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1. Introduction

Wearable technologies have rapidly evolved into key tools for
personalized healthcare, enabling continuous, noninvasive
monitoring of physiological signals in real-world scenarios.[1]

Designed to be flexible, skin-conformal, and user-friendly, these
systems aim to collect clinically relevant data without interfering
with daily activities or natural body movement.[2,3] As a result, a
wide range of wearable sensing devices has been developed to

perform sophisticated physical and chemi-
cal monitoring of key physiological param-
eters such as temperature (T), cardiac
and/or respiratory activity, blood pressure,
joint motion, and blood glucose levels.[4–6]

Considerable progress has beenmade in the
intelligent adaptation of traditional sensing
technologies—including mechanical, elec-
trical, and optical methods—for human
health monitoring applications.[7] Despite
these advancements, conventional wearable
sensors suffer from several limitations,
including low sensitivity, hysteresis, signal
drift, susceptibility to electromagnetic inter-
ference, and sensitivity to misalignment.[8]

These drawbacks become even more critical
in electromedical scenarios, such as during
robotic actuation or magnetic resonance
imaging procedures.[9] In this context,
fiber-optic sensors (FOS) have emerged as
a highly promising technology thanks to
their transparency, small size, flexibility, low
weight, biocompatibility, and immunity to
electromagnetic interference.[10,11] Recently,
different optical fiber configurations, such

as fiber Bragg gratings (FBGs) andWaveFlex sensors, have further
advanced biomedical monitoring, both in wearable sensing and
biosensing applications.[10,12,13] In particular, the inherent high
sensitivity of FBGs to ε and T variations (ΔT ), combined with their
multiplexing capabilities and chemical stability, makes them ideal
for integration into next-generation wearable systems. FBG-based
platforms have been successfully applied in the monitoring of
cardio-respiratory activity, joint motion, and other clinically rele-
vant parameters, including in cases where conventional electrical
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Wearable sensors that combine high precision with conformability and skin
adhesion are crucial for reliable and highly unobtrusive physiological monitoring.
In this context, increasing efforts are directed toward next-generation minia-
turized self-adhesive sensors employing different sensing technologies. Herein,
for the first time a self-adhesive sensor is developed for real-time detection of
physiological and biomechanical strain signals, by embedding a fiber Bragg
grating (FBG) sensor into a soft, biomimetic, flexible matrix. This hydrogel-based
matrix, composed of gelatin methacrylate, xanthan gum, and glycerol, is engi-
neered to balance fiber–matrix mechanical coupling and skin adhesion. The
encapsulated FBG sensor exhibits stable optical response, reduced signal
attenuation, and retains good sensitivity to both strain (0.07 nmmε�1) and
temperature (0.01 nm °C�1). Preliminary on-skin tests on a healthy volunteer
demonstrate the ability to capture subtle physiological signals such as breathing
and heartbeats, as well as limb motion. Notably, the self-adhesive properties of
the matrix enable firm skin contact without additional tapes, enhancing signal
reliability, and reducing motion artifacts. This approach offers a robust, bio-
compatible, and scalable solution for wearable sensing, opening new opportu-
nities in health monitoring, rehabilitation, and human–machine interfaces.
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sensors are unsuitable due to interference or signal instability. To
maximize their compatibility with the human body, FBGs have
increasingly been embedded into flexible polymeric matrices.[14,15]

This approach enables better ε transfer from the body to the fiber
and opens the door to the integration of new functional properties,
such as conformal adhesion to skin. Indeed, becausemost of these
systems do not inherently adhere to the skin, external supports
such as straps or medical adhesive tapes are typically needed to
secure them, often influencing the measurement process.[14–16]

In addition, the prolonged use of traditional adhesive tapes may
raise biocompatibility concerns.[17] Recently, an adhesive poly-
meric matrix based on modified polydimethylsiloxane (PDMS)
has been used to embed an FBG for the monitoring of heart rate
and respiratory rate, further highlighting the potential of adhesive
substrates for wearable optical sensing.[18,19] Among the available
materials, hydrogels stand out due to their 3D network structure
and high-water content, which endow them with excellent soft-
ness, biocompatibility, tunable mechanical properties, and tissue-
mimicking behavior.[20] In recent years, adhesive hydrogels have
gained growing interest in numerous technological domains,
ranging from tissue repair and soft robotics to strain and biochem-
ical sensors for healthcare applications.[21] Hence, self-adhesive
hydrogel-based wearable sensors composed of soft electronics
or conductive polymers have been developed to address the lim-
itations of traditional systems, eliminating the need for external
tapes or mechanical supports while improving both comfort
and sensing performance.[6,7,22]

Consistently with this research direction, recent efforts has
focused on embedding FBGs into functional hydrogel matrices
that not only provide mechanical support but also enhance adhe-
sion and proper ε transduction, enabling plant wearable sensors
for growth monitoring.[23] This strategy appears particularly
promising for on-skin health monitoring, since adhesive hydro-
gels, mimicking themechanics of biological tissues and ensuring
direct, conformal skin contact, could thereby enable intimate
mechanical coupling and more efficient strain transfer.

With the aim of translating this technology to biomedical appli-
cations, biocompatible materials were taken into consideration to
develop a skin-adhesive and skin-safe hydrogel matrix for FBG
encapsulation and prolonged contact with human skin.[24,25]

Among these, gelatin methacrylate (gelMA) has been extensively
studied for its use in biomedical hydrogels due to its structural
tunability, its ability to be photocrosslinked, and capacity to mimic
human tissues.[24,26,27] In parallel, xanthan gum (XG)—a natural
and edible polysaccharide—is being increasingly used to enhance
the mechanical robustness and rheological properties of hydrogel
systems.[28–30] Moreover, glycerol—a nonvolatile, colorless and
hygroscopic liquid—was incorporated as a plasticizer, since it is
widely used to enhance flexibility and water retention in polymeric
systems.[31,32] Overall, the synergistic interplay among these com-
ponents is expected to yield a soft, self-adherent matrix, well-suited
for direct skin application without external supports.

Here, we present a flexible wearable sensor based on an FBG
encapsulated within a self-adhesive hydrogel-based matrix (which
we referred to as gelMA-XG), specifically designed for on-skin
wearable physiological signals monitoring via strain sensing.
Thematrix was easily prepared using a one-pot strategy combining
gelMA, XG and glycerol, all of which are well-established as bio-
compatible for extended skin-contact applications.[29,30,33,34] The

key innovation of this work lies in the first demonstration, at date,
of an FBG sensor fully integrated within a soft, skin-conformable
adhesive hydrogel-based matrix. This design ensures both firm
epidermal adhesion and intimate mechanical coupling with the
optical fiber, resulting in a tape-free FBG-based wearable sensor.
This configuration enables the sensor to function as a single body-
sensor unit, capable of detecting bothmacro- andmicroscopic skin
deformations with high fidelity. To realize this, the workflow was
structured into three main phases: 1) formulation and characteri-
zation of candidate hydrogels to identify the optimal matrix; 2) fab-
rication and metrological characterization of the flexible sensor to
evaluate how the matrix affects the intrinsic performance of the
enclosed FBG; 3) preliminary on-skin feasibility tests on a healthy
volunteer to validate the sensor ability to operate in real-world
physiological scenarios. This work introduces a new class of
self-adhesive optical-based epidermal sensors and lays the ground-
work for future advancements in minimally invasive and high-
performance wearable technologies.

2. Optical Fibers and Working Principle of FBGs

Optical fibers are cylindrical, flexible, transparent waveguides
made of plastic or silica, composed of three concentric layers: a
central core, a surrounding cladding with a lower refractive index,
and an outer protective coating. Light is guided along the core by
total internal reflection at the core–cladding interface. Standard
single-mode fibers, commonly designed to operate in the short
infrared region, generally present a core diameter of 8–10 μm
and an overall diameter of about 250 μm, comparable to a human
hair.[35] These fibers are particularly suited for several applications
due to their low signal dispersion, high sensitivity, and compati-
bility with fiber-optic structures such as Bragg gratings.

An FBG corresponds to a periodic modulation of the refractive
index within the core of a single-mode fiber, typically operating in
the short infrared region. This periodic structure, whose length is
variable (i.e., ranging from 1 to 30mm), enables the selective
reflection of specific wavelengths from a broadband light source,
while allowing all other wavelengths to pass through according to
the Bragg condition, defined by Equation (1)

λB ¼ 2 neffΛ (1)

where λB is the Bragg wavelength (i.e., the central wavelength of
the reflected spectrum), neff is the effective refractive index of the
fiber core, and Λ is the grating period.

FBGs are inherently sensitive to mechanical ε and ΔT, both of
which induce changes in neff and Λ, resulting in a shift from the
initial λB (ΔλB) which is described by Equation (2)

ΔλB ¼ ð1 � peÞ λB Δε þ ðα þ ηÞ λB ΔT (2)

In this expression, pe denotes the photoelastic coefficient
related to the Δε contribution to ΔλB, whereas α and η corre-
spond to the thermal expansion and thermo-optic coefficients
of the fiber, respectively.[36] The trend of ΔλB in time usually rep-
resents the output signal of an FBG. For a bare FBG (i.e., an FBG
without any external coating material or structure), typical sen-
sitivity values are �1.2 nmmε�1 for ε (Sε) and �0.01 nm °C�1

for T (ST).
[37]
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However, when the optical fiber is embedded within an exter-
nal substrate, these sensitivities may deviate from their nominal
values, as they are influenced by the thermal and mechanical
properties of the surrounding material. Hence, the response
of an FBG in embedded configurations is expected to differ from
the bare one.

3. Results and Discussion

3.1. Design and Development of the Self-Adhesive Matrix

The proposed wearable sensor was developed by embedding an
FBG within a novel self-adhesive hydrogel-based matrix composed
of gelMA, XG, and glycerol. To identify the gelMA-XG matrix with
the optimal adhesion to both the fiber and the skin, three formu-
lations were investigated, differing only in the glycerol content.
10%, 15%, and 20% glycerol mass percentages were selected in this
work. Glycerol was selected as the only variable due to its known
role as a plasticizing and water-retaining agent that influences the
mechanical behavior of hydrogel-based systems.[31,38] The detailed
composition of each formulation is summarized in Table 1.

The hydrogel mixtures were successfully prepared through
a stepwise one-pot strategy at controlled T, under continuous
magnetic stirring for about 3 h (Figure 1). GelMA, previously

synthesized, was first dissolved in deionized water (DIW) at
45 °C. Once homogeneous, T was set at 37 °C and glycerol
was added to the solution, followed by the photoinitiator (LAP),
that enables UV-induced crosslinking of the gelMA methacrylate
groups, and by the XG, incorporated to increase the viscosity and
impart a rubber-like consistency to the mixture.[25] The solution
was then degassed to remove air bubbles, cast into a custom
mold and irradiated with UV light (i.e., 365 nm for 5min) to
promote photocrosslinking. Finally, the cured hydrogels were
removed from the mold and dried in a laboratory oven at 37 °C
for 24 h, leading to flexible adhesive films. Further technical
information regarding the matrix fabrication process is detailed
in the Experimental Section.

The formation of a covalent polymeric network via UV-
induced photopolymerization of gelMA provided the material
with structural mechanical integrity. Moreover, the slow drying
step, which enables the controlled removal of excess water, con-
tributes to the long-term stability of the hydrogel matrix.[30]

To assess how the glycerol content affects the mechanical
properties of the hydrogel matrix, a uniaxial tensile test was con-
ducted on the three formulations. Samples were prepared by
casting the mixtures into dog-bone shaped molds and then tested
at room temperature (RT). Figure 2A displays representative
stress–strain curves for each formulation.

The Young’s modulus (i.e., 42.5� 4.5, 20.4� 3.2, and 10.6�
1.8 kPa for gelMA-XG10, gelMA-XG15, and gelMA-XG20, respec-
tively), along with the maximum tensile strength and the elonga-
tion at break, decreased with increasing glycerol content, in
agreement with literature evidence on the plasticizing character
of the glycerol (Figure 2B–D).[31] Indeed, its ability to retain water
molecules decreases intermolecular forces within the hydrogel,
reducing the rigidity of the hydrogel network, and making the
gelMA-XG20 more elastic and at the same time less resistant to
traction.

Table 1. Composition of gelMA-XG matrices. Glycerol content (%w/w) is
indicated as subscript in the gelMA-XG label.

label Glycerol [%] Glycerol [g] GelMA [g] XG [g] LAP [g] DIW [g]

gelMA-XG10 10 1 0.25 0.1 0.025 8.625

gelMA-XG15 15 1.5 0.25 0.1 0.025 8.125

gelMA-XG20 20 2 0.25 0.1 0.025 7.625

A

B

Figure 1. A) Workflow for the preparation of gelMA-XG matrices: dissolution of the components in DIW under heated magnetic stirring, casting of the
obtained hydrogel solution into a custom mold, UV-induced crosslinking, and drying of the matrices in a laboratory oven. B) Schematic representation of
the microstructure of a gelMA-XG matrix before (left) and after (right) UV curing, highlighting the formation of chemical crosslinks between the meth-
acrylated groups of gelMA. Partially created with BioRender.com.
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Moreover, the dimensional stability of the hydrogel matrices
during the drying phase was evaluated by measuring the thick-
ness of each sample before and after the 24 h-incubation at 37 °C.
By comparing obtained thickness reduction values (Δδ), gelMA-
XG10 exhibited the greatest Δδ (80� 2%), while the gelMA-XG15

and gelMA-XG20 showed progressively lower shrinkage (71� 2%
and 72� 1%, respectively). This trend is consistent with the
mechanical observations, where increased glycerol content soft-
ened the network, but also limited collapse upon drying, likely
due to the hygroscopic nature of glycerol.

The interfacial adhesion properties of the hydrogel matrices
were evaluated through pull-out and lap shear tests to investigate
two distinct types of interaction. The pull-out test was conducted
to quantify the internal shear strength at the fiber–hydrogel inter-
face, whereas the lap shear test assessed the adhesiveness of the
hydrogel matrix to external substrates.

For the pull-out test, a custom 3D-printed support was
designed to minimize matrix deformation and test artifacts
due to material elasticity. As shown in Figure 3A, the sample
was clamped between two glass coverslips to constrain deforma-
tion and isolate interfacial shear strength at the fiber–hydrogel
boundary. Among the tested formulations, gelMA-XG10 exhib-
ited the highest τapp (i.e., 157.7� 11.8 kPa), approximately three
times higher than that of gelMA-XG20, while gelMA-XG15 pre-
sented an intermediate value (Figure 3B). These results can
be attributed to the reduced mechanical integrity and cohesive
strength of gelMA-XG20, whose higher glycerol content weakens

the matrix ability to resist fiber detachment. A stronger fiber–
matrix interaction is crucial for an efficient ε transmission to
the embedded FBG sensor, ultimately improving the reliability
and sensitivity of the sensing system.

The adhesive behavior of the gelMA-XG matrices arises from
the synergistic contribution of their components’ properties. XG,
in combination with glycerol, imparts viscoelasticity and soft-
ness, enabling the matrix to closely conform to the irregularities
of the skin and thereby increase the effective contact area. In par-
allel, the abundance of polar functional groups (e.g., –NH, –OH,
–COOH) in gelMA, XG, and glycerol promotes hydrogen bond-
ing and polar interactions with epidermal proteins and lipids.
Glycerol, acting as a hygroscopic plasticizer, preserves hydration
and flexibility of the matrix, stabilizing the interface. The combi-
nation of these effects results in reversible adhesion, consistently
with previous reports on similar hydrogel-based matrices.[30]

Adhesion was quantitatively assessed through the lap shear test,
conducted by placing hydrogel films between two pigskin sub-
strates, selected as a biologically relevant model of human skin
(Figure 3C).[39] In contrast to the pull-out results, gelMA-XG20

showed the highest adhesive strength (4.34� 0.41 kPa), followed
by gelMA-XG15 and then gelMA-XG10 (Figure 3D). This reverse
trend can be easily attributed to the enhanced compliance of the
matrices when glycerol content increases. Two main mecha-
nisms are responsible for this improved adhesion: 1) the pres-
ence of a greater number of polar functional groups that
enhances intermolecular interactions with the substrate and

A B

C D

Figure 2. Mechanical characterization of gelMA-XG hydrogel matrices. A) Representative tensile stress–strain curves of the three matrices, gelMA-XG10,
gelMA-XG15 and gelMA-XG20. B) Young’s modulus, C) maximum tensile strength, and D) elongation at break as a function of glycerol content. Data are
reported as mean� standard deviation (SD) (n= 3). Pairwise two-sided t-test were performed. Significance: p< 0.05 (*), p< 0.01 (**), p< 0.001 (***),
ns= not significant.
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2) the increased softness of the matrix that allows for a larger
effective contact area and promotes better mechanical interlock-
ing with the microroughness of the skin surface.[30,38]

Taken together, these findings reveal a trade-off between inter-
nal fiber–matrix integration and external skin adhesiveness: lower
glycerol concentrations enhance mechanical cohesion and fiber
retention, while higher concentrations favor adhesion to soft bio-
logical tissues through improved conformability and interfacial
interactions.

Given that the hydrogel is intended to host an embedded optical
fiber—which inherently limits the overall extensibility of the
system—high stretchability is not a primary requirement. Instead,
the matrix must provide adequate mechanical support to protect
the fiber and ensure good ε transmission, while also maintaining
good adhesion to the skin to preserve conformal contact during
body movements.

In light of these considerations, gelMA-XG15 was identified as
the optimal compromise for the intended application. This formu-
lation offers a balanced combination of mechanical robustness,
reduced shrinkage, effective fiber integration, and sufficient skin
adhesion, making it the most suitable candidate for the develop-
ment of the FBG-based skin-adhesive sensor.

Once gelMA-XG15 was established as the most suitable formu-
lation, its adhesive performance was further investigated in terms
of interaction with human skin, reusability, and adhesion to dif-
ferent substrates. A rectangular sample of the selected material
was applied to the forearm of a healthy subject to qualitatively eval-
uate epidermal conformability, adhesion, and removability. The

matrix adhered closely and uniformly to the skin, maintaining
contact even during natural movements of the arm, with no evi-
dence of slippage or delamination. Upon removal, the matrix sam-
ple detached cleanly without leaving visible residues, supporting
its suitability for tape-free and comfortable on-skin application
(Figure 4A).

To quantify the adhesive force required to peel the material
from human skin and to evaluate its potential reusability, a con-
trolled 90° peel test was performed (see Figure 4B). The same
rectangular matrix (70� 15mm) was repeatedly applied to
the forearm skin and peeled off for 30 consecutive times, while
recording the adhesion force in each cycle. The number of 30
repetitions was chosen to simulate the adhesion performance
of a wearable device over approximately one month of use.
Figure 4C shows that during the first 20 cycles the adhesive force
remained stable around 0.124� 0.007 N, demonstrating optimal
adhesion and reliable reusability over 20 uses (i.e., attach–
detach). In the subsequent ten cycles, a slight reduction in the
peel force was observed, with values going below the average esti-
mated over the overall cycles (i.e., a mean value decrease of
�8.4%). Nevertheless, the matrix maintained adequate adhesive
capacity throughout, demonstrating its suitability for repeated
applications on skin as a component of a wearable system.

Finally, qualitative adhesion tests were conducted on various
representative substrates, including aluminum foil, glass, paper,
plastic, wood, and cork, to further assess its practical adhesive
properties. As shown in Figure 4D, the gelMA-XG15 hydrogel
adhered effectively to all surfaces without the need for surface

A

C

B

D

Figure 3. Interfacial adhesion properties of gelMA-XG matrices. A) Schematic diagram of the experimental setup for the customized pull-out test
(L: length of the section where fiber and material interface). B) Bar chart highlighting the effect of glycerol content on the apparent interfacial shear
strength. C) Schematic experimental setup for the lap shear test (A: adhesive area between the matrix and the two pigskin substrates). D) Bar chart
highlighting the effect of glycerol content on the adhesion strength. Data are reported as mean� standard deviation (SD) (n= 3). Pairwise two-sided
t-test were performed. Significance: p< 0.05 (*), p< 0.01 (**), p< 0.001 (***), ns= not significant.
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pretreatment or curing agents, confirming a broad interfacial
compatibility.

3.2. Development of the Adhesive Wearable Sensor

The wearable sensor was successfully fabricated by encapsulating a
single FBGwithin the gelMA-XG15 adhesive hydrogel-based matrix
having final dimensions of 50� 20� 1.5mm (Figure 5A,B).
The sensing mechanism relies on the ε transmission through
mechanical coupling between the human skin and the matrix,
which is then transduced by the embedded FBG. Due to the
novelty of the matrix, a proper metrological characterization was
conducted to evaluate its potential impact on the FBG sensing
properties prior to any feasibility assessment on a healthy human
volunteer.

The FBG reflected spectrum was recorded before and after the
hydrogel drying process. As shown in Figure 5C, no significant
variation was observed in terms of spectral intensity or full width
at half maximum (FWHM), indicating stable grating character-
istics within the matrix. However, a minor red shift in λB of
�0.048 nm was detected postdrying, suggesting the presence
of residual ε on the fiber. The temporal evolution of the ΔλB,
reported in Figure 5D, reveals an initial compressive phase (a
blueshift of 0.035 nm) during the first 5 h, likely caused by matrix
shrinkage as water begins to evaporate. This is followed by a pro-
gressive tensile phase, attributable to the final drying stage, in
which the final hydrogel contraction may exert localized traction
on the sensing segment of the fiber—specifically at its central
region, where it is positioned—resulting in a uniaxial tensile

strain on the fiber. This behavior confirms that the fiber is effec-
tively mechanically coupled to the matrix and experiences inter-
nal stress as the material dry, further supporting the embedding
strategy for wearable sensing applications.

The metrological performance of the FBG-based adhesive sen-
sor was evaluated in terms of its sensitivity to both ε and T (i.e., the
two primary measurands to which a bare FBG is inherently
responsive). Calibration tests were performed on the selected
gelMA-XG15 formulation by applying controlled uniaxial mechan-
ical ε and ΔT.

The strain calibration curve ΔλB versus ε, reported in
Figure 5E, exhibited a strong linearity and was well-fitted by a
first-order polynomial, whose goodness was confirmed by an
R2> 0.99. Sε, measured as the slope of the calibration curve,
was found to be 0.070 nmmε�1. This value is lower than the typ-
ical Sε of a bare FBG (�1.2 nmmε�1), as expected due to the vis-
coelastic properties of the encapsulating hydrogel, which partially
attenuates the mechanical ε transmitted to the fiber. Despite this
reduction, the sensor maintains a sufficiently high Sε, making it
suitable for detecting ε variations within the physiological range.
Notably, similar reductions in Sε have been reported in other
polymer-embedded FBG-based sensors, confirming that this
behavior is intrinsic to embedded configurations.[23,40,41]

ST was assessed by exposing the sensor to a controlledΔT (i.e.,
�30 °C) within the 20–50 °C range. The resulting ST was mea-
sured as the slope of the calibration curve ΔλB versus ΔT,
obtained by linear fitting raw data (R2> 0.99) (Figure 5F). The
obtained value of 0.009 nm °C�1 closely matched the nominal
value for a bare FBG (�0.010 nm °C�1), suggesting that the

A

B

D

C

Figure 4. Adhesion properties of the gelMA-XG15 matrix. A) Exhibition of the matrix peeling process on a human forearm skin; no residues visibly remain
on the skin after removal. B) A rectangular sample gripped to a universal testing machine for peel testing and C) adhesion force values recorded over 30
consecutive tests on a human forearm; the mean adhesion force over the 30 attach–detach cycles is reported as a red dashed line. D) Demonstration of
the matrix adhesiveness on different surfaces, including aluminum foil, glass, paper, plastic, wood, and cork (targets weight ranging from 3 to 5 g). For
aluminum foil and paper, coated polystyrene cubes were used to facilitate the visibility of the targets.
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matrix does not significantly impact the sensor thermal response
under the typical operating conditions.

To further evaluate the sensor dynamic performance, cyclic
tensile tests were conducted under controlled displacement at
frequencies corresponding to 12, 24, and 36 cycles per minute
(cpm). Figure 5G shows a representative time window of 60 s,
where the three strain rates can be observed. The recorded

ΔλB output signals followed the applied cycles with high accu-
racy, showing well-defined periodic trends.

Across all tested frequencies, the embedded FBG sensor dis-
played highly repeatable and stable responses, with no observable
signal lag or distortion relative to the mechanical reference,
guaranteeing an optimal time response to rapid periodic physio-
logical changes. The recordedΔλB signals showed clear periodicity,

A B

C D

E G

F

Figure 5. Development and calibration of the adhesive FGB-based sensor. A) CAD model of the PLA mold. B) The fabricated adhesive wearable sensor
composed of an FBG embedded into an adhesive hydrogel-based matrix. Pictures of the sensor are reported before and after the drying stage.
C) Reflection spectra of the FBG before and after the drying phase of the matrix preparation process. A zoomed-in view on the reflected peak highlights
a red shift of 0.048 nm in the spectrum following this phase. D) Time response of the FBG within the matrix during the drying phase. The colored dots
(i.e., blue and brown) indicate the time points at which the corresponding spectra shown in (C) were acquired. E) Mean ΔλB versus ε curve is reported in
black with the expanded uncertainty in a violet shaded area and the calibration curve in red (linear fit, R2> 0.99) (n= 10). F) Thermal calibration curveΔλB
vs. ΔT where the response is in black and the calibration curve in green (linear fit, R2> 0.99) (n= 1). G) Repetitive test at three different strain rates (12,
24, and 36 cpm) showed in a 60 s time window; the FBG sensor output is represented in blue, while the reference displacement is in dashed red. Both
trends were represented as ε (i.e., in the range of 0%–1%), by dividing ΔλB by the found Sε, and displacement by the initial length (i.e., l0), respectively.
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maintaining consistent amplitude and phase alignment with the
applied strain cycles. This confirms that the sensor retains respon-
siveness and resolution even under dynamic conditions. The con-
sistent tracking ability across increasing frequencies highlights the
capability of the sensor–matrix system to operate in real-world sce-
narios involving rapid and repetitive motion, such as joint articu-
lation or cardio-respiratory activity.

3.3. Sensor Feasibility Assessment

Simple preliminary trials were performed by a healthy volunteer
to test the performance of FBG-based adhesive sensor in a real-
istic scenario. The sensor was positioned on four anatomical
sites: the neck and chest for cardio-respiratory monitoring,
and the wrist and knee for joint motion detection. Sensor place-
ment on the body is illustrated in Figure 6A.

When applied on the neck and chest, the volunteer was asked
to hold the breath for �20 s, followed by a phase of quiet breath-
ing. During apnea, the ΔλB signal flattened, confirming the sen-
sor ability to detect real-time interruptions in respiratory activity.
In both sites, the sensor reliably captured respiratory acts, which
were more pronounced on the chest due to the larger thoracic
movements during breathing (Figure 6B). Notably, during apnea
phases, a cardiac-related signal was also observed. In particular,
the neck signal also exhibits high-frequency components super-
imposed on the breathing pattern, consistent with heartbeats of
the volunteer (Figure 6C).

At level of the wrist and knee, the volunteer performed mild
flexion–extension movements. The corresponding ΔλB signals
reflected the joint motion cycles. As expected, the signal ampli-
tude was significantly higher at the knee than at the wrist, due to
the greater range of motion and higher mechanical ε associated
with lower-limb articulation (Figure 6D,E).

A

B

C

D

E

Figure 6. Detection of physiological strain signals on human skin related to cardio-respiratory activity of joint motion performing a preliminary feasibility
test of the developed sensor. A) Schematic for sensor placement on the volunteer. Sensor response and images of sensor placement on the B) neck and
C) chest for cardio-respiratory monitoring during quiet breathing and apnea (apnea phase is highlighted in red). Sensor response and images of sensor
placement on the D) wrist and E) knee for joint motion detection during cyclic flexion and rest of the wrist and the knee (rest phase is highlighted in
green); here, signals are reported with the same y-axis limits to enhance amplitude differences. Data from one volunteer (n= 1, proof-of-concept trial).
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Overall, these findings highlighted the sensor promising capa-
bility to capture both low- and high-frequency subtle physiologi-
cal signals (e.g., heartbeat, breathing) and more pronounced
biomechanical movements in response to different joint kine-
matics (e.g., limb motion), benefiting from the high sensitivity
of FOS and the enhanced mechanical coupling provided by
the soft, adhesive, skin-conforming matrix.

The ability to resolve multiscale dynamic events, combined
with strong skin compliance, underscores the potential of this
hydrogel–FBG system as a soft wearable platform for continuous
health and movement monitoring, by enhancing the intrinsic
sensing performance of FBGs, through synergistic integration
with the skin-compliant hydrogel matrix.

4. Conclusion

The integration of FBGs into flexible, self-adhesive platforms rep-
resents a promising strategy for developing minimally invasive
wearable systems capable of accurate, continuous, and truly
skin-conformal physiological monitoring. FBGs are renowned
for their high-resolution sensing performance, but their applica-
tion as epidermal devices has been limited by the need for external
fixation. In this work, we present a lightweight, self-adhesive opti-
cal strain sensor based on a single FBG encapsulated within a soft,
flexible hydrogel matrix composed of gelMA, XG, and glycerol.
The matrix was engineered to provide both skin adhesion and
robust mechanical integration with the fiber, enabling efficient
ε transfer and eliminating the need for tapes or external supports.

Three hydrogel formulations were explored by varying the glyc-
erol content, which acted as a plasticizer to tune matrix softness,
fiber–matrix interaction, and conformal skin adhesion. Through
systematic mechanical and interfacial characterization, gelMA-
XG15 was identified as the optimal compromise. In addition,
the matrix demonstrated conformal and repeatable adhesion to
human skin, with peel forces maintained over multiple attach–
detach cycles, further supporting its suitability for reusable and
tape-free wearable sensing. The resulting FBG-based sensor exhib-
ited stable metrological performance under both thermal and
mechanical loading and showed reliable real-time tracking of
physiological and biomechanical signals—including respiration,
heartbeat, and joint motion—during preliminary on-skin tests.

These findings highlight the potential of hydrogel-integrated
FBG sensors as soft, adhesive, reusable, and versatile platforms
for wearable healthmonitoring. Future developments may include
sensor miniaturization, shape optimization, integration into mul-
tiplexed arrays, or adaptation to different anatomical sites and
motion profiles. In addition, assessing the long-term usability
under extended contact with the skin will be crucial for clinical
and continuous monitoring applications. Overall, the proposed
approach offers a solid foundation for advancing minimally inva-
sive optical sensing technologies, enabling precise and continuous
on-skin monitoring in clinical, daily-life, or sport scenarios.

5. Experimental Section

Synthesis of GelMA: The preparation of gelMA followed a previously
reported method.[24,42] In brief, type A gelatin from porcine skin (Sigma-
Aldrich, USA) was dissolved at 10%w/v in phosphate buffered saline
(PBS) at 50 °C. Methacrylic anhydride (MA, Sigma-Aldrich, USA) was then

slowly added to the solution (0.08mL per g of gelatin) under vigorous stir-
ring and allowed to react for 2 h. The mixture was subsequently diluted (1:5)
in warm PBS and kept under stirring for 24 h at 50 °C. For purification, the
resulting gelMA solution was dialyzed against DIW at 40 °C for 7 days
(MWCO: 6–8 kDa; Spectra/Por 1, SpectrumLabs, Greece). The final product
was obtained by freeze-drying (LIO5P, 5PASCAL, Italy) and stored at�20 °C.

Formulation and Preparation of GelMA-XG Hydrogels: To prepare the
hydrogel-based matrices, gelMA was first dissolved in DIW (2.5%w/w)
under magnetic stirring at 45 °C. Upon complete dissolution, the T was
reduced to 37 °C, and three different concentrations of glycerol (≥95%;
Sigma-Aldrich, USA) were added to gelMA solutions, 10%, 15%, and
20% (w/w), to obtain three formulations, which will be referred to as
gelMA-XG10, gelMA-XG15, and gelMA-XG20, respectively.

Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP; Sigma-Aldrich,
USA) was then added to each formulation at 0.25%w/w as a photoinitiator to
enable UV-induced crosslinking of the gelMA network. Finally, XG (1%w/w;
Sigma-Aldrich, USA) was incorporated, and the mixtures were continuously
stirred at 37 °C for�3 h until complete homogenization. To remove air bub-
bles, the solutions were centrifuged at 2000 rpm for 5min (Centrifuge 5702,
Eppendorf, Germany) and stored at 4 °C until use.

Preparation of Adhesive Matrices: Each hydrogel formulation was pre-
heated to 37 °C and cast into custom-designed molds using a micropi-
pette. Then, the assembly was exposed to UV irradiation (5Wm�2,
ENF-26 °C/F, Spectroline, USA) at 365 nm for 5min to activate the photo-
initiator and induce gelMA crosslinking. Following UV exposure, the
hydrogel samples were removed from the molds and placed into a labo-
ratory oven (G-Therm, AG-System BASIC, Fratelli Galli, Italy) at 37 °C for
24 h to promote dehydration and improve structural stability. The dimen-
sions of the matrices varied depending on the specific test or application,
as different custom molds were used to match the experimental require-
ments (e.g., pull-out, lap shear, or sensor fabrication). The corresponding
film dimensions are detailed in the respective section.

Custom 3D-Printed Molds: To obtain matrices with well-defined geome-
tries, custommolds were designed using CAD software (OnShape, PTC Inc.,
USA) and fabricated in polylactic acid (PLA) via fused deposition modeling
(FDM) 3D printing using an Ender 3 printer (Creality, China). Molds
excluded a bottom surface to facilitate demolding. For fiber-integrated sam-
ples, as for the sensor, a central longitudinal groove was designed to allow
precise positioning of the optical fiber at mid-thickness, ensuring axial sym-
metry and consistent embedding conditions across the matrix.

Characterization of Adhesive Matrices: To assess dimensional changes
upon drying, the thickness of samples of each formulation was measured
using a digital caliper both before and after the drying phase. The Δδ, as a
percentage, was calculated as the relative difference between initial and
final thickness values (n= 5).

The mechanical performance of gelMA-XG matrices was assessed
through uniaxial tensile tests, conducted using a universal testing machine
(Instron 3365, USA) equipped with a� 10 N load cell. Dog-bone shaped
specimens (gauge length: 15mm; width: 5 mm; thickness at the predrying
stage: 5 mm) were stretched at a crosshead speed of 10mmmin�1 until
rupture. The elastic modulus (E) was determined from the slope of the
linear region of the stress–strain curves within the ε interval of 5%–20%.

Pull-out Test: A custom-designed setup was developed to evaluate the
interfacial shear strength of the hydrogel matrices in a single pull-out test
configuration. The system was engineered to securely anchor the hydrogel-
based samples during testing, minimizing artifacts due to material elas-
ticity. Tests were conducted under displacement-controlled conditions
using a universal testing machine (Instron 3365, USA) equipped with
a� 10 N load cell. Optical fiber segments were embedded into rectangular
samples of matrices (width: 10mm, length: 35 mm, thickness: 5 mm) at
the mid-thickness for a length of 20mm, before the UV exposure.[23] After
that, sample were UV-cured and dried according to the described protocol.
Free fiber ends were pulled out at a constant crosshead speed of 5 mm
min�1, and the maximum pull-out force was recorded.[43,44] The interfacial
shear strength (τapp) was calculated using the following Equation (3)

τapp ¼
Fmax

πDL
(3)
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where Fmax is the maximum force required to pull the fiber out of the
matrix, D is the fiber diameter, L is the length of the embedded fiber.

Adhesion Test: The adhesion of the matrices was measured through a lap
shear test using porcine skin as the substrate. Porcine skin was selected
because of its well-established similarity to human skin in terms of dermal
thickness, collagen architecture, and mechanical behavior, making it a stan-
dard biomimetic model for adhesion tests such as lap shear, which cannot
be performed directly on human tissue.[39,45–47] Prior to testing, the porcine
skin was defatted using a knife to mechanically remove the adipose layer,
rinsed thoroughly with distilled water and ethanol, and the epidermis was
cleaned with isopropanol (IPA) to eliminate surface residues.[47] Rectangular
shapes (70� 25mm) were cut and used as substrates. For each formula-
tion, rectangular matrices (10� 25� 5mm, predrying thickness) were
prepared and applied to the overlap region between two skin substrates,
resulting in a bonded area of the same dimensions. To ensure proper
contact, a weight of 500 g was applied and held in place for 5min. All sam-
ples were then tested using a universal testing machine (Instron 3365, USA)
equipped with a� 10 N load cell, at a rate of 5mmmin�1 and RT, until
matrix-pigskin detachment occurred. The adhesion strength was calculated
as the maximum load divided by the initial bonded area.

To further investigate the adhesive properties of the gelMA-XG15 matrix
on human skin and to assess sensor reusability, a 90° peel test was per-
formed.[19] A rectangular matrix (70� 15� 1mm) was mounted onto
a plastic film of the same shape to prevent the stretching of the material
during the test. The sample was then gripped by one end to the �10 N
load cell of a universal testing machine (Instron 3365, USA) and subjected
to 30 consecutive peel cycles (i.e., attach-peel) on the forearm skin of a
healthy volunteer at a peeling rate of 15mm s�1. The adhesion force of
each cycle was determined as the maximum load recorded.

Moreover, several substrates (i.e., aluminum foil, glass, paper, plastic,
wood, and cork) were chosen to assess gelMA-XG15 matrix adhesion on
different materials. For this test, targets with a weight ranging from 3 to 5 g
were used.

Fabrication of the FBG-Based Adhesive Wearable Sensor: For the adhesive
sensor fabrication, an FBG (AtGrating Technologies, China) with a nomi-
nal λB of 1541 nm, acrylate recoating, grating length of 10mm, and a
reflectivity of 94%, was employed. The FBG was positioned in the groove
of a rectangular mold (50mm of length, 20mm of width, 5 mm of thick-
ness), with the sensing segment centered within the mold cavity. The fiber
was pretensioned by anchoring both ends to a planar support, ensuring
longitudinal alignment. The matrix embedding the fiber was then realized
according to the protocol described. Briefly, the gelMA-XG15% hydrogel
solution, preheated to 37 °C, was cast into the mold, and the whole assem-
bly was exposed to UV irradiation at 365 nm for 5min. After polymeriza-
tion, the wet sensor was demolded, and placed in a thermostatic oven (G-
Therm, AG-System BASIC, Fratelli Galli, Italy) at 37 °C for 24 h for a con-
trolled dehydration and structural stabilization of the fiber–gel assembly.

Metrological Characterization and Assessment: To evaluate the influence
of hydrogel encapsulation on the FBG characteristics, the spectral
response of the sensor was captured before and after the integration
within the matrix, as well as the trend of λB was monitored throughout
the entire drying process. Measurements were performed using an optical
interrogator (si255, Hyperion Platform, LUNA Inc., USA) controlled via
ENLIGHT software, with a sampling frequency of 5 Hz for λB tracking
and 100Hz for spectra acquisition.

Moreover, sensitivity to both ε (Sε) and T (ST) were derived through a
metrological assessment. Sεwas determined by clamping the sensor between
the grips of a universal tensile testing machine equipped with a� 500N load
cell (Instron 3365, USA) and applying uniaxial ε from 0% to 1% of the initial
gauge length (l0), at a crosshead speed of 1mmmin�1 to simulate quasistatic
conditions and RT. Data fromboth the tensile testingmachine and the optical
interrogator were recorded at 100Hz. Ten tensile tests were conducted and
the calibration curve (ΔλB vs. ε) was computed by averaging the sensor
responses and computing the curve that well-fits the experimental data.
The expanded uncertainty on Sε was estimated using a t-Student distribution
with 9 degrees of freedom and a confidence level of 95%.

ST was assessed by exposing the sensor to a controlled thermal gradi-
ent in a climatic chamber (KBF-S ECO 240, Binder GmbH, Germany). The

test compared the response of the embedded FBG with that of a bare FBG
(λB= 1557 nm, acrylate recoating, grating length of 10mm, and reflectivity
of 94%; AtGrating Technologies, China) and a thermistor probe data log-
ger (EL-USB-TP-LCD, LASCAR electronics, UK). All sensors were placed in
the chamber and exposed to a ΔT of �30 °C through a controlled T ramp
from 20 °C to 50 °C over 2 h, at constant relative humidity (i.e., 40%). The
FBGs output data were recorded at 5 Hz, while the datalogger acquired at a
frequency of 1 Hz. The Sε and ST values were calculated as the slope of the
best-fitting line relating ΔλB to ε and ΔT, respectively.

Moreover, cyclic tensile tests were performed at different controlled
strain rates corresponding to 12, 24, and 36 cycles per minute. The sensor
was fixed between the grips of the universal testing machine (Instron 3365,
USA) equipped with a� 500 N load cell and subjected to sinusoidal dis-
placement in the 0–1% ε range of the sample initial length l0 (26mm).
Data from the tensile testing machine and optical interrogator were syn-
chronously recorded at a sampling frequency of 100 Hz.

Preliminary on-Skin Test: The gelMA-XG15%-based sensor was directly
adhered onto the skin of a volunteer. Chest and neck were selected for
cardio-respiratory activity monitoring, while wrist and knee for joint
motion tracking. During each trial, the sensor output was recorded by
the optical interrogator at a sampling rate of 100 Hz, and real-time
changes in the λB were monitored by a laptop equipped with the
ENLIGHT software. Tests complied with the Declaration of Helsinki
and received approval from the Ethics Committee of Università Campus
Bio-Medico di Roma (protocol code: 72.25 CET2cbm ATLETIC, date of
approval: 27 May 2025). All participants provided informed written con-
sent before the experiments.

Statistical Analysis: Before being analyzed, datasets were visually
inspected for potential outliers and checked for consistency; no transfor-
mations or normalizations were required. Data values are presented as
mean� standard deviation (SD), calculated on three independent sam-
ples or trials (n= 3), unless otherwise specified. Statistical significance
between experimental groups was assessed using a pairwise two-sided
t-test, with a significance threshold of α= 5%. Asterisks indicate statical
significance levels, with p-values< 0.05 (*), < 0.01 (**), < 0.001 (***),
else “not significant” (ns). All experimental data were analyzed and proc-
essed in MATLAB environment (MathWorks, USA).
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