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Design of Microstructured Flat Optical Fiber for
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Abstract—An innovative microstructured flat optical fiber is
designed to obtain a multiaxial strain sensor for composite ma-
terial monitoring. The sensing regions are constituted by the two
eyelets where Bragg gratings are written. To achieve multiaxial
sensing, a suitable microstructure is designed close to only one of
the eyelets. The effect of the strain field, evaluated via a 3D finite
element method approach, is considered to obtain the change of the
refractive index distribution. The electromagnetic modal analysis
and the coupled mode theory are exploited to evaluate the Bragg
wavelength shift for the slow and fast axis fundamental modes,
guided in the two eyelets and affecting the sensor response. The
designed microstructured flat optical fiber is technologically feasi-
ble and promises sensing performance higher than that obtainable
with the conventional optical fibers. In addition, flat optical fiber
can be embedded in composite materials reducing the drawbacks
related to both orientation and excess resin.

Index Terms—Electromagnetic analysis, gratings, modeling,
optical fiber devices, strain control.

I. INTRODUCTION

O PTICAL fiber sensor technology can be considered the
state-of-the-art solution for monitoring the internal strain

state of composite materials as carbon fiber reinforced polymer
(CFRP), which is a material used in different areas, thanks to
its advantages related to specific strength, high stiffness, and
fatigue resistance [1], [2]. The employment of a non-destructive
sensing approach is crucial to monitor the possibility of failures
of the CFRP, such as cracks and delamination [3]–[8]. CFRP
tends to be fragile in transverse directions and structural health
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monitoring (SHM) can be successfully implemented using fiber
Bragg gratings (FBGs) [9]. FBGs offer advantages in terms of
dimension, weight, immunity to electromagnetic interference,
multiplexing, low-cost, high spatial resolution, feasibility in
harsh environment [10], [11]. Embedded FBG sensors can detect
both static and dynamic strain fields [12]–[14]. The use of
embedded optical fiber sensor for the detection of static strain
in composite materials can be considered mature for uniaxial
load [15]–[19]. With reference to multiaxial strain monitoring,
high birefringent FBGs (i.e., microstructured, panda, bow-tie
etc.) have been proposed, exploiting the differences in fast
and slow axis sensitivities [20], [21]. The major drawback of
high birefringent FBGs is related to the need of their precise
orientation with respect to the composite material structure,
since an a priori knowledge and control of fiber rotation is not
always practical to obtain. Errors in orientation assessment lead
to a wrong estimation of the strain field [22]. Moreover, the
conventional cylindrical geometry, typical for the most of the
high birefringent FBGs, causes, during the embedding process,
the formation of a region around the optical fiber filled with
epoxy resin which degrades the mechanical characteristics of
the composite [23], [24].

Flat optical fiber shape is appropriate for the embedding pro-
cess, mitigating both the problems related to resin-rich regions
and to orientation. Flat optical fiber is essentially composed of
a slab waveguide and a surrounding cladding [25]. In general, it
can support multimode propagation in two lateral elliptical core
regions, named “eyelets”, and single mode propagation in the
central core region due to the presence of a thin and flat core
layer [26]. Single mode waveguides can be written, by inducing
a further refractive index change, both in the eyelets and in the
central core layer through direct UV writing (DUW) or fem-
tosecond laser inscription [25], [27]. Many passive devices have
been proposed in flat optical fibers such as gratings, resonators,
splitters, interferometers and microfluidic channel [25], [28].

Flat optical fiber sensors can be used for the detection of
damages, caused by impact, delamination or debonding, through
the comparison of the spectrum before and after their manifes-
tations and the use of detective algorithms for advanced pattern
recognition [29]–[32].

In this paper, an innovative microstructured flat optical fiber
(MFOF) is designed for multiparameter monitoring. To the best
of our knowledge, for the first time, a feasible microstructured
flat optical fiber is proposed to perform triaxial strain monitoring
with high accuracy. The strain transfer from host material to the
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sensor is accurately considered in the simulations; this aspect
is crucial due to the differences in mechanical properties (e.g.,
density, Young’s modulus, Poisson’s ratio) between the optical
fiber and composite material [33]. An FBG in both eyelets is de-
signed and different transversal strain sensitivities are obtained
due to the presence of a pattern of air holes running along the
longitudinal direction of the optical fiber, in correspondence
of only one of the two eyelets. The change of the reflection
spectrum, i.e., the Bragg wavelength shift of each grating due to
the applied stress, allows monitoring the internal strain state of
CFRP.

The paper is organized as follows. In Section I, the in-
troduction; in Section II, the operation principle, the MFOF
description, the simulation approach and the validation of the
model; in Section III, the geometrical and physical parameters of
CFRP and designed MFOF; in Section IV, the numerical results
are outlined and critically discussed with their implications for
future works; in Section V, the conclusion is reported.

II. OPERATION PRINCIPLE AND MFOF DESCRIPTION

A flat optical fiber has a shape similar to that of a planar wave-
guide. It consists of a central core layer with two lateral larger
multimode regions, typically named eyelets. The outstanding
potential of flat optical fiber, mentioned in Section I, can be
emphasized as a multiparameter sensor by performing a different
design of the two eyelets to alter the strain distribution among
them. The distribution and the number of the air holes of the
microstructure can affect the sensor response. They can be used
to convey stress in specific regions of the optical fiber [1], [34],
[35]. Air holes number, pattern and position variation can lead
to different strain field transferred to the microstructured eyelet
resulting in change in sensitivity.

The sketch of the proposed flat optical fiber sensor is illus-
trated in Fig. 1(a). The two eyelets hosting the DUW waveguides,
the central core layer and microstructure with air holes along the
propagation direction are shown. For reading easiness, only the
first air hole is shown in perspective view. Fig. 1(b) illustrates
a sketch, not in scale, of the uncoated MFOF sensor, embedded
on the sixth layer of a CFRP lamina which is made up of eight
unidirectional layers. The sensor can be embedded in a different
layer being the composite unidirectional.

The fabrication of the proposed flat optical fiber can be
achieved through the use of modified chemical vapor deposition
(MCVD). In previous fabrication approaches, the cylindrical
preform, during the drawing process, has collapsed by creating
the planar shape without microstructure [25]. In order to obtain
the microstructure, collapse of the preform should be conducted
prior to the drawing stage. Then, an ultrasonic mill can be
employed to form the holes directly in the preform. As an
alternative, holes can be obtained through milling an area into the
preform and stacking appropriate silica canes. To avoid collapse
or tapering of the microstructured holes, a positive gas pressure
within air holes can be applied during the fiber draw process.
Starting from few mbar, the pressure can be adjusted to get the
required hole dimensions depending on original size of holes
and outer preform dimension.

Fig. 1. Sketch of the MFOF with air holes surrounding one eyelet along the
x axis (a). Schematic of the simulated CFRP lamina (grey) with MFOF sensor
(blue) embedded. The lamina is unidirectional, and it is made of eight layers.
Each layer has a thickness TL, length LL and a width WL (b).

In a CFRP lamina, the effects of residual stresses caused by
the curing process of the composite material can be divided in
two main kinds: micro-level (difference in material properties
leading to debonding or cracks) and macro-level (ply anisotropy,
shape change due to temperature gradients) effects. They di-
rectly affect the mechanical deterioration of the composite with
time [23], [36]–[39]. The anisotropic stress related to manufac-
turing process can alter the spectrum, which is split into two
separated Bragg peaks, two for each grating, as if it was a high
birefringent fiber in the case of cross-ply configuration [22].
However, in the design, these effects have been neglected since
they are not significant with reference to the Bragg wavelength
shift and, as a consequence, with reference to the sensitivity [40].
In addition, in composite lamina with unidirectional layer con-
figuration, as that considered in this paper, the Bragg wavelength
split due to the residual stress does not occur.

A. Design Approach

The design approach is summarized as follows: i) develop-
ment of a 3D-FEM (Finite Element Method, via COMSOL
Multiphysics) model of the CFRP lamina with the embedded
optical fiber; ii) 2D-FEM mode analysis of the MFOF; iii)
transfer matrix method (TMM) to calculate the influence of the
strains on reflective spectrum of the gratings.

The 3D-FEM model allows an accurate calculation of the
strain transfer from CFRP lamina to the embedded sensor for
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Fig. 2. Tensile stress σx versus strain εx along x axis: simulation via me-
chanical model (purple dash dotted curve), experimental results (yellow curve)
[40].

stresses σ applied along x, y and z axis, see Fig. 1(b). The
CFRP is modelled considering the micromechanical analysis of
the unit cell, leading to the computation of the elasticity matrix
[E]m [2]. The evaluated strains are employed to calculate the
refractive index variation Δn of the optical guiding structure
[2]. The effective refractive index of fundamental modes neff

guided in the two eyelets can be computed through 2D-FEM
mode analysis and used as input data for calculating the Bragg
wavelength λB shift via TMM [41].

B. Model Validation

The model for simulating an embedded optical fiber sensor
in CFRP laminate, has been validated. In particular, both the
mechanical analysis of the composite material lamina and the
electromagnetic modal investigation of the MFOF have been
validated with literature results [40] for a CFRP lamina Toray
T800H/3631 (Toray Industries, Inc) composed of eight layers in
cross-ply configuration [02/904/02].

Its physical properties are reported in [42]–[45]. A layer
of composite lamina is characterized by a thickness TL =
0.15 mm, a length LL = 120 mm and a width WL = 20 mm.

A micromechanical analysis on a single unit cell, made of
carbon fiber and resin (carbon fiber-resin volume fraction vf =
0.6), has been performed to evaluate the elasticity matrix [E]m
of a layer as in [2].

In [40], the stress σx as a function of the strain εx is measured
by means of strain gage. In the simulation performed to validate
our model, the presence of the embedded fiber in the CFRP
has been realistically considered. Fig. 2 illustrates the compar-
ison between the simulated tensile stress σx versus the strain
εx (purple dash dotted curve) with the measurement (yellow
curve) reported in [40]: an excellent agreement is obtained.

Fig. 3. Simulated reflection spectra in absence of external loading ( εx = 0%,
dotted blue curve) and in presence of transverse cracks with crack density ρ =
7 cm−1 ( εx = 0.42%, orange curve) of uniform silica FBG characterised by
core diameter dco = 10 μm, cladding diameter dcl = 125 μm and grating
period Λ = 530 nm.

TABLE I
GEOMETRICAL PARAMETERS OF THE CFRP LAMINA

Fig. 3 illustrates the simulated reflection spectra, in absence of
external loading ( εx = 0%, dotted blue curve) and in presence of
transverse cracks with crack density ρ = 7 cm−1 ( εx = 0.42%,
orange curve), of uniform silica FBG with core diameter dco =
10 μm, cladding diameter dcl = 125 μm and grating period
Λ = 530 nm.

The optical fiber lays on the sixth layer at the interface with
the seventh. The obtained results are in excellent agreement with
[40].

Therefore, the overall model and simulation approach has
been validated in the case of an embedded uncoated FBG in
presence of uniaxial non uniform strain as occurs in case of
transverse cracks [40].

III. DESIGN OF THE EMBEDDED MFOF

The mechanical and electromagnetic investigation, performed
for the embedded sensor design, realistically takes into account
the geometry and the physical properties of both the optical
fiber and the CFRP. In particular, the parameters regarding the
carbon fiber and epoxy resin (carbon fiber-resin volume fraction
is vf = 0.6) are reported in Tables I and II [46].

The design of the proposed MFOF sensor for structural
health monitoring applications aims to an efficient triaxial strain
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TABLE II
PHYSICAL PARAMETERS OF THE CFRP LAMINA

TABLE III
PHYSICAL PROPERTIES OF THE MFOF [46]

Fig. 4. Cross-section of the MFOF.

discrimination. It is closely related to the choice of a proper
arrangement of the air holes along the optical fiber length.
The sensor response to specific external perturbations can be
optimized by varying the diameter, the pitch and the position of
the air holes in the MFOF cross-section. It is worth noting that
the range of these variations is limited by mechanical robustness,
which decreases by increasing the air filling fraction.

Regarding the MFOF, the physical properties are reported in
Table III. The cross-section of MFOF of Fig. 1(a) is reported in
Fig. 4. The geometrical parameters and the physical properties
of the MFOF such as the height of elliptical eyelets Heye, the
height of the central layerHL, the height of the claddingHcl, the
length of the cladding Dcl are reported in Table IV [46]. These

TABLE IV
GEOMETRICAL PARAMETERS OF THE MFOF

geometrical parameters are realistic since they are pertaining to
a fabricated flat optical fiber without microstructure [46].

DUW can be employed along the length of the flat optical fiber
in correspondence of the eyelets, to avoid light propagation in
the central core layer, and to guide the light only in the eyelets.
The presence of air holes reduces the total flux of UV light at the
fiber core. However, a periodic interference can still be obtained
with longer exposure time despite the presence of scattering
at the hole-silica interface [47], [48]. In particular, the cladding
of the flat optical fiber is made of pure silica while the eyelet and
the central core layer are doped with germanium and/or boron
[26]. The local change of the refractive index in the eyelets with
respect to the central core region is ΔnDUW = 5× 10−3 [26].
The refractive index values are neye = 1.4595 for the eylets,
ncc = 1.4590 for the central core regions and ncl = 1.4439 for
the cladding at the wavelength λ = 1560 nm.

For a flat optical fiber, without microstructure and without any
stress external perturbations, having the aforesaid optical and
geometrical parameters the simulated effective refractive index
of the fundamental mode guided in the eyelet is neff = 1.4579
in perfect agreement with measurement [46].

Moreover, typical propagation loss of flat fiber is of the order
0.24 dB/cm [49], ensuring, for the typical lengths required in
structural health monitoring, low signal attenuation.

The design strategy has been focused on the microstructure
refinement in order to reach the desired sensor response. It
has required the choice of suitable dimensions for the distance
between the air holes Dpitch, the diameter of the air holes Dhole

and the vertical distance Hhole between the last row and the first
row of the upper- and lower-holes distribution. In particular,
the optimized microstructure has been obtained through several
simulations via a trial-and-error approach, by performing both
mechanical and electromagnetic investigations, according to the
previously described design approach. The design criterion of
the microstructure has been the sensitivity maximization of one
eyelet to applied load. The main result is that a pattern of air
holes, distributed only on an eyelet, with Dpitch = 12.5 μm,
Dhole = 11 μm and Hhole = 26 μm introduce an optimized
strain distribution, very different with respect to that occurring
in the eyelet without microstructure.
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Fig. 5. Strain distribution εy in the cross-section of the MFOF embedded in
the CFRP lamina, for a tensile stress σy = 35 MPa along the y axis.

This can clearly be explained by observing Fig. 5, that shows
the strain distribution εy (y being the predominant component)
in the cross-section of the MFOF embedded in the CFRP lam-
ina, for a tensile stress σy = 35 MPa along the y axis. The
presence of the air holes causes a more intense strain field in
correspondence of the microstructured eyelet. Therefore, the
designed pattern is suitable to increase the birefringence B of
the microstructured eyelet when it is subjected to stress along the
y axis σy . Birefringence B occurs because the two polarizations
of the fundamental mode travel at different velocities, being
characterized by distinct effective refractive indices: neff,fast

for the mode polarized along the fast axis, i.e., z axis, and
neff,slow for the mode polarized along the slow axis, i.e., y
axis. The spacing ΔλB between the two Bragg peaks increases
by increasing the birefringence B.

On the contrary, for stress applied along the z axis σz , the
strain field distribution in the microstructured eyelet has lower
module values and causes lower birefringence B with respect to
the case of stress applied to eyelet without microstructure.

It is worth noting that, in the investigation, for each of mechan-
ical stress component σx, σy, σz all the three principal induced
strain components (εx, εy, εz) have been considered.

Fig. 6 shows the electric field norm distribution of the fun-
damental modes for the two eyelets at the wavelength λ =
1560 nm; the simulated effective refractive index of the fun-
damental mode is neff = 1.4579 without external loading.

Uniform FBG with refractive index profile definition
ΔnFBG = 3× 10−4 is considered in both the eyelets. The
nominal parameters of the gratings are listed in Table V (i.e.,
without/before applying external perturbations).

IV. RESULTS AND DISCUSSION

The refractive index change due to the applied stress has been
calculated according to [2]. The propagation constants and the
electromagnetic field distribution of the propagating modes have
been simulated as described in Section II.

Fig. 6. Electric field norm distribution of the fundamental modes for the
microstructured eyelet and the eyelet without microstructure, at the wavelength
λ = 1560 nm.

TABLE V
CHARACTERISTICS OF THE FIBRE BRAGG GRATINGS WITHOUT EXTERNAL

LOADING UNDER ISOTHERMAL CONDITION

The reflection spectra as a function of the stress have been
evaluated for both the microstructured eyelet and the eyelet
without microstructure, for both fast axis and slow axis. Four dif-
ferent sensitivities are calculated by ratio ΔλB/Δσi where the
subscript i = x, y, z indicates the σ stress direction. They are:
i) the fast axis propagation mode of the microstructured eyelet
Ki,fm; ii) the slow axis propagation mode of the microstructured
eyelet Ki,sm; iii) the fast axis propagation mode of the eyelet
without microstructureKi,f ; iv) the slow axis propagation mode
of the eyelet without microstructure Ki,s.

The longitudinal stress analysis, along the x axis, has been
performed in the range from σx = 0 MPa to σx = 90 MPa.
The simulated Bragg wavelength λB versus the longitudinal
stress σx determines four sensitivities that are very similar to
each other. The influence of air holes is negligible in case of
longitudinal stress σx. The sensitivities to stress along x axis σx

are reported in Table VI.
Fig. 7 illustrates the Bragg wavelength λB as a function

of the applied transverse stress along y axis σy, for both the
microstructured eyelet and the eyelet without miscrostructure.
In particular, the curves are pertaining to fast axis propagation
mode of the microstructured eyelet (continuous blue), slow axis
propagation mode of the microstructured eyelet (orange dashed),
fast axis propagation mode of eyelet without microstructure
(yellow dash dotted), and slow axis propagation mode of eyelet
without microstructure (purple dotted). The response of the
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TABLE VI
SENSITIVITY TO STRESS ALONG X AXIS σx

Fig. 7. Simulated Bragg wavelength λB versus the transverse stress σy : fast
axis microstructured eyelet (continuous blue); slow axis microstructured eyelet
(orange dashed); fast axis eyelet without microstructure (yellow dash dotted);
slow axis eyelet without microstructure (purple dotted). Grating characteristics:
Λ = 0.5349 μm, ΔnFBG = 3× 10−4, L = 2000 μm.

slow and fast axis for the microstructured eyelet is different
with respect to that of the eyelet without microstructure. The
presence of air holes alters the internal stress distribution in the
MFOF cross-section. The internal stress, in a material with a
hole, concentrates in the surface perpendicular to the direction
of the applied load and passing through the center of the hole.
By applying a stress along the y axis σy , the internal stress con-
centrates along the z axis in the microstructured eyelet region, as
shown in Fig. 5. This causes a strong refractive index variation
affecting the propagation mode characteristics and the Bragg
wavelength λB .

Fig. 8 illustrates the Bragg wavelength λB as a function of
the applied stress along z axis σz for the fast axis propagation
mode of the microstructured eyelet (continuous blue), slow axis
propagation mode of the microstructured eyelet (orange dashed),
fast axis propagation mode of eyelet without microstructure
(yellow dash dotted), and slow axis propagation mode of eyelet
without microstructure (purple dotted). In this case, the sensitiv-
ity of the fast and slow axis of the eyelet without microstructure
is larger than that of the microstructured eyelet. Since the air
holes concentrates the internal stress distribution in the surface

Fig. 8. Simulated Bragg wavelength λB versus the transverse stress σz : fast
axis microstructured eyelet (continuous blue); slow axis microstructured eyelet
(orange dashed); fast axis eyelet without microstructure (yellow dash dotted);
slow axis eyelet without microstructure (purple dotted). Grating characteristics:
Λ = 0.5349 μm, ΔnFBG = 3× 10−4, L = 2000 μm.

TABLE VII
SENSITIVITY TO STRESS ALONG Y AXIS σy

TABLE VIII
SENSITIVITY TO STRESS ALONG Z AXIS σz

perpendicular to the direction of the applied load σz , the stress
is conveyed outside the microstructured eyelet, so that the air
holes act as decreasing stress buffer. The sensitivities related to
transverse stresses (i.e., σy and σz), for each polarization of the
designed MFOF, are reported in Tables VII-VIII.

By simulation, the designed sensor exhibits a good feasibility
with respect to typical fabrication tolerances. The strong differ-
ence of the sensitivity along the transversal directions enables
an efficient triaxial stress detection. The combination of dou-
ble grating and birefringence B induced by applied transverse
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stresses creates four peaks/dips in the reflection/transmission
spectrum. In theory, a fourth physical parameter could be mon-
itored. The proposed device is sensitive to the stress along all
directions. To perform triaxial stress detection, the linear model
proposed in [50], [51] can be exploited. In this way, the stresses
in the host material can be effectively derived from measured
wavelength shift Δλ making use of stress transfer matrix and
sensitivity matrix [50], [51].

For a comparison with the state of the art, the longitudinal
strain sensitivities along x axis of the sensor proposed in this
paper are consistent with literature high performance solutions
[50], [52], being equal to Sx = 1.24 pm/με for both eyelets and
slightly higher than those reported in [13].

Generally, triaxial strain sensing reported in literature require
complex approaches such as: i) the presence of different sensors
embedded in the composite material or different positioning of
the sensors for longitudinal, in-plane and out-of-plane monitor-
ing [9], [22]; ii) cascade of two FBGs in a single polarization-
maintaining optical fiber, one of which is shielded by a capillary,
to reduce transverse strains [52]; iii) use of two cascaded FBGs
operating at different wavelengths [50]. In the aforesaid cases,
i.e., for high birefringent fibers, the precise control of fiber ro-
tation/mode polarization orientation during embedding process
decreases the effective feasibility.

We underline that the potential of the microstructured flat
optical fiber proposed in this paper is related to the possibility of
using only one optical fiber sensor without a precise control
of its orientation. The flat optical fiber shape mitigates the
problem related to resin-rich regions of circular optical fibers.
The inscription of a cascade of FBGs enables the possibility to
map strains with high spatial resolution, exploiting wavelength
division multiplexing. Therefore, the designed microstructured
flat fiber paves the way for a feasible multiaxial structural health
monitoring.

V. CONCLUSION

A novel microstructured flat optical fiber for multiparame-
ter sensing in CFRP lamina has been designed. The air hole
microstructured pattern in correspondence of one eyelet alter
the strain transfer between composite lamina and the guiding
region. The strain-transfer and the electromagnetic modal anal-
ysis have led to the calculation of different transverse sensi-
tivities for the two FBGs written in the eylets. The relevant
advantage introduced by the use of the designed microstructure
is evident with regard to the slow and fast y axis sensitivities
Ky,f = 12.89 pm/MPa, Ky,fm = 21.06 pm/MPa, Ky,s =
5.02 pm/MPa,Ky,sm = 7.22 pm/MPa, yielding to high sen-
sitivity triaxial strain detection. Moreover, flat optical fiber shape
agevolates the embedding process, reducing the drawbacks due
to resin-rich regions of circular optical fibers and orientation of
high birefringent optical fibers.
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