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In view of the principle for occurrence of cross-sensitivity, a series of calibration experiments are carried out to solve

the cross-sensitivity problem of embedded fiber Bragg gratings (FBGs) using the reference grating method. Moreover,

an ultrasonic-vibration-assisted grinding (UVAG) model is established, and finite element analysis (FEA) is carried out

under the monitoring environment of embedded temperature measurement system. In addition, the related temperature

acquisition tests are set in accordance with requirements of the reference grating method. Finally, comparative analy-

ses of the simulation and experimental results are performed, and it may be concluded that the reference grating

method may be utilized to effectively solve the cross-sensitivity of embedded FBGs.
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Fiber Bragg grating (FBG) temperature sensors, as a kind
of excellent sensing measurement devices, have many
advantages, such as high sensitivity, small volume and
mass, easily bending, anti-electromagnetic interference
and good corrosion resistance, so that it may be popular
in various temperature monitoring conditions in many
industries. The ultrasonic-vibration-assisted grinding
(UVAQG) is an effective method for processing carbon
fiber reinforced plastics (CFRP), for which the grinding
temperature shall be controlled strictly to improve the
surface quality of workpieces. However, intensive vibra-
tion occurs due to the inverse piezoelectric effect during
its manufacturing processes, which may changes the
center wavelength of the FBG to a certain extent. More-
over, those physical quantities leading to the change of
center wavelength at the same time may not be recog-
nized by a single FBG while it is affected due to not only
temperature but also strain. Thus, the cross-sensitivity of
FBGs occurs to seriously restrict the detection of grind-
ing temperature for CFRP under UVAG situation!'™).
Further ~ comprehensive  studies  about  the
cross-sensitivity of FBGs have been carried out by some
scholars in recent years. Liang et al'” designed a scheme
applicable for solving the cross-sensitivity of stress and
temperature for sensing measurement of temperature by
means of FBGs with a long period, which is based on the
concept of relation for converting the negative interfer-
ence of strain on temperature into the correspondingly
positive sensitization effect, so that the cross-sensitivity
of FBG temperature sensors with a long period may be
better solved. Zhang et al” put forward a scheme which

includes a spring being equipped in a metal tube for
pre-stressed encapsulation to solve the cross-sensitivity,
and the experimental verification was carried out to in-
dicate that the sensor has good linearity and repeatability
for achievement of accurate measurement of temperature.
Han et al' defined the correlation function between ten-
sile force and temperature to separate the temperature
factor out of the cross relationship between wavelength
and temperature or tensile force, and the theoretical study
was carried out to the relevant characteristics between
tensile force and temperature of FBGs, so that the meas-
ured data may indicate better solution of the
cross-sensitivity between temperature and tensile force.
Korenko et al””! designed a device encapsulated by means
of ormocer for thermal compensation of FBGs to effec-
tively  achieve robust measurement of the
cross-sensitivity. ~ Peng et  al®  showed a
self-demodulation FBG sensing device so that the
cross-sensitivity of FBGs may be solved by means of
propagation of various signals.

In case of the inevitable cross-sensitivity in actual
measurement process, those solutions, such as the refer-
ence grating, double grating, double-parameter and tem-
perature (or strain) compensation methods, generally
may be put into operation to improve the measurement
accuracy™'”. As for the reference grating method, the
strain (or temperature) is measured by an FBG sensor,
and the temperature (or strain) is measured by means of the
other FBG sensor at the same time, the both drifts of the
Bragg wavelength may be processed to solve the change
due to a single parameter, thus, the cross-sensitivity may
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be solved. Only two FBGs may be necessary for such
methods so that it shall be simple and practicable, and a
better desensitization effect may be achieved by design-
ing a proper arrangement scheme.

In view of those basic requirements of monitoring
temperature of CFRP under UVAG situation, an embed-
ded FBGs temperature measurement system is designed
to improve the accuracy of data acquisition for the tem-
perature measurement system. Firstly, the theoretical
analysis is performed to the cross-sensitivity of FBGs.
Secondly, a series of calibration experiments are carried
out for description of the embedded FBGs temperature
measurement system, which may conform to those basic
conditions by means of the reference grating method to
solve the cross-sensitivity of FBGs. Finally, the com-
parative analysis (about whether it has consistency in a
certain range) is carried out through the results of ex-
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periments and simulations to verify the feasibility of the
reference grating method to solve the cross-sensitivity of
FBGs.

Fig.1 shows the structure of an FBG sensor. When the
FBG is illuminated with broadband light, the grating is
equivalent to a narrow bandwidth optical mirror in opti-
cal fiber, which selectively reflects a part of incident
light, whose wavelength conforms to the Bragg phase
matching conditions, and the other part of incident light
in other wavelengths is in the transmission mode. The
Bragg equation of FBG is listed as follows based on the
above principle!'"");

Ap=2nesr A, (1)
where A represents the center wavelength of the FBG,

neg represents the effective refractive index of the FBG,
and A represents the period of the FBG.
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Fig.1 The operating principle of an FBG sensor, where A is the input spectrum, B is the reflected signal, and C is

the transmitted signal

While an FBG sensor is only under stress, the corre-
sponding strain occurs so that the fiber grating period
may change. Moreover, the changing refractive index of
the FBG leads to the change of Ag, which may be ex-
pressed based on Eq.(1) as

Alg=K, Ae, 2)
where Ae represents the strain of the FBG, K.=1g(1—pe)
represents the strain sensitivity coefficient of the FBG,
which is a constant and only related to material proper-
ties of the FBG, and p. represents the elasto-optical coef-
ficient of optical fiber.

On the other hand, while an FBG sensor is only under
temperature, its grating period and refractive index may
also change. The change of iz may also be expressed
based on Eq.(1) as

AAB:KT'AT, (3)
where AT represents the temperature variation,
Kr=Ap(a+{) represents the temperature sensitivity coeffi-
cient of the FBG sensor, which is a constant and only
related to material properties of the FBG sensor, a repre-
sents the thermal expansion coefficient of optical fiber,
and { represents the thermo-optical coefficient of optical
fiber.

The center wavelength of FBG sensor may be affected
simultaneously by strain and temperature in any actual
measurement process. Moreover, those sources for

changing its center wavelength may not be recognized by
means of a single FBG so that the cross-sensitivity of
FBG may occur. Eq.(1) may indicate that n.s and A are
related to Ag. Taylor series expansion of Eq. (1) leads to
the following equations:

AA, = Ae[%] + AT[%] + AEAT[aZ—/iB] +

oT 9edT

%{(Ae)z[%] + (AT)Z[%]} T 4
Ks=ﬂn(1—pc)=[%], )
Krzﬂs(a+§)=[%—ﬂ7’f]. ©

Eq.(4) indicates that Alp is related to Ae, AT and their
cross and higher-order terms, whereas, those cross and
higher-order terms may be negligible while temperature
and strain of the FBG are within relatively small ranges
(At=150 °C, Ae<5 nm). Thus, the following equation may
be obtained under general measurement situations:

MB: K£A€+ KTAT (7)

The above relation reflects the basic equation of prin-
ciple for occurrence of the cross-sensitivity of FBGs,
from which it may be seen that AT and Ae may inde-
pendently affect 1g, respectively, and the both effects
may be linearly superposed, so the corresponding drifts
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of the Bragg wavelength may not be recognized by
means of a single FBG or the accurate decomposed re-
sults may not be got while AT and Ae¢ simultaneously
change in a measurement point.

Finite element simulation was carried out by means of
ANSYS software after establishing the model shown in
Fig.2.

The embedded FBGs temperature measurement sys-
tem includes FBG1 for temperature measurement and
FBG2 for vibration measurement, whose arrangement
schematic diagram is shown in Fig.2. FBG1 are arranged
in three positions surrounding the processing region for
comprehensively monitoring the temperature distribution
of the grinding region, whose specific location inside the
workpiece is shown in Fig.2, where d represents the di-
ameter of the diamond grinding head, and a, represents
the grinding depth. FBG2 is far away from the grinding
region, and the distance between the location of FBG2
and the grinding region is defined as the thermal insula-
tion distance which may be obtained by means of the
simulation cloud picture shown in Fig.3 to ensure FBG2
shall be free of interference of the grinding temperature.
The sensing elements of FBG1 and FBG2 are located at

the middle place of the four holes along the FBGs'*'].
Diamond grinding head a/2
d/2 oot %
CFRP workipece i _
J T1 mm

=

Fig.2 Arrangement schematic diagram of FBGs

Fig.3 Temperature cloud picture

The thickness of a layer of the CFRP workpiece is
0.263 mm, and the diameter of each FBG is 0.125 mm.

The specific FBGs arrangement holes were left during
the multi-layer pressing formation process for placement
of FBG1 and FBG2 (Fig.4). Due to FBG2 being in the
edge of the workpiece as shown in Fig.2, the design
scheme for placement of FBG2 is equivalent to the
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scheme in Fig.4 without part 1, so that layer 2 shall only
include part 2 and the hole. FBG1 and FBG?2 are directly
placed inside the arrangement holes fully coated with
thermally conductive silicone grease and thermal insula-
tion glue to prevent any temperature interference, respec-
tively, and the thermal insulation effect will be experi-
mentally verified subsequently.
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Fig.4 (a) Photo and (b) formation of FBGs in the
multi-layer workpiece

The experimental setup shown in Fig.5 includes a
computerized numerical control machining center (CNC),
a UVAG device and an FBG temperature measurement
system (FBG1 and FBG2). As for FBGs, their wave-
bands are both within 1 540—1 550 nm, and their metal-
lized surfaces are electroplating copper sulfate for en-
capsulation of optical fiber process. The parameters of
FBGs (FBGI1 and FBG2) are all the same except center
wavelength as shown in Tab.1.

First of all, FBGs shall be selected based on calibration
experiments, during which temperature and vibration cali-
bration would be carried on 20 FBGs. Secondly, the data
acquisition was carried out for MATLAB fitting analysis.
Finally, 4 FBGs were selected for subsequent experiments,
and their corresponding curve-fitting equations are fully the
same (the decimal digits of various coefficients are 4),
whose tolerance ranges conform to the operation require-
ments of the reference grating method.

FBG demodulator UVAG installation FBG sensors Workpiece
Fig.5 Picture of experimental setup
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Tab.1 Material properties of FBGs

Parameter Value
Center wavelength 1 540—1 550 nm
Reflectivity >90%
Side-length suppression ratio >13 dB
3 dB bandwidth <0.25 nm
Wavelength error +0.2 nm
Grating length 6 mm
Core diameter 0.125 mm
Grating point 12
Tail fiber length /1 m
Cladding material Acrylate
Minimum bending radius 2 mm

While a CFRP workpiece is processed by means of the
UVAG, the grinding temperature of the region in contact
with the tool is maximum so that this temperature may
gradually fall due to transferring heat to the surrounding
areas. Thus, the final grinding temperature shall be se-
lected as the maximum among the measured tempera-
tures of 3 FBGs at the same time to ensure that data for
analysis shall be the most closest to the temperature of
the actually grinding region.

As for temperature calibration, a 3-hole electric ther-
mostatic water bath with temperature control range of
5—100°C, and temperature resolution of 0.1°C was util-
ized to control the temperature and conform to the tem-
perature control requirements of experiments, as shown
in Fig.6. The calibration temperature range is
25—100 °C, and the temperature interval is 0.1 °C.
There are 760 sampling points in total, and the corre-
sponding fitting curves were derived by fitting these
sampling points in MATLAB software. Moreover, the
above tests were carried out again to demonstrate the
good repeatability of this type of sensors. Finally, 2
groups of measured results are expressed in Fig.7 (FBG1)
and Fig.8 (FBG2), which may indicate that the R* values
of FBG1 and FBG2 are above 0.999 5, and the good re-
peatability is reflected for the two temperature calibra-
tion experiments. Thus, the FBG1 (FBG2) temperature
sensor has good comprehensive performances to con-
form to the experimental requirements.

FBG demodulator Calibrateded grating Temperature controlled tank
Fig.6 Experimental setup picture for temperature
calibration
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Fig.8 Fitting curves and equations for temperature
calibration of FBG2

As for vibration calibration of FBG2, a strong electric
type small vibrator with frequency range of
10—2 000 Hz, output power of 1500 W, including
shaker table, power amplifier and signal generator, were
utilized. During the experimental processes, the fre-
quency range is 200—2 000 Hz, and the sampling fre-
quency interval is 50 Hz. There are 37 sampling points in
total. In addition, 2 groups of measured results are ex-
pressed in Fig.10, which may indicate that the R* values
of FBG2 are above 0.999 5, and the good repeatability is
reflected for the two vibration calibration experiments.
Thus, the FBG2 has good comprehensive performances
to conform to the experimental requirements.

Calibrated (00" FBG
demodulator

Shaker table Power amplifier Signal generator

Fig.9 Experimental setup picture for vibration calibra-
tion of FBG2
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The following issues are solved in the calibration of
FBG2.

1) For ensuring the stability of corresponding center
wavelength, all center wavelength values recorded by the
system within 5 s are acquired at the same vibration fre-
quency, and then they are averaged as the corresponding
center wavelength at this frequency.

2) As FBGI1 for the temperature measurement is
equipped in various locations, and the synchronism of
their vibration responses shall be verified. Moreover, it
shall be verified whether their response ranges (or wave-
length change ranges) are the same. Successful solution
of the cross-sensitivity by means of FBG2 depends on
solution of this issue. Thus, experimental verification is
carried out to this issue during the calibration experi-
ments. FBG2 is calibrated while it is located in four dif-
ferent positions as shown in Fig.2 for placement of
FBG2 sensors, whose fitting curves are presented in
Fig.10, and it is indicated that the R values for calibra-
tion of FBG2 in four positions are above 0.999 5 and
their corresponding fitting curves also reflect the good
repeatability of FBG2 so as to demonstrate the responses
of FBG2 in four positions are synchronous and the cor-
responding response ranges (or wavelength change
ranges) are the same. Thus, the layout method of FBG2
may be utilized to solve the cross-sensitivity.
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Fig.10 Fitting curves and equations for vibration cali-
bration of FBG2 in various locations

3) While FBG2 is arranged in the specific mounting
groove coated fully with the thermal insulation glue,
FBG2 is fixed firmly in the workpiece. Besides, the
thermal insulation glue may contribute to the elimination
of effect of grinding temperature to the reflection wave-
length of FBG2. For verification of the feasibility of such
a method, calibration experiments are carried out after
placing FBG2 and coating the thermal insulation glue in
those environments (only vibration and vibration &
temperature), in which the temperature at the location of
FBG2 may be roughly measured by means of a pyrome-
ter, and a moving heat source was utilized to achieve the
temperature above the UVAG temperature. The corre-
sponding measured results shown in Fig.11 indicate that

Optoelectron. Lett. Vol.14 No.2

the R values for calibration of FBG2 in the both situa-
tions are above 0.9995, and their corresponding fitting
curves also reflect the good repeatability of FBG2 and
the good thermal insulation performance of the glue.
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Fig.11 Fitting curves and equations for vibration cali-
bration of FBG2 for the verification of effect of the
thermal insulation glue

Those grinding parameters in Tab.2 are utilized to
process CFRP workpieces, and the measurement data
related to the grinding temperature of FBGs are also re-
corded in Tab.2. As for measurement of the grinding
temperature, firstly, the wavelengths under the tempera-
ture & vibration effects are got by FBG1, and the wave-
lengths under the vibration effect only are obtained by
FBG2. Secondly, the drifts of the center wavelength of
FBG1 and FBG2 are derived based on the comparison
with the corresponding center wavelength values in
Tab.l. Thirdly, the center wavelength drifts only due to
the grinding temperature may be gained based on the
differences between the center wavelength drifts of
FBG1 and FBG2. Finally, the relationships between the
drift magnitude of central wavelength and the tempera-
ture in calibration of FBG1 are shown in Fig.12 for con-
trast analysis so that the actual grinding temperature may
be obtained. The above data related to any center wave-
length drift are reflected in Tab.2.
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Fig.12 The relationship between the drift magnitude of
central wavelength and the temperature

It may be indicated based on comparison of the



CHEN et al.

simulated grinding temperature values and the actual
temperature values measured by means of FBGs under
the same processing conditions, which are shown in
Tab.2, that the both groups of temperature data change in
the consistent trends and their differences are among the

Optoelectron. Lett. Vol.14 No.2 * 0097

range (2—4°C). Thus, the grinding temperature may be
measured accurately by means of such a method, that is
to say, the reference grating method may be an success-
ful solution of the cross-sensitivity of FBG temperature
sensors.

Tab.2 Temperature measurement and simulated data of FBGs

Spindle Cutting  Drift of center

Drift of center

Actual drift of center wave-  Simulated

. Feed rate Actual grinding
Experiment speed . depth  wavelength of  wavelength of length for temperature meas- temperature
. (mm/min) temperature (°C)
(r/min) (mm) FBGI (nm) FBG2 (nm) urement (nm) °O)
1 500 100 0.1 1.409 4 0.2732 1.136 2 21 18
2 1 000 140 0.15 1.8396 0.362 8 1.476 8 29 27
3 1500 180 0.2 2.516 0 0.547 3 1.968 7 44 40
4 2000 220 0.25 3.5372 0.698 2 2.8390 65 63
5 2 500 260 0.3 4.608 5 0.785 6 3.8229 93 89
The embedded FBGs temperature measurement sys- References

tem can be actually applied to accurately and real-time
monitor the grinding temperature of any CFRP work-
piece during UVAG processes by means of the simula-
tion and grinding experiments, and provide a reliable
temperature monitoring scheme for study of the related
research in future.

From the theoretical analysis of the cross-sensitivity of
FBGs, a series of calibration experiments were carried
out to demonstrate the embedded FBGs temperature
measurement system, which may conform to those basic
conditions for solution of the cross-sensitivity of FBGs
by means of the reference grating method. Finally, the
comprehensive analyses of the measured and simulated
results were carried out to verify the feasibility of solu-
tion of the cross-sensitivity of FBGs by means of the
reference grating method.

Study on the cross-sensitivity of FBGs has been re-
maining primarily in the theoretical level, and several
corresponding solutions were put forward at home and
abroad in recent years. However, little related research
was reported about verification of various solutions in the
experimental level. The reference grating method was
focused in this study to perform contrastive analysis of its
advantages in theory and verify its practicability based on
the simulation and experimental analysis. Finally, it is
deduced that the reference grating method may be utilized
to solve the cross-sensitivity. The experiments are based
on CFRP workpieces under the UVAG processes, and the
scheme for layout of temperature and vibration measure-
ment FBGs is designed. Moreover, analyses are carried
out by taking an actual case including the cross-sensitivity
due to the ultrasonic vibration in temperature measure-
ment experiments. Thus, the cross-sensitivity and accu-
racy due to the temperature measurement are solved. In
addition, the reliability of reference grating method is
verified to solve actual issues.
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