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Abstract A novel 3-dimensional fiber Bragg grating
(FBG) strain and displacement sensing system based on
a cylinder structure was proposed. Three FBGs, fixed in
the outer surface of the cylinder at the same level accord-
ing to a 120° angle interval, were used as sensing elements.
In principle, the three FBGs have some fixed relationship
when a strain F is put on the cylinder. Based on the prin-
ciples of physics and mathematics, theoretical derivations
and the experimental set-up were shown. According to the
experimental results, this sensor could measure the size
and angles of the strain or displacement accurately.
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1 Introduction

Fiber Bragg grating (FBG), as a novel sensing element, has
attractively progressed, outperforming conventional sen-
sors with its high sensitivity, fast response, low cost, light
weight, and immunity to electromagnetic interference [1].
During the past 20 years, various FBG-type sensors used
for different requirements have emerged with their applied
fields expanding rapidly. The precise measurements of
strain, displacement, torsion angle, torque, electric current,
temperature, gas, and other quantities have been realized
[2–10]. In practice, the sensing system is given much atten-
tion [11–13]. Multi-dimensional and multi-parameter mea-
surements are necessary. Reference [14] reported a triaxial
Bragg grating accelerometer and demonstrated the opera-
tion of the prototype of the proposed triaxial accelerometer
with only one active direction.
In this paper, a novel 3-dimensional FBG strain and

displacement sensing system based on a cylindrical struc-
ture, which can measure the size and direction of the strain
or displacement by measuring wavelength shifts of the

three FBGs, was proposed. Compared with normal
FBG sensors, this sensing system was capable of meas-
uring strain from any direction. In addition, with strain
F and the size of cylinder, its displacement could also be
deduced simultaneously. Based on the principles of phys-
ics and mathematics, calculation of the system design and
function were also shown.

2 Theory

The basic principle of the operation commonly used in an
FBG-based sensor system is to monitor the shifts in wave-
length of the returned “Bragg” signal with the changes in
the measured parameters such as strain and temperature.
The Bragg wavelength, or resonance condition of a grat-
ing, can be expressed as

l ¼ 2nef fΛ, (1)

where l is the resonance wavelength, andΛ and neff are the
grating period and the effective index of the core, respec-
tively.
Due to the photo-elastic effects and the thermal res-

ponse, the shift in the resonance wavelength with strain
and temperature can be expressed as

Δl ¼ l0ðKTΔT þ KεεÞ, (2)

where ΔT and ε are the changes in temperature and strain;
the coefficients KT and Kε are the temperature and strain
sensitivities of the resonance wavelength shift (Δl),
respectively; and l0 is the initial resonance wavelength.
When there is no change in temperature, the resonance

wavelength shift (Δl) would be determined only by ε. In
this paper, since the environment temperature is supposed
to be stable,

Δl ¼ l0Kεε ¼ l0ð1 –PeÞε, (3)

where Pe is the effective photoelastic coefficient.
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As shown in Fig. 1, three FBGs are fixed on the side
of the cylinder at 120° angle intervals. When the FBG
length is significantly less than L, the cylinder length, it
is supposed that the three FBGs are fixed in one cir-
cular section. If a strain F is on the cylinder, the FBGs
would get a deferent strain. Thus, the size and direction
of F could be deduced by measuring the strain on the
three FBGs. Meanwhile, the strains on the three FBGs
could be obtained by measuring the shifts of their
wavelengths.

As shown in Fig. 2, the cylindrical coordinate system
was used for analysis. The circular section where the
three FBGs are located was taken as the axis plane, and
one of the FBG directions as the x-axis. l is the distance
x-axis to the free end and r is the cylinder radii. All
parameters were marked out in the diagram. According
to rigid body mechanics, the following equations could
be obtained:
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where E and I are the elastic modulus and moment of
the inertia of cylinder, respectively. I can be expressed
by I = πr4/4.
According to the formulas above, it can be deduced that

li ¼ li0 þMiF , i ¼ 1,2,3,
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Once a strain F was put on the sensor, all the angles and
the rate of slope M would be determined. Therefore, it
can be concluded that the wavelength l is in direct pro-
portion to strain F. With all the known quantities, Eq. (5)
could be solved and all the variables (F, θ, α) could also be
deduced.
On the other hand, according to rigid body mechanics,

it can also be inferred that when strain F was put on the
cylinder perpendicularly, the deflection, namely the lateral
displacement, at the free end of the cylinder could be
obtained as Sxy = FL3/(3IE); when F was parallel to the
cylinder, the tensile would be Sz = εzL = FL/(πr2E). Thus,
the whole displacement would be S = (Sxy

2 + Sz
2)1/2.

3 Experiment and results

In this experiment, the cylinder bottom was fixed and the
top was set to be variable. Strain F was put on the top by
using a 3-dimensional fixed pulley system. When weight
was put on the cylinder, all FBGs would have wavelength
shifts. The weight on the cylinder could be then deduced
by measuring the shifts.
The experimental facility is shown in Fig. 3. A broad-

band source of light form reached the 3-dimensional FBG
sensor and was reflected to a spectrometer via 3 dB

Fig. 1 Cylinder sensor. (a) Sectional diagram; (b) cylinder

Fig. 2 Schematic plan of sensor
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coupler. The spectrometer was used to memorize the shifts
of the FBG wavelengths. An optical switch was also used
to link the three FBGs. In this experiment, the FBG was
fabricated by phase mask method, and their center wave-
lengths in free were 1560.1, 1558.6 and 1558.9 nm,
respectively. The cylinder was made by Perspex.

Based on experimental data, the fitting curves are given
in Fig. 4, which illustrates the relationship between F and
wavelength. From Fig. 4, it can be found that all the fitting
curves were linear with a very high linearity, corresponding
with our theoretical derivations. With the curves’ fitting
equations, the measured value F′ could be deduced.
Table 1 compares the measured with the actual value F,
its deviation and standard deviation. It can be seen that
these two group values match very well. The max standard
error is 0.026041. In addition, the angles (i.e., α, θ) could be
deduced using the rate of slope M shown in Eq. (6), so as
the displacement of the cylinder. All the results are shown in
Table 1, where the length of cylinder, L, is 0.2 m.
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From Eq. (6), it can be deduced that θ& 311.76° and
α & – 62.72°.

4 Conclusions

In this paper, a novel FBG sensing system based on a
cylindrical structure is proposed. Compared with normal
FBG sensors, this sensing system is capable of simulta-
neous 3-dimensional measurement of strain and displace-
ment. In addition, due to its applicability for wavelength
division multiplexing (WDM) systems, sensing networks
can be constructed using FBG sensors to realize multi-
dimensional and multi-parameter measurements. The
sensing system shows good potential for smart sensing.
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