Original scientific paper

UDK 533.92:521.375
DOI 10.7251/COMEN2601038G

LASER-INDUCED GRAPHENE ON PDMS WITH GLYCOL
COMPOUNDS AS A POTENTIAL WEARABLE SENSOR

Andela Gavran', Marija Pergal', Teodora Vicenti¢!, Igor A. Pasti*?,

Danica Bajuk-Bogdanovi¢?, Marko Spasenovic!

! Center for Microelectronic Technologies, Institute of Chemistry, Technology and Metallurgy,
National Institute of the Republic of Serbia, University of Belgrade, Belgrade, Serbia
2 University of Belgrade — Faculty of Physical Chemistry, Belgrade, Serbia

3 Serbian Academy of Sciences and Arts, Belgrade, Serbia

* Corresponding author: andjela.gavran@ihtm.bg.ac.rs

Abstract: Laser-induced graphene (LIG) has been the subject of extensive research over the past decade
and has found promising applications in physiological monitoring processes in both sports and medicine.
Its excellent characteristics, such as good electrical conductivity, piezoresistivity, flexibility, and low-cost
production, make it a suitable material for use in wearable electronics and sensors. Poly(dimethylsiloxane)
(PDMYS) has attracted attention as a substrate for wearable sensors due to its good biocompatibility, elas-
ticity, and mechanical characteristics. However, since its structure contains no readily carbonizable atoms,
PDMS must be modified with glycol additives such as diethylene glycol (PDMS/DEG) and ethylene glycol
(PDMS/EG) to enable graphene induction. This paper presents the laser induction of graphene on a PDMS/
DEG and PDMS/EG composite, electronic testing, and physicochemical characterization. By optimizing
laser parameters, LIG with the lowest electrical resistance was obtained, with PDMS/DEG samples show-
ing superior surface morphology compared to PDMS/EG. Raman spectroscopy revealed the characteristic
D, G, and 2D bands typical for graphene. The assignment of bands in infrared spectroscopy (FTIR) and
SEM micrographs confirmed the structure of graphene. Characterization revealed that the optimal glycol
compound concentration in PDMS is 20 wt.%. In the future, this material has the potential to be used for
measuring physiological processes and limb movements.
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1. INTRODUCTION

There is a growing need for wearable devices
that are wireless and can measure various physio-
logical parameters, including heart rate, respiration,
blood pressure, and limb motion, while reducing
their environmental impact [1-4]. In addition, the
devices need to be thin, flexible, and highly conduc-
tive. Flexible electronic sensors based on laser-in-
duced graphene (LIG) on biocompatible polymers
meet all of the above requirements. LIG was first
mentioned in 2014 when CO, laser irradiation of

polyimide (PI) created a porous graphene structure,
which was the focus of numerous research projects
over the last decade [5]. LIG exhibited exceptional
properties, such as high thermal stability (>900°C),
piezoresistance, large surface area (428 m* g'), and
ease of preparation [5-8]. LIG offers a fast and in-
expensive method of fabricating flexible portable
electronic devices.

Commercially available PI films are the most
common precursor for LIG because of their good
mechanical stability, high thermal resistance, and
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wide availability, but they often require addition-
al surface treatments, such as plasma activation or
polymer coatings to improve their biocompatibility
in biomedical applications [4,6], and they are also
not chemically customizable. Due to the lack of cus-
tomization options, and poor elasticity of PI, LIG is
typically transferred from PI to another substrate or
fabricated on a more flexible material. Several stud-
ies showed that most carbon-containing materials
can be converted into LIG using a CO, infrared laser
[9,10,11]. Polymers with a chemical structure similar
to PI, such as polyetherimide (PEI), poly(ether ether
ketone) (PEEK), and polysulfone, were found to be
suitable for conversion into LIG [5,12-14]. Poly(di-
methylsiloxane) (PDMS) proved to be a favorable
substrate for wearable devices due to its good me-
chanical properties, tunable surface chemistry, low
water permeability, excellent thermal stability, low
cost, and good biocompatibility [9,15-18]. The main
limitation of PDMS lies in its low carbon content,
which prevents direct LIG formation. Hence, re-
searchers try to enhance the properties of PDMS
by dispersing another polymer or carbon-contain-
ing precursor into the PDMS matrix, such as Triton
X-100, triethylene glycol (TEG), or poly(ethylene
glycol) (PEG) [9,10,19]. Glycol compounds proved
to be an excellent carbon source when incorporat-
ed into a PDMS matrix, resulting in a high-quality
graphene structure [10].

In this study, laser-induced graphene was fab-
ricated on biocompatible, cross-linked PDMS com-
posites incorporating ethylene glycol (EG) and di-
ethylene glycol (DEG). Direct formation of LIG on
PDMS/DEG and PDMS/EG substrates was achieved
by optimizing laser parameters. The composites were
prepared with DEG and EG concentrations ranging
from 10 to 40 wt.%. Physicochemical characteri-
zation of both composites and the resulting LIG,
was carried out using Raman spectroscopy, Fouri-
er-transform infrared (FTIR) spectroscopy, and scan-
ning electron microscopy (SEM) with energy-dis-
persive X-ray (EDX) analysis. Electrical resistance
of LIG-containing samples was also measured. The
study identified optimal DEG and EG concentration,
as well as laser parameters, for effective graphene in-
duction. The results indicate that these composites
represent promising substrates for future wearable
sensors intended for monitoring physiological pa-
rameters.

2. EXPERIMENTAL SECTION
2.1. Materials

Poly(dimethylsiloxane) (PDMS) prepolymer
and curing agent (Sylgard 184, Dow Corning), along
with diethylene glycol (DEG) and ethylene glycol
(Sigma Aldrich), were used to prepare the PDMS/
DEG and PDMS/EG composites.

2.2. Synthesis of PDMS/DEG and PDMS/EG
composites

The PDMS prepolymer (a,0-divinyl poly(di-
methylsiloxane), hereafter referred to as PDMS base)
was mixed with the curing agent (poly(methyl-hydro-
gensiloxane), PMHS) in a precise weight ratio of 10:1.
Varying amounts of DEG or EG (10, 20, 30, and 40
wt.%) were then added to the mixture, followed by
stirring for 15 minutes to ensure homogeneity. The
reaction mixture was poured into Petri dishes and de-
gassed in a vacuum-drying chamber for 30 minutes.
Materials were cross-linked in an oven at 100 °C for
3 h, followed by an additional vacuum treatment at
50 °C for 5 h to ensure complete cross-linking.

2.3. Laser-induced graphene production and
laser parameter optimization strategy

The CO, laser used to prepare LIG was a DBK
FL-350 with a wavelength of 10.6 um. The maxi-
mum power output of the laser is 60 W, and the res-
olution was fixed at 1200 DPI. For each DEG and
EG concentration (10, 20, 30, 40 wt.%), at least three
separate samples were processed, with LIG patterned
into square areas (3 mm x 3 mm).

We explored a range of laser power (8.7 - 10.2
W) and scanning speed (35-55 mm s™'), while fixing
resolution (1200 DPI). These laser parameters were
used to irradiate PDMS composites with 10-40 wt.%
DEG and EG concentration. For each set of condi-
tions, we evaluated i) visual appearance (shade of
black and continuity of LIG) and ii) electrical resis-
tance (measured at two points across the LIG square
with a multimeter).

2.4. LIG characterization

Electrical measurements were conducted us-
ing a digital multimeter. The probes were spaced 3
mm apart.
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Raman spectra of the materials were record-
ed using a DXR Raman microscope (Thermo Fisher
Scientific, Waltham, MA, USA) with a laser wave-
length of A, = 532 nm and a power of 2 mW, focused
onto a 2.1 um spot on the surface. Three measure-
ments at different positions on each sample were per-
formed (10 exposures, 10 seconds each per position).
The crystallite size along the a-axis (L ) was calculat-
ed using the Tuinstra and Koenig equation as follows
[20,21]:

L = (2410719 -2 ()7 (1)

In equation (1), the ratio I /I represents the
ratio between the intensity of the D band and the G
band.

SEM combined with EDX (Phenom, Ther-
mo Fisher Scientific, Waltham, MA, USA) was em-
ployed to analyze material morphology and chemical
composition. Sample preparation was not required
for SEM and EDX analysis.

FTIR spectra of PDMS/DEG, PDMS/EG,
and powdered LIG, obtained by scraping from
composites, were recorded in transmission mode on
KBr substrates using an FTIR spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA).
All spectra were collected in the range from 4000
to 400 cm!, with a resolution of 4 cm™! and 32 scans
for each sample.

.

3. RESULTS AND DISCUSSION
3.1. Polymer synthesis

Eight cross-linked PDMS composites containing
different amounts of EG and DEG (1040 wt.%) were
synthesized by hydrosilylation. Cross-linking occurs be-
tween the vinyl groups of the PDMS base and the Si-H
groups of the curing agent. The scheme of polymer syn-
thesis and LIG formation is depicted in Figure 1.

3.2. Electrical characterization of LIG on
PDMS/EG and PDMS/DEG

The PDMS/EG and PDMS/DEG composites
were irradiated with a CO, laser, where visual ap-
pearance and electrical resistance were the main fac-
tors for choosing the optimal samples for character-
ization. Electrical resistance measurements for LIG
on PDMS/DEG showed that the lowest resistance of
~14 kQ was measured on a LIG made with 9 W of
laser power, 45 mm s of laser speed, and a 1200
DPI resolution. For the LIG on PDMS/EG, electrical
resistance measurements showed that the lowest re-
sistance of ~30 kQ was measured for LIG made with
8.7 W of laser power, 55 mm s™! of laser speed, and a
1200 DPI resolution. These values indicate moderate
electrical conductivity, typical of LIG structures pro-
duced directly on polymeric substrates [9,10].

\ i
Mixing and \ ‘

stirring

 —

PDMS base + curing agent (10:1) DEG or EG Polymer mixture
1. Degassed (25°C, 30 min)
2. Crosslinking (100°C, 3 h)
3. Vacuum dry (50°C, 5h)
<4 — C——
Crosslinked PDMS/DEG or J
PDMS/EG composite film

Laser induction of graphene

Figure 1. The scheme of polymer synthesis and LIG fabrication.
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3.3. Raman spectroscopy

Figure 2 depicts the most representative Ra-
man spectra of LIG on PDMS substrate with 10-40
wt.% DEG concentration. The ratio of the intensity
of the D to the G peaks and 2D to the G peaks, full
width at half maximum (FWHM), and crystallite size
(L,) as a function of DEG concentration were ana-
lyzed (Figure 2a, 2b, 2c, and 2d, respectively). All
spectra are taken from LIG produced with 9 W of
laser power, a resolution of 1200 DPI, and a scanning
speed of 45 mm s'. Raman spectra of LIG on PDMS/
DEG composites show three prominent peaks char-

acteristic of graphene: the D band (~1346 cm™) re-
lated to defects in sp? carbon domains, the G band
(~1581 ecm™) assigned to the E>g vibration of sp>-hy-
bridized carbon atoms, and a 2D band at ~2700 cm!
that originates from the second-order mode of the D
peak [5]. Although Raman spectra of LIG on PDMS
with 10 wt.% and 20 wt.% DEG concentration shows
intense D and 2D peaks, in the spectra of other sam-
ples, the bands are not obvious.

Spectral deconvolution was performed to ob-
tain 1, /1, 1, /I . (using the surface below peaks), and
FWHM, and we calculated La using the Tuinstra and
Koenig equation. Results are presented in Table 1.

Table 1. Intensity ratio of D and G, and 2D and G band for LIG on PDMS/DEG
made with a 9 W of laser power and a scanning speed of 45 mm s™.

) FWHM (cm™)
Materials /1. LI L (nm)
D G “
LIG/PDMS/10%DEG 0.50 1.30 42.4 | 35.8 38.1
LIG/PDMS/20%DEG 0.46 1.36 42.5 34.6 42.1
LIG/PDMS/30%DEG 1.99 0.23 108.9 | 64.3 9.6
LIG/PDMS/40%DEG 1.24 0.09 84.8 78.2 154
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Figure 2. a) Raman spectra of representative samples of LIG on PDMS with various DEG concentration,
b) I/ and 1, /I as a function of DEG concentration,; ¢c) FWHM as a function of DEG concentration;
d) L as a function of DEG concentration.
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The ratio of the intensity of the D to the G peaks
for LIG on PDMS/10%DEG and PDMS/20%DEG is
smaller than 1, suggesting the lowest concentration of
defects [22]. I, /I . ratio was around 1, which is com-
mon for bilayer graphene [23]. FWHM as a measure
of structural disorder shows that low FWHM values
for the D and G peaks at DEG concentration of 10
wt.% and 20 wt.% suggest low-disordered material
[24]. In contrast, samples containing 30 wt.% and 40
wt.% DEG exhibited higher 7,/ . and broader peaks,
consistent with amorphous or highly disordered car-
bon structures. The values used were the best from
three positions on each sample where Raman spectra
were recorded.

Figure 3 depicts the most representative Ra-
man spectra of LIG on PDMS with 10-40 wt.% EG
concentration, including the ratio of the intensity of
the D to the G peaks, the 2D to the G peaks, the full
width at half maximum (FWHM), and crystallite
size (L,) as a function of EG content (Figure 3a, 3b,
3¢, and 3d, respectively). All spectra are taken from
LIG produced with 8.7 W of laser power, a resolu-
tion of 1200 DPI, and a scanning speed of 55 mm s'.
Similar to the Raman spectra of LIG/PDMS/DEG,

spectra of LIG on PDMS/EG composites show the
same three peaks characteristic of graphene. Raman
spectra of LIG on PDMS with 10 wt.% and 20 wt.%
EG concentration similar to Raman spectra of LIG
on PDMS with 10 wt.% and 20 wt.% DEG concen-
tration shows intense D and 2D peaks. In contrast to
that, Raman spectra of LIG on PDMS with 30 wt.%
and 40 wt.% EG concentration show D and G peaks
of similar intensity and a small 2D peak, suggesting
that more oxidized or disordered graphene formed
on those samples.

Spectral deconvolution was performed to ob-
tain 7 /I, 1, /I ., and FWHM, and we calculated L,
with the Tuinstra and Koenig equation. The results
are presented in Table 2. The ratio /, /I for LIG
on PDMS/10%EG and PDMS/20%EG is smaller
than 1, and the 7, /I is around 1, like in the case
of LIG/PDMS/DEG, suggesting again the lowest
concentration of defects and formation of bilay-
er graphene [22,23]. Quantitative analysis (Table
2) revealed that [ /I  ratios for LIG on PDMS/EG
(average ~1.31) were lower than those on PDMS/
DEG (average ~1.8), indicating fewer structural de-
fects in EG-based composites. Moreover, the largest
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Figure 3. a) Raman spectra of representative samples of LIG on PDMS with various EG concentration,
b)1/1 and 1, /I _as a function of EG concentration, ¢) FWHM as a function of EG concentration,
d) L as a function of EG concentration.
a
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crystallite size (L, = 35.8 nm) was observed for LIG
on PDMS/20%EG, consistent with the formation of
well-defined graphene domains [19]. At higher EG
concentration (3040 wt.%), increased 7 /I. and
broadened FWHM values pointed to a higher degree
of disorder, corroborating the visual and electrical
results. At 3040 wt.% EG, the material became sig-
nificantly more defective: /I . rose to 1.1-1.25, [, /
1. dropped to 0.12-0.27, and FWHM of G broadened
to 75 cm™!, indicating oxidation and amorphization
of the carbon framework. The values used were the
best of the three positions where Raman spectra were
recorded.

Table 2. Intensity ratio of D and G, and 2D and G band
for LIG on PDMS/EG made with an 8.7 W of laser power
and a scanning speed of 55 mm s

FWHM
Materials LI, L1 (em) (nLr%)
D G

LIG/PDMS/10%EG | 0.94 | 0.45 | 70.9 | 64.8 | 20.4
LIG/PDMS/20%EG | 0.54 | 1.03 | 59.5 | 42.7 | 35.8
LIG/PDMS/30%EG | 1.25 | 0.12 [100.9| 75.1 | 15.4
LIG/PDMS/40%EG | 1.10 | 0.27 | 90.3 | 75.4 | 17.6

3.4. FTIR spectroscopy

FTIR spectra of PDMS/DEG and PDMS/EG
composites (10 and 40 wt.%) and their correspond-
ing LIG samples are presented in Figure 4. A broad
band at ~3400 cm™, attributed to O—H stretching vi-
brations, was pronounced in DEG-rich composites
but much weaker in EG-based ones compared to the
remaining spectral features.

Strong absorptions near 2900 and 2960 cm™
(v,, and v_ CH2) were evident in the pristine com-
posites but strongly reduced after laser irradiation,
reflecting the removal of aliphatic groups during car-
bonization. A weak band near 1600 cm™, absent in
pristine PDMS, may arise from secondary reactions
of EG/DEG with PDMS or partially oxidized carbon
domains [10].

The expected graphenic C=C stretching near
1630 cm™ was not clearly detected in LIG spectra.
This absence is explained by the dominance of a
broad, intense band centered near 1100 cm™, attribut-
ed to Si—-O-Si and SiO: nanoparticles formed by

PDMS decomposition under high-temperature CO:
laser irradiation [7,10]. This overlap masks weaker
C=C contributions. A low-intensity peak near 1400
cm ' (C—H deformation) was observed only in LIG/
PDMS/DEG. Bands below 1200 cm™, especially at
840-860 cm™ (—CHs rocking in Si—CHs), remained
prominent in composites and can indicate that Si-C is
formed due to the thermal degradation of the PDMS
matrix [10].

LIG/PDMS/40%DEG

PDMS/40%DEG
LIG/PDMS/10%DEG
PDMS/10%DEG

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
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Figure 4. a) FTIR spectra of PDMS with 10 and 40 wt.%
DEG, and LIG on PDMS with 10 and 40 wt.% DEG;
b) FTIR spectra of PDMS with 10 and 40 wt.% EG, and
LIG on PDMS with 10 and 40 wt.% EG concentrations.

3.5. SEM-EDX

Figure 5 depicts SEM micrographs of the
cross-section of LIG on PDMS/DEG (Figure 5a)
and PDMS/EG (Figure 5b) composites with 20
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wt.% glycol concentration, chosen for their optimal
quality as judged from Raman spectra. For the LIG/
PDMS/20%DEG, laser parameters were 9 W of laser
power, scanning laser speed 45 mms™! and resolution
of 1200 DPI, and for the LIG/PDMS/20%EG, laser
parameters were 8.7 W, 55 mm s laser speed, and
1200 DPI resolution. Porous, foam-like morphology
was more pronounced in DEG-based samples.

EDX analysis showed the elemental composi-
tion of LIG in both samples. Both samples show high
concentrations of carbon, which suggests the forma-
tion of LIG [3,19,20]. For LIG on PDMS/DEG, the
atomic concentrations of C, Si, and O are 37.8%,
23.7%, and 38.4%, respectively. For LIG on PDMS/
EG, the atomic concentrations of C, Si, and O are
45.4%, 21.8%, and 32.7%, respectively. The higher
carbon fraction and reduced oxygen content in EG-
based samples support more efficient carbonization,
in agreement with Raman results showing low [, /1 .
values at 20 wt.% EG.

4. CONCLUSION

In this work, we demonstrated the successful
laser induction of graphene on novel biocompatible
PDMS/DEG and PDMS/EG composites. Systematic
physicochemical characterization by Raman, FTIR,
and SEM-EDX confirmed the formation of laser-in-
duced graphene and provided insight into the role of
glycol additives modifiers in tailoring their proper-
ties. The lowest electrical resistance (~14 kQ) was

Figure 5. SEM micrographs of a) LIG/PDMS/20%DEG and b) LIG/PDMS/20%EG with 2000x magnification.

obtained for LIG on PDMS/DEG fabricated at 9 W
laser power, 45 mm s! scanning speed, and 1200
DPI resolution, while LIG on PDMS/EG exhibited
the lowest resistance (~30 kQ) at 8.7 W, 55 mm s,
and 1200 DPI. These values reflect moderate con-
ductivity, typical for LIG produced on polymeric
matrices [9,10].

Raman spectroscopy revealed the characteris-
tic D, G, and 2D bands of graphene. Low [, /I . ratios
and narrow FWHM values at 10-20 wt.% ethylene
glycol compound content indicated reduced defect
density and improved graphene ordering. Compara-
tive analysis showed that LIG on PDMS/EG exhibit-
ed fewer defects and larger crystallite sizes than LIG
on PDMS/DEG, suggesting that EG is a more ef-
fective modifier for promoting graphene formation.
Excessive loading of DEG and EG (3040 wt.%) in
PDMS led to structural degradation and poor-quali-
ty LIG. FTIR spectra provided additional supporting
evidence of LIG formation, although certain charac-
teristic peaks overlapped with those originating from
Si02 nanoparticles formed during thermal decompo-
sition of PDMS. SEM revealed the porous morphol-
ogy typical of LIG, while EDX confirmed increased
carbon content, with ~45% for EG-based composite
and ~38% for DEG-based composite.

Overall, the results demonstrate that PDMS/
DEG and PDMS/EG composites are promising can-
didates for flexible substrates in wearable electron-
ics. Future work will focus on more comprehensive
physicochemical characterization, optimization of
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electrical and mechanical properties, and the integra-
tion of these composites into wearable sensors for
biomedical and sports applications.
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JIACEPCKU UHAYKOBAH I'PA®EH HA IIIMC-y CA TTIMKOJIHUM
JEANIBEIBLUMA KAO IIOTEHIHUJAJIHU HOCUBU CEH30P

Caxkerak: Jlacepcku-unaykosat rpadet (LIG) je mocrao Tema OpojHUX HCTPaKUBAA Y MTOCIICABUX JIe-
CeT ToflvHa, ca 3Ha4ajHOM IPUMEHOM y nipahermy (PU3HONONIIKUX Mpolieca 00IacTH CriopTa U MEAUIMHE.
Hberosa cBojcTBa Kao mTO Cy 100pa eIeKTpHYHA TPOBOAJBHBOCT, MHE30PE3UCTUBHOCT, (PIIEKCHOMITHOCT
Y HUCKH TPOIIKOBH MPON3BO/HE T'a YMHE ITOTOHIM MaTEpPHjaIoM 3a IPUMEHY y HOCHUBO] €IIEKTPOHHUIIN
u cersopuma. [Homu(numermncunokcan) (PDMS) je mpuBykao makmy Kao CyICTpaT 32 HOCHBE CEH30-
pe 300r cBoje moOpe OMOKOMITAaTHOMIIHOCTH, €TaCTHYHOCTA U MEXaHWYKHX CBOjcTaBa. Mehytum, 360r
MaJIor yzesa yrJbeHUKOBHX aToMa y HeMy, HOTPeOHO je MOAM(HUKOBaTH ra ca NINKOIHUM jeTHHEHhIMa
Gorarnm yribeHUKOM Kao mTo cy qu(etuier mmkon) (PDMS/DEG) n erunen mukon (PDMS/EG). ¥V
OBOM pajly je IIpe/ICTaB/beHa Jacepcka HHAYKIHMja rpadeHa Ha moaumepHuM komnozutuma PDMS/DEG
n PDMS/EG-a, enekTpoHCKa HCIUTHBaKka U PU3NYKO-XeMHUjcKa KapakTepu3aiuja. OnTrMHU3aiijoMm ja-
cepckux napamerapa je nocturayt LIG ca HajHmKOM enekTpudHOM oTrnopHothy, rae yzopuu LIG-a
Ha PDMS/DEG-y umajy 60Jby moBpuiHCKy mMopdoorujy on y3opaka Ha PDMS/EG. ¥V pamanckum
cniektpuma youapajy ce tpake [, I' m 2/, xapakrepucrnune 3a rpaden. Ananuza WL crekrapa, xao
W acUTHaIMja Tpaka y WH(PAIPBEHO] CIIEKTPOCKOIUjH 1 CKeHUpajyha eleKTpoHCKa MUKPOCKOIIHja Cy
MOTBPAWIN CTPYKTYpy rpadena. Ha ocHOBY CBUX pesynTara HCIIUTHBAaEka HOBOT MaTepHjaia MOKa3aHo
j€ Ila je onTUMalHa KOHIIEHTpAIMja NINKOIHUX jequmbemna y PDMS-y 20 mac.%. Y 6ynyhaocTn, oBaj ma-
Tepujaj uMa MOTeHIHjal Aa Oyne KopuiheH y CBpXe Meperma (PU3NOIOIIKHX MpoIieca U MOKpeTa yIoBa.

KibyuyHe peum: jmacepcKu-WHIYKOBaH rpadeH, MOau(ANMETHICHIOKCAH), AUETHICH TIIHKOJ, CTUIICH
TJIMKOJL.
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