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1. Introduction

High speed collision can result in serious conse-
quences; for example, high speed train, airplane, aircraft
etc. which are in the movement with high speed might en-
counter this kind of problem. On the other hand, the appli-
cation of advanced composites to large commercial air-
crafts has recently increased in light of the demand of re-
duced operation cost from airlines, emphasis on energy
saving, lower-cost materials, [1]. The damages occurring
in composite materials are caused by several types of im-
pacts, such as bird strikes, hail, dropping of tools, etc. The
damages of composite caused by high speed collision can
probably be detected by measuring the dynamic strain at
appropriate locations of the structure [2]. We have been
designing a damage monitoring system that can detect the
changes of strain and deformation of composite materials
using an Fiber Bragg Grating (FBG) optical fiber system
[3]. It was verified that this system was superior as com-
pared to the conventional nondestructive inspection (NDI)
system.

2. The basic mechanism of FBG mechanics sensor

The grating was formed at the core of GeO2-
doped optical fiber by exposing it to UV laser and making
repetitive layers whose refractive index of the core changes
continuously with the distribution of the interference pat-
tern of the laser [4]. When beam goes through FBG, multi-
ple Fresnel Reflection will take place in the whole grating
area. If the wavelength doubles the length of grating, re-
flected beam and incidence beam meet together, and form
constructive interference, i.e. it will result in a narrow band
reflective wave (Fig. 1) [5]. The wavelength of the reflec-
tive wave is called Bragg wavelength 15
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where n is effective refractive index and A is period of
the grating.

From (1), one can see that a perfect optical fiber
sensor can be made by FBG. If wavelength does not satisfy
the condition of Bragg interference, it will pass FBG with
low loss. When the physical parameters, such as tempera-
ture, electromagnetic field, are changing, the stress on the
optical fiber grating will change too, and it will lead to the
change of Bragg wavelength.

The FBG sensors in the fiber reflect a specific
wavelength of the light signal back to the Demultiplexing

Interrogation system, from which the value of strain can be
determined.

One can see that more clearly by differentiating
the equation (1)

Ay = 2N AN+ 2404 A (2)
where AA is the elastic deformation of optical fiber under

strain and An expresses the elastic-optical effect of optical
fiber under strain.
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Fig. 1 A broadband light spectrum is transmitted through a
glass fiber by a super luminescent LED (SLED)

Al can be measured by the system showed in

Fig. 1. When FBG is compressed, then Bragg wavelength
will be blue shifted. While tensile the FBG, then Bragg
wavelength will be red shifted. From (2), one can get the
quantitative relation between Bragg wavelength increment
and strain increment if the modulus of the optical fiber and
elastic-optic constant are known. When optical grating is
affected only by the axial elasticity, one can get the relation
between Bragg wavelength increment and external force
and the parameters of the optical fiber material from formu-
la (1) and (2).
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From reference [6], the relative change of wave-
length can be expressed as

n2
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where py; and py, are two components of elastic-optic con-

stant of the optical grating.

&5 1S the strain alone the Z-axis, while g, is the
strain alone the radial direction. When the change of tem-
perature is negligible, the variance of refractive index and
grating period come mainly from the variance of the stress.
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Considering the simplest situation with merely uniform
axial stress: o,, =—P and o,, =0, =0 (where o,, is the

stress alone the Z-axis, (o, is the stress alone the radial
direction; o, is the stress alone the section from €, direc-

tion; P is external pressure). According to generalized
Hook’s law, strains from all directions are [7]
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3. The basic optical and electronic devices

FBG network is a number of different types of
FBG in one or several optical fiber FBG array constituted
by series-parallel. It will facilitate the achievement of real-
time measurements with multicomponents, and sense 5
parameters of signal characteristics (wavelength, phase,
polarization, propagation direction and amplitude). To
conduct multipoint measurement, it is necessary to use
address multiplexing. Sensor array codes address with dif-
ferent Bragg reflection wavelength. Bragg reflection wave-
length bandwidth is about 0.3 nm bandwidth. To each sen-
sor is assigned a unique wavelength range. By using the
input broadband signal of a same broadband light source to
each FBG, the grating reflection peak in each respective
change within the wavelength range.

There are several methods for demodulation of all
reflected waves. But only the interference method and
mode-locked modulation are suitable for the dynamic situa-
tions. Demodulation solutions based on interference, ac-
cording to the type of interferometer, can be divided into
Mach-Special (M-Z) unbalanced fiber interferometer de-
modulation and nonequilibrium scan Michelson interferom-
eter demodulation. The nonequilibrium M-Z interferometer
was developed by Kersey A.D [8]. Compared with other
demodulations, M-Z interferometer is simpler and more
accuracy. The schematic diagram is shown in the Fig. 2. It
is a two 3dB coupler series connection, and the lengths of
the interferometer arms are not equal, with a difference of
d. As shown in Fig. 2, 2 is the input arm, and the input is
the narrowband light with 41 bandwidth of fiber grating. 3
and 4 are the interferometer output arms. Bragg wavelength
is the wavelength of reflected light in the case of fiber
Bragg grating without added stress.

According to the coupling theory, when the two
output arms of the optical path are different, there is an
optical path difference nd (n is the refractive index of fi-
ber), the phase difference corresponding is
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When d and n do not change with the environ-
ment, due to the change in strain reflection wavelength
changes

Al = Agke @

Phase difference of the interferometer output
caused by wavelength shifting is
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Fig. 2 The block diagram of whole optical and electronic
elements

It can be seen from the above equation that, as
long as the amount of phase change Ag(AA4) can be de-

tected, one can know the change of wavelength and the
amplitude of stress wave. This detection method is easily
implemented on signal detection. However, a key issue is
how to calibrate coefficient k. General approach is to use
piezoelectric (PZT) ceramics to make a steady change in
the optical path difference. Since the relationship between
withstand strain to the piezoelectric ceramic and the voltage
is linear, so by knowing the increase of the voltage and
phase variation to the piezoelectric ceramics, one can cali-
brate k. But the light energy back from the PZT will have a
great attenuation which is a big trouble for the test. In addi-
tion, when the fiber has not only the longitudinal strain, but
also transverse strain as well, it would have secondary ef-
fects, photo elastic effect, in which A4 is given by Eq. (3).
Those environmental factors cause relationships between
horizontal and vertical strain and phase difference can be
expressed as
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4. The three-dimensional stress measurements

In order to get the direction and intensity of the
stress wave, accurate multicomponent measurement is nec-
essary. Multicomponent force measurement includes the
measurements of the vertical stress and the paralleling
stress (shear stress) to the surface. Only by an objective
and complete measurement of the pressure and shear
stresses, can we get the information of the three-
dimensional stress distribution in different parts of the ma-
terial after the collision.
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Fig. 3 The schematic design of the multicomponent
measurement system

Since the relationship among the change of Bragg
wavelength, the axial strain, Poisson ratio and elastic mod-
ulus is more straightforward, measuring axial strain is rela-
tively easy [6]. Therefore, in order to achieve accurate
measurement, it is necessary to set the network with three-
dimensional distribution of fiber Bragg grating, trying best
to use axial mechanical parameters in three directions
which measured from the changes of reflected Bragg
wavelength. The schematic design of this system is shown
in Fig. 3. First, for the pressure measurement, the FBG is
embedded within the layers of a carbon composite material
(CCM). Under the pressure, FBG sensor will be under
compression or tension corresponding to embedded upper
layer or lower layer, respectively. Thus, the pressure can
be transferred as axial strain through compression or ten-
sion [9]. For shear force measurement, the FBG is embed-
ded at a very small angle (1-5°) with in the CCM layer. A
deformable layer (Silicon rubber) is introduced between
the upper and lower layers of CCM. With this embedding
technique, a relative motion between the upper and lower
layers will take place when the shear force is applied to the
upper layer of the CCM. This relative motion between the
upper and lower layers will stretch or compress the em-
bedded fiber, which will result in a change of the fiber
length and thus changing the reflected Bragg wavelength.
Based on this principle, a 3D force sensor system can be
fabricated.

5. The precise positioning technologies

The measured data from the three-dimensional
network of multichannel FBG obtained by embedding mul-
ticomponent measurements of stress can tell us the distri-
bution of wave magnitude and direction of the stress.
Based on the further analysis of retrieval data from stress
distribution, the wave sources, i.e. the location of the colli-
sion took place, and collision strength could be deduced.
In order to locate the collision position, Time Difference
Positioning (TDP) technology will be used. TDP can be
divided into one-dimensional plane location, two-
dimensional and three-dimensional spherical or cylinder
positioning. TDP technology is based on the measurement
of the time difference in which shock wave arrives every
FBG probe distributed in different position, wave propaga-
tion velocity, and processing these measured data to de-
termine the coordinates of the wave source as shown in
Fig. 4 [10].

Plane or cylinder positioning can be achieved by
three sensors. Assuming that the stress wave propagation
velocity in all directions is constant V (media surface ve-
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Fig. 4 Infinite plane collision point positioning of three
probes

locity), and the sensor 1 is the closest probe from the colli-
sion point, one can easily get the shock wave arrival order,
arrival time, the time difference of sensor 2 and 3, as well
as following series of equations [10]
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From the equations, positioning can be easily re-
alized.

6. Precise determination of the damage region

During whole propagation process, the strain wave
propagation property might be different in plastic defor-
mation region and elastic region. Thus, through studying
the propagation property of the strain wave front, one can
determine the plastic deformation region. Consider the
original length along the fiber axis is a unit of dx. A non-
balance force in the x direction is

dF = A9%2 gy (14)
15,4

The force acts on the unit with mass of pAdx,

where p and A are mass density and cross-sectional area
respectively, by Eq. (4)

o,=E¢ (15)

Strain ¢ is related to the displacement u along the
x direction e=0u/ox, v=aou/ét; v is the propagation
speed. The motion equation of stress is
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Considering an optical fiber as a semiinfinite rod,
a stretch (or compression) is imposed on the rod. Let the
t=0, x =0 and with a velocity vy, and the boundary condi-
tions are: x =0, v =Vy; or x = -0, v =0 to solve the equa-



tion (16), let & =x/t because the elastic modulus is a
function of strain
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These three solutions were effective in three dif-
ferent regions, according to reference [11], which can be
simply defined to be the plastic region, elastic region and
zero deformation region. The interface of the plastic region
and the elastic region are known as the plastic wave front
& =c,. The interface of elastic region and the interface re-

gion of zero deformation is called elastic wave front £ =c,

¢; and ¢, can be experimentally determined, as shown in
Fig. 4. Then the solution of Eq. (16) can be written as

when |x| <ct &= constant = % =g (22)
2

when ct<|x<ct E(g)= pt_)z( (23)

when |x|>ct &=0 (24)

Take the above results into Eqg. (4), wavelength varia-
tion over time and space can be obtained.

7. Conclusions

We propose a preliminary design of damage moni-
toring system for real-time measurements of high speed
collision including the position, intensity, damage assess-
ment. By discussing the monitoring the strains caused by
high speed collisions in composite using FBG sensors,
shock wave propagation characteristics, and theoretical
study on optical and electronic system, it demonstrates that
this design is feasible. The following conclusions can be
obtained:

1. FBG sensor network can detect the dynamic
stress and strain by detecting the changes in the wavelength.

2. 1t can also tell the information about the source
of those stress and strain, such as the collision position,

intensity, damage intensity, and achieve the monitoring of
the high speed collision which results in the change of a
series of physical parameters.

3. Fiber Bragg Grating Network might possess
some good properties such as sensitive, high speed, low
cost, light weight, stable, and might be suitable for space-
craft and other high speed devices.
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KOMPOZITY DEFORMACIJU DINAMINE
STEBESENA ESANT DIDELIO GREICIO
SUSIDURIMAMS NAUDOJANT PLUOSTINIO
BRAGO TINKLELIO SCHEMA

Reziumé

Siame straipsnyje aprasoma pluostinio Brago tinkle-
lio sensoriaus sistema, naudojama dinaminiy deformacijy
stebésenai esant didelio greifio susidirimams. Autoriai
tiria, kaip $i sistema panaudojama realaus laiko didelio
greic¢io susidiirimo smiigiui ir sukeltam pazeidimui nusta-
tyti. Trijy deformacijos komponenty sensoriaus sistema
buvo preliminariai suprojektuota susidirimo padéciai ir
pazeidimo laipsnio realiam laikui nustatyti atsizvelgiant i
tampriajg ir plasting deformacijas. Straipsnyje apraSytos
pagrindinés optinés ir elektroninés $ios sistemos teorijos,
taip pat modelio sensoriaus mechanizmas ir mechanika.
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DYNAMIC MONITORING THE STRAIN OF
COMPOSITES DUE TO HIGH SPEED COLLISIONS
USING FIBER BRAGG GRATING NETWORK

Summary

This paper describes the Fiber Bragg Grating
(FBG) sensor system for a dynamic monitoring strain due
to high speed collision. The authors investigate whether or
not this FBG system can be used for the real time detection
of both the impact and the damage generated by high speed
collisions. A three-component strain sensor system was
preliminary designed for real-time detection the location of
collision and the damage extent such as the ranges of the
elastic deformation and the plastic deformation. The basic
optical and electronic theories about this system, as well as
the mechanism and mechanics model of FBG sensors, are
expressed in this paper.

Keywords: dynamic monitoring, composites, fiber bragg
grating network.
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