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Abstract: Laser induction of graphene (LIG) is a widespread technology for the manu-
facturing of low-cost and eco-friendly sensors that can be also exploited for the fabrication
of conductor-less antennas and radiofrequency devices for the personal and industrial
Internet of Things.

In this case, additional issues must be accounted for, such as the much larger lasing
area, the moderate conductivity of LIG, the durability versus environmental and mechanical
conditions in real applications, but also new opportunities to provide antennas with non-
conventional features. This paper provides a unitary representation of the state of the art
knowledge for the modeling, design, fabrication, and test of LIG-based antennas at some
frequencies of loT systems.

The reader will find information about the selection of materials, on how to configure the
laser parameters to minimize the sheet resistance, and how to account for the moderate
conductivity in numerical solvers. The upper-bound performances are identified and related
to the optimal antenna size. As loT devices include sensors, the integration with the
antenna can benefit from non-uniform lasing to dump unwanted RF currents on the sensor
while preserving the communication capability. Finally, the immunity of LIG antennas to
external stimuli is reviewed to quantify the expected degradation of performance. This
tutorial hence provides a multi-disciplinary background to activate a new research line as
well as to make experiments with the new concept of antennas engraved on substrates.

Index Terms: Laser-Induced Graphene (LIG), loT, Flexible, Antenna, Sensor, RFID

1. Introduction

ASER induction is a fast, easy, and low-cost manufacturing technique for obtaining graphene traces

starting from a high-carbon-content precursor substrate [1]. The technique, indeed, simply relies on an
infrared laser inducing a photo-thermal effect in the material to remove all the atoms other than carbon. The
so-obtained graphene, namely Laser-Induced Graphene (LIG), was extensively studied in the last decade
for the manufacturing of graphene-based sensors: strain/bending transducers have been proposed in [2]-
[5], pressure was evaluated in [6]-[8], but also gas concentration [9], [10], as well as temperature and
RH [11]-{14] information were successfully retrieved by means of LIG. Furthermore, other common LIG
applications concern supercapacitors [15], [16], electrodes and triboelectric nanogenerators [17]. Most of the
above devices work at low frequencies, a few kHz at most, and rely on the connection to a data sampling
unit.

Very recently, LIG potentialities have been investigated for manufacturing antennas working at higher
frequencies (MHz and even GHz). The first LIG antenna, presented in 2020, was a coplanar waveguide
(CPW) monopole resonating at 5.8 GHz, manufactured starting from Poly-Ether-Sulfone (PES) as a precursor
[18]. The same technology was then applied for patch antennas [19]-[21] and even for Radio Frequency
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Fig. 1: (a) Sketch of the lasing process and of the laser parameters affecting it. (b) - (c) Magnification of LIG
traces achieved by means of stereomicroscopy and Scanning Electron Microscopy (SEM). (d) Example of
Raman spectra for LIG samples.

IDentification (RFID) tags [22]-[25]. The reported antennas show in some cases notable performances thanks
to the working frequency in the micro and millimeter wave region and/or the presence of a metallic ground
plane [18], [19], [21], [26]. In the case of full-LIG antennas, instead, the radiation gain significantly decreases
(—12/ — 8 dBi) with a loss of performance w.r.t. metallic counterpart ranging from 10 times or at least to 4
times in the case of optimization of the layout.

Antennas exhibit distinctive characteristics when compared to sensors or electrodes made by LIG, and
first of all the much larger size (square centimeters vs, square millimeters) and the high impact of the sheet
resistance on the main radiation performance. A sheet resistance of tens of ohm/square (€2/sq.) that could
be acceptable for interdigital capacitors working at a few kHz, would instead return a very poor radiation
efficiency in the case of a dipole antenna, making it unusable. The limited conductivity of LIG significantly
increases the input resistance of the antenna, making the matching to low impedance (as in the case of
electromagnetic labels) much more challenging than for copper-based conductors. The lasing of a large area
is expected to produce surface deformation due to thermal bending. Simultaneously, the lasing patterning,
which is negligible in the case of small surfaces, can instead induce preferential currents paths [28], and
hence anisotropy of the sheet resistance on antennas. Moreover, the antenna footprint, typically comparable
to a wavelength, leads to several issues: i) antennas are prone to bending with a small curvature radius when
affixed to objects or human skin; ii) they are commonly exposed to unpredictable environmental conditions
in real-world applications, including variable temperature and humidity; iii) they may undergo mechanical
stress, such as contact with hard objects, exerting pressure on the LIG surface; and, iv) they may come
into contact with wet materials, such as skin or food and vegetables, releasing water moisture. All of these
phenomena are expected to induce temporary or permanent modifications to the intimate structure of LIG.

Nevertheless, the many parameters of the lasing process may offer uncommon possibilities in antenna
manufacturing and in particular the fabrication of non-uniform engineered conducting surfaces. Accordingly,
the design of an efficient and reliable antenna by LIG techniques has to comprehensively address a set of
electrical and physical constraints and options for a reliable application in real life.

This paper represents a first comprehensive effort to consolidate current knowledge on the design, fabri-
cation and optimization of LIG antennas. The resume starts with a detailed examination of material selection
and laser engraving parameters (Section IlI). Then, the paper delves into numerical modeling and the
estimation of upper-bound radiation performance (Section 1ll), considering topics related to manufacturing
processes and different frequency ranges. The integration with complementary components and the fine-
tuning of heterostructures are thoroughly discussed in Section IV. The investigation extends to the evaluation
of performance and durability under real-world conditions in Section V. This synthesis offers a valuable
compilation of essential insights, drawn partly from recent scientific literature and primarily from the direct
expertise of the authors. It aims at providing the necessary knowledge to swiftly initiate new research
endeavors in this field and facilitate experiments with application-oriented designs.
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2. Materials & Fabrication
2.1. Precursors

Any carbon based material containing aromatic rings within its structure could be used as precursor substrate
for LIG process [29]. Thermoplastic polymers, such as Polylmide (P1) and Poly-ether-Imide (PEI) [30], Kevlar
[31], [32], Poly-ether-ether-ketone (PEEK) [33], [34], poly-ether-sulfone (PES) [35], [36], have a natural
capability to withstand high temperatures. Temperature-sensitive materials (e.g. paper [5], wood [37]-[39],
cloths, food [29], [40] silk [41]) can be converted into LIG as well but after a pre-treatment with flame
retardants to prevent ablation and volatilization in ambient air [42].

This work only focuses on Pl-derived LIG since it is widespread thanks to its excellent chemical, thermal,
and electrical properties, it has the highest content of carbon within its structure [54], and it does not require
any pre-treatment with flame retardant solutions which would be otherwise incompatible with some of the
intended applications. Different types of P, and thus of manufacturers, may differ in terms of carbon content
and thus in the quality of the achieved LIG. We will particularly refer to the Pl sheets as in [55], [56]. It is
worth noting that different types of precursor as well as of laser cutter lead to significant differences in terms
of chemical and electrical properties. Accordingly, a preliminary characterization task aimed at selecting the
most appropriate set of parameters for the considered setup must be completed to feed the numerical model
used for the antenna design.

2.2. Lasing Process

The conversion of the precursor into LIG relies on a photothermal effect [1], [57]-[59]. The emitted photons,
indeed, are not powerful enough to directly break the covalent bonds between carbon and other atoms,
but they induce an increment of temperature (> 2500 °C) that makes the atomic structure of the precursor
vibrating. At this stage, the bonds are indirectly broken with a rearrangement of carbon hybridization from
the existing sp® to the sp? state thus producing an increment of conductivity.

Despite IR C'O, lasers being the most common choice for the laser induction of graphene, the latter can
be achieved also by means of UV lasers that grant resolutions 10 times better (i.e., 5 — 10 um) than the
IR case. Differently from before, here, the incident photons directly break the covalent bonds thanks to the
shorter wavelength (< 400 nm) and thus to the higher energy they carry [58].

The features of the obtained graphene, i.e., the density of defects within its atomic structure, the macro-
scopic morphology, the electrical properties, and the chemical ones are strongly dependent on the lasing
conditions [60], [61]. The irradiation is controlled mainly by the laser power (P), the scan speed (Ss), and
the spot’s size, which can be varied by means of a vertical offset (h) of the laser's head thus defocusing
the beam [42] (Fig. 1a). Laser power is the most impacting parameter since it determines the amount
of precursor converted into graphene; hence, as a rule of thumb, the higher the power, the higher the
resulting conductivity [43], [62]. The beam cross-section enforces the overlapping among adjacent spots
thus granting a more homogeneous conductor and a lower sheet resistance [29], [61]. The beam cross-
section is controlled by the defocusing parameter: a beam with a large cross-section makes the process
more sensitive to wrinkles and/or misalignment of the substrate that may lead to an uneven focal plane.
Finally, second-order parameters, such as the carbon content of the precursor and its thickness [30], the
density (DPI) of the layout image to engrave [45] or the environmental conditions [63] can affect the quality
of the achieved LIG. Thicker substrates can withstand higher laser power, allowing a greater amount of
precursor to be converted into LIG without undergoing ablation. Thus, we expect possible improvement
by combining inkjet printed substrates made by thermoplastic polymers, such as PEEK (Poly Ether Ether
Ketone), PES (Poly-Ether-Sulfone), PSU (Poly-Sulfone), and PP (Poly-Propylene) with laser engraving. DPI
parameter (dots-per-inch), differently from defocusing, sets the resolution of the image and thus the number
of spots within the same area without modifying their size. Inert atmospheres, such as Ar or N, ones,
influence the chemical (e.g. the water contact angle) and electrical properties [29], [63] leading to a better
quality graphene.

Fig. 1b and 1c show an example of LIG morphology obtained by means of the Speedy 100 laser cutter
by Trotec. Stereomicroscopy and Scanning Electron Microscopy (SEM) are fundamental to investigate the
macroscopic and microscopic morphology of LIG, respectively, while Raman analysis (Fig. 1d) reveals the
atomic structure of the achieved graphene. As a matter of fact, the ratio between peaks Ip /I in the Raman
spectra returns the quality of the achieved LIG being proportional to the number of defects within the structure;
while I>p /I determines the number of graphene’s layers (the closer to 1, the closer the material to a single
layer graphene sheet) [62], [64].
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Fig. 2: Example of measured two-point resistance of LIG different stripes (5 cm x 1 cm) w.r.t. the distance
between the probes. The dashed lines are the LSQ regressions for each dataset.

TABLE |: LASER SETTINGS EMPLOYED FOR LIG SAMPLES

Configuration | P [W] | Ss [cm/s] | h [mm] Ip/Ig Iap/Ic Rs [©2/sq.] Rc [92]
LIG-1 3.5 4.2 0 0.94£0.07 | 0.63+£0.10 43.7+£0.33 18.24+0.3
LIG-2 9 10 0 1.04 +0.06 | 0.62 4+ 0.01 33.4+£0.33 16.6 = 0.3
LIG-3 9 10 3 0.99+0.13 | 0.84 +0.11 12.3 £0.31 6.1+£0.3

2.3. Electrical Characterization

The electrical features of LIG devices are characterized by the sheet resistance Rs [65], the contact resis-
tance Rc and the sheet inductance Ls, whose value, in case of graphene, is higher than that of standard
conductors [66], [67].

2.3.1. Sheet and Contact Resistances
The sheet resistance of graphene is practically frequency-independent up to tens of GHz [68]. The cut-off
frequency depends on the doping level, the temperature, and the presence of defects [68], [69]. The contact
resistance is the resistance due to the contact between the material and the metallic connector/probe/lumped
electronic component [70]. The above resistances can be evaluated in DC by means of the Transfer Length
Method (TLM) [71] that permits to decouple the two contributions. It involves measuring a two-point resistance
of a LIG strip while gradually increasing the distance (d) between the probes [60], [62]. Then, by means of
the Least Squares method, a linear regression is enforced on the measured data as R = (Rs/W)) d + 2R..
Accordingly, the Rs is estimated as the slope of the regression line, multiplied by the width of the measuring
pad. The contact resistance is equal to one-half the intercept with the y-axis. Fig. 2 shows examples of
measured profiles of resistance for three laser settings reported in Tab. . The LIG-3 configuration, which
corresponds to the highest power and beam defocusing, exhibits the lowest sheet resistance (Rs = 12 Q/sq.)
and hence is the best suited for antenna fabrication. LIG-1 configuration, instead, could be used as an
absorber.

This capability to modulate the feature of the LIG by changing the laser settings is the foundation for the
design and manufacturing of heterostructures combining antennas and sensors.

2.3.2. Sheet Inductance

Sheet inductance estimation must be performed in the frequency band of interest. Furthermore, since sheet
inductance is expected to be of the order of hundreds of pH/sq. for multilayer graphene sheets [66], [72], [73],
non contacting measurement methods should be preferred to avoid artifacts due to the connection fixtures.
The most assessed measurement techniques are (i) the waveguide method [73]-[76], (/i) the resonant cavity
method [72], [77], and (iii) the microstrip resonators [78], [79]. In all the cases, a de-embedding procedure
is required to remove artifacts.

Below 1 GHz, the surface inductance (pH/sq.) can be considered negligible [72].
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Fig. 3: Numerical simulations of LIG antennas by the FDTD method, and comparison with measurements:
(a) reflection coefficient of a L = 85 mm by W = 15 mm rectangular monopole made by LIG-3 (Rs=12
Q/sq.) on a copper ground plane resonating in the UHF band, (b) reflection coefficient of a ring monopole
(L =25 mm, W = 15 mm) resonating at 3600 MHz for LIG-2 and LIG-3. (c) Radiation pattern of the above
monopole (LIG-3). (d) Simulated and measured realized gain of a 70 x 40 mm? rectangular dipole with an
integrated capacitive sensor.

3. Numerical Modeling and Upperbound Radiation Performance
3.1. Numerical Modeling

Graphene fabricated by lasing can be considered as a thin semi-conductor with a sheet resistance generally
of the order of 1 — 10 ©/sq. in best cases. Hence, the skin depth is approximately two orders of magnitude
larger than the typical thickness of traces, i.e. from few to tens of micrometers [80]. Accordingly, LIG traces
must be accounted for through a 2D model exploiting the Leontovich’s condition, which relies on a complex-
valued surface impedance (1)

Et = Zsﬂt X 7 (1)
where n is the normal unitary vector of the LIG trace and
Zs = Ry + jwls (2)

is the surface impedance for the graphene [72]. Fig. 3 shows some examples of simulations of planar
dipoles and monopoles made of LIG of different settings (low and high sheet resistances) in comparison with
simulations by the Finite Difference Time Domain (FDTD) method in the CST Studio 2023 implementation.
Both input parameters and radiation gain are reported at different frequencies. In all cases, the Leontovich
condition provides a good matching with real data both in terms of the resonant frequency and of the radiation
efficiency. It is worth warning that other potential modeling options such as i) a 3D conductor with a uniform
value of conductivity or ii) a high-loss 3D dielectric, would have been unpractical. Indeed, we experienced
that the first one would have returned completely wrong results (Fig. 3a), while the second model would

November 2024 Page 5



IEEE Antennas and Propagation Magazine An IEEE Antennas and Propagation Society Publication

TABLE Il: UPPERBOUND RADIATION EFFICIENCY AND OPTIMAL SIZE OF LIG DIPOLES

LIG | Frequency [MHz] | L/XA | W/X | 7R, max [-] (Gmax [dBi])
868 0.6 0.06 0.31 (—5.1)
2 2400 0.8 | 0.06 0.36 (—4.44)
3600 0.6 0.06 0.32 (—4.9)
868 0.6 0.06 0.63 (—2.0)
3 2400 0.8 0.06 0.65 (—1.9)
3600 0.6 | 0.06 0.62 (—2.1)
w
-2
1.0 f=======mmm—m—m e
_3 -
= —4 A A,
o
el A
T 51" A A
‘©
L a O -64 a
0.2 4 - Lo 7] Simulated
—— Copper A A Measured
O-O T T T T _8 T T
0.025 0.050 0.075 0.100 0.5 1.0
WIA [-] L/IA -]

() (b) (©

Fig. 4: Parametric analysis of a L x W rectangular dipole antenna. (a) Antenna layout on a Polyimide sheet.
(b) Variation of radiation efficiency w.r.t to W/ for L/\ = 0.6 (c) Numerical and experimental results for a
Rs =12 Q/sq. dipole of size W = 15 mm.

have required a highly fine mesh of the graphene thickness producing long computation times and numerical
instabilities.

3.2. Optimal size vs. frequency and R,

The radiation efficiency and gains of an antenna made by a high-loss conductor, as in the case of LIGs,
is a non-monotonic function of the antenna size [81]. Indeed, the radiation resistance generally increases
along with the enlargement of the antenna size, as well as the loss resistance. Since these two competing
phenomena obey different laws, there exists an upper bound performance of the radiation efficiency and an
optimal antenna size, that can be considered a reference value for designers. For example, Tab. Il shows the
maximum radiation efficiency and corresponding size at three typical loT frequencies {868 MHz, 2400 MHz,
and 3600 MHz}, of a L x W rectangular dipole for two values of sheet resistances Rs = {33, 12}[2/sq.]
corresponding to laser settings LIG-2 and LIG-3 of Tab. I. It is worth noting that the maximum achievable
radiation efficiency, as well as the optimal size, are frequency-independent. The upper bound efficiency is
roughly 35% and 65% for the higher and lower considered sheet resistances, respectively, and correspond
to a degradation of 4.5 dB and 2 dB w.r.t to a copper dipole of comparable size. The upper bound efficiency
is roughly 35% and 65% for the considered high and low sheet resistances, respectively, and correspond
to a degradation of 4.5 dB and 2 dB w.r.t to a copper dipole of comparable size. For both cases, the
optimal lengths of LIG dipoles are 0.6 < L/\ < 0.8, respectively. The efficiency can be partly improved
by widening the width of the antenna trace. Indeed, from (2.3.1), the resistance is inversely proportional to
W so that the maximization of the radiation efficiency of LIG antennas requires much larger traces (W >
0.05)) than copper counterparts (Fig. 4b). Dipoles with shorter or larger lengths than the above optimal
values will undergo a sensible degradation of performance. For example, dipoles shorter than 0.2\ would
exhibit an efficiency less than 10%, independently (horizontal lines) on the width. This means that the size
reduction of LIG antennas when required, would generate a not negligible degradation of gains. Moreover,
conventional impedance matching techniques, adding distributed impedance to sub-resonant miniaturized
antennas, namely, meandering, T-match, I"-match, and Loop-match, are rather inefficient with LIG devices.
Indeed, such configurations introduce differential current modes, namely mutually close currents of opposite
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Fig. 5: (a) Surface anisotropy induced by the lasing direction. (b) Simulated decrement of radiation efficiency
(gray zone) due to conductor’s anisotropy, namely when the current flows in the orthogonal direction to the
lasing groves. (c) Measured S2; between two couples of identical A\/4 monopoles both considering parallel
(gray square) and orthogonal (black dot) scribing and placed 30 cm far from each other.

verse, that do not produce net radiation. While this effect is not particularly detrimental in the case of antennas
made of good conductors, the modest conductivity of LIG trace generates instead a not negligible power loss
that kills the antenna performance. A possible mean for miniaturization and matching is the use of lumped
tuning inductors that avoid differential currents. However, the robust and reliable interconnection of Surface
Mounting Devices (SMD) on LIG traces is still an open issue. Standard lead soldering is impractical, and the
conductive epoxy adhesive is the only feasible alternative even though it does not provide robust adhesion
or negligible contact resistance.

3.3. Effects of lasing rastering and anisotropy

Most of the commercially available laser engravers scribe the precursor following unidirectional rastering so
that the surface finish of the graphene has a typical non-homogeneous appearance with parallel grooves.
The electrical conductivity is hence anisotropic and depends on the direction of the surface currents w.r.t. the
rastering pattern. When the current is forced to flow orthogonally to the LIG grooves, it degrades by a 25%
[28], [82]. This reduction will in turn produce a further degradation of the radiation efficiency of the order of
0.5 dB (simulated results in Fig. 5a). The comparison between the measured S»; of two couples of identical
/4 monopoles both with parallel and orthogonal scribing corroborates the numerical results. Accordingly,
the lasing patterning should match as well as possible the expected lead direction of the current flow on the
antenna that could be preliminary predicted by simulations on a reference homogeneous conductor.

4. Integration
4.1. Soldering of electronics and connectors

As graphene is a semiconductor, standard lead soldering to interconnect discrete components and con-
nectors is uneffective for LIG traces due to the lack of interfacial bonding metallic layer. Conductive epoxy
glue, instead, is a suitable choice. A possible option is the CW2400 conductive epoxy from Chemtronics [83]
having a volume resistivity lower than 10™3 Q/cm. This adhesive can be even cured at room temperature
for 24 hours. However, to improve the conductivity, to minimize the additional losses and to increase the
adhesion, the sample must be cured in a oven (from 60°C to 80°C) for 5 minutes.

4.2. Antenna-sensor integration

When the antenna is coupled with a low-frequency sensor, as in the case of interdigital capacitors (IDC)
coated with a sensitive material, and in turn connected to a sampling ICs as in [84], [85], the presence of
high-frequency electromagnetic fields generated during the communication link may produce artifacts in the
measured sensor data. There are typically two effects related to the RF currents that are induced on the
IDC by (i) the interrogating field and by (ii) the backscattering of the antenna. These currents may enter the
analog port of the IC, produce artifacts in the measurements, and even generate an upset. Moreover, there
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Fig. 6: (a) Antenna-sensor cohabitation: layout of a RFID wireless sensor with variable antenna-IDC distance
and sheet resistance (Rs,rpc) on top and simulated average module of the RF currents on the IDC w.r.t.
sensor distance and sheet resistance on the bottom. (b) Example of integration between a dipole antenna
(L = 70 mm and W = 40 mm) and an IDC obtained with different laser settings. Details of macroscopic
LIGs’ morphologies in the insets. (¢) Comparison between the thermal bending for the non-optimized and
for the optimized dipole antenna layout.

could be parasitic capacitances between the antenna and the sensor itself if the latter is closely packed to
the radiating element so that the measurement of the IDC capacitance is subjected to uncertainties.

LIG manufacturing offers unique degrees of freedom to get rid of the above problems without introducing
additional choking devices thanks to the possibility to modulate the sheet resistance on the device. For this
purpose, the antenna and the IDC can be manufactured, within a same lasing process, by exploiting different
laser settings so that the sheet resistance of the antenna is miminized to improve the communication, while,
the graphene of the IDC is produced with a higher resistance to act as an RF absorber. The resulting device
is a hetero-structure with non-uniform resistance. For instance, Fig. 6a shows a bow-tie dipole connected to
a IDC through a two-conductor transmission line. The parametric analysis of the average RF currents (@
868 MHz) on the IDC region connected to a bow-tie dipole, when varying its sheet resistance and the length
of the line, shows that a sheet resistance of the IDC higher that 75 ©2/sq. significantly reduces the unwanted
current on the IDC for any IDC-antenna distance. The resulting heterostructure is shown in Fig. 6b.

4.3. Reduction of thermal bending

The high temperatures involved in the lasing process cause the precursor to bend and induce wrinkles
on its surface. This phenomenon, which is particularly relevant for big lased areas, causes manufacturing
imperfections during lasing since the correct focusing is not achieved all over the substrate and the resulting
rastering may result in defects.

A possible countermeasure to mitigate thermal bending is to shape the layout of the antenna to minimize
the lasing area while preserving the current paths of the original geometry [25]. Fig. 6¢ shows an example
of a bow-tie dipole reshaping by resorting to a fan configuration where the width of the fingers was progres-
sively reduced to mitigate thermal bending without significantly reducing the performance of the antenna. In
particular, such a solution granted approximately the same radiation gain (—9.5 dBi) of the flat dipole antenna
(—9.3 dBi) but with half of the lased area thus significantly reducing the deformation of the substrate.
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TABLE Ill: AVERAGED PEAK AND TOTAL VARIATION OF SHEET RESISTANCE IN CASE OF PERIODIC BENDING,
CONTACT WITH DRY AND WET OBJECTS.

Configuration Bending Dry object Wet object
AR% [Q/sq] | ARL [Q/sq.] | AR [©2/sq.] | ARL [Q/sq.] | ARE [Q/sq.] | ARL [Q/sq.]
LIG-1 12.6 £ 2.75 —0.12£0.11 —0.26 +0.32 0.04 +£0.03 0.28 +0.37 0.40 £ 0.07
LIG-2 22.9+8.95 0.06 £0.17 —12.7+2.97 0.00 £0.12 —4.34 £ 3.11 0.23+0.17
LIG-3 14.8 +6.89 0.03 £0.08 —0.25 +0.52 0.00 £ 0.06 —0.19 £ 0.25 0.07£0.12
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Fig. 7: Overall impact on the radiation efficiency at 868 MHz of the external stimuli that modify the sheet
resistance of a L = 0.6\ and W = 0.06\ dipole in case of two LIG materials.

5. Durability

Environmental agents, such as temperature or humidity gradients, and mechanical interactions with surround-
ing objects (e.g. bending and contact with dry and wet objects), especially in the case of lIoT applications, may
alter the electrical and durability features of LIG devices. The above effects can be quantitatively evaluated
in the lab [60] by emulating periodic stress and by measuring the change of the sheet resistance against the
stressful agents. In particular, the following two metrics can be considered: i) the average variation of sheet
resistance during each periodic stimulus (ARY), and ii) the total difference between the sheet resistance
after the application of each stimulus and the unperturbed one averaged by the number of cycles (AREL).

As a rule of thumb, the impact of mechanical stresses on LIG electrical properties is mainly controlled by the
macroscopic morphology of the sample, while in the case of soft stimuli, such as temperature and humidity
gradients, the microscopic/atomic structure prevails. As a matter of fact, bending, namely the more stressful
agent, causes a nearly doubled variation of sheet resistance in the case of LIG-2, which is characterized
by a fluffy morphology, w.r.t. other samples (Tab. lll). LIG-3, which instead has a different atomic structure
(Tab. 1), exhibits an opposite behavior when exposed to variable environmental conditions.

The impact of the above variation of the sheet resistance on the radiation performance of LIG antennas is
reported in Fig. 7 where the efficiency of the optimal-size dipoles at the typical frequencies of loT applications
(as in Tab. Il) are simulated v.s. the variation of sheet resistance.

In the worst case, namely during the periodic bending, the degradation of performance becomes relevant
when the sheet resistance increases by more than 10 2/sq. which corresponds to a reduction of the radiation
efficiency of more than 20% in the case of the most conductive material (LIG-3). Thus, depending on the
specific application, a further margin has to be introduced in the link budget to account for possible detrimental
effects during real-life service.

6. Summary and Conclusion

This paper addressed most of the relevant issues related to the design, manufacture, and testing of LIG
antennas. Although several materials are reported to be used as precursor layers, Pl is particularly convenient
due to the large amount of carbon inside and, above all, for its availability in many sizes, thicknesses, and
surface appearance (for instance adhesive).

The most relevant findings for the LIG on PI, that are useful to be accounted for by designers, are
summarised next:

i. At radio-frequency, LIG must be considered as a two-dimensional conductor fully penetrable by an
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impinging EM wave, and suitable to be simulated by the surface impedance with the Leontovich condition;

ii. Simulations and experiments indicate that there exists an optimal electrical size maximizing radiation gain
regardless of the frequency of operation or lasing settings. These only affect the maximum achievable
radiation efficiency, which is 4.5 dB to 2 dB less than that of equivalent copper antennas;

iii. The miniaturization of the antenna is particularly detrimental to the efficiency thus making the design of
antennas in the sub-GHz range challenging;

iv. The direction of rastering during lasing is important since, in the case of engraving orthogonal to the
natural flow of the currents, it can degrade the antenna performance of a further 0.5 — 1 dB;

v. The involved high temperature of the manufacturing process induces an unwanted bending of the
substrate potentially making the resulting graphene antenna non-homogeneous, especially for large
areas. Thermal bending can be minimized by engineering the antenna layout to minimize the laser area
without degrading the radiation performance;

vi. Electronic components and connectors can be interconnected to LIG traces by using conductive epoxy
glue;

vii. LIG with reduced conductivity can be exploited when designing sensors connected to the antenna to
naturally dump the currents induced by the external interrogating RF field;

viii. The impact of environmental gradients of temperature and humidity on the sheet resistance of LIG traces
is not critical. Instead, in the case of hard stimuli (i.e., contact with dry or wet objects or bending), a
further margin of 1 dB in the link budget should be considered to account for a possible variation of the
nominal value of sheet resistance during real-life applications.

Overall, antennas made by LIG are still in their infancy, and we expect further progress concerning the
improvement of surface conductivity and the several possibilities offered by the lasing process. We expect
further improvements by combining 3D printed substrates made by thermoplastic polymers, such as PEEK
(Poly-Ether-Ether-Ketone), PES (Poly-Ether-Sulfone), PSU (Poly-Sulfone), and PP (Poly-Propylene) with laser
engraving to generate more graphene and to hence lower the sheet resistance. These improvements hold
potential for the eco-friendly and sustainable mass production of disposable and easily recyclable loT devices
of the near future.
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