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1. Introduction

Predicting a material’s behavior under deformation is a very 
important task in engineering. Thus, measuring a material’s 
Young’s modulus, which is a fundamental parameter allowing 
us to determine the stiffness of a given material, is essential 
for the development of engineering projects [1].

Young’s modulus can be obtained from static and dynamic 
measurements. When the Young’s modulus is studied from 
a static point of view, a setup in which a uniaxial stress is 
applied on the sample is usually employed. By taking into 
account the slope of the stress–strain curve at the origin, the 
elastic modulus is then calculated. Dynamic measurements, 
in turn, are more precise than the static ones because they 
employ very low strain levels. Moreover, they are nondestruc-
tive and repeatable tests [1]. These measurements are gener-
ally performed using the ‘through transmission’ [2] or the ‘bar 
resonance’ technique [1, 3].

Although Young’s modulus can be dynamically meas-
ured by using electrical sensors [1], there are a number of 

advantages to building up fiber optics-based devices. Among 
these advantages are the small size of the devices, their ease 
of fabrication, their high sensitivity and their immunity to 
electromagnetic interference. Besides, they are very robust 
and make it possibile to act in harsh environments and can be 
inserted into the structure to be tested. It is particularly impor-
tant, for instance, in civil engineering applications, since the 
fiber can be inserted into walls, beams and floorings [4, 5].

In this paper, we show the feasibility of using CO2 laser 
induced long-period gratings (LPGs) for determining the 
Young’s modulus of materials. To do this, two methods were 
studied. In the first method, we characterized the dynamic 
response of bars made of different materials put in oscillation. 
By recovering the bars’ flexural oscillations from the LPG 
time response and by taking the fast Fourier transform (FFT) 
of it, the movement vibration frequencies could be obtained. 
Knowledge of these vibration frequencies for the oscillation 
lengths of different bars allowed us to calculate the materials’ 
Young’s moduli. In the second method, the Young’s modulus 
was determined by measuring the propagation velocities of 
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longitudinal and transversal perturbations along a bar also via 
the observation of the LPG’s optical responses.

2. Young’s modulus determination

The first setup to be presented for measuring a material’s 
Young’s modulus employs the ‘bar resonance’ method [1, 3]. 
In this technique, a bar of the material of interest is arranged in 
a cantilever configuration and put in oscillation. The resulting 
movement is studied in order to obtain the bar material’s 
Young’s modulus value. In contrast to reference [1], where 
the authors employed a force sensor to register the displace-
ment of the bar as a function of time, here we use a curvature 
sensitive long-period fiber grating to obtain this measurement.

The Young’s modulus of optical fibers was previously 
measured [6, 7]. However, we emphasize that our interest is 
in measuring the Young’s moduli of materials other than the 
one that the fiber is made from. Thus, to our knowledge, this 
is the first paper to report the use of long-period fiber gratings 
for determining the Young’s moduli of materials of interest.

Consider a horizontal bar set in a configuration in which 
it is fixed at one of its ends. If the bar is vertically deflected 
from its equilibrium state and then released, the resulting 
movement is oscillatory and its amplitude decays as a func-
tion of time. The formal treatment of this movement, via the 
Euler–Bernoulli equation, indicates that the general solution 
has a series form with infinite frequency components, which 
are given by equation (1), where ρ and Y are, respectively, the 
material density and Young’s modulus; A and L are, respec-
tively, the cross-sectional area and the vibrating length of the 
bar; I is the second moment of the cross-section, which, for a 
rectangular bar of width d and depth h, can be calculated as 
d h3/12. Moreover, in equation (1) one can find the parameter 
λn, known as modal eigenvalue, which is determined by the 
boundary conditions of the problem [1]
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As we focus on the determination of the Young’s modulus, 
one can see, from equation  (1), that the knowledge of only 
one frequency component is enough to attain our goal. In this 
investigation, we determined the first frequency component, 
f1, and then found the Young’s moduli of the materials of 
interest.

The second method reported here for obtaining the Young’s 
modulus employs the ‘through transmission’ technique of 
acoustic waves [8]. The experiment is carried out by exciting 
longitudinal and transversal mechanical perturbations on a 
long bar and then by measuring the propagation velocities 
of these perturbations. Knowledge of the longitudinal and 
transversal velocities of the induced mechanical perturbation 
(vL and vT, respectively) allows us to calculate the Young’s 
modulus of the material from equation (2) (where ρ is mate-
rial density) [8]
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3. Long-period gratings and their curvature 
sensitivity

Long-period fiber gratings (LPGs) consist of a longitudinal 
periodic perturbation of the refractive index of an optical fiber 
which is able to provide coupling between core and cladding 
modes at certain wavelengths. Equation (3) describes the wave-
lengths λ(m) where the coupling between the referenced modes 
happen—nco is the effective refractive index of the core mode, 
n m

cl
( ) is the effective refractive index of the mth order cladding 

mode and Λ is the period of the refractive index perturbation. 
Experimentally, the wavelengths at which coupling is attained 
are seen as dips in the LPG transmission spectrum (one example 
can be seen in the inset of figure 2) [9]

( )( ) ( )λ = − Λn n .m m
co cl (3)

The refractive index modulation for inducing long period 
gratings can be obtained, for instance, by applying an elec-
trical arc or by pressurizing a corrugated board against the 
fiber [9]. Also, exposing the fiber to a femtosecond, UV or 
CO2 laser is a means to achieve the refractive index longitu-
dinal pattern [10].

In this research, CO2 laser-induced LPGs imprinted on 
standard telecom optical fibers were employed. The gratings 
obtained in this way have the property of being sensitive to the 
curvature conditions to which the fiber is subjected (the curva-
ture itself and its orientation). This sensitivity arises from the 
fact that the fabrication method provides a nonuniform refrac-
tive index change on the cross-section of the fiber, causing 
the cladding modes field distribution to be asymmetric. Thus, 
according to the direction that the fiber is bent, the overlap 
integral value between the coupled modes can increase or 
decrease and, therefore, a variation in the coupling coefficient 
between the modes is observed [11, 12].

This variation on the coupling coefficient can be experi-
mentally realized when observing the depth of the LPG 
spectral resonances: the deeper the resonance, the higher the 
coupling coefficient between the modes. As it is associated 
with the bending conditions, the fiber curvature state can be 
probed if this feature is characterized.

In order to perform a characterization measurement of 
the LPG response to curvature variations, a 500 μm pitch 
and 2.5 mm long LPG was set in a configuration as shown 
in figure  1. In the experimental setup, a super-luminescent 
LED (SLED) is used as the light source. An optical spectrum  
analyzer (OSA) and a photodetector (PDT) coupled to an 
oscilloscope (OSC) are used for taking measurements. The 
LPG is glued (using Loctite® Super Bonder) on a bar made of 
a material of interest, which has one fixed end and the other 
one is let free. The deflection of the bar (accounted as a ver-
tical displacement Δy of the free bar end), causes the LPG to 
bend and, thus, its curvature response can be monitored. It’s 
worthwhile emphasizing that, during characterization, the free 
bar end is deflected by using a micrometric screw.

Figure 2 shows how the optical response of the LPG, 
whose transmission spectrum is presented in the inset, varies 
according to the bar end vertical displacement Δy. The situa-
tion in which the bar is straight is defined as Δy  =  0. Positive 
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variations in Δy indicate upward displacements and negative 
variations downward displacements.

The vertical axis in the figure 2 plot follows the same logic. 
The voltage measured in the photodetector is assumed to be 
zero when the bar is straight. If there is an increment in the 
transmitted light power, the voltage variation is positive; if, in 
contrast, there is a light power decrement, the voltage varia-
tion is negative.

By observing the figure 2 inset, one can see that when Δy 
is positive, the LPG resonance is shallower than when Δy is 
negative. Ergo, when detecting light using the photodetector, 
as its voltage response is proportional to the overall optical 
power from the broadband light source, negative voltage vari-
ations are related to negative Δy values and positive voltage 
variations identify positive Δy values. It happens due to the 
fact that, for a shallower resonance, a higher overall light 
power level sensitizes the photodetector and, for a deeper one, 
a lower light power level is detected.

The dependence of voltage on bar vertical displacement 
is seen to be linear. The angular coefficient of the fitted line, 
(42  ±  2) mV mm−1, acts as a calibration factor for recov-
ering the vertical displacement of the bar from optical data. 
It’s worth emphasizing, however, that the linear behavior is 
observed since the measurements were performed in a small 
curvature range. For macrobending conditions, a nonlinear 
behavior is expected [13].

4. ‘Bar resonance’ method results

The ‘bar resonance’ method allows us to obtain the Young’s 
modulus of a material by probing the flexural movements of 
bars put in oscillation in a cantilever setup. In order to probe 
the oscillatory movement of the bar, we again use the configu-
ration shown in figure 1 with the photodetector as the mea-
surement system.

Initially, the bar is deflected (Δy  <  2 mm) and then 
released. The subsequent movement around the equilibrium 
position causes the LPG to bend upwards and downwards. 
The signal measured in the oscilloscope takes a sinusoidal 
form whose amplitude decays as a function of time (figure 3).

The left axis of the plot in figure 3 shows the photodetector 
signal measured by the oscilloscope when a 21 cm long steel 
bar is put in oscillation—the LPG was glued at a distance 
L  =  (13.00  ±  0.05) cm from the fixed end of the bar. Dividing 
this data by the calibration constant, (42  ±  2) mV mm−1, one 
can calculate the vertical displacement Δy of the bar—right 
axis in figure 3. Furthermore, it is worth observing that the 
movement acceleration can be obtained by simply taking the 
second derivative of the signal shown in figure 3. Experimental 

Figure 1. (a) Scheme and (b) picture of the experimental setup for ‘bar resonance’ method. SLED: super-luminescent LED; OSA: optical 
spectrum analyzer; PDT: photodetector; OSC: oscilloscope; Δy: vertical displacement; L: vibrating bar length.

Figure 2. System calibration. The vertical displacement of the bar 
implies a depth variation of the LPG resonance. It can be accounted 
for as a voltage variation in the photodetector. Inset shows the 
spectral characteristics of the LPG resonance.

Figure 3. Photodetector (left axis) time response and its conversion 
to vertical displacement (right axis). Inset shows the fast Fourier 
transform (FFT) amplitude as a function of frequency.
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results show that the movement acceleration reaches values in 
the order of 20 m s−2.

By taking the Fourier transform of the measured signal, one 
can identify the frequency components of the oscillating bar 
movement. The inset in figure 3 shows the amplitude of the 
fast Fourier transform (FFT), calculated from figure 3 data, as 
a function of the frequency. The fundamental frequency, iden-
tified as the highest peak in the figure 3 inset plot, is found to 
be (10.10  ±  0.02) Hz.

Figure 4 shows the fundamental frequency data measured 
for different bar vibration lengths and for different bar mate-
rials (steel, aluminum, copper and polystyrene). This plot 
allowed us to obtain each of the tested materials’ Young’s 
modulus by fitting the experimental data using equation (1).  
It is worth observing that the variation in the bar vibrating length 
is done by simply changing the point where the bar is fixed.

As can be seen in equation  (1), if one wants to obtain 
the Young’s modulus from fitting a fundamental frequency 
versus vibrating length plot, it is necessary to know the mate-
rial density, bar cross-sectional area and its second moment 
values. These values are shown in table  1. Also, one needs 

to know the modal eigenvalue for the fundamental mode, λ1. 
This value, calculated to be 1.875 for the studied configura-
tion, is obtained from an eigenvalue equation that arises when 
considering the problem boundary conditions in the Euler–
Bernoulli equation  (nonzero vertical displacement and zero 
initial velocity). The graphical method for obtaining this value 
is explained in [1].

Table 2, in turn, shows the measured Young’s moduli values 
and the expected ones from the literature. From data shown 
in table  2, one can analyze that the Young’s moduli values 
obtained herein show a good resemblance to the ones found 
in the literature. It makes the optical method proposed in this 
paper a good alternative for performing a fast, efficient and 
nondestructive measurement of a material’s Young’s modulus.

5. ‘Through transmission’ technique results

The ‘through transmission’ method for determining a mate-
rial’s Young’s modulus is based on the measurement of the 
propagation velocities of longitudinal and transversal acoustic 
perturbations along a bar of the material of interest. Here, we 
used the setup shown in figure 5, where two LPGs were glued 
on the tested bar (made of aluminum) at a distance ΔL apart 
from each other.

When longitudinal and transversal acoustic perturbations 
are induced on a bar end, they propagate along the bar with 
different velocities, vL and vT, respectively. These perturba-
tions can be induced on the bar by simply hitting it longitudi-
nally or transversally, as indicated in figure 5.

The propagation of the acoustic waves along the bar causes 
the LPGs’ optical responses to alter when the pulses reach 
the position where they are glued. As the LPGs are a dis-
tance ΔL  =  (2.55  ±  0.01) m apart from each other, the pulse 
reaches the second LPG position after the time interval Δt that 
it reached the first LPG one. By taking into account this time 
interval and the distance between the LPGs, one can calculate 
the pulse velocity.

Figure 6 shows how the time interval Δt is measured. The 
optical responses of the LPGs are measured as a function of 
time by using two photodetectors connected to an oscilloscope 
(figure 5). The voltage measured while there is no perturba-
tion on the bar is assumed to be zero. When the perturbation 
reaches the LPG’s position, a voltage variation is observed.

Figure 4. Fundamental frequency versus vibrating bar length plot 
for tested materials. Dots represent the measured data and solid 
lines the fitted curves.

Table 1. Characteristics of the bars employed in the experiments.

Material
Density, ρ 
(kg m−2)

Cross-section 
area, A (mm2)

Cross-section second 
moment, I (mm4)

Steel 7935 [14] 24.774  ±  0.003 1.9827  ±  0.0006
Aluminum 2700 [15] 73.204  ±  0.005 13.543  ±  0.003
Copper 8960 [15] 34.197  ±  0.004 2.5181  ±  0.0008
Polystyrene 1072 [16] 112.775  ±  0.003 99.265  ±  0.009

Table 2. Measured and literature Young’s moduli values.

Material
Ymeasured (GPa) 
(this paper) Yliterature (GPa)

Steel 200  ±  3 190–213 [17, 18]
Aluminum 70.9  ±  0.8 70–72 [1]
Copper 108  ±  2 110–120 [1]
Polystyrene 3.03  ±  0.06 2–4 [19]

Figure 5. Scheme of the experimental setup for ‘through 
transmission’ technique. SLED: super-luminescent LED; PDT: 
photodetector; OSC: oscilloscope; ΔL: distance between LPGs.

Meas. Sci. Technol. 27 (2016) 015102
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To account for the time interval Δt that the perturbation 
pulse took to cover the distance ΔL between the gratings, the 
first peak in the voltage variation versus time plot was con-
sidered. A threshold was defined for a local maximum to be 
considered a peak that had arisen due to pulse passage. One 
considered a peak a local maximum with greater amplitude 
than three times the standard deviation of the voltage variation 
points between zero and 2 ms (which is the voltage fluctuation 
level without any external perturbation).

The measurement of the time interval Δt was performed 
ten times for longitudinal and transversal perturbations 
separately. For longitudinal perturbations, Δt was found to 
be (4.7  ±  0.5) ms and, for transversal perturbations, it was 
found to be (8  ±  1) ms. By dividing the distance between 
the gratings by the time interval just presented, longitudinal 
and transversal perturbation velocities were calculated to be 
(5400  ±  500) m s−1 and (3200  ±  400) m s−1 respectively.

The knowledge of these velocities allowed us to obtain the 
Young’s modulus of the bar material (aluminum) via equa-
tion  (2). The attained value was (70  ±  10) GPa when using 
2700 kg m−3 as the material density.

Concerning the frequency response of the system, one can 
say that we were able to measure signals that ranged from 
a few hertz up to 5 kHz. A specific study, however, is still 
needed to explore the frequency limits of the sensor.

The Young’s modulus value obtained by the ‘through trans-
mission’ method, (70  ±  10) GPa, is comparable to the ones 
obtained using ‘bar resonance’ technique and found in the 
literature, (70.9  ±  0.8) GPa and 70–72 GPa, respectively (see 
table 2), although it is less accurate. We believe that this lack 
of accuracy arises from the difficulty in defining the moment 
in time when the perturbations sensitize the LPGs. The meas-
urement of the time interval between the moments when the 
perturbations reach the first and second LPGs provides a value 
in the order of milliseconds and an error in the same order of 
magnitude. Thus, we believe that if the measurement could be 
performed using a longer bar and greater spacing between the 

LPGs, the percentage error could be reduced. Furthermore, 
our future research will include a more thorough study of how 
to attach the LPGs to the bars more efficiently. We believe 
that improvements to the gluing process will contribute to the 
optimization of the optical response.

6. Conclusions

This paper has reported the application of fiber long-period 
gratings to vibration monitoring and Young’s modulus deter-
mination. To the best of our knowledge, this is the first article 
to deal with the determination of a material’s Young’s mod-
ulus using long-period fiber gratings.

Steel, aluminum, copper and polystyrene samples were 
tested and the experimental results for Young’s modulus 
values, obtained by ‘bar resonance’ and ‘through transmis-
sion’ techniques, are in good agreement with the ones reported 
in the literature. Besides, the ‘bar resonance’ measurement 
method reported herein allows us to obtain the acceleration of 
the studied movement—which was in the order of 20 m s−2.

Therefore, the presented results indicate that long-period 
fiber gratings can be straightforwardly employed in the 
dynamic characterization of a material’s elastic properties.
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