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Laser-Induced, Green and Biocompatible Paper-Based

Devices for Circular Electronics

Giuseppe Cantarella,* Mallikarjun Madagalam, Ignacio Merino, Christian Ebner,
Manuela Ciocca, Andrea Polo, Pietro Ibba, Paolo Bettotti, Anmad Mukhtar,
Bajramshahe Shkodra, AKM Sarwar Inam, Alexander J. Johnson, Arash Pouryazdan,
Matteo Paganini, Raphael Tiziani, Tanja Mimmo, Stefano Cesco, Niko M nzenrieder,

Luisa Petti, Nitzan Cohen, and Paolo Lugli

The growing usage and consumption of electronics-integrated items into
the daily routine has raised concerns on the disposal and proper recycling

of these components. Here, a fully sustainable and green technology for the
fabrication of di erent electronics on fruit-waste derived paper substrate,

is reported. The process relies on the carbonization of the topmost sur-

face of di erent cellulose-based substrates, derived from apple-, kiwi-, and
grape-based processes, by a CO laser. By optimizing the lasing parameters,
electronic devices, such as capacitors, biosensors, and electrodes for food
monitoring as well as heart and respiration activity analysis, are realized.
Biocompatibility tests on fruit-based cellulose reveal no shortcoming for on-
skin applications. The employment of such natural and plastic-free substrate
allows twofold strategies for electronics recycling. As a rst approach, device
dissolution is achieved at room temperature within  days, revealing tran-
sient behavior in natural solution and leaving no harmful residuals. Alterna-
tively, the cellulose-based electronics is reintroduced in nature, as possible
support for plant seeding and growth or even soil amendment. These results
demonstrate the realization of green, low-cost and circular electronics, with
possible applications in smart agriculture and the Internet-of-Thing, with no
waste creation and zero or even positive impact on the ecosystem.

. Introduction

As presented by the Agenda for
Sustainable Development adopted by the
United Nations,!! the general awareness
on the ecological, nancial, social, and
material sustainability around every aspect
of our society is continuously increasing.
Urgent actions are required by all coun-
tries to protect our planet, preserve nat-
ural resources and ensure sustainable
consumptions and production patterns.
Considering the unbridled di usion of
Internet-of-Things (loT), this green and
sustainable revolution also includes the
electronic  devices.! Indeed, growing
attention is being devoted to fabrication
protocols, devices and systems, employing
reusable and recyclable materials, lim-
iting the use of Earth-rare elements,
and reducing waste after electronics dis-
missing (e-waste).l] Despite recent pro-
gress, signi cant actions are still required

to recycle materials e ectively.! ! To support
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this green transition, di erent approaches are investigated.
First, alternative sustainable materials, which have to ful Il spe-
ci ¢ requirements, including programmable dissolutionl - 1 and
biodegradability,l - 1 need to be deployed. In this perspective,
hydrogels, - 1 soft polymers,[ ! and plant-derived natural com-
pounds! 1 have showed stable performance as conductors, insu-
lators and semiconductors.l | Among these, the use of paper or
cellulose-based materials has been widely explored as substrate
materiall 1 for exible electronics. Although reliable recycling
processes allow in nite and sustainable reuse of cellulose, the
materials employed in the device stack (i.e., toxicants, pollut-
ants, rare-Earth elements) are still limiting factors, to achieve
a green transition.[ 1 In parallel to theuse of alternative mate-
rials, a reliable and energy-conscious technology for electronics
fabrication requires other special features, such as large-area
processability, limited power consumption, and low fabrica-
tion cost. Especially for this latter requirement, it is crucial
to investigate several aspects, including the materials supply
chain, the investment and running costs for equipment, as
well as the employment of a ordable raw materials in the elec-
tronics stack. Although widely employed for micro- and nano-
electronics applications, vacuum-based deposition methods
(i.e., evaporation, sputtering) are indeed not cost-e ective. In
order to guarantee large-area processability with limited cost,
printing technology (e.g., screen printing, roll-to-roll, ink-jet,
etc.) represents an important step forward for commercializa-
tion of electronics. 1 Among all, laser-induced carbonization
is especially interesting and it consists in the employment of
laser scriber setups, often used for wood and plastic engraving,
on carbon-rich substrates, such as polyimide (PI), Kevlar, poly
(ether imide) (PEI), wood, natural cork, coal, and paper! !
The possibility of large-scale manufacturing (up to m scale)
in combination with quick reproduction of di erent pat-
terns by software manipulation has dramatically increased the
employment of this technique for devices fabrication. This has
allowed the realization of a broad range of electronics, such as
sensors,l 1 solar cells | electro-actuators,l + 1 generators,
antennas,| 1 and supercapacitors. 1 Although paper substrates
have been combined with laser-induced carbonization,! la
limited device range has been presented so far and the potential
of this natural material (i.e., recyclability, natural dissolution,
no harmful residuals) is not yet fully exploited.

Here, we report a fully sustainable, green, and circular elec-
tronics platform, using paper substrates, obtained from pro-
cessing fruit wastes, and laser writing. These substrate mate-
rials are made by processing by-product from apple, grape, and
kiwi, to drastically replace virgin tree pulp. First, the optimiza-
tion of the laser writing parameters is carried out on di erent
papers (apple-, kiwi-, and grape-based papers), to achieve min-
imum sheet resistance and to optimize quality of the carbon-
ized layer. Then, the large area capability of the lasing process
as well as the insulating nature of the cellulose-based substrate
is exploited to realize a broad range of electronics devices. Ini-
tially, capacitors and biosensors are demonstrated. Next, to
highlight the suitability and performances of these devices, sev-
eral example applications are investigated. To prove device func-
tionality for on-skin applications, disposable, and low-cost elec-
trodes, with reliable and stable performance for heart-activity
and respiratory monitoring, are realized. Skin-electrodes bio-
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compatibility is con rmed on human dermal broblasts. Addi-
tionally, device functionality is studied for impedance spec-
troscopy on fruits (apple and banana), to monitor the maturity
stage and its application for on eld and smart agriculture. To
evaluate how this paper-based electronics platform can con-
tribute towards circular and fully sustainable technology, two
recycling methods are also analyzed. First, dissolution tests in
nontoxic solutions (i.e., lemon juice) are conducted, showing
device functionality for temporal usage (  days), before deg-
radation while avoiding e-waste creation. Second, germination
tests are performed on our laser-induced electronics, proving
seed growth within  h, supporting plant growth. A schematic
of the circular ow is depicted in Figure .

. Results

. . Parameters Optimization and Material Analysis

An optical picture of the employed paper is shown in Figure .
These commercially available substrate materials (Favini, Crush
Paper) are achieved by using process by-product from apple,
grape, and kiwi, to drastically replace virgin tree pulp. This
approach allows a signi cant step ahead toward a fully sus-
tainable technology, thanks to a reduction of natural resources
employed (i.e., cellulose), as well as the usage of food waste
products. In order to minimize the sheet resistance out of
these papers, it is crucial to optimize the laser writing proper-

ties, which includes laser power ( W  power W), laser
speed ( mm s speed mm s ) and defocus. Test
structures (rectangular stripes of mm mm) are rst used

while varying these three parameters and using a single laser
pass, even if no electrical conductivity is measured. Indeed,
the resulting layers are either barely carbonized or highly dam-
aged (see Figure S , Supporting Information). As a rst step to
improve the fabrication method, a ame retardant solution is
applied on the paper, to minimize the risk of ber damage due
to laser irradiation.[ ! Initially, the solution is manually sprayed
on both sides of the papers from a distance of  c¢m, and the
sheet resistance is measured. Although a consistent improve-
ment is denoted (here, single lasing sweep is performed), with
minimum sheet resistance of ,

, and , for grape-, kiwi-, and
apple-based papers, respectively, the resistance trend shows
high variability between two consecutive points of the plot
(see Figure S , Supporting Information), and therefore, low
reliability of the lasing process. To reduce the variability from
sample to sample, and increase the material uniformity, all
three papers are immerged in the ame retardant (FR) solution
prior lasing, monitoring the results as function of the immer-
sion time. Test structures are fabricated and evaluated on each
of the three substrates, by varying laser power ( or . W), laser
speed (from to mm s ,with mms step), immer-
siontime( , min, ., , ., h), while keeping constant
defocus ( mm,; see Figures S S , Supporting Information).
For parameters out of the selected ranges (i.e., immersion time

h, laser speed mm s , laser speed mms ), no
signi cant reduction of the sheet resistance is observed. Since
electrical conductivity of all paper substrates are comparable,
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Figure . Sketch of the circular technology based on laser-induced electronics. A paper substrate derived from fruit waste is utilized. The employment
of large-area and low-cost fabrication method allows the realization of a broad range of electronics. By the end of their life cycle, devices can dissolve
in natural solutions, or can be used for plant germination and growth. In this way, no electronic-waste (e-waste) is generated and any negative impact
on the ecosystem is avoided.

we choose the apple one as it require the shorter immersion
time to achieve the optimal conductivity ( . h for both apple-
based and Kiwi, h for grape-based) and it provides the best
reproducibility (i.e., smaller standard deviation,

for apple-based, for grape-based and for
kiwi-based) (see Figure a). This optimized sheet resistance
of is achieved with laser speed, power,

defocus and immersion time equal to mms , W, mm,

To estimate the engraving e ect of these optimized parameters,
thickness evaluation of the carbonized part is performed.
Optical microscope pictures and pro lometer analysis reveal
an averaged depth of m (overall paper thickness before
lasing equal to m; see Figure S , Supporting Informa-
tion). This thickness is directly a ected by all parameters, and
it can be modi ed, according to the speci c application. Raman
spectroscopy is utilized to properly evaluate the quality of the

and . h, respectively (see Figure S , Supporting Information).  carbonized layers. The D and G peaks, at and cm
a) b) ‘ c) _

ﬁ 3500 = Apple-based Paper P D G

a 3000 —a— Grape-based Paper ] z

N = Kiwi-based Paper | S, ~

8 2500 1 =2

5 2

$ 2000 l A R %

& 1500 o =

i I i ¥ A1 S

.gmoq :l :’/:,:_-.' %

H e g ; = ol
('% SOOF | g4t e —a— Non-treated Paper‘

300 400 500 600 700 800 1000 1200 1400 1600 1800
Laser Speed (mm/s) Wavenumber (cm™)

Cellulose

Figure . Material analysis and characterization. The optimized lasing parameters are evaluated through electrical, chemical, and optical properties.
a) Sheet resistance as function of laser speed and b) Raman spectroscopy for the three paper types. c) Surface morphology analysis of the paper surface
reveals the e ect on the lasing process before and after the carbonization (Scale bar: m). d) tilted and colored SEM image of a carbonized
layout (Scale bar: m), with zoom on both carbonized layer (Scale bar: m) and cellulose bers (Scale bar: m). e) Confocal uorescence
image of a cellulose ber, with honeycomb structures, con rming the presence of fruit residuals (Scale bar: m).
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respectively, and the absence of D peak ( cm ) proves
the amorphous nature of the carbonized layer on all the cel-
lulose substrates under investigation (see Figure b).[ = 1 Fur-
ther optimization of the writing process (i.e., multiple lasing
pass,l 1inert atmosphere,l 1etc..) can tune the material quality
(defect density, strain, doping concentration) and the material
type (graphite, graphene). At the microscale, the carbonization
process is evident while analyzing the surface morphology of
both the paper and of the carbonized layer (see Figure c,d).
Before carbonization, a clear network of cellulose bers, with
lateral size ranging from to m, is visible (see Figure c).
At this stage, confocal uorescence microscope imaging is used
to analyze the virgin paper surface (see Figure e). Using red
uorochromes (see Experimental section Cell culture, adhe-
sion, viability, and proliferation), honeycomb-like structures are
visible on the cellulose bers, showing tissue structures compa-
rable to fruit samples.l - 1 After lasing, the surface is rougher
and the carbonized bers are less visible (see Figure c¢ d).
To further investigate the full potential of the lasing process,
resolution studies are performed to analyze the minimum spot
size achievable with our system. Circles with variable diam-
eter, ranging from to m, are designed and reproduced
on di erent papers (apple, as main substrate, and kiwi, to sup-
port the results) using an optimized defocus (equal to mm)
and no focus ( mm; see Table. S, Supporting Information).
In optimal condition (defocus equal to mm and using apple
substrate), a minimum resolution of m is achieved. Com-
paring circles lased with the same focus condition ( mm or
mm), low variability ( m) is denoted between the
employed substrates, proving the quality of the lasing process
on any carrier (see Table S , Supporting Information). Patterns,
reproduced with optimized defocus ( mm), show contours
with higher de nition, whereas structures fabricated without
defocus exhibit higher roughness and deeper engraving of the
paper (see Figure S , Supporting Information).

. . Devices and Applications

The optimization of the laser process on fruit-based paper sub-
strate allows the low-cost and large-area fabrication of a broad
range of exible and paper-based electronics. To evaluate the
capabilities of this technology, electronic devices are fabricated
and electrically-characterized on apple-based substrate (see
Experimental section Substrate Preparation and Induced Car-
bonization) due to the shorter immersion time in FR solution
and the best reproducibility. Taking advantage of the insulating
property of the cellulose, parallel plate capacitors are realized.
Here, devices with di erent plate areas, ranging from . to
mm are characterized (see Figure a,b), reporting tunable
capacitances from . to  pF, loss tangent from . to .
and a dielectric permittivity of . at MHz (see Figure c) (see
Experimental Section  Electrical Characterization section).l !
In addition, frequency response up to kHz is reported for
magnitude, phase, and loss tangent (see Figure S , Supporting
Information), allowing appropriate bandwidth for di erent
applications, e.g., wearables and disposable 10T. The combina-
tion of this technology with methods for low-cost deposition
of semiconductors, such as spray-coating or spin coating, can

Adv. Funct. Mater. (of )

www.afm-journal.de

allow the realization of large-area and exible active electronics
(e.g., transistors and circuits), avoiding vacuum processing (i.e.,
evaporation, magnetron sputtering), and structuring technique
(i.e., shadow masking, photolithography).l - !

For diagnostic, technological trends are moving toward new
systems with rapid response and low to moderate cost, while
leading to precise and accurate outputs. In this respect, bio-
sensors are widely known devices for detection of chemical
and biological analytes, which have found broad application in
environmental monitoring,l ! food quality analysis, - 1 and
medicine.l -+ 1 Although several examples of laser induced bio-
sensors have been reported,! -+ 1 the employment of Pl as
carrier substrate is still a limiting factor to achieve a fully

sustainable, disposable, and environmentally friendly
devices. As proof of concept, a three-electrodes design, con-
sisting of carbonized working, counter and reference elec-
trodes, is implemented on cellulose substrate (see Figure d).
For performance comparison, cyclic voltammetry (CV) of
our device and a commercial carbon-based one, using m
[Fe(CN)] 7/ in KCI as electrolyte solution, is used as
shown in Figure d. After three measurements, the two devices
show low variability between measurements (maximum varia-
tion equal to mA), maximum oxidation current peaks of

A on cellulose substrate and A for the commer-
cial one, and a potential di erence between the oxidation and
reduction peaks E, of . and V. The shift in the oxi-
dation/reduction peaks is also correlated to the nature of the
employed carbon materials: amorphous and laser-induced for
the paper-based device; screen printed, for the commercial
sensor. This gives rise to performance variations, which strictly
depend on the material intrinsic properties (i.e., molecular
structure, dimensions).l - ! Although graphene is prominent
for electron transfer,l - 1 the performances of our carbonized
biosensor-like electrodes on apple-based paper are similar to
other devices, fabricated with laser-induced graphene and on
PI substrate.l -+ - 1 To expand this device functionality toward
a real market scenario and ful Il speci c¢ applications (i.e.,
high selectivity, detection of low concentration, etc.), additional
studies and treatmentsl 1 will be required to demonstrate selec-
tivity to speci c analytes, moving toward paper-based, sustain-
able, and disposable point-of-care.l

Similarly to biosensing, the eld of health monitoring is con-
tinuously demanding new electronic systems, enabling e cient
collection of physiological indicators, unobtrusive, and light-
weight, to support facile on-skin usage. Although several laser-
induced based sensors have been demonstrated! 1 on plastic
foils (i.e., PI), biocompatible substrates with higher conforma-
bility to curved surfaces and mechanical exibility, are required.
With the employment of multiple paper-based electrodes
located on chest and wrist, heart rate, and respiratory activity
are evaluated (see Figure e g). To obtain a reliable analysis and
enable proper performance comparison, commercial electrocar-
diogram (ECG) electrodes are positioned in close proximity to
the paper-based ones (see Figure S , Supporting Information).
The electrodes response is measured using a commercial ECG
setup (see Experimental Section Electrical Characterization).
To demonstrate the quality of the acquisition setup, data con-
sistency is shown among di erent body zones (wrist and chest)
and electrode types (standard vs paper-based). Although signal

The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

SAealD a|qesldde ayy Aq paulanob are sajonte YO ‘asn Jo Sajnt 1oy Areiqi auluO A3|IA UO (SUOHIPUOD-pUE-SWISY/WO0*A3|IM Arelgiauljuo//:sdiy) SuonipuoD pue swia] ayl 89S ‘[£202/20/TT] uo Arelqi auluQ Asjim “elfelaueIyo0) Aq 2zy0T2202 Wipe/z00T 0T/I0p/Wwod Asjim Areiqiauljuo//:sdny woly papeojumod ‘0 ‘820€9TIT



Figure . Laser-induced electronics on apple-based paper. a c) Electrical characterization of parallel plate capacitors, realized by carbonizing both side
of the cellulose. b) Tunable capacitances and loss tangent are reported as function of the parallel plate area at kHz and c) the substrate dielectric
constant g as function of frequency ( g of . for frequency equal to MHz). d) Characterization of carbonized biosensors and commercial ones.
e g) Comparison between commercial and laser-induced electrodes for on-skin data acquisition applications. Heart activity acquired on e) wrist and
f) chest zones. g) Respiratory monitoring during rest. h) Impedance spectroscopy (magnitude and phase) of food samples, comparing paper-based
electrodes with commercial ECG ones, for apple (left) and banana (right).

amplitude is lower with paper-based electrodes in comparisonto  surface of the carbonized electrodes in combination with the
commercial ECG, heart rhythm, and R and T waves are visible  human sweat acting as natural electrolyte, no conductive gel is
using laser-induced electrodes (Figure e,f). The weak signals  required during data acquisition. To verify device performance
associated to P, Q, and S waves are justi ed by the selection of  in both dry and moist contact with human skin, impedance
peripheral lead I, in which the positive and negative electrodes  analysis (magnitude and phase) of an ECG electrode is per-
acquiring the ECG signal, are located on the left and right  formed at low (relative humidity %), moderate ( % rela-
part of the upper body, following the Einthoven’s triangle (see  tive humidity %) and high ( % relative humidity %)

Figure S , Supporting Information).l - 1 In particular, wrist  humidity level, keeping constant temperature (T C; see
measurements (Figure e) are performed by placing the two  Figure S , Supporting Information). Apart for dry conditions
electrodes on both wrists, and keeping the neutral one on the  (relative humidity %) where a magnitude increase of
left ankle (see Figure S , Supporting Information); whereas, for % is measured in comparison to room condition (. k at
chest measurements (Figure f), the two electrodes are located RH %), low variability is evaluated for humidity level above
on the left and right side of the chest, with the neutral one % (magnitudes ranging from . to . k ,and phases from
placed on the left hip (see Figure S , Supporting Information). to . ), supporting the application of paper-based electrodes
For these measurements, the electrode positioning is also a key  even for real application scenarios.

aspect. Indeed, signals with higher amplitude are observed on Along with heart rate, respiration is another important

the chest in comparison to the wrist measurements, due to the  vital sign to constantly monitor. With the setup in Figure S
shorter distance to the heart. Moreover, thanks to the rough  (Supporting Information), impedance pneumography,l - !

Adv. Funct. Mater. , ( of ) - The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

SAealD a|qesldde ayy Aq paulanob are sajonte YO ‘asn Jo Sajnt 1oy Areiqi auluO A3|IA UO (SUOHIPUOD-pUE-SWISY/WO0*A3|IM Arelgiauljuo//:sdiy) SuonipuoD pue swia] ayl 89S ‘[£202/20/TT] uo Arelqi auluQ Asjim “elfelaueIyo0) Aq 2zy0T2202 Wipe/z00T 0T/I0p/Wwod Asjim Areiqiauljuo//:sdny woly papeojumod ‘0 ‘820€9TIT
























