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Abstract 
 

The transverse load and temperature sensitivities of fibre Bragg gratings (FBG) fabricated in a 

range of commercially available stress and geometrically induced high birefringent (HiBi) fibres 

have been experimentally investigated. The wavelength reflected by the FBG in each polarisation 

eigenmode was measured independently and simultaneously using a custom designed interrogation 

system. The highest transverse load sensitivity, of 0.23 ±0.02 nm/(N/mm), was obtained with HiBi 

FBGs fabricated in elliptically clad fibre. This was ~25% higher than for any other HiBi fibre, 

which, coupled with the small diameter of the fibre, makes it a good candidate for an embedded or 

surface mounted strain sensor. The highest temperature sensitivity of 16.5 ± 0.1 pm/0C, 

approximately 27% greater than any other fibre type, was obtained with the HiBi FBG fabricated in 

Panda fibre. HiBi FBG sensors fabricated in D-clad fibre were the only ones to exhibit identical 

temperature sensitivities for the slow and fast axes (11.5 ± 0.1 pm/0C).  
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1. Introduction 
 

A fibre Bragg grating (FBG) is a periodic modulation of the refractive index within the core of an 

optical fibre and acts to couple a forward propagating fibre core mode to a backward propagating 

core mode at a particular wavelength given by 

Λ= effB n2λ                   (1) 

where λB, neff, and Λ are the reflected Bragg wavelength, effective refractive index, and the grating 

period respectively. A change in the effective refractive index and/or the grating period will cause a 

shift in the reflected Bragg wavelength. This has led to FBGs being investigated in a wide range of 

applications for the measurement of strain and to a lesser extent temperature [1-3]. However, the 

majority of applications have related the change in Bragg wavelength, generally measured using an 

optical spectrometer, to axial strain and/or temperature acting on the FBG [4-6]. More recently there 

has been an interest in measuring the transverse strain components in addition to the axial strain 

with the goal of internal stress measurements in composite materials. Applications for this more 

complex approach include structural health monitoring [7], impact and damage detection [8], and 

cure monitoring of composite materials [9,10]. FBG sensors fabricated in high linearly birefringent 

(HiBi) fibres are ideal for these measurements and have been proposed for the measurement of 

multi-strain components [11].  

 

The reflection spectrum from a FBG fabricated in HiBi fibre will consist of two Bragg peaks, one in 

each of the two polarisation axes of the fibre. It has been proposed that the three components of 

strain and temperature could be measured by co-locating another FBG with a sufficiently different 

centre wavelength [12]. The result is a system of four simultaneous equations that can be solved for 

the 4 unknowns using experimental calibration data [13]. The working principle of a HiBi FBG 

sensor was demonstrated recently in curing composites [10,14]. There has been a limited number of 
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investigations of the response of HiBi FBG sensors to applied transverse load [12,15-19] and these 

have focused mainly on elliptical cladding (3M [20]) and bow tie (Fibercore [21]) fibres. There has 

not been any temperature characterisation of HiBi FBG sensors reported. 

 

This paper presents the characterisation of FBG sensors, fabricated in both stress and geometrically 

induced HiBi fibres, to applied transverse load and temperature.  

 

2. Birefringence in optical fibres 
 

Most fibre optic applications, such as telecommunications and sensors, demand coherent optical 

transmission, which requires systems capable of controlling the polarisation state of the light 

[22,23]. Fibres that are capable of maintaining the polarisation of the coupled light can be classified 

either as high birefringent or low birefringent fibres. Linearly polarised or circularly polarised 

waves propagate with small polarisation dispersion in low birefringence fibre but the polarisation 

state is sensitive to external perturbations such as bends, twists, and temperature, which induce 

additional birefringence whose magnitude is comparable to or greater than the intrinsic 

birefringence.  When the intrinsic birefringence is deliberately enhanced to be very large in 

comparison to that from external perturbations, the result is a fibre with high birefringence that 

maintains the state of polarisation of light that is matched to a polarisation eigen mode (linear or 

circular depending on the nature of the induced birefringence) of the fibre.  

 

For non-HiBi fibres subjected to a transverse load the birefringence, Bf, is given by [24] 

 

( )( )
rE
FppnkB poof π

ν ⋅+−= 12 1211
3                    (2) 
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where ko, no, νp, r, E, F, p11 and p12 are respectively the free space propagation constant, average 

refractive index of the fibre, Poisson ratio, outer radius of the fibre, Young’s modulus, force per unit 

length, and the elasto-optic coefficients of the fibre. Equation (2) indicates that the application of a 

transverse load will alter the birefringence of the fibre.  

 

Internal birefringence of the fibre is produced by various mechanisms either based on the geometric 

effect of the core or on a stress effect around the core [24,25]. Birefringence is induced in the core 

whenever its circular symmetry is broken, thus producing an anisotropic refractive index 

distribution. Such fibres usually have an elliptically shaped core [26] although other types, e.g. 

dumbell core, have been fabricated [27]. Stress induced birefringent fibres are produced from 

asymmetric transverse stress which introduces linear birefringence through elasto-optic refractive 

index changes in the core [25]. The stress is frozen internally in the fibre during fabrication as the 

result of different thermal contraction between differently doped regions of the fibre located 

symmetrically on either side of the core. Elliptical cladding fibres, elliptical jacket fibres, PANDA 

fibres, and bow-tie fibres are examples of stress induced birefringent fibres. Figure 1 shows 

schematics of the HiBi fibres that were used in this work. The slow axis is the axis or plane in 

which the stress applying parts or the major axis of the ellipse lie. 

 

The modal birefringence B is the difference in the effective refractive indices between the two 

orthogonal modes of the fibre. Birefringence is usually characterised by its beat length Lp, which is 

the distance after which the input polarisation state is reproduced as the polarisation state evolves 

along the length of the fibre, that is, the relative phase of the light propagating in the two orthogonal 

polarisation modes change by 2π. 

 

β
πλ
Δ

==
2

B
Lp                          (3) 
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where λ and Δβ are the optical wavelength and the change in the mode propagation constant 

respectively. The shorter the beat length, the higher the birefringence. Modal birefringence, 

produced by all kinds of internal origins in the high birefringent fibres, is given by [25] 

 

SSOG BBBB ++=                     (4) 

 

where BG is the geometric component of the birefringence introduced by the shape of the core, BSO 

is the self-stress component, and BS is the outer stress component. The self-stress component of the 

birefringence is induced by the thermal expansion difference of the asymmetrical core of the fibre. 

The outer stress component is introduced from outside the core e.g. by elliptical cladding/jacket or 

stress applying parts. The birefringence components have been calculated [25] but a knowledge of 

the physical properties and geometry of the fibres is required which are, in general, unavailable 

from commercial manufacturers.    

 

3.  Experiment 
 

FBG sensors were fabricated in our laboratories into hydrogen loaded stress and geometrically 

induced HiBi fibres using an injection-seeded frequency-quadrupled Nd:YAG laser operating at a 

wavelength of 266 nm. A two-beam, three mirror interferometric technique [28] was used to 

fabricate FBG sensors of length 5 mm. The HiBi fibre was aligned such that the laser illumination 

avoided the stress lobes for the case of stress-induced HiBi fibres. The axes of the stress induced 

HiBi fibre were identified through observation of the diffraction pattern from the fibre when 

illuminated from the side with a Helium Neon laser source [29]. This method could not, however, 

be used for geometrically induced HiBi fibres as the diffraction pattern from the two polarisation 
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axes was not sufficiently distinctive. The eigen axes of these fibres, apart from the D-clad fibre 

whose axes are known from the shape of the fibre (Figure 1), had to be identified visually by 

looking at a polished fibre end through a microscope. The FBG sensors were subjected to transverse 

stress using a loading fixture designed to minimise fibre rotation (Figure 2).  

 

The load applied to the FBG sensor was detected using a FUTEK miniature load button with a 

capacity of 222 N and resolution of 0.1 N.  The output of the load button was recorded through the 

data acquisition (DAQ) card simultaneously with the wavelength shifts of the gratings using an 

interrogation system [16] based on a scanning fibre Fabry-Perot (FFP) interferometer coupled to 

high birefringent fibre (Figure 3). The super luminescent diode had a 3 dB bandwidth of 50 nm 

centred at 1560 nm and the measured output power at the fibre pigtail was 0.6 mW. The FFP filter 

had a finesse of 895 and free spectral range of 5330 GHz (~42.7 nm). The overall extinction ratio of 

the interrogation system was measured to be 15 ± 0.5 dB. The wavelength resolution of the system 

was determined from the standard deviation to be 2 pm. A key attribute of this instrument is that it 

measures independently and simultaneously the wavelength reflected by the Bragg grating in each 

polarisation eigenmode. 

 

A pair of rotational stages, with angular resolution of 20, was used to rotate the HiBi fibre 

containing the FBG sensors to determine the sensitivity as a function of the orientation of the eigen 

axes with respect to the applied load. The length of the stripped fibre section subjected to transverse 

load was 24 mm and both the test and support fibres were of the same fibre type. The test and 

support fibres for the D-clad fibre were aligned identically and both fibres were rotated. This 

minimised the variation in the fibre height above the bottom plate thereby minimising fibre rotation. 

The reference angle (00) for the rotation was not made coincident with either of the eigen axes of 

the fibre but was arbitrarily chosen. 
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The responses of the HiBi FBG sensors to temperature were investigated by placing the sensors in a 

tube temperature furnace such that there was no strain applied to the sensors. The temperature 

furnace was fitted with a Eurotherm PID temperature controller. The temperature of the furnace was 

incremented in steps of 10 0C from room temperature to about 150 0C and the data, which was 

averaged over 30 seconds, was recorded after the system reached a steady state. The temperature 

stability of the furnace in the steady state was 0.2 0C. Measurements were also taken as the system 

was cooled down to room temperature. 

 

4. Results and Discussion 
 

FBGs were fabricated in the six HiBi fibre types shown schematically in Figure 1 and listed in 

Table 1. The fibre parameters are shown in Table 2 and the measured wavelength separation of the 

slow and fast axis FBG peaks are summarised in Table 3.  

 

The comparison of the responses of the FBG sensors in elliptical core and elliptical clad HiBi fibres 

is shown in Figure 4. The maximum and minimum load sensitivities in the slow and fast axis are 

significantly higher in the elliptical clad fibre. Figure 5 is a similar comparison of Panda and 

TruePhase fibres, both of which use stress rods to generate the birefringence. The maximum load 

sensitivities for the slow axis of each fibre are similar while the minimum sensitivities in the fast 

axes are different. In Figure 6 the maximum sensitivities for the FBG sensors in Bow tie and D-clad 

fibres are shown to be the same, within experimental error, but the minimum sensitivity of the D-

clad fibre is significantly higher. 
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The load sensitivity is plotted as a function of the angle of rotation of the HiBi fibre containing the 

FBG sensors in Figures 7-9. The maximum and minimum sensitivities are obtained when the load 

was applied along an eigen axis. This method has also been used to confirm the orientation of the 

eigen axes of the HiBi fibres, determined as discussed in section 3. 

 

Table 4 gives a summary of the load sensitivities of the FBG sensors fabricated in different types of 

HiBi fibre when subjected to transverse load. The maximum sensitivity was obtained when the load 

was applied along an eigen axis of the fibre.  The elliptical clad fibre exhibited the highest 

sensitivity, and this was found in the slow axis. The elliptical clad fibre also showed maximum 

sensitivity in the fast axis when compared to the other fibre types. In general, the maximum 

sensitivity of the slow axis is higher than that of the fast axis with the exception of the Panda and 

elliptical core fibres whose slow and fast axis maximum load sensitivities have similar magnitudes. 

The greatest differential transverse load sensitivity was measured between the eigen axes of the bow 

tie fibre. 

 

The high sensitivity of the elliptical clad fibre may be attributed to its smaller diameter (80 µm) as 

well as to the presence of additional stress around the core created by the elliptical cladding during 

the manufacturing process. The stresses along the major diameter of the cladding are greater than 

those along the minor axis direction and this is probably the reason the sensitivity in the slow axis 

of this fibre is greater when compared to that of the fast axis. The fact that the elliptical cladding 

creates some stress along the minor axis may be the reason the elliptical clad fibre has higher 

transverse strain sensitivity in its fast axis when compared to other fibre types.  

 

There is no additional stress transferred to the core of the elliptical core fibre from its cladding and 

this is probably the reason the transverse strain sensitivities for this fibre are similar for both the 



 10

slow and fast axes. It is not easy to infer why the Panda fibre has similar transverse strain 

sensitivities for its fast and slow axes. One possibility is that the stress generated by the stress rods 

of this fibre may be less concentrated along the slow axis when compared to other fibres that use 

stress applying parts (SAPs) since its stress rods are further away from the core (Figure 1).  

 

Figures 10 - 15 are plots of FBG wavelength shifts as a function of the temperature applied to FBGs 

fabricated in the different types of HiBi fibre. The graphs show plots of the response to temperature 

of the FBGs in both the slow and fast axes of the HiBi fibres. The continuous lines represent the 

measured temperature in the fast axis while the dashed lines are for the slow axis.  Lines have been 

omitted in Figure 10 for clarity, since the two graphs are nearly matched.  

 

Table 5 shows the various HiBi FBG sensors’ sensitivities to applied temperature. The responses 

are linear with R2 values of at least 0.999. The results show that the slow and fast axes of the fibres 

do not have the same temperature sensitivities. The fast axes of the HiBi fibre are generally more 

sensitive to temperature than the slow axes. The FBG sensors in the stress induced HiBi fibres have 

higher sensitivities to temperature than those fabricated in the geometrically induced HiBi fibres. 

The FBGs fabricated in Panda fibre were the most sensitive to temperature. Furthermore the FBG 

sensors in the D-clad HiBi fibre have approximately identical temperature sensitivities for the slow 

and fast axes of the fibre. The greatest differential temperature sensitivity was measured between 

the eigen axes of the elliptical clad fibre. 

 

The thermal expansion coefficients of the core and cladding are nearly the same, hence the fast axis 

of fibres with no SAPs or of fibres with the smallest dimension becomes more sensitive to 

temperature when compared to the slow axis, where the SAPs have a higher thermal expansion 

coefficient. The thermal stress that was frozen internally in the fibre (due to SAPs) during 
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fabrication may be released by an increase in temperature thus adding to the temperature sensitivity 

of the stress induced HiBi fibres and making them more sensitive than the geometrically induced 

HiBi fibres. The matched temperature sensitivities of the slow and fast axes of the D-clad fibre is 

probably linked to the D shape of the fibre, since without the D cladding the fibre would have 

behaved as the normal elliptical core fibre. 

 

The response of a HiBi FBG sensor to external stimuli is generally considered to be a function of 

three orthogonal strain components and temperature, a total of four unknowns. Thus a total of four 

FBG sensors, from two co-located HiBi FBGs, will be required to determine the four unknowns 

from a system of four simultaneous equations. The asymmetric shape of the D-clad fibre could be 

useful for fibre alignment during lay up in composite materials. If the fibre is laid with its flat face 

resting in the plane of the specimen, this is likely to minimise any fibre rotation that could change 

the orientation of the eigen axes. Such a rotation, if not accounted for, could result in the 

measurements being interpreted as having shear strain.  

 

5. Conclusion 
 

FBG sensors were fabricated in stress and geometrically induced birefringent fibres and the slow 

and fast axis wavelength separation range was 0.35 – 0.6 nm. The FBG sensors were subjected to 

known transverse loads at various orientations of the fibre in the range 0 - 1800. The transverse load 

sensitivity of the FBG sensors in the slow axis of the fibre was higher than that of the fast axes. The 

highest sensitivity of the FBG sensor is therefore associated with the transverse plane having the 

longest geometry or the transverse plane in which anisotropy exists. The elliptical clad fibre 

exhibited the highest overall transverse load sensitivity, ~ 25% higher than any of the other fibre 
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types. Consequently the high sensitivity of this fibre makes it an ideal sensor for both surface and 

embedded multi-axial strain sensing in which a high strain transfer coefficient is required.  

 

The FBGs were subsequently subjected to temperature loads in the range from room temperature to 

about 150 0C and their responses were found to be linear with R2 values of at least 0.999. In contrast 

to the transverse strain results, the temperature sensitivities of the FBG sensors measured in the fast 

axis of the HiBi fibres was higher compared to that measured in the slow axis. The Panda fibre 

exhibited the highest overall temperature sensitivity, ~ 27 % higher than any of the other fibre types. 

An interesting result was the matched temperature sensitivities of the fast and slow axes of the HiBi 

FBG sensor in D-clad fibre. The results of our experiments confirm that the method currently 

proposed to measure 3D strain and temperature by co-locating two HiBi FBGs at two different 

wavelengths is applicable. 
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FIGURE CAPTIONS 

 

Figure 1 

 

HiBi fibre cross-sectional geometry: (a) Panda and TruePhase fibres, (b) bow tie fibre, (c) D 

cladding and elliptical core fibre, (d) elliptical core fibre, (e) elliptical cladding, and (f) polarisation 

axes configuration. The approximate dimensions of the fibres, in µm, are also provided in the 

figures and all fibres have an outer cladding diameter of 125 µm with the exception of (e) that has a 

diameter of 80 µm.  SAP: stress applying parts. All the dimensions, with the exception of the core 

diameters (provided by the manufacturers), were measured using an optical microscope that had an 

image shearing facility. 

 

Figure 2 

 

Loading fixture used to apply uniform transverse strain to HiBi FBG sensors. 
 

 

Figure 3 

 

Schematic of the interrogation system. SLD: super luminescent diode; FFP-TF: scanning HiBi fibre 

coupled Fabry-Perot tunable filter; PS: fibre polarisation splitter; DAQ: data acquisition. 

 

 

 

 

 



 18

Figure 4 

 

Comparison of the maximum and minimum sensitivities to transverse strain for FBGs in the 

elliptical core and clad fibre. ♦: Elliptical clad slow axis; : elliptical clad fast axis; : elliptical 

core slow axis;×: elliptical core fast axis. 

 

Figure 5 

 

Comparison of the maximum and minimum sensitivities to transverse strain for FBGs in the stress 

rod induced HiBi fibres i.e. Panda and TruePhase fibres.♦: Panda slow axis; : Panda fast axis; : 

TruePhase slow axis;×: TruePhase fast axis. 

 

Figure 6 

 

Comparison of the maximum and minimum sensitivities to transverse strain for FBGs in Bow tie 

(stress induced) and D-clad (geometric induced) HiBi fibres.♦: Bow tie slow axis; : Bow tie fast 

axis; : D-clad slow axis;×: D-clad fast axis. 

 

Figure 7 

 

Transverse strain sensitivity plotted against angle of rotation for FBG sensors in bow tie fibre. 

 

Figure 8 

 

Transverse strain sensitivity plotted against angle of rotation for FBG sensors in elliptical clad fibre. 
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Figure 9 

 

Transverse strain sensitivity plotted against angle of rotation for FBG sensors in Panda fibre. 

 

 

Figure 10 

 

Temperature response of the D - clad fibre. : Fast axis; : slow axis. 

 

Figure 11 

 

Temperature response of the elliptical core fibre. : Fast axis; : slow axis. 

 

Figure 12 

 

Temperature response of the TruePhase fibre. : Fast axis; : slow axis. 

 

Figure 13 

 

Temperature response of the Panda fibre. : Fast axis; : slow axis. 

 

Figure 14 

 

Temperature response of the Bow tie fibre. : Fast axis; : slow axis. 
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Figure 15 

 

Temperature response of the elliptical clad fibre. : Fast axis; : slow axis. 
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TABLE CAPTIONS 

 

Table 1 

 

HiBi fibres investigated. 
 

 

Table 2 

 

Parameters of the HiBi fibres investigated. 

 

Table 3 

 

Slow and fast axis wavelength separation of FBGs fabricated in different types of HiBi fibre. 

 

Table 4 

 

Maximum and minimum transverse load sensitivities of different HiBi FBG sensors for (a) slow 

and (b) fast axis. 

 

Table 5 

 

The sensitivities of different HiBi FBG sensors to temperature in the slow and fast axes of the fibre. 
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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FIGURE 5 
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FIGURE 6 
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FIGURE 7 
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FIGURE 8 
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FIGURE 9 
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FIGURE 10 
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FIGURE 11 
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FIGURE 12 
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FIGURE 13 
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FIGURE 14 
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FIGURE 15 
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TABLE 1 

 

 

Fibre Type Type No. Manufacturer 

D - clad 205170-1550D-5 KVH [30] 

Elliptical core 205170-1060S KVH 

TruePhase BF 06734-01 OFS Fitel [31] 

Panda SM.15-P Fujikura [32] 

Bow tie HB1500 Fibercore [21] 

Elliptical clad Fs.pm.7811 3M [20] 
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TABLE 2 

 

 

Fibre Type Cut-off wavelength/nm Cladding diameter/μm 

D - clad 1320 125 

Elliptical core 1320 125 

TruePhase 1470 125 

Panda 1330 125 

Bow tie 1275 125 

Elliptical clad 1520 80 
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TABLE 3 

 

 

Fibre Type Nominal Bragg 
Wavelength/nm 

Measured peak 
separation/nm 

D - clad 1556 0.60 ± 0.01 

Elliptical core 1550 0.51 ± 0.01 

TruePhase 1551 0.56 ± 0.01 

Panda 1547 0.34 ± 0.01 

Bow tie 1549 0.35 ± 0.01 

Elliptical clad 1551 0.54 ± 0.01 
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TABLE 4 

 

 

Fibre Type Slow Axis Sensitivity [nm/(N/mm)] 
Minimum                                     Maximum 

D - clad -0.030 ± 0.008 0.18 ± 0.02 
Elliptical core -0.011 ± 0.008 0.12 ± 0.01 

TruePhase -0.038 ± 0.009 0.15 ± 0.02 
Panda -0.035 ± 0.008 0.14 ± 0.01 

Bow tie -0.063 ± 0.008 0.18 ± 0.02 
Elliptical clad -0.092 ± 0.008 0.23 ± 0.02 

(a) 
 

Fibre Type Fast Axis Sensitivity [nm/(N/mm)] 
Minimum                                      Maximum 

D - clad 0.061 ± 0.009 0.12 ± 0.03 
Elliptical core -0.020 ± 0.008 0.12 ± 0.01 

TruePhase 0.030 ± 0.009 0.082 ± 0.009 
Panda 0.014 ± 0.007 0.14 ± 0.01 

Bow tie 0.020 ± 0.008 0.098 ± 0.008 
Elliptical clad 0.011 ± 0.008 0.17 ± 0.01 

(b) 
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TABLE 5 

 

 

Fibre type Slow Axis sensitivity [pm/0C] Fast Axis sensitivity [pm/0C] 
D - clad 11.5 ± 0.1 11.4 ± 0.1 

Elliptical core 14.2 ± 0.1 14.5 ± 0.1 
TruePhase 14.5 ± 0.1 14.9 ± 0.1 

Panda 15.6 ± 0.1 16.5 ± 0.1 
Bow tie 15.0 ± 0.1 15.7 ± 0.1 

Elliptical clad 14.5 ± 0.1 15.6 ± 0.1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


