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Modern wearable pressure sensors rely on converting external stimuli to electrical signals. Despite being
widely developed, they still present significant disadvantages such as intrinsic heat generation due to
electrical losses, which can interfere with data acquisition, limited speed of electronics, and user
discomfort. Here, we propose a nanophotonic approach in which mechanical loading alters the optical
behavior of photonic nanostructures. Using direct laser writing, we fabricate three-dimensional photonic
structures on flexible substrates. These are coated with ZnO using atomic layer deposition enhancing
their optical properties and biocompatibility. Exploiting full-wave photothermal and electromagnetic
simulations, we induce a thermal conductance mismatch via a layered substrate to avoid photo-induced
thermal damage of the substrate during writing and engineer the optical resonances of the sensor in the
telecommunication C-band. Imitating pressure variations in the human body, we integrate our photonic
device into a bulge setup to apply biaxial loading and monitor the changes of optical properties in situ.
We show the potential of the technology for strain sensing applications with a sensitivity of 0.016%
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Introduction

Real-time diagnostics of the human body processes has become
extremely important as it promises a constant data stream for
early diagnosis and treatment of diseases." Flexible sensors
emerge as a powerful technology to carry out this task. Their
wide implementation in modern detection architectures allows
for more effective and patient-friendly diagnostics. There are
key factors that a wearable sensor should fulfil. It should be
biocompatible, thin, lightweight, and provide an appropriate
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sensing range and sensitivity.* The vast majority of the current
wearable sensors are based on the detection of electrical signals
upon an external stimulus such as the heart rate, wrist pulse, or
blood/intraocular pressure variation,® i.e. they involve pressure
detectors. To fulfil the necessity of requiring maximum effi-
ciency, sensitivity, and precision, the advent of nanophotonics
has attracted considerable attention. Studying the fundamental
light-matter interaction, nanophononics provides a new path-
way in wearable sensor development for real-time non-invasive
diagnostics.

Over the last two decades, pressure and strain detection
devices have attracted considerable attention due to their
wearability and mechanical stability, providing cost-effective-
ness and long device life span.” To date, pressure sensors are
typically based on force-induced changes in piezo-resistivity,
capacitance, and piezo- and tribo-electricity.® Such sensors
transduce an external pressure stimulus into electrical signals.”
Despite having demonstrated high sensitivity and capability for
human health monitoring, many challenges remain to be
addressed. Briefly, for a piezoresistive sensor, in vivo measures
require enhanced adhesion and a relatively large contact area.
A capacitive sensor does not exhibit high sensitivity for the entire
range of pressure measurements.® Moreover, the abovementioned
sensors are not self-powered. Piezoelectric and triboelectric
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devices deliver good response time and sensitivity; however, when
converting mechanical energy into electricity they are limiting
the potential of wearable sensors due to their low mechanical
toughness.”™ Furthermore, a significant aspect to take into
account is electrical losses that can interfere with data collection,
limited acquisition and speed (due to electronics) and generation
of thermal gradients, thus resulting in localized temperature rise,
which is potentially harmful for patients.

In the broad range of commercialized sensor devices, only a
small portion is optical-based. One measurement principle
used today is based on the detection of a spectrum shift
induced by mechanical deformation with the use of a photonic
sensor such as a ring resonator or a 2D photonic crystal."?
Other approaches include photonic crystal waveguides™
enabling the detection of mechanical load by measuring the
shifted resonance wavelength. Since shifting the wavelength
resulted in leaving the telecommunication band, the idea
behind these devices has certain limitations. Furthermore,
optical devices based on fibre Bragg gratings (FBGs)® use the
concept of creating a grating area in an optical fibre at a specific
position with a periodic distribution of the refractive index.
To overcome the challenges of the state-of-the-art pressure
sensors and explore the potential of optical-based sensors,
the integration of nanophotonic principles into flexible pres-
sure sensors stands as a novel approach that offers several
advantages including improved sensitivity, miniaturization,
and contactless operation.

Here, we propose a three-dimensional (3D) direct-laser-
writing (DLW) photonic crystal (woodpile, WD) structure,
printed directly onto a thin and flexible polyimide (PI) substrate
(Fig. 1a) for pressure detection. DLW is an emerging method for
laser 3D printing, which combines the advantages of a mask-
less technique with the capability of creating structures below
the diffraction limit of light. Photonic crystals (PCs), i.e. photo-
nic structures, consisting of periodically arranged materials,
establish strong interactions with the incident light, thus
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leading to sensing functions with high efficiency."* Specifically,
the optical response of PCs is associated with resonances which
can be extremely sensitive, among others, to small variations of
the structure geometry, such as pressure-induced variations/
deformations. This makes properly designed and engineered
PCs excellent candidates for pressure/strain sensing, as is
demonstrated in the present work. To date, there is no report
on a similar device in the literature that brings together
innovative 3D laser printer nanofabrication, a flexible substrate
and pressure detection based on reflection intensity changes
within the telecommunication band.

The photonic crystals designed and investigated here are
WD structures with resonant response in the telecommunica-
tion C-band (~1.5 pm; Fig. 1b) essential for compatibility with
standard optical communication platforms. The design of the
structures is performed using full-wave electromagnetic simula-
tions, where different periodicities are considered to achieve fine
tuning of optical resonances within the desired C-band. To be
able to fabricate the structures on a flexible substrate, essential for
their implementation in a wearable pressure sensor scheme, we
perform investigations employing full-wave photothermal simula-
tions and derive an approach and conditions to realize fabrication
avoiding the associated laser-induced photothermal damage.
After structure fabrication via DLW, exploiting atomic layer
deposition (ALD), we conformally coat the WDs with an 80 nm
layer of zinc oxide (ZnO) to alter their apparent optical properties
and enable sensor biocompatibility (Fig. 1c). Furthermore, we
perform in situ monitoring of optical properties upon mechanical
loading; mimicking the pressure variation in the human body, we
integrate our photonic structure (strain sensor) into a custom-
built bulge setup and evaluate the pressure detection perfor-
mance. We repeat the evaluation over 1000 loading cycles,
demonstrating the structure-response robustness, essential for
real-life applications.

Results and discussion

DLW is a large-scale and cost-effective method of printing
nanoscale structures, with feature sizes below 100 nm. For
those structures working as wearable pressure sensors, it is
essential for them to be placed on top of flexible substrates.
While DLW delivers high-resolution sensors, performing laser
fabrication directly on PI induces photothermal damage due to
high absorption in the UV range (2-photon absorption wave-
length; Fig. 2a). To evaluate this behavior, we perform full-wave
photothermal simulations. First, we exploit a thin film (40 nm)
of Au on top of PI to increase the reflectivity of the surface
(essential for finding the interface during DLW; see Fig. 2b).
However, Au has high optical absorption combined with good
heat conductance (397 W mK '), leading to elevated photo-
thermal heating and resulting in thermal gradients as high as
350 K (top right, Fig. 2¢). To avoid this, we add an intermediate
thin layer of carbon (C, 30 nm; between Au and PI) with the aim
to induce a heat conductance mismatch. This indeed leads to
lower optical absorption (P,,s) and a drastic reduction of the
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Fig. 1 Pressure detection enabled by laser-printed 3D biocompatible nanophotonic structures coated by atomic layer deposition (ALD). (a) Example of
pressure detection by monitoring changes in the optical properties of a laser-printed nanophotonic structure on a flexible polyimide substrate. (b) Direct
laser writing (DLW) of woodpile (WD) structures (116 x 116 pm?) through a photosensitive material on flexible substrates (~ 20 um, top left), SEM images
of the resulting structure (top right), and structures of three periodicities (@ = 1.9, 2.1, and 2.2 um, bottom). The inset shows the structural parameters
w = h = 0.46 pm, c = 1.84 pm and a of the WD unit cell. (c) ALD process of ZnO (left) and SEM image of the resulting coated structure (right).
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Fig. 2 Photothermal study for direct laser printing on flexible substrates. (a) (Top) DLW for the fabrication of WDs on Kapton tape (polyimide, PI).
(Bottom) PI absorbs strongly in the UV range (two-photon absorption wavelength) leading to material expansion due to thermal damage. (b) (Top) First
approach using an Au thin layer (40 nm) to increase the reflectivity (essential for finding the interface). (Bottom) Second approach using a C interlayer
(30 nm) as a heat-insulating layer between Au and PI. (c) Photothermal simulations for (top) Au—Pl and (bottom) Au—-C—PI layered structures. (Left) Power
absorbed maps in the Pl cross-section as a result of the optical absorption which is converted (right) to a thermal gradient.
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resulting thermal gradient (~ AT = 5 K, bottom right of Fig. 2c).
Consequently, based on our simulation study, we deposit the
Au/C layered substrate via sputtering. This allows the fabrica-
tion of WDs via DLW without unwanted thermal damage of the
polymeric flexible substrate.

The photonic structure response of WDs depends strongly
on their structural parameters. One such critical parameter is
structure periodicity. Here we investigate (design, fabricate,
and characterize) three different periodicities (structures are
shown in Fig. 1b) to fully cover the desired telecommunication
range: 1.9, 2.1 and 2.2 um. The DLW-obtained polymeric
structures are subsequently coated with ZnO (thickness of
80 + 5 nm) via ALD (Fig. 1c). The reflection spectra of the
fabricated structures (coated and uncoated) are shown in Fig. 3.
As can be seen from Fig. 3a, the uncoated structures show
flat reflection spectra throughout the NIR detection range,
as expected due to the low refractive index of the resist (IP-
dip, Nanoscribe). In contrast, as the refractive contrast (with
air) increases, the ZnO-coated (80 nm) structures show clear
periodicity-dependent resonances in reflection, where the reso-
nance is shifted for about 200 nm (from 1450 to 1650 nm) with
the abovementioned periodicity change (Fig. 3b).

To better understand the nature of the resonances and their
periodicity dependent shifts, we perform full-wave simulations
(CST Studio Suite; Fig. 3c and d). Here, we consider four unit
cells along the propagation direction (z-direction; see Fig. 3d)
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and ‘unit cell’ periodic boundary conditions in the lateral
directions (x and y). We plot in Fig. 3c the simulated normal-
ized reflection of 1.9 (green line), 2.1 (blue), and 2.2 pm (red)
periodicities, with impinging light at normal incidence, as
shown in Fig. 3a. Similarly to the experiment, the reflection
resonance is shifted from a wavelength of about 1500 to
1700 nm. To understand the origin of the observed reflection
resonances/peaks, we plot the electric-field distribution in
3D maps showing the mode profile and light localisation for
the 1.9 um periodicity WD. At a 1250 nm wavelength (off-
resonance), the incident wave penetrates the structure of the
WDs, and the electric-field is distributed throughout the struc-
ture almost uniformly. On resonance (1550 nm), the electric
field shows distinct nodes along the propagation direction,
resembling the field profile at the Bragg-gaps of the photonic
crystal, associated with the reflection peak, in good agreement
with the experiment.

After achieving enhanced optical properties, the next task is
to test the meta-device sensitivity upon mechanical loading.
Imitating human body pressure variations, we load the photo-
nic meta-device into a bulge setup to perform in situ optical
measurements while varying the pressure. For each pressure
step, we record the reflection spectra with a custom-built
optical microscope comprising a NIR spectrometer (Fig. 4a).
To test the pressure sensitivity, we measure the reflection
spectra of the three WD periodicities (1.9, 2.1 and 2.2 pm)
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Fig. 3 Engineering the optical properties of laser-printed ZnO-coated 3D photonic structures on flexible substrates. Optical properties measured with a
reconfigurable optical microscope including a near-infrared (NIR) spectrometer. Experimental measurements of 1.9 (green), 2.1 (blue), and 2.2 um (red)
periodicities of (a) polymeric (uncoated) and (b) ZnO-coated woodpiles (WDs). (c) Simulated reflection spectra considering finite layers in the z-axis and
periodic boundary conditions in the x- and y-axis. (d) Electric-field 3D maps of the 1.9 um periodicity WD at a wavelength of (left) 1250 and (right)

1550 nm.
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Fig. 4 Analysis of pressure variation detection by monitoring changes in optical properties for WD periodicities. (a) /n situ pressure bulge setup for
measuring the optical properties of WDs with 1.9 (green), 2.1 (blue), and 2.2 um (red) periodicities. (b) Reflection spectra of three periodicities recorded
during inflation (left) and deflation (middle) and the resulting pressure sensitivity performance (right). Faded colours stand for measurement errors. Arrows

indicate the resonance position.

during inflation and deflation (left and middle, Fig. 4b).
Different shades of colours in the spectra stand for measure-
ments under different pressure values (see colour bars in
Fig. 4). Next, we calculate the integrated area (IA) by integrating
the reflection spectra between two pressure values: initially at 0
pressure (AP = 0 bar) and x pressure (AP = x bar) steps for a
range of wavelengths between An, = 1400 nm and Amax =
1600 nm (right, Fig. 4b). In the formula shown below, R,
represents the reflection at pressure AP = 0 bar and R, repre-
sents the reflection at pressure AP = x bar:

/lmaxRx — RO

Rl (1)

Integrated area (IA) = J

“min

Every point (see the third column in Fig. 4b) corresponds to
differential reflection for each pressure step under inflation
(circular markers) and deflation (triangular markers). Shade
colours stand for the measurement error. A similar behavior is
observed for continuous loading/pressure cycling, demonstrat-
ing that the 2.2 WD structure shows the best pressure sensitiv-
ity performance (Fig. S1, ESIT).

As shown in Fig. 4b, our structures demonstrate variable
pressure detection sensitivity with rising periodicity, in parti-
cular an increase in pressure sensitivity performance as the

16482 | U Mater. Chem. C, 2024, 12,16478-16486

periodicity increases (from top to bottom), quantified by the
integrated area value. Especially, the small peak of the differ-
ential integrated area at the minimum point (at the highest-
pressure value of AP = 1 bar) in 1.9 pm (green, Fig. 4b left) is
absent in 2.1 (blue) and 2.2 pm (red) periodicities. The inte-
grated area values are —320 + 98 for 1.9 um periodicity, —970 +
244 for 2.1 pm and —1038 + 69 for 2.2 pm periodicity (see the
right panel of Fig. 4b). Furthermore, the most symmetrical
trends for both inflation and deflation and the largest
reduction of the integrated area of differential reflection and
the smallest errors are observed for 2.2 um periodicity. For the
latter periodicity, our measurements show that the best perfor-
mance is observed when the resonance of the structure is
slightly red-shifted with respect to the integration window.
Further studies might concern the fine tuning of resonances
across the targeted wavelengths for the evaluation of the
detection sensitivity; this might be more pronounced consider-
ing higher refractive index dielectrics (n > 3) where the
resonance should be appearing more narrowband (higher
Q-factors). Importantly, the biocompatibility of the material
should be preserved.

To evaluate the potential of our laser-printed photonic
pressure sensor for real-life diagnostics and assess the repeat-
ability of pressure sensitivity, we investigate the changes of
optical properties by a fatigue test. Particularly, we perform

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Fatigue pressure detection measurement. (a) Fatigue test with four measured spots at 0, 100, 500, and 1000 cycles (left) and an example of the
four measurement repeats around each spot (right). (b) Differential integrated area of the reflection spectra for a wavelength between 1400 and 1600 nm.
(c) Relative changes in the integrated area over a different number of cycles (measured at 0, 100, 500, and 1000 cycles).

1000 cycles of mechanical loading (consecutive inflation/
deflation) and measure the integrated area at 100, 500, and
1000 cycles (Fig. 5a and b). We note that the time of measure-
ment is increased for having enough time for data acquisition
and every measurement comprises four repeats for clarity (left,
Fig. 5a). Furthermore, we plot the reduction of the integrated
area for 0, 100, 500 and 1000 cycles for an applied pressure of
1 bar (Fig. 5¢c). After 1000 cycles, the integrated area is reduced
by 34% (Fig. 5¢). This reduction in signal is likely caused by
inelastic deformation of the flexible substrate and may be
minimized in future studies by reducing the applied strain on
the membrane.

The aim here is to design an all-optical wearable sensor for
detection of pressure in the human body. Ideally for such
diagnostics the sensor needs to detect small pressure varia-
tions. To evaluate the maximum sensitivity of our setup, we
calculate the strain developed at the structure point as we
inflate the membrane. Here, we consider the approximation
for a circular membrane for calculating strain and stress.">™"”
Briefly, for a membrane with a radius of @ = 0.5 cm and an
applied pressure of p = 0.2 bar, displacement in the z-axis of &
~ 77 pm and ¢ = 25 pm membrane (Kapton tape) thickness, we

2 2
= %) of 65 MPa and a strain <ar = %)
of 0.016% for circular geometry according to the analyti-
cal model of Vlassak et al'® When we perform the same
calculations at p = 1 bar, taking into account a displacement
of n = 183 pm, we find that the stress would rise up to

calculate a stress (ar

This journal is © The Royal Society of Chemistry 2024

136.5 MPa, which corresponds to a strain of 0.089% under
the assumption of linear elastic behaviour. As this stress
surpasses the yield stress of polyimide (73 MPa), the loading
of the membrane likely resulted in plastic deformation of the
substrate. It is therefore likely that the total deformation is not
distributed homogeneously over the entire membrane, which
could explain the nonlinear behaviour shown in Fig. 5b. Future
studies should be directed towards characterizing and improv-
ing the device pressure sensitivity. Even though the strain
obtained through the modelling approach is computed for
the polyimide membrane - not the top of WDs - they can be
considered as a good approximation of the strain applied to the
structure due to its low height and therefore negligible bending
stiffness. Accordingly, compared to conventional pressure
detectors, the strain resolution of our structures is relatively
good.”'*?* Future investigation can also consider influencing
pressure sensitivity by reducing the membrane thickness and
radius.

Furthermore, we estimate the periodicity-dependent sensi-
tivity of our device for the three periodicity structures by using
the following formula:

S=— 2
where IA is the integrated area (see eqn (1)) calculated for AP =
1 bar and ¢ is the strain measured under the highest load. The

values obtained are ~19.8 for the 1.9 um, ~30.25 for the
2.1 um and ~ 100 for the 2.2 um structure. The results confirm
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that the performance of the device increases as the periodicity
increases. The repeatability of strain detection sensitivity is
essential for realistic devices. We show that, after 1000 con-
secutive loading cycles of the 3D-printed structures, the sensi-
tivity is reduced by 34%. To understand this, we performed
high-resolution SEM imaging before and after the fatigue test
(Fig. S3, ESIf). The images show the development of a low
number of localized cracks that might originate from poly-
merisation imperfections. Such ‘weak’ points act as strain
concentrators, meaning that the global applied strain cannot
be converted to uniform nanoscale strain around these points.
This suggests that further tuning of the fabrication process for
improved structure quality will lead to better pressure detection
performance in the future.

Conclusions

To sum up, in this work we employed a novel measurement
principle for strain sensing that differs from earlier research on
photonics-based pressure detection. Our approach leads to a
reduction of the amount of reflected light intensity in a given
spectral band rather than a frequency shift out of the C telecom
band wavelength range, allowing this technique to be imple-
mented using standard photodiodes rather than frequency
sensitive detectors. On the other hand, this work presents a
novel approach to produce 3D structures on polymer foils
employing 3D laser printing technology that provides design
flexibility and may be employed on flexible substrates essential
for wearable sensors.

In this work, we show laser-printed devices that can be
fabricated directly onto flexible polymeric substrates by inves-
tigating ultrathin layers inducing thermal conductance mis-
match avoiding undesirable thermal damage. Full-wave
photothermal simulations show that the Au/C/PI layered struc-
ture results in a reduction of the thermal gradient by 300 K in
contrast to Au/PI. We demonstrate that mechanical loading
(applied strain as low as 0.016%) leads to an effective change in
the spectra of nanophotonic structures. The use of this strategy
to detect pressure variation provides new possibilities for all-
optical-based wearable device diagnostics avoiding parasitic
heating that might interfere with data acquisition.

Focusing on the telecommunication C-band, we explore
three structure periodicities (1.9, 2.1, and 2.2 um) with reso-
nances in the range of interest around the telecommunication
C-band. These show different pressure detection performances.
In addition, by investigating the performance under fatigue
loading conditions, we find a reduction in the sensitivity of
about 34% for 1000 loading cycles.

Further investigations for all-optical pressure diagnostics
may concern a systematic study of a wide range of structure
designs that will provide sensitivity improvements. In this
context, different photonic structures may be combined with
the variation of the membrane radius and thickness to fine-
tune the pressure-reflectance relationship. In addition, further
optimization of the fabrication process will lead to less strain

16484 | J Mater. Chem. C, 2024,12,16478-16486
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localization and longer fatigue life with higher performance of
the pressure sensor. At the same time, various biocompatible
materials can be tested. This study thus brings together nano-
fabrication, thin film deposition nanomechanics and nanopho-
tonics to develop pressure or strain sensors and explore a wide
variety of applications for wearable sensors and monitoring of
biological systems.

Methods

Sample preparation

The Au layer (40 nm) was deposited by sputtering (Leica EM
ACE 600 high vacuum coater, Germany). The C layer (30 nm)
was deposited via carbon thread evaporation by a pulsing
approach implemented using a Leica EM ACE 600. ZnO coating
was performed with a custom-built ALD system using the
diethyl zinc (DEZ) precursor and water (H,O) co-reactant at
50 °C. The high reactivity of DEZ is essential for lowering the
deposition temperature. Furthermore, the deposition para-
meters were 0.1 s for the precursor pulse, 1 s for exposure,
and 90 s for the purge in both cases (DEZ and H,O). The
precursor pulse and the purge were executed under 15 sccm
and 100 sccm argon flows, respectively. The growth per cycle
(GPC) was about 0.12 nm per cycle, allowing coating with sub-
nm resolution. The WD structures (116 x 116 x 16 um?®) were
fabricated by DLW (Photonic Professional GT, Nanoscribe
GmbH, Germany) based on the two-photon polymerization
principle. The laser printer was equipped with a Ti:sapphire
femtosecond pulse laser focused onto the IP-Dip photoresist
using a 63 x oil-immersion objective (Dip-in-Laser Lithography,
DiLL) with a high numerical aperture (NA = 1.4).

Photothermal simulation

We performed photothermal calculations to simulate the effect
of optical heating in the layered substrate used in our experi-
ment. We calculated the local power absorbed by the substrate
(using Lumerical’s FDTD solver) and imported the result (Pabs)
into the thermal solver (Lumerical’s HEAT solver) to calculate
the heating gradient (AT). We calibrated our simulation based
on previously suggested methodologies for nanoscale objects.**>*
The optical absorption was simulated from an optical intensity of
1 mW pm 2 at a wavelength of 390 nm which represents the
working wavelength of the DLW technique.

Electromagnetic simulation

The electromagnetic simulations unveiled the resonance
mechanisms and the structure-dependent behaviour of the
photonic structures of WDs. They were carried out with the
commercial software package CST Microwave Studio, employ-
ing a finite element solver in the frequency domain. A plane
wave was used for the excitation of the structure in combi-
nation with periodic boundary conditions in the x- and y-axis.
More than two Floquet Modes were taken into considera-
tion since the lattice constant of the WDs’ photonic struc-
tures was comparable to the wavelength of the incident wave.

This journal is © The Royal Society of Chemistry 2024
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The number of of Floquet Modes required for this calculation
was indicated by the solver used. Finally, the mesh that was
used in all cases was an optimized tetrahedral-type mesh
generated automatically by the software.

Optical measurements

The optical measurements were performed with a custom-built
setup consisting of a QTH10/M-Quartz Tungsten-Halogen lamp,
a pair of beam splitters, a converging lens and a MY50X-825-50
Mituoyo Plan Apochromatic Objective (NA = 0.42). The setup was
also equipped with a CS505CU-Kiralux 5.0 MP Colour CMOS
Camera and an NIRquest spectrometer (900-1700 nm) from
OceanlInsight operated with OceanView 2.0.8 software.

Bulge test

The pressure test was performed in a custom-built in situ setup
with a maximum pressure of 10 bar (reduced to 1 bar in this
work) using mass flow controllers (GM50A digitally controlled
mass flow, MKS Instruments) at 2 x 1000 scem (1 1 min~") used
to inflate and deflate air inside a 2.5 cm® chamber.
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request from the corresponding author.
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