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Soft and flexible sensors offer a potential paradigm shift in wearable
bioelectronics to enhance human—machine interfacing for diagno-
sis, healthcare monitoring, and prosthetic applications. Soft nano-
composite strain sensors have emerged as a promising solution for
the real-time monitoring of biomedical signals due to their con-
formability, stretchability, and resilience to different strain levels.
Nonetheless, these sensors are susceptible to external factors like
temperature variations, impeding their functionality in real-world
applications. This paper introduces a strategy to tackle the con-
siderable temperature sensitivity of nanocomposite strain sensors
by fine-tuning the electrothermal properties of laser-induced gra-
phene nanocomposites. The controlled manipulation of laser para-
meters governs the carbonization process, and the formation of 3D
interconnected conductive networks, leading to nanocomposite
strain sensors with temperature sensitivities as low as 0.25% °C 2.
These sensors enable real-time strain sensing with minimal inter-
ference from thermally induced noise in environments prone to
significant temperature fluctuations, such as haptic feedback
in prosthetics when grasping hot and cold drinks. Additionally,
integrating this approach into the design of electrothermal soft
actuators results in a self-sensing soft actuator with near-zero
temperature sensitivity up to 100 °C, further demonstrating the
versatility of these nanocomposite sensors.

1 Introduction

In recent years, biomedical studies have emerged as a particu-
larly data-intensive domain, prompting substantial research
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and development efforts to meet the escalating data-gathering
requirements. The demand for more patient-centered data is
not simply desirable, but a need, to advance better healthcare
and well-being."” Consequently, there has been a remarkable
surge in the exploration of novel sensing devices tailored for
biomedical applications. Real-time prolonged monitoring of
biomedical signals benefits from using soft wearable sensors
capable of accommodating the irregular surfaces of the skin
while enduring both small and large strains, such as those
encountered during blood pressure measurements or limb
movement.” Soft sensors have gained prominence as they
offer a range of advantages over rigid sensors, including
enhanced biocompatibility, reduced cytotoxicity, and overall
comfort.>” As a result, soft sensors are gradually replacing
their rigid counterparts in medical devices and prosthetics.®°

Among various wearable sensors, soft resistive-type strain
sensors typically consist of functional composite structures
comprising a soft supporting material, such as silicone-based
polymers (e.g., polydimethylsiloxane (PDMS) and Ecoflex), and
a strain sensing film made of materials including metal
nanowires,"*'* nanomeshes," liquid metals,"® carbon nano-
tubes,” ™ and conductive polymers.>**' These micro/nano-scale
materials form a percolation network that enables electronic
transport through intrinsic mechanisms and contact points
between adjacent nanomaterials, or via quantum tunnelling
effects when they are separated by a thin polymer matrix.”*
In strain sensors, this percolation network is primarily sensitive
to stretching and exhibits sensitivity to various other undesired
stimuli as well. When these sensors are subjected to mechan-
ical strain, the increased distance between materials results in
an elevated electrical resistance.

To enhance the performance of soft strain sensors, research-
ers have explored diverse strategies, including the introduction
of microcracks to improve sensitivity,”**® the utilization of
optimized sensing elements, and doping of the sensing
element.”’° Li et al. studied a 3D crack conductive network
strategy based on spray-coated PDMS to overcome low fidelity
and high hysteresis of soft strain sensors.*’ Amjadi et al.
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introduced a highly stretchable and sensitive strain sensor
based on a silver nanowires—elastomer nanocomposite, addressing
the challenges of hysteresis and enhancing sensor performance.""
Wu et al. proposed a double-layer network formed of graphene
foam and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) to manufacture temperature-insensitive strain sen-
sors utilizing the electrothermal properties of both graphene and
PEDOT:PSS.*" Moreover, previous works by Amjadi et al have
achieved tunable strain sensor sensitivity and high signal-to-noise
ratio (SNR) self-sensing soft actuators using simple hybrid carbon-
based nanocomposites.**** Further applicable research in the
wider soft wearable electronics field has explored improving
robustness and sensor performance through laser sintering or
ablation of composite materials,*>® as well as overcoming mate-
rial weaknesses (e.g., oxidization of metal nanowires) through air-
tight encapsulation.*”

One particular sensing material has received significant
attention in recent years—laser-induced graphene (LIG). First
discovered in 2014 by Lin et al., LIG was first generated by
irradiating polyimide (PI) films with a proprietary laser
engraver.*® The off-the-shelf components and widely available
laser technology offer a rapid and cost-effective method for
producing thin layers of disordered, porous graphene in vir-
tually any 2D shape.’® Controlled laser parameters dictate
carbonization and the formation of interconnected graphene
networks, while gas released during the process creates pores
and voids within the microstructure.*® This dual mechanism
results in a porous 3D architecture.*** LIG provides a faster,
cheaper and overall, more accessible manufacturing process
than graphene produced through other methods, such as
chemical vapor deposition.”®** The versatility of LIG-based
sensors has been demonstrated through successful applica-
tions in strain,**™*® pressure,**® and chemical sensing.>'”>?
The study has since been expanded to encompass a broader
array of precursor materials for LIG formation. Diverse materi-
als such as Kevlar, polysulfones, poly(ether imide), polypheny-
lene sulphide, and lignin have been directly converted to LIG.
Polysaccharides like cellulose and starch have also been effec-
tively activated for conversion into LIG through the application
of boric acid or phosphate-based fire retardants as well as
conversion under controlled gas atmospheres.’*>® This versa-
tility has led to the creation of inexpensive biodegradable
electronics, bringing more research attention to LIG for a more
sustainable future.’>®® The porosity of LIG means it can be
transferred to more stretchable substrates (e.g., PDMS) to
enhance its flexibility and stretchability, enabling its use in
diverse wearable and skin-interfacing applications.®>®> The
compatibility of LIG with polymer precursors and encapsulants
can be further leveraged to generate conductive 3D structures
via PI powder-based additive manufacturing.®® Despite the
numerous advantages of LIG nanocomposite soft strain sen-
sors, they are not without limitations. For instance, the elec-
trical resistance of graphene decreases with increased
temperature, elastomers expand when heated, and the porous
structure of LIG allows humidity to affect its electrical conduc-
tivity.** These effects can potentially interfere with their
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sensing functions. However, if these drawbacks could be mini-
mized, the unique accessibility of LIG could spark accelerated
progress in the field of soft wearable sensors.

Researchers have successfully made strides to overcome
some of the limitations of the LIG sensors. For instance, Huang
et al. achieved low hysteresis and high durability by creating a
LIG-silicone rubber strain sensor with a wavy structure.®®
In another example of structural improvements, W. Wang
et al., inspired by the shape of the human fingerprint, devel-
oped a LIG-Ecoflex strain sensor with enhanced sensitivity due
to microcracks in the conductor.®® A multi-functional, wearable
e-skin has been created by H. Wang et al. with serpentine LIG
temperature sensors that are insensitive to strain alongside
strain sensors so that their temperature sensitivity can be
counteracted.®” Though effective, this technique relies on an
extra computation step to compensate for the temperature
sensitivity of the LIG strain sensors. There are many applica-
tions where computation and power are limited resources, so
this sensor-based temperature compensation technique would
not be ideal. Despite the previously discussed advancements, it
remains challenging to fabricate soft and stretchable strain
sensors with durable sensing performance under transient
environmental conditions through a facile and scalable manu-
facturing process.

Herein, we present a strategy for reducing the temperature
sensitivity of LIG-PDMS nanocomposite sensors by tuning the
laser parameters during production. This exploits the counter-
active relationship between the negative temperature coeffi-
cient of resistance (TCR) of LIG and the positive coefficient of
thermal expansion (CTE) of PDMS. Our analysis shows that
tuning the laser induction process can adapt the physical
microstructure of the nanocomposite to be less sensitive to
temperature changes. Our approach results in conductive
nanocomposite strain sensors with temperature sensitivities
as low as 0.25% °C™ " and self-sensing PI-LIG-PDMS electro-
thermal actuators with near-zero thermal noise up to 100 °C.
Furthermore, the gauge factors (GFs) of our LIG nanocomposite
strain sensors range from 16 to 110. By diminishing the impact
of temperature variations on soft nanocomposites, our research
expands the capabilities of current soft wearable strain sensors
for low-noise strain measurement within temperature-varying
environments. Developing wearable and temperature self-
compensating LIG nanocomposite sensors through low-cost,
scalable digital manufacturing could prove advantageous for
numerous fields, including biomedicine, soft robotics, and
human-machine interfaces like prosthetics.

2 Results and discussion

The soft strain sensors were manufactured using the process
schematically shown in Fig. 1(a) (see Experimental Section for
more details). PI films with a thickness of 150 pm were attached
to a flat glass plate and used as the starting material for
producing the sensors. A commercial CO, laser engraver was
used to convert the PI material into a 3D porous conductive
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(a) Manufacturing process of LIG-PDMS nanocomposite strain sensors. (b) Photographs of a LIG-PDMS strain sensor demonstrating its softness

and stretchability. (c) SEM image of a native LIG sample before elastomer coating, showing the 3D porous structure of the LIG. (d) SEM image of the
fabricated LIG-PDMS nanocomposite, revealing infiltration of the PDMS into the LIG network. (e) Application demonstrations of nanocomposite strain
sensors including consistent grasping feedback for hot or cold objects and self-sensing heat-activated actuators.

graphene network. While various types of lasers can be employed
for LIG fabrication, a CO, laser was selected due to its ability to
produce high-quality LIG with comparatively larger pore sizes.***
To fabricate LIG-PDMS nanocomposite sensors, a 10:1 mixture
of PDMS base and curing agent was prepared, degassed in a
vacuum chamber, subsequently poured onto the PI-LIG surface,
and degassed again to ensure its complete infiltration into the
porous carbonized film. The coated elastomer film was cured at
100 °C for one hour to form a robust nanocomposite film of LIG
and PDMS elastomer. The PDMS layer with embedded LIG film
was then peeled off from the substrate and trimmed into
rectangular-shaped sensor samples with high flexibility and
stretchability, as shown in Fig. 1(b). Electrodes were attached to
both sides of each sample using conductive silver epoxy for
electrical measurements. For comparison, LIG samples without
elastomer coating were also manufactured by directly applying
electrodes to the raw LIG films.

The microstructure of the LIG nanocomposite was observed
by taking scanning electron microscope (SEM) images of sam-
ples before and after elastomer coating. Fig. 1(c) highlights the
formation of the LIG during the lasing process. The intense,
localized heat generated by the laser rapidly decomposes the
precursor material, leading to the liberation of gases such as
carbon dioxide, carbon monoxide, and hydrogen.*® These gases
create high-pressure conditions that promote the reorganiza-
tion of carbon atoms into the hexagonal lattice characteristic of
graphene. Simultaneously, this gas release creates 3D porous
microstructures as can be seen in the SEM image. This highly
porous structure enables the liquid PDMS elastomer to
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penetrate the conductive network and fill all voids. When the
liquid elastomer is fully cured, the infiltration process results in
highly robust, stretchable, and conductive nanocomposite
films (Fig. 1(b)). Fig. 1(d) shows the SEM image of the LIG-
PDMS nanocomposite structure, revealing that all gaps present
in the native porous LIG are filled by the elastomer. The LIG-
PDMS nanocomposites have applications in many areas of the
biomedical field, and we chose to showcase this with prosthetic
haptic strain sensors that are consistent whether grasping hot
or cold beverages, and temperature-invariant, self-sensing,
thermally activated soft actuators (Fig. 1(e)).

To examine the influence of the lasing parameters on
electromechanical and electrothermal properties of the LIG
nanocomposites, we manufactured different samples by vary-
ing the lasing power and speed (Fig. S1). Hereafter, we repre-
sent each sensor sample in all figures by %power_%speed
notation, displaying which settings were used with our laser
engraver to produce it. Hence, LIG sample 20_7 is made
using 20% laser power and 7% processing speed, or 12 W at
0.196 m s~ * (full conversions are available in Table S1).

As part of a comprehensive analysis, we initially investigated
the I-V characteristics of both pure LIG and a LIG-PDMS
nanocomposite by varying the applied voltage across each
sample while measuring the electrical current. The results in
Fig. S2 reveal that both samples possess linear ohmic proper-
ties within the tested voltage range. Moreover, native LIG on PI
exhibits a negative TCR, which indicates that its resistance
decreases as the temperature increases (see Fig. S3a and b).
This electrothermal behavior is primarily attributed to the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2

(a) Static electrothermal response of LIG-PDMS composites for different lasering speeds at 20% power. (b) Strain resistance curve for two sets of

sensors produced at 20% power, comparing 7% and 13% speeds. (c) Effect of heating on samples during cyclic stretching (10% strain applied) at a high
strain rate. (d) Effect of heating on strain testing at a slower strain rate (10% strain applied). (e) Effect of heating on samples during static loading (10% strain
applied). (f) Effect of strain on thermal sensitivity of a 20_7 strain sensor. The sensor was held at 5 and 10% strain while an identical thermal load was

applied for each strain level.

increase in carrier mobility and thermal excitation of charge
carriers, resulting in enhanced electrical conductivity at higher
temperatures.”® Our experimental data show that the electro-
thermal properties of uncoated LIG are minimally affected by
laser parameters (i.e., power and scanning speed). For all tested
speeds and powers, a decrease of approximately 2-2.5% in
resistance was measured at 60 °C (see Fig. S3a and b).

In contrast to the native LIG, the LIG-PDMS nanocompo-
sites demonstrate significant variations in the electrothermal
response depending on the laser settings employed (see
Fig. 2(a) and Fig. S3c, d). For instance, when the temperature
was increased from room temperature (~18 °C) to 60 °C, a 20%
increase in resistance was observed for a 20_10 nanocomposite
sample, compared to a 7% increase for a 20_7 sample. The LIG-
PDMS nanocomposite incorporates a PDMS elastomer matrix
that possesses a CTE of around 310 x 10~ ° °C~'.”* Conse-
quently, the thermal expansion of the PDMS matrix leads to
alterations in the interparticle spacing and contact resistance
between the graphene particles within the LIG percolation
network. As the temperature increases, the expansion of the
PDMS matrix causes a reduction in contact density and the

This journal is © The Royal Society of Chemistry 2025

efficiency of charge transport pathways between the graphene
particles, resulting in an increase in the resistance of the
nanocomposite. Furthermore, penetration of the liquid PDMS
into the 3D porous microstructure of LIG creates tunnelling
junctions among several graphene particles which are not
physically connected but distanced closely. Variations in the
temperature of the nanocomposite influence the tunnelling
current within the network. Thermal expansion of PDMS and
formation of the tunnelling junctions together with the intrin-
sic negative TCR of the LIG contribute to the overall electro-
thermal properties of the nanocomposite.'’** Although the
increase in resistance of all LIG-PDMS samples can be attrib-
uted to the positive CTE of PDMS, the underlying mechanism
remains unclear. The nanocomposite samples exhibit varying
thermal responses, yet the relationship between laser fluence
(i.e., laser energy delivered per unit area) and thermal sensitiv-
ity is nonlinear, and the thermoresistive behavior of native LIG
shows minimal dependence on laser fluence.

We further investigated the observed thermoresistive effects
and explored whether changing the lasing parameters could
decouple thermal and mechanical sensing in the LIG-PDMS

J. Mater. Chem. C, 2025,13,20000-20012 | 20003
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nanocomposite stretchable strain sensors. Although the con-
cept of flexible temperature-invariant strain sensors has been
studied,*" our approach provides a rapid, digital, and scalable
manufacturing process, using inexpensive (~£1 per sensor),
off-the-shelf materials, for developing wearable strain sensors
with controllable electrothermal behaviour. Fig. 2(b) depicts
the electromechanical response of two nanocomposite strain
sensor samples subjected to 20% stretching. These were man-
ufactured with the same lasing power of 20% but at different
processing speeds. The curve illustrates the relationship
between the applied strain and the corresponding change in
resistance. As shown in the figure, each sample exhibits distinct
changes in the electrical resistance during the stretching cycle.
The sample processed at a lower laser speed exhibits signifi-
cantly reduced hysteresis (1%) compared to 14% for the higher-
speed sample (see Fig. S4 for details of the hysteresis calculation).
Moreover, the sample produced with lower laser processing speed
demonstrates diminished sensitivity, reflected in lower GF -
relative changes in the resistance divided by the applied mechan-
ical strain - ranging from 16 to 32. Strain sensors produced with
this speed setting exhibited a distinctive concave strain/resistance
curve, suggesting higher sensitivity at lower strains. In contrast,
sensors generated at the higher speed portray convex strain/
resistance curves, indicating a more pronounced sensitivity at
higher strains, with GFs in excess of 110 (Fig. 2(b), Fig. S5 and
Table S1). While soft sensors with higher GFs have been reported
in the literature,* this aspect falls outside the scope of the current
study. For instance, strategies such as incorporating cracks into
the design of soft stretchable strain sensors have been shown to
improve the GF.”” Differences in strain response between our
sensors arise from variations in the microstructure of the con-
ductive network. Compared to higher fluence sensors, sensors
induced with lower fluence feature a thinner, less interconnected
layer of LIG, offering higher sensitivities due to their low-density
conductive networks (Fig. S1). Despite their greater sensitivity,
low fluence strain sensors exhibit higher measurement noise,
as shown in Fig. 2(b). The electromechanical response of a 20_7
sensor was further evaluated under repeated loading-unload-
ing cycles. As shown in Fig. S6, the sensor exhibited durable
response over 1000 cycles, loading from 0 to 20% strain.
Additional tests were conducted to investigate the dynamic
electrothermomechanical response of strain sensor samples
manufactured with different lasing parameters. As illustrated
in Fig. 2(c) and (d), both 20_7 and 20_13 sensors underwent
cyclic mechanical stretching from 0 to 10% strain with periods
of 30 and 60 s, respectively. The initial drift in the cyclic strain
response of soft strain sensors is well-documented,®”* so the
maxima at ambient conditions have been overlaid in Fig. 2(d)
for clarity. While under dynamic mechanical loading, the
sensors were subjected to an abrupt temperature shift from
room temperature (~18 °C) to 100 °C for 5 cycles. The cycle
duration, whether 30 or 60 seconds, did not significantly alter
the overall trend in resistance change when heated, indicating
that the relaxation time of the PDMS did not alter the response
to an increase in temperature. The 20_7 sensors showcased a
positive change in resistance, reaching up to 3%. Conversely,
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the 20_13 nanocomposite sample exhibited a negative relative
change in resistance, surpassing 15%. This experimental inves-
tigation reveals a pronounced trend: the TCR within LIG-PDMS
nanocomposite sensors under dynamic mechanical loading
exhibits variability based on specific laser settings used during
fabrication. These dynamic TCR profiles can assume positive,
negative, or nearly neutral values, contingent on manufacturing
intricacies. As shown in Fig. 2(e), the sensors were further
evaluated using a specific testing protocol wherein the samples
were first subjected to a 10% static strain and held for 20 s.
Afterwards, they were heated for 10 s, followed by a cooling
period of 10 s before being unloaded. Despite the static nature
of the test, sensors exhibited consistent responses to the
previous dynamic tests.

The difference observed in dynamic TCR results from
complex interactions, primarily driven by the interplay between
the relaxation and expansion of PDMS within the nanocompo-
site structure when heated and the interconnectivity and TCR
of the LIG network itself. When PDMS is heated, it undergoes
faster stress relaxation, altering the strain distribution within
the sample. This could explain the drop in the dynamic strain
response of 20_13 sample when heated. Additionally, the
limited positive response of 20_7 to heating is likely due to
the opposing effects of the negative TCR of LIG and the positive
CTE of PDMS. These conclusions are further supported by the
relaxation of a pure PDMS film with identical dimensions to the
sensors, when it was heated under tension, reducing the force
needed to stretch it (Fig. S7). We also find that, as strain levels
increase, the relative change in resistance due to temperature
increase diminishes. For instance, the resistance increase is 4%
at 10% strain, compared to 6% at 5% strain for a 20_7 strain
sensor (Fig. 2(f)). This suggests a complex interplay between
strain-induced and temperature-induced resistance changes
in sensors. Therefore, operating the sensors at higher strains
could help minimize the relative impact of temperature-induced
resistance variations.

To study the physical phenomena behind the varying elec-
trothermomechanical properties of LIG nanocomposite sen-
sors, they were investigated with Raman spectroscopy. The
acquired Raman spectra were analyzed to determine character-
istic features such as the G band (graphitic sp> carbon), D band
(disordered carbon), and 2D band (second-order overtone of
the D band). The intensity ratio of the D and G bands (Is/Ip) was
calculated to assess the quality and structural characteristics of
the LIG. Fig. 3(a) displays the representative Raman spectra of
the raw LIG samples. The G band is observed at 1580 cm ™,
the D band at 1350 cm™!, and the 2D band at 2700 cm™*. The
obtained Raman spectra confirm the successful conversion of
the PI film into LIG. The presence of the characteristic G, D,
and 2D bands in the spectrum indicates the formation of
graphitic carbon with a certain degree of disorder. The calcu-
lated Ig/Ip ratio around 1 aligns with values reported in the
literature and is indicative of a substantial degree of graphene
formation within the LIG films (see Fig. $8).>*’* Comparing
our findings with previous studies,*®”*””° the observed Raman
features, and calculated parameters align with the reported

This journal is © The Royal Society of Chemistry 2025
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(a) Raman spectrum and analysis for pure LIG samples made with 20% laser power and 13%, 10%, 8% and 6% processing speeds, from top to

bottom. D, G and 2D peaks are labelled above. (b) Raman spectrum and analysis for the LIG-PDMS nanocomposites with the same lasing parameters as
in (@). (c) SEM image of a 20_13 raw LIG sample. (d) SEM image of a 20_7 raw LIG sample.

characteristics of high-quality graphene materials. Fig. 3(b)
underscores the resemblance in graphene structure between
the raw samples and the LIG-PDMS nanocomposites, implying
that the structural integrity and quality remain unaffected
throughout the elastomer infiltration and transfer process.
Additionally, the Raman analysis revealed no discernible differ-
ences between the spectra of high and low fluence samples,
suggesting that any observed differences in the electrothermo-
mechanical performance are not related to variations in gra-
phene quality or atomic structure.

In-depth exploration of the graphene structure through SEM
(Fig. 3(c) and (d)) analysis revealed a correlation: heightened
fluence during fabrication results in a more porous graphene
microstructure with a more intricately connected graphene
network (Fig. S9). After the PDMS infiltration to form a nano-
composite material (see cross-sectional SEM images in Fig. S10),
these varying LIG microstructures directly govern the strain sen-
sing behavior, tunnelling junctions, and overall properties of
the nanocomposite. For instance, 20_7 samples possess highly
porous, thin, hierarchical fibrous structures, which can lead to
greater numbers of tunnelling junctions within the network.
When the strain sensor is heated, the high thermal expansion
of the elastomer increases the tunnelling distance among the
abundant, closely spaced particles, resulting in a slight increase in

This journal is © The Royal Society of Chemistry 2025

the electrical resistance, as evident in our experimental observa-
tion (Fig. 2(c) and (d)).* In the case of low fluence samples (e.g.,
20_13), the electrical conduction is mostly formed by thick,
branching, conductive traces of the LIG. Even after elastomer
penetration, there are still plenty of physically connected gra-
phene particles. Consequently, the intrinsic negative TCR of the
LIG significantly contributes to the response of the nanocompo-
site to elevated temperatures. Therefore, observed differences in
sensor performance are likely due to variations in the LIG micro-
structure rather than the chemical composition. This analysis
provides an explanation for the influence of laser fluence on the
thermoresistive behavior of both native LIG and LIG-PDMS
nanocomposites. The CTE of the PDMS has more influence than
the negative TCR of graphene on LIG samples made with high
enough laser fluences to be restructured into fibrous networks by
the exhaust gases. The effect is further pronounced in dynamic
tests when the sensors are stretched, and their percolation net-
works are dominated by different conductive pathways depending
on their microstructures.

We have illustrated that the electrothermomechanical prop-
erties of the LIG-PDMS nanocomposite can be tuned by adjust-
ing the lasing parameters, enabling the design of nearly heat-
insensitive strain sensors through a scalable, low-cost, and acces-
sible process. The results suggest that complete eradication of
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temperature sensitivity is likely possible for tuned LIG-PDMS
nanocomposites. However, the chaotic nature of the laser induc-
tion process means that more research is needed to find a
similarly facile and repeatable process to produce such a material.
Previous studies using graphene-elastomer nanocomposites pro-
duced without laser induction have achieved near-zero TCRs by
exploiting a similar mechanism (negative TCR versus positive
CTE).”””® However, these solutions require more preparation,
specialized equipment and more expensive precursor materials
than our procedure, making them less facile. Niu et al.”® made
sensors (TCR ~ 0.7 x 10~* K~ ") that could maintain near-zero
TCR from - 40 °C up to room temperature, but their layered drop-
coating process was slower and less precise than laser patterning
and encapsulation. Our soft sensors have potential for use in a
variety of applications, with a reduced need for calibration and
compensation of the unwanted noise generated by transient
changes in temperature. In the following, we highlight the use
of our LIG nanocomposites in highly temperature-variant
wearable and soft robotic applications where somatic sensing
remains challenging. We selected sample 20_7 for the follow-
ing applications, as it exhibited the best performance in terms
of stability and response under varying thermal conditions,
making it suitable for integration into environments with
fluctuating temperatures.

Prosthetic soft strain sensor

This application of the LIG-PDMS nanocomposite strain sen-
sors demonstrates the influence of thermally induced noise
on a sensor that is optimized to have reduced sensitivity to
temperature, in a real-life scenario. The scenario chosen
involved tracking the motion of a robotic prosthetic hand while
grasping a mug full of hot and cold water to simulate a
prosthesis user picking up drinks. This experiment applies to
the current state of the art in prosthetics research because users
greatly benefit from haptic feedback from mechanisms like
strain and pressure that give them more information about
what their prosthesis is doing or touching.”®*° The disruptive
influence of temperature on the signal from the strain sensor,
in this case, is significant because an inconsistent signal could
be fed back to a user depending on whether they are holding a
cold or dangerously hot beverage. This could then lead to the
user dropping what they are holding and becoming injured by
scalding liquids and/or smashed drink vessels.

Fig. 4(a) shows the Covvi™ robotic prosthetic hand with a
20_7 strain sensor wrapped around the index finger and
secured with a kinesiology tape. As shown in Fig. 4(b), this
configuration causes the sensor to bulge outwards when the
finger bends into a grasp, generating a strain on the sensitive
zone of the LIG strain sensor and inducing a measurable
resistance change. The sensor device is a long strip, mainly
consisting of PDMS so that it can be wrapped around the finger
and secured with tape in such a way that this bulging occurs.
An added benefit of this design is that the edges of the LIG area,
where the electrodes are attached, experience little disturbance
during grasping. Fig. 4(c) is a photograph of the application
scenario, wherein the sensor on the hand is connected to a
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multimeter by wires secured to the wrist of the prosthetic, and
a mug is positioned to be grasped by the hand while it contains
hot or cold water. The mug was placed on a pedestal during the
experiment to allow the hand to fit around a smaller diameter
area for a more secure grip.

Fig. 4(d) illustrates the strain response of an optimized
sensor during the exercises of grasping the mug when it
contains hot (~70 °C) and cold (~ 8 °C) water (see Movie S1).
Each activity involved three cycles of grasping the mug, holding
for 40 s, releasing and waiting for 60 s. The purpose of the hold
duration is to allow time for the temperature of the mug to
affect the sensor, while also simulating the time it would take a
prosthesis user to drink from the vessel. The 60 s wait reduces
the effects of drift (as seen in Fig. 2(d)) by allowing the sensor to
return to its original size before the next grasp. In the grasping
phase of every cycle, a linear jump in resistance can be
observed. This is then followed by a relaxation period during
the hold phase, which could be attributed to the poor adhesion
and sliding of the sensor on the robotic hand or mechanical
properties of the elastomer substrate, then a smaller jump in
resistance arises as the hand opens. The divergence of the hot
and cold curves in Fig. 4(d) can be attributed to sensor sliding
prior to the cold grasps, and the colder temperature slowing
down the contraction of the elastomer substrate between
grasps, causing increased drift overall. It is important to note,
however, that this does not necessarily reflect the strain
responses of the sensor when actively heated or cooled.
Although it was impossible to precisely control the amount of
strain applied to the sensor through manual operation, the
changes in resistance during the grasping phases, when the
sensor is being actively heated or cooled, are minor. Fig. 4(e)
demonstrates the similarity in strain sensing behavior between
the hot and cold grasps during each grasping phase, showing
that the sensor output is identical regardless of the environ-
mental temperature. For clarity, the active grasping curves,
highlighted in Fig. 4(d), have been isolated and overlaid in
Fig. 4(e) by shifting the peaks to coincide, while preserving the
original measurement ranges. We quantified the influence of
temperature as the percentage resistance change between the
peak of each grasp and the value recorded after 37 s of holding
the mug. This allows time for the temperature of the mug to
affect the sensor and potentially influence the behavior of the
LIG-PDMS nanocomposite and leaves buffer time to minimize
human error. The thermal influence values are 11.1%, 8.5%
and 7.1%, respectively, for the hot mug and 11.1%, 8.9% and
8.1%, respectively, for the cold mug. Thermally induced noise
in this case is the average difference between the drop of
resistance of the hot mug, and that of the cold mug over all 3
grasps, making it approximately 0.5% overall. The SNR is
calculated to be around 29 by dividing the average peak
resistance change of all grasps (14.3%) by the average thermally
induced noise value (0.5%). For comparison, this experiment
was repeated with a 20_13 sensor, which showed consistent
thermally induced deviations in resistance during grasping and
an SNR of 11 (Fig. S11). This experiment proves that, even in a
practical scenario, the influence of reducing the temperature

This journal is © The Royal Society of Chemistry 2025
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Fig. 4

(a) Photograph of a 20_7 sensor wrapped around the finger of a Cowvi™ robotic prosthetic hand and secured with kinesiology tape to sense strain

when the finger is bent during grasping. (b) A schematic showing how strain is induced in the sensor via finger bending and bulging of the
nanocomposite. (c) Application scenario of grasping a mug when it is hot or cold. (d) Strain response of the sensor while grasping the mug when it is
filled with hot (~70 °C) and cold (~8 °C) water, including thermal images of the scenario. (e) Sensor signals from each grasping phase, overlaid to

demonstrate contact heating effects without the influence of sensor drift.

sensitivity of the LIG-PDMS sensors by altering the induction
laser parameters is significant. Applying this practice to the
creation of LIG-polymer nanocomposite soft sensors and
e-skins in the future could make robotic prostheses easier for
users to control while receiving accurate sensory feedback in
any environment.

This journal is © The Royal Society of Chemistry 2025

Soft electrothermal actuators with integrated sensing function

In another example, we developed electrothermal actuators
inspired by the work of Wang et al.®"**> The fundamental idea
behind this design was to exploit the inherent thermal stability
of LIG-PDMS nanocomposite sensors, enabling them to
maintain consistent resistance even under actuation at elevated
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temperatures, up to 100 °C. The fabrication process of the LIG-
based soft actuators, as illustrated in Fig. S12, began with laser
scribing of LIG patterns onto a PI film. This was achieved using
optimized laser parameters of 20% power and 7% speed.
A layer of PDMS solution was then spin-coated onto the LIG.
Following the curing and peeling off processes, the structure
was cut based on predetermined U-shaped designs and a layer
of commercial PI tape was applied on top of the PDMS, forming
a bilayer structure with the nanocomposite sensing layer sand-
wiched between PDMS and PI layers. Upon applying a voltage,
the LIG nanocomposite experiences heating due to the Joule
effect, reaching temperatures up to 100 °C. Notably, PDMS
exhibits a significantly higher CTE compared to the relatively
low CTE of PI (~ 40 x 10~° °C™").®" This substantial difference
leads to asymmetric thermal expansion, causing deformation
in the actuator. This asymmetric response is demonstrated in
Fig. 5(a) and Movie S2, which illustrates the bending movement
of the actuator towards the PI layer as a result of differential
thermal expansion. Fig. 5(b) demonstrates the resistance
response of a soft actuator under free bending and when fully
blocked. The LIG film showed a 23.5% relative change in resis-
tance during free bending while a 1.3% change was observed
when the actuator was constrained, preventing bending strain
in the sensing film. In both cases, the measured temperature

b)

Fig. 5
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difference between the blocked and unblocked states was less
than 5%. This shows an 18-fold greater response in the free-
bending condition, confirming that the alteration in resistance
observed in the sensor during actuation arises exclusively from
mechanical deformation, rather than an increase in tempera-
ture. Fig. 5(c) illustrates additional experiments on the sensing
capability of the soft actuator. An actuator was subjected to a
controlled voltage for bending actuation while it was moved
across a custom 3D-printed track. As shown in Fig. 5(d) and
Movie S3, the actuator can detect its level of deflection by
monitoring changes in the nanocomposite’s electrical resis-
tance. When the actuator shifts upon contact with the surface,
its resistance changes accordingly. This self-sensing capability
enables visualization of the shapes encountered by the soft
actuator without additional sensors.

3 Conclusion

In summary, this paper introduced a widely accessible
approach to enhance the functionality of LIG-PDMS nanocom-
posites by adjusting the laser induction process to minimize
thermal sensitivity. The manipulation of laser parameters
enabled control over the carbonization process, leading to the

0.25 |
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0.2 = Blocked
o 0.151
o
e
q 0.1
0.05 |
o-
0o 20 40 60
d) Time (s)
0_
=-0.05
-0.1
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(a) Deformation of a soft electrothermal actuator at different voltages. (b) Relative resistance changes of a soft actuator subjected to 20 V under

free bending and when fully blocked. (c) Schematics of a soft actuator sliding over a 3D-printed terrain. (d) Sensing response of the actuator during the

sliding movement.
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formation of varied microstructure networks within the nano-
composites. These microstructural variations resulted in
diminished sensitivities to temperature, allowing for the design
and fabrication of soft strain sensors with significantly dimin-
ished TCRs and self-sensing electrothermal soft actuators with
negligible temperature sensitivities. Finally, the potential appli-
cations of the optimized strain sensors were demonstrated in
an environment with significant temperature fluctuations, and
the wider versatility of the laser-tuned LIG nanocomposites was
demonstrated by self-sensing thermal actuators.

Beyond biomedical and soft robotic applications, the ther-
mal stability of these nanocomposites opens possibilities for
their use in harsh or dynamic environments, such as aerospace
systems, structural health monitoring of buildings or bridges,
and smart textiles for adaptive clothing. Future research could
focus on enhancing the durability and sensitivity of the sensors
for prolonged use, as well as scaling up their production for
commercial applications. Additionally, exploring their integra-
tion with wireless or Al-driven systems could further broaden
their impact in fields such as autonomous healthcare, disaster
response robotics, and environmental monitoring.

4 Experimental section
Fabrication of LIG-PDMS nanocomposite sensors

PI films with a thickness of 150 um (Craftbot adhesive Kapton
sheet) were used as the starting material for graphene produc-
tion. A commercial CO, laser cutter (Trotec™ Speedy 100, max.
laser power 60 W, max. processing speed 2.8 m s~ ' at 1000
points per inch pulse rate) was employed to convert the PI films
into LIG using various power and speed settings in a standard
area of 10 x 30 mm” per sample. To fabricate the LIG-PDMS
nanocomposite sensors, a 10:1 mixture of PDMS base and
curing agent (SYLGARD™ 184 from Dow) was prepared. The
mixture was thoroughly degassed at 0.3 bar for 10 minutes and
then poured onto the carbonized film to achieve a uniform
coating in an area of 16 x 40 mm” at a uniform thickness
of approximately 1.5 mm. Subsequently, the samples were
degassed for a further 10 minutes and cured at 100 °C for
one hour. PDMS films with embedded LIG nanocomposite
layers were peeled off from PI films. Aluminum foil electrodes
were attached to each side of the nanocomposite films using
silver epoxy (MG Chemicals 9410, one-part epoxy) and cured
at 150 °C for 10 minutes. For the raw samples, the silver epoxy
was applied directly onto the graphene without the addition
of PDMS.

Electrical, electromechanical, and electrothermomechanical
characterizations

We investigated the I-V characteristics of both pure LIG and
LIG-PDMS nanocomposite. For each sample, the voltage
was swept in steps of 0.5 V over a range of —10 V to +10 V
(Tenma 72-2535), and the corresponding current was recorded
(Keysight U1241C). The measurements were performed at room
temperature under ambient conditions. For the electromechanical

This journal is © The Royal Society of Chemistry 2025
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measurements, the LIG-PDMS nanocomposite sensors were
mounted and secured on a motorized moving stage (Zaber X-
LRQ450HP-DE51) using a custom 3D-printed jig. Both ends of
the sensors were connected to a data acquisition board (NI
USB6363, National Instruments) to measure the voltage across
the sensors. A reference resistor with a known resistance
was employed to precisely measure the electrical resistance of
sensors under various mechanical loading conditions. A custom-
made LabVIEW script was used to control the movement of
the moving stage and record the displacement, resistance, and
time during the dynamic electromechanical measurements. For
dynamic electrothermomechanical testing, a soldering station
(858D SMD Hot Air Rework Soldering Station) was placed at a
distance of 2 cm from each sensor and set at a temperature
of 100 °C to heat the samples while a FLIR IR thermal camera
(E5-XT Wi-Fi Thermal Imaging Camera) was utilized to measure
their surface temperature (see Fig. S13). For the static electro-
thermal testing, the nanocomposite sensors were placed on a
Creality Ender 3 Pro 3D printer heated bed and connected
to the data acquisition board. A custom Python script was
developed to control the heating profile of the printer bed.
The resistance values of each sensor were recorded using the
custom LabVIEW script. In addition, an auxiliary loop incorpo-
rated a DC95F103WN negative temperature coefficient thermis-
tor (Amphenol Advanced Sensors), placed in close proximity to
sensors, and a second reference resistor to monitor the tem-
perature experienced by sensors (see Fig. S14). The observed
plateau in Fig. 2(a) measurements near 60 °C arises from
limitations in the experimental setup. Specifically, the thermis-
tor was not positioned identically to the samples, and the
temperature distribution across the 3D-printer heated bed
was not entirely uniform. These factors introduced increased
discrepancies at higher temperatures, which manifested as the
apparent plateau in measurements.

Materials characterizations

Raman spectroscopy was performed to analyze the structural
properties of the LIG produced from PI films. The Raman
spectra were acquired using a confocal Raman microscope
(LabRAM HR, Horiba Jobin Yvon) equipped with a laser source
at a wavelength of 532 nm (Ventus 532 laser system, 100 mW).
Prior to the measurements, the LIG samples were placed on a
microscope slide and positioned under the Raman microscope.
The Raman spectra were collected in the range of 1000-
3000 cm ™" with an integration time of 10-20 s per spectrum.
The acquired Raman spectra were analyzed to determine char-
acteristic features such as the G, D, and 2D bands. The intensity
ratio of the D and G bands (Ig/I) was calculated to assess
the quality and structural characteristics of the LIG.”®** The
interpretation of these Raman bands provides valuable infor-
mation about the degree of graphitization, presence of defects,
and structural integrity of the LIG samples. The intensity
ratio Ig/Ip serves as a measure of the graphene crystallinity
and defect density.”*’® SEM (Tescan Clara) was employed
to study the microstructure of the pristine LIG and nano-
composite films.

J. Mater. Chem. C, 2025, 13, 20000-20012 | 20009


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc02865e

Open Access Article. Published on 03 September 2025. Downloaded on 11/6/2025 8:40:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

Strain sensor applications

For prosthetic application, a 20_7 sensor with a dimension of
25 x 75 mm’ was utilized. Thin strips of aluminum foil (10 x
5 mm?) were applied with silver epoxy to secure wires to each
end of the sensor. All measurements were recorded by a Key-
sight U1241C digital multimeter and logged by the Keysight
Logger software. For the soft actuator application, LIG patterns
(15 x 5 mm?) were scribed onto a PI film using optimized laser
parameters of 20% power and 7% speed. Following the LIG
formation, a layer of PDMS solution was spin-coated onto the
LIG surface at 500 rpm for 5 seconds to ensure uniform cover-
age. The coated samples were then cured at 90 °C for one hour
to allow complete polymerization of the PDMS. Once cured, the
LIG-PDMS nanocomposite was carefully peeled off from the
substrate. Subsequently, electrodes were affixed to the ends of
the LIG track using silver epoxy to facilitate electrical contact.
After electrode placement, the nanocomposite was trimmed
according to predetermined geometric designs. To complete
the fabrication of the soft actuator, a layer of commercial PI
tape was applied to the top surface of the PDMS, resulting in a
bilayer soft actuator. Actuation of the LIG-based sensor was
achieved using a DC power supply, where the applied output
voltage controlled the deformation of the actuator. Current
measurements were recorded using a Keysight U1242C digital
multimeter wired in series with the sensor and data were
collected through the Keysight Logger Software.
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