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ABSTRACT. One of the issues in the strain measurement with the help of
fiber-optic sensors based on Bragg gratings is the calculation of the strain
based on the information from the sensor and its correspondence to the
material strain. Relationships between the data measured by the sensor and
the strain in the Bragg grating have a unique solution under the condition of
uniaxial stress state of the fiber, which are not fulfilled when the fiber is
embedded in the material. The paper presents the results of numerical
simulations with an example of a model problem for a polymer composite
material with an embedded optical fiber, which can be surrounded by a resin
pocket. The presented results allow to estimate the error of the strain values
calculated on the basis of uniaxial stress state assumption of the optical fiber.
Based on numerical calculations, parameters of a capillary on an optical fiber
in the Bragg grating zone are estimated, ensuring uniaxial stress state of the
fiber in the Bragg grating zone. To ensure these conditions, the cross section
of the capillary in an isotropic material is a circle, and in an anisotropic
material, good results can be obtained with an elliptical cross section.
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INTRODUCTION

owadays fiber-optic sensors successfully compete and in some cases displace piezoelectric, acoustic, thermal,

electromagnetic, electrical devices for measuring physical quantities. This is a consequence of the unique

properties of fiber-optic sensors: insensitivity to electromagnetic effects and to radiation; no need for power
supply near the sensor; ability to work in a wide temperature range. The fiber is both a sensor and information
transmission channels, which makes it possible to use fiber-optic systems for objects of large size successfully. Fiber optic
sensors are based on the use of various physical effects. In this paper, the widely used fiber optic sensors based on Bragg
gratings written in a standard single-mode optical fiber for strain measurements are considered. Examples of their
successful applications in various structures and industries are contained in the Refs. [1-0].
For structural health monitoring one of the most demanded are products made of polymer composite materials (PCM).
The known methods do not provide a guaranteed solution to the corresponding issues while the range and areas of
application of PCM are constantly expanding. The small dimensions of the optical fiber and the manufacturing process of
PCM products make it possible to embed optical fibers into PCM structure. The use of fiber-optic strain sensors (FOSS)
embedded into material discovers fundamentally new possibilities for structural health monitoring of constructions during
their operation, including the stage of manufacturing process of material. Optical fibers can be embedded between
different layers of the composite material, thereby forming a network of optical fibers inside material.
A number of problems arise when FOSS based on Bragg gratings embedded into PCM are used. One of the most difficult
tasks is related to the evaluation and seatrch for options to ensure the reliability of strain values calculated on the basis of a
physical quantity recorded by a sensor. Great opportunities to solve this problem are associated with mathematical
modeling. A significant number of works are devoted to this area. The main essence of the problem is that the well-
known relations between the physical quantity recorded by the sensor and the components of the strain tensor in the zone
of Bragg gratings 7] have a unique solution only under the condition of uniaxial stress state in an optical fiber. Optical
fiber embedded in a material, as a rule, operates under complex stress state. It should also be noted that in order to make
reasonable use of FOSS, it is necessary to ensure the coincidence of strains along the fiber in the material and in the Bragg
grating zone of the optical fiber. In the given in Ref. [8], it is noted that the embedded fiber Bragg grating (FBG) operates
under complex stress state and, therefore, for the FBG it is necessary to introduce calibration coefficients for the
corresponding strains. In this case, studies have shown that the calibration of the transverse strains is difficult to control.
Calibration problems are discussed in detail in Refs. [9,10]. In Ref. [11], it is noted that large radial strains lead to a large
deviation of the measured strain by embedded FBGs. It is noted that after embedding into the material, each sensor must
be calibrated or, for the embedded sensor, the strain tensor must have a dominant component along the fiber axis. As a
constructive solutions to obtain reliable information about the axial components of the strain tensor, it is proposed in
Refs. [12,13] to use a pair of micro-structured FBGs that are precisely oriented relative to each other. A sensor model is
proposed that is experimentally tested on layered composites. In Ref. [14], it is proposed to introduce a transfer matrix
based on numerical modeling, the components of which establish the connection of strains in the material and fiber and
are calculated based on consideration of three loading options: tension along the optical fiber, out of plane transverse load
and transverse load in the plane of the specimen.
In Ref. [15], the problem of estimating the strain transfer from the host material to the embedded sensor is also
considered. Experimental data show that under certain types of loading strong birefringent effects are present. In order to
eliminate the effect of transverse strains on the embedded optical fiber measurements, the authors use a capillary in the
region of the Bragg grating. Such scheme leads to uniaxial stress state of the grating and the relationship between the
longitudinal and transverse components of the strain tensor through the Poisson coefficient. In order to ensure the
sensitivity of the Bragg grating to compressive strain, a preliminary tension of the optical fiber is carried out.
Encapsulation of the Bragg grating in the capillary ensures the single peak on the reflected spectrum after the
implementation of the technological process of composite material production. The results of fairly accurate
measurements of the strain field in carbon-fiber specimens are demonstrated. Another example of the use of a capillary in
the region of the Bragg grating is given in Ref. [106], in which the use of a capillary is aimed at increasing the temperature
sensitivity of a fiber-optic sensor. The authors demonstrate the applicability of the proposed approach to various FBGs
enclosed in a zinc capillary and various binder materials. An example of the use of a transfer matrix is discussed in Ref.
[17], where the results based on numerical and experimental data are given. The importance of converting measured
strains into real strains, which can differ significantly from each other, is demonstrated.
This paper proposes a method for the numerical estimation of the error of strain values determined by formulas based on
the assumption of uniaxial stress state of an optical fiber. The results are presented when the PCM is represented by a
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layered model and a homogeneous medium model. A variant of the embedded optical fiber in the presence and absence
of a resin pocket is considered. The use of a capillary in the area of the Bragg grating is proposed as a constructive
solution to ensutre the use of the embedded FOSS on Bragg gratings for various types of loading. Based on numerical
calculations, the capillary parameters are estimated, which ensure uniaxial stress state of the fiber in the Bragg grating zone
and the correspondence of the strains in the material and the strains calculated on the basis of the physical quantity
measured by the FBG.

NUMERICAL ANALYSIS OF STRAINS, CALCULATED BASED ON EMBEDDED FBG MEASUREMENTS

he measurement of strain by sensors based on Bragg gratings written in a standard single-mode optical fiber is
implemented according to the diagram presented in Fig. 1.

/ cladding Bragg grating  fiber core
Input signal ——p /8 O\) )))[) 2 transmitted
Reflected signal <& >, A signal
o L &
/ - /
N 3 Moo

Figure 1: The principle of FBG operation.
The interrogator sends a broadband optical signal over an optical fiber in a given wavelength range. Part of this signal is
reflected on the Bragg grating. The main part of the reflected signal determines the resonant wavelength of the reflected

spectrum. This wavelength A* is proportional to the effective refractive index # of the optical fiber in the area of the
grating and the geometric length of the period of the Bragg grating L [8]:

A =2nL )

The scheme of strain measurement by a FBG sensor embedded into PCM is shown in Fig. 2.
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Figure 2: The scheme of strain measurement by a FBG sensor.
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When FOSS interacts with a deformable material, a change in the Bragg grating length occurs. This leads to a change in
the wavelength of the reflected spectrum A), which is recorded by the interrogator. The relationship between the changes
in the Bragg wavelength and the strain of the fiber in the Bragg grating zone is determined by the relations [8]:

AL 1
7\'*1 =g, —Enz(pnﬁl + Pia(e, +€3))

2
AN, | ?
s (P1g; + Pia(8 +85))

where €; —is the strain along the fiber, €;,€, — are the principle strains in the plane perpendicular to the optical fiber,
AN =\, — A, AN, =7, - A" — are the differences in the values of the resonant wavelengths of the reflected spectrum at
the current A;,A, and initial A" moments of time, P11> Do — are the Pockels coefficients.

Under uniaxial stress state of an optical fiber, which is free from interaction with the environment, the relation between

strain components can be expressed as € =&, =—Ve;, where v is the Poisson's ratio of the optical fiber. In this case

AN, = Ak, =AN and
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= —- P 4
- : ©

For quartz optical fiber with patameters p;; =0.113, p,, =0.252, n=1.5 , v=0.17, the coefficient k ~0.79.

When the fiber-optic sensor is embedded in a polymer composite material or even connected in some way with the
surface of the material, for example, by gluing, a complex-stressed state in the sensor as a result of the interaction with the
material, will be realized. There will be strains &, €,,&; that need to be identified on the basis of experimental

. . AM . . . .
information, namely the values of X_*I and k*z . From Eq. (2) it follows that if € #¢&,, we have two equations with

three unknowns, and when € =¢, one equation with two unknowns.
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Figure 3: The reflected spectrum with two peaks of FOSS embedded in PCM.
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The presence in the reflected spectrum of two resonant wavelengths as a result of the interaction of the Bragg grating with
the surrounding material is noted as an experimental result, for example, in Refs. [8,18]. The following result can be
presented as an example. The FOSS with a Bragg wavelength of 1565 nm was embedded in the middle part of the

specimen (a plate with a size of 50X200X5 mm), manufactured by an autoclave method and consisting of 20 layers of
fiberglass prepreg (VPS-48). After the sample is manufactured, the process-induced strains take place in it [19]. As a result,
the embedded FBG is under the influence of these strains, and two peaks are observed in the reflected spectrum (Fig. 3).
Thus, a direct relation between the experimental information AK/ A" and the strain component €; along the fiber takes
place only under the uniaxial stress state of the Bragg grating.

Numerical simulations allow to estimate the limits of applicability of Eq. (4). As a model object, parallelepiped with
integrated optical fiber (Fig. 4) was considered with different loading options (normal displacements along the side faces

Uy =Uys Uy, =U U = U, ).

z
uy » y'Lx“"// u X
u):/@ l u,
uZ

Figure 4: The calculation scheme for material with embedded FOSS.

The parameters of the polymer composite material related to thex, y, z axes and optical fiber are shown in Tab. 1 and
Tab. 2. The fiber has a diameter of 0.124 mm and a protective polyimide coating of 0.012 mm thick.

18 ¢ E,, E,,
GPa GPa GPa

Gy, Gy, Gy,

Material v Y \Y
atera Xt Yz Y  cp GPa  GPa

unidirectional prepreg 158.5 8.96 8.96 032 045 0.32 4.6 3.0 4.6

effective mechanical characteristics

. 84.1 84.1 10.7  0.035 0.45 0.45 4.3 3.5 3.5
of the layer stacking

Table 1: Mechanical properties of the unidirectional prepreg and effective mechanical characteristics of the layer stacking.

Material E, GPa v
quartz 71.4 0.17
polyimide 2.5 0.35
epoxy 29 0.36

Table 2: Mechanical characteristics of optical fiber and epoxy.

In numerical experiments, PCM was considered on the basis of a layered and homogeneous models (Fig. 5).
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Figure 5: Variants of composite material models: layered (a) and homogeneous (b).

In a layered model, the PCM is represented as a layer stacking, each of which is a homogeneous anisotropic body. This
model allows to take into account the different orientation of the layers. PCM in the framework of a homogeneous model
is represented as a homogeneous anisotropic clastic body with effective mechanical characteristics. The optical fiber
embedded between the PCM layers, retains its geometry. Wherein the prepreg layers in the vicinity of the fiber can be
bent, which leads to the pocket formation filled with polymer matrix. This sub-area is a technological defect called a resin
pocket. The geometry of a resin pocket significantly depends on the type of prepregs and their stacking options. For
unidirectional prepregs, there may be various options associated with the formation of a resin pocket. In particular, if
there are two layers [0/0] in the layer stacking and the fiber is laid between these layers then for this variant the resin
pocket is not formed. The option of having two layers [90/90] in a laminated composite material and an optical fiber
embedded between these layers leads to the formation of the maximum resin pocket, with all other factors equal.

The geometry of the resin pocket (Fig. 6) obtained by experimental and numerical methods is shown in Ref. [20].

©

Y
——_-_":_'_:‘ a : ()
¥
@ L zb b
_ R

Figure 6: Polymer composite material with optical fiber and resin pocket: optical fiber (1); optical fiber coating (2); a resin pocket (3);
polymer composite layer (4).

In this paper, the vatiants of a layered model without a resin pocket when the optical fiber is placed between the [0/0]
layers and with tesin pocket when the fiber is placed between the [90/90] layers are considered. Also, variants with and
without a resin pocket are considered for a homogeneous model. Cross-sections of the corresponding model objects are
shown in Fig. 7.

Following the conclusions given in Ref. [21], the following size of the resin pocket is taken b =8R,. The calculations wete

carried out by the finite element method in a three-dimensional formulation using mesh that is refined in the zone of
stress concentration. Fig. 8 shows the finite element discretization of the cross section of the model. The accuracy of
calculations was estimated on the basis of an analysis of the convergence of solutions with an increase in the number of
elements.
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Layered model without the formation of a resm pocket [0/0] Homogeneous model without the formation of a resin pocket

[:]

Layered model with the formation of a resin pocket [90/90] Homogeneous model with the formation of a resin pocket

—al

Figure 7: Variants of the representation of a polymer composite material with embedded optical fiber.
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Figure 8: Finite element mesh of the model with embedded optical fiber and resin pocket.

The purpose of numerical experiments is to calculate the strains €, €,,€&; in the optical fiber under different loading

options, and to calculate the values AL, / A" and AM, / A" according to Eq. (2). Wherein, the coincidence of the strain &,
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and the corresponding strain in the material in the vicinity of the fiber is controlled in the calculations. Further, the values

AN, / A" and AL, / A" are taken as experimental data to calculate the strain S:XP along the fiber based on the Eq. (4). Then

the error between the strain &; and &7 is estimated. In Tab. 3 the values ST, 82 , 8: , (AXI/K*) , (Akz/k*) and the

. * * *
magnitude  of the errors & and 3, are shown. Here ¢ =¢/u,, € =¢, Ju, , € =& /u,;

MY (A ALY (A
( kl ] =( . ! j/uo’ [ }sz =( kz j /u, . The error in the calculation of strain based on the Eq. (4) is determined as
1 AA 1 AL
——L, g =—.—2 Tab. 3 also
kA kA
shows the values of & and k,, which, according to the formulas AL, / A =k g5, AN, / A" =k, -&,, provide reliable

follows:3, = (&57 —¢, ) [e;-100%, 8, = (5™ —&,) /e, -100% , where &5™ =

strain values.

Layered model with the formation of a resin pocket [90/90]

6 £ e (M) () R w% k&%
u, =u, -74.01 -94.32 500.00 389.88 393.09 0.78 0.03 0.79 0.79
u, =u, 106.31 -84.90 -22.26 -35.46 -5.18 1.59 104.22 0.23 70.16
u, =u, 113.62 10.08 -35.27 -42.65 -59.05 1.21 55.05 1.67 114.66
Homogeneous model with the formation of a resin pocket
£ £ e (A7) (A7) & 8, % k, 8, %
u, =u, -74.15 -94.17 500.00 389.90 393.07 0.78 0.02 0.79 0.79
u, =u, 91.54 -53.13 -20.02 -35.96 -13.04 1.80 130.28 0.65 16.46
u, =1u, 108.86 10.29 -30.49 -43.47 -59.08 1.43 82.76 1.94 148.40
Layered model without the formation of a resin pocket [0/0]
& £ e (/) (M) K 8, % k, 8, %
u, =1u, -64.57 -96.30 500.00 387.43 392.45 0.77 0.66 0.78 0.63
u, =1u, 86.79 -27.76 -14.02 -31.33 -13.19 2.23 186.51 0.94 20.64
u, =u, 92.21 7.86 -23.99 -31.22 -44.58 1.30 006.83 1.86 138.22
Homogeneous model without the formation of a resin pocket
Cd () () ks ks
U, =1u, -74.30 -94.93 500.00 390.04 393.31 0.78 0.01 0.79 0.85
u, =u, 403.99 -147.25 -18.58 -105.69 -18.39 5.69 629.14 0.99 26.85
u, =u, 104.11 -13.96 -28.63 -25.16 -43.86 0.88 12.65 1.53 96.38

Table 3: The results of the evaluation of the limits of applicability of relations (4) on a model of a cube with integrated optical fiber.
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For clarity, the dependences of k; and k, with respect to the plane k=0.78 by varying In(g,/e;), In(g/e;)are
presented in Fig. 9.

.] | -k=0.78 .

- 0.8 4

0.6 -

0.4

0.2
1 ()_%>
A y rYE 0.5 I 0.5 0

In(s,/ &) In(e,/ &)

1
% In(g/ &)

In(e,/ &) 0.5

Figure 9: Dependences of k; and k, on the components of the strain tensor.

The obtained results allow us to conclude that the use of Bragg gratings written in a single-mode optical fiber provides
acceptable information about the component of the strain tensor along the fiber, only in case when the sensor is located
in the material zone, where this component of strain is predominant. The dependences given in Fig. 9 allow us to estimate
the error in the calculation of the strain for different ratios of the strain values €, and €, .

SIMULATION OF FOSS EMBEDDED IN PCM WITH A CAPILLARY ON THE BRAGG GRATING

ne of the directions for obtaining reliable information about the strains measured by FBG sensors embedded

into PCM is associated with a change in the conditions of interaction with the material of the optical fiber

section with the Bragg grating. In a constructive implementation, this can be achieved by using an additional
coating around the fiber in the Bragg grating zone (Fig. 10).

host material

protective coating

additional coating

Figure 10: Cross-section of the sample with FOSS based on the Bragg grating and capillary.
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The geometrical dimensions of such a coating are determined by the thickness #and the length / Within the framework of
the problem statement under consideration, an additional coating must ensure the fulfillment of two conditions: the
realization of a uniaxial stress state in the Bragg grating section and the coincidence of the longitudinal strain component
in the fiber and in the material zone adjacent to the fiber.

Numerical simulation allows us to estimate the possibility of achieving the goal and determine the parameters of an
additional coating for the corresponding PCM and optical fiber. A problem of stress-strain state evaluation on a model of
a cube with embedded optical fiber with additional coating is considered (Fig. 11). A variant of the calculation scheme
with resin pocket is not presented, since its consideration does not affect the magnitude of the strain tensor component
along the optical fiber.

Figure 11: Cube with embedded optical fiber and additional coating.

Dimensions of the cube significantly exceed the length of the additional coating. Based on the results of the previous
chapter, the most unfavorable loading option is considered, in which external forces operate in the plane of maximum
stiffness of the PCM and the direction perpendicular to the fiber.

In order to estimate the parameters of the coating that ensure the fulfillment of the condition of a uniaxial stress state in
the zone of the Bragg grating of the optical fiber, calculations were performed for various combinations of Poisson’s ratio
and the ratio of the elastic moduli of the optical fiber and the additional coating. Calculations have shown that the goal
can be achieved only if there is a cavity between the PCM and the optical fiber. Technologically, this means using a
capillary in the Bragg grating zone [15].

With the considered mechanical characteristics of PCM, it is not possible to ensure the coincidence of the corresponding
strain in the material and the fiber. So, with a capillary thickness and its length equal to 0.3 and 10 fiber diameters,
respectively, the difference between the corresponding strains in the PCM and the optical fiber in the middle cross section
along the length of the capillary is 4-5 times.

The change in the mechanical characteristics of the PCM showed that it is possible to achieve the conditions of
coincidence of the strains when using a capillary with a circular cross section with the isotropic properties of the material.
For anisotropic materials, these conditions can be achieved by using a capillary with an elliptical cross section (Fig. 12).

The results of calculations of the strains € /uy s €, /uy , €, /uy in an optical fiber, in the middle across the length cross

section of the capillary for various relations between the ellipse’s semi axes @ (a =0.16 mm), b and ratios of the capillary
length / to the optical fiber diameter 4 are presented in Tab. 4 for materials whose properties are given in Tabs. 1 and 2.

The analysis of these results should be carried out taking into account the strain value &, in PCM equal to 4.37-107.
For the data in the table, it should be noted that the condition €, =&, = —ve, , where v is the Poisson's ratio of the optical

fiber material is fulfilled up to 0.22%. The results show that if a/b=0.6, it is possible to achieve an acceptable
coincidence of the strain along the fiber in the PCM and the optical fiber.

The obtained values of /show that when using such a capillary, its length should be 20-40 diameters larger than the Bragg
grating length to ensure that the strain in the material and the fiber coincides along the entire Bragg grating length. The
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performed calculations show the possibility of determining by the methods of numerical simulation for specific
characteristics of PCM and optical fiber of the capillary sizes that ensure the fulfillment of the set conditions.
Technological aspects of the implementation of the results obtained in this paper are not considered.

Figure 12: The scheme of a polymer composite material with an embedded optical fiber and a cavity with an elliptical cross section:
optical fiber (1); protective polyimide coating of optical fiber (2); cavity (3); composite material (4).

sx/uy 8y/uy sz/uy alb k=1/d
-0.002653 0.000452 0.000452 1 10
-0.001943 0.000330 0.000330 2 10
-0.005044 0.000858 0.000858 0.5 10
-0.004837 0.000822 0.000822 0.5 20
-0.00399 0.000678 0.000678 0.75 10
-0.00419 0.000712 0.000712 0.6 10
-0.004348 0.000739 0.000739 0.6 20
-0.004372 0.000743 0.000743 0.6 40

Table 4: The results of the calculation of strains in the optical fiber with different capillary geometries.

CONCLUSIONS

in a single-mode optical fiber and embedded in the material is carried out. It is noted that for this type of sensors

direct relation between the longitudinal strain of the FBG, which with good contact of the sensor with the PCM
coincides with the corresponding strain in the material, and the physical quantity recorded by the sensor takes place only
with a uniaxial stress state in the fiber. A numerical experimental technique is presented. Using the assumption about the
nature of stresses in a fiber, it is possible to estimate the error in calculating the strain values of an optical fiber in the FBG
zone based on the change in the wavelength of the reflected spectrum measured by the sensor.
For the model object of PCM with embedded FOSS, an analysis of the strain fields in the fiber and material under
different loading options is performed. Calculations based on the finite element method were carried out for two PCM
models: a layered model and a homogeneous medium model. The model takes into account the possibility of a resin
pocket in the vicinity of the fiber. Different options for the optical fiber location between the layers [0/0], when the resin
pocket is absent, and between the layers [90/90], when the resin pocket is formed, were analyzed.

T he analysis of the possibility of obtaining reliable strain values in the PCM based on the use of FBG sensor written
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Obtained results make it possible to estimate the error of the values of the strain tensor component in the fiber along its
length based on the values of the physical quantity measured by the sensor, which is the result of numerical calculations
within the framework of the considered technique. The combination of the achieved numerical results makes it possible
to conclude that for obtaining, with an acceptable error, the values of the measured strains, it is necessary that the sensors
should be located in the material zone, where the strain component along the fiber is predominant.

A numerical simulation was performed to determine the parameters of the coating around the FBG, which provides a
uniaxial stress state in the FBG and the coincidence of the strain values along the fiber directly in the fiber and in the
material zone adjacent to the fiber. It is established that the uniaxial stress state is reached only in the presence of a
capillary (cavity) between the PCM and the optical fiber. The condition of coincidence of the corresponding strains in the
material and the fiber at the circular cross-section of the capillary is ensured only with the isotropic properties of PCM. It
is shown that for anisotropic PCM the fulfillment of the condition of coincidence of strains can be achieved with an
elliptical capillary cross section. The specific dimensions of the capillary are found by numerical analysis for the
corresponding characteristics of the PCM and the optical fiber.
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