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Abstract—Laser-induced graphene (LIG) is an emerging man-
ufacturing technique for engraving graphene patterns on precur-
sor substrates. LIG has great potential applications to flexible
eco-friendly and wrapping electronics devices such as on-skin
sensors and antennas for human body physiological monitoring.
Moreover, LIG-made electronic labels could be embedded into
innovative food packages to reduce contamination and waste.
As the so-obtained conducting graphene traces form a non-
homogeneous and partly volatile structure, it strongly interacts
with the external environment. This paper resumes a unitary
experimental campaign to quantify the stability of the sheet
resistance of LIG traces against several external stimuli, such as
temperature and humidity gradients, contact with dry and wet
objects, and cyclic bending. The results indicate that their effects
depend on the tuning parameters of the laser and, in particular,
on the power and beam defocusing. The sheet resistance variation
during temperature and humidity stress is relatively modest and
generally reversible by resorting to a 9 W beam with a few
defocusing that generates a very compact and robust graphene
substrate. The cyclic touch with dry and especially with wet
objects can instead produce a more remarkable variation of
the resistance and even permanent degradation of the surface
depending on the specific lasing parameters.

A conservative ±30% uncertainty of the nominal sheet resis-
tance hence must be included in the electromagnetic simulations
of LIG-based devices to account for unpredictable dynamic
interactions with real-life objects.

Index Terms—Graphene, Flexible Antenna, Sensors, LIG,
Polyimide, IoT.

I. INTRODUCTION

S INCE its discovery, the outstanding properties of graphene
have attracted the attention of the scientific community

[1]. Unfortunately, its manufacturing complexity still hinders
its large-scale deployment [2]. Thus, in the past decade, laser
induction techniques have been proposed as novel methods
to directly scribe graphene on polymeric substrates through
an easy, fast, and low-cost process [3], [4]. For its ability to
react to physical / chemical stimuli, laser-induced graphene
(LIG) has been widely used for sensing purposes so far [5].
For the most part, the resulting sensors are a few millimeters
in size and have been integrated into wired systems and
interconnected to conventional acquisition boards. Examples
concern sensors for strain/bending [6]–[9], pressure [10]–[12],
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gas [13], [14], temperature and relative humidity (RH) [15]–
[18]. Nevertheless, other common LIG applications refer to
supercapacitors [19], [20], electrodes, and triboelectric nano-
generators [21].

More recently, LIG technology has also been tested to man-
ufacture simple flexible antennas. In particular, [22] proposed
a hybrid graphene-MoS polygonal monopole with coplanar
feeding engraved on several substrates with performance com-
parable to its copper counterparts. A 5.8 GHz patch antenna
made by LIG was analyzed in [23] to measure the strain
of the human body by exploiting the natural change in the
conductivity of graphene in reaction to surface deformation.
[24] reports a LIG patch antenna on a cellulose substrate
for eco-friendly applications. Furthermore, [25] employed this
technique for the manufacturing of UHF RFID tags, and [26]
exploited LIG for the fabrication of wearable monopoles in
the S-band.

Therefore, despite the fact that the use of LIG technology
for antennas is still in the initial phase, possible applications
in IoT (Internet of Things), and in particular to smart-plaster
for human body monitoring [27]–[29] and to smart packaging
for low-cost food control [30] and recycling, could boost the
large-scale diffusion of this technology.

Antennas have unique features compared to smaller LIG-
based devices. In particular, they have large size (typically
comparable with a wavelength) so that i) they will be bent
with a small curvature radius when attached onto objects or
the human skin [27], [31]; ii) they are generally exposed, in
real applications, to unpredictable environmental conditions
(variable temperature and humidity, at least); iii) they could
undergo mechanical stress such as the touch with hard objects
[32] producing pressure on the LIG surface and, not least, iv)
they could come in touch with wet materials that release water
moisture, such as the skin or food and vegetables [33]. All
the above phenomena are expected to produce a temporary
or permanent modification of the LIG’s intimate structure.
The proper design of LIG antennas must therefore adequately
account for the possible variation or uncertainty in the sheet
resistance of the LIG in real conditions.

The morphology as well as the intimate structure of LIG
have been already demonstrated to be responsible for the
variation of its properties to external stimuli and have been
also exploited to achieve sensing functionalities for stress
and pressure. As a matter of fact, the fluffy morphology
of LIG makes it naturally sensitive to external compression
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which causes the decrease of the interlayer distance and thus
it increases the conductivity [34], [35]. In addition, another
cause of modification of the LIG’s conductivity can be the
random contact with suspended nanofibers or the synchronous
shearing of the latter when an ordered morphology prevails
[36]. In the case of bending, instead, the leading phenomenon
is the temporary disconnection of the fibres [9], [37], [38].
Furthermore, Luo et al. [39] discovered that the higher the
power / scan speed ratio, the higher the sensitivity to the
enforced stress since higher powers are related to a more
porous structure which is easily disrupted when the load is
applied. Above studies are however mostly oriented to sensing
applications while less focused to durability. The tests were
referred to not homogeneous kinds and sizes of LIG samples
as well as the performance indicators were generally different.

This paper proposes a comprehensive and unitary evalu-
ation campaign, referred to some meaningful manufacturing
laser settings (power, speed, and the beam cross-section) that
produce LIG samples of different morphology and electrical
properties. LIG strips of the same sizes and derived from
a polyimide (PI) substrate as precursor, were comparatively
exposed, through simple protocols, to hard and soft stimuli that
are expected to arise in future IoT applications of LIG devices
in health, food, and pharma. We considered cyclic exposure to
humidity gradients and surface stress by dry and wet touching
and bendings. We can therefore quantify their impact on the
same performance parameter, namely the sheet resistance that
is the key LIG feature in the design of radiofrequency devices,
antennas as first.

The paper is organized as follows. Section II introduces the
considered manufacturing process of LIG, the materials and
equipment, and the method for the electrical measurement of
the sheet resistance. The measurement campaign is described
in Section III concerning the application of stressful, soft
(temperature and humidity) and hard (cyclic bending, dry and
wet touch) stimuli. The obtained results, in terms of variation
of the sheet resistance of the LIG samples, are then reported
and discussed in Section IV and, finally, conclusions are drawn
in Section V.

II. LIG MANUFACTURING AND CHARACTERIZATION

LIG is obtained through a photothermal process in which
a CO2 laser breaks the covalent bonds between the carbon
and other atoms inside a polymer. Initially, the polymeric
substrate, denoted as ”precursor”, is carbonized and produces
amorphous tetrahedral carbon. As the CO2 laser generates a
beam with a wavelength of approximately 10 µm, the process
starts as soon as photons penetrate the substrate, even if their
energy is not sufficient to directly break covalent bonds in
which carbon is involved. However, they are powerful enough
to make the chemical structure of PI vibrate, thus producing
a huge local temperature increment (> 2500 °C) [4]. This
leads to the breakage of the bonds among the atoms, moving
from the existing sp3 hybridization to sp2 [40]. In this second
phase, there is an increase in the electrical conductivity of
the substrate and a rapid formation of gaseous products,

especially H2, CO2, and CxHyNz species. An aspiration
system removes these waste products that are hazardous to
human health. At the same time, the suction of graphene
occurs, and LIG assumes the characteristic foam morphology
[3].

A. Lasing

LIG samples considered next were fabricated starting from
the precursor of PI sheets (125 µm thick), from Dupont.
The laser engraver was the Trotec Speedy 100 cutter. All
the samples were manufactured in natural room conditions
approximately corresponding to temperature T = 25 ◦C and
RH = 60 %. The machine was set in pulsed and raster mode,
with fixed pulses-per-inch PPI=1000. The laser engraving is
hence carried along a dense alignment of parallel graphene
lines, filling the surface. Three different LIG samples were
obtained by proper combination of the main laser parameters,
namely the laser power (P), the scan speed (Vs), and the beam
defocusing. The first two have the most significant impact [41]
on the morphology and electrical and mechanical properties
[42] of the LIG, namely determining the depth of the trace
and the amount of graphene produced. Laser defocusing is a
second-order parameter to fine-tune the process [43] and is
achieved by adding an offset h to the vertical axis of the
laser head. Therefore, the beam footprint in the dielectric
layer will widen, producing a partial overlap between adjacent
lased spots [44] with an expected improvement in graphene
homogeneity and conductivity.

B. LIG Samples

Starting from a preliminary literature scouting [41], [44]–
[46], we identified some sets of the lasing parameters that are
expected to provide a variety of LIG samples concerning the
morphology (compact, fluffy) and electrical properties (high
and low sheet resistance). The three settings, hereafter denoted
as LIG-1, LIG-2, LIG-3, are reported in Table I. The first
two differ for the scan speed Vs and for the laser power P .
LIG-3 is similar to LIG-2 apart for a beam defocusing by
the offset h = 3 mm which is expected to produce a more
homogeneous scanning pattern. The samples have the shape
of 5 cm by 1 cm strips. Magnified pictures of the strips’
surface are reported in Fig. 1 as obtained in the macroscale
by Analog Reflection Microscopy (AM - 0.7-4.5x AmScope
CL-SM-4TP), and then in the microscale by Field Emission
Scanning Electron Microscope (FESEM, Zeiss Leo Supra 35,
with settings: Electron High Tension EHT= 5 kV and Working
Distance WD=7 mm). The linear lasing pattern is clearly
visible through the analog microscope in LIG-1 and LIG-3
samples. Instead, by increasing the laser power, more PI is
converted into LIG, namely, the laser beam penetrates into a
deeper thickness of the substrate. Accordingly, a disordered
and hairy morphology prevails in the LIG-2 sample. The
employment of laser defocusing in LIG-3 causes a further
change in the sample morphology: the grey color of the LIG
trace is lighter, making its appearance more similar to graphite
rather than graphene. Furthermore, the overlap between two
adjacent spots makes the engraving lines more blurry than
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Fig. 1: (a)-(c) AM images of the three different LIG morphologies achieved with laser settings in Table I. The scale bar is set
to 100 µm. (d)-(f) SEM magnification of the three LIG morphologies. The scale bar is set to 10 µm. (g)-(i) Intensity of the
Raman shift measured at three points for each LIG sample. The vertical lines indicate the D, G, and 2D peaks respectively.

TABLE I: Summary of the laser settings employed for each LIG sample

Configuration Power [W] Scan speed [cm/s] Offset [mm] Rs [Ω/�] ID/IG I2D/IG

LIG-1 3.5 4.2 0 43.7± 0.3 0.94± 0.07 0.63± 0.10

LIG-2 9 10 0 33.4± 0.3 1.04± 0.06 0.62± 0.01

LIG-3 9 10 3 12.3± 0.3 0.99± 0.13 0.84± 0.11

in LIG-1 [44]. The overall appearance is thus more compact.
The microscale SEM scan reveals a fibrous morphology in
all cases. Nevertheless, LIG-1 and LIG-2 are more porous
than LIG-3 whose appearance is instead denser by the effect
of beam defocusing. Further physical insight comes from the
Raman spectroscopy performed at three points of each sample
(Fig.1g-1i). The analysis of the spectra, and in particular of
the graphene’s characteristic peaks D, G and 2D, shows a
similarity of the profiles of LIG-1 and LIG-2 (defective for
the most) which differ from that of LIG-3. The ratio ID/IG

among the first two peaks (related to the sp2-hybridized carbon
network and to the presence of defects within the structure,
respectively) is close to 1 for all the LIGs (Table I) thus
confirming the crystallinity of the ablated surface [41], [47].
In the case of LIG-3, instead, I2D/IG increases, and this is an
indication of the decrease of the number of graphene layers
[41], [47].
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Fig. 2: (a) Measurement setup to evaluate the sheet resistance.
Each probe is attached to the 3-axes positioner to precisely
control the distance. (b) Schematic representation and proto-
type of the TLM probes

Fig. 3: Measured resistance between the probes in Fig. 2b
versus the distance. The dashed lines are the LSQ regression.

C. Electrical characterization of the Sheet Resistance

The reference metric for the performance of LIG traces
as conductors is the sheet resistance (Rs) that represents
the resistance of a square sample of the conductor. The
parameter is hence evaluated by means of the Transfer Length
Method (TLM) [48]. It permits to drop out the edge effect
and, in particular, the contact resistance at the interface with

metallic conductors (here the measurement probes) that is not
negligible for semiconductors, and above all for graphene [49].

TLM is applied through a two-points measurement of resis-
tance at increasing inter-distance d along the strip (Fig. 2b).
For this purpose, we used the multimeter Fluke 289. For each
configuration, four values of resistance were achieved as the
result of an averaging process on three different samples and
by varying the distance d. Measured resistance w.r.t. to the
distance concentrates along the line (1)

R =
Rs

Wp
d+ 2Rc (1)

where Rc is the contact resistance. The sheet resistance is
then estimated by extracting the slope of the measurements’
distribution through Least Squares method and the mean
square error (MSE) is reported as an indication of uncertainty.

The probes of the multimeter are made of rectangular
conductive pads, with size Lp = 0.75 cm and Wp = 0.4
cm (Fig. 2b), wrapped onto 3D-printed holders. To ensure the
repeatability, and to fix the probes on the LIG samples, a nu-
merically controlled 3-axis positioner with 0.1 mm precision
(Fig. 2a) is used to precisely translate the probes along the strip
thus avoiding conductive epoxy glue that would inevitably
induce artifacts in the measurement of the sheet resistance.

Raw measured data are reported in Fig. 3 and the estimated
sheet resistance in Table I. A lower sheet resistance is related
to high laser power [41] since the higher the power, the
more PI is converted into LIG. We experimentally verified
that a further power increment causes the destruction of the
PI sample. As expected, beam defocusing produces a further
reduction of the sheet resistance since the improved quality
of graphene and homogeneity of the sample grant better
conductivity [44]. It is worth noting that the standard deviation
among measurements on the three samples for each kind of
LIG are very small (roughly 0.3 Ω/�) so the manufacturing
can be considered rather reproducible.

III. DESIGN OF EXPERIMENTS

Two sets of stressful agents are here considered, referred as
soft stimuli produced by the environment, such as gradients
of external temperature and humidity, and then hard stimuli
that are hence directly enforced onto the LIG samples, namely
cycles of bending and of contact with dry and wet objects.
Each test is applied to three novel LIG samples for each
group of lasing settings to also evaluate the repeatability of
the achieved performances. The second set of tests accounts
for possible interactions of LIG antennas with the human body
that deforms thousand times per day and that can interact with
hands, textiles, and contacting objects. The interaction with
wet objects could moreover be related to the application to
fresh food monitoring. The test methodologies are described
here, while the results of measurements are resumed in the
next Section. The purpose is to quantify the variation of the
sheet resistance during and after the tests as well as to analyze
the eventual permanent degradation of the surface.
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Fig. 4: (a) Photo of the cyclic contacts with a dry object. The
silicone probe (inset) is manually put in touch with the LIG
sample and the LIG resistance is measured by the multimeter.
A same force touch is enforced in each cycle with the help of
a digital scale. (b) The same setup was employed for the cyclic
contact with a wet object wherein a sponge was employed. (c)
Arrangement of the paper clip for the bending test.

A. Soft Stimuli

The following experiments involve the climatic chamber
(Binder Mk-56) to enforce gradients of temperatures and
humidity. The multimeter’s probes are hence inserted inside
the chamber and the sheet resistance is measured continuously
during the test. The following two cycles are applied.

1) Temperature cycle: The temperature is linearly raised
between 15°C and 85°C and return, with a fixed relative
humidity RH= 30%.

2) RH cycle: The temperature is kept fixed to 40°C and
the relative humidity is monotonically increased (through a
step-wise dynamics) from 20% to 80% and return.

The overall impact of the exposure to external humidity is
the combination of some competing phenomena. i) The water
molecules can lead to ionic conduction upon the surface of
LIG thus decreasing the measured sheet resistance [50], [51].
ii) Simultaneously, for prolonged exposure to high external
humidity, water molecules can infiltrate in between the flakes,
determining the opposite effect [52]. Due to the swelling
phenomenon, indeed, these molecules increase the inter-layer
distance, augmenting the semiconductor discontinuity as well
[51]. iii) Finally, the presence of defects in the substrate
[53], its hydrophobicity, as well as the amount of oxygenated
functional groups inside the graphene [51], are expected to
improve the overall conductivity, thus decreasing the sheet
resistance.

The sensitivity of the LIG samples to the above stimuli is
evaluated by considering the median value of the measured

resistance in the last 5 min of each step of the ascending
profile. Then, the values of Rs w.r.t. temperature and RH were
interpolated with a linear and quadratic fitting, respectively,
which minimise the MSE. The slope of the line, as well as
the coefficient of the quadratic term, and their relative error,
were reported as indications of the sensitivity ST/RH .

B. Hard Stimuli

1) Cyclic contacts with a dry object: The LIG sample is
cyclically touched by a silicone probe (a silicone rubber slab
attached onto a plastic stick - inset Fig. 4a) for 5 s and then the
probe is released and applied again for overall twelve touches
in 2 min while the sheet resistance is continuously recorded.
A similar applied pressure is enforced in each cycle by the
help of a digital scale.

Also in this case, there are competing phenomena occurring
during contacts: on one side the contact leads to the removal
of LIG flakes from the surface of the precursor substrate thus
determining an increment of the sheet resistance; on the other
side, instead, the applied pressure produces a compression of
the surface morphology so that the distance between adjacent
flakes is narrowed thus reducing the sheet resistance [36],
[52]. The impact of this mechanical stress is evaluated both in
terms of resistance variation and of surface degradation by an
adhesion test [45], namely by visualizing the residual graphene
particles on the touching probe at the end of the experiment.
The photos will hence provide further physical insight on the
compactness of the fabricated graphene surface.

2) Cyclic contacts with a wet object: The contact with
liquids is emulated by bringing the LIG sample in touch with
a wet sponge with negligible pressure (Fig. 4b). Accordingly,
water molecules concentrate on the sample surface and gently
infiltrate in between the LIG flakes.

3) Cyclic bending: The bending or the stretching of the
LIG trace determines the disconnection of the inner flakes,
as well as internal cracks that may lead to a conductivity
decrement and thus to an increment of the resistance [9]. Each
LIG sample is attached to a paper binding clip (scheme in
Fig. 4c) which permits to bend the strip up to 180°. In the
specific, when the clip is open (α = 180, ideally), the LIG
strip is unaltered, while when the clip is closed (α = 0), the
strip is bent at nearly 180°. The clip is cyclically opened and
closed twelve times for 2 min (5 s periodicity).

We considered two performance metrics in each test:
• the average peak variation of the sheet resistance (∆Rp

S)
when the stimulus is applied

∆Rp
S =

1

N ·M

M∑
i=1

N∑
k=1

Rs,i(k) −Rs,i0(k)

Rs,i0(0)
(2)

where N = 12 is the total number of stimuli during
the experiment, M = 3 is the number of samples for
each LIG configuration, Rs,i(k) the median value of
sheet resistance of i-th sample during the k-th stimulus,
Rs,i0(k) the median value of resistance before the k-th
stimulus, and Rs,i0(0) the resistance of the unperturbed
i-th sample.
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(a)

(b)

Fig. 5: (a) Example of variation of sheet resistance due to
Temperature and (b) of RH gradients for a sample of each
type of LIG.

• the variation of sheet resistance after each stimulus w.r.t.
the initial value (∆RT

S ) averaged on all cycles. The latter
is computed as the slope of the line which best fits the
distribution

∆RT
S = slope

(
k,
Rs,i0(k) −Rs,i0(0)

Rs,i0(0)

)
i = 1...M

k = 1...N

(3)

IV. RESULTS OF TESTS

The numerical results of the tests described in the previous
Section are reported next.

(a) (b)

Fig. 6: Cumulative relationship between sheet resistance and
Temperature (a) and RH (b) for each LIG configuration.
Continuous lines are linear and quadratic fitting respectively.

TABLE II: Sensitivity to variable environmental conditions
with respect to LIG configuration

Configuration ST [∆R%C◦−1] SRH [∆R%∆RH
−1
%

]

LIG-1 −0.05± 1.21 (0.9± 7) · 10−3

LIG-2 −0.04± 0.56 (0.8± 197) · 10−3

LIG-3 −0.11± 4.71 (−0.9± 302) · 10−3

A. Results of Soft Stimuli tests

Diagrams in Fig. 5 show an example of the measured vari-
ation of the sheet resistance for the three LIG configurations
produced by the temperature and by the humidity transients.

Overall, the impact of temperature and humidity gradients
on the sheet resistance is rather modest, with peak variations
below 0.1%. Anyway, due to the lack of oxygenated groups,
which increase the conductivity [51], temperature and RH
have opposite impacts. Sheet resistance indeed reduces along
with temperature rise, which is typical of semiconductors
[15], while the humidity produces an increase of the resis-
tance. Accordingly, the effect of water absorption generally
dominates on the ionic conduction and on the absence of
oxygenated functional groups either in the substrate or in
the LIG trace [52]. The resulting sensitivities of the sheet
resistance to temperature and humidity changes, as evaluated
from the ascending gradients of Fig. 6, are reported in Table II.
LIG-1 and LIG-2 perform almost equally with a sensitivity of
the sheet resistance to the temperature of about -0.04 % C−1

in agreement with other results [54]. LIG-3, instead, exhibits a
more sensitive behaviour. This phenomenon is explained and
corroborated by the Raman spectra of the three samples (Fig.
1g-1i) which highlighted a similarity of the intimate structure
of LIG-1 and LIG-2 which instead differs from that of LIG-3.

A similar trend is also exhibited when RH cycles are
enforced. As a matter of fact, by observing the sign of the
sensitivity in the case of LIG-1 and LIG-2, the higher the RH
the more water molecules are absorbed and thus the higher the
sheet resistance is. When considering LIG-3, the resistance
increases along with the RH up to 60%; above this value,
instead, water molecules are not absorbed anymore but they
deposit upon the surface of LIG decreasing the sheet resistance
[50].
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Fig. 7: Dry touch test. Example of variation of the sheet
resistance of the three LIG samples during cyclic contacts
(gray bands) by a silicone probe.

Fig. 8: Adhesion test. Residual graphene particles on the
silicone touching probe after the 12 cyclic touches.

B. Results of Hard Stimuli tests

1) Dry contacts: Fig. 7 shows an example of the measured
variation of the sheet resistance of the three LIG configurations
during the cyclic touch of the silicone probe. The residual
graphene on the probe is instead reported in Fig. 8. The effect
of the dry touching is strictly dependent on the morphology
of the graphene and it is summarized in Table III. LIG-2 has
a higher value of ∆Rp

S (about -12.7% of its initial value)
than LIG-1 and LIG-3. Due to the fluffier morphology, indeed,
the applied pressure causes the temporary connection of the
superficial suspended nanofibers [36] which instead are lower
in the case of LIG-1 or even absent (LIG-3). Accordingly,

TABLE III: Averaged peak and total variation of sheet resis-
tance in case of periodic contacts with a silicone probe

Configuration ∆R
p
S [Ω/�] ∆RT

S [Ω/�]

LIG-1 −0.26± 0.32 0.04± 0.03

LIG-2 −12.7± 2.97 0.00± 0.12

LIG-3 −0.25± 0.52 0.00± 0.06

Fig. 9: Wet touch test. Example of variation of the sheet
resistance when the thee LIG samples are cyclically put in
touch with a wet sponge. Water droplet displacement over the
surface of each LIG type in the insets.

TABLE IV: Averaged peak and total variation of sheet resis-
tance in case of periodic contacts of LIGs with a wet sponge.

Configuration ∆R
p
S [Ω/�] ∆RT

S [Ω/�]

LIG-1 0.28± 0.37 0.40± 0.07

LIG-2 −4.34± 3.11 0.23± 0.17

LIG-3 −0.19± 0.25 −0.07± 0.12

the number of particles collected by the silicone probe is
significantly higher in the case of LIG-2. By comparing
the value of ∆RT

S , LIG-1 exhibits a progressive increase of
the sheet resistance while LIG-2 is more durable over the
time. This is explained by the lower engraving power which
accordingly reduces the amount of LIG produced. Finally, no
flakes are released by LIG-3 which indeed is characterized
by a dense aspect (Fig. 1f). Therefore, the variations of
conductivity, both instantaneous and permanent, due to the
stimulus are insignificant.

In conclusion, we can assert that for LIG-1 and LIG-3, the
compression of the inner flakes/layers dominates in agreement
with [36].

2) Wet contacts: With reference to Fig. 9, the touch inter-
action with a humid object is impacting on the performance
of both LIG-1 and LIG-2 (Table IV). Similarly to the previous
experiments, the results vary according to the morphology.

In agreement with the previous test, the applied pressure,
despite being lower in this case, causes a decrement of sheet
resistance. The infiltration of water molecules within the flakes
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Fig. 10: Bending Test. Example of variation of the resistance
for each LIG configuration due to the repeated bending of the
sample. The grey and white zones correspond to the bending
and non-bending periods, respectively.

TABLE V: Averaged peak and total variation of sheet resis-
tance in case of periodic bending.

Configuration ∆R
p
S [Ω/�] ∆RT

S [Ω/�]

LIG-1 12.6± 2.75 −0.12± 0.11

LIG-2 22.9± 8.95 0.06± 0.17

LIG-3 14.8± 6.89 0.03± 0.08

slightly degrades the samples. LIG-1 and LIG-2 are indeed
characterized by a progressive increment of sheet resistance
of roughly 0.40% and 0.23% per touch, respectively. Instead,
the compactness of LIG-3 hinders the infiltration and, on the
contrary, fosters the accumulation of water molecules upon the
surface. As a result, the sheet resistance is generally reduced
thanks to the ionic conduction mechanism [50].

3) Bending test: The results of the cyclic bending test are
reported in Fig. 10 and resumed in Table V. All the samples
of LIG show a remarkable increment of sheet resistance (from
10% to 30% of their initial value) when bent. As in the previ-
ous tests, LIG-2 is more sensitive since the hairy morphology
is more prone to flake disconnection. Nevertheless, none of
the LIG types exhibit a significant degradation over time.

V. SUMMARY AND CONCLUSION

The main findings of the experimental tests reported in the
paper are resumed next and vary according to the kind of
stimulus.

• The atomic structure of graphene affects the sensitivity
of the sheet resistance to soft stimuli while differences
in the morphology dominate when hard stresses, namely
contacts with dry and wet objects, and the bending, are
applied.

• Temperature and humidity gradients have a negligible im-
pact on the sheet resistance of LIG samples independently
on the lasing settings, in agreement to [52], [54].

• Interactions with a dry object have a small impact in the
case of dense LIG (less than 1% variation of its initial
sheet resistance). Instead, fluffier morphologies (LIG-2)
produce a higher variation of the sheet resistance up to
10% the unperturbed value in agreement with [9], [12],
[36].

• The interaction with wet objects generally produces a
permanent and incremental rise of the resistance.

• The above detrimental effects are greatly minimized by
resorting to a lasing process exploiting a broad beam
cross-section that makes the graphene layer more com-
pact.

• Bending is definitely the most impacting stressful agent
among those considered, with variations of sheet resis-
tance above 20% of the unperturbed value. This effect
could potentially degrade the performance of LIG-made
stretchable antennas for application on human skin.

Overall, the experimental tests confirmed that the achievable
electrical features are reproducible and well-controllable by
the lasing settings, and therefore we expect that reliable nu-
merical electromagnetic simulations in unperturbed conditions
can be fed by knowing LIG parameters. The LIG technology
allows a selective manufacturing of complex IoT wireless de-
vices so that the communication and sensing sub-modules can
be fabricated by the most appropriate graphene morphology.
Laser settings corresponding to LIG-3, which guarantee the
lowest sheet resistance, should be exploited for the radiating
region to achieve the best communication performance. The
sensitive part of the device, instead, (for instance interdigital
capacitors) could benefit of lasing settings as for LIG-2 that
amplify the sensitivity to external stimuli. In any case, the
profile of sheet resistance in response to hard external agents
is characterized by a not negligible standard deviation due to
the disordered displacement of nanoflakes. Accordingly, the
numerical simulation of a radiofrequency device, especially at
the IoT frequencies (some gigahertz), must conservatively in-
clude a ±30% uncertainty around the nominal sheet resistance
to estimate the achievable communication performance in real
unpredictable conditions.
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