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ABSTRACT A novel approach to monitor the degree of bending via flexible photonics devices, using ratio-
metric power variation in a few-mode optical waveguide, is proposed. To demonstrate its feasibility, a sensor
exploiting a Bragg grating, approximately aligned to the neutral axis, is designed, fabricated and character-
ized. The reduced thickness of the proposed planar photonic sensor is uniquely limited by optical confine-
ment requirements, enabling for an ultra-thin and highly flexible planar device, based on all-glass platform.
Finite Element Method, Beam Propagation Method and Coupled Mode Theory are employed in the design
to model the electromagnetic and mechanical phenomena occurring during the three-point bending test.
The experiment demonstrates that the planar device withstands tight curvature without mechanical failure.
The device shows that by increasing the bending the reflected power from the fundamental mode decreases
and the reflected power from the higher order mode increases. The measured ratiometric power sensitivity
versus displacement is Kp, = —0.78 dB/mm with negligible variation over a 40°C thermal range. Therefore,
exploiting both the Bragg wavelength shift and the mode optical power change, the proposed sensor can be
employed for multiparameter sensing purposes, e.g. simultaneous temperature and curvature monitoring.

INDEX TERMS Coupled mode theory, flexible photonics, bending, optical fiber sensor, Bragg grating.

I. INTRODUCTION through controlled thinning, adding the ability to flex while
Flexible photonics is a rapidly advancing research field. preserving their essential functionality. This innovative class
Traditional rigid devices in planar optics can be refined of photonic devices has been successfully fabricated on a

number of substrates, as extensively documented in various
The associate editor coordinating the review of this manuscript and recent articles [1], [2], [3], [4], [5], [6], [7]. Specifically,
approving it for publication was S. M. Abdur Razzak . polymer waveguides demonstrate remarkable flexibility,
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enabling significant levels of curvature, twisting, and stretch-
ing [6], [8]. However, it is worth noting that the refractive
index contrast may not consistently meet the demands for
robust optical field confinement and that polymers can exhibit
poor performance when subjected to harsh environments such
as elevated temperatures or exposure to solvents [6].

Recent studies have also explored the integration of glass
onto polymer structures [9], [10], aligning with the grow-
ing focus on flexible photonics based on all-glass substrates
and components [11], [12], [13]. Glass substrates excel for
their optical performance, exceptional chemical properties,
thermal resilience, and superior refractive index contrast
compared to polymer waveguides [12], [13]. The higher
elastic moduli exhibited by glass materials, as opposed to
plastics and polymers, contribute to their inherent rigidity in
a solid state. The bendability of all glass photonic devices
significantly depends on the thickness of the material. This
is the main factor affecting the ability of glass to adapt to a
range of curvature configurations. Indeed, for materials that
have a low tensile strength, such as doped silica, reducing
thickness can also increase the total degree of flexure prior to
failure.

For optical-based bend sensors, the overall thickness of the
device typically arises from the established practice, wherein
the waveguide is traditionally situated apart from the neu-
tral axis. Here, a minimum thickness becomes necessary to
establish the offset from the neutral axis and ensure optical
modes confinement. If the neutral axis is aligned or closely
aligned with the core, the sensor tends to exhibit minimal or
no detectable response.

In this paper, a novel approach for curvature monitoring via
all-glass flexible sensors, using ratiometric power variation
between the fundamental and higher order mode in a bimodal
optical waveguide, is proposed. As proof of concept, a flexi-
ble photonic bend sensor (see Fig. 1), is designed, fabricated
through Flame Hydrolysis Deposition (FHD) and character-
ized via three-point bending test [18]. Notably, the channel
waveguide is deliberately aligned slightly off-axis, a depar-
ture from the conventional approach for bend sensors. The
optical characteristic of the Bragg grating is comprehensively
examined both theoretically and experimentally, including
analyses of Bragg wavelength shifts and alterations in optical
mode power, particularly under the influence of pure bending.
The designed sensor has a reduced thickness that minimizes
the internal strain values, allowing a strong extension of
the typical sensing range of cylindrical optical fiber, up to
110 m~! without the use of low stiffness materials [19], [20].
The obtained results show that this novel approach could
be exploited for the development of innovative optical sen-
sors, allowing the simultaneous temperature and curvature
monitoring, or, more in general, multiparameter monitoring.
Progress in this domain is expected to influence fields includ-
ing soft robotics, medicine, and the monitoring of engineered
structures [4], [15], [16], [17], [21], [22].

After the Section I, the paper is organized as fol-
lows: Section II illustrates the electromagnetic design and
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FIGURE 1. Flexible planar photonic chip in doped silica fabricated
through flame hydrolysis deposition.

mechanical performance investigation of the sensor; Sec-
tion III describes the sensor fabrication and the compari-
son between numerical and experimental results; Section IV
provides the conclusions and the discussion on the future
prospects.

Il. ELECTROMAGNETIC AND MECHANICAL MODELING

A. DESIGN APPROACH

The design of the flexible photonic sensor is developed via
2D-Finite Element Method (FEM) electromagnetic modal
analysis, using the COMSOL Multiphysics® Wave Optics
module. Then, the flexible photonic sensor is modeled via
3D-FEM, using the COMSOL Multiphysics® Structural
Mechanics module, to simulate the three-point bending test.
The optical response of the Bragg grating, under three-
point bending, is investigated through electromagnetic and
mechanical analyses. The mechanical analysis allows to
determine the maximum displacement, the curvature profile,
and the strain distribution. The calculated curvature profile is
used in the 3D-BPM modeling (Beam Propagation Method,
BeamPr0p®-RSOFT Design'?) to assess power mode mix-
ing in addition to the Coupled Mode Theory (CMT). It is well
known that in multimode waveguides, bending induces mode
coupling and optical power exchange amongst other phenom-
ena. The strain distribution, the electromagnetic field profile,
and the powers of the propagating modes are employed as
inputs to an in-house MATLAB® code based on CMT [23].
This combines the influence of the bending on refractive
index distribution, grating period, and coupling coefficients.
CMT is exploited to compute the reflection spectra and the
Bragg wavelength shift of the gratings [14].

Three Bragg gratings, namely #G1, #G2, and #G3, are
designed following the aforesaid approach. An exhaustive
electromagnetic investigation is focused on the Bragg grat-
ing #G2, constituting the flexible sensor, which is subjected to
an almost constant curvature along the entire grating length.
The numerical results agree with the experiment and explain
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the optical response of both #G2 and the other two Bragg
gratings #G1 and #G3 designed and fabricated only to better
explain the sensor behavior.

B. ELECTROMAGNETIC DESIGN AND

MODAL INVESTIGATION

Generally, fiber Bragg gratings can be adopted to infer the
level of bending by exploiting an off-axis core and observing
the Bragg wavelength shift. To investigate the feasibility of
the sensor for the monitoring of two parameters, e.g. the
curvature and the temperature, a channel waveguide with two
propagating modes is designed. The electromagnetic design
of the flexible photonic sensor with a slight off-axis core is
carried out. Figure 2 shows a not-to-scale sketch of the flex-
ible sensor cross-section. The total thickness is 75 = 60 um
and the total width is wj, = 1 mm. The thickness #5;, is chosen
as a trade-off, to provide both a low level of surface stress and
a suitable electromagnetic field confinement when the sensor
is bent. The sensor is multi-layered, comprising overclad,
core, and underclad. The underclad thickness is slightly larger
than the overclad so that the core layer is 1.5 um offset from
the central neutral axis of the sensor.

channel
waveguide

FIGURE 2. Sketch of the flexible sensor. The channel waveguide (light
gray colored), in which the gratings are inscribed, is written in the central
core layer and it is slightly off-axis with respect to the neutral axis.

The channel waveguide is rectangular, and it is written
within the core layer. Its width is wy,,, = 7 um and its
thickness is identical to the one of the core layer, ., = lywg =
9 pm. The underclad and overclad layers are made of iden-
tical silica glass composition and uniform refractive index
distribution n,; = 1.4452 at the wavelength A = 1553 nm.
The core layer refractive index is n,, = 1.4645 at the
wavelength A = 1553 nm. At the same wavelength, the
channel waveguide refractive index is n,,, = 1.4695, obtain-
able by adopting direct UV Writing (DUW) manufacturing
technique. Both the core layer and the channel waveguide
have a step-index profile distribution. The refractive index
wavelength dispersion is modeled via a suitable Sellmeier
equation [24]. The norm of the electric field E of the funda-
mental and high (second) order mode, i.e. the spatial modes
Eq1, Eby, is reported in Fig. 3.
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FIGURE 3. Norm of the electric field E of the fundamental E;; and high
order mode E,;. The coordinates (0; 0) refer to the center of the
waveguide.
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FIGURE 4. (a) Sketch of the boundary conditions and applied forces to
the 3D-FEM modeled flexible photonic sensor for three-point bending
test simulation; (b) schematic representation of the set-up and Bragg
gratings locations.

C. MECHANICAL INVESTIGATION: THREE-POINT
BENDING TEST

To numerically investigate the sensor response to the
three-point bending test, the multi-layered glass platform
described in Section II-B and having a length L, = 60 mm,
see Fig. 4 (a), is 3D-modeled. The employed mechanical
parameters, such as Poisson’s ratio v. = 0.17 and Young’s
modulus E.;, have been measured through nano-indentation
tests [21]. The underclad and overclad compositions are iden-
tical, with Young’s modulus E.,; = 40 GPa. The core layer
is stiffer than the cladding layers and its Young’s modulus
is E;, = 62 GPa. The boundary conditions and the applied
forces are set in the 3D-FEM model as reported in the sketch
of Fig. 4 (a), (b). Moreover, Fig. 4 (b) is a schematic of the
set-up, highlighting the position of the three Bragg gratings,
namely #G1, #G2, #G3, and the position where the force F
is applied. A fixed constraint condition is applied on the left
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FIGURE 5. Displacement profile as a function of the flexible photonic
sensor length Lg, considering the applied force Fs.

boundary of the flexible photonic sensor, while, on the right,
a simply supported boundary condition is imposed.

The force F acts perpendicularly to the longitudinal
axis (z-axis), at the centre of the Bragg grating #G2.
A free tetrahedral mesh is employed, consisting of
M3p—_rem = 168442 domain elements. Three-point bending
test is simulated by considering the force values F; =
[0 mN, 3.3 mN, 6.6 mN, 9.8 mN, 12 mN] withi =1 — 5.

The simulated maxima displacements dy;;,,, for each force
value Fj, are respectively dy;, = [0 mm, 3 mm, 6 mm, 9 mm,
11 mm]. Figure 5 plots the simulated displacement of the
flexible photonic sensor versus its length Ly due to the
force Fs, i.e. the maximum applied force value; the conven-
tion used to define the curvature sign is indicated in Figure 5.
The displacement dj;,, obtained from the 3D-FEM model
(black solid curve) perfectly agrees with that obtained by
classical beam theory (red dotted markers) [25]. The 3D-FEM
approach allows a multiphysics investigation including the
internal strain calculation. Figure 6 illustrates the curvature
radius Cp as a function of the cumulative arc length S, for the
case of maximum displacement d;;, = 11 mm. The curvature
radius is evaluated by considering the curvature equation

Cr = | (1 + )'12)% /Y| where y and y are the first and second
order derivative of the displacement profile function. The
values of the curvature radius Cg, are then used for 3D-BPM
modeling.
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FIGURE 6. Curvature radius Cg vs cumulative arch length S considering
the applied force Fs.

D. POWER MODE MIXING
The mode optical power exchange between the propagat-
ing modes in a bent optical fiber/waveguide is analysed
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via 3D-BPM, which exploits the conformal mapping
method [26]. The conformal mapping is used to map the
cross-sectional refractive index 7. of a curved optical waveg-
uide, into a straight one. If the size of the flexible photonic
sensor is very small compared to the applied curvature
radius Cpg, a straight equivalent waveguide, with a novel
cross-sectional refractive index n,, = n, (1 + xp/ CR), can be
modeled [26], [27]. The distance from the optical waveguide
centre is indicated with x,, while n. is the cross-sectional
refractive index when the sensor is unperturbed, i.e. not bent.
3D-BPM approach does not consider the effect caused by
the strain field on the refractive index n.. This further effect
is taken into account in Section II-E for the evaluation of
the Bragg grating spectra, using stress-optic relations [28].
For each value of dg;,, the curvature radius Cg versus the
cumulative arc length S is exploited by 3D-BPM to calculate
the cross-sectional refractive index n,, and to assess the power
mode mixing. To simulate the butt coupling with a single
mode optical fiber, a Gaussian beam profile is considered as
an input optical field.

The grid resolution of the simulation is Mpppr,; = 0.1 um
and Mppyr,; = 0.25 pm respectively for transverse (x-y axis)
and longitudinal direction (z axis). By considering the max-
imum displacement dy;;, = 11 mm, the power mode mixing
investigation for the grating #G2 demonstrates (as it will be
shown in Section II-E) that the simulated peak power P jom
of the high order mode increases of APy o, = 3.4 dBm at the
expense of the peak power P; s, of the fundamental mode.

E. BRAGG GRATING SPECTRUM EVALUATION

The 2D-FEM modal analysis is carried out by using the
stress-optic relations and the strain distribution within the
flexible photonic sensor, derived from the 3D-FEM mechan-
ical investigation. To solve CMT, the transversal coupling
coefficients K (z) are calculated considering the effective
refractive indices ney and the electromagnetic field profiles
E of the two modes propagating along the z axis (along both
positive and negative directions) [23]:

W _

KL (z) = Zf// A€ (x,y,2) EY (x,y,2) E (x, y, 2)dxdy
core

(D

where wy is the angular frequency, E (x,y, z) is the transver-
sal electromagnetic field profile, Ae (x, y, z) is the dielectric
perturbation which relies on refractive index modulation. The
3D-BPM is employed to calculate the input power of the two
guided modes in CMT model [23]. To compute the reflec-
tion spectrum of grating #G2, the approach is executed for
each displacement dg;;,; the wavelength range is from A =
1514 nm to A = 1520 nm with a wavelength step Ay, =
Spm. The effective refractive index of the fundamental mode
iS neg un = 1.46618 and that of the second order mode
i nef hom = 1.46291 at the wavelength A = 1553 nm.
The designed uniform Bragg grating has a sinusoidal mod-
ulation with an amplitude Angs = 2x107* and a length
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L = 12 mm. The nominal grating period of #G2, when the
planar sensor is not subjected to curvature, is Aggy =
0.51774 pm.

This value is selected to obtain the mode matching between
the forward and backward fundamental mode around the
wavelength A = 1519 nm. For completeness, the grating
period of Bragg grating #G1, and #G3 were selected to obtain
the resonant wavelengths of the fundamental mode at Ayg; =
1528 nm and Asg3 = 1588 nm.

Figure 7 reports the simulated reflection spectrum when
grating #QG2 is unperturbed and when a displacement dy;,, =
11 mm is applied, respectively. The propagating modes inter-
act with the Bragg grating #G2 producing two resonant
wavelengths. Moreover, Fig. 7 shows that the applied bend-
ing produces i) a power exchange between the two modes
and ii) a blue shift of the resonant wavelengths. The results
demonstrate a variation of the Bragg wavelength for both the
fundamental and high order mode, reaching the maximum
Bragg wavelength shift AA; 5, = —250 pm and AAg pom =
—240 pm, respectively.
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FIGURE 7. Simulated reflection spectrum of the Bragg grating #G2,

unperturbed (solid curve) and with displacement d;,,=11mm (dotted

curve); length of the Bragg grating L= 12mm, refractive index modulation
of the Bragg grating Angg=2x10"*.

lIll. FABRICATION AND CHARACTERIZATION

A. FLEXIBLE PHOTONIC SENSOR FABRICATION

The flexible glass substrate is fabricated using FHD. This
process involves the sequential deposition of three doped
silica layers (overclad, core and underclad), onto a rigid
sacrificial silicon wafer (diameter d;,, = 152 mm, thickness
tsw = 1 mm, p-doped [100]). The silicon had a thermally
grown wet oxide layer, of thickness #,, = 6 um, used to
avoid chemical reaction between the deposited doped silica
layers and the silicon substrate. The use of equal compo-
sitions for the underclad and overclad, balances the stress
differentials on both the sides of the flexible substrate and
reduces intrinsic bend when released from the sacrificial sub-
strate. The underclad and overclad layers are processed with
flow rates of SiCly at 137 sccm, BCl3z at 70 scem and PCl3
at 31 sccm through a hydrogen-oxygen flame with flow rate
6.5 L/min and 1.5 L/min, respectively. The fabrication of the
core layer is made with flow rates of SiCly at 123 sccm, GeCly
at 130 sccm, BCI3 at 16 scem through a hydrogen-oxygen
flame with flow rate 5.4 L/min and 2.7 L/min. After each
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FHD layer, the deposited soot requires high temperature con-
solidation. This was achieved within a furnace, flowing O at
rates of 1.9 L/min and consolidating at temperatures 7., =
1360°C and T,; = 1250°C, for the core layer and cladding
layers respectively. The final processing step, to create the
flexible photonic platform, is obtained by removing the rigid
silicon substrate through a physical machining process [18].

UV written waveguide

overclad layer

[ & s
). meas
L underclad layer

H”_f p,meas

PM optical fiber

pr,mens
T e T A I TSI

' Flexible photonic sensor T '

UV-cured
optical adhesive

FIGURE 8. (a) Cross-section of the flexible photonic sensor captured via
microscope camera; (b) flexible photonic sensor coupled to a polarization
maintaining optical fiber via UV-cured optical adhesive.

Figure 8 (a) shows the cross-section of the fabricated
device, captured via microscope camera. The flexible pho-
tonic sensor has a measured width of W imeqs~ 1 mm,
thickness #4, meas™ 58 wm and length L, jeqs ~ 60 mm. The
thickness of the underclad is greater than that of the overclad.
A key feature of the design is that the core layer is not centred
on the neutral axis, but it is offset.

The measured core layer thickness .o meqs differs slightly
with respect to the desired #.,, due to dopant diffusion induced
by the high temperature process involved. Figure 8 (b) shows
the flexible photonic sensor coupled via UV-cured optical
adhesive with a single mode polarization maintaining (PM)
optical fiber. The refractive indices are measured, through a
prism coupler, at the wavelength A = 1553 nm. The under-
clad and overclad layers have a measured refractive index
ne = 1.445, while the core layer has a measured refractive
index n., = 1.469.

B. BRAGG GRATINGS INSCRIPTION

The DUW technique is able to simultaneously inscribe the
channel waveguide and the three Bragg gratings within the
UV photosensitive core layer [29]. The Bragg gratings are
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written at different positions, along the length of the device,
as shown in Fig. 4 (b). They have a length L = 12 mm and
a uniform apodization profile, refractive index modulation
of the Bragg grating Angg = 2 x 10~*. Moreover, they
are pseudo-randomly ordered, such that the spectral sequence
does not correlate with spatial sequence. The measured res-
onant wavelengths of the fundamental mode are Ayg; =
1528 nm, Agga = 1519 nm and Aygz = 1588 nm. The
reflected power versus the wavelength for the three unper-
turbed Bragg gratings is shown in Fig. 9. According to the
electromagnetic design, the waveguide supports two modes
of propagation, since two resonant peaks for each grating are
evident.

—~
=
—

30F xG2 #G1

Reflected power R (dBm)
o
[4)]

1516 1518 1520 1522 1524 1526 1528

(b) Wavelength A (nm)

Easf ' ' '

m

z #G3

e 20

1

:

g -25¢ 1

a

T 30t 1

©

W ANPLWAY W[
1594 1595 1596 1597 1598

Wavelength A (nm)

FIGURE 9. Measured reflection spectra of the unperturbed Bragg gratings
(a) #G1, #G2 and (b) #G3; length of the Bragg grating L= 12mm,
refractive index modulation of the Bragg grating Angg=2x10"%.

C. THREE-POINT BENDING TEST AND OPTICAL
MEASUREMENT
The flexible photonic sensor was loaded in a mechanical
test rig to observe the optical response when subjected to
large deflections. An Instron E1000 electromechanical test
machine is used to apply three-point bending. The fixture
comprises three steel rollers having a diameter d,,;; = 6 mm,
each separated by a distance s = 20 mm. The upper roller
is used to apply the displacement and was attached to the
actuator as shown in Fig. 10. The side which is optically
coupled to the fiber (left-hand side in Fig. 10) was secured
using a tape to limit influence from optical fiber movement.
The flexible photonic sensor was subjected to an incremen-
tal displacement d, from d = 0 mm (i.e. unperturbed) to d =
11 mm. The optical measurements were carried out during the
three-point bending test, using the set-up shown in Fig. 11.
A negative Bragg wavelength shift in the pm range was
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Flexible photonic sensor

FIGURE 10. Photograph of the experimental set-up. Centre-to-centre
separation of rollers s= 20mm, diameter of rollers d,,;;= 6mm.

FLEXIBLE
SENSOR ;
BROADBAND "
LIGHT
SOURCE
OSA

FIGURE 11. Experimental set-up employed for spectra measurements.

obtained [14]. Grating #G2 is positioned at the loading point
where the displacement and the strains are the largest and it is
subjected to a curvature with negative concavity (see Fig. 5).
Therefore, compared with the other gratings, it produces the
greatest wavelength shifts. The maximum measured Bragg
wavelength shift AA,,, for the fundamental and high order
mode, are Al fun = —264 pm and Ay pom = —223.5 pm,
respectively. There is an increase of the measured peak power
APy hom = +4 dBm for the high order mode, for a dis-
placement d = 11 mm. The optical measurements of all
the gratings optical responses, for increasing displacement
d = [0 — 11] mm of the central roller, are reported in Fig. 12
and Fig. 13.

Figures 12 (a) and (b) illustrate the measured Bragg
wavelength shifts AX,, of the fundamental mode (trian-
gle markers) and high order mode (cross markers) for the
gratings #G1 and #G3. Figures 12 (c) and (d) report the
comparison between the simulated (dotted line) and mea-
sured Bragg wavelength shifts AA, of the fundamental mode
(triangle markers) and high order mode (cross markers),
of the grating #G2. As previously underlined, the grat-
ing #G2 constitutes the sensor, the gratings #G1 and #G3 are
considered for a critical discussion of the obtained results.
It is evident that the numerical results perfectly agree with
the experimental measurements. By analysing the wave-
length shifts reported in Fig. 12, all the gratings and both
the propagating modes, show a shift of the resonant peaks
towards smaller wavelengths. Since grating #G2 lies along
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the region of maximum and constant negative curvature,
the Bragg wavelength shift A}, is negative with a linear
trend that is larger than that of the gratings #G1 and #G3.
Regarding the grating #G1, it is positioned in a region where
two curvatures with opposite signs are present. This provides
an explanation for the wavelength shift reaching AAy, fiin =
—38pm, AXy pom = —20.6 pm at the maximum central
displacement d = 11 mm. The right end of the flexible
photonic sensor is unbonded, thus also the grating #G3 is
subjected to a negative curvature. In this case, the displace-
ment and the strains are lower than that occurring at the
loading point, where the grating #G?2 is located. The maxi-
mum measured Bragg wavelength shift for the grating #G3
is Admfun = —95.2 pm, Ay pom = —112 pm. Ultimately,
the grating #G2, subjected to curvature, provides Bragg
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wavelength shift sensitivities K; iy = —2.4pm/m~!,
K hom = —2.1 pm/m_l.

Figure 13 illustrates the measured peak power change
AP hom for the high order mode of the grating #G1 (triangle
markers), #G2 (cross markers) and #G3 (circle markers) as
a function of the displacement d. The simulated peak power
change AP; jop of the high order mode of the grating #G2
(dotted line) is in good agreement with the measured value.
The power trend of the high order mode of gratings #Gl
and #G3 (symmetric about the loading point) is comparable
but with opposite changes in power. Both the gratings reach
the maximum peak power change APy, jon, at a displacement
of d = 6 mm.

The power exchange between the two propagating modes
can be exploited to infer the level of bending of the grat-
ing #G2, by using the ratiometric power Pr. Where Pg
is defined as the ratio between the peak power reflected
by the fundamental mode Py, f, and the high order mode
Py hom- In Fig. 14 the measured ratiometric power Pr of
the grating #G2 versus the displacement d (cross markers)
is reported. The red dashed line is the linear fit of the exper-
imental curve. The sensor exhibits a linear response between
d = 2mm and d = 10 mm with a ratiometric power
sensitivity being Kp, = —0.78 dB/mm. The almost flat
response between d = 0 mm and d = 2 mm, can be
addressed to an unwanted initial deflection of the sensor.
It is worth noting that, over a 40°C thermal range, power
change shows negligible variation, thus it is not affected by
environment temperature. The measured thermo-optic Bragg
shift sensitivity is approximately K7 = 11.5 pm/K.
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FIGURE 14. Ratiometric power Py versus the displacement d for the
grating #G2 (cross markers). The red dashed line is the linear fit of the
curve.

D. DISCUSSION OF RESULTS

The focus of this paper is the demonstration of a novel
approach to infer level of bending, based on ratiometric
power change, between the peak power reflected by funda-
mental and high order mode. Table 1 reports a comparison
with other Bragg curvature sensors which exhibit very high
performances and include different approaches: multimode
interference [30], embedding in silicone substrate [31], poly-
meric optical fibers with eccentric core [32], multicore optical
fibers [33], or tilted FBGs [34]. In particular, multimode
interference [30] requires a more sophisticated measurement
approach, with excitation of a number of modes; embedded in
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TABLE 1. State-of-art comparison between flexible sensors.

Reference  Thickness Maximum curvature K; Kp, K; T compensation
[30] 125 um - - 2.1 dB/mm - 1o
[31] 5 mm 80m™! 1.64 pm/m~! - - no
[32] 230 um 22.7m™t 63 pm/m™* - - no
[33] 150 um 11m™? 59.47 pm/m™1 - - yes
[34] - 15.5m™! - 0.74 dB/m™! - yes
This work 58 um 110 m™*! 24 pm/m~'  0.78dm/mm  11.5 pm/K yes
silicone sensor [3 1] exhibits higher thickness; polymeric opti- [3] S.Geiger,J. Michon, S. Liu, J. Qin, J. Ni, J. Hu, T. Gu, and N. Lu, “Flexible
cal fibers [32] show higher confinement losses due to lower and stretchable photonics: The next stretch of opportunities,” ACS Photon.,
. . K . e vol. 7, no. 10, pp. 2618-2635, Oct. 2020.
refractive index Changes’ [33], [34] show hlgh sensitivities [4] W. Peng and H. Wu, “Flexible and stretchable photonic sensors based
but smaller measurement range. The proposed proof of con- on modulation of light transmission,” Adv. Opt. Mater., vol. 7, no. 12,
cept shows the following strength points: i) the minimum pp. 1-27, Jun. 2019. . )

. . - I [5] L.Li, H. Lin, J. Michon, Y. Huang, J. Li, Q. Du, A. Yadav, K. Richardson,
thlf:kness_’ ii) the max1'mu'm ‘Curvature’ iii) explo1tat10n'0f. the T. Gu, and J. Hu, “A new twist ongglass: A brittle material enabling flexible
ratiometric power, which is immune to temperature variation, integrated photonics,” Int. J. Appl. Glass Sci., vol. 8, no. 1, pp. 61-68,
iv) immunity to power fluctuation of light source, due to Mar. 2017.
the intrinsic compensation of the measurement technique, (6] J. Hu, L. Li, H. Lin, P. Zhang, W. Zhou, and Z. Ma, “Flexible integrated

X | photonics: Where materials, mechanics and optics meet [invited],” Opt.
v) simultaneous measurement of bending and temperature. Mater. Exp., vol. 3, 0.9, pp. 1313-1331, 2013.
These results encourage further work towards the refinement [7] G.C.Righini,J. Krzak, A. Lukowiak, G. Macrelli, S. Varas, and M. Ferrari,
in design/fabrication of other devices based on the same “From flexible electronics to flexible photonics: A brief overview,” Opt.
. Mater., vol. 115, May 2021, Art. no. 111011.
techniques. [8] H.Zuo,S.Yu, T. Gu, and J. Hu, “Low loss, flexible single-mode polymer
photonics,” Opt. Exp., vol. 27, no. 8, pp. 11152-11159, 2019.
[9] L.Li, H. Lin, S. Qiao, Y. Zou, S. Danto, K. Richardson, J. D. Musgraves,
IV. CONCLUSION N.Lu, and J. Hu, “Integrated flexible chalcogenide glass photonic
A new approach for bending monitoring via flexible photon- devices,” Nature Photon., vol. 8, no. 8, pp. 643-649, Aug. 2014.
ics is proposed by considering both the ratiometric power [10] L. Lij H.Lin, Y. Huang, R.-J. Shiue,A. Yadav, J. Li, J. Mich.on,D.EnglL.lnd,
. K. Richardson, T. Gu, and J. Hu, “High-performance flexible waveguide-
between the peak power reflected by fupdamental ansl hlgh?r integrated photodetectors,” Optica, vol. 5, no. 1, pp. 44-51, 2018.
order mode and Bragg wavelength shift. A sensor is fabri- [11] S. Huang, M. Li, S. M. Garner, M.-J. Li, and K. P. Chen, “Flexible
cated to validate the approach. In particular, a comprehensive pho;%rggzc;;?:;e;& Sin glass substrates,” Opt. Exp., vol. 23, no. 17,
. . . . . pp- 32— ) .
optomechar'ncal deSIgn and characterization of the ﬂ?XI_ [12] O. Sayginer, E. Tacob, S. Varas, A. Szczurek, M. Ferrari, A. Lukowiak,
ble photonic sensor is reported. Compared to other fiber G. C. Righini, O. S. Bursi, and A. Chiasera, “Design, fabrication and
optic curvature sensors, the proposed solution minimizes assessment of an optomechanical sensor for pressure and vibration detec-
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. . P - no. .
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vature. The experiments agree with simulations and show Art.no. 109994.
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