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1. Introduction

Interfacial stress transfer in graphene-based
polymeric inks on a textile surface for long term
cycling stability

Monika Swami,1*° Shanu Prabhakar,?< Susanta Ghosh 2® and Debmalya Roy ) *@
The viscosity of graphene-based conducting ink has been shown to significantly affect printed geome-
tries, and it has been illustrated that it can be controlled by adjusting the crosslinking density. A porous
substrate, such as a textile surface, has been selected for printing to emphasize the structure formation of
nanofillers during cyclic bending. The graphene loading in the elastomer matrix was deliberately chosen
beyond the percolation threshold to gain insight into the conducting network channels on the fabric sub-
strate. Structure—property analysis revealed the formation of stable conducting geometries of graphene
on textile yarns under cyclic stress. The processing parameters have been found to play a crucial role in
fabricating a tightly packed, conducting ink-filled textile substrate, which reorganizes the structural integ-
rity of the flexible film by application of stress. The flexibility of graphene flakes is found to be critical as it
allows them to conform to the fabric’s surface for enhanced wetting and to minimize the stress concen-
tration. The composition of fabric materials plays an important role in enhancing adhesion with conduct-
ing layers, thus contributing to the overall resistance stability. Formulation and processing of graphene-
based inks have been optimized to achieve consistent deposition of flexible conductive ink on textile sur-
faces capable of enduring bending stress, making it ideal for the next generation of wearable electronics
applications.

made in the recent past to explore new materials, fabrication
techniques, and substrates to overcome these limitations.*”
The next-generation flexible electronics necessitates the

The development of stretchable conducting materials with
high cycling stability is a significant challenge in materials
science and engineering, particularly for flexible electronic
devices. Wearable electronics require materials that can with-
stand repeated stretching and bending without losing their
electrical conductivity or mechanical integrity." Traditional
rigid electronic materials, such as silicon or metals, are unsui-
table for wearable electronics due to their lack of flexibility
and stretchability. Substrates made from these materials can
be made conformable in thin films which generally experience
sudden electrical disconnection when mechanical defor-
mation occurs, highlighting their limitations in maintaining
conductivity under strain. Therefore, lots of efforts have been
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development of materials systems with increased mechanical
stabilities and multifunctionalities to cater to the demand of
diverse applications.*’” Innovative nature-inspired structural
designs have provided new concepts for smarter performances
during cyclic or geometrical deformation to fabricate skin-
attachable sensors. Equal attention has been focused on the
development of a low-cost enabling platform like paper or
textile for printable electronics where lots of efforts have been
made to optimize the process of deposition of materials to
address the issues of permeating the substrate.®™°

In the last couple of decades, the field of electronics has
witnessed a transformative breakthrough with the emergence
of graphene.'™? One of the most promising applications of
graphene lies in flexible electronics, where its exceptional flexi-
bility, transparency, electrical conductivity, and mechanical
strength make it a unique choice. The advantage of graphene-
based flexible electronics is their ability to bend, twist, and
conform to different shapes without losing functionality and
structural integrity."® Unlike the other allotropes of carbon like
1D carbon nanotubes and 0D fullerenes/nanoparticles, 2D gra-
phene has witnessed surface corrugations and crumples under
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stress due to a significantly higher available cross-sectional
area."* Due to these unique wrinkles and ripples of 2D flakes
under stress, the graphene-based polymeric inks give rise to
the opportunity to control the orientation of 2D configurations
in ink medium. It has been found that the ink formulation
and nature of the substrate influence the properties of large-
area printing due to the self-assembled morphology of 2D
flakes during drying of graphene films.">'® The viscosity and
surface tension of the colloidal dispersion of 2D materials are
even more critical for constant jetting from all nozzles during
inkjet printing. The resistance of digitally printed graphene-
based thin films can be tuned by controlling the post-anneal-
ing conditions where the 2D lamellas form interconnected
networks."””*® The printing of graphene inks by more economi-
cal screen printing or a more advanced version of 3D printing
has also been reported where the intrinsic conductivity and
exfoliated geometry of 2D flakes affect the properties and per-
formance of printed patterns.'®*°

Long-term stability of printed graphene films without a sig-
nificant degradation in conductivity is crucial and the intrinsic
conductivity of carbonaceous nanomaterials plays a critical
role. A one atom thick crystalline graphite sheet shows very
high electrical conductivity; however, its scalability, processa-
bility, and cost have been the major implications for the suc-
cessful large-scale use of single-layer graphene.*'** 2D carbon-
aceous materials prepared using the chemical method are
easier to produce; however, graphene oxide (GO) exhibits lower
electrical conductivity compared to defect-free graphene
sheets. The oxygenated functional moieties on the graphene
flakes help disperse them in the polymer matrix, however
creating defects in the hexagonal lattice which reduces the
charge mobilities. The partial reduction of GO to restore the
sp® carbon structure results in enhanced conductivities in
reduced graphene oxide (rGO) with better flexibility, mechani-
cal strength, and improved chemical stability. The ability to
control the functional moieties and defects in the carbon
lattice provides the opportunity to generate specific properties
contributing to its appeal in scientific research and particu-
larly for synthesizing conducting inks for printing.>***

The substrate is a critical building block in printing techno-
logies, significantly influencing the success of the entire man-
ufacturing process. Its flexibility adds a crucial dimension for
creating bendable and conformable electronic circuits, where
surface properties directly impact the printability and
adhesion of conducting inks. A wide range of flexible substrate
materials is commonly used in printed electronics, offering
diverse options to meet specific application needs.*
Polyethylene terephthalate (PET) is a popular choice for flex-
ible substrates due to its transparency, high mechanical
strength, and dimensional stability. On the other hand, polyi-
mide (PI) or polyethylene naphthalate (PEN) were often used
when thermal stability and chemical resistance were the deter-
mining factors for flexible circuits. Paper and paper-based sub-
strates offer environmentally friendly and cost-effective alterna-
tives, finding application in disposable electronics and smart
packaging. The inherent flexibility of textiles allows for the cre-
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ation of wearable electronics where sensors, conductive inks,
and even microelectronics can be printed directly onto the
fabric.”*>®

While textile fabric-based printable electronics hold great
promise for wearable technology, they also face significant
challenges. One of the primary issues is maintaining the
mechanical properties and breathability of the fabric while
integrating electronic components. As the ink comes in
contact with the textile surface, diffusion takes place, allowing
the conducting particles to spread and embed themselves
within the fabric matrix. The diffusion process not only deter-
mines the functionality of the printed conductive elements but
also plays a pivotal role in ensuring the durability and longev-
ity of the printed design on the textile substrate. The intricate
interplay between the ink and textile surface influences the
final electrical and mechanical properties of the printed
pattern, making it essential for applications ranging from elec-
tronic textiles to wearable technology.***°

In this work, we report a unique method for graphene-
based ink formulation by generating pre-crosslinked graphenes
before adding polymeric additives. Pre-curing with a crosslinking
agent ensures that the graphene flakes are exfoliated to address
the sedimentation of conducting fillers. This study establishes
that textile cloth stands out as an excellent option for conferring
flexibility and long-term cycling stability to printed geometries. It
has been illustrated that the post-curing of printed rGO based
inks on textile yarns resulted in enhanced wetting, fostering the
generation of interpenetrating conducting channels. The
repeated application and release of bending stress on the printed
textile fabrics validate that rGO gel-based ink on textile surfaces
holds promise as a solution for sustained conductivity in printed
patterns by controlling the interfacial interactions. This study
may have a significant impact on the formulation and material
selection in the manufacturing of flexible electronic circuits
printed on textile surfaces, thereby contributing to the advance-
ment of wearable sensors for healthcare monitoring and various
other applications.

2. Experimental
2.1 Materials

Graphite powder with a particle dimension of 20 pm was sup-
plied by Sigma-Aldrich. The other chemicals viz. KMnO, (with
a purity of 99%), H,SO, (with a purity of 96%), H;PO, (with a
purity of 50%), H,O, (with a purity of 33%), and ascorbic acid
were purchased from a local chemical shop and used as
received. PDMS (SYLGARDTM 184 Silicone Elastomer Kit) was
purchased from Dow Chemical International Private Limited
(Dow India). All other chemicals were obtained from the local
market and used as received.

2.2 Analyses

The structural analysis of the developed nanomaterials, ink,
and the printed surface has been conducted using a SUPRA 40
VP, Gemini, Carl Zeiss scanning electron microscope (SEM).
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For morphological and energy-dispersive X-ray spectroscopy
(EDX) studies, the nanomaterials were dispersed in alcohol
and drop-cast onto double-sided carbon tape to record the
SEM images. The geometrical analysis of the flexible films was
recorded after initially preparing the free-standing thin films
using a doctor’s blade with graphene-based inks. As previously
described, SEM cross-sectional images of the printed layers on
the textile surface were obtained.’’ X-ray diffraction (XRD) of
the powder nanomaterial samples was carried out on a Bruker
D8 ADVANCE diffractometer within the scanning 26 range of
5-90 degrees. The GO and rGO powder samples were charac-
terized using Fourier transform infrared (FTIR) spectroscopy
(ALPHA 11, Bruker, U.S.A.) in the range of 700-4000 cm™" with
32 scans and 4 cm™ " resolution in transmission mode by pre-
paring KBr pellets. Contact angle measurements were con-
ducted in sessile drop mode under ambient conditions utiliz-
ing the OCA 50 system from DataPhysics Instruments,
Germany. The surface topographic images of the samples were
recorded on non-contact 3D optical imaging Zeta instruments.
The in situ electrical resistance of the films was measured
using a Keithley, 2700 Multimeter, and a minimum of 03
samples were recorded for statistical averaging. The two-probe
method was favoured over the four-probe method, as the latter
makes it challenging to repeatedly bend the sample. As out-
lined in the report, the bending radius of the coated fabrics
was periodically varied from 0 and 8.9 mm, corresponding to a
bending strain of 1.5%.%>** The measurement of the conduc-
tivity of flexible films under stress was carried out in an auto-
mated bending machine fitted with an electrical resistance
measurement system for in situ analysis of the physical pro-
perties during bending. The analyses were conducted on
Kevlar, glass, and polyester fabrics coated with graphene-
based inks up to 400 cycles under cyclic bending stress. The
films underwent cyclic strain of +1 mm from their original
lengths using a bi-directional stretching device, with a con-
stant strain rate of 0.5 mm s~ consistently applied during the
measurements. At the same time, the electrical conductivity of
the samples was measured with a Keithley source meter, apply-
ing a constant potential of 20 V.

2.3 Synthesis of graphene oxide

Graphene oxide (GO) is synthesized from pure graphite
powder using sulfuric acid (27 ml) and phosphoric acid (3 ml,
in a 9: 1 ratio), mixed and stirred. Graphite powder (0.225 g) is
added and stirred in this acidic solution. Potassium per-
manganate (1.32 g) is slowly added, and the mixture is stirred
for 6 hours until it turns dark green. To remove excess potass-
ium permanganate, hydrogen peroxide (0.675 ml) is added
and stirred for 10 minutes. After cooling, hydrochloric acid
(10 ml) and deionized water (30 ml) are added, followed by
centrifugation at 5000 rpm for 7 minutes. The supernatant is
decanted, and the residue is washed three times with hydro-
chloric acid and deionized water. Finally, the washed GO solu-
tion is dried in an oven at 90 °C for 24 hours to produce GO
powder. The process of GO fabrication is schematically
described in Fig. 1A.
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2.4 Reduced graphene oxide (R-GO) synthesis using
r-ascorbic acid

The controlled introduction of functional moieties on gra-
phene flakes is crucial for obtaining dispersibility in a matrix
with enhanced conductivity.***> 4 g of GO is dispersed in
100 ml of distilled water and sonicated for 1 h. After the soni-
cation, 80 mg of r-ascorbic acid is mixed in the solution and
stirred for 2.5 h at 90 °C, maintaining a pH of 7. The ratio of
the reducing agent to GO and the reaction time were systemati-
cally optimized. Consequently, GO was effectively reduced
using ascorbic acid to yield reduced graphene oxide (rGO). A
typical rGO production method is illustrated in Fig. 1B.

2.5 Preparation of graphene-based inks

Printing ink based on rGO was formulated by incorporating
PDMS (SYLGARD™ 184) as an elastomeric matrix. The process
has been optimized to eliminate larger-sized rGO flakes that
tend to settle out of the ink. In the first step, reduced graphene
oxide (rGO) flakes were dispersed in toluene by sonication,
after which a few drops of hydroxylated polydimethylsiloxane
(PDMS) were added. Following this, reduced pressure distilla-
tion was employed to evaporate the excess organic solvent,
leading to the formation of a viscous rGO crosslinked gel.
PDMS was subsequently added dropwise to the rGO gel while
maintaining continuous stirring at an elevated temperature of
80 °C. The stirring is continued until a homogeneous solution
is obtained, which can be stored for a few days without any
observable settling of 2D flakes. The curing agent was intro-
duced in a slightly higher ratio (1:0.12) as prescribed, and it
was uniformly mixed with the ink using a vacuum-speed
mixture.** The viscosity of the resulting ink was slightly
reduced after the addition of the curing agent, making it suit-
able for printing on textile surfaces. However, the final ink
needed to be used within 6 hours of adding the curing agent
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Fig. 1 The modified Hummers' method (A) has been adapted to syn-
thesize GO whereas the process for synthesizing reduced graphene
oxide (B) from GO is schematically shown in B and the formulation of
the graphene-based ink recipe has been described in C.
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due to the observed viscosity build-up over time. The process
of graphene ink formulation has been represented in Fig. 1C.

2.6 Printing of graphene-based inks on the textile surface

A thin conducting and flexible layer (500-1000 um) was
printed on 4" x 4" plain woven fabrics made of polyester, fiber-
glass, and Kevlar cloth with 60-75 GSM using an automatic
motorized film applicator as shown in Fig. 2. In a typical
process, 5.0 ml of graphene ink was dispensed onto the appli-
cator, and the thickness was adjusted to get the desired thick-
ness of the layer. The ink was then printed onto a clean textile
surface and positioned over a glass slide, using a doctor’s
blade at room temperature. The low GSM of the fiber was uti-
lized to prevent ink diffusion through gaps in the woven
surface of the textile yarns. The rGO weight fraction in the elas-
tomer matrix has been varied to understand the interfacial
bonding of graphene-based ink with the textile surface. To
optimize the printed graphene-based flexible conducting film,
the ink was additionally directly printed to a glass slide and
subsequently peeled off post-curing to obtain a free-standing
film. The printed fabrics were annealed at 120 °C for a dur-
ation of 2 h in a vacuum oven to get the final printed fabrics.

3. Results and discussion

3.1 Crosslinking graphene with polymeric precursors for
improving dispersion of flakes

The crumpled and folded structure of graphene flakes within
the elastomer matrix, along with its two-dimensional form, is
critical for achieving the dispersity, conductivity, and stability
necessary for graphene-based printing inks.***® In our pre-
vious studies, we have established that the attributes of the
initial graphite flakes are pivotal in influencing both the
degree of derivatization and the conductivity of the resultant
functional graphene.*”?” XRD and electron microscopy ana-
lyses were conducted to optimize the processing parameters
for the synthesis of graphene oxide using the modified
Hummers’ method with highly crystalline graphite powder
(Fig. 3). Similarly, reduced graphene oxide was synthesized
through the controlled reduction of oxygenated moieties, and

Ink Dispenser

Fig. 2 The process of printing reduced graphene oxide-based ink on a
textile surface.
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Fig. 3 X-ray diffraction patterns (A), FT-IR spectra (B) before and after
reduction of graphene oxide, scanning electron microscopy images (C
and D), and energy dispersive X-ray analysis results (E and F) of the
developed GO and rGO samples.

XRD (Fig. 3A), FT-IR (Fig. 3B), SEM (Fig. 3C & D), and EDX
(Fig. 3E & F) analyses were found to be critical in fine-tuning
the processing parameters.

The presence of a characteristic peak at a 260 of 10.2 in GO
and the subsequent disappearance of this peak, accompanied
by the emergence of a peak around 26 of 22.0 in rGO, confirm
the formation of a crystalline lattice in rGO (Fig. 3A). The
FT-IR spectra for both GO and rGO obtained using r-ascorbic
acid provide clear evidence of the reduction process and the
changes in functional groups. Typically, GO exhibits peaks
corresponding to oxygen-containing groups, such as hydroxyl
(O-H) stretching vibrations around 3432 cm™" and carbonyl
(C=0) stretching vibrations around 1711 cm '.*® Upon
reduction to rGO, the carbonyl peaks almost disappeared, and
the intensity of hydroxyl functional moieties decreases, indi-
cating the substantial removal of oxygenated functionalities
from graphene flakes and the restoration of the crystalline gra-
phitic structure in rGO (Fig. 3B). The changes in the morpho-
logical properties observed in the SEM images of GO and rGO
suggest a pronounced shift in interfacial interactions following
the controlled reduction of oxygenated species (Fig. 3C and D).
The substantial shift in the carbon-to-oxygen ratio observed in
the energy-dispersive X-ray (EDX) spectrum before and after
the reduction of GO confirms that our process is optimized to
produce 2D nanofillers of enhanced conductivity with dispersi-
bility in the polymer matrix (Fig. 3E and F). This transform-
ation is indicative of higher conductivity and improved disper-
sity of rGO in the PDMS matrix.**"*°

The settling of graphene flakes poses a significant chal-
lenge when dispersing rGO in an elastomeric matrix, particu-

RSC Appl. Polym., 2025, 3, 722-731 | 725
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larly at higher loadings.*" To address this issue, we have pre-
crosslinked graphenes before adding polymeric additives to
formulate the conducting ink. Pre-curing ensures that the gra-
phene flakes are exfoliated which reduces the amount of gra-
phene used to reach the percolation threshold.** It has been
reported that boron interacts with oxygenated species of gra-
phene oxide and can enhance the viscosity of the elastomeric
matrix through increased interfacial interactions.*® This
enhancement is crucial for achieving a uniform and continu-
ous deposition of ink made of graphene which improves
adhesion and prevents issues such as ink bleeding or spread-
ing during the printing process. A facile method has been
developed to prepare a gel of rGO (Fig. 4A) by crosslinking it
with hydroxylated PDMS (PDMS-OH) before integrating it into
the final PDMS matrix (Fig. 4B). To crosslink graphene flakes
with controlled functional moieties to a hydroxyl-functiona-
lized base matrix, i.e., PDMS, crosslinkers such as polyboric
acid (boric acid heated in air) have been utilized. Rheological
studies (Fig. 4C) indicate that a pinch of boric acid as a cross-
linker further increases the viscosity of the resultant PDMS-
rGO ink before the addition of a curing agent. The ratio of
PDMS-OH to rGO was found to be optimized at 1:10 where
the lower viscosity (75 cP) of PDMS-OH produced a higher
crosslinking density.**

4 ——RGO+PDMS-OH

60 - - - - - RGO+PDMS-OH+PDMS

] - = RGO+PDMS-OH+PDMS+H,BO,

Viscosity (mPa.s)

200 400 600 800
Shear Rate (1/s)

1000

Fig. 4 The images of the hydroxyl PDMS crosslinked rGO gel (A) and
the corresponding ink (B) after adding PDMS and the curing agent. The
rheological studies of different variants of rGO-reinforced materials are
represented in C.
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The water contact angle of the rGO-reinforced PDMS-OH
film has been systematically reduced with the increase in the
loading fraction of rGO (Fig. 5A-D). The decrease in contact
angle with the increase in conducting nanofiller weight per-
centage can be attributed to the inherent hydrophilicity of gra-
phene with controlled functionalization in a hydroxylated
PDMS matrix. Despite the intrinsic hydrophobic nature of
PDMS, the incorporation of rGO enhances the overall hydro-
philicity of the resulting composite ink. A higher loading frac-
tion of nanofillers has been previously shown to induce
surface roughness in structures formed from a flexible
polymer matrix.*® This roughness generally increases the
actual contact area between the liquid and the solid, thereby
amplifying the surface’s intrinsic wettability. In the case of a
hydrophilic surface, the increased roughness allows the liquid
to penetrate surface asperities, resulting in a lower contact
angle. The contact angle measurement of the PDMS nano-
composite film confirms that incorporating rGO makes the ink
hydrophilic, thereby improving its compatibility for enhanced
interfacial bonding with the substrate. The reduction in static
water contact angle of PDMS from 800 (Fig. 5A) to 41.90 after
adding 20% rGO (Fig. 5D) further validates the fact that intro-
ducing graphene flakes into the elastomeric matrix results in a
more textured and conducting surface, resulting in a decreased
contact angle (Fig. 5).*° The steady decrease in the tilt-base
angle observed in both receding and advancing contact angle
measurements during dynamic contact angle analysis indi-
cates that a higher rGO loading in ink formulation enhances
the roughness of the printed surface, leading to greater
adhesion with the textile yarns.

To achieve kiloohm-range resistance for the printed flexible
film, the reduced graphene oxide (rGO) loading was adjusted to
10%, 15%, and 20% by weight relative to polydimethylsiloxane.
The doctor’s blade method, as previously outlined, was employed

Fig. 5 The water contact angles of the rGO-based film of PDMS (A),
10% (B), 15% (C), and 20% (D) loading are observed to be 80° 61.1°,
52.1°, and 41.9° whereas the actual free-standing PDMS and nano-
composite film are shown in the inset of the figure. The cross-sectional
SEM images of film 10% (E), 15% (F), and 20% (G) loadings are presented
(scale bar is 1 ym) in Fig. E-G.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to fabricate free-standing PDMS nanocomposite films with a
thickness of 500 pm."” The current values obtained at 20 V
exhibited a systematic increase corresponding to the loading of
rGO, ranging from 0.1 pA to 7.8 pA for 10% and 20% loading
where the percolation threshold for device-grade films was identi-
fied at 15% reinforcement with our developed rGO gel. SEM
images depicting the cross-sections of various nanocomposite
films (Fig. 5E-G) serve as direct evidence for the establishment of
durable conducting channels with increased loading of 2D
flakes. However, it can be noted that at higher loadings, storage
modulus values decreased, adversely impacting the flexibility of
films for stretchable applications.

3.2 Effect of substrate geometry on electro-mechanical
characteristics

To choose an appropriate printing substrate that offers prolonged
stability in conductivity and mechanical strength under cyclic
stress, our focus shifted to this task after finalizing the optimiz-
ation of material and processing parameters for the graphene-
based ink. Plastic, paper, and textile surfaces are frequently pre-
ferred as printing substrates for flexible applications due to their
versatility and compatibility with a variety of materials.”>*' The
porous structure of cloths can absorb inks, leading to spreading
and diffusion, posing a significant challenge for achieving high-
resolution patterns during printing. However, achieving success-
ful printing on textile surfaces is of utmost importance for the
advancement of wearable sensors in healthcare monitoring and
other applications.>*** To investigate the influence of yarn
dimensions on the degree of diffusion of viscous fluid, inks were
applied to Kevlar fabric of 75 (Fig. 6A) and 300 (Fig. 6B) GSM
using the doctor’s blade method. The 3D optical microscopy
images of the back side of the print fabric distinctly revealed that
penetration of the printing ink is less pronounced in the lower
GSM cloth which could be attributed to the lower porosity in
finely woven Kevlar fibers.

The application of inks on the textile surface followed by
annealing to cure the film significantly impacted the morphology
of the printed layers. In organic solar cells, post-annealing has
been observed to create a more uniform and smoother topo-
graphic surface, thereby enhancing the mobilities of charge car-
riers.”® Here, we emphasize the significance of post-processing
annealing in creating high-performance printed films on textile
fabrics. The surface (Fig. 6C & E) and 3D topographic (Fig. 6D &
F) images obtained before and after annealing at 120 °C for 2 h
revealed that the curing process of flexible conducting films
resulted in a smoother layer with improved physical properties.
The curing kinetics of inks based on rGO were observed to follow
the pattern exhibited by functionalized CNTs in the PDMS
matrix, a process that we have optimized to achieve higher
mechanical and electrical properties in free-standing films.?

3.3 Influence of substrate physicochemical properties on
sustained properties

The printing of rGO inks on varied textile surfaces like Kevlar,
fiberglass, and polyester cloths with 75-60 GSM was carried
out using an automatic motorized film applicator. The selec-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The 3D optical images of the non-contact mode of the back
side of the printed layers on 75 (A) and 300 (B) grams per square metre
(GSM) Kevlar fabric. The surface (C and E) and topographic (D and F)
images of the printed textile surface before and after annealing respect-
ively where the scale bar is 150 pm.

tion of Kevlar, glass, and polyester fabric has been made to
ensure the broadest possible range of options, with Kevlar
fabric being untreated, glass fabric treated with a silane sizing
element, and polyester fabric featuring built-in functionalities.
The surface images of printed cloth of Kevlar (Fig. 7A), fiber-
glass (Fig. 7B), and polyester (Fig. 7C) revealed that rGO ink
can be applied to any textile surface, highlighting the distinc-
tive formulation of the pre-crosslinked ink. In the 3D
surface topographic images of the printed layers with 10%
(Fig. 7D & G), 15% (Fig. 7E & H), and 20% (Fig. 7F & I) of pre-
crosslinked rGO-based inks, it has been observed that over the
higher loading of percolation threshold, rGO leads to the pre-
cipitation of graphene flakes on the fibers. We aim to empha-
size the critical role of loading percentage, as excessive con-
ducting filler compromises the stability of printed layers on
textile yarns, adversely affecting the overall performance of the
flexible conductive layer.

To further investigate the structure formation of rGO frac-
tals in the printed layer and to get insight into the interfacial
geometry of graphene flakes and textile yarns, SEM studies of
the cross-section of the printed film were conducted (Fig. 8).
The interfacial geometry between textile fibers and the elasto-
mer matrix reinforced with rGO varied among Kevlar (8A),
fiberglass (8B), and polyester (8C). This variation suggests that
the surface treatment of yarns plays a crucial role in influen-
cing the performance of printed layers on fabrics. For a deeper
understanding of the bonding between fabrics and printed
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Fig. 7 The optical images of the printed layers using 15% rGO inks on
Kevlar (A), fiberglass (B), and polyester (C) cloths respectively. The
surface and 3D topographic images of films were obtained by printing
10% (D & G), 15% (E & H), and 20% (F & |) rGO-based inks where the
scale bar is 150 pm.

layers, the interfacial boundaries of individual textile yarns
and the PDMS modified with graphene flakes were examined
using high-resolution SEM images. In a manner analogous to
the findings in photovoltaic layers, annealing was observed to
enhance the compactness of interlaced yarns within the fabric
through co-curing with 2D lamellar nanofiller-reinforced elas-
tomers (Fig. 8D & E).

The closely packed interfacial microstructures between
textile fabrics and rGO ink represent an ideal platform for
absorbing the residual stress generated in the system by the
application of cyclic loads [Fig. 9A].*° To assess the stability of
these densely packed network geometries, we measured the
change in resistance of the printed monolayer of ink by
repeated bending of the film with a radius of 8.9 mm, corres-
ponding to a 1.5% bending stress.*>® It is worth mentioning
that a 0.5 mm single layer of this printed geometry exhibited
resistance comparable to that of six layers of conducting ink
printed on e-textiles.>® It can be noted that at lower filler load-
ings (Fig. 8F), the resistance values increase sharply with cyclic
load which could be attributed to the weak interfacial inter-
actions in the irregular agglomerates of graphene flakes below
the percolation threshold.*® At a higher volume fraction
loading of 2D nanofillers (Fig. 8F), the reduction in resistance
is found to be less significant after bending, suggesting the
unfolding of twisted lamellar geometries of graphene under
stress.*” This enables efficient transfer of external force to the
textile yarns, facilitating the formation of stable interpenetrat-
ing conduction channels with graphene-based inks. The sus-
tained conductivity of the printed geometries on the textile
surface after 10 bending cycles of the film affirms that the
combination of graphene flakes’ fractals and strong interfacial
adhesion with yarns has the potential to meet the criterion of
maintaining unaltered electrical conductivity under repeated
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Fig. 8 SEM images of the cross-section of 15% rGO ink printed on
Kevlar (A), fiberglass (B), and polyester (C) fabrics. The interfacial
bonding of polyester yarns and 15% rGO ink is illustrated before (D) and
post (E) annealing at 120 °C for 2 h where the SEM scale bars are 20 (A—
C) and 2 (D and E) pm, respectively. The change of resistance of the
different weight fraction rGO-based inks on polyester fabric has been
represented where R, and Ry indicate the resistance value before and
after nth bending is represented in (F).

cyclic stresses. The slightly higher conductivity observed after a
few bending cycles suggests the realignment of intermolecular
network geometries of graphene flakes within the elastomer
matrix. This realignment, induced by applied stress, contrib-
utes to the formation of a more stable, monolithic fabric-
reinforced printed flexible film.>" Our studies have established
that the appropriate volume fraction of 2D flake fractals in
stretchable matrix, ink microstructures along with integrated
textile yarns provides suitable flexibility to fabricate wearable
sensors for niche technological applications.

3.4 Role of mechano-electrical stability

To understand the impact of various textile surfaces on the
long-term stability of conduction channels within the
embedded ink-infused textile cloth, we selected three cloths
exhibiting diverse properties. An automated stepper motor-
controlled device has been fabricated, featuring all necessary
electrical contacts, to generate bending stress for in situ

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The schematic (A) and the actual instrument (B) fabricated for
the automated bending of flexible films fitted with electrical resistance
measurement for in situ analysis of conductivity under stress. The stabi-
lities of conduction networks in graphene-based films on Kevlar, glass,
and polyester fabrics have been tested under cyclic bending stress for
up to 400 seconds where a total of 2 seconds is required to complete
each bending cycle. Figure (C) represents the R,/R, values of printed
inks on the textile surface and figure (D) illustrates the expanded region
of change in resistance of the printed ink on the polyester fabric where
the sampling rate is 15 data per second. The cloths were subjected to a
cyclic strain of (+)1 mm from their nominal lengths using a bidirectional
stretching device with a constant strain rate of 0.5 mm per second main-
tained throughout the measurements. Simultaneously, the electrical
conductivity of the samples was recorded using a Keithley source meter
by applying a constant potential of 20 V.

measurement of conductivity under cyclic force (Fig. 9A and
B). The high-performance synthetic Kevlar fabric is made of
para-aramid and is generally used for heat-resistant and blast
protection applications and glass fabric finds more widespread
use in reinforcing polymer composites for structural
applications.>**® The electrical resistivity of printed films on
both Kevlar and glass fabrics indicates that the silane-based
coating on glass fiber yarns further assists in stabilizing gra-
phene-based inks on the glass fabric, contrasting with Kevlar,
which exhibits high chemical inertness (Fig. 9C). The charac-
teristics of polyester fabric are its exceptional durability,
breathability, and its ability to retain its flexibility ensuring tex-
tiles maintain a smooth appearance even after prolonged
use.>® The resistance values of printed graphene inks on poly-
ester fabric illustrate that the fabric’s porosity and strong
polarity contribute to enhanced adhesion and retained gra-
phene conduction channels through sustained stress transfer
within the polyester fabric [Fig. 9D]. Graphene-based inks
diffused into textile surfaces are thoroughly engineered to inte-
grate electronic components into fabric structures, providing a
lightweight, flexible, and comfortable platform to revolutionize
the landscape of wearable electronics and smart textiles.

4. Conclusion

This research emphasizes the significance of carefully controlled
reduction of graphene oxide to attain the targeted conductivity,
dispersion, and effective interaction with the elastomer matrix. A
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facile method involving the utilization of hydroxylated PDMS to
crosslink graphene flakes before their introduction into the
PDMS matrix has been implemented to enhance the possibility
of the formation of a more effective conduction network. It has
been established that the post-curing process of printed layers on
fabrics results in the integrated morphology of textile yarns and
graphene flakes, facilitated by elastomeric binders. The interpe-
netrating closely packed interfacial geometry has been demon-
strated to be ideal for absorbing bending stress and maintaining
conducting channels even after repeated cyclic stress. The struc-
tural analysis and cyclic resistance measurements suggest that
optimal graphene loading and fractal morphologies are crucial
for sustained conductivity, making this approach advantageous
for developing durable wearable electronics.
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