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Dual-parameter sensing characteristics
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A novel technology for the simultaneous and independent measurement of dual parameters is pro-
posed and experimented. By using a single fiber Bragg grating half-pasted by 1C-LV epoxy under
different curing conditions, the sensor structure is designed such that the reflective single-peak
spectrum splits into a twin-peak spectrum, which makes the FBG spectrum form a natural spectral
peak splitting bias. A measurement limitation exists in the FBG sensor packaging at room temper-
ature, which can be solved by the high-temperature cured packaging method. To verify the validity
of the theory and methodology, the experimental system is used. In the range from —1000 to
+1000 pe and from 35 to 75°C, the Bragg wavelength change is relative linear to the strain and
temperature. The temperature and strain variations can be independently and simultaneously
measured using the split peak, and the deviations of the FBG sensor are £1°C and +5 pe, respec-
tively. This single FBG sensor can realize dual-parameter measurement, which is valuable for nar-
row-space health monitoring.

Keywords: fiber Bragg grating, cross-sensitivity, double peaks, surface pasting, curing.

1. Introduction

The fiber Bragg grating (FBG) has attracted considerable attention because of its distin-
guished advantages when it is compared with electric sensors owing to its electromag-
netic interference immunity, high sensitivity, compact size and so on [1-6]. Utilizing the
characteristics feature that the Bragg wavelength of FBG shifts owing to the effect of
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temperature and strain, many types of FBG-based sensors have been manufactured [7].
However, one of the most significant limitations of the Bragg gratings is their intrinsic
temperature cross-sensitivity, superimposed on the strain effects [8—11]. When the tem-
perature and strain change together, the shift of the single FBG Bragg wavelength cannot
distinguish them. For the 1.55 um FBG, the wavelength shifts in unit temperature and
unit strain are approximately 10.8 pm/°C and 1.2 pm/pe, respectively [12]. The 1°C shifts
of temperature will result in about 10 pe strain measurement error. Therefore, tempera-
ture compensation is necessary for strain measurement, particularly for long-term struc-
tural health monitoring using FBG sensors.

To realize the practical applications of FBG sensors, discrimination techniques
must be discovered to reveal individual parameters, in which the cross-sensitivity be-
tween temperature and strain is one of the most fundamental issues. Several techniques
have been proposed for the discrimination of the strain and thermal effects, such as
the reference-grating technique, dual-wavelength technique [11], and dual-parameter
simultaneous measurement technique, writing two FBGs in a different diameter fiber,
combining FBG with a Fabry—Pérot cavity, FBG with some micro-channel, and the
strain-free FBG compensation method [11, 13—19]. The reference-grating technique
requires at least two FBGs, which take up more space on the test surface and also lead
to increased demodulation data. The dual-wavelength method requires a large differ-
ence in FBG wavelength or a different wavelength band source. In the dual-parameter
method, the sensitivity coefficients of the two FBGs are very close, which leads to
morbid equations and cause large calculation errors. A half-encapsulated FBG sensor
is easy to fabricate, and can reduce the complexity and cost of the system. PARNE SAIDI
REDDY et al. [20] proposed a simple sensor using half the length of a 3-cm fiber Bragg
grating embedded on a cantilever for the simultaneous measurement and discrimina-
tion of strain and temperature. When the strain is increased, the shift also increases
accordingly; thereby, the reflected spectrum from the sensor shows two peaks, one re-
mains constant, whereas the other shifts according to the applied strain. However, in
this way, spectral division is not obvious in the range of small strain changes, and it is
difficult to obtain the two peaks at this time. Spectrum distortion, which may be in-
duced by overlapping or non-uniform strains, may hinder the adoption of this tech-
nique. In order to this issue, WANG ef al. [21] adopted an improved particle swarm
optimization based spectra reconstructing method to estimate the temperature and
mean strain according to the distorted spectrum, which was to try to address the dis-
torted spectra of the two split peaks.

In this paper, a dual-parameter sensing method based on a novel surface pasting
technology has been proposed, which is based on a single FBG sensor half-pasted by
1C-LV epoxy under different curing conditions. FBG with high temperature curing and
semi-adhesive appeared split front first, forming a natural peak bias. The exposed part
of the Bragg grating is used to measure temperature changes, and the cured part is used
to measure temperature and strain changes. We screened and verified the type of glue
and the curing temperature in advance. The theoretical analysis and experimental
measurement are carried out to study the dual-parameter sensing characteristics.
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2. FBG sensing principle

Fiber Bragg grating is a passive optical component written in the fiber. The phase mask
and ultraviolet (UV) laser exposure are used to write the fiber grating as shown in
Fig. 1. Ultraviolet light normal to the phase mask passes through and is diffracted by
the periodic corrugations of the phase mask. The two diffracted =1 order beams inter-
fere with each other to produce a periodic pattern that photo-imprints a corresponding
grating in the optical fiber. FBG consists of periodic refractive index modulation in
the core of a single-mode optical fiber. The refractive index of the fiber is periodically
distributed due to the UV radiation, and the spectrum signal is periodically modulated.
It behaves as a wavelength selective filter that reflects light signals at a specific wave-
length called the Bragg wavelength Ag. Based on the coupled mode theory, the reflec-
tion wavelength of a periodic FBG is defined by the relationship [22, 23]

/’{B = 2neff/1 ( 1)

where ng 1s the effective refractive index of the fiber, and 4 is the grating period. It can
be noted that either the grating period change or the effective refractive index variation
can lead to the FBG wavelength shift. The change of wavelength of the FBG due to
strain and temperature can be approximately described by equation

Ay
A'B

= (1-P)As+ (a+ AT 2)

where Ay is the original wavelength, Ay is the wavelength shift, Ae is the change of
strain experienced by the grating, and P, is the elasto-optical coefficient. Under the
room temperature, P, = 0.22. The second expression describes the impact of temper-
ature on the wavelength shift, where ¢ is thermo-optical coefficient, a is thermo-elastic
coefficient and AT is the temperature variation. As the spectrum responds to both strain
and temperature, it needs to account for both effects and distinguish between them.
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Fig. 1. Schematic diagram of FBG written and its spectral transmission characteristics.
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For proper strain measurement, the temperature effects on FBG sensors must be com-
pensated. It can be overcome by installing a FBG for temperature measurement in close
thermal contact with the strain sensor. A temperature compensated strain value can
yield through a simple subtraction of the wavelength shift of FBG temperature sensor
from the shift of FBG strain.

3. FBG pasting method and experimental setup
3.1. Selection of FBG surface adhesive

The strain change can be measured when FBGs are attached to the surface of the sub-
strate, so the surface adhesive is very critical. The surface adhesive layer of FBG should
meet the following requirements: (1) it can stick the fiber to the substrate well and has
low creep, (2) after curing, it has certain toughness and high strength, (3) good long-
term stability, aging resistance, it can adapt to the harsh environment.

After comparing the parameter characteristics of various epoxy adhesives, we se-
lected five epoxy adhesives suitable for the combination of metal structure and optical
fiber. They are 3M DP-420, 353ND, M-bond 610, Loctite 1C-LV, 502. And the surface
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Fig. 2. Specification of different adhesives.
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Fig. 3. FBG strain characteristics under different epoxy glue.

adhesive effect test was carried out. The viscosity and curing process characteristics
of different adhesives are shown in Fig. 2.

Five similar fiber Bragg gratings were pasted on the standard tensile test piece with
these five epoxy adhesives, respectively. The resistance strain bridge is pasted at the
same horizontal position of the FBG and the strain value is recorded. Each set of sam-
ples is equipped with a temperature supplement FBG. Tensile force was applied to the
test sample by MTS material testing machine. Figure 3 shows the strain characteristics
of FBGs under different adhesive conditions. The tensile test results show a good linear
relationship. The strain sensitivity coefficient varies with different adhesive types.
Among them, 1C-LV has the best strain transfer coefficient.

3.2. Half-pasted under different curing

Two FBGs of 24 mm length were fabricated by a phase mask method and UV laser of
244 nm wavelength. The full width at half maximum of the FBGs is approximately
0.15 nm, and they have the central wavelength values of 1553.56 nm (FBG1) and
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Fig. 4. Reflection spectra of FBG1 and FBG2 before and after curing. Before curing at room temperature (a),
after curing at room temperature (b), before curing at 80° (¢), and after curing at 80° (d).

1553.57 nm (FBG2). Figures 4a and 4b show the spectra of the FBGs before pasting.
Unpackaged FBG was pasted on the equal-strength beam as shown in Figs. Sa—5¢. Half
of the length of the FBG is fixed to the beam with epoxy adhesive (Loctite 1C-LV).
The other half of the FBG is freely stretched with a tape. 1C-LV has two curing con-
ditions: complete curing is obtained after 3 days at room temperature (FBG1) and cur-
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M

Optical fiber
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Fig. 5. FBG sensor pasted on the equal-strength beam (a), the strain experimental photograph (b), and the
temperature experimental photograph (c¢). Photographic overviews of the experiment setup (d, e).
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Fig. 5. Continued.

ing with heat such as for two hours at 80° is also possible (FBG2). Figures 4¢ and 4d
show the spectra of the FBGs after pasting.

Half-length of the FBG was pasted with epoxy to the substrate, whereas the other
half was in a free state. The pasted length of the FBG is sensitive to both strain and
temperature variations, whereas the free length of the FBG is only sensitive to tem-
perature variation.

The host material of the uniform-strength beam is Magnalium 7075-T6. The length
and thickness of the equal-strength beam are 280 and 4 mm, respectively. One micro-
meter head (Newport SM-25, read directly in increments of 10 um, and 25 mm travel
range) was used to adjust the deflection of the beam end. The strain value of the equal
-strength beam can be calculated by measuring the deflection, which is associated with
the geometry size and unrelated with the elasticity modulus. The system is composed
of an ASE source, a 3 dB fiber coupler with a 50:50 splitting ratio, a psychrometer
(AZ 8746), and an optical spectrum analyzer (YOKOGAWA AQ6370D), as shown in
Figs. 5d and Se.
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A uniform isosceles triangle cantilevered beam can be used as a uniform-strain
agent. The axial strain ¢ of the beam is given by [24]

6lF
Ech?

3)

where 4, [, and ¢ are the thickness, length, and base length of the beam, respectively.
F is the force applied vertically to the free end of the cantilever, and £ is the Young’s
modulus of the beam material. Considering Eq. (3), the relationship between the axial
strain of the beam, ¢, and displacement of the free end of the cantilever, d, can be ex-
pressed as

d = — 4

4. Experiment and discussion

Under the room-temperature curing conditions, the response to strain change of FBG1
is as shown in Figs. 6a—6d. When the two peaks of FBG1 split and become smaller,
the demodulation devices or optical spectrum analyzer (OSA) cannot easily find the
peak, with some deficiency at a small strain change range, which is the measurement
limitation of the packaged FBG sensor.

However, under the high-temperature curing conditions, owing to the heat expan-
sion and cold contraction effects, the grating period A’ and the effective refractive
index nlg of the fixed FBG2 segment changed, which caused the Bragg wavelength
to change. Then, the reflected Bragg wavelength will also split into two parts, namely,

Intensity (dBm)

1551.2 1551.9 1552.6 1553.3 1554.0 1554.7 1555.4
Wavelength (nm)

Fig. 6. Displacement experimental results of FBG cured at room temperature for 3 days. Reflection spec-
tra for different displacements (a), and measured Bragg wavelength shifts of the sensor in response to dis-
placement change (b). Reflection spectra for displacement change in the ranges from —5 to 0 mm (¢), and
form 0 to 5 mm (d).
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Fig. 6. Continued.

Ag; and Ag,. Because of the high temperature curing in the half-pasted state, the original
FBG spectrum appeared split and shift. The original single FBG2 actually turned into
two FBGs: the inherent peak (5;) and the free peak (43,). Figure 7a shows the reflec-
tion spectra for different strains with a constant temperature. Ag5; does not shift because



400 HonG Li et al.

a
g
/m .
=
N
2.
‘B
IS
B -
=
R=i
T T T T T T
1550 1551 1552 1553 1554 1555
Wavelength (nm)
b
1553.5
¥, =—4.578x107 x +1553.572

1553.0
—~ = inherent-peak
g 1552.5 4 ® free-peak
N
=]
20 1552.0
o
2
2 1551.5
g ¥, =—1.260x107 x+1551.766

1551.0

1550.5

T T T T T
-1000 -500 0 500 1000
Microstrain (He)

Fig. 7. Microstrain experimental results of FBG cured at 80°C for 2 h. Reflection spectra for different dis-
placements (a), and measured Bragg wavelength shifts of the sensor in response to microstrain change (b).

of the constant temperature, whereas Ay, shifts to the longer or shorter wavelength cor-
responding to the applied tensile or compressive strain. Figure 7b shows the wave-
length changes under the different displacements. The black line is the fitted line of
the inherent peak, and the red line is the fitted line of the free peak.

We maintained the beam freely under no deformation and plunged the FBG struc-
ture (including stage) into an electric heating constant-temperature drying oven (DHG
-9503A); the temperature was detected with a thermocouple sensor. The measurement
range was 35-75°C. Figure 8a shows the reflection spectra at three different temper-
atures with a constant strain. The two split wavelengths shifted to longer wavelengths
at different rates, whereas the free peaks shifted faster than the inherent peaks. The ex-
perimental results are shown in Fig. 8b. Because half of FBG2 is packaged by 1C-LV
under 80°C curing, the thermal effects of the substrate and epoxy adhesive actually
act on the segment FBG, which revealed that the free peak shifts faster.

When the substrate varied in axial strain and temperature, the shift of A5, corre-
sponded to the temperature variation, whereas the shift of A5, was associated with the
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Fig. 8. Temperature experimental results. Reflection spectra for different temperatures (a), and measured
Bragg wavelength shifts of the sensor in response to temperature change (b).

combined temperature and strain variations. The shifts of these two wavelengths can
be expressed as [§]

)
Mg = =25 = (at OAT (5)
Bl
and
Mgy — 2
Mgy = S202 - (1= P)agy +E|AT +25,(1 - P)e (6)
B2

where Ag; and Ay, are the original Bragg wavelengths of the inherent peak and free
peak, A, and Ay, are the measured wavelengths, respectively, P, is the effective
photoelastic constant (~0.22) of the fiber material, a is the linear expansion with the
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value of 2.3 x 1076/°C, ¢ is the thermooptic coefficient with a value of 7 x 1076/°C,
and ¢ is the longitudinal strain. Let a, be the thermal expansion coefficient of the sub-
strate material. For ag,, > o (for example, ag,, =23 x 1079/°C for aluminum), the rel-
ative change in the Bragg wavelength with temperature can be given by

Mgy = Ag(a+ AT + Ay,

(1)
Mgy = Ao (1= Pty + E|AT + 255(1 = P)e + iy

When the temperature was constant, A};; did not change, and A}, was related only
to the strain. These wavelengths can be expressed as

{'1?31 = /i ®)
Mgy = Aga(1 =P)e+ g,
When there is no strain, they can be expressed as
Mgy = g (a+ ENT' = Ty) + Ag,
9

482 ’le[(l —P)og, * 5](7" —Ty) + gy

From Equations (5) and (6), it is known that by measuring the shift of the inherent
-peak wavelength Ay, and the free-peak wavelength difference A},, the temperature
variation and strain can be determined directly.

To verify the validity of the double-parameter simultaneous measurement, a strain
bridge was installed in the same cross-section of the equal-strength beam. The encap-
sulated foil gauges used were the single-element-type KFR-1-350-C1-23(KYOWA).
The adhesive used for pasting the gauges was CC-33A (KYOWA). The foil strain gauge
instrumentation was composed of a commercial 4-channel simultaneous bridge mod-
ule (National Instrument C series strain/bridge input module NI-9237) utilizing trans-
ducer-dependent signal conditioning electronics as needed. Data was acquired at 1 kHz
and transferred to a real-time computer through a 24-bit parallel interface. Figure 9
shows the H-bridge strain gauge position. Another FBG temperature sensor was se-

Fig. 9. Layout of the H-bridge strain gauge.
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Fig. 10. Comparison of reflection spectra in different microstrains and temperatures.

lected for comparison. Under different microstrains and temperatures, the reflection
spectra of the FBG sensor are as shown in Fig. 10.

According to the calculation result, the temperature and microstrain are 7= 50.7°C
and ¢ = 323 pe, respectively. The temperature measured by the thermocouple sensor
is 50.1°C, and the strain gauge monitoring result is 319.6 pe. Figure 11 shows the tem-
perature and microstrain deviations calculated according to six groups of sampling data
of the FBG sensor, which are +1°C and £5 pe, respectively.

According to the analysis of results in Figs. 7a, 8a and 10, it can be seen that the
measurement range of the manufactured sensor is related to the splitting peak offset
amount after FBG half-pasted curing. One of the splitting peaks is only sensitive to
temperature, while the other can reflect strain and temperature, so theoretically the
change of the peak distance between the two splitting peaks is the strain value. How-
ever, due to the thermal transfer of epoxy glue and the thermal effect of epoxy glue
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Fig. 12. Sensor packaging structure.

itself, it is still necessary to establish a set of equations with free peak to calculate the
temperature and strain double parameters according to the calibrated temperature sen-
sitivity coefficient and strain sensitivity coefficient, so as to ensure the measurement
value is more accurate.

Combining Eqs. (3) and (7) shows that the wavelength difference is only sensitive
to the cantilever deflection, which is induced by the placement of the free end, and the
wavelength shifts of the free section of FBG are only sensitive to temperature variation.
Therefore, by measuring the shift A, of the shorter Bragg wavelength, the temperature
variation can be measured. Moreover, by detecting the wavelength difference 4},, the
displacement of the free end of the cantilever can then be measured. As the information,
associated with the temperature variation and displacement, is not cross-talking, each
can be measured directly and easily. The sensor packaging structure was designed on
the basis of the above principle, as shown in Fig. 12.

5. Conclusions

In conclusion, a novel approach with simple FBG structures has been proposed, which
employed a single half-pasted fiber Bragg grating cured at high temperature to measure
strain and temperature independently and simultaneously, only by monitoring the
wavelength of the double-peak FBG sensor. This surface pasting method makes the
FBG spectrum form a natural spectral peak splitting bias, which solves the problem
that the spectral division is not obvious when the small strain changes in the traditional
normal temperature half paste method.

The experimental result showed that the Bragg wavelength change is linear to the
strain and temperature. Thus, the thermal effect can be eliminated easily. The FBG sen-
sor can realize dual-parameter measurement, which is suitable for narrow-space health
monitoring and distributed measurement. In addition to its ability to simultaneously
measure dual parameters effectively, the approach has the characteristics of simplicity
and low cost.

This paper has proved the advantages of the high temperature curing half-pasted
method. However, there are many kinds of FBG surface adhesives. With the develop-
ment of materials, more adhesives with good performance may appear, which are suit-
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able for this type of surface adhesive. In addition, the consistency and stability of the
encapsulation performance of epoxy adhesive under different curing conditions need
to be explored deeply.
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