process steps to manufacture air substrate-based
microstrip components with electroplating. (a) Dielectric scaffolding
of the two layers is 3-D-printed (tranches are manufactured in
correspondence with the desired metal patterns). (b) Thin layer of
titanium is sputtered on the whole surface to improve the copper
adhesion. (c) Copper is first sputtered and then grown with copper
electroplating. (d) Metal outside the tranches is mechanically
removed. (e) Two layers are snapped together. After [52].

D. Liquid Metal

The liquid metal technique leverages the capability of
3-D printing techniques, such as FDM and SLA, to man-
ufacture embedded conductive structures. A dielectric
scaffolding with small void channels (diameter below
1 mm) can be manufactured with 3-D printing so that the
channels can be filled with liquid materials. This approach
has been used to manufacture microfluidic channels for
lab on chips and similar sensing solutions [56]. By filling
the channels with conductive liquids, this technique can
be used in RF applications to manufacture reconfigurable
antennas [57], resonant structures [58], switchable meta-
surfaces [59], and coaxial transmission lines [60], [61],
among others.

In [58], the dielectric mold is manufactured using multi-
jet printing (printer model ProJet HD3000). To accurately
control the diameter of the channels, a sacrificial material
is first printed in the void areas, and then, it is removed
with a mineral oil bath. The liquid metal paste injected in
the channels is a silver suspension that solidifies at room
temperature (Pelco 16040-30). However, the quality and
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Fig. 12. Air substrate-based microstrip line manufactured with the
damascene-like process. (a) Photograph of the prototype and
(b) S-parameters [52].

thickness control of the metal structure has some limits;
as the silver suspension shrinks after solidification, paste
injection must be repeated, and in any case, channels
are not fully filled (a volume-filling ration of 68.7% was
observed after five filling steps). In addition, channel diam-
eters below 600 ym could not be filled.

Eutectic gallium indium (EGaln) is a metal alloy, which
is liquid at room temperature [62]. Due to its low toxicity,
high conductivity (¢ = 3.4 x 10% S/m), and flowability (it
has been used to fill channels greater than 100 um [63]),
it can be conveniently pumped into microchannels and
can be used as inner conductor for RF components in
coaxial technology. Due to its stretchability, it has also been
used to manufacture stretchable electronics in wearable
applications [64].

By varying the diameter of the inner channel of the
3-D-printed dielectric scaffolding, this approach can be
used to manufacture RF circuit components in coaxial
technology with variable line impedance. The main process
steps are shown in Fig. 13(a)-(c). First, the dielectric
scaffolding of a coaxial line is 3-D-printed. In the reported
example, SLA is used. In SLA, liquid photoreactive resins
are laser-cured layer by layer, to yield solid objects with
arbitrary shapes. Then, the channel is filled with EGaln
and two subminiature version A (SMA) connectors are
attached to the extremes of the line. Channel filling can
be performed using peristaltic pumps (see, for instance,
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[60]). Finally, the exterior of the dielectric scaffolding is
coated with a colloidal silver paste, which solidifies at
room temperature (¢ = 1 X 10° S/m). This way, the
process does not involve any curing steps. In [60], the
external metallization is manufactured using electroless
silver plating.

The characteristic impedance Z. of a coaxial line
depends on the ratio of the radius of the inner conductor
r1 to the radius of the outer conductor r; (corresponding
to the inner and outer radii of the dielectric scaffolding) as
follows:

Zo=1n <73) )
27 71

where n = (u/e)!/? is the intrinsic impedance of the
dielectric medium and p and € are its complex permeability
and permittivity, respectively. Therefore, once the other
diameter of the cylinder is fixed, the line impedance can
be controlled by changing r;, which makes it possible to
manufacture even complex RF components with a few
steps [61]. Fig. 14 shows two channels with different
diameters manufactured with SLA 3-D printing.

Fig. 13(d) shows the S-parameters in the frequency
range of 1-20 GHz of one piece of coaxial transmis-
sion line manufactured with the afore-described tech-
nique. The adopted resin is the Clear material V4 [46],
which has a permittivity of 2.7 and a loss tangent of
0.03 at 12 GHz [65]. The metal used for the inner con-
ductor is an EGaln alloy from Sigma Aldrich [66], while
the outer conductor is manufactured with colloidal silver
(model Pelco 16031 from TedPella [45]). The insertion loss
of a 2-cm line is about 2.4 dB at 20 GHz, while the return
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Fig. 13. Additively manufactured coaxial line [61]. (a) 3-D-printed
dielectric. (b) Prototype before coll
(c) Complete prototype. (d) S-parameters.

idal silver deposition.
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Fig. 14. Photographs at microscope of 3-D-printed channels.

(a) Measured diameter of the channel is 0.656 mm. (b) Diameter of
the channel is 1.029 mm. Each scale division corresponds to

57.2 um [65].

loss is higher than 16 dB in all bands, thereby proving
the capability of such technique to the manufactured RF
components up to 20 GHz [65]. In comparison, in [60],
an insertion loss of 0.03 dB/cm is reported at 10 GHz for a
standard RG-142 coaxial cable.

II. EXAMPLES OF SELECTIVELY
METALLIZED ANTENNAS

Antennas are key components of IoT nodes and, more
generally, any transponder. As they usually occupy a sig-
nificant portion of the transponder, they have an impact
on its overall conformability, weight, and cost. Being
able to manufacture antennas with low-cost technologies
applicable to unconventional materials, while optimizing
their radiation properties, is of paramount importance to
achieve a good integration of the transponder with the
items to be monitored while establishing a reliable wire-
less link. A few examples of antennas and beamforming
networks manufactured with the described techniques are
illustrated in the following. All materials are first electro-
magnetically characterized, and the designs are based on
full-wave simulations.

A. Bendable and Compressible Antenna Systems

Liquid metal in combination with 3-D printing was used
to manufacture a variety of antenna types [57], [67], [68].
Due to its stretchability, EGaln can be used to guarantee
electrical continuity in bendable structures [69]. In addi-
tion, its good flowability can be used to dynamically fill
and unfill channels [70], thereby leading to reconfigurable
circuits.

In [57], a compressible antenna system is presented.
The dielectric scaffolding, manufactured with SLA using a
flexible material (flexible resin from Formlabs), includes a
Voronoi structure and two microfluidic channels. By filling
either of the two channels, a zigzag (linearly polar-
ized) or a helix (circularly polarized) antenna is imple-
mented, working at different frequencies (3 and 5 GHz,
respectively). The proof-of-concept prototype is shown in
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Fig. 15(a). In addition, thanks to the 3-D-printed Voronoi
structure that helps relief the stress, the antenna can be
mechanically compressed, which is further leveraged to
change its radiation pattern. As shown in Fig. 15(b) and (c)
for the zigzag antenna, when the antenna is compressed,
its radiation pattern is more omnidirectional, while the
antenna features a higher directivity when it is uncom-
pressed.

In [68], a miniaturized inverted-F antenna (IFA) oper-
ating at 885 MHz for wearable applications is presented.
The scaffolding of the antenna is 3-D-printed using FDM
(Ninjament filament is adopted), and the metal structure
is injected in the channels encapsulated in the dielectric
scaffolding using EGaln. A photograph of the prototype
is shown in Fig. 16(a). The antenna is measured using
an SMA connector, where the internal conductor is con-
nected to the radiating element and the outer conductor
is connected to 50 x 50 cm flexible electrotextile sheet
representing the ground plane of the antenna (a thickness
of 0.08 mm and a sheet resistance of 0.05 §2/sq), as shown
in Fig. 16(b). A flexible foam is used to keep a constant
distance between the radiating element and the ground
plane. The antenna was tested under four different radii
of curvature [see Fig. 16(c)]: R1 = 18 cm, R2 = 14 cm,
R3 = 8 cm, and R4 = 5 cm. The input reflection coeffi-
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Fig. 16. Bendable IFA antenna based on FDM and liquid metal [68].
(a) Photograph of the manufactured prototype. (b) Antenna
structure. (c) Sketch of the antenna under bending. The main
antenna parameters: L =66.5 mm, Ar=1.3 mm, Dcc=2.5 mm, c=3
mm, H=3 mm, and h=11.5 mm.

cient of the antenna was demonstrated to be stable with
frequency, while a maximum variation of the broadside
gain of about 3.5 dBi is reported.

B. 3-D Butler Matrix

As anticipated in Section II-D, liquid metal can enable
the manufacturing of RF components in coaxial technol-
ogy. Indeed, the dielectric part of the coaxial cable can
be 3-D-printed, while liquid metal can be used to fill the
channels, thereby implementing the inner conductor. As an
example, in [61], a 4 x 4 Butler matrix is manufactured.
Fig. 17 shows the layout of the circuit. The matrix consists
of four circular branch-line couplers and 50-2 transmission
lines, and it is designed to operate at 12 GHz. The input
and output ports are equally spaced and placed in a row.
The four 90° hybrids, labeled as B1-B4 in Fig. 17, are
arranged to minimize the line length and area occupation:
B1 and B2 are placed on the same plane, while B3 and B4
are placed one on a parallel plane above and the other on
a parallel plane below the plane of the ports, respectively.
The angles o« and v in Fig. 17 are designed so that the
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Fig. 17. Layout of the 4 x 4 3-D-printed Butler matrix in coaxial
technology. (a) Top view. (b) Perspective. (c) Side view. The main
circuit parameters: D=4 mm, dsg =1mm, d35 =1.55mm,
dr=5.3mm, h=19.6 mm, c; =14.77mm, c; =12.88 mm, q=5mm,
o =42.85° and v =2.15°. After [61].

electrical length of the lines connecting B1 to B3 and B2 to
B4 is 45° longer than those connecting B1 to B4 and B2 to
B3 at the operating frequency, as requested by the Butler
matrix circuit. The 35- and 50-Q lines of the branch-line
couplers are manufactured by varying the diameter of the
inner channel representing the internal conductor of the
coaxial line.

Fig. 18(a) and (b) shows the photographs of the proof-
of-concept prototype at different manufacturing stages,
while the magnitude and phase of the transmission coeffi-
cients related to port 1 are illustrated in Fig. 18(c) and (d)
by way of example, while the complete S-parameters are
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Fig. 18. Fabricated Butler matrix prototype. (a) Before colloidal
silver deposition, (b) complete prototype, (c) magnitude, and

(d) phase difference of the transmission coefficients related to input
port 1. Simulations are dashed lines and measurements are solid
lines. After [61].



Fig. 19. 3-D-printed embossed-surface patch antenna layout.
(a) Top view. (b) Side view. The main parameters are: wa =26 mm,
la=26mm, w;,c =8mm, l;,c =8.7mm, wsg=3.1mm, wr=5.6 mm,
h; =0.85mm, hy; =0.4mm, and h3 =1.35mm.

reported in [61]. An operating band between 11 and
13.6 GHz was observed, in which the transmission coef-
ficients are characterized by a magnitude and phase error
of 2 dB and 15°, respectively, and the isolation between
each couple of output ports is higher than 16 dB. Com-
paring the proposed solution with other state-of-the-art
3-D-printed and single-layer versions of the Butler matrix
(i.e., based on low-cost technologies), we observed that
it features a larger bandwidth while achieving a smaller
footprint, as shown in Table 2.

C. 3-D-Printed Microstrip Antennas

When designing planar circuits, thin substrates are
generally preferred for RF transmission lines to reduce
radiation loss, while thicker substrates are generally pre-
ferred for microstrip antennas, as they lead to higher
radiation efficiency and broader bandwidth.

Leveraging the flexibility provided by 3-D printing and
relying on the embossed-surface patterning technique,
a thick substrate for the antenna can be designed just
increasing the thickness of the extruded pattern in corre-
spondence with the antenna area. This way, thin microstrip
lines, with low radiation loss, and thick microstrip anten-
nas, with improved bandwidth and gain, can coexist on the
same substrate. As an example, a microstrip square patch
antenna is shown in Fig. 19. A ramp is used to connect
the feedline to the patch while keeping the impedance
matching. The thickness of the microstrip line increases
linearly along the ramp, and the width of the line increases
as well to keep the characteristic impedance of the line
equal to 50 Q.

The photograph of the manufactured antenna is shown
in Fig. 20. The results of the full-wave simulations and
the obtained experimental results are shown in Fig. 21.
In Fig. 21(a), we compare the simulated input reflection
coefficient of the proposed antenna with the reflection
coefficient of a patch with the same thickness as the
microstrip feedline (h; + hy = 1.25 mm) without the
ramp [the “flat” antenna, as defined in the legend of
Fig. 21(a)], with the same minimum |S1;|. The simulated
—10-dB fractional bandwidth of the proposed antenna is
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Fig. 20. Photograph of the complete 3-D-printed embossed-surface
patch antenna prototype. Area, including the ground plane: 40 x
40 mm.

4.7%, while the one of the “flat” antenna is 3%. The
manufactured antenna has a measured input reflection
coefficient of —18 dB at 3.5 GHz, as shown in Fig. 21(a),
and a —10-dB fractional bandwidth of 4.3% (the slight
bandwidth reduction with respect to the simulated value
is due to the worsening of the impedance matching).
A downshift of the minimum reflection coefficient of about
30 MHz is observed as well, which can be attributed to
small manufacturing inaccuracies and small variations in
the permittivity of the 3-D-printed dielectric material.

The antenna is linearly polarized, as shown in Fig. 21(c).
The cross-polar component is 20 dB below the co-polar
component at the antenna broadside direction. The
half-power beamwidth of the antenna on the H-plane
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Fig. 21. 3-D-printed embossed-surface patch antenna

performance. (a) Input reflection coefficient. (b) Broadside gain.
(c) H-plane radiation patterns.
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Table 1 Room-Temperature Selective-Metallization Technologies: State of the Art

o q g RMS o ,
Technology Conductor Conductivity Metal thickness ~ Skin Depth @ Diclectric rough. Min. line width
(S/m) (pm) 1GHz (;im) ) (um)
PHBV!
Metal Foil Copper Foil 5.8 x 107 35 2.06 Cardboard 263 200
Paper
. . PLAXFDM?) 343
E f: lloidal Sil g 15.
mbossed Surface Colloidal Silver 1x 10 80 5.9 Clear (SLAY) 250
Clear (SLA%)
Liquid Metal Gallium Indium 3.4 x 106 > 100 8.6 VisiJet Crystal M3 / 100
Cyanate Ester
Sputtering + Titanium and Copper / 56 / VeroWhitePlus / /
Electroplating PP
! Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
2 Polylactic acid
3 Fused deposition modeling
4 Stereolithography

is 81°. At resonance, the proposed antenna has a total
radiation efficiency of 52%, which is significantly higher
than the 37% efficiency of the reference “flat” antenna.
In addition, despite the limited extension of its ground
plane, the antenna radiates with a front-to-back ratio of
15 dB.

Finally, the broadside gain versus frequency is shown
in Fig. 21(b). The antenna features a gain of 2.4 dBi at
3.5 GHz and a maximum gain of 3.4 dB at 2.92 GHz.
Discrepancies between simulations and measurements are
attributed to manufacturing tolerances and nonidealities
of the measurement setup (such as the presence of cables
and connectors).

In [52], an air substrate-based microstrip patch antenna
and other antennas and resonators were manufactured
with the damascene-like process described in Section II-C.
Photographs of the antenna prototype are shown in
Fig. 22. The thickness of the air gap is 2 mm, and the
antenna is connected to an SMA connector. The antenna,
operating at 5 GHz, has a —10-dB fractional bandwidth of
2.45% and a peak gain of approximately 6 dBi. In [52],
other antennas and resonators have been presented as
well, demonstrating the suitability of this fabrication pro-
cess to manufacture passive RF components up to 6 GHz.

D. Dual-Layer and Multilayer Antennas

The metal foil tape technology can be used, among other
things, to manufacture high-resolution flexible antennas.

Table 2 Comparison With the State of the Art [61]

mag. phase
freq. .
ref. tech. (GHz) €r volume ()\g) err. err.
(dB) (deg.)
this .
3D prin. 11-13.6 2.7 1.7x1.3x0.56 2 15
work
[65] 3D prin. 12 27 1.8x21x065 2f 5f
[71] s. layer 6 22 3.7x1.5x0.02 038 6
[72] s. layer 28 62 1.7x1.8x0.02 4.7 16*
[73] s. layer  27.5—-28.3 22 2.8x3x0.02 / 14.5%
* Value from simulation results. T Value from partial results.
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In [74], a dual-layer antenna system consisting of two
nested tapered annular slots working at harmonic fre-
quencies (i.e., at fo 1.2 GHz and 2f, 2.4 GHz)
is demonstrated. The photograph of the antenna proto-
type is shown in Fig. 23(a) and (b). The antenna system
is manufactured on photographic paper (a thickness of
370 um, a permittivity of 2.55, and a loss tangent of 0.05)
using copper foil tape. The slots are the result of the
intersection of an ellipse and a concentric circle and are
nested one inside the other to reduce their area occupa-
tion. The proximity-coupled microstrip feedlines are placed
on the other side of the substrate in such a way that
they utilize the metal surface between the two slots as
a common ground plane. The feedline of each antenna
terminates on a circular disk stub with a radius tuned to
match the antenna to a 50-2 impedance. The slot length is
approximately equal to a guided wavelength at the oper-
ating frequency (resonant slot). The two slots are linearly
polarized and radiate with orthogonal polarization. They
feature a —10-dB fractional bandwidth of 22% and 12%,
as shown in Fig. 23(c). In the E-plane, the half-power
beamwidth is 81° for the fy slot and 73° for the 2 slot,
and their respective broadside gain at center frequency is

Fig. 22. Photograph of an air substrate-based microstrip patch
antenna based on the damascene-like fabrication process. Area of
the prototype, including the ground plane: 124 x 54 mm. After [52].
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Fig. 23. Dual-layer nested annular slot antennas. (a) Top layer,
(b) bottom layer, and (c) S-parameters [74].

3.3 and 3 dBi. The eccentricity of the ellipse can be used
to tune the fractional bandwidth of the antenna (a similar
approach was used in a multiband rectenna in [36]).

Besides enabling double-layer circuits, the metal foil
tape technology described in Section II-A can be used to
manufacture multilayer circuits. As for single- or dual-layer
circuits, each metal layer is manufactured separately; then,
the layers are attached to the respective substrates, which
are finally stuck together. This way, we can easily assemble
flexible multilayer circuits, even based on heterogeneous
substrates.

In [75], this technique was adopted to manufacture the
front end of a Doppler radar working at 24 GHz [75].
The stack up of the circuit is shown in Fig. 24(a). Overall,
the circuit consists of three metal layers and two layers of
photographic paper: one metal layer (antenna side) is used
for the antenna, one (active side) is used for the mixer
and branch-line coupler, and one is used for the common
ground plane. A photograph of the antenna prototype is
shown in Fig. 24(b). The antenna consists of an array of
2 x 2 microstrip patch antennas. The feed network consists
of three T junctions and two quarter-wave impedance
transformers. The array is connected to the rest of the
front end with a via-through manufactured by soldering
a 0.2-mm copper wire to both the top and the bottom
layer. The antenna has a gain of 7.4 dBi, has an impedance
bandwidth of 540 MHz and a radiation efficiency of 35%,
and features a half-power beamwidth of 48°, as shown in
Fig. 24(c).

In [77], a multilayer dual-port dual-frequency patch
antenna for harmonic transponders is presented. In this
case, the substrate used for the antenna is cardboard
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(a thickness of 2.5 mm, ¢ of 1.35, and a loss tangent
of 0.02), while the substrate used for the circuitry is a
film of PLA, a bioplastic derived from corn starch that is
used also as thermoplastic filament in FDM (a thickness of
0.3 mm, ¢, of 2.8, and a loss tangent of 0.008). A rect-
angular patch is placed on the cardboard. The antenna is
designed so that its long side resonates at the fundamental
frequency fo = 2.4 GHz, while the short side resonates
at the second harmonic 2fy = 4.8 GHz. The patch is
electromagnetically coupled to the two microstrip feed-
lines manufactured on the PLA film through two H-slot
apertures on the ground plane placed between the card-
board and the PLA substrates. This way, there are no vias
between the heterogeneous materials, which facilitates the
antenna integration. Fig. 25(a) shows the stackup, while
Fig. 25(b) and (c) shows the top and bottom layers of the
manufactured prototype, respectively. The maximum gain
of the antenna at f; is 3 dBi, while its gain at 2 f; is 8.2 dBi.
This demonstrates the capability of the copper foil tape
technology to manufacture multilayer RF components up
to the K band on a variety of materials.

IV. WIRELESS SENSING

By leveraging both the mechanical and electromagnetic
properties of unconventional materials, the described man-
ufacturing processes, and antenna solutions, complete
wireless transponders for sensing have been presented.
The aim of this research line is to develop wireless sensing
systems, where the transponders can be easily integrated
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Fig. 24. Multilayer 24-GHz antenna array on photographic paper.
(a) Circuit stack up, (b) photograph of the prototype, and (c) H-plane
radiation pattern at 24.15 GHz. The circuit area is 35 x 28 mm.
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Fig. 25. Multilayer dual-band dual frequency antenna. (a) Circuit
stack up, (b) top layer, and (c) bottom layer [77].

with common objects and are able to operate in a variety
of environments, as requested in many IoT applications.
Here, some of the solutions in the state of the art are
reported and discussed.

A. Harmonic Transponders

Harmonic transponders are a particular type of backscat-
ter radios. As the latter ones, they backscatter the RF signal
transmitted by a reader. However, while the backscattered
signal of traditional backscatter radios lays in the same
band as the interrogating signal (generally backscatter
radios modulate the impinging signal in amplitude or
phase), harmonic transponders backscatter the signal at
higher harmonic frequencies (generally at the second har-
monic). This way, the receiver is tuned to a different
band with respect to the transmitted signal and does not
suffer from self-jamming problems. These transponders
are particularly interesting for IoT applications for their
robustness to clutter, simplicity, and low cost.

In their simplest form, harmonic transponders include
two antennas, working at fo and 2fy, or a dual-band
antenna, and a nonlinear component [78]. Generally,
surface-mounted components are used for the diode
and eventual other passive components, although some
attempts to make an all-organic harmonic transponder
have been reported. In [79], in particular, a harmonic tag
working in the near field at fo = 7.5 MHz is reported. Two
nested resonant coils are manufactured with copper foil
on paper, while the diode is manufactured by depositing a
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pentacene layer between the anode and cathode contacts
on a polyethylene terephthalate (PET) substrate. However,
the high conversion loss (higher than 52 dB) limits the
read range of the transponder. Among other applications,
harmonic transponders have been used for motion sens-
ing [80], vital signs monitoring [81], victim rescue [82],
and tracking [83], [84].

The second harmonic can be generated using passive
frequency doublers. As shown in Fig. 26(a), the basic
circuit includes a series-connected low-barrier Schottky
diode, two quarter-wave harmonic stubs (one closed in
short circuit and the other in open circuit), and input and
output matching networks, to ensure proper impedance
matching with the antennas and eventual other circuit
components of the transponder. When the sinusoidal input
signal is distorted by the nonlinear resistance of the diode,
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Fig. 26. Schematic of passive freq y doublers for

(a) Basic circuit. (b) Variable resistor. (c) Switch.
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(c) backscattered second harmonic power versus distance [77].

all harmonic components are generated, including the dc.
To minimize the conversion loss of the doubler (defined as
the ratio of power of the second harmonic delivered to the
load to the available input power at the fundamental fre-
quency), the diode is zero biased since the short-circuited
quarter-wave stub connected at the diode anode and the
inductor of the output matching network provide a dc
return for the diode.

A variation of this circuit schematic has been stud-
ied, where a bypass capacitor is connected between the
inductor and the ground, while a variable resistor (i.e.,
a transducer) is connected in parallel with the capaci-
tor [see Fig. 26(b)]. This way, the inductor is virtually
connected to the ground for the RF signal components,
while the dc current flows through the resistor. It can be
demonstrated that this makes the diode reverse biased,
which in turn causes an increase in the conversion loss of
the circuit [85]. In particular, the larger the resistor, the
higher the conversion loss, which induces an amplitude
modulation of the backscattered second harmonic signal.
Alternatively, a switch can be connected between the
inductor and ground, inducing a binary modulation of the
backscattered signal [see Fig. 26(c)]. This mechanism has
been used to measure temperature, pressure, rotational
speed [85], and vibration [86], among others.

In [77], a harmonic tag for parcel tracking is presented.
The tag is based on the multilayer antenna described in
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Section III-D, consisting of a dual-port dual-band aperture-
coupled rectangular patch. The fundamental frequency is
2.4 GHz. The feedline associated with the fo port of the
antenna is connected to the input port of the frequency
doubler, while the feedline associated with the 2f, port
of the antenna is connected to the output port of the
frequency doubler. This way, the microstrip feedlines and
the frequency doubler are manufactured on the same
metal layer. This layer and the ground plane with the slot
apertures are attached to the two sides of the PLA film.
The rectangular patch is attached to the cardboard on the
exterior of the box and the circuit on the PLA is stuck on
the interior of the box and it is aligned with the rectangular
patch antenna, without any further manufacturing steps.
Photographs of the transponder are shown in Fig. 27(a)
and (b). Since the patch antenna has a ground plane,
its radiation properties are minimally affected by what is
placed inside the box. Fig. 27(c) shows the backscattered
power received by the reader versus distance. We can see
that the transponder can be read up to 6 m (transmitted
power 25 dBm) regardless of the material of the objects
placed in close proximity with the tag inside the box.

In [87], a 3-D-printed harmonic transponder for buried
asset localization is presented. The transponder consists
of a dual-band slot antenna and a diode and operates at
the fundamental frequency of 2.55 GHz. The antenna is
3-D-printed with SLA using the Form 2 printer. The diode
is inserted in a cavity during the printing process, with the
pads exposed (no soldering is used to connect the diode
to the antenna). Then, the complete 3-D-printed structure
is metallized with titanium and copper (sputtering) and
finally electroplated with copper. A photo of the manufac-
tured prototype is shown in Fig. 28. The read range of the
tag was up to 80 cm in air and up to 20 cm with the tag
buried in the ground (a transmitted power of 13 dBm).

B. Paper and Cardboard-Based Disposable
Harmonic Crack Sensor

Crack sensors are pivotal in a plethora of appli-
cations, ranging from structural health monitoring to
anti-counterfeiting and industrial condition monitoring.
Historically, crack detection is demanded to wired sen-
sors or semiautomated systems that require periodic
inspections from the operators [89]. However, the often
significant extension of the structures and infrastructures
to be monitored makes the installation and maintenance

Diode

=y

Fig. 28. Photograph of 3-D-printed harmonic tag. After [87].
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Fig. 29. Harmonic tag for crack sensing. (a) Schematic of the
harmonic transponder, (b) photograph of the proof-of-concept
prototype, and (c) measured received second harmonic versus
tag-to-reader distance [88].

of wired sensors impractical. For these reasons, several
approaches have been studied to detect the occurrence of
cracks using passive and wireless sensors [90], [91], [92],
[931, [94], [95], [96].

In [88], a harmonic transponder for crack sensing is pro-
posed. The schematic of the sensor is shown in Fig. 29(a).
The sensor is equipped with an open-circuited quarter-
wave stub at the input of the frequency doubler. As long
as the transponder is intact, the stub short circuits the
input signal gathered by the fo antenna. Therefore, ideally,
no second harmonic is generated. On the other hand, if a
crack occurs and the stub is torn off, the circuit operates
like a basic harmonic transponder, and the received second
harmonic signal acts as an alarm.

The crack sensor in [88] is manufactured on photo-
graphic paper. Cellulose-based materials are ideal sub-
strates for this kind of sensor since they are prone to
tear. A photograph of the proof-of-concept prototype is
shown in Fig. 29(b). The tag, manufactured with the
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copper foil technology, is based on two nested annular
slot antennas electromagnetically coupled to microstrip
feedlines terminating with circular stubs, as described in
Section III-D, and works at f, = 2.45 GHz. A read range
up to 5 m with the tag in air was demonstrated with a
transmitted power of 25-dBm effective isotropic radiated
power (EIRP), as shown in Fig. 30(c).

A variation of the previous circuit is shown in Fig. 30.
The schematic of the frequency doubler is modified to
achieve a via-less circuit [see the circuit schematic in
Fig. 30(a)]. Following the approach first presented in [97],
a closed line path is used as the dc return to make the
diode zero biased even in the absence of vias, while
two quarter-wave open-circuited stubs are used to cre-
ate the virtual ground for the fundamental and second
harmonic components of the RF signal. Removing vias
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prototype on cardboard. (c) Photograph of the measurement setup.
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Fig. 31. Separated materials of the harmonic crack sensor for
recycling: copper foil, cardboard, and surface-mounted components.

reduces the manufacturing steps of the transponder and
makes the metal traces easily separable from the substrate
once the circuit must be disposed of, making it recyclable.
The adopted substrate is cardboard (a thickness of 1.2 mm,
a permittivity of 1.5, and a loss tangent of 0.02). The
antenna system consists of a dual-port dual-band rectan-
gular patch antenna.

The substrate is cut in proximity to the stub to ease the
stub removal under strain. A photograph of the prototype
is shown in Fig. 30(b). As proof of concept, a tensile force
is applied to the transponder with a stator, as shown in
Fig. 30(c). A dynamometer is used to measure the applied
force. As expected, the sensor broke in correspondence
with the stub [see Fig. 30(d)]. The received second har-
monic, measured at a distance of 70 cm (transmitted
power equal to 20-dBm EIRB frequency of the transmitted
signal swept between 2.45 and 2.475 GHz), is shown in
Fig. 30(d). When the stub breaks, the backscattered signal
increases by more than 35 dB at 2 f, = 4.93 GHz.

After the stub is torn off, the transponder cannot be
used anymore as a crack sensor and must be disposed of.
To recycle its components, we must first separate the metal
from the cardboard. This can be done using acetone to
remove the glue, which keeps the metal trace attached to
the cardboard. Alternatively, the metal traces can also be
mechanically peeled off. The surface mount device (SMD)
components can be separated from the copper traces by
applying hot air. The separated components of the crack
sensor are shown in Fig. 31. It is worth mentioning that
this process does not damage the SMD components that
can be reused in other circuits.

C. Bimorph Paper-Al Cantilever

In [25], a bimorph paper-Al cantilever structure
has been proposed as a humidity-sensitive micro-
electromechanical system (MEMS) capacitor. The can-
tilever is formed by an aluminum (Al) foil glued on top of a
paper layer. In the presence of humidity, the paper relaxes
its fibers. This means that the length of the paper layer
increases (with respect to that of the Al layer) when humid-
ity is absorbed, thus determining the cantilever deflection.
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Such a mechanism is used to control a capacitor formed
by the cantilever itself (Al layer) and by a metal plate
printed on a PCB. A microstrip notch filter is tuned by such
a capacitance and used to detect the humidity variations.

The frequency response of the filter is measured with
a vector network analyzer (VNA) and a series of macro
photographs are captured in order to relate the MEMS
capacitor movement to the filter frequency response,
as reported in Fig. 32. The environment relative humidity
(RH) is measured with a laboratory hygrometer and, at the
beginning of the experiment, it was close to 40% (left
panels). In these conditions, the bimorph cantilever is quite
flat and the notch frequency is about 2.19 GHz. Then, a cup
of hot water is placed in the vicinity of the sensor and
the RH increases to 80% (right panels). As shown in the
macro photograph, the cantilever bends upward, reducing
the loading capacitance. As a result, the notch frequency
increases to about 2.71 GHz. By connecting the resonator
to a broadband antenna, the frequency shift of the res-
onator can be read wirelessly [25]. Although preliminary,
the results demonstrate that paper-based micromachines
can be used to implement passive wireless sensors.

D. Wireless Transponders Based on Biopolymers

Research concerning biodegradable and sustainable
electronic-based consumer devices is still in its infancy,
although recent advances on biodegradable polymers have
been reported [98]. Although biodegradability is a key
aspect of environmentally friendly sensing devices, sensors
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should preserve their sensing feature for a period of time
compatible with their life cycle [99].

Bioplastics are particularly appealing for their com-
postability and low environmental footprint. Based on
their manufacturing process, bioplastics can have different
mechanical and electromagnetic properties. Although they
are not usually able to withstand high temperatures (typi-
cal glass transition temperatures of bioplastics such as PLA
are around 60 °C [100]), they are generally quite imper-
meable, which makes them great candidates for outdoor
applications.

In [101], an energy-autonomous Radio Frequency
IDentification (RFID)-based leaf-temperature sensor was
manufactured on a flexible PLA film for smart agricul-
ture applications. The sensor was based on a commercial
ultrahigh-frequency (UHF) RFID chip (EM4350B from EM
Microelectronic) equipped with an integrated tempera-
ture sensor and powered by four flexible solar cells. The
antenna of the transponder was manufactured on the
PLA substrate with the copper foil technique. The electro-
magnetic properties of the PLA versus temperature were
assessed using a T-resonator with its first resonance in
the UHF band [see Fig. 33(a) and (b)]. The material
showed stable electromagnetic properties for temperatures
up to 50 °C, while only a small downshift of the resonant

1082 PROCEEDINGS OF THE IEEE | Vol. 112, No. 8, August 2024

frequency was observed at the glass transition tempera-
ture (in correspondence with the material deformation).
In addition, the resonator was first immersed in water for
10 min and then dried at room temperature, as shown
in Fig. 33(c), and no variation in the S-parameters
was observed [see Fig. 33(d)], demonstrating that
the material can be exposed to water without being
damaged.

Analogously, a wireless harmonic shock sensor manufac-
tured on a PHBV substrate is illustrated in [102]. PHBV
is an interesting substrate material for IoT electronics,
due to its low dielectric loss (a loss tangent of 0.008),
transparency, and flexibility. PHB, a polyhydroxyalka-
noate produced by microorganisms (Ralstonia euthrophus,
Bacillus megaterium, and Methylbacterium rhodesianum),
is used in tissue engineering because its biodegradation
products are nontoxic [103]. The frequency doubler is
based on the schematic shown in Fig. 26(c) and it is
manufactured with the copper foil technique. The switch
is implemented with two copper electrodes separated by
a 3-D-printed grid-based regenerated silk (RS), forming
a parallel-plate capacitor. The grid features a viscoelastic
behavior; if a force above a specific threshold is applied to
it, the RS starts to flow under pressure and the two copper
electrodes are placed in contact (switch closed). Once the
force is removed, the switch returns to the open condition
in a certain time period. The prototype shown in Fig. 34(a)
works at fo = 2.25 GHz. The measured RF output power
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Fig. 34. Frequency doubler-based shock sensor on PHBV.
(a) Photograph of the prototype and (b) experimental results [102].
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of the prototype. (c) Experimental results.

at 2 fo versus the applied force is shown in Fig. 34(b). The
input port of the doubler is connected to a signal generator
(an input power of —10 dBm), and the output port is
connected to a spectrum analyzer. A variation of about
10 dB in the output power is observed with the switch open
and close.

Another frequency doubler prototype on PHBV is shown
in Fig. 35(a) and (b). The tag was designed for fy =
3.6 GHz. The same via-less technique described for the
crack sensor is used to avoid vias. In this case, due to the
small value of L,,, the quarter-wave open-circuited stub
used to create the virtual ground for the f; component
along the dc return path can be omitted, as this role is
played by the quarter-wave open-circuited stub connected
at the diode cathode.

It is observed that when the PHBV material is exposed
to vapor, a layer of condensation is formed on its surface.
Therefore, its optimum operating frequency is down-
shifted. If the frequency of the interrogation signal is
swept in the frequency range of 3.4-3.6 GHz, the wetness
level can be estimated based on the received second har-
monic frequency characterized by the lowest conversion
loss (i.e., the frequency corresponding to the maximum
received power). The results of the experiment are shown
in Fig. 35(c). The input power of the frequency doubler
is set to —10 dBm. The received power versus frequency
is recorded in the laboratory (room temperature and 43%
of humidity). The doubler is placed in a sealed box with
a hot glass of water and a hygrometer. At equilibrium
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(a humidity of 76%), the doubler response is recorded
(curve labeled as “76%”). Finally, the box is opened, and
the doubler response is acquired over time after 2.5 and
5 min. After 5 min, the frequency doubler response is
substantially back to its original shape, demonstrating the
capability of the adopted materials to work in humid
conditions without being damaged.

E. 24-GHz Radar Front End on Paper

Thanks to the high resolution of the copper foil technol-
ogy (comparable to that of PCBs) and the high conductivity
of the obtained metal traces (corresponding to that of
the bulk copper), the copper foil technology is suitable
to manufacture effective circuits up to millimeter-wave
frequencies.

In [75], a continuous-wave radar front end on paper
working at 24 GHz is presented. The front end includes
the multilayer antenna described in Section III-D, a cir-
cular branch-line coupler, and a single-balanced mixer.
A commercial oscillator is used to generate the RF trans-
mitted signal (model Hittite HMC739LP4), although a
first attempt to manufacture a 24-GHz single-transistor
oscillator on paper is presented in [37]. The transmitted
RF power is 5 mW.

The radar succeeded in motion sensing in an indoor
environment up to a distance of 10 m. Fig. 36(c) shows
the measured output signal after amplification associated
with a person walking slowly at a speed of 0.4 m/s at a
distance of 3 m from the radar.

E Near-Field Liquid Metal-Based Sensors

Coupled LC tanks can be used to perform near-field
contactless sensing in a variety of applications, due to their
simplicity and robustness. Based on the information of
interest, variations in the mutual coupling or in the reso-
nant frequency of the sensing resonator can be monitored.
Such resonators can be manufactured by combining 3-D
printing with the afore-described selective-metallization
techniques to achieve shapes optimized for the intended
application.

In [104], the liquid metal filling technique is used to
create an LC tank for motion sensing. The substrate with
the microfluidic channels for the spiral coil is 3-D-printed
(printer Anycubic Photon M3 Plus, resin Anycubic UV
Tough resin). The process, based on SLA, has a resolution
of 30 um on the zy plane and is used to create channels
with a diameter of 0.9 mm. The channels are then filled
with EGaln tin. Copper wires are placed in contact with
the liquid metal at the two outlets of the spiral. Then,
the two apertures are sealed with UV-sensitive resin. Two
spirals are manufactured with this technique and are made
resonating at 100 kHz. By measuring the variations in the
magnitude of the fast Fourier transform of the received
signal, both vertical motion and horizontal motion have
been detected.
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Fig. 36. 24-GHz Doppler radar front end on cellulose. (a) Layout of
the top layer, (b) layout of the bottom layer, and (c) output signal
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and [75].

In [58], an LC tank is embedded in a 3-D-printed cap for
food quality monitoring. The circuit includes an inverted-
cone-shaped capacitor and a planar-spiral-shaped inductor,
which are fit in the cap of a milk package, as shown
in Fig. 37(a) and (b). The metal parts are embedded
in the 3-D-printed cap by liquid metal filling (a liquid
silver suspension is injected in the 3-D-printed channels).
By flipping the package, the liquid food to be monitored
is trapped inside the capacitor gap. When the liquid dete-
riorates, its permittivity changes, thereby causing a shift
in the resonant frequency of the LC tank. This frequency
shift has been monitored wirelessly with a VNA connected
to the reader coil coupled to the cap since a change in
the permittivity of the trapped liquid causes a frequency
shift in the dip of the measured input reflection coefficient.
In Fig. 37(c), the cap is placed on a milk package and the
resonant frequency of the LC tank is measured over time
with the milk correctly stored at 4 °C and with the milk at
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room temperature. In the first case, the resonant frequency
is stable over time, while in the second case, the resonant
frequency of the LC tank progressively downshifted.

G. 3-D-Printed Harmonic Pressure Sensor

In [105], the capability of 3-D printing to manufac-
ture 3-D structures that can be compressed or altered
mechanically is leveraged to implement wireless pressure
sensors. The proposed pressure sensor, whose schematic
is shown in Fig. 38, is based on a 2.45-GHz receiving
patch antenna, an RF frequency doubler, a pressure trans-
ducer based on two coupled quarter-wave microstrip lines,
and two 4.9-GHz linearly polarized patch antennas with
orthogonal polarization. The applied pressure changes the
coupling coefficient between the coupled lines, thereby
changing the amount of power transmitted by the antenna
connected to the direct port, P, with respect to the power
transmitted by the antenna connected to the coupled
port, P,.

Fig. 39 shows the layout of the main component of the
transponder, i.e., the pressure transducer, which is 3-D
directional coupler composed of two coupled microstrip
lines facing each other. The microstrip line on Layer2 is
connected to Ports 1 and 2 on Layerl with two parallel-
plate waveguides. Since the microstrip on Layer2 is
downfaced, while the microstrip line on Layer1 is upfaced,
each plate of the parallel-plate waveguides turns into a
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system [58].
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Fig. 38. Schematic of the 3-D-printed pressure sensor.

strip at one end and into the ground plane at the other
end. This way, the four ports of the component lie on the
same layer, so the transducer can be easily connected to
the rest of the circuit.

The central frequency of the transducer is fo = 4.9 GHz.
All lines are matched to 502, including the parallel-plate
waveguides that are dimensioned using this equation:

Zy= M 3)

Wp

where 7 is the intrinsic impedance of the substrate, h,, is
the distance between the parallel plates, and w), is the plate
width.
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Fig. 39. Transducer layout. (a) Top view. (b) Cross section. The

main parameters are: wsg =3.2mm, wp =5mm, wg =16 mm,
Ic=10mm, I3 =29mm, I, =38 mm, h; =0.8 mm, h, =0.4mm, and
Gap =0.3-1.5mm.
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Fig. 40. 3-D-printed pressure sensor. Area: 13.6 x 8.9cm.

In Fig. 39, Port 1 is the input port, Port 2 is the trans-
mitting port, Port 3 is the isolated port, and Port 4 is the
coupled port. When the pressure is applied on the top layer,
the gap between the lines varies, causing an increase in the
coupling coefficient between Ports 1 and 4. On the other
hand, the transmission coefficient between Ports 1 and
Port 2 slightly decreases.

Fig. 40 shows the proof-of-concept prototype manufac-
tured with the embossed-surface patterning technique. The
adopted resin is the Clear material from Formlabs.
The input port of the pressure transducer is connected to
the output port of the frequency doubler. The isolated port
is closed on a matched load. Direct and coupled ports are
connected to two 4.9-GHz patch antennas with orthogonal

fo
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2+f0 ANTENNA
HORIZONTAL
POLARIZATION

ANTENNA
VERTICAL
" POLARIZATION

Fig. 41. Experimental setup for the 3-D-printed pressure sensor.
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Fig. 42. Experimental results for the 3-D-printed pressure sensor:
power ratio between the two orthogonal channels. Py is the power
received by the antenna in the vertical polarization, and Py, is the
power received by the antenna in the orthogonal polarization.

polarization. All patch antennas are manufactured follow-
ing the approach described in Section III-C. To avoid vias
between the lines and ground, which would cause manu-
facturing issues, the board is shaped so that short-circuited
stubs and lines extend until the border, where they are
folded toward the ground plane.

The reader is equipped with three Yagi-Uda antennas.
A photograph of the experimental setup is shown in
Fig. 41. The reader is composed of one 2.45-GHz trans-
mitting antenna and two 4.9-GHz receiving antennas with
orthogonal polarization. A signal generator is used to feed
the 2.45-GHz antenna and the spectrum analyzer is con-
nected alternately to the 4.9-GHz antennas to measure the
signal on the direct and coupled port. Pressure is applied
on the top of the 3-D directional coupler. The measurement
results are shown in Fig. 42. The power ratio varies almost
linearly in the considered pressure range (as already noted
in [105]), corresponding to an overall variation of about
6 dB for applied pressures up to 35 kPa.
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V.CONCLUSION

In this article, we have illustrated some of the emerging
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