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Abstract—The increasing demand for non-invasive, continuous,
and user-friendly healthcare solutions is accelerating the devel-
opment of advanced biomedical sensors. Flexible optoelectronic
sensors, in particular, offer real-time, contactless physiologi-
cal monitoring for applications such as smart health systems,
remote diagnostics, and wearable devices. In this study, the
fabrication and characterization of a dual-mode flexible bending
sensor is presented that integrates graphene quantum dots with
inkjet-printed silver interdigitated electrodes on a polyethylene
terephthalate substrate. The sensor exhibits significant strain
sensitivity, with the gauge factor increasing with decreasing bend-
ing diameter, demonstrating high responsiveness to mechanical
deformation. Additionally, the photoluminescence emission peak
shifts from 500 nm to 464 nm under strain, providing an optical
strain-sensing mode. The sensor’s stable dual-mode (electrical
and optical) response across repeated bending cycles enhances its
reliability and application versatility. This combined functionality
makes the proposed sensor a promising candidate for wearable
biomedical platforms that require real-time strain detection and
contactless physiological monitoring.

Index Terms—Graphene Quantum Dots, Inkjet-printing, Opto-
electronic sensors, Photoluminescence, Flexible electronics.

I. INTRODUCTION

Optoelectronic sensors integrate optical and electronic com-
ponents to detect physiological signals and biomarkers in
real time, typically in a non-invasive or minimally invasive
manner. Flexible optoelectronic sensors, utilize materials such
as quantum dots, organic semiconductors, perovskites, and
nanostructured carbons like graphene and carbon nanotubes,
and offer high sensitivity, mechanical durability, as well as
multifunctionality under repeated bending or stretching. These
sensors enable advanced devices, including photoplethysmog-
raphy sensors, oximeters, and biosensors for fluid analysis and
continuous health monitoring [1]-[5]. Flexible photodetectors
and light-emitting diodes are also being developed for large-
area, low-cost, and wearable systems with applications span-
ning biomedical sensing and photocommunication [5], [6].
Recent studies have shown that flexible optoelectronic sensors,
especially those using colloidal quantum dots and graphene
electrodes, maintain stable performance under cyclic mechan-
ical stress, making them ideal for next-generation wearable
monitors [7].

Modern flexible bending sensors employ various sensing
mechanisms, including piezoresistive, photonic, magnetic, and
triboelectric principles [8]. Piezoresistive sensors utilizing ad-

vanced materials such as microcracked gold nanofilms, porous
graphene, carbon black composites, and silver nanowires have
achieved superior sensitivity and long-term stability [9]. Pho-
tonic sensors using optical waveguides and Bragg gratings
enable ultra-thin, highly flexible designs capable of detecting
curvature, strain, and temperature simultaneously [10]. Recent
innovations such as bianisotropic textiles now offer omnidi-
rectional sensing (0-360°) with low error rates, making them
effective for soft robotics and wearable joint monitoring [11].

Despite these advancements, significant gaps remain, par-
ticularly in interference resistance, multidirectional detection,
and scalable, cost-effective fabrication. Many existing sensors
rely on complex material processing or single-mode sensing,
which limits their reliability and practical deployment.

Printed porous graphene and composite-based sensors have
shown excellent durability, high linearity, and low hysteresis
over extended cycles [12], [13], expanding their applications
in wearable health monitoring, robotics, and interactive sys-
tems [13]-[15]. Unlike bulk graphene, graphene quantum dots
(GQDs) exhibit a tunable bandgap influenced by their size,
shape, and edge configuration [16]. They also provide strong
size-dependent photoluminescence that stretches from ultra-
violet to near-infrared, making them promising materials for
biological imaging, optoelectronic devices, and sensors [17].
Electrically, GQD-based films exhibit tunneling-dominated
conduction with high gauge factors (up to 841.42) and a
wide range of deformation detection (up to 50%) [18], [19].
Optically, GQDs provide strain-tunable photoluminescence,
allowing non-contact, real-time strain detection that is immune
to electromagnetic interference [20], [21].

In this work, we propose a low-cost, flexible dual-mode
strain sensor that integrates electrical and optical sensing
using GQDs printed on a polyethylene terephthalate (PET)
substrate. The proposed dual-sensing approach enhances re-
liability and versatility by enabling simultaneous detection of
strain-induced resistance changes and photoluminescence (PL)
variations.

The rest of the paper is organized as follows. Section II
discusses the sensor’s working mechanism. Section III outlines
the fabrication process. The experimental results and analysis
are presented in Section IV, followed by conclusions and
future research directions in Section V.



II. FUNDAMENTALS OF STRAIN SENSING IN GQD
DEVICES

A. Resistive Sensing via Quantum Electron Tunneling in
Graphene Quantum Dots

GQDs are zero-dimensional sp? carbon nanostructures that
exhibit tunable electronic and optical properties due to quan-
tum confinement and edge effects [22]. In GQD-based thin
films, one of the most significant charge transport mecha-
nisms is quantum electron tunneling, where electrons can pass
through a potential barrier that would be classically forbidden,
particularly when the GQDs are separated by nanometer-
scale dielectric gaps. The following equation describes the
tunneling resistance between two adjacent nanomaterials based
on Simmons’ tunneling theory [23].
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o V is the applied electrical potential difference,

o A is the cross-sectional area of the tunneling junction,
o J is the tunneling current density,

e h is Planck’s constant,

« d is the distance between adjacent nanomaterials,

o e is the elementary charge,

e m is the mass of an electron,

A\ is the barrier height for tunneling.
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As the distance d between increases, the tunneling resistance
rises exponentially due to the reduced tunneling probability.
This relationship is critical in flexible strain sensors where
mechanical deformation changes the interparticle distance,
modulating the sensor’s resistance in response to strain, as
shown in Fig. 1.

When mechanical strain ¢ is applied (e.g., through substrate
bending), the average inter-dot distance increases, reducing the
tunneling probability and thus increasing the film’s resistance.

The relationship between the inter-dot distance and strain
can be approximated by [24]:

d(e) = do(1 + ae) ()

where dy is the initial distance and « is a geometric factor
dependent on the material’s deformation characteristics.
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Fig. 1. Resistive sensing via quantum tunneling.

This tunneling-based resistive modulation is the fundamen-
tal sensing mechanism employed in the proposed dual-mode
flexible strain sensor.

The strain sensitivity is typically quantified using the gauge

factor: AR/R
GF = =0 3)
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B. Optical Sensing via Photoluminescence Modulation
GQDs show excitation-dependent photoluminescence
because of their quantum-confinement and edge-
functionalization properties. The optical properties are
highly sensitive to size, shape, edge structure, and
surface functionalization, and several peaks such as

so—oc*, m—7n", n—x* and n — ¢* can be observed in
the photoluminescence (PL) spectra of the GQDs [25].

In the context of GQDs, when mechanical strain is applied,
the wavelength shifts (red or blue) and intensity variations
are observed in the emission spectra under different bending
conditions, as demonstrated in Fig. 2. This enables the sensor
to operate optically, without electrical connections, which is
advantageous for bio-integrated or remote sensing platforms.
The PL response changes due to:

e Quantum Confinement Alteration: Under tensile strain
(e.g., outward bending), the sp? carbon domains in GQDs
are spatially isolated, enhancing the confinement effects,
increasing the energy gap, and resulting in a blue shift of
PL spectra [26].

o Defect-State Perturbation: The bend modifies the func-
tional groups of the surface and the oxygenated defects
on the GQD surfaces, thereby changing the recombination
pathways [27].

Light Detection Device

o
th]
= 7 Optical Sensing Material
Light Source GQD
| _Bending (eeb)
hu
- Optical Transmission
nghtSSUrce _———
Bending Diameter

o

o

D >

o £

3 2 Initial PL

£28 Shifted PL under strain

€ <

2

oo

2 Wavelength

=

o (nm)

Fig. 2. Optical sensing mechanism of GQD based bending sensor

C. Working Principle of The Printed Bending Sensor

In the fabricated devices, electrons initially tunnel through
nanogaps between GQDs, forming multiple conductive path-
ways in the unstrained state. When the PET substrate is bent,
the inter-dot spacing increases, reducing the tunneling prob-
ability and disrupting the conductive network. Consequently,
the number of active conduction paths (V) decreases, leading
to a nonlinear increase in resistance that correlates with the



applied strain. Additionally, the quantum confinement effects
and strain-induced modifications of surface states in GQDs
result in photoluminescence shifts, enabling optical strain
sensing. These underlying mechanisms support the use of
GQD-based tunneling sensors for high-sensitivity, dual-mode
(electrical and optical) strain detection.

These device physics models validate the choice of GQD-
based tunneling sensors for high-strain, high-sensitivity, and
dual-mode (electrical and optical) applications.

III. SENSOR FABRICATION AND CHARACTERIZATION
A. Substrate and Electrode Fabrication

A flexible PET substrate, 250 pm thick, was cleaned using
ethanol and deionized water. Silver nanoparticle ink was
printed into an IDE structure using an inkjet printer. The
printed pattern consisted of 5 fingers per side, each with a
width of 1 mm and spacing of 0.5 mm. The ink was cured
at 80°C for 30 minutes.

B. GOD Deposition

GQDs used in this study were obtained as received from
Sigma-Aldrich without further modification. The GQD solu-
tion was diluted to 1 mg/mL and drop-cast onto the IDE region
to form a thin film bridging the electrodes. The substrate was
subsequently dried at 80°C to ensure proper film formation as
shown in Fig. 3.
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Fig. 3. Schematic illustration of the fabrication process of the printed GQD
bending sensor. Silver nanoparticle (Ag NP) ink is patterned as IDEs on a
PET substrate using inkjet printing. GQD ink is subsequently drop-cast onto
the printed electrodes to complete the sensor structure.

C. Strain Application and Testing

Mechanical strain was applied by bending the PET sub-
strate over cylindrical surfaces of known radii. Electrical
measurements were conducted using a Keithley 2400 Source
Meter, and current-voltage (I-V) curves were recorded for each
bending configuration. Optical characterization was performed
using the Fluorescence Spectrometer to capture emission spec-
tra as demonstrated in Fig. 4

IV. RESULTS AND DISCUSSION

A. Electrical Measurements

The electrical performance of the fabricated flexible sensor
was evaluated through current—voltage (I-V) measurements
under different bending conditions: no bending, 2 cm diameter

Keithley 2400 SMU
a) Electrical Characterization

S T)
Excitation

Spectrometer Emission spectra
Captured

(b) Optical Characterization

Source

Fig. 4. Schematics of the characterization methods used for the printed
GQD bending sensor. (a) Electrical characterization setup using a source
meter to measure resistance changes under different bending conditions. (b)
Optical characterization setup where the sensor is excited by a light source,
and the resulting photoluminescence emission spectra are captured using a
spectrometer.

bending, 1 cm diameter bending, and 0.5 cm diameter bending.
For the unstrained condition, the sensor exhibited a linear
response with a maximum current of approximately +800nA,
as observed in Fig. 5. As strain was increased by reducing the
bending radius, the current decreased significantly, indicating
a sharp rise in resistance due to reduced tunneling probability.
I-V curves revealed nonlinear characteristics, with current
decreasing under higher strain. The resistance increased with
tighter bending radii, supporting the tunneling-based model.
The gauge factor (GF) of the fabricated dual-mode strain
sensor was analyzed for bending diameters of 2 cm, 1 cm, and
0.5 cm. The results showed a clear quantitative trend where
the GF increased as the bending radius decreased, indicating
higher strain sensitivity under tighter bending conditions.
Specifically, the sensor exhibited a relatively lower GF at 2
cm bending compared to significantly higher values at 1 cm
and 0.5 cm.

The voltage sweep from —10 V to +10 V confirmed a sym-
metric response, indicating good stability and no significant
hysteresis during bending and unbending cycles. Overall, these
results demonstrate that the sensor can reliably detect bending-
induced strain by monitoring changes in electrical current.

B. Photoluminescence Analysis

Although the GQD samples exhibited photoluminescence
responses under various excitation wavelengths, including 275
nm, 325 nm, 350 nm, and 380 nm, the excitation at 250 nm
consistently produced the strongest, most stable, and quantifi-
able photoluminescence signal across repeated measurements.
Under 250 nm excitation, the unstrained GQD film exhibited a
sharp and high-intensity emission peak at 500 nm. Upon bend-
ing, the emission peak shifted to 464 nm with a significant
reduction in intensity and noticeable broadening as shown in
Fig. 6. This blue-shift and spectral broadening are attributed to
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Fig. 5. I-V curve of the sensor showing gradual decrease in slope with

continuous increase in strain due to bending.

strain-induced changes in quantum confinement and inter-dot
electronic coupling. This mechanism agrees with the trends
observed in our data: a PL peak shift from 500 nm (unbent)
to 464 nm (bent), consistent with reports that show strain-
induced blue-shifting due to enhanced confinement effects in
quantum-confined systems [28], [29].
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Fig. 6. Bending effects on emission spectra with 250 nm excitation.

These results align with reports in the literature. For in-
stance, strain-induced photoluminescence modulation has been
demonstrated in flexible heterostructures [27], and studies on
biaxial strain application reveal reversible shifts in PL emis-
sion due to modulated energy band profiles [28]. Additionally,
spatial/spectral isolation of emitters through strain gradients
has been shown in 2D materials [29].

Under 365 nm excitation, the unstrained GQD film emitted
at 470 nm. Upon bending, the emission peak red-shifted to

490 nm, with a slight reduction in intensity. A similar trend
was observed for 450 nm excitation, though with less shift.
This confirms the PL modulation with strain, aligning with
reports on GQD band structure sensitivity [26], [30].

C. Synergistic Dual-Sensing Behavior

The hybrid electrical-optical mechanism enables strain de-
tection through both tunneling resistance modulation and pho-
toluminescence spectral shifts. The electrical mode provides
real-time response and seamless integration with electronic
circuits, while the optical mode offers contactless readout with
the potential for imaging strain distribution. Together, these
synergistic responses enhance the reliability, redundancy, and
versatility of the sensor for a wide range of applications.

V. CONCLUSION

A dual-mode flexible strain sensor utilizing GQDs on inkjet-
printed silver IDEs over a PET substrate has been demon-
strated. The sensor exhibited reliable electrical and optical re-
sponses under varying bending conditions. Electrical measure-
ments confirmed a notable decrease in current with increased
strain, corresponding to a higher GF. Photoluminescence anal-
ysis revealed a blue shift from of 36nm and considerable
intensity reduction under strain, validating strain-tunable pho-
toluminescence. These results confirm the sensor’s ability to
detect strain through both resistive and optical modes, provid-
ing redundancy and improved reliability. The proposed sensor
is particularly promising for wearable biomedical applications,
including monitoring of human motion, tissue swelling, and
subtle mechanical changes such as cellular traction forces.
The optical sensing capability further enables non-contact,
real-time strain visualization, which could support cancer
mechanobiology studies, and nanoparticle-biosystem interac-
tion tracking in future flexible biomedical platforms.
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