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Abstract 
 
  
Optical fibre sensors have already demonstrated great capabilities for many applications 
where distance, electromagnetic compatibility, risk of explosion, need for distributed 
measurement,… limit the use of standard competing technologies. Up to now however and 
despite their expected crucial positive impact, their use for medical applications has not been 
fully investigated, notably for monitoring of anesthetised or comatose patients under MRI, 
where sensors based on electrical transducers and/or made out of metal parts have significant 
limits in addition to being risky.  

This report details the associated requirements of optical sensors for such application, where 
focus is given on wearability of the whole monitoring system, through integration of the 
sensors into wearable textiles, making it compatible for ambulatory monitoring and 
prevention of SIDS. 
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Content 
 
 

1 - Optical Fibre sensors – principle and state of the art  

1.1 - Optical fibres 

1.1.1- Light propagation in an optical fibre 
An optical fibre is a cylindrical dielectric waveguide that transmits light along its axis, by the process 
of total internal reflection.  

Fig.1: A diagram which illustrates the propagation of light through a multi-mode optical fibre1 
 
 
The fibre consists of a denser core surrounded by a cladding layer. For total internal reflection to 
confine the optical signal in the core, the refractive index of the core must be greater than that of the 
cladding. The boundary between the core and cladding may either be abrupt, in step-index fibre, or 
gradual, in graded-index fibre. 

Fig.2: Index of refraction profile of typical optical fibre2 
 
Fibre with large (greater than 10 � m) core diameter may be analyzed by geometric optics. Such fibre is 
called multi-mode fibre, from the electromagnetic analysis. In a step-index fibre, rays of light are 
guided along the fibre core by total internal reflection. Rays that meet the core-cladding boundary at a 
high angle (measured relative to a line normal to the boundary) are completely reflected. The 

                                                   
1 http://en.wikipedia.org/wiki/Waveguide_(optics) 
2 Thesis : “The Effect of Transverse Load on Fiber Bragg Grating Measurements” (2000) Stephen A. Mastro 
 (Drexel University) 
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minimum angle for total internal reflection is determined by the difference in index of refraction 
between the core and cladding materials. Rays that meet the boundary at a low angle are refracted 
from the core into the cladding, where they are not useful for conveying light along the fibre. In this 
way, the minimum angle for total internal reflection determines the acceptance angle of the fibre, 
often reported as a numerical aperture.  
 

²)²( 21 nnNA -=  
 
A high numerical aperture makes it easier to efficiently couple a transmitter or receiver to the fibre. 
However, by allowing light to propagate down the fibre in rays both close to the axis and at various 
angles, a high numerical aperture also increases the amount of multi-path spreading, or dispersion, that 
affects light pulses in the fibre. 
In graded-index fibre, the index of refraction in the core decreases continuously between the axis and 
the cladding. This causes light rays to bend smoothly as they approach the cladding, rather than reflect 
abruptly from the core-cladding boundary. The resulting curved paths reduce multi-path dispersion 
because high angle rays pass more through the lower-index periphery of the core, rather than the high-
index centre. The index profile is chosen to minimize the difference in axial propagation speeds of the 
various rays in the fibre. This ideal index profile is very close to a parabolic relationship between the 
index and the distance from the axis. 
 

 
Fig.3: Light propagation3 

 
Fibre with a core diameter narrower than a few wavelengths of the light carried, is analyzed as an 
electromagnetic structure, by solution of Maxwell’s equations, as reduced to the electromagnetic wave 
equation. As an optical waveguide, the fibre supports one or more confined transverse modes by which 
light can propagate along its axis. Fibre supporting only one mode is called single-mode or mono-

                                                   
3 Thesis : “Bragg Gratings in Photosensitive Graded Index Polymer Optical Fibres” (2005) R. Van Boxel (Katholieke 
Universiteit Leuven) 
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mode fibre, while fibre that supports more than one mode is called multi-mode fibre. By the 
waveguide analysis, it is seen that the light energy in the fibre is not completely confined in the core, 
but, especially in single-mode fibres, a significant fraction of the energy in the bound mode travels in 
the cladding as an evanescent wave. 
 
 
 
 
 

 
 
Fig. 4: A typical single-mode optical fibre, showing diameters of the component layers4. 
 
 
The common type of single-mode fibre has a core diameter of 8 to 10 µm. It is notable that the mode 
structure depends on the wavelength of the light used, so that this fibre actually supports a small 
number of additional modes at visible wavelengths. Multi-mode fibre, by comparison, is manufactured 
with a core diameter of 50 µm, 62.5 µm, or larger. 
 

1.1.2- Types of fibres 
 
In fibre optic communication there are two processes that limit the performance of the system. 
Attenuation will cause loss of optical power and dispersion will cause loss of information. Attenuation 
is a result of interaction with the material. Dispersion, on the other hand, results from the specific 
geometrical structure of the fibre. Hence, to improve the transparency characteristics, a suitable 
material has to be chosen; to improve bandwidth, the specific shape has to be considered. 
 
Material 
The choice of materials which can be used in fibre optics is rather limited. Because of transparency 
reasons only Glass Optical Fibre (GOF), or Polymer Optical Fibre (POF) are possible. And because 
the transparency of glass is superior to that of polymer, the choice is actually simple. To obtain a low 
attenuation system, GOF is the best solution. So, why is there still interest in POF, if glass has lower 
attenuation? The choice also depends on the desired application. Considering the fact that to decrease 
attenuation, the total cost increases as well, a balance must be found between performance and cost. 
This is clarified in following comparison. 
 
Glass optical fibres are made of silicates. To change the refractive index, some minority metal ions in 
the form of metallic oxides, can be included in the structure (germanium or  phosphorous will increase 
n, boron will decrease it). The first useful optical fibre was invented in 1970 by researchers Maurer, 
Keck, Schultz, and Zimar working for the American glass maker Corning Glass Works. Evidently, the 
quality has improved a lot since then. 

                                                   
4 http://en.wikipedia.org/wiki/Optical_fiber 
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Nowadays a commercially available GOF will have the following typical specifications: a 50/125 mm 
(core/cladding) multimode fibre with an attenuation of 0.2 dB/km at 1550 nm wavelength has a typical 
bandwidth of 400 Mhz.400 km, and NA = 0.200. A spectrum is shown in Figure 5 
 
 

 
Figure 5 Attenuation spectrum of GOF5 
 
Plastic optical fibres on the other hand, are in most cases made of polymethyl methacrylate (PMMA), 
which is better known as Plexiglas®. Its structure is shown in Figure 6 In order to increase the 
refractive index, simpler techniques can be used compared to GOF. Because the processing 
temperatures are much lower, organic dopants can be added during polymerization. Another 
possibility is the use of a second monomer which copolymerizes with MMA. 

Figure 6 Chemical structure of PMMA32  
 
The typical diameter for commercially available multimode step index fibre POF is 980/1000 mm. 
Attenuation (measured at 520 nm) is significantly larger: typically 80 dB/km, which is about 400 times 
higher than in GOF. The bandwidth of a standard multimode POF is 80 MHz.50m, and NA = 0.518. 
Its spectral response is shown in Figure 7 
 

                                                   
5 Thesis : “Bragg Gratings in Photosensitive Graded Index Polymer Optical Fibres” (2005) R. Van Boxel (Katholieke 
Universiteit Leuven) 
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Figure 7 Attenuation spectrum of POF32 
 
The first remarkable fact is the big difference in NA. This is caused by the larger refractive index 
difference between core and cladding in polymer optical fibres. As a result, higher modes are possible 
in a POF and also larger acceptance angles. A second difference is the core diameter size. In Figure 8 a 
comparison is shown between the core diameters of GOF, POF and a human hair as reference. The 
difference in diameter size together with the larger NA, makes a POF system considerably easier to 
install. 
 
 

 
 
Figure 8:Differences of fibre diameters32 
 
If Figure 5 and Figure 7, showing the two attenuation spectra of GOF and POF are compared, the 
difference in preferred communication windows becomes clear. For a GOF system infrared LED’ s 
and lasers with a wavelength of 1550 and 1300 nm can be used. In case of POF this will shift towards 
the visible region with 520, 570 and 650 windows available. Although this falls not inside the infrared 
region anymore, the peaks are still caused by molecular vibrations. To be more precise, the peaks at 
550nm and 630 nm arise from the 7th and 6th harmonic of C-H vibrations respectively. Because it is 
the main reason for the rather high attenuation, a lot of effort has been put in solutions that decrease 
this absorption. Two main approaches are common today. 



OFSETH D1.2 – Specification report on optical sensors 
 

  9/45 

1.1.2.1 Deuterinated PMMA 
 
A first option is to shift the harmonic vibration peaks to higher wavelengths by replacing the hydrogen 
atoms with deuterium. This can lead to attenuations as low as 20dB/km. Deuterinated PMMA fibres 
have the advantage being chemically exactly the same as normal PMMA fibres (see Figure 9). This 
means that during their production process the same parameters like temperature and concentrations 
can be used. 

Figure 9: Chemical structure of deuterinated PMMA32 
 
A disadvantage is the fact that there is always water vapour present in the atmosphere which will be 
absorbed by the fibres. This will lead to cores in which protons slowly replace the deuterium through 
which the absorption losses will increase again. In principle this problem can be solved by making a 
watertight coating around the fibre, but that will only amplify the second big problem, the cost; the use 
of deuterinated chemicals is extremely expensive. Therefore, this option is only interesting for 
research purposes and not for real applications. 
 

1.1.2.2 Fluorinated polymers 
 
A second approach is the replacement of hydrogen atoms with fluorine. Because the atomic mass is 
many times larger, the absorption bands will move significantly further into the infrared zone. The 
theoretical minimum values are less than 0.2dB/km which is comparable to, or even better than silica 
glass fibres. But again there are some problems involved. The most important issue is to find a 
fluorinated polymer that can be processed into a fibre in the amorphous state. For example, Teflon 
materials tend to crystallize and the accompanying scattering losses must be avoided. A second 
problem is the refractive index. Fluorinated polymers have the lowest refractive index of all existing 
transparent plastics (n = 1.34), which is the reason why they are the preferred material for claddings. 
When used in the core however, other low refractive index cladding materials have to be found. To 
date, the best results have been achieved with the material CYTOP® (cyclic transparent optical 
polymer), which has been developed at Asahi Glass in Japan. Its structure is shown in Figure 10. It has 
an attenuation of 15dB/km at 1300 nm. Recently also new perfluoromonomers are being studied and 
developed. 
 

Figure 10: Chemical structure of CYTOP®32 
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Figure 11: Attenuation spectrum of GOF and POF6  
 
 
To complete the picture, it has to be mentioned that for specific applications, some polymers other 
than PMMA are used. If high temperature range is required, the preferred polymer is polycarbonate, or 
in some cases a silicon elastomer. Polystyrene has somewhat the same characteristics as PMMA and 
received attention in the beginning, but it proved not to be advantageous over PMMA. To conclude a 
brief comparison between GOF and POF is given in Table 1-1. 
 
 

Glass Optical Fibre Polymer Optical Fibre 
Low attenuation High attenuation 
High operating temperature Low operating temperature 
High weight Low weight 
High production cost Low production cost 
Fragile Elastic 
Difficult to add dopants Easy doping possibilities 
Low NA and diameter High NA and diameter 

 

1.1.3- What is the bend radius and flexibility of POF? 
 
Bend radii depend largely on the diameter of the fibre: larger fibre equals a larger bend radius. For 
fibre with an outside diameter of one millimetre (1000 µm), the bend radius (damage threshold) is 
approximately one centimetre. For single-mode POF with outside diameter equalling 125 um, the bend 
radius (damage threshold) is as low as 0.125 cm. As indicated by these figures, POF is a very flexible 
medium; it is also quite rigorous and is not readily susceptible to damage from bending (data loss, of 
course, may result from over-bending or from applying extreme stresses and strains on the fibre). 
  
                                                   
6 P.L. Chu “Polymer Optical Fibre Challenge“ Optoelectronics Research Centre City University of Hong Kong 2004 
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What levels of intensity loss result from such bending? This value varies depending on the individual 
characteristics of the fibre, but intensity loss values have been observed at 10-15% for bends close to 
the minimum radius.  
 

 
Figure 12:Minimum bend radius of GOF and POF33  
 

1.2 - Fibre optic sensors - overview  

 
Prior to the early 1970s the main application for fibre optic waveguides had been for endoscopic 
instruments used in medical procedures. Optical sensors were well established before the 1970s, but 
very few of them had been developed specifically for optical fibre based sensors. In 1976 and 1977 
respectively the first sensors were presented where the parameter of interest interacts directly with the 
optical fibre, producing changes in the propagation constants of the guided optical beam. Fibre optic 
sensors where the measurand directly modulates some physical property of the fibre is termed intrinsic 
sensor.  
 
In general fibre sensors can be categorised as 
 

·  external or extrinsic in which the fibre is only used to transfer the measurand information from 
a distant location, as for example, a laser Doppler anemometer or others generally expensive 
sensors, 

·  intrinsic in which the measurand (pressure, temperature, etc.) affects some optical property of 
the fibre resulting in modulation of the light (intensity, phase, frequency/wavelength, 
polarisation) 

·  hybrid sensors, whereby light is transferred over the fibre to be converted to electricity to 
power a distant conventional sensor head. 

 
Since the first intrinsic sensors the range of measurands detected by fibre optic sensors has increased 
rapidly, as has the number of transduction mechanisms which have been exploited. The transduction 
mechanisms which can be exploited are: 
 

·  Intensity changes 
 

o Microbending loss 
o Breakage 
o Fibre-to-Fibre coupling 
o Modified cladding 
o Reflectance 
o Absorption 
o Fluorescence 
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o Wavelength change 
o Molecular scattering 
o Molecular effects 
o Evanescent fields 
o Polarization 
 

·  Induced optical path-length change in fibre 
 

o Bulk dimension change and variation in optoelastic constants 
o Rotation 
o Magnetic fields via change in modal propagation constants 
o Dimensional change by fibre coating 
 

·  Other 
o Doppler Shift 
o Frequency change in scattered light 
o Change in vibrational frequency of microresonator 
o Optical path change external to fibre 

 
Intensity sensors tend to be based on multimode fibre, whereas fibre optic interferometers are usally 
constructed from single mode fibre. Single mode fibres are used for sensing when extreme sensitivity 
is required or when a well defined polarization of light is needed at a remote sensing point. 
 
The sensitivity advantage of single mode fibres arises because they permit the user to construct guided 
wave interferometers directly from the fibre itself so as to measure small phase changes in light 
transmitted through the measuring region. The phase change can be measured with a sensitivity of 
~106 of a wavelength and the pathlength for the measuring interaction can be millions of wavelength 
long. This leads to a possible measurement resolution for the optical path of one in 1012. Since there 
are a multitude of effects which can affect the optical pathlength through a fibre, great care must 
always be taken to reduce or to compensate for these unwanted changes. 
 
There are several common arrangements for fibre interferometers: 
 

·  Two-beam interferometers 
 

o Michelson interferometer 
o Mach-Zehnder interferometer 
o Differential path interferometer 
o Sagnac interferometer 
 

·  Multiple beam interferometer 
 

o Fabry-Perot interferometer 
o Ring resonator 
o Grating reflector 

 
 
The advantages of fibre optic sensors are: 
 

·  Immunity to electromagnetic interference 
·  Intrinsic safety due to light-based rather than electrical-current-based technology 
·  Chemical immunity to corrosion in hostile or wet environments 
·  Biocomaptibility 
·  Small size and low weight 
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1.3 - Silica Fibre Bragg Grating (FBG) sensors 

This chapter gives an overview of some of the most common sensor techniques which are performed 
by FBG sensors in silica fibres. Some examples are given of sensor developments that exploit the 
FBGs sensitivity against strain and temperature (see above). The FBG’s pressure sensitivity itself is to 
low to develop pressure sensors which provide a sufficiently resolved sensor signal. Therefore, 
common FBG based pressure sensors use mechanisms that convert the pressure into strain.  
Thus the two basic measurands that are obtained by FBG sensors are strain and temperature. All used 
interrogation techniques are based on two principles: 

a) The measurement value is always the optical center wavelength (or the correlated frequency, 
respectively) of the FBGs reflected light which appears as a peak 

b) This optical wavelength (Bragg wavelength l Bragg ) is determined only by the FBG’s period L , 
and the effective refractive index neff.  

l Bragg = 2 · neff ·L  

That means that the FBG is only sensitive to physical impact that changes either L  or neff. 

 

 
Fig: 13 a) Schematic light propagation through an FBG.  b) Spectrum of an typical sensor FBG that shows the 

typical pit in transmission (black), and/or the peak in 
the reflected spectrum with the center wavelength 
l Bragg,  

Some niche applications are known such as monitoring of high power radiation in particle 
accelerators, uni-axial measurement of pressure by birefringence effects in the FBG [ref. 1], or the 
exploitation of the magneto-optical effect. However, such activities are mostly embedded in scientific 
research project which are quite far from industrial and/or commercially usage. 
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Fig 14: The optic effects will affect the refractive index neff whereas strain or compression will change the period L . The not 
coloured effects are of negligible magnitude and normally not used for sensor applications. 
 
As shown in Chapter 2.3.1, the strain and/or temperature sensitivity is differently distributed between 
changes of L  and changes of neff: 
·  The temperature sensitivity results mainly from index changes (93,2%). The thermal expansion of 

the quartz and thus the change of L  is negligible(6,8%). 
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·  The strain sensitivity is partially caused by change of the period L  (79%). The elastooptic 
coefficient affects the sensitivity by 21% witch results in the grating’s “Gauge factor” of 0,79. 

 
These values are subject to change by using fibres with different doping levels and different co-
dopants, respectively. 
 

1.3.1- Principle of Bragg filter 
 
A fibre Bragg grating is a periodic variation of the index of refraction along the fibre axis. This phase 
grating acts as a band rejection filter reflecting wavelengths that satisfy the Bragg condition and 
transmitting the others. A grating is a device that periodically modifies the phase or the intensity of a 
lightwave reflected on, or transmitted through, it. In the last few years, many groups worldwide 
realized, by UV laser writing, high quality gratings in the core of photosensitive optical fibres. During 
irradiation, a refractive index modulation (index grating) is formed with the same spatial periodicity, 
� , as the writing interference pattern. This refractive index grating acts as a distributed (Bragg) 
reflector that couples the forward propagating to the backward propagating (� Bragg) light beam. The 
wavelength for which the incident light is reflected with maximum efficiency, � Bragg, is called the 
Bragg resonance wavelength. The equation relating the grating spatial periodicity and the Bragg 
wavelength depends on the effective index of the transmitting medium, neff, and is given by: 

L= effB n2l  

 
 
The period can be adjusted to obtain Bragg resonance from the visible to the infrared. 
 

 
 

Fig.15: Principe of FBG. 
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Fig 16.  Fibre Bragg grating fabrication using a phase mask7. 

 
 

1.3.2- Fibre photosensitivity 
The photosensitivity refers to a permanent modification of the refractive index following a specific 
light exposure. This effect enables an index grating to be written in an optical fibre. The amount of the 
saturated refractive index change and the initial change rate of this index are the two parameters 
characterizing the photosensitivity. Although all the details of this process are not completely 
understood, the origin of photosensitivity is related to defects associated with oxygen deficiencies in 
the chemical structure of germanium-doped silica optical fibre. This phenomenon provides a new 
approach for studying the properties of defects in glasses and also a practical method for writing 
permanent gratings in glass fibres. These gratings are useful for the fabrication of fibre based devices 
for optical telecommunications and optical sensing applications. Hill et al. discovered photosensitivity 
in germanium-doped silica fibre in 1978. Visible light from an argon ion laser was launched into the 
core of the fibre and, after prolonged exposure, an increase in the attenuation was observed. 
Subsequent experiments proved that this phenomenon was the result of a photo-induced permanent 
refractive index grating. This new photo-refractive effect was called fibre photosensitivity. In 1981, 
Lam and Garside showed that the magnitude of the photo-induced refractive index change depends on 
the square of the writing power at the argon wavelength (514.5 nm). This suggested a two-photon 
process as possible mechanism for the refractive index change. In 1989, Meltz et al. demonstrated the 
side writing technique allowing the fabrication of gratings at almost any desired wavelength. They 
showed that a strong index refraction change occurred in a germanium-doped silica fibre (dopant 
concentration more than 5%) under 244 nm UV light exposure. This wavelength corresponds to the 

                                                   
7 K.O. Hill “Fiber Bragg Grating Technology Fundamentals and Overview”, Journal of Lightwave Technology 
15, 8, pp.1263-1276, 1997 
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absorption peak of the oxygen-vacancy defect band of germanium. This absorption peak has been 
shown to bleach when exposed to UV irradiation. While in the visible region photosensitivity is a two-
photon process thus it is a one-photon process in the UV region.  Several models have been proposed 
to explain the photo-induced refractive index changes. Their only common element is that the 
germanium oxygen vacancy defects, Ge-Si or Ge-Ge (the “wrong bonds”) are responsible for the 
photo-induced index change. 
 

 

 

Fig.17 An oxygen deficient germanium defect. a) A neutral oxygen vacancy between a silicon [or germanium] 
              atom and a germanium [or silicon] atom. Absorption centred at 240 nm, bleachable defect. b) A           
              divalently bonded silicon [or germanium] atom with a lone pair of electrons. Absorption centred at 240  
             nm, associated luminescence close to 400 nm and 290 nm8. 
 
To be complete, there are many possibilities to enhance the photosensitivity in optical fibres9 but we 
don’t describe them. 

- Hydrogen treatment: 
o High temperature hydrogen treatment of perform (610°C for 75hrs) 
o Low-temperature hydrogen loading  
o Writing at elevated temperature 
o UV pre-exposure followed by hydrogen out-diffusion 
o OH flooding (rapid heat treatment at 1000°C) 

- Thermal treatment  
o CO2 laser treatment 

- Mechanical treatment 
o Applied strain on photosensitivity 

- Preform manufacturing 
o Reduced atmosphere 

- Doped fibres 
o Boron (densification enhancement due to stress effect) 
o Nitrogen 
o Aluminium (increase the absorption at wavelengths lower than 220nm) 
o Germanium (the photosensitivity grows linearly with GeO2 concentration) 
o Tin 
o Antimony (strong absorption below 250nm) 

 

1.3.3- Applications of FBGs 
Fibre Bragg grating (FBG) sensor10 are highly attractive owing to their inherent wavelength response 
and their multiplexing capability for the distributive sensing network. In contrast to conventional 
resistance strain gauges, these sensors wave electromagnetic interference immunity, lightweightness 
and small size, high temperature and radiation tolerance, flexibility, stability, and durability against 
harsh environments. In addition, FBG sensors are absolute, linear in response, as wall as interrupt 

                                                   
8 D. Williams “Photosensitivity: the phenomenon and its applications” Conferencia/Capitulo 8, 1996 
9 Thesis “Photosensitivity, chemical composition gratings, and optical fiber based components” M. Fokine 2002 (Royal 
Institute of Technology Stockholm) 
10 P. Ferdinand “Capteurs à fibres optiques à réseaux de Bragg” Techniques de l’Ingénieur, R6735, 1999  
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immune and of low insertion loss so that they can be demultiplexed in a series of arrays along a single 
optical fibre. Furthermore, FBG sensors are developed for quasi-distributed or multi-point strain 
monitoring in both surface mounted and embedded sensing applications to provide local damage 
detection. 
As well known, the Bragg phase-matching condition determines the Bragg wavelength, l B, of a fibre 
grating. The wavelength shift Dl  of a fibre Bragg grating sensor subject to physical disturbance can be 
expressed as 
 

Tpe
B

B D++-=
D

)()1( zae
l
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 (1) 

in which pe, e, a, x and DT is the effective photoelastic constant, axial strain, thermal expansion, 
thermal optic coefficient, and temperature shifts, respectively. These coefficients generally depend of 
the type of optical fibres and the wavelengths at which they are written and measured 

1.3.3.1 Temperature sensing 
When a FBG is subjected to a temperature variation, it dilates or contracts, what modifies its step. 
Furthermore, the refractive index of a material also depending on the temperature, these two 
phenomena entail a variation Dl B of the characteristic wavelength, as follows: 
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=z  : thermo-optic coefficient 6.4 .. 8.6x10-6 (SMF28 fibre GeO2 doped silica core). 

 
Clearly the index change is by far the dominant effect. From (2) the expected sensitivity for a 1550nm 
Bragg grating is approximately 10.4pm/°C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.18 Bragg grating wavelength as a function of temperature change for a 1548.2 nm grating 
 

1.3.3.2 Strain/displacement sensing 
The first term in Eq.(1) represents the strain effect on an optical fibre. This corresponds to a change in 
the grating spacing and the strain-optic induced change in the refractive index where pe is an effective 
strain-optic constant defined as 
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where p11 and p12 are components of the strain-optic tensor, n is the index of the core, and n is the 
Poisson’s ratio. For a typical optical fibre p11=0.113, p12=0.252, n=0.16, and n=1.482 which leads to 
pe = 0.21. Using these parameters and the above equations, the expected sensitivity at ~1550 nm is a 
1.2 pm change as a result of applying 1 µe to the Bragg grating. Experimental results of a Bragg centre 
wavelength shift with applied stress on a 1548.2 nm grating are shown in fig. 19. 
  

Fig.19 Bragg grating wavelength as a function of applied stress for a 1548.2 nm grating11. 
 

1.3.3.3 Pressure sensing. 

A pressure change of DP leads to a corresponding wavelength shift Dl p. In the case of a singlemode 
fibre the fractional change in fibre diameter resulting from the applied pressure is negligible compared 
with the change in the physical length and refractive index. 
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where E is the fibre Young’s modulus 
 
The value of Dl p/DP is ~3x10-3nm/Mpa. 
 
 
Summary: 

Sensitivities of FBG in the main parameters of interest, for several wavelengths 
Sensitivity l =0.83µm l =1.3µm l =1.55µm 
Thermal sensitivity 
(pm/°C) 

5.6 8.7 10.4 

Strain sensitivity 
(pm/µe) 

0.65 1.01 1.21 

Hydrostatic pressure 
sensitivity (pm/Mpa) 

-2.4 -3.7 -4.5 

 
 
                                                   
11 A. Othonos “Fiber Bragg Gratings” Review of Scientific Instruments 68, 12, pp. 4309-4341, 1997 
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1.3.4- Reliability and stability of silica FBG sensors 

1.3.4.1 Optical and physical performance 
A lot of basic research has been made during the last 10 years to evaluate how reliable FBG are in 
terms of their physical properties. Following the condition for the Bragg-wavelength which is only 
depended on the grating period L  and the effective refractive index neff, points of interest are the 
mechanical stability (fibre break), long-term changes of the zero point (material’s fatigue), changes of 
the refractive index (thermal decay), and loss of signal (modulation’s bleaching).  

1.3.4.1.1 Mechanical stability 
Optical fibres consist of drawn amorphous quartz which shows a material’s fracture weakness which 
implies a low mechanical strength due to surface flaws that are always present. Nevertheless, today’s 
fibre manufactures have developed their mastery for several hundred years which now results in a 
sophisticated high-tech, well controlled process. The resulting manufacturing conditions  lead to 
surface flaws that are on the atomic scale. The coating process which is directly attached to the 
drawing process immediately protects the fibre from any environmental impact. So the micro flaws are 
prevented from reaching a critical length followed by an unstable crack growth. 
High strength fibre provides a tested pull strength of 200kpsi, destructive tests show stability up to 600 
kpsi. Today these values are state of the art even for standard fibre (i. e. Cornings SMF28e).  
 
Unfortunately, due to the FBG’s manufacturing process the gratings are forming weak links in the 
optical fibre. This is mainly related to the fact that a certain part of the fibre must be de-coated before 
it is exposed to the UV illumination. Once de-coated the fibre is exposed to a lot of negative impact 
like humidity, surface oxidation (human sweat!), dust, accidental touches, and similar events. It can be 
shown in statistical tests that even the slightest touch - even by a foam stick - will definitely lead to an 
reduction of stability of up to 85%.  

 
Fig 20: Weibull plot of SMF28e (Corning). It shows that different techniques of thermal stripping result in different breaking 
probability. As reference, a sensor FBG was also examined showing about 20% less stability with pristine fibre. 

 
 

Also a completely touch-less treatment between de-coating and re-coating the fibre during the FBG 
inscription process will degrade the strength on the order of 30% only by optical aspects. At this 
moment it is not completely revealed yet what occurs that dramatic effect in particular, contrary papers 
have been released so far.  
Some other techniques are known to reduce this degradation to 10% - 20%, however the problem is 
that there is no proof of a non-destructive test. Therefore reliability statements must be given on 
statistical calculation and an optimal control of the workflow. 
All that facts define the operational stress conditions that an FBG sensor should be exposed to:  
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·  Sensor proof test: 2% strain (~200 kpsi) 
·  Maximum strain: 1% strain 
·  Operational strain: 0.2 .. 0.3% strain 
 
With operational strains of 0.3% what is sufficient in a lot of cases - i. e. the design limit for C 40 
concrete is 0.1% compression strain - a reasonable lifetime of 10 - 25 years can be obtained. Because 
optical fibre sensing is a quite young field, entire and fundamental data are still pending.  

1.3.4.1.2 Thermal stability of FBGs 
It is widely known that the FBGs bandwidth / centre wavelength / reflectivity (= sensor’s signal 
strength) reduces with its exposure to elevated temperatures. This effect is obviously related to the 
change of the index neff. Although the mechanisms of that effect are not entirely clear yet, a lot of 
investigations have been made to find the conditions to handle it in a reliable way. 
Through those experiments it has been found that the amount and the speed of the thermal decay are 
depending on: 
 
1. residual concentration of H2 during inscription 
2. pulse energy of the UV laser during inscription 
3. impact time of elevated temperature 
4. the grade of elevated temperature 
 
The FBGs degradation starts rapidly as soon as exposed to the higher temperature. This period is 
followed by a long, but slower, decay to an asymptotic value. Generally, the speed of the thermal 
decay increases with higher exposure temperature. 
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Fig 21: Decay of an FBG’s reflectivity during a temperature cycle 25°C ®  650°C. 
 
Annealing techniques were developed to stabilise the FBG’s parameter at varying operational 
temperatures: The FBGs are exposed to a temperature which is a certain value higher than the 
intentional temperature of operation, for a certain time. 
 
It is known by a lot of experiments that the annealing temperature should be 100 ..200 degree higher 
than the operational temperature whereas the annealing time is commonly determined by the H2 which 
has been left in a hydrogenated fibre (usually all fibres get hydrogenated before FBG inscription due to 
the enhancement of photo-sensitivity). After a sufficient annealing cycle, a lot of experiments around 
the world (i.e. W. W. Morey, 1996; U. Sennhauser, 1996) have proven that the index properties of the 
gratings do NOT change anymore, as long as operated below the annealing temperature. 
 



OFSETH D1.2 – Specification report on optical sensors 
 

  21/45 

It must not be forgotten that the protective acrylate coating can only work up to 120°C. Other coating 
types are known, however the handling and/or price of these solutions is obsolete under commercial 
aspects. For temperatures >300°C, there is a lack of applicable coating materials. Sometime reported 
metal coatings can not be used by any commercial application due to their incredibly high prices (up to 
100 Euro per meter). 

1.3.4.1.3 Radiation stability  
Basically, FBG sensors are hardly irritated by nuclear radiation. However, it was found recently that 
with some types of radiation two effects occur: 
·  The attenuation of the fibre itself is increasing with exposure time, the fibre gets “blindly”. 
·  Gamma radiation was observed to induces minor index changes which result in wavelength 

change. There was found that these effects show a saturation behaviour with longer exposure 
times. Thus an annealing process can be considered to stabilise the wavelength in nuclear 
environment, comparable to temperature annealing. 

 
Unfortunately, open papers concerning radiation sensitivity are not widely spread due to their relation 
to sensitive fields of application (military, aerospace, etc.). 
In the last years, also civil research has been started on this topic, experimental results are pending. 

1.3.4.2 Zero point shift of pre-stressed strain sensors 
Once annealed properly like described above, the FBG’s refractive index neff is immune against 
temperature and/or radiation impact. Thus a possible zero shift can only be assumed by a permanent 
change of the grating period L . That would be happen only under the assumption that the fibre shows a 
plastic deformation. However, amorphous quartz has 100% elasticity. A fibre can be stretched one 
million times (at room temperature) without any plastic deformation. 
 
However, it must be considered that the fibre itself is not a applicable sensor. Therefore a zero-point 
shifts can definitely occur - since the fibre is not properly attached to the sensor carrier and/or the 
measurement object. 
 

1.3.5- FBG Temperature sensors 
Temperature sensors are the simplest sensors that are feasible with FBG fibres. There are only two 
conditions: 
1. The FBG’s application onto the sensor carrier must only assure that the FBG is stress relieved 
 under all circumstances. 
2. The FBG must be annealed properly (several hours by temperature >100 degree beyond the 
 operational temperature)  

 
Fig 22: Typical design of an FBG temperature probe. The fibre is encapsulated inside of a metal tube which protects it from 
strain, but performs a sufficient thermal transmission in order to provide a short response time of the sensor. 

1.3.5.1 High temperature sensors 
The natural limit for silica based temperature sensors is the melting point of the quartz which is - 
depending on the type of fibre - around 1200°C, whereas experiments have shown that this threshold is 
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even lower at around 1050 °C. However, the current limit that is commercially available is situated 
between 600°C  and 800°C.  
High temperature sensors beyond 800°C can be also realised in several ways. All techniques try to 
handle the extreme degradation of reflectivity that occurs from the high annealing temperatures.  

·  inscription of very strong type II FBGs (high power pulses lead to physical damage in the fibre 
which has also the periodicity of L ) 

·  Co-dopands in the core of the fibre, i. e. N2 
·  usage of sapphire fibre 

However, none of these techniques has left the academic level yet. Some projects are currently 
founded by the EC will help to find out whether one of the techniques can be used for commercial 
applications or not. 
 
High temperature >300 °C leads to side effects that must be carefully considered by using FBGs for 
such applications: 
1) The sensor fibre will be non-coated during operation. No commercially available fibre coating 
suitable for FBGs can withstand such temperatures.  
2) The fibre degrades in terms of stability. Exposed to temperatures >500 degree it becomes extremely 
fragile. A protective housing is definitely required. 
 
�
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Fig 23: FBG high temperature probe. The fibre is encapsulated inside of a metal capillary. Left the wavelength versus 
temperature is shown.  

1.3.5.2 Micro-sensors 
Due to their small dimensions, the FBG’s temperature response is very fast. That can be used for 
sensors that can monitor temperature fluctuations like they occur in micro-reactors. The mass of an 
FBG can be reduced even more by removing a part of the cladding with HF acid. 
 

 
 

Fig 24: FBG micro sensor, 20x magnified. 
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Microsensors currently are used in the following fields of application: 
 
·  biotechnology 
·  chemical research (next-generation micro reactors) 
·  geodesic applications (monitoring of air temperature fluctuations near to precision optics)  
 

1.3.6- FBG Strain sensors 
To measure strain with FBGs, there are two basic techniques: 
1. embedding the whole FBG fibre 
 

 
 

Fig 25: Direct FBG fixing. 
 
2. strain the fibre by fixing it at two far spaced points (like guitar string) 
 

 
 

Fig 26: Indirect FBG fixing. 
 
While the indirect fixing solely guaranties long-term stability and optimal control of the signal’s 
integrity, the direct embedding is optimal for intrinsic measurement, i. e. in composites. 
On the other hand, direct fixing may show several creeping and ageing effects that you can hardly 
discriminate from “real” measurement values, indirectly fixed FBG require sufficiently large area to 
place the two gluing spots and always requires a pre-tension of the FBG. 

1.3.6.1 Embedded strain sensors: Optical strain gauges  
There is quite a lot of effort in the world, to assemble FBGs the way that classical electrical strain 
gauges are. The intention there is to ease the handling skills that are needed by potential users, for the 
application procedure. There have been developed a couple of solutions, mono- and uni-axial, mostly 
glued or laminated to a carrier of polymer. 
 

 
 
Fig 27: Several types of strain gauges based on FBG sensors. 
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As described above, the main problem there is the long term stability of the FBGs strain state. Once 
covered by glue or resin, its strain value will be determined by that of the covering material not matter 
whether this strain is related to the object’s strain or not.  
Another problem is creeping, caused by ageing of the polymers and/or insufficient adhesion. 
 
On the other hand, the FBG can also measure negative strains (compression) down to minus 2%, that 
means the effective measuring range is increased t 3% in total (-2% .. +1%). 

1.3.6.2 Pre-strained sensors 
It can be said that all long-term working FBG sensors world-wide are based on indirectly fixed. 
Depending on the required application, there are several types of strain sensors. 

1.3.6.2.1 Displacement sensors 
This sensor type translates a displacement or crack width to a mechanics movement, thus stretching 
and/or relaxing an FBG. 
 

 
 
Displacement sensors are mostly used in civil engineering and geo-techniques. 
 

1.3.6.2.2 Embeddable sensors 
Long term stable embeddable sensors are intended for direct embedding in concrete structures. There 
are several kinds available in terms of gauge length, flexibility, and measurement range. 
 

 
 
These sensors are usually monitor the structural integrity of buildings, dams, bridges, towers, and other 
industrial or civil structures. 
 

1.3.6.2.3 Strain transducers / vibration sensors 
For some applications - especially in geo-techniques - it is mandatory to measure strains in the sub-
micro-strain rage. There some transducers are necessary which increase the resolution on the cost of 
measurement range. 
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These sensors can monitor strains down to 0.01 µm/m. 

1.3.7- Special FBG sensors 
A lot of specialised sensors are also developed by research institutes and/or university. Some of them 
are particularly used but often to expensive or without any advantage against conventional techniques, 
some others are only theoretical solutions. Namely they are 
 
·  hydrogen sensors 
·  bio-sensors 
·  inclinometers 
·  accelerators 
·  (pressure sensors) 
 

1.3.7.1 Sensors based on Long Period Gratings (LPG) 
 
LPGs are another type of gratings that couple the filtered light into the cladding instead of reflecting it 
into the core as do FBGs. Owing to this principle, they exhibit much less back-reflection than FBG but 
most importantly are extremely sensitive to environmental perturbations such as micro-bendings, and 
as such are not a promising candidate for integration into textiles, despite the interesting results 
reported by Webb’s group12. 

1.3.7.1.1 Basic definition and properties of long-period gratings. 

 
A long-period fibre grating (LPG) is a periodic modulation of the optical characteristics of an optical 
fibre, obtained by either inducing a physical deformation in the fibre material or by modifying the 
refractive index of the fibre’s core. The latter is the standard method, and an LPG is usually formed in 
photosensitive single-mode fibre by illumination of the core material with ultraviolet (UV) light – 
typically in the 242nm to 248nm wavelength range. More detailed descriptions of various LPG 
fabrication methods can be found in Section 2.5.4.4. Compared to other optical devices, LPGs have a 
number of unique advantages such as the fact that simple techniques are required to fabricate them, 
their compact construction (they are intrinsic fibre devices) and non-conducting (dielectric) structure 
that is immune to electromagnetic interference (EMI). They also have low-level back reflection and 
low insertion losses, as well as being relatively insensitive to polarisation effects when written in 
standard fibre. 
Long-period gratings provide a substantial measure of flexibility in their transmission spectra. Physical 
properties of LPGs that can be altered during the fabrication process are the following: the amplitude 
of the UV-induced change in core refractive index, length, and period of the grating. In the 
corresponding transmission spectrum, these parameters directly affect the resonance wavelengths, the 
intensities of the grating peaks (in other words the minimum transmission values), and the bandwidth 
of each resonant peak. If the spectrum does not have the required characteristics after the grating has 
been manufactured, or if enhanced performance is desired, it can be tailored either by trimming 

                                                   
12 T. Allsop et al, Embedded progressive three-layered fiber long period gratings for respiratory monitoring, JBO 
8(3), 552-558, 2003 
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(positioning the resonant peak at the desired wavelength) or tuning (changing the resonant peak’s 
shape) the relevant LPG transmission spectrum. 
 

1.3.7.1.2 Comparison between long- and short-period fibre gratings  

 
An LPG is manufactured with a grating pitch in the order of hundreds of micrometers, which 
distinguishes it from a short-period or ordinary fibre Bragg grating (FBG) – usually written with a 
period of less than one micron. While LPGs typically facilitate mode coupling between the core mode 
and a co-propagating cladding mode, FBGs are commonly used as reflection filters that serve to 
couple the core mode with counter-propagating guided modes (fibre modes are examined in Section 
2.5.4.3). FBG output spectra show that these grating devices act as narrow band-stop filters (causing 
attenuation at a single Bragg wavelength), whereas LPG transmission spectra consist of several 
attenuation bands at different wavelengths. Given a reflection spectrum of a specific FBG, it is 
relatively easy to evaluate the physical parameters of the Bragg grating, but in contrast it is a 
complicated matter to infer the parameters of a long-period grating upon inspection of its transmission 
spectrum.  
In general, long-period gratings are more sensitive to environmental perturbations than ordinary Bragg 
gratings, which could be a disadvantage when manufacturing LPG based devices.  

1.3.7.1.3 Mode coupling and the phase-matching condition 
 
The long-period fibre grating couples light of certain distinct wavelengths propagating in the fibre core 
into the cladding material, as illustrated in Figure 31. Thus the LPG allows light energy belonging to 
the fundamental guided mode (i.e. the LP01 mode present in the core) to couple to forward or 
propagating cladding modes (which are quickly attenuated), depending on the periodicity and 
amplitude of the refractive index variation of the LPG.  

Fig.31 Mode coupling in a long-period grating (fibre shown in cross-section)13. 
 
 
Detailed investigation of the interaction that takes place between the guided core mode and cladding 
modes contained in a step-index fibre can be done with so-called coupled-mode theory. Accurate 
theoretical analysis using coupled-mode theory has consequently shown that a large coupling 
coefficient (� m) is required for efficient mode coupling to take place, and that this is dependent on the 
overlap integral between the core and cladding mode as well as the photo-induced core refractive 

                                                   
13 Thesis “Sensing characteristics of an optical fibre long-period grating Michelson refractometer”  A. Van Brakel 2004 
(Rand Afrikaans University) 
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index variation. Due to the high rate of attenuation of these cladding modes, which are not coupled 
back to the core mode subsequent to encountering the LPG, mode coupling has the effect of 
attenuating certain bands of the transmission spectrum obtained from the LPG (these absorption bands 
materialise as spiky losses in the spectral output). The device thereby acts as a spectrally selective loss 
element. Each of these so-called rejection bands occur at discrete resonant wavelengths corresponding 
to the coupling of the core’s fundamental guided mode (with core propagation constant � co and 
effective core index of refraction neff,co – both highly dependent on the fibre construction and 
propagation wavelength) to a specific cladding mode (with cladding propagation constant � cl (m) and 
effective refractive index neff,cl (m)). A single-mode fibre’s cladding supports several different modes, so 
that numerous loss peaks are formed in the LPG transmission spectrum. By simple analogy, a fibre 
grating can be likened to an optical diffraction grating, as illustrated in Figure 32. Any light wave 
incident on the fibre grating at an angle � 1 is diffracted at an angle � 2, depending on the diffraction 
order M, as follows: 
 

Fig.32: Ray-optics representation of coupling between the fundamental mode and a guided cladding mode in a 
transmission grating14. 
For co-propagating coupling of a guided mode with bounce angle � 1 to a cladding mode with bounce 
angle � 2, the resonant wavelength can thus be derived as: 
 

L-=L= )( )(
,,,0

m
cleffcoeffefftrans nnndl  

 
where � neff is the differential effective refractive index, � 0,trans is the resonance wavelength 
corresponding to the mth forward propagating cladding mode, and �  is the grating period. 
 
 

1.3.7.1.4 Overview of in-fibre LPG fabrication methods 

 
Most commonly, the LPG is created by altering the core refractive index in a periodic manner, but 
another class of manufacturing methods physically deform the fibre to create the required optical 
modulation 
 

- Irradiation by carbon-dioxide laser 
- Exposure to electric arc discharge 
- Femtosecond pulse irradiation 
- Ion implantation 
- UV-irradiation (All procedures that rely on illumination by UV light require that the  

fibre first be made receptive to this irradiation, in other words the fibre must be made 
photosensitive prior to writing the grating) 

 

1.3.7.1.5 Brief overview of LPG sensing applications 
 

a) EXTERNAL REFRACTIVE INDEX SENSING 
                                                   
14 T. Erdogan “Fiber Grating Spectra” Journal of Lightwave Technology 15, 8, pp.1277-1294, 1997  
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An interesting attribute of LPGs is their sensitivity to external index of refraction of the substance 
surrounding the cladding glass at the grating location, as shown in Figure 33. The reason for this 
unique property is evident from the phase-matching condition. Due to the fact that the effective 
refractive index of the mth cladding mode is dependent on the difference between the indices of 
refraction of the cladding and the medium external to the cladding, this affects the differential effective 
mode index and hence the spectral attenuation band corresponding to that cladding mode (for a fixed 
grating period) 

 
 
Fig.33 Diagram of experimental configuration for measuring LPG sensitivity to ambient refractive index30 
 

Figure 34: Wavelength shift as a function of external refractive index as measured with a 400� m period LPG 
inscribed in B/Ge co-doped fibre30 
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b) TEMPERATURE MEASUREMENT 
As is the case for ordinary Bragg gratings, long-period gratings are inherently sensitive to changes in 
temperature of the surrounding environment. 

Figure 35: Temperature-induced resonant wavelength shifts measured for the fourth to first (A to D) attenuation 
bands of a long-period grating, as compared to that of a fibre Bragg grating with temperature sensitivity of 
11pm/°C30 
 

c) STRAIN DETECTION 
 

c.1) LPG sensitivity to axial strain 
 
When optical fibre containing an intra-core long-period grating is subjected to strain exerted in the 
direction of the fibre’s axis (the fibre is usually placed under tension), similar effects to those exhibited 
during temperature fluctuations can be observed in the LPG transmission spectrum. Consequently, the 
fundamental concepts of LPG sensitivity to axial strain are analogous to those corresponding to 
temperature 

 



OFSETH D1.2 – Specification report on optical sensors 
 

  30/45 

 
Figure 36: Shifts in resonant wavelength with strain, as measured for the fourth to first order (A to D) loss bands 
of a LPG (these are once again compared to the strain sensitivity of a Bragg grating, E)30 
 
 

c.2) Transverse strain sensing using LPGs 
 
When compressive force is applied on LPG-containing fibre, the grating response to transverse strain 
can clearly be observed as attenuation mode splitting in the transmission spectrum 

 
Figure 37: LPG transmission spectra obtained for different polarisations during measurement of transverse 
strain30 
 
 

d) SENSITIVITY TO FIBRE BENDS 
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When a section of optical fibre is bent so that a curvature exists in the waveguide, the state of optical 
power field distribution will try to maintain phase fronts that are perpendicular to the fibre axis at each 
point along the fibre bend. This implies that the portion of the field propagating in the fibre cladding at 
the outer bend radius will need to travel faster than the cladding’s plane wave velocity, which is 
physically impossible. Therefore, the optical power contained in this part of the field distribution is 
converted into radiation modes that are lost from the cladding 
 

1.4 - POF sensors 

 
Plastic Optical Fibres sensors technology is relatively new and the earlier examples of POF sensors 
appeared about 15-20 years ago or so. There are a great variety of POF sensors, including humidity 
sensor, biosensor, chemical sensor, gas sensor, etc, have been developed. Nevertheless nearly all these 
developments are based on multimode POFs and they are dominantly the intensity-type of fibre 
sensors. 
 
The PMMA POF has an attenuation of about 160dB/km at 650 nm, high NA, 1mm core size. Apart 
from the large core, step-index, high NA (0.47) or low NA (0.32) POF, we also have various suitably 
doped graded-index (GI) type of POF with similar attenuation as the standard POF. Additionally and 
fairly recently, a novel material known as CYTOP is used for the production of a GI-POF with core 
size 125 mm - 300 mm, but an attenuation less then 50 dB/km at 650 nm. CYTOP spectral transmission 
extends beyond the visible (the spectral width of standard POF) to 1.3 mm and the attenuation at 
850 nm is close to 20 dB/km.  
 
There is no widespread availability of single mode POF, yet. Paradigm Optics in Vancouver, WA, 
USA is offering single mode POF, which attenuation is shown in figure 38. 
 

 
 
Figure 38:Attenuation of Paradigm Optics single mode POF.  
 
The application of single mode polymer optical fibre in interferometric based sensing could be 
advantageous. For example, POF has very low Young’s modulus in comparison to silica fibre. This 
fact could be a significant advantage for stress or pressure-related sensing applications. Since the strain 
is usually the measured quantity and it is related to an applied stress, the much lower Young’s modulus 
of polymer optical fibre means much higher strain and thus much higher sensitivity. Also, the 
breakdown strain of POF is typically much larger than that of its silica counterpart. 
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The advantages of POF sensors are: 
 

·  Large numerical aperture (through its large core size) 
·  Flexibility 
·  Higher breakdown strain 
·  Easy non-skilled handling and ruggedness 
·  Safe disposability 
·  Lower cost 

 
The disadvantages are: 
 

·  Higher attenuation than GOF limits sensors to a few tens of metres 
·  Lower temperature (80°C) at which POF becomes non-usable 

 

1.4.1- POF FBG sensors 
 
Photosensitivity is essential for fabricating FBGs. In the last few years, photosensitivities in various 
POFs, including doped and undoped, multimode and single mode polymer fibres, have been 
experimentally investigated and evaluated for fibre grating applications. Successful fabrication of POF 
gratings has been demonstrated and the quality of finished gratings has been gradually improved. 
 
It is found that PMMA-based POF ismore photosensitive at wavelength around 320 nm, instead of the 
244 nm or 248 nm which are used for silica FBG fabrication. This is because POF at these wavelength 
is highly absorptive and only surface relief gratings could be produced. Originally laser dyes were 
doped to enhance the photosensitivity. However, the intrinsic photosensitivity of POF materials 
(PMMA or CYTOP) seem just sufficient for writing gratings. A few different laser dyes and UV 
sensitizers have been used, but the improvement is not significant. The origin of photosensitivity in 
POF is still not well understood. 
 
It remains a very interesting topic to try to produce POF with much higher photosensitivity. More 
recently, researchers in Polytechnic University of Hong Kong has been successful in improving 
photosensitivity of POFs by doping tans-4-stilbenemethanol and in writing POF gratings. 
 
Figure 39 shows an example of an polymer FBG. The grating has a peaking reflection of about 80% 
and a linewidth of less than 0.5 nm. 

 
Figure 39:Reflection and transmission spectra of a polymer FBG15.  
 

                                                   
15 Peng, G.D. ; Liu, H.Y. ; Chu, P.L. & Wang, T. Sensor Applications of Polymer Optical Bragg Gratings. POF 
2005, Hong Kong 
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1.4.1.1 Strain and temperature sensing 
 
The strain response of  polymer FBG in terms of Bragg wavelength has been tested at room 
temperature and the results are agreeable with the theoretical prediction. Also the thermal response of 
the polymer FBG has been tested without strain. The results show that the Bragg wavelength of a 
polymer FGB decreased with an increase in temperature, opposite to that of a silica FBG, which 
increased with temperature. Temperature sensitivity of a polymer FBG at 1570 nm is about 152 
pm/°C. This confirms that polymer FBGs are about 10 times more thermally sensitive than silica 
FBGs. The temperature sensitivity of a silica FBG is reported to be about 13.7 pm/°C. This 
combination of silica and polymer FBGs is an example showing that POF grating could be quite useful 
in sensor applications. 
 

 
 
Figure 40:Reflection and transmission spectra of a polymer FBG33.  
 

 
 
Figure 41:Reflection and transmission spectra of a polymer FBG33.  
 
Source: [15] 
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1.5 - Other physical effects used for fibre optic sensors 

1.5.1- Effect of bending 
Unlike a wire, an optical fibre changes its signal transmission when it is bent. This is partly due to the 
change in angle of incidence for certain light rays and partly due to the change in relative indices of 
refraction of the core and cladding as the fibre is stressed by the bend. The result is a loss of higher 
angle rays (mode stripping). 
 
For a physical description of the phenomena, go to annex 1. 
 
Macrobending  
If a bend is imposed on an optical fibre, strain is placed on the fibre along the region that is bent. The 
bending strain will affect the refractive index and the critical angle of the light ray in that specific area. 
As a result, light travelling in the core can refract out, and loss occurs (Fig. 42). A macrobend is a 
large-scale bend that is visible; for example, a fibre wrapped around a person's finger. This loss is 
generally reversible once bends are corrected.  
To prevent macrobends, all optical fibre (and optical fibre cable) has a minimum bend radius 
specification that should not be exceeded. This is a restriction on how much bend a fibre can withstand 
before experiencing problems in optical performance or mechanical reliability. The rule of thumb for 
minimum bend radius is 3.8cm for bare, single-mode fibre; 10 times the cable's outside diameter 
(O.D.) for non-armored cable; and 15 times the cable's O.D. for armored cable. 

 
Fig.42: macrobending16  
 
The second extrinsic cause of attenuation is a microbend. This is a small-scale distortion, generally 
indicative of pressure on the fibre. (Fig. 43.) Microbending may be related to temperature, tensile 
stress, or crushing force. Like macrobending, microbending will cause a reduction of optical power in 
the glass. Microbending is very localized, and the bend may not be clearly visible upon inspection. 
With bare fibre, microbending may be reversible; in the cabling process, it may not.  

Fig. 43: microbending5. 

                                                   
16 http://www.corningcablesystems.com/web/college/fibertutorial.nsf/ofpara?OpenForm 
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1.5.2- Effect of modified cladding/coating parameters 

1.5.2.1 Etched (reduced) cladding optical fibre with LPG 
 

The transmission spectrum of a typical LPG consists of a number of rejection bands, each of 
which corresponds to the coupling from fundamental mode to a particular cladding mode. Because the 
positions of the rejection bands of a LPG are sensitive to the refractive index of the surrounding 
medium, LPG can also used as refractive-index and chemical sensors. The resonance wavelengths of 
an LPG can be shifted to longer wavelengths by etching the LPG with HF acid. Moreover, the 
resonance wavelengths of an LPG are changed with the cladding radius and the external refractive 
index. The sensitivity of the wavelength shift to the external index can be increased significantly by 
reducing the cladding radius17. 
 

1.5.2.2 Tapered optical fibre 
 

Tapered optical fibre devices have become increasingly important over the last decade. 
Applications of these devices are wide spread including their use as interferometric devices, 
biosensors, nonlinear research and in all fibre network communications. When used as sensors18 19, 
tapered fibre devices rely on the interaction of the evanescent field surrounding the fibre waist with the 
external environment. An evanescent wave sensor with a short section of single mode fibre 
sandwiched in between multimode fibres is constructed to detect changes in emerged chemical species 
surrounding the sensor. The sensitivity of such fibre sensor is appreciably superior using speckle gram 
detection taking into consideration of both phase and intensity variations 

 
Fig. 44: Tapered optical fibre20. 
 
 
 
 

                                                   
17 K.S. Chiang and al., “Analysis of etched long-period fiber grating and its response to external refractive index”, 
Electronics Letters 36, pp. 966-967, 2000 
18 C. Bariain and al. “Tapered optical-fiber-based pressure sensor”, Optical Engineering 39, 8, pp. 2241-2247, 2000  
19 J. Villatoro and al. “In-line Optical fiber sensor based on cladded multimode tapered fibers”, Applied Optics 43, 32, pp. 
5933-5938, 2004 
20 http://www.fiberguide.com/Products/TaperedOpticalFibers.htm 

 



OFSETH D1.2 – Specification report on optical sensors 
 

  36/45 

1.5.2.3 D-shaped optical fibre 
 

 
Fig. 45: D-shaped optical fibre21. 
 

This kind of fibre can be used to enhance the interaction between cladding modes and external 
medium22 23. It is possible to deposit a thin layer on this part of the fibre or to write a LPG to obtain a 
very high sensitive sensor24. 
 

1.5.2.4 Special coating 
 

To overcome the problem of selectivity of a fibre optic sensor based on evanescent wave, it is 
possible to incorporate a transducer coating that is immobilized with an optically active indicator. The 
indicator, which is typically an organic molecule, reacts specifically with the target analyte, resulting 
in a modulation of either the absorption or fluorescence intensity signal25. Generally, these transducers 
consist of polymers or sol-gel materials doped with an optical indicator that is coated on the tip or on 
the side of an optical fibre. 

 

 
Fig. 46. a) Schematic shows 1) fiber core, 400 mm thick, 2) 12.5 mm thick PMMA cladding, 3) 150 mm thick 
buffer over the cladding, 4) typical propagation modes. Right side: portion of the fiber with the cladding and 
buffer removed b) Evanescent wave into the cladding26 
 

In the case of a LPG, it has been shown that the resonant wavelength of a LPG can be shifted 
by a large magnitude by coating with only a nm-thick thin-film that has a refractive index higher than 

                                                   
21 K.H. Smith and al. “Versatile in-fiber sensing by use of core-replaced D-fiber”, Applied Optics 44, 1, pp.22-26, 2005 
22 G. Stewart and al. “Sensitivity improvement for evanescent-wave gas sensors”, Sensors and Actuators B 11,1-3, pp.521-
524, 1993 
23 W. Jin and al. « Compensation for surface contamination in a D-fiber evanescent wave methane sensor”, 
Journal of Lightwave Technology 13, 6, pp.1177-1183, 1995  
24 T. Allsop and al. “The spectral sensitivity of long period gratings fabricated in elliptical core D-shaped optical fibre”, 
Optics Communications 259, 2, pp.537-544, 2006 
25 http://csrg.ch.pw.edu.pl/tutorials/fiber/ 
26 M. Ghandehari and al. “An evanescent-field fiber optic sensor for pH monitoring in civil infrastructure” 15th ASCE 
Engineering Mechanics Conference June 2-5, 2002 
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that of the glass cladding. The resonant wavelength shift can result from either the variation of the 
thickness of the film and/or the variation of its refractive index sensor27.   
 

1.5.3- Optical reflectometry for sensing 

1.5.3.1 Examples of reflective transducers 
 
Two examples of reflective transducers are shown below: 
 
1) The fibre refractometer shown in Fig. 47. In this design the core of the optical fibre is exposed and 
the fibre is bent in a U shape. The presence of the analyte in the vicinity of the bend causes a change in 
the refractive index of the surrounding which changes the bend losses through the optical fibre causing 
a change in the transmission efficiency through the optical fibre. The application of this design is 
mainly in liquid level sensing, small air bubbles in liquid can also be detected by this design, so this 
technique can also be applied to detect air leaks in pipe lines. Takeo and Hatori demonstrate the use of 
this design to measure the moisture content in the human skin and hence monitor dermatological 
health. This is done by pressing the refractometer onto the human skin, the device is then able to 
measure the moisture content in the skin. A straight stripped-fibre refractometer is used in processing 
of edible oils. This refractometer with cladding stripped silica fibre is used to measure refractive index 
with accuracy up to fourth decimal place for solutions of corn syrup mixed in water. 
 
 

 
 
Fig.47: Schematic of an optical fibre refractometer28. 
 
2) A second example is shown in Fig.48. Here, a fibre-to-fibre coupling element, similar to a 
mechanical splice, is used. The index of the material between the two fibres is chosen to be different to 
that of the fibre core, and to be temperature-dependent; as an example, index-matching oils produces a 
weak Fresnel reflector, the magnitude of which depends on temperature. As an example of the strength 
of reflector that can be formed, an index difference of 0.1 results in a reflectivity of 0.001 (0.1%). This 
weak reflector is still ~10dB stronger than the “effective reflectivity” due to Rayleigh scattering in a 
10m length of fibre. To avoid multiple reflection points with the sensor, one of the fibres can be angle-
cleaved to suppress the Fresnel reflection at the second interface 
 

                                                   
27 Z. Wang and al. “Analysis of optical response of long period fiber gratings to nm-thick thin-film coatings” Optics Express 
13, 8, pp.2808-2813, 2005 
28 Thesis : “Development of a fiber optic chemical sensor for detection of toxic vapors”  (2004) Lalitkumar Bansal 
 (Drexel University) 
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Fig.48: Schematic of an optical fibre refractometer29. 
 

1.5.3.2 Distributed measurements using optical reflectometry 
 
Distributed measurements are based on an extension of a technology known as optical time domain 
reflectometry (OTDR), which was originally developed for the telecommunications industry to 
provide a measure of the losses along a fibre.  
In OTDR (Fig.49), a probe signal – normally a laser pulse – is transmitted along the length of the fibre, 
and an instrument that relies on a combination of optics and electronics is used to measure the 
scattered reflected light in the fibre over time. Information about the length of time it takes for the 
reflected light to reach the detectors is then used to calculate where in the fibre the light is reflected 
from. The power of the reflected light along the fibre provides a measure of the fibre loss, defined as 
the amount of light lost due to scattering, and any defects.  
 
The bulk of the scattered radiation in the fibre is Rayleigh scattering, caused by density fluctuations 
frozen into the glass of the fibre. Rayleigh radiation occurs at the same 
wavelength as the laser light which comprises the incident radiation, and measurement of Rayleigh 
scattering provides information about losses.  

 
 
Fig.49: Principal of OTDR 
 
We can share the following examples in two : 
First : a real distributed measurement  
Second : a quasi-distributed measurment 
 
                                                   
29 J. Dakin and B. Culshaw “Optical Fiber Sensors: Applications, analysis, and Furure Trends”, Artech House Edition, 1997 
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1.5.3.2.1 Brillouin optical time-domain Reflectometer (BOTDR) and Raman optical time-domain 
Reflectometer: 

 
A smaller portion of the scattered radiation is made up of Raman and Brillouin reflections. These 
occur at different wavelengths from the Rayleigh scattering. Both Raman and Brillouin reflections 
consist of two components, known as Stokes and anti-Stokes light. Stokes light is at a longer 
wavelength than the incident wavelength, while anti-Stokes light is at a shorter wavelength. Because 
each has a different wavelength from the original light in the fibre, each appears as a different colour. 
Measuring instruments based on Raman and Brillouin reflections work by determining the power and 
the exact colour of the light being reflected from different regions of the fibre 
 
The detection principle of BOTDR (Fig.50) is briefly outlined as follows: a continuous light of 
wavelength 1.55� m emitted from the DFB-LD laser light source is separated into the probe light to be 
output to the optical fiber to be measured and the reference light for heterodyne detection. The probe 
light can be modulated into the pulse light by an intensity modulator and is then launched into the 
optical fiber. The Brillouin backscattered light takes place as the pulse light launched into the 
measured optical fiber interacts with the acoustic phonons, and the frequency shift of Brillouin 
backscattered light occurs compared with the frequency of the launched pulse light. The frequency 
shift amount is in proportion to both the longitudinal strain of the optical fiber and its temperature. 
Fig.51 and Fig.52 show the strain dependence and temperature dependence of the Brillouin frequency 
shift. 
 

 
 
Fig.50: Block Diagram of BOTDR30 
 
 

 
 

Fig.51: Strain dependence of Brillouin frequency shift 
change19 
 

Fig.52: Temperature dependence of Brillouin 
frequency shift change19 
 

 
The core technique of BOTDR is Brillouin spectroscopy and Optical Time Domain Reflectometry 
(OTDR) that enables BOTDR to measure strain generated in optical fibers as distributed in the 
longitudinal direction. When the strain occurs in the longitudinal direction of optical fiber, the 
                                                   
30 B. Shi and al. “A New Distributed Optical Fiber Sensor for Structural Health Monitoring¡ªBOTDR”, The Third 
International Conference on Earthquake Engineering, October 18-20, 2004. 

 



OFSETH D1.2 – Specification report on optical sensors 
 

  40/45 

Brillouin backscattered light undergoes a frequency shift that is in proportional to the strain. Brillouin 
frequency shift is function of strain �  and can be expressed by: 
 

e
e

en
nen

d

d B
BB

)(
)0()( +=

 
 
where nB(e) is Brillouin frequency shift with strain; nB(0) is Brillouin frequency shift without strain; 
dnB(e)/de is the proportional coefficient of strain that is about 0.5GHz (/% strain) at the wavelength 
� =1.55� m; and �  is the strain.  
The pulse light is launched into one end of an optical fiber, and the Brillouin backscattered light occurs 
and is detected at the same end. The distance Z from the launched end of the optical fiber is given by: 
 
Z = cT /(2n) 
 
where c is velocity of light in a vacuum; n is the index of refraction of an optical fiber; and T is the 
time interval between launching pulse light and receiving the scattered light. 
 

 
Fig.53: Schematic representation of the scattered light spectrum from a single wavelength signal propagating in 
optical fibers. An increase of the fiber temperature has an effect on both Raman and Brillouin components31. 
 
The Raman scattered light (Fig. 53) is caused by thermally influenced molecular vibrations. 
Consequently the backscattered light carries the information on the local temperature where the 
scattering occurred. In fact the Raman backscattered light has two frequency shifted components: the 
Stokes and the Anti-Stokes components. The amplitude of the Anti-Stokes component is strongly 
temperature dependent whereas the amplitude of the Stokes component is not. Therefore Raman 
sensing technique requires some filtering to isolate the relevant frequency components and consists in 
recording the ratio between Anti-Stokes amplitude by the Stokes amplitude, which contains the 
temperature information. Since the magnitude of the spontaneous Raman backscattered light is quite 
low, high numerical aperture multimode fibers are used in order to maximize the guided intensity of 
the backscattered light. However, the relatively high attenuation characteristics of multimode fibers 
limit the distance range of Raman-based systems to approximately 10 km. 
 
We can also cite POTDR (Polarization OTDR) as another technique to realize a distributed 
measurement or a combination OTDR – Erbium doped fibre 
 
 
 

                                                   
31 D. Inaudi and al. “Integration of distributed strain and temperature sensors in composite coiled tubing”, SPIE Smart 
Structures and Materials Conference in San Diego. 2006 February 27, March 2, 2006 
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1.5.3.2.2 Evanescent Wave Sensors: 

 
While a great deal of work has been carried out on discrete chemical sensors using optical fibres, the 
development of practical concepts for distributed measurement systems has been limited. Systems 
considered generally employ the evanescent field, allowing interaction with chemical species along 
extended lengths of fiber. In principle, local changes in attenuation or index caused by chemical 
species can be interrogated using OTDR to recover the information on a distributed basis. In practice, 
these changes can be extremely small, especially when attempting to produce gas absorption sensors in 
the near infra red, and the most viable systems to date are based on the use of a cladding material 
impregnated with indicator dyes to mediate the sensing (Fig. 54). 
 
 

 
 
Fig.54: Distributed sensing system based on evanescent field absorption32 33 
 

1.5.3.2.3  OTDR and FBG or LPG : 

 
Optical fibre based time domain reflectometry (TDR) techniques provide a powerful enabling 
technology for sensing in structures and structural components (Fig. 55). A particularly interesting 

                                                   
32 J. Dakin and B. Culshaw “Optical Fiber Sensors: Applications, analysis, and Furure Trends”, Artech House Edition, 1997 
33 F. Kvasnik “Distributed Chemical sensing utilizing evanescent wave interactions”, Symposium on chemical, biochemical, 
and environmental fiber sensors I, SPIE 1172 Bellingham, pp.75-82, 1989.  
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approach is based on the use of in-line fibre Bragg gratings which reflect a small portion of the light in 
the fibre back to the transmitter. This technology has the capability of allowing high resolution, multi-
point static and dynamic strain sensing at various points along a single fibre cable. 
 

 
Fig. 55: Multiple element FBG array using TDR interrogation34 
 
Instead of to use FBG, we can put LPG. The large period of modulation promotes the optical coupling 
between the propagating core mode and co-propagating cladding modes. Since the cladding modes, 
consequently the resonant peaks, are sensitive to the physical parameters, curvature or bending 
measurement can be performed utilizing LPGs. In fact, several authors have demonstrated the 
bending-induced wavelength shift by means of LPGs. However, the cross sensitivity when different 
physical parameters are changed at the same time continues to be a common problem of using this 
kind of grating structure as an optical sensor.  
 
Another problem with the usage of LPG is the difficulty to interrogate its spectral response since the 
resonant bands have large bandwidth. Commonly an optical spectrum analyzer (OSA) is used, but this 
equipment is unpractical for real-time applications due to its size and high cost. 
 
This interrogation technique is insensitive to the physical parameters that only changes the LPG 
spectral response in wavelength and has the capability of multiplexing LPG sensors in series (Fig. 56, 
57 and 58)35. However, a low peak attenuation of the LPGs is necessary since for each LPG inserted 
in the fiber link an additional loss is measured by the OTDR and the lower limit power measurement 
of OTDR can be reached. 
 
 
 
 
 
 
 
 

                                                   
34 A.D. Kersey “Monitoring Structural Performance with Optical TDR Techniques” Symposium and Workshop on Time 
Domain Reflectometry in Environmental, Infrastructure, and Mining Applications, Evanston, Illinois, September 17-19, 1994 
pp.434-442. 
35 O. Frazao and al. “Optical bend sensor based on a long-period fiber grating monitored by an OTDR”, Optical Engineering 
44, 11 pp. 110502-1 110502-3, 2005  
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Fig.56: Bend sensitivity of LPG obtained by an optical 
spectrum analyzer. 

Fig.57: Evolution of LPG amplitude loss against 
curvature. 

 

 

Fig.58: LPG amplitude loss insensitivity to 
temperature for a fixed curvature of��2.8 m-1. 
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2 - Annex 1a : Theoretical analysis of bending effects 36. 

 
On a straight fibre of arbitrary profile, the modal field at every point in the cross-section propagates 
parallel to the fibre axis with the same phase velocity, so that planes of constant phase are orthogonal 
to the axis. However, if the bent into a planar arc of constant radius, it is intuitive that the fields and 
phase fronts rotate about the centre of curvature of the bend with constant angular velocity. 
Consequently, the phase velocity parallel to the fibre axis must increase linearly with distance from the 
centre of curvature C. Since the fibre has a uniform cladding and the phase velocity cannot exceed the 
local speed of light, there will be a certain radius, Rrad, in the plane of the bend beyond which the 
phase velocity cannot remain in step, and the fields in this region must therefore become radiative, as 
shown in Fig.42. Close to and within the core, the fields are accurately described by a local mode, 
providing the radius of curvature is sufficient large. 

 
 
 
 
Fig.42: Section of a fibre bent into arc of radius Rc. The core profile has index n, and ncl is the uniform cladding 
index. 
 
In order to calculate the radiation due to an abrupt change in curvature, we need to know accurately 
the modal fields of the bent fibre. It has been assumed that the fields in any cross-section of the bent 
fibre are identical to the fields of the straight fibre, so that there is no mismatch, regardless of 
curvature. However, the predominant effect of curvature on the fundamental mode is to shift the field 
distribution radially outwards in the plane of the bend a distance rd from the fibre axis, as shown in 
Fig.6. 
 
 
 
 
 
 
 
 

                                                   
36 A.W. Snyder, J. Love “Optical Waveguide Theory”, Springer Edition, 1983. 
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Fig.43: The shift in the Gaussian-shaped fundamental mode electric field distribution from the fibre axis shown 
qualitatively from a bend. 
 
The shift within the Gaussian approximation in terms of the spot size r0 is given by: 
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Hence the fraction of power radiated is given by: 
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since rd<<r0. 
 
To be precise, this extrinsic attenuation can be caused by two external mechanisms: macrobending or 
microbending. Both cause a reduction of optical power.  


