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ABSTRACT: Optical fibers having a spatial modulation of the core refractive index, known as Fiber Bragg Gratings (FBG) are now 
at a stage where they can be implemented as high sensitivity sensor in industry, replacing conventional solutions. FBG sensors can 
be manufactured with good repeatability and their parameters can be tuned so that they have the ideal response for the application. 
The two most common parameters measured by FBG sensors are temperature and strain. Extending FBG sensor application fields is 
the actual technological task which can be accomplished in the first stage by modeling its function. Modeling FBG sensor function is 
of double importance, for calibration and for tailoring its structure. A major improvement of FBG characteristics consists in uniform, 
continuous or with a previously designed non-uniform metallic thin film deposition on its outer surface, creating a Super structure 
FBG (SFBG). This technique allows the direct mount of FBG sensor into metallic components of industrial machinery. A possible 
next step in developing a SFBG consists in the investigation of using sensor of this type for measuring torsion in a shaft, a most 
common part of industrial machineries. The principle of FBG or SFBG function remains the same: interferometric evaluation of its 
reflectivity variation with the applied torque on its. An opto-mechanical simulation model of SFBG for thermal and structural 
monitoring is developed and results obtained in investigating this model are presented. 
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1. INTRODUCTION  
The focus of the presented paper is set on the 
development of sensing devices based on optical 
fiber sensors, more specifically on optical Fiber 
Bragg Gratings (FBG) sensors [1-7, 10-16]. FBG is 
a type of optical fibers whose spectral response is 
modified by writing a permanent interference pattern 
(Bragg Grating) in the core, the grating being 
affected by applied strain and temperature [1-4, 8, 9, 
17-19]. As a result, it can be calibrated for the 
measurement of physical parameters manifesting 
themselves in the changes of strain or temperature. 
The unique features of optical fiber sensors such as 
FBGs have encouraged the widespread use of the 
sensor and the development of optical fiber-based 
sensing devices for structural measurements, failure 
diagnostics, thermal measurements, pressure 
monitoring, etc. [15-20]. These features include light 
weight, small size, long-term durability, robustness 
to electromagnetic disturbances, and resistance to 
corrosion [1,2]. Despite the encouraging features, 
there are some limitations and challenges associated 
with FBGs and their applications. One of the 
challenges associated with FBGs is the coupling of 
the effects of strain and temperature in the optical 
response of the sensors which affects the reliability 
and accuracy of the measurements [21-26]. Another 
limitation of FBGs is insensitivity to the index of 
refraction of their surrounding medium [24,25]. In 
liquids, the index of refraction is a function of 

concentration. Making FBG’s sensitive to the 
environment index of refraction and keeping their 
thermal sensitivity intact enable optical sensors with 
the capability of the simultaneous measurement of 
concentration and temperature in liquids or of strain 
and temperature in the case of structural monitoring. 
Considering the unique features of FBGs, 
embedding of the sensors in metal parts for in-situ 
load monitoring is a cutting-edge research topic. 
Several industries such as machining tools, 
aerospace, and automotive industries can benefit 
from this technology [20-24]. The metal embedding 
process is a challenging task, as the thermal decay of 
UV-written Bragg gratings can starts at a 
temperature of ~200˚ C and accelerates at higher 
temperatures [17, 19-21]. As a result, the embedding 
process needs to be performed at low temperatures 
[21]. To properly design the sensing devices and 
analyze the performance of the sensors, an opto-
mechanical model of FBGs for thermal and 
structural monitoring is necessary. The model is 
derived from the photo-elastic and thermo-optic 
properties of optical fibers [4, 8-14, 23-25]. The 
developed model can be applied to predict the 
optical responses of a FBG exposed to structural 
loads and temperature variations with uniform and 
non-uniform distributions [2-4]. The model is also 
extended to obtain optical responses of 
superstructure FBGs in which a secondary 
periodicity is induced in the index of refraction 
along the optical fiber. The secondary periodicity 
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along the optical fiber of its core refraction index 
can be induced by metallic thin film deposition on 
optical fiber outer surface, creating in this way a 
Superstructure FBG (SFBG) [2-4, 8-14].    

To address the temperature-strain coupling in FBGs, 
Superstructure FBGs (SFBG) with on-fiber metal 
thin films are designed and fabricated. It is shown 
that SFBGs have the capability of measuring strain 
and temperature simultaneously. The design of the 
sensor with on-fiber thin films is performed by using 
the developed opto-mechanical model of FBGs.  

This paper presents the results obtained in 
simulation of the SFBGs opto-mechanical submodel 
developed specially for evaluation and design of a 
torque sensor to be used as embedded in mechanical 
parts with cylindrical shape. 

2. THEORY  
For a proper design of a SFBG sensor dedicated for 
torque measurement application, a simulation model 
is developed. The theoretical basis of the developed 
model has two main parts: 

• Definition of the FBG and SFBG reflectivity 
dependence on the induced mechanical strain by the 
core refractive index variation. 
• Definition of the relationship between the torque 
T applied and the torsional stress τ in the SFBG. 

Basically, a FBG or a SFBG sensor, with a sub-
micron periodic modulation of the core index of 
refraction, functions as the filter. When a Bragg 
grating is exposed to a broadband spectrum of light, 
the guided light wave, propagating along the optical 
fiber, is scattered by each grating plane. As a result, 
parts of the spectrum at specific wavelengths are 
reflected back. The coupling between the forward 
and backward propagating modes results in a 
resonance condition. The resonance occurs at a 
specific wavelength called the Bragg wavelength 
(λB).  

Wavelengths not coincident with the Bragg 
condition degenerate progressively with weak 
reflections, whereas wavelengths close to the 
resonance wavelength determined by the Bragg 
condition, undergo strong reflections. The Bragg 
wavelength is related to the effective propagating 
mode index of refraction, neff, and the grating 
parameters, as defined in the Bragg condition [2, 4]  

Λ= effB n2λ  (1) 

where Λ is the grating pitch length. neff is obtained 
after some algebra and must satisfy the condition:  

coreeffclad nnn <<  (2) 

• where nclad is the clad refractive index and ncore is 
the core refractive index [1-5].  
2.1 FBG and SFBG operation 

The schematics of FBG and SFBG structures are 
presented in figures 1 and 2. Basically, FBG and 
SFBG are single mode optical fibers having a spatial 
modulation, approximately sinusoidal, of the core 
refractive index, along fiber axes over a certain 
length. The main FBG and SFBG geometrical 
characteristics can be noticed in figures 1 and 2, 
namely the core primary and secondary modulation 
wavelengths, Λ (primary) and Γ (secondary). 

 
Figure 1. FBG subject to strain field 

 
Figure 2. SFBG subject to investigation 

The modulation of the index of refraction, Δn(z), 
along the optic fiber axis is expressed as [2-4]:  
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where z direction is coincident with the fiber axis, z 
being the coordinate, Δnmean(z) is the mean value of 
the fiber core effective index of refraction, vf denotes 
the grating visibility factor and Φ(z) is the grating 
chirp determining the variations of Λ along the fiber. 
Φ(z) is significant as connected with the FBG 
apodization, a technique used for marking Bragg 
grating inside the fiber core with an improved, a 
clearer defined spectral response, namely, by 
eliminating the side lobes of the reflection spectra. 
Constant Φ(z), specifically zero, means an uniform 
Bragg grating. On-fiber thin metal film deposited 
continuously or with some modulation, as depicted 
in Figure 2, creating in this way a Superstructure 
FBG, a SFBG, without any Λ modification, has the 
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roles to better adapt the fiber refractive index with 
that of the medium and to allow the SFBG to be 
embedded into metallic mechanical parts.     

The FBG or SFBG operation can be analyzed 
starting from the Bragg condition by definition of λB 
shift, ΔλB, in terms of the variations of neff and Λ 
under applied force and temperature, is expressed as  
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Environment in which FBG or SFBG are mounted 
will induce in optic fibers non-uniform elongations 
and temperature distribution along Bragg grating 
resulting in the non-uniform variations of neff and 
Λ with final net result changes the shape of the 
Bragg grating reflection spectrum defined by the 
reflectivity ρ(λ). In this case, numerical methods 
should be incorporated to obtain the actual reflection 
spectrum ρ(λ). Two numerical methods are mostly 
used for obtaining ρ(λ): matrix transfer, initially 
developed for thin film engineering, and integration 
of coupled mode equation system [2-5]. An 
important common characteristic of these numerical 
methods consists in investigation of the induced 
optical anisotropy changing the index of refraction. 
The basic idea is that since the dielectric constant is 
a function of the index of refraction, the strain/ 
temperature induced optical anisotropy affects the 
propagation of the light wave in the dielectric 
material. Opto-mechanical properties, including the 
thermo-optic ones, of the optical fibers play the key 
role [1-5, 16-25].  

Two main aspects are investigated when performing 
opto-mechanical modeling of FBGs or SFBGs, using 
whichever numerical method: λB shift, ΔλB, and 
reflection spectrum variation.  

The opto-mechanical modeling of FBGs or SFBGs 
has the role to predict any change in FBGs or 
SFBGs spectral response when illuminated with a 
defined light source.  
Starting from a most general opto-mechanical model 
of FBGs or SFBGs, a particular case is investigated 
such as the one presented in this paper: measurement 
of the torque applied to a metallic shaft [2-5].  

2.2 Torsion of a circular shaft. 

A circular shaft of uniform cross section was studied 
as presented in figure 2. If torque T is applied to the 
shaft it will twist about its axis. Certain assumptions 
are considered as necessary for the study [27,28]: 

• If a cross section perpendicular to the axis is 
made at a certain point in the shaft, it will remain 
plane and perpendicular after the torque T has been 
applied; 
• The diameter of the shaft stays constant; 
• If one would draw a radial line on the section 
before torques T are applied, it would remain radial 
after torque T is applied; 
• Cross sections perpendicular to the axis rotate 
with respect to each other; 
• This is the only deformation of the shaft; 
• The elongation of the shaft is negligibly small. 

After some algebra applying the Hooke’s Law, the 
relationship between the torque T applied and the 
torsional stress τ in the shaft is derived as [27, 28]:  

4
132

d
Tr

π
τ =  (5) 

For a solid circular shaft, as considered in the 
performed investigation, with a diameter of 10 cm, 
Young’s modulus E = 2·1011 N/m2, modulus of 
elasticity of shear G  = 80 GPa with 100 Nm applied 
to the ends, the shear at the surface is 255 kPa. 

 
Figure 3. Torsion of the fiber considered as a circular shaft
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3. SIMULATION RESULTS  

The simulation was performed by solving the 
differential equation which describes reflection 
spectrum ρ(λ) of a clear defined  SFBG as a function 
of z, displacement along the optic axes. Clear 
defined SFBG means knowing accurate mechanical 
parameters such as Young Modulus, E, and Poisson 
Number, ν, and geometrical ones, such as core and 
clad radii and the thickness of the metallic thin film 
deposited on optic fiber outer surface.  

Three SFBGs were analyzed: the first made of silica 
glass (SFBG1), the second made of germanate glass 
(SFBG2) and the third made of tellurite glass 
(SFBG3). All three are designed with the same optic 
fiber geometry: 10 μm core diameter and 127.5 μm 
clad diameter. The SFBG2’s germanate glass has the 
composition (mol%): 56GeO2-31PbO-9Na2O-
4Ga2O3. The SFBG3’s tellurite glass has the 
composition (mol%): 75TeO2-15ZnO-10Na2O. The 
Bragg grating has a constant Λ of 0.455 μm. Two 
lengths L of the Bragg grating were analyzed: 1 mm 
and 2 mm. The refractive index of the silicate glass 
is 1.45. The refractive index of the germanate glass 
is 1.83. The refractive index of the tellurite glass is 
2.08. The interrogation of the SFBG is simulated by 
considering the reflection of a signal generated at a 
wavelength of 1550 nm.  

The shear elasticity modulus, a strain characteristic 
property of the investigated SFBGs was considered 
to be 72.4 MPa for SFBG1, 37.15 MPa for SFBG2 
and 54.64 MPa for SFBG3 [29-35]. The SFBGs are 
considered to be mounted in a cylindrical shaft with 
25.4 mm diameter. The applied momentum is 
considered as 100 Nm applied on the outer surface 
of the shaft at its free end.  
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Figure 4. Reflectivity spectrum of SFBG1 (SiO2), Bragg 

length: 1mm, stress momentum: 100 N/m. 

Silica glass fiber was considered as reference (figure 
4). In each cases the shift of Bragg wavelength λB 
from unstressed to stressed states is displayed.  
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Figure 5. Reflectivity spectrum of SFBG2 (Germanate), Bragg 

length: 1 mm, stress momentum: 100 N/m. 

Germanate glass fiber displays (figure 5) in the same 
conditions (Bragg length and stress momentum) a 
smaller shift of λB than silica glass. 
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Figure 6. Reflectivity spectrum of SFBG2 (Germanate), Bragg 

length: 2 mm, stress momentum: 100 N/m. 

Increasing the Bragg length up to 2 mm (figure 6) 
the peak reflectivity increases till 1 and the width 
decreases (selectivity increases). 
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Figure 7. Reflectivity spectrum of SFBG3 (Tellurate), Bragg 

length: 1 mm, stress momentum: 100 N/m. 

Tellurate glass fiber presents in the same conditions 
(Bragg length and stress momentum) a smaller shift 
than both silica and germanate cases, but the width 
also decreases. 
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Figure 8. Reflectivity spectrum of SFBG3 (Tellurate), Bragg 

length: 1 mm, stress momentum: 200 N/m 

Doubling the stress momentum (figure 8) the λB 
shift is almost twice. 
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Figure 9. Reflectivity spectrum of SFBG3 (Tellurate), Bragg 

length: 2 mm, stress momentum: 100 N/m 

In figure 9, as in figure 6, the effect of a longer 
Bragg length L is observed. For SFBG3, the effect of 
a longer Bragg grating length L is comparable with 
the one observed in the case of SFBG2. 

4. CONCLUSIONS 

The main task of this study of strain fiber optic 
sensor with Bragg gratings, pointing to the use of 
SFBG embedded in metallic mechanical parts with 
cylindrical symmetry consists in investigation and 
setup of a calibration methodology dedicated to this 
application. Analyzing the results presented in 
Section 3, some observations regarding this task can 
be made, aiming to an optimization process of 
SFBGs function. As expected, because of greater 
shear elasticity modulus, silicate glass based SFBG, 
even with a lower refractive index, give better 
results than those made of germanate or tellurate 
glasses. These are softer glasses and their behavior, 
compared to silicate glass, was as expected. Larger 
length of the Bragg grating is not necessarily an 
advantage because sharper shape of the reflection 
spectrum is preferable for allowing larger 

measurement range and accuracy by preventing 
superposition of reflection spectrum corresponding 
to unstressed and stressed states of the SFBG. 
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