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Laser-Induced Graphene from Wood-Based Composites:
Integrating Circuits in Bioderived Furniture

Anna Chiara Bressi, Lucía Pérez Amaro, Benedetto Pizzo, Attilio Marino, Gianni Ciofani,
and Francesco Greco*

The growing global demand for sustainability is driving the scientific
community to explore alternative manufacturing approaches, particularly in
the electronics field, where resource scarcity and e-waste pose significant
environmental challenges. One promising solution is the direct patterning of
laser-induced graphene (LIG) conductive tracks onto bioderived substrates. In
this study, several wood panels are successfully fabricated with different resin
formulations from Jatropha curcas L. seeds to reduce the urea-formaldehyde
content, and the feasibility of LIG-based electronics on these panels is
assessed. The panels’ physical and mechanical properties are evaluated,
including thickness swelling and internal bond strength, and conductive LIG
is successfully scribed on all samples. Proofs of concept include a four-LED
circuit and humidity sensors, with the best sensor achieving ≈0.2031 pF
%RH−1 sensitivity and ≈5% hysteresis error. These results demonstrate the
feasibility of embedding functional circuits into bioderived substrates and
pave the way for sustainable smart furniture by integrating bioderived
materials with advanced manufacturing techniques.

1. Introduction

Discovered in 2014,[1] Laser-Induced Graphene (LIG) has re-
cently gained significant attention due to its exceptional prop-
erties, including high electrical and thermal conductivity[2] and
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large surface area.[3] LIG is synthe-
sized through a laser scribing process,
which converts carbon-rich precursors
into 3D graphene-like structures via lo-
calized pyrolysis. This method stands
out for its simplicity, scalability, and
cost-effectiveness, as it employs commer-
cially available infrared (IR) laser en-
gravers and operates in ambient con-
ditions without the need for chemicals
or masks.[1] The resulting LIG can be
directly patterned on various substrates
and, if necessary, transferred onto other
surfaces, making it highly suitable for
applications in flexible electronics,[4] soft
robotics,[5] energy storage,[6] physical[7,8]

and electrochemical[9] sensing, surface
wettability control,[10–12] and environ-
mental remediation.[13,14]

The choice of precursor materials
is crucial in determining the qual-
ity and performance of LIG. While

synthetic polymeric LIG precursors initially caught the sci-
entific community’s interest,[1] the need for potentially more
sustainable options has shifted the focus to their bioderived
counterparts.[15–17] Among these, composite materials are in-
teresting because their mechanical properties can be tuned to
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Figure 1. a) Schematic illustration of the composite manufacturing process, with an inset on JCO modification steps, and conductive LIG synthesis
through laser-induced pyrolysis. b) Graphic illustration of the morphological change of the PB wood panel surface before and after laser scribing. For
illustrative purposes only, the scale is adjusted for visual emphasis.

adapt to the specific application. In particular, wood-derived pre-
cursors and composites have been extensively studied as LIG
precursors,[16,18–26] with satisfying results regarding sheet resis-
tance and intensity ratios of Raman peaks. Effective LIG for-
mation on these materials often requires thermal[19] and/or
chemical pretreatment (e.g., fire-retardant coatings,[22,24,25] tan-
nic acid/iron citrate inks[21] or lignin ink),[26] yielding low
sheet resistance without damaging the substrate. Alternatively,
scribing under inert atmospheres[20,22] or tailoring laser pa-
rameters can also be effective: defocused CO2 beams,[18,19,24]

more sophisticated femtosecond[21,27] and picosecond[23] lasers,
or multistep scribing[24,25,27] have all been successfully employed.
Similar strategies have also been adopted for other lignocellu-
losic materials, such as cork[28] and paper.[29] However, wood-
based composites used in furniture are usually made with syn-
thetic resins such as urea-formaldehyde (UF), melamine-urea-
formaldehyde (MUF), phenol-formaldehyde (PF), and isocyanate
compounds[30] (with a strong preference for UF),[31] due to
their excellent adhesive properties and mechanical performance.
These resins pose environmental and health concerns due to
their petrochemical origin and the release of formaldehyde and
other toxic chemicals.[32–34] Their use is being severely restricted
due to their impact on human health and the environment.[35,36]

As an alternative, the scientific community has focused on de-

veloping bioderived adhesives, which have demonstrated poten-
tial as cost-effective, environmentally sustainable, and health-
conscious solutions.[35] Examples include adhesives made from
lignin, tannins, proteins, natural rubber latex, carboxylic acids,
and vegetable oils.[35,37]

In this study, we addressed these concerns by exploring, for the
first time to the best of our knowledge, the potential of monoun-
saturated (MUFA) and polyunsaturated (PUFA) fatty acids from
Jatropha curcas L. in bioderived matrices for wooden panel man-
ufacturing, and the possibility of creating bioderived electronics
on the finished products (Figure 1a).
In particular, Jatropha curcas L. crude oil (JCO) and seed ker-

nels (JSK) are used to produce a bioderived adhesive compound.
Jatropha is one of the 170 species belonging to the Euphorbiaceae
family. It is a drought-resistant shrub or tree, widely distributed
in the wild or semi-cultivated areas in Central and South Amer-
ica, Africa, and Southeast Asia. The JCO obtained from the plant
seeds comprises different fatty acids, mostly MUFA and PUFA,
the most abundant being oleic and linoleic acids, respectively.[38]

JCO has several potential fields of applications: adhesives and
resins[39,40] and biofuels[41–44] are themost important, while other
less investigated uses are as fungicide,[45] antioxidant and an-
timicrobial agent,[46] lubricant,[47,48] and precursor for vegetable
leather[49] or bio-polyurethanes.[50,39] JCO is cost-competitivewith
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Table 1. Distribution of virgin poplar wood chips particle size S.

Poplar Wood Chips Size S distribution

S [mm] > 5 4–5 3–4 2–3 1–2 0.5–1 0.25–0.5 0.15–0.25 0–0.15

[%] 7.8 3.1 5.0 23.8 29.6 14.7 11.6 2.9 1.5

other commonly used oils such as soybean and rapeseed, mak-
ing it an attractive option for wood adhesive applications in both
industry and research.[51]

Here, the JCO is saponified to convert the triglycerides into
free fatty acids, which are then chemically modified to improve
their adhesive properties by reacting the acidic functional group
at the end of the chain with silanes containing epoxides, and
by direct in-chain epoxidation of the double bond in the MUFA
and PUFA main chains. The chemically-modified JCO is added
into a water-based biodispersion obtained from crushed JSK to
form a bioderived compound, and the final resin is obtained by
mixing the bioderived compound with the MUF in different per-
centages. The resin is then used to manufacture particle boards
(PB), composite boards made from chips, under high pressure
and temperature.[52,53] Virgin poplar and virgin hemp chips are
used as bioderived lignocellulosic-based reinforcements.
Since wood-derived precursors and composites have been ex-

tensively studied as LIG precursors with satisfying results in
terms of sheet resistance and Raman peak ratios,[16,18] the so-
obtained panels are adopted as precursors to obtain conduc-
tive LIG patterns (Figure 1b). Two proof-of-concept of panels-
embedded electronics are presented. The first is a circuit made of
LIG tracks and four LEDs in series, to demonstrate the good con-
ductivity of the graphene, while the second is an interdigitated
humidity sensor, to investigate the possibility of sensorizing the
substrate.
The approach presented here aims to balance functionality

with sustainability thinking, reducing reliance on non-renewable
resources and mitigating adverse health and environmental im-
pacts, in alignment with the United Nations Sustainable Devel-
opment Goals.

2. Experimental Section

2.1. Materials

Jatropha Crude Oil (JCO) and Jatropha Seed Kernel (JSK)
were obtained from Jatropha seeds kindly supplied by Joil
LTD – Singapore, the main owner of the world’s biggest Ja-
tropha curcas L. plantation located in Ghana, Africa. Oleic
Acid (OA, technical grade 90%, CAS 112-80-1) and Linoleic
Acid (LA, technical grade 54–78% with a minor content
of Oleic Acid, CAS 60-33-3) were purchased from Sigma–
Aldrich and used as reference MUFA and PUFA, respectively.
(3-Glycidyloxypropyl)triethoxysilane (SIL, CAS 602-34-8) was
purchased from Sigma–Aldrich and was used as an epoxide pre-
cursor.
Sodium hydroxide, hydrogen peroxide, hexane, glacial acetic

acid, and ethanol were technical grade and used as received.
Ion exchange resin Dowex 50WX2 was purchased from Sigma–
Aldrich and used as a solid catalyst system. Melamine Urea –

Formaldehyde resin (MUF) 11G300 and MUF 11H328, with 3%
and 22%melamine content, respectively, were kindly supplied by
ChemCom Industries – Netherlands.
Bio-dispersion with a 25% solid content of JSK was kindly sup-

plied by Agroils Technologies – Italy. The virgin poplar wood
chips were kindly provided by Invernizzi SpA – Italy and had a
particle size distribution as reported inTable 1, whileHemp chips
were kindly supplied by Rete Etruscum – Italy and had a particle
size ≤ 2 mm.
Silver paste CI 1036 was purchased from Nagase ChemteX,

and Polyimide sheets (Kapton thickness= 25.4 μm) fromDupont

2.2. Jatropha Crude Oil Chemical Modifications

JCO was mechanically extracted from Jatropha curcas L. seeds
with a rotative cold press (COTER FRANCO series S205-80.f.s-
2) at 80 RPM and 70 °C as set-point temperature. The extraction
yield ranged from 25 to 30% in weight with respect to the initial
biomass.
The functionalization of JCO followed three steps:

1) Standard saponification: During step 1, sodium hydroxide-
catalyzed hydrolysis was exploited to separate triglycerides
into glycerol and free fatty acids. The method was adapted
from Salimon et al.[54] (substituting KOH with NaOH).

2) End-chain functionalization with a silane precursor: step 2 was
carried out using a new synthetic route, exploiting the reac-
tivity of silane groups toward carboxylate groups at the end
of the fatty acid chains obtained after step 1 – saponification.
The silane precursor included an epoxide group in its chemi-
cal structure.

3) In-chain epoxidation: step 3 consisted of the carbon double
bonds in the chains being opened and epoxidized. Two meth-
ods for in-chain epoxidation were tried: Bhakri et al.[55] and
Malarczyk-Matusiak et al.[56]

Fourteen oil samples were obtained starting from the pure
oils (JCO, OA, LA) and by applying the aforementioned synthetic
strategies. Although the three steps were consistently performed
in the same sequence, not every step was applied to each sample.
Their descriptions and codes are listed in Table 2.

Standard Saponification

Saponification (step 1) was only carried out on JCO. A 500 mL
3-neck round-bottom balloon equipped with a spiral refrigerator
unit and temperature regulated by using a water bath and a mag-
netic heating plate was used as synthesis set-up. To saponify the
JCO, 300 mL of ethanolic solution (90% v/v), 1.75 m of NaOH,
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Table 2. Oil samples description and codes.

Code Initial Sample Step 1 Saponification Step 2 End-chain functionalization Step 3 In-chain
epoxidation

Description

JCO JCO X x x Jatropha Crude Oil (JCO)

OA OA X x x Oleic acid (OA)

LA LA X x x Linoleic acid (LA)

SIL Silane X x x Silane* (SIL)

JCO_S_1 JCO V x x Standard saponification of JCO

JCO_S_2 JCO V x x Standard saponification of JCO

JCO_F JCO X v x End-chain functionalization of JCO

OA_F OA X v x End-chain functionalization of OA

LA_F LA X v x End-chain functionalization of LA

JCO_SF_1 JCO V v x End-chain functionalization of JCO_S_1

JCO_SF_2 JCO V v x End-chain functionalization of JCO_S_2

JCO_E1 JCO X x v In-chain epoxidation of JCO method 1

JCO_E2 JCO X x v In-chain epoxidation of JCO method 2

JCO_SFE2 JCO V v v In-chain epoxidation of JCO_SF_2

Silane* (3-Glycidyloxypropyl)triethoxysilane.

and 50 g of JCO were added into the balloon and stirred at 65 °C
for 2 h. After saponification, 200mL of distilled water were added.
The solution was then poured into a separating funnel, and the
unsaponifiable fraction was separated by extraction with 100 mL
of hexane (the lower layer was collected). The collected aqueous
alcohol phase, containing the soaps, was acidified to pH 1 with
HCl (37% v/v). The solution was then poured into a separating
funnel, and the free fatty acids (FFAs) were recovered by extrac-
tion with hexane (the upper layer was collected). The extracted
FFA-containing fraction was washed in a separating funnel with
distilled water until reaching a neutral pH and then dried in a
vacuum rotary evaporator at 35 °C, 340 Pa, and 100 rpm. The
procedure was based on the one proposed by Salimon et al.[54]

Saponified JCO samples were designated with S in their identi-
fication codes (see Table 2 for oil samples and Table 3 for panel
samples).

End-Chain Functionalization with a Silane Precursor

End chain functionalization (step 2) was carried out on different
oils (JCO, OA, LA), pristine or after saponification (step 1). 50 g
of oil sample and 10 g of SIL were added to the balloon in the
same synthesis setup described above. The system was stirred at
60 °C for 6 h and left in agitation overnight at room-temperature.
Finally, the sample was collected and used without further pu-
rification. End-chain functionalized oil samples were designated
with F in their identification codes (see Table 2 for oil samples
and Table 3 for panel samples).

In-Chain Epoxidation

In-chain epoxidation reactions (step 3) were carried out on dif-
ferent JCO samples, pristine or after saponification (step 1) +
end-chain functionalization (step 2), according to two different
methods.

Epoxidation: Method 1

50 g of oil sample and 26 mL of glacial acetic acid were added
into the balloon in the same synthesis setup described above and
stirred at 525 rpm at room-temperature. 88 mL of hydrogen per-
oxide maintained at 10 °C was supplied dropwise to the stirred
solution and heated at 60 °C for 5 h. The sample was washed with
a 3 m sodium chloride solution in a separating funnel until reach-
ing a neutral pH. The residual product was purified in a vacuum
rotary evaporator. For more information, refer to Bhakri et al.[55]

Oil samples epoxidized with method 1 were designated with
E1 in their identification codes (see Table 2 for oil samples).

Epoxidation: Method 2

200 g of oil sample, 51 g of ion exchange resin Dowex 50WX2
(0.6 meq mL−1), and 26 g of acetic acid (molar ratios of
H2O2/C═C═1.7:1 and CH3COOH/C═C═0.8:1) were added to
the balloon in the same synthesis setup and agitated at 1400 rpm
and 75 °C for 10 min. 32 g of hydrogen peroxide at 30% wt. was
added dropwise to the solution, maintaining the reaction temper-
ature at 75 °C, and then stirring it for 5 h. These parameters are
indicated by Malarczyk-Matusiak et al.[56] as the optimized syn-
thesis for the conversion and selectivity of the epoxidation pro-
cess. The ion exchange resin was filtered out, and the sample
was purified in a vacuum rotary evaporator at 35 °C, 340 Pa, and
100 rpm. Oil samples epoxidized with method 2 were designated
with E2 in their identification codes (see Table 2 for oil samples
and Table 3 for panel samples).

2.3. Preparation of Wood Particle Board (PB)

Wood PBs were prepared by compounding different resins with
hemp or poplar wood chips, designated with H or P, respectively,
in panels’ identification codes (see Table 3). The resins were ob-
tained by mixing three components:
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Table 3. Panels’ Descriptions and Codes.

Sample Identification Code Wood chips
amount [%]

Wood chips Resin amount [%] Resin Composition

MUF amount [%]
[MUF type]

JSK biodispersion [%] JCO amount [%]
[JCO sample]

H_100UF1_01 93 Hemp 7 100 (11G300) 0 0

H_100UF2_01 93 Hemp 7 100 (11H328) 0 0

H_50UF1_50B_01 93 Hemp 7 50 (11G300) 50 0

H_50UF1_40B_10J_01 93 Hemp 7 50 (11G300) 40 10 (JCO)

H_50UF1_40B_10E2_01 93 Hemp 7 50 (11G300) 40 10 (JCO_E2)

H_50UF1_40B_10SFE2_01 93 Hemp 7 50 (11G300) 40 10 (JCO_SFE2)

P_100UF1_01 93 Poplar 7 100 (11G300) 0 0

P_100UF2_01 93 Poplar 7 100 (11H328) 0 0

P_100UF2_02 93 Poplar 7 100 (11H328) 0 0

P_100UF2_03 96.5 Poplar 3.5 100 (11H328) 0 0

P_50UF1_50B_01 93 Poplar 7 50 (11G300) 50 0

P_50UF1_40B_10J_01 93 Poplar 7 50 (11G300) 40 10 (JCO)

P_50UF1_40B_10E2_01 93 Poplar 7 50 (11G300) 40 10 (JCO_E2)

P_50UF1_40B_10SFE2_01 93 Poplar 7 50 (11G300) 40 10 (JCO_SFE2)

P_50UF1_30B_20SFE2_01 93 Poplar 7 50 (11G300) 30 20 (JCO_SFE2)

P_50UF2_40B_10J_01 93 Poplar 7 50 (11H328) 40 10 (JCO)

P_50UF2_40B_10E2_01 93 Poplar 7 50 (11H328) 40 10 (JCO_E2)

P_50UF2_40B_10SFE2_01 93 Poplar 7 50 (11H328) 40 10 (JCO_SFE2)

P_50UF2_40B_10SFE2_02 93 Poplar 7 50 (11H328) 40 10 (JCO_SFE2)

P_50UF2_30B_20E2_01 93 Poplar 7 50 (11H328) 30 20 (JCO_E2)

P_50UF2_30B_20SFE2_01 93 Poplar 7 50 (11H328) 30 20 (JCO_SFE2)

P_50UF2_20B_30E2_01 93 Poplar 7 50 (11H328) 20 30 (JCO_E2)

P_50UF2_20B_30SFE2_01 93 Poplar 7 50 (11H328) 20 30 (JCO_SFE2)

P_20UF2_50B_30E2_01 93 Poplar 7 20 (11H328) 50 30 (JCO_E2)

P_20UF2_50B_30SFE2_01 93 Poplar 7 20 (11H328) 50 30 (JCO_SFE2)

P_0UF_80B_20E2_01 93 Poplar 7 0 80 20 (JCO_E2)

P_0UF_80B_20SFE2_01 93 Poplar 7 0 80 20 (JCO_SFE2)

i. A synthetic UF-based component, either MUF 11G300 or
MUF 11H328, combined with an ammonium sulfate-based
catalyst (20% solid content) at a 100:1 ratio. These were desig-
nated with UF1 or UF2, respectively, in panels’ identification
codes (see Table 3).

ii. A bioderived JSK-based biodispersion, designated with B in
panels’ identification codes (see Table 3).

iii. A bioderived pure or modified JCO component, designated
with J or S and/or F and/or E, in panels’ identification codes
(see Table 2 for oil samples and Table 3 for panel samples).

Resin Preparation

5.2 g of pure or chemically modified JCO were added to 94.8 g of
water-based biodispersion obtained from crushed JSK (B). After
adding the reactants, the compound was stirred with a mechani-
cal stirrer (ARGO LAB AM 20D) at 220 rpm for 1min and then at
1000 rpm for 5 min. The resulting bioderived mixture was then
mixed with UF to obtain the resin, following theUF/B/JCO ratios
specified in Table 3 coding system.

Wood PB Production

Virgin poplar chips (P) and virgin hemp chips (H), both suit-
able for surface finishing, were used for PB fabrication. Tradi-
tional PB panels are typically manufactured with a sandwich
structure (with core chips bigger than surface chips) to enhance
internal strength for furniture applications. However, since the
primary goal of this work was to scribe LIG on the panel sur-
face, the sandwich structure was omitted to simplify manufac-
turing and focus on surface finishing that usually uses short
fibers.
The chips were dried for 48 h at 75 °C in an oven before form-

ing, reaching a moisture content of ≈4%.
PB (195 mm × 195 mm area, 15 mm average thickness, tar-

get density 500 kg m−3) were manufactured by mixing the wood
chips and the resin and then hot pressing the composite at 110 °C
for 150 s (Nicem P-LAB 100 T laboratory press).
Twenty-seven PB panels were produced with different compo-

sitions and resination percentages, with descriptions and codes
listed in Table 3. Predicted moisture content is evaluated and re-
ported in Table S1 (Supporting Information).
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2.4. Laser-Induced Graphene

A UV laser engraver (Keyence MD-U1000C, Pmax = 2.5 W, laser
emission wavelength 𝜆 = 355 nm, nominal beam size 2 μm) was
used to create LIG patterns on all testedmaterials. The laser scrib-
ingwas carried out in ambient conditions. The laser was operated
in slant left-to-rightmode, with laser settings: power P= 60–70%,
speed S = 10 mm s−1, pulse frequency = 210 kHz, spot variable
= -60, filling 0.010–0.015 mm, 1 repetition.

2.5. Jatropha Crude Oil Characterization

FTIR

FTIR spectra of the materials were recorded with a Shimadzu
IR Affinity-1 instrument equipped with a universal ATR (Atten-
uated Total Reflection) accessory (MIRacle 10). One drop of each
oil sample was placed on the crystal surface using a pipette. Mid-
IR spectra were obtained by averaging 64 scans over the range
4000–600 cm−1 at 4 cm−1 resolution.

Titration for Acid Content

Method NGD C10-1976[57] was exploited to obtain the acid con-
tent (choosing a normality N = 0.5 eq l−1). The molecular weight
of JCO has been evaluated based on the data obtained from the
specific sample used (Table S2, Supporting Information), and it
is in line with the values found in the literature.[58,59] The value of
the full triglyceride molecular weight (870.11 g mol−1) was used
for the pristine JCO samples; instead, the value of the average
single fatty acid molecular weight (277.37 g mol−1) was used for
the JCO_S samples. JCO samples from chemical reactions af-
ter saponification were assumed to maintain the samemolecular
weight.

2.6. Wood Particle Board Characterization

Thickness Swelling Test

Thickness swelling tests on panel samples were performed ac-
cording to EN 317_1993 norm to measure the thickness swelling
exposed to water. Briefly, test specimens measuring 50 mm ×
50 mm must be pre-conditioned in a controlled environment at
(20 ± 2) °C and (65 ± 5)% relative humidity until they reach a
constant mass. After conditioning, the initial thickness is mea-
sured, and the samples are then fully submerged in water at (20
± 1) °C for 24 h. The thickness is measured again immediately
after removal, and the swelling percentage is calculated based on
the difference between the initial and final thickness values.

Internal Bonding Strength Test

Mechanical tests to assess the internal bonding strength (IB) of
the panel samples were performed according to the ASTMD1037
standard. Briefly, specimens measuring 50 mm × 50 mm were

conditioned at (20 ± 3) °C and (65 ± 5)% relative humidity until
reaching constant mass. The test was conducted using a univer-
sal testing machine, applying a tensile load perpendicular to the
panel surface at a constant rate until failure. The IB strength was
calculated as the maximum load at failure divided by the speci-
men’s cross-sectional area.

2.7. Laser-Induced Graphene Characterization

Microscopic Characterization

LIG morphology was investigated with a Hirox HR 5000 (E)
digital optical microscope equipped with High-Range Motorized
Triple Zoom Lens, and with a Phenom XL SEM (ThermoFisher
Scientific) equipped with EDS/EDX and operating at 10 kV. Non-
conductive samples were coated with a 10 nm-thick Au-Pd layer
using a sputter-coater (Quorum), enabling SEM imaging.

Raman Spectroscopy

The Raman spectroscopy was carried out with a LabRAM HR
Evolution Raman microscope at a wavelength of 𝜆i = 532 nm,
with a power percentage of 3.2% (nominal power = 3.2 mW). An
integration time of 3 s per 10 accumulations, a slit size of 300 μm,
and a ×100_VIS objective were used. The obtained raw data were
then post-processed with peak-conservative smoothing, baseline
correction, normalized over IG, and averaged over three samples.
The peak ratios ID/IG and I2D/IG were obtained from the post-
processed spectra.
The ID/IG ratio was used to evaluate the crystalline size, ac-

cording to Equation (1).[60]

Equation (1) Crystalline size La formula.

La (nm) =
(
2.4 ⋅ 10−10

)
𝜆4i

(
ID
IG

)−1

(1)

Sheet Resistance

Square-shaped patterns (L= 10mm)were laser-scribed onto pan-
els I and III for electrical characterization. Sheet resistance was
measured using a four-point probe system plugged into a Keith-
ley 2604B, with four equally spaced, collinear probes positioned
at the center of each square. The probe spacing was s = 2.75 mm.
Although LIG thickness was not measured, prior studies report
thicknesses in the order of tenths to hundreds of μm, while our
probe spacing was in the order of mm, thereby justifying the use
of a thin-film approximation. A source current of 1 mA was ap-
plied, and the resulting voltage drop between the inner probes
was recorded. The sheet resistance Rs was calculated using Equa-
tion (2) and corrected by a geometric factor k, accounting for the
finite size and square shape of the samples. Based on a probe
spacing-to-side length ratio (s/L ≈ 0.3) and central probe place-
ment, the correction factor was set to k= 0.5422.[61] Each reported
value represents the average of at least three measurements per
panel type.
Equation (2) Sheet Resistance Rs formula.

Rs

(
Ω□−1) = 𝜌

t
= 𝜋

ln (2)
V
i
k (2)
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Applications of Laser-Induced Graphene

A LIG circuit was obtained on a 50 mm × 50 mm panel IV –
P_50UF2_40B_10SFE2_01, with the same laser setting reported
above. The conductive LIG tracks were 4 mm wide and 40 mm
long; the tracks between the LEDs were 4 mm wide and 5 mm
long. Connections between the LIG tracks and commercial LEDs
have been made with screen-printable stretchable silver paste
spread with a brush and cured at 100 °C for 15 min. Electrical
contacts for connections to the power supply have been obtained
with the same silver paste applied on a Polyimide sheet and cured
at 100 °C for 15 min.
Interdigitated humidity sensors (length 40 mm, height

20 mm, thickness and spacing of digits 1 mm) were obtained
with the same laser setting on different 50 mm × 50 mm
panels (panel I – P_100UF2_03, panel II – P_100UF2_02, and
panel III – P_0UF_80B_20SFE2_01). Connections and electri-
cal contacts for the power supply were obtained using the same
technique.
The humidity sensors were conditioned and tested in a cli-

matic chamber (ESPEC 242 SH) with an LCR meter (BK Pre-
cision 895) by recording the capacitance C over time at AC
1000 kHz through a custom-made Python interface. The im-
posed relative humidity (RH) protocol consisted of an initial con-
ditioning phase, followed by 30 min of data acquisition at RH =
40%, a 10 min ramp to increase RH to 90%, 20 min of data ac-
quisition at RH = 90%, a 10 min ramp to decrease RH back to
40%, and a final 30 min data acquisition at RH = 40%. The tem-
perature was kept constant at T = 25 °C for the whole duration
of the tests. The hysteresis error EH was defined as reported in
Equation (3), with Ci and Cf being the sensor capacitance at RH
= 40% at the beginning and the end of the protocol, respectively.
Equation (3) Hysteresis error EH formula.

EH =
|||Cf − Ci

|||
Ci

⋅ 100 (3)

The sensitivity S of the sensor was defined as shown in Equa-
tion (4), where C@40% andC@90% represent the sensor capacitance
at RH = 40% and RH = 90%, respectively. These values were
calculated by averaging the capacitance measurements over the
central 10 min of the initial RH = 40% and RH = 90% intervals.
Equation (4) Sensitivity S formula.

S =
||C@40% − C@90%

||
90% − 40%

(4)

3. Results

This section presents the results in three parts. First, the chem-
ical modifications of the oil samples are analyzed, with changes
in FTIR spectra and acid content evaluated through titration ex-
periments. Next, the mechanical properties of PB panels incor-
porating bioderived resins derived from selected oil samples are
examined, focusing on thickness swelling and internal bonding.
Finally, the characterization of LIG formed on the panel surfaces
is detailed, including morphological analysis and Raman spec-
troscopy. Two proof-of-concept applications are demonstrated to

showcase the excellent conductivity of LIG and its potential for
integrating embedded electronics.

3.1. Jatropha Crude Oil

FTIR

Standard Saponification: In all FTIR characterizations, the
peaks observed in the spectra at 3000–2700 cm−1 are excluded
from the analysis, as they were consistent across all samples
and are attributed to systemic features. Additionally, the peaks
at wavenumbers below 800 cm−1 are excluded from the analysis
due to potential interferences with the ATR crystal, which result
in unclear information.
For what concerns saponification (Figure 2a), the FTIR spec-

tra of JCO and JCO_S are compared to those of the pure oleic
and linoleic acids (the predominant fatty acids of JCO).[38] Since
the saponified JCO_S mostly consists of free fatty acid, similari-
ties in the spectral features between the commercial MUFA and
PUFA and the JCO_S samples are expected. Indeed, the peak
observed at 1744 cm−1 in pure JCO, associated with the C═O
double bond stretching vibration in esters, disappears, whereas
the band at ≈1707 cm−1, associated to C═O in acidic moieties,
results well evident in both JCO_S, OA, and LA. This shift is
indicative of the cleavage of ester bonds in triglycerides during
saponification, resulting in the formation of free fatty acids, and
in particular carboxylic acids.[54,62–65] The effectiveness of the re-
action is further reinforced by the disappearance of the ester-
associated peak at 1159 cm−1, originally present in pure JCO due
to the C─O stretching vibration,[54,63,65] and by the emergence of
two new peaks in JCO_S at 1285 and 936 cm−1, corresponding
to the C─O asymmetric stretch and O─H bending vibration of
carboxylic acids, respectively.[54] These spectral changes provide
clear evidence that the saponification process is effective.
End-Chain Functionalization by Using a Silane Precursor: For

what concerns end-chain functionalization (Figure 2b,c; Figure
S1a,b, Supporting Information), the spectra of all end-chain func-
tionalized samples clearly show the existence of the silane com-
pound peaks at 1165 (asymmetric stretching of the C─O─C
epoxy rings[66] that is already present in the silane precursor
structure),[66] 1099 (stretching of Si─O─C bond),[67] 1074 (asym-
metric stretching of Si─O─Si bonds),[68] 953 (stretching vibration
of Si─OH),[66,67] and 911 cm−1 (asymmetric stretch of C─O─C of
the epoxy ring).[69] The silane compound peaks appear indepen-
dently of the starting sample, and indeed, the difference between
a non-saponified (JCO) and a saponified (JCO_S, OA, LA) sam-
ple is still evident even after the functionalization with a silane
precursor (JCO_F and JCO_SF, OA_F and LA_F, respectively).
Since the end-chain functionalization is supposed to happen at
the end of the fatty acid chain, formerly bonded to the glycerol,
it should not work in a non-saponified JCO. However, the pat-
tern peaks associated with silane-related groups are still present
in the spectra of non-saponified samples JCO_F (Figure 2b). This
questions whether the silane is bonded to the chain or simply in
solution.
A possible answer to the question can be given in Figure S1c

(Supporting Information), comparing a saponified and function-
alized JCO_SF with the same sample after further epoxidation
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Figure 2. FTIR spectra of oil samples: a) pure JCO, OA, and LA and saponified JCO samples; b) pure JCO, end-chain functionalized pure JCO, and silane
samples; c) saponified JCO, end-chain functionalized saponified JCO, and silane samples; d) saponified JCO before and after end-chain functionalization
and in-chain epoxidation.

JCO_SFE2. The pattern peaks of silane functionalization disap-
pear after epoxidation, probably because this process involves
washing and evaporation steps, which may have carried away the
unbonded silanes.
In-Chain Epoxidation: Two methods were adopted for in-

chain epoxidation (Figure S1d, Supporting Information).
The first method[55] does not show any results, as samples JCO

and JCO_E1 do not show any difference in their FTIR spectra.
The second method[56] also does not show any significant dif-

ference before and after the epoxidation of pure JCO (JCO and
JCO_E2). The minor difference observed (lowering of the signal
intensity in the region ≈1100 cm−1) is insubstantial and allows
us to conclude that epoxidation did not work in non-saponified
JCO. However, the second epoxidation method was also ap-
plied to saponified and end-chain functionalized JCO_SF (Figure
S1c, Supporting Information). Differences between JCO_SF and
JCO_SFE2 are observed in the 1300–800 cm−1 range, particularly
in the significant reduction of bands at 1167, 1103, 1080, and 949
cm−1. While this decreasemay be attributed to the removal of the
unbound silanes that remained after the end-chain functionaliza-
tion, samples JCO_S_1 and JCO_SFE2 still exhibit distinct spec-
tral features in the 1300–800 cm−1 range (Figure 2d). This sug-
gests that, in this case, the epoxidation reactionmay have worked,
but this process needs to be investigated further in future works
since these peaks are not clearly recognizable and the starting
sample can probably influence the efficiency of the process. Thus,
only the samples obtained with this second epoxidation method
(indicated with “E2”) are used for wood panel manufacturing.
In summary, spectroscopic analyses showed that the saponifi-

cation reaction worked and that further investigations are needed
to evaluate and optimize end-chain functionalization by using
silane as a precursor and in-chain epoxidation.

Titration for Acid Content

Table 4 shows the free fatty acid (FFA) content in each sample. It
can be observed that pure JCO has an FFA content of 16%,mean-
ing that there are some free fatty acids even in the starting sam-
ple (although they are not detectable in FTIR spectra, Figure 2).
However, both JCO samples after saponification report a large in-
crease in acid content (which reached FFA > 90%), confirming
the successful saponification.

3.2. Production of Wood Particle Board Panels

The physical and mechanical properties of the panels are eval-
uated, with results summarized in Table 5. Additional data on
thickness swelling (Table S3, Supporting Information) and inter-
nal bonding (IB) strength (Table S4, Supporting Information) are
included in the Supporting Information.

Comparison of Poplar and Hemp Panels

Poplar and hemp panels exhibit similar overall trends, but the
mechanical performance of hemp panels is notably inferior.
Indeed, hemp samples show significantly lower IB strength
than their poplar counterpart (e.g., 0.017 MPa vs 0.362 MPa
for the 100UF2 series, Table 5). Moreover, thickness swelling
is significantly higher, numerous cracks develop during the
tests, and samples release dark brown substances into the wa-
ter. As a result, further testing is only carried out on poplar
panels.
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Table 4. Free fatty acid (FFA) content of pure and saponified JCO samples.

Sample Identification Code Molecular Weight [g mol−1] Mass [g] Volume [l] FFA content [%]

JCO_1 870.11 2.52 0.0009 16%

JCO_S_1 277.37 2.49 0.0163 91%

JCO_S_2 277.37 2.54 0.0177 97%

Impact of Resin Composition

Substituting UF1 with UF2 significantly improves swelling resis-
tance and yields the best mechanical performance across all for-
mulations in fully synthetic samples (P_100UF1 vs P_100UF2),
in line with what is expected from literature for MUF with
higher melamine content.[37] Partially replacing half of the syn-
thetic UF with JSK biodispersion and different JCO samples
(P_50UFx_yB_01, using J, SFE2, and E2) results in a signifi-
cant reduction of IB strength compared to the 100% synthetic
reference. For the UF1-based series, the IB strength decreases
from 0.152 to 0.088 MPa, while for the UF2-based series from
0.362 to 0.100 MPa. Thickness swelling increases notably in the
UF2-based series when the JSK biodispersion is added, whereas
the UF1-based series shows only a minor change. Neverthe-
less, the UF1-based series exhibits generally poor dimensional
stability, even at 100% synthetic content (26.8% vs 28.2% for
full synthetic and half synthetic samples, respectively), in con-
trast to the better overall performance of the UF2-based series
(18.0% vs 27.4% for full synthetic and half synthetic samples,
respectively).
It is worth noting that the panels made with various amounts

of JSK biodispersion and different JCO samples (J, E2, and SFE2)
show similar IB strength, meaning that the bioderived compo-
nents interact with the UF in a mechanically detrimental way
regardless of their relative amount (20–50% of JSK and 0–30%
of J, E2, and SFE2). The absence of difference among the sam-
ples with bioderived components is probably due to their rel-
atively low absolute amount, which may mask their effect on
matrix bonding. When looking specifically at panels made with
JCO_SFE2, the mechanical performances decrease only for the
UF1-based series (IB = 0.040 MPa, thickness swelling 34.4%),

whereas for the UF2-based series, they are similar to the other
partially bioderived combinations.

Performance of Fully Bioderived Panels

Panels with 100% bioderived resin (P_0UF_80B_20E2_01,
P_0UF_80B_20SFE2_01) lack mechanical stability. While they
maintain a homogeneous external surface, the core is poorly
bonded and crumbles under stress.

Total Resin Content

Reducing the total resin content (i.e., P_100UF2_03 with 3.5%
resin) also compromises performance, indicating that lower
resin percentages are unsuitable. However, when considering
samples with the same absolute amount of UF inside the
panel (e.g., P_100UF2_03 and P_50UF2_40B_10J_01), adding
the bioderived compound to the resin may result in increased
properties.

General Observations

Increasing the proportion of bioderived compounds consis-
tently results in higher swelling and lower IB strength. Fully
bioderived panels are mechanically unstable; however, certain
partially bioderived formulations achieve sufficient bonding (0.08
≤ IB ≤ 0.14) for robust panels suitable for the here-proposed ap-
plication. Variations in oil type (JCO, E2, SFE2) within the same
matrix composition yield similar mechanical properties, at least

Table 5.Moisture content, thickness swelling, and internal bonding strength of the panels. For the Sample Identification Code, “x” is used as a parameter
for the B quantity, while “z” is the parameter for the quantity of the different formulations of JCO (J, E2, and SFE2). Where available, average values and
standard deviations are reported, based on measurements performed at least in triplicate.

Sample Identification Code Moisture content [%wt./wt.] Swelling [%] IB [MPa]

H_100UF1_01 7.4 50.9 NA

H_100UF2_01 7.2 28.9 0.017

H_50UF1_xB_z 12.9 ± 0.8 40.7 ± 3.8 0.022 ± 0.004

P_100UF1_01 7.4 26.8 0.152

P_100UF2 7.2 ± 0.0 18.0 ± 0.1 0.362 ± 0.072

P_50UF1_xB_z 13.0 ± 0.9 28.2 ± 1.5 0.088 ± 0.012

P_50UF1_xB_zSFE2 11.7 ± 1.2 34.4 ± 5.4 0.040 ± 0.005

P_50UF2_xB_z 11.2 ± 1.6 27.6 ± 4.0 0.099 ± 0.025

P_50UF2_xB_zSFE2 11.2 ± 1.6 31.3 ± 5.5 0.091 ± 0.016

P_20UF2_50B_30z 13.1 ± 0.0 37.7 ± 2.0 0.013 ± 0.005
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for UF2-based series, suggesting that the absolute oil content is
often insufficient to significantly influence bonding.However, in-
creasing the proportion of bioderived matrix may have the po-
tential for achieving properties comparable to 100% UF-based
panels.

3.3. Laser-Induced Graphene

This section presents the results of various representative char-
acterization of LIG obtained from three selected panel formula-
tions: panel I – P_100UF2_03 (100% UF2 at 3.5% resination),
panel II – P_100UF2_02 (100%UF2 at 7% resination), and panel
III – P_0UF_80B_20SFE2_01 (100% bioderived compound at
7% resination). These panels’ formulations were selected as they
were representative of the use of only synthetic resin (panels I,
II, varying for resination amount) and only bioderived one (panel
III). Additionally, the application subsection includes data from
panel IV – P_50UF2_40B_10E2_01 (50% UF2, 50% bioderived
compound at 7% resination).

Microscopic Characterization

The morphology of LIG is usually characterized by distinct fea-
tures resulting from the laser scribing process. The Gaussian in-
tensity profile of the laser beam spot creates a gradient in fluence
transversal to the scribing direction, and hence differences are
observed within the so-called Heat Affected Zone.[70] A higher
degree of crystallinity of the carbon material is observed at the
center of the scribed area, which decreases toward the edges.[71]

Additionally, and for similar reasons, LIG exhibits a layered struc-
ture across its thickness, with a highly graphitized top layer on
the surface, transitioning into an amorphous carbon layer going
downwards.[70]

Here, the microscopic structure of the panel-derived LIG
(Figure 3g–o) consists of pores and fiber entanglements, resem-
bling PI-derived LIG but with greater disorder.[1] This increased
disorder may arise from three factors: first, the inherent wood
anatomy, influenced by factors such as wood type (softwood
or hardwood), density, and xylem structure (which determines
porosity);[18] second, the surface morphology of the panels before
scribing (Figure 3a–f), characterized by high and irregular rough-
ness, due to the dimensions of the chips;[18] third, the structural
integrity of the panel, which should not present loosely attached
surface chips. Indeed, the latter can lead to a loss of LIGmaterial,
an exposure of the underlying wood after scribing, and a conse-
quential decrease in performance. In this case, it especially hap-
pened for the bioderived panels (Figure 3i), in agreement with
the mechanical properties, which show a lower internal bonding
with increasing bioderived compound percentages. The electri-
cal resistance of laser-scribed LIG tracks per unit length is sim-
ilar for all the panels and is R ≈ 700 Ω cm−1. It is important to
notice that these values are taken on LIG scribed in the smoother
areas of the panels, when possible, to limit the influence of the
morphological changes of the substrate and reduce the physical
interruptions of the conductive path, due to excessive roughness
or loosely bound chips.

Figure 3. Optical images of synthetic and bioderived pristine panels: a)
panel I; b) panel II; c) panel III (the scalebar is 500 μm). SEM images of
synthetic and bioderived pristine panels: d) panel I; e) panel II; f) panel III
(the scalebars are 100 μm). Optical images of LIG obtained from synthetic
and bioderived panels: g) panel I; h) panel II; i) panel III (the scalebar is
200 μm). SEM images of LIG obtained from synthetic and bioderived pan-
els: j) panel I; k) panel II; l) panel III (the scalebar is 100 μm). SEM im-
ages of LIG obtained from synthetic and bioderived panels at high mag-
nification: m) panel I; n) panel II; o) panel III (the scalebar is 40 μm); and
p) panel I; q) panel II; r) panel III (the scalebar is 20 μm).

Sheet Resistance and Raman Spectroscopy

LIG obtained from panels I (P_100UF2_03, i.e., 7% resination,
100% synthetic-based) and III (P_0UF_80B_20SFE2_01, i.e., 7%
resination, 100% bioderived) are used for sheet resistance and
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Figure 4. Raman Spectra of LIG scribed on Panel I and Panel III. Solid lines
represent the average normalized intensity across three samples, while
shaded regions indicate the standard deviation.

Raman spectroscopy to assess the impact of resin composition on
LIG. Indeed, the two panels with the most different resins have
been chosen for this test. Although the measured sheet resis-
tance values Rs are higher than those reported in the comparison
table, it is important to highlight thatmost of the referenced stud-
ies do not specify the formulas or experimental setups used to
determine sheet resistance, making direct comparison difficult.
Panels I and III exhibited values on the same order ofmagnitude,
with average sheet resistance of 322 Ω □−1 and 425 Ω □−1, re-
spectively. Nevertheless, multimeter measurements yielded con-
sistent and satisfactory results, on the order of a few hundred
Ω cm−1.
The Raman spectra obtained (Figure 4) show the three D, G,

and 2D distinct bands of graphenic/graphitic materials,[1][72] for
both panels. Small shifts of peaks are observed with peaks at D =
1337 and D= 1334 cm−1, G= 1579 and G= 1570 cm−1, and 2D=
2683 and 2D = 2675 cm−1, for panel I and panel III, respectively.
The intensity ratios for panel I are ID/IG = 1.23 and I2D/IG = 0.22,
while for panel III are ID/IG = 1.12 and I2D/IG = 0.26. The ID/IG
ratio is known to be proportional to the defects in the hexago-
nal structure of graphene; thus, a lower value is associated with
a less defective structure.[73] The ID/IG ratio can be used to eval-
uate the crystalline size, according to Equation (1) (Experimental
Section), and it is found to be La = 16 and 17 nm, for panels I and
III, respectively. Instead, I2D/IG is inversely related to the num-
ber of stacked graphene layers, with monolayer graphene having
I2D/IG ≥ 2.[74] Overall, panel III exhibits slightly improved Ra-
man spectra compared to panel I, with a lower ID/IG and a higher
I2D/IG ratio, indicating a less defective planar structure and re-
duced layer stacking. However, the differences remain minimal,
likely due to the extremely low resin content in both panels (3.5%
and 7% for Panel I and III, respectively) relative to the wooden
chips, despite their significantly differentmatrix compositions. It
is important to notice that recording Raman spectra from these
samples can be challenging. Indeed, they were taken from the
most morphologically homogeneous areas of the panels’ surface:
retrieving Raman spectra in regions with higher and irregular
roughness is unfeasible due to the field of view and focal distance
limitations of the instrument. Even in the selected areas, chal-
lenges can arise due to their limited smoothness, which adds to
the constraints imposed by the instrument’s field of view and fo-
cal distance. It can therefore be hypothesized that using smaller

Table 6. Comparison of this work with the literature on wood-derived LIG
(pre-treated wood included). Data from this work are reported as average
and standard deviation values from triplicate measurements.

Refs. Sample ID/IG I2D/IG Rs [Ω ◻−1]

[18] Ebony wood ≈ 1.2*) ≈ 0.1*) 45

[19] Wood 0.68 0.32 n.a.

[20] Oak wood 0.48 ≈ 0.6*) ≈ 10

[21] Sliced spruce veneers ≈ 0.2*) ≈ 0.6*) ≈ 24*)

[22] Cedar wood 0.3 0.76 < 7

[23] Pine wood 1.11 0.78 35

[24] Plywood ≈ 0.7*) ≈ 0.7*) ≈ 8

[24] Plywood ≈ 0.8*) ≈ 0.4*) < 5

[25] Wood ≈ 1.3*) ≈ 0.5*) 10

[25] Wood 0.67 ≈ 0.9*) 10

[26] Spruce wood 0.92 ≈ 0.6*) 18.6

[27] Bamboo 0.7 ≈ 0.5*) n.a.

[1] PI 1.2 0.7 15

this work Panel I 1.23 ± 0.11 0.23 ± 0.08 322 ± 0

this work Panel III 1.12 ± 0.08 0.26 ± 0.09 425 ± 0

∗)Extracted from figures in the reference, because no values were given. n.a., not
available.

chips would lead to amore uniform and smoother panels’ surface
and therefore improved Raman peak intensity ratios.
Compared to the existing literature, the intensity ratios for

panel I and panel III are slightly different from those of ref-
erence PI-derived LIG (ID/IG = 1.2 and I2D/IG = 0.7).[1] This
variation is expected in wood-derived LIG, due to the inherent
complexity, structural and chemical variability of biomass com-
pared to PI, which is an industrially developed, highly uniform
film/sheet. The peak intensity ratios observed in this study are
consistent with those reported for other wood-derived LIG[16,18]

(the most relevant results are reported in Table 6). While some
documented ID/IG ratios suggest a less defective structure,[20–22]

the LIG scribing proposed in those studies requires an inert at-
mosphere, chemical pretreatments of precursor substrates, or
the addition of flame retardants. Notably, in this work, the wood
panels are used as substrates without any pretreatment, con-
trolled atmosphere, or specific laser settings. This approach not
only simplifies the production process but also aligns with sus-
tainability principles, reducing the environmental impact and the
overall cost of the process.

Applications of Laser-Induced Graphene

Figure 5 demonstrates the potential application of LIG tracks
scribed and embedded on panels as electronic tracks for circuit
boards, showcasing its feasibility in real-world electronic sys-
tems. A representative panel formulation with 50%UF2 and 50%
bioderived compound (panel IV) is chosen as substrate for this
demonstrator. The LIG circuit successfully connected four LEDs
in series, and the series to a voltage/current supply, confirming
LIG conductivity and integration capabilities. This demonstrator
is developed to highlight the versatility of LIG tracks in forming
functional electronic components on sustainable and customiz-
able substrates, e.g., bioderived panels for furniture. The use of

Adv. Sustainable Syst. 2025, e00565 e00565 (11 of 15) © 2025 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH
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Figure 5. Demonstration of an electric circuit fabricated on panel IV using
LIG tracks to power four colored LEDs in series.

LEDs illustrates a practical example of low-power devices that
could benefit from such technology.
A second proof-of-concept demonstrator involves the devel-

opment of a capacitive interdigitated humidity sensor, showcas-
ing the versatility of LIG from bioderived precursors. A first
obvious application of this concept could be in embedding en-
vironmental humidity monitors in home furniture. Moreover,
considering that wood is an inherently hygroscopic material, the
ability to monitor the environment and/or panel moisture is
critical for preventing issues such as mold growth, rotting, and
eventual structure failures. The traditional method for measur-
ing wood moisture relies on a two-point probe system, which
assesses the conductivity or capacitance between two metallic
probes placed on or inserted into the wood’s surface layer.[26] In-
stead, integrating LIG sensors directly into the panel is partic-
ularly advantageous due to their non-invasive nature, possible
miniaturization, and monolithic integration. Owing to their di-
rect fabrication on the composite surface, the sensors are inher-
ently integrated into the panel structure, and maintain mechan-
ical stability as long as the underlying substrate remains intact.
This approach addresses the increasing demand for embedded,
unobtrusive sensing technologies in smart construction materi-
als. It demonstrates an innovative bioderived solution for real-
time moisture monitoring, enabling safer and more efficient use
of wood in modern construction.[26] An in-depth characteriza-
tion of the sensor is outside the scope of this paper, but prelimi-
nary results are presented here. Three panels are chosen for this
test: panel I serves as a reference for composite materials with

Figure 6. Performances of interdigitated humidity LIG sensors in a con-
trolled environment at T = 25 °C: a) panel I (P_100UF2_03); b) panel II
(P_100UF2_02); c) panel III (P_0UF_80B_20SFE2_01). The top-left insets
show pictures of the sensors.

a low resination percentage (3.5%) and features a 100% UF2-
based resin. Panels II and III have a higher resination percentage
(7%) and are chosen here to compare the twomost different resin
formulations (100% UF2 for panel II and 100% bioderived com-
pound for panel III).
Figure 6 illustrates the behavior of humidity sensors scribed

on the three panels during a cyclic relative humidity (RH) test,
which involves increasing environmental RH from 40% to 90%,
a 20 min pause, and a subsequent decrease. Sensors are tested
to measure surface moisture absorbed from the external air, but
moisture inside the panels can also be easilymeasured by just en-
capsulating the sensors to seal the sensing area from the external
environment.[26]

All sensors exhibit a cyclic capacitance behavior, which is pro-
portional to the relative humidity, indicating their responsiveness
to RH changes. The capacitance behavior of humidity sensors
scribed on the three panels reveals distinct trends in sensitivity
and hysteresis error. The sensor on panel I (Figure 6a) demon-
strates good performance, with a sensitivity of S ≈ 0.0959 pF
%RH−1. It also shows rapid response and minimal hysteresis er-
ror of EH ≈ 5%. Similarly, the sensor on panel II (Figure 6b) ex-
hibits a comparable hysteresis error of EH ≈ 5%, while slowing
the response. However, it outperforms panel I in terms of sen-
sitivity, achieving S ≈ 0.2031 pF %RH−1. In contrast, the sensor
on panel III (Figure 6c) shows a significantly reduced sensitivity

Adv. Sustainable Syst. 2025, e00565 e00565 (12 of 15) © 2025 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH
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of S ≈ 0.0045 pF %RH−1. Despite this, it retains a good response
speed and shows a lower hysteresis (EH ≈ 1%). A comparison
with state-of-the-art petrol-derived and bioderived LIG-based RH
sensors is provided in Table S5 (Supporting Information).
These results demonstrate that the two 100%UF2-based wood

panels (panels I and II) exhibit comparable performance and per-
form better than the 100% bioderived panel (panel III). However,
given the limited amount of resin, this performance difference
can be attributed to the rougher surface morphology and lower
bonding stability of the bioderived panel. These factors are indi-
rectly influenced by the resin used but are not directly related to
the possibility of scribing LIG on top of the panels: indeed, the
mechanical stability of the substrate, which also depends on the
strength of the resin, significantly affects the capacitive behav-
ior of the planar interdigitated sensor. Nonetheless, the capaci-
tance trend over RH observed in panel III indicates that, with
further optimization of the panel composition and structure, sat-
isfactory performance can be achieved even for 100% bioderived
panels. Moreover, to showcase the potential for future miniatur-
ization, conductive tracks were successfully scribed using a sin-
gle laser pass on both the wood substrate (panel II) and, as a refer-
ence, on polyimide (Figure S2, Supporting Information). The ob-
served difference in the impacted area between the two substrates
stems from the laser settings: a defocused beam was employed
for the wood panel, leading to a larger spot size. It is worth not-
ing that implementingminiaturized tracks on wood is not always
straightforward, depending on the size of the embedded wood
chips. When relatively large wood chips are used, the mechanical
stability of miniaturized LIG tracks (size comparable with wood
chips one) can be compromised by the substrate roughness and
delamination risk.

4. Conclusion

This study demonstrates the feasibility of using bioderived com-
ponents extracted from Jatropha curcas L. seeds to reduce the syn-
thetic content of wooden panel resins and subsequently use these
substrates for laser-scribed LIG electronics. While panels made
entirely from bioderived resin were not mechanically stable with
the tested formulation, partially bioderived panels with sufficient
matrix-reinforcement bonding were successfully produced, re-
sulting in robust composites (0.08 ≤ IB ≤ 0.14) suitable for the
here proposed application. Variations in oil functionalization did
not lead to significant differences inmechanical properties, likely
due to the relatively low absolute amount of oil, which may mask
its effect on matrix bonding. Increasing the bioderived content
in the resin could potentially yield panels with mechanical prop-
erties comparable to the 100% UF benchmark. It should also be
considered that in the present work, fine particles were used, as
the primary objective of this work was to scribe LIG on the panel
surface. Accordingly, lower mechanical properties are expected
in this situation. Conductive LIG was successfully scribed onto
100% bioderived, partially bioderived, and synthetic panels, with
demonstrative applications such as circuit tracks and interdigi-
tated humidity sensors.
These results pave the way for developing sustainable alterna-

tives in the field of smart furniture. Future research should focus
on:

1) Resin Optimization: improve oil functionalization after
saponification to enhance binding properties and increase
resin content to the feasibility of a fully bioderived matrix
from Jatropha curcas L. seeds and alternatives like soy pro-
teins.

2) Panel and LIG improvements: use larger core chips and
finer surface chips to improve mechanical properties and
LIG scribing quality. Further testing is needed to confirm the
resin’s role in enabling LIG scribing.

A Life Cycle Assessment should quantify the environmental
impact of bioderived panels for LIG electronics, ensuring that the
proposed solutions effectively support sustainability goals. In this
context, several key aspects for improving the environmental per-
formance can be identified: prioritizing non-virgin wood fibers as
raw materials (e.g., recycled fibers, industrial by-products, agri-
cultural residues),[75] minimizing the use of chemicals in the for-
mulation of bioderived resins, and optimizing the energy con-
sumption during panel fabrication.While the energy required for
laser scribing is expected to remain relatively constant due to the
physical nature of the process, upstream improvements in ma-
terial sourcing and processing can reduce the overall impact. In
conclusion, this work bridges life cycle thinking and innovation
by exploring bioderived resins for wooden panel manufacturing
and demonstrating the potential for sustainable electronics on
these substrates. By adopting alternatives to conventional syn-
thetic matrices, this study takes a meaningful step toward a more
eco-friendly future in manufacturing and electronics, as well as
smart furniture.
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