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Young’s Modulus Measurement of Metal Wires
Using FBG Sensor
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Abstract: A novel Young’s modulus measurement scheme based on fiber Bragg gratings (FBG) is
proposed and demonstrated experimentally. In our method, a universal formula relating the Bragg
wavelength shift to Young’s modulus is derived and metal wires are loaded strain by using the static
stretching method. The Young’s modulus of copper wires, aluminum wires, nickel wires, and
tungsten wires are separately measured. Experimental results show that the FBG sensor exhibits high
measurement accuracy, and the measurement errors relative to the nominal value is less than 1.0%.
The feasibility of the FBG test method is confirmed by comparing it with the traditional charge
coupled device (CCD) imaging method. The proposed method could find the potential application in
the material selection, especially in the field that the size of metal wires is very small and the strain

gauges cannot be qualified.
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1. Introduction

Fiber Bragg grating (FBG) sensor has been used
in a large number of sensing applications due to its
high sensitivity, light weight, small size, immunity
to external electromagnetic disturbance, and the
ability to function in harsh environment [1]. The
basic principle of FBG sensor is based on the fact
that the Bragg wavelength shifts with the change of
external environment parameters due to the
thermo-optic effect and strain effect. FBG sensor
exhibits all of the benefits associated with other
optical fiber sensors, especially their ability to be
multiplexed [2, 3]. Many different FBG sensors
have been developed for measuring strain [4],
temperature [5, 6], pressure [7], refractive index [8,
shock

9], curvature [10], pressure [11], and
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stress [12].

Young’s modulus is significant for physical
parameter of solid material, which describes the
physical capacity of the solid material resistance to
deformation.  Measuring accurately  Young’s
modulus of solid materials is crucial to the material
selection for civil engineering, machine design, and
development of new materials. Current methods for
measurement of Young’s modulus can be divided
into the optical method and the electrical method [13,
14]. Optical lever, charge coupled device (CCD)
imaging system, and position sensitive detector
(PSD) are often used in optical methods, and strain
gauge and Hall position sensors are mainly applied
in electrical methods at present. Recently,
engineering measurement for Young’s modulus

change based on 3-point bending test was reported.
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In their modulus i1s

determined by the deformation of the specimen by

measurements, Young’s
using three laser displacement meters with a
precision of 1 um. The strains at 30% and 5% of the
maximum load are used for calculating Young’s
modulus [15]. However, this method requires a
relatively complex system.

In our previous work, we have demonstrated
measuring Young’s modulus of metal beams by
using fiber Bragg gratings (FGBs) based on the
three-point bend testing method [16]. In this paper,
we propose and demonstrate experimentally a
high-accuracy Young’s modulus measurement of
metal wires by using the FBG sensor based on the
static stretching method. Besides the different
testing methods, another important difference is that
the test object is a small metal wire with the
diameter in the magnitude of 0.1 mm, in which the
strain gauges cannot be qualified. In the experiment,
Young’s moduli of four metal wires are measured by
the proposed scheme. The experimental results with
FBG sensor exhibits high measurement accuracy,
and the measurement errors relative to the nominal
value are less than 1.0%. The feasibility of the FBG
test method is also confirmed by comparing it with
the traditional CCD imaging method.

2. Experimental setup and measurement
principle

The scheme of experiment is shown in Fig. 1.
The light from an amplified spontaneous emission
(ASE) broadband light source (20 dBm,
1525nm—1565nm) is launched into the FBG via an
optical circulator. And then, the reflected spectrum
of FBG which includes the tensile deformation
information of the wire is recorded by an optical
spectrum analyzer (OSA, YOKOGAWA, AQ6370C)
with the resolution of 0.02nm. Because the diameter
of the wire is only 0.1 mm order of magnitude, the
conventional FBG attached method is unsuitable to
our measurement [11]. In order to guarantee the
strain of the wire is fully transferred to the FBG as
much as possible, two ends of FBG are fixed on the
wire by fusion splicing using two heat-melt tubes
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(HMTs) with a commercial splicer (Fujikura
FSM-60S). One end of the wire to be measured is
fixed, and the other end hangs a tray for adding or
reducing the scales to realize static stretching.

Fig. 1 Experimental setup of Young’s modulus measurement
based on FBG.

It is well known that the Bragg wavelength of
FBG is satisfied as [16]

Ay =2n,A e
where A, is the Bragg wavelength, n, is the
effective refractive index of the core of FBG, and
A s the period of FBG. According to this equation,
it is known that the Bragg wavelength shifts when
the period or the effective refractive index changes.
All the measurements are carried out in an
air-conditioned laboratory where the temperature is
set at 25 °C. Consequently, the impact of temperature
change on the Bragg wavelength shift is negligible.
Then the Bragg wavelength shifts with the axial
strain of FBG can be expressed as [16]

Ay ={1=ny[R, = (R, + RV 26,2, ()
AA, =k e A, )
and P

», are the Pockels coefficients of

where B,
the photoelastic tensor, of which the values are 0.12
and 0.27, respectively [18]. The Poisson coefficient
L of optical fiber is typically 0.17. And the typically
strain sensitivity k_ is 0.784 [19]. ¢&_, is the strain
loaded on the FBG. It is obvious that the relative
shift of Bragg wavelength is linearly related to the
axial strain based on (3). When the axial stress is

imposed to the wire by adding scales in the tray, the
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tensile elongation of the wire will transmit to the
FBG. Therefore, the axial strain of the wire can be
obtained by measuring the relative Bragg
wavelength shift.

According to Hooke’s law, when the wire
encounters elastic deformation by external force, the
system satisfies

F/S=E-¢, 4
where S, ¢.,and E are the cross-sectional area,
axial strain, and Young’s modulus of the wire,
respectively. d 1is the diameter of the wire, and F
is the axial force applied on the wire. It must be
pointed out that the gravity force of scales is shared
by the wire and the FBG when the diameter of
testing metal wires is comparable to FBG. And the
axial force applied on the FBG is half of the gravity
force. In other words, the axial force F in (4) is
approximately equal to the half of the scales gravity
force. Because the two ends of FBG are fixed on the
wire by the HMTs, it is obvious that the tensile
elongations of the FBG and the wire between the
two HMTs are equal. It indicates that the strain
loaded on FBG is equal to that on the wire, i.e.
&, =¢&.. Therefore, Young’s modulus of the wire
can be expressed as follows:

E=[(4k.2,)/ (zd*)]-(F | AZ,). )

In the experiment, once the ratio (or its
reciprocal) of applied axial force F" and the shift of
Bragg wavelength A4, is measured, the Young’s
modulus of the wire can be calculated.

3. Results and discussion

3.1 Young’s modulus measurement of copper
wires

The FBG reflected spectra shift with the change
of the applied axial force F, without wire is
measured firstly. The laboratory temperature is kept
at 25°C controlled by an air conditioner during the
whole experimental process. Therefore, the effect of
temperature on the shift of Bragg wavelength AA,
can be negligible. According to Fig. 2, it shows
excellent linear properties between the axial force

F, and Bragg wavelength shifts, which is
F,=1357xA1,—0.0006 , and the R* value is

0.999.
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Fig.2 Bragg wavelength of bare FBG shifts with the loaded
axial force: (a) the measured FBG reflected spectra shifts with
the change of the applied axial force F,; without wire and

(b) the Bragg wavelength of FBG responses to the variation of
the loaded axial force without wire.

Young’s modulus measurement of copper wire is
then measured, and the feasibility and repeatability
of the method is also experimentally validated. In
the experiments, a section of 1 m long copper wire
with a diameter of 0.18 mm is used. The nominal
Young’s modulus in data sheet is 110.00 GPa. The
Bragg wavelength of the FBG is 1549.934 nm at
room temperature of 25 °C, reflectivity is 92.5%, and
spectral width (3dB) is about 0.18 nm. The ratio of
applied axial force F (half of the scales gravity force)
and the shift of Bragg wavelength A4, are
measured by applying axial force F' from O N to
1.86 N with a step about 0.30 N. The results are
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plotted in Fig. 3. The measured FBG reflected
spectra show a uniform spacing change with an
increase in the applied axial force [see Fig.3(a)],
which well agrees with the theoretical analysis.

To reduce the measurement error, we take the
average of elongation and restoration direction (by
adding and reducing scales) results as the final
results. The averaged Bragg wavelength shifts with
the loaded axial force are shown in Fig. 3(b).
Obviously, the Bragg wavelength shifts A4, is
proportional to the applied axial force F. A linear fit
of the data gives the slope of 0.349, and the
uncertainty is 0.012. Then Young’s modulus of the
copper wire can be obtained by substituting the
slope value into (4), which is 110.35 GPa. The
relative error between our measured value and the
0.32%. As a
comparison, Young’s modulus is measured by a
CCD method  (ZW-YM-1, the
magnification of reading microscope is 25 times, the

nominal Young’s modulus is

imaging

division value is 0.05mm, and the line pair of CCD
is 420lines/mm) under the same conditions, and the
measured Young’s modulus of the copper wire is
113.68 GPa, and the relative error to nominal value
is 3.34%. The relative error of two methods is
3.02%, which indicates that the FBG test method is
feasible.

In order to evaluate the stability and repeatability
of the proposed method, we perform 10 times of
experimental measurements of copper wires by
adding or reducing scales in the tray. The relative
errors distribution is plotted in Fig.4. The solid dots
in Fig.4 represent the average value of adding scales
process and reducing scales procedure. It can be
seen from Fig. 4 that the mean relative errors
measured by the FBG sensor is 0.41%, and the least
value can reach up to 0.27%. In the following
experimental results, all the measured FBG reflected
spectra shifts with the change of the applied axial
force are corresponding to elongation direction, and
the results of Bragg wavelength shifts with the
loaded axial force are the average value of the two
direction’s results.
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Fig. 3 Bragg wavelength of FBG changes with the loaded
axial force: (a) the measured FBG reflected spectra shifts with
the change of the applied axial force F and (b) the Bragg
wavelength of FBG responses to the variation of the loaded
axial force.
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Fig. 4 Relative error distribution for adding or reducing
scales process.
3.2 Measuring Young’s modulus of other metal

wire

T
10 11

In order to verify that the proposed scheme can
be used to measure Young’s modulus of various
metal wires, we separately measured the Young’s
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modulus of aluminum wires, nickel wires, and
tungsten wires by using the proposed FBG method.
In the experiments, different axial force ranges were
loaded for different metal wires to ensure enough
wavelength shift of FBG. The tungsten wire had
least deformation property. And thus, the maximum
axial force ranging from ON to 3.60N was loaded on
the tungsten wire in the experiment. The nominal
Young’s modulus of the aluminum wires, nickel
wires, and tungsten wires in data sheets are
69.00 Gpa, 210.00 Gpa, and 340.00 GPa,
respectively.

The measured results are shown in Fig.5. FBG
reflection spectra in Figs. 5(a), 5(b), and 5(c)
correspond to aluminum wires, nickel wires, and
tungsten wires, respectively. Corresponding Bragg
wavelengths of the FBG response to the variation of
the loaded axial force are shown in Fig.5(d). The
measurement of FBG reflected spectra for the three

0.0010 - [ Allumimllm wirle o O.OOIN |
=——0.23N
ﬂ[\ —0.49 N
.77 N
0.0008 - ——1.05N| |
. —1.33N
Z 00006 | | LOINJ |
5}
2
£ 0.0004 -
™ J U U U U \« -
0.000 0 ‘) L !
1550.50 1551.00 1551.50 1552.00 1552.50
Wavelength (nm)
0.001 6 T T T T T T T T T T T
I Tungsten wire
0.001 4 E
0.001 2 b
§ 0.001 0 [ 1
g
ot 0.000 8 1
[5)
g -
o
&~ 0.0006 E
0.000 4 u
0.000 2 b
0.000 0 !
1550.6 1550.8 1551.0 1551.2 15514 1551.6

Wavelength (nm)

281

kinds of wires also show a uniform spacing change
with an increase in the axial force applied, which
well agrees with the theoretical analysis. The slopes
of the Bragg wavelength response curves for
aluminum wire, nickel wire, and tungsten wire are
0.61 [red dotted line in Fig.5(d)], 0.31 [green dotted
line in Fig. 5(d)], and 0.12 [blue dotted line in
Fig. 5(d)], respectively. Then Young’s modulus of
three wires can be calculated as copper wire, and the
values are 68.59 GPa, 211.30GPa, and 340.73 GPa,
and corresponding relative errors are 0.58%, 0.62%,
and 0.21%, respectively. For clear comparison,
Young’s moduli of the three wires are measured by
the conventional CCD imaging system under the
same conditions, and the measured results are listed
in Tables 1 and 2. It is clear that the relative errors
measured by FBG sensors are within 1.0%. The
relative errors between the two methods are 6.95%,
3.92%, and 5.36%, respectively.
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Fig. 5 FBG reflective spectra shift with the change of the axial forces: (a) aluminum wires, (b) nickel wires, (c) tungsten wires, and
(d) the Bragg wavelengths of FBG response to the variation of the loaded axial force.
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Table 1 Young’s modulus measured by CCD system.

Material Nominal value (GPa) CCD (GPa) Relative error (%)
Alum. 69.00 73.36 7.19
Nickel 210.00 219.58 4.56

Tungsten 340.00 359.00 5.59

Table 2 Young’s modulus measured by FBG method.

Relative error of the two

Material FBG (GPa)  Relative error (%) methods (%)
Alum. 68.59 0.58 6.95
Nickel 211.30 0.62 3.92

Tungsten 340.73 0.21 5.36

It must be pointed out that relatively expensive
OSA s
demodulation in our experiments, but it can be

used for FBG Bragg wavelength
replaced by other lower cost interrogation systems
such as fiber Fabry-Pérot interferometers [20],
wavelength division coupler [21], or unbalanced
Mach-Zehnder fiber interferometer methods [12],
which would make the FBG sensor more suitable for
engineering application in the material selection.

4. Conclusions

In conclusion, a universal formula based on FBG
sensor has been derived to measure Young’s
modulus of various metal wires. Young’s modulus of
copper wires, aluminum wires, nickel wires, and
tungsten wires are measured by using the FBG
sensor according to the formula. Compared with the
CCD imaging method, the FBG method shows
higher precision. All the relative errors measured by
the FBG sensor to the nominal values are less than
1.0%. The stability and repeatability of the proposed
method have also been verified. The proposed
scheme with its excellent performances may find an
extensive application in the material selection with
relevance in the fields of civil engineering, machine
design, and development of new materials.
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