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Abstract— This paper presents a novel pressure mapping
device, with promising applications in the medical and rehabili-
tation field, which is based on optical Fibre Bragg Grating (FBG)
sensors embedded within a polymer sheet, and which monitors
Bragg peak wavelengths on the reflected spectrum as sensing
signals. Specifically, the prototype consists of a grid of 48 FBG
elements, arranged in a 6-by-8 matrix way, and embedded in a
2 mm thick UV-cured polymer sheet, with a spatial resolution of
10 mm. FBGs inscribed in highly-birefringent bow-tie fibres are
specifically employed in this work as the sensing elements. By
means of a FBG interrogator and an optical switch, individual
sensors are characterized to assess their sensing performance and
to determine the pressure sensitivity. A linear pressure sensitivity
up to 1.754 pm/kPa is registered based on Bragg peak shifting.
Accordingly, the capability of the device for pressure mapping
is tested and demonstrated by post-processing and interrogation
of the acquired sensor data.

I. INTRODUCTION

Optical fibre sensors have gained more and more attention
in the recent years. Due to some of their remarkable properties,
such as the absence of electrical in the sensors, immunity
to Electromagnetic Interference (EMI) and environmental
ruggedness, they become competitive with conventional sens-
ing techniques in modern industry. The introduction of optical
Fibre Bragg Grating (FBG) sensors in the last decades has also
undoubtedly improved fibre sensing capabilities [1]. Contrary
to standard optical fibre sensors, FBG sensors feature wave-
length encoded measurand information, thus making them
independent from some noise perturbations, such as light level
fluctuation and connector losses [2]. They are sensitive to dif-
ferent quantities, and they have been especially employed for
the measurement of strain or temperature in the fields of civil
engineering, mining and aerospace [3]–[5]. Furthermore, the
possibility of discrimination between strain and temperature,
and measurement of multi-strain components, including axial
and transversal strains, has been proven with certain types of
modified FBG sensors [6]–[8]. For instance, Ferreira et al.
have demonstrated the measurement of strain and temperature
using sepcial highly-birefringent (HiBi) bow-tie fibres, where
the fibres are subject to an axial strain field and to temperature
change [9].

Nevertheless, the most of the studies focus on individual
FBG sensing elements, while there are no detailed reports
on large area integration of distributed FBG sensors which
can be employed in medical or body contacting applications.
In this work, HiBi bow-tie fibres with inscribed FBGs, are

Fig. 1. Schematic diagram of a FBG structure together with the incident,
transmitted and reflected optical fields.

embedded within a flexible polymer foil in a matrix-like
arrangement. They are used as sensing elements and their
sensing performance to external pressure is assessed towards
the development of large area pressure mapping devices,
applicable in the rehabilitation and medical fields, such as for
posture detection, gait analysis and prosthetic design.

II. THE SENSING ELEMENTS

A. Fibre Bragg grating

A Fibre Bragg Grating is an in-line periodic variation of
the refractive index of a short segment of an optical fibre
core. As illustrated in Fig. 1, FBGs are capable of reflecting
a narrow band of the incident optical field while transmitting
all the rest. The wavelength, corresponding to the Bragg peak
in the reflected spectrum, namely the Bragg wavelength, λB ,
is detectable with a FBG interrogating instrument, and it is
related to the effective refractive index of the fibre core,
neff, and the grating period, Λ, through the following Bragg
condition:

λB = 2 · neff · Λ (1)

Both the refractive index and the grating period are simulta-
neously affected by external perturbations, such as strain and
temperature. The strain effect is specifically associated with
the physical elongation (or compression) of the grating and the
change of fibre refractive index due to the photoelastic effect
[10]; similarly, the temperature effect results from the inherent
thermal expansion of the fibre and the temperature dependence
of the refractive index. Both effects eventually cause shifts of
the Bragg peaks in the optical spectrum. Hence, an adequate
discrimination between strain and temperature requires a suit-
able sensor with different sensitivities to the two parameters



[11]. Cavaleiro et al. realized a sensor with adjoining FBGs
inscribed in different fibres to realize the different sensitivities
to strain and temperature [12]. Alternatively, FBG sensors
inscribed in intrinsically HiBi fibres have also been proposed
to tackle this problem [13].

B. HiBi Bow-tie FBGs

General single-mode fibres in fact support two propagation
modes simultaneously, which are orthogonally polarized. In
an ideal circular-core fibre, the two modes propagate with
the same phase velocity. When the fibre exhibits circularly
asymmetric refractive indices, the two modes propagate with
different phase velocity, along the so-called slow and fast
axis, respectively. The difference of the refractive indices
between those two axes is referred to as the birefringence.
Therefore, the reflected spectrum of a FBG inscribed in HiBi
fibres consists of two separate Bragg peaks, λB1 and λB2,
corresponding to the two orthogonal modes of the fibres.
Each of the Bragg peaks shows dependences on strain and
temperature change, expressed as:

∆λBi = Kεi · ε+KTi ·∆T, i = 1, 2, (2)

where Kεi and KTi are the strain and temperature coefficients,
respectively. When the ratio of the strain responses of the two
Bragg peaks differs from that of their temperature responses,
that is:
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a measurement can discriminate the two quantities, according
to the formula:[
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One way to introduce intrinsic birefringence into a fibre,
through the photoelastic effect, is to freeze anisotropic stress
into the core during fabrication. One type of commercial HiBi
fibres, bow-tie fibres have the core flanked by bow-tie shaped
regions of boron-doped glass. Since boron-doped glass has
a higher coefficient of thermal expansion (CTE) than the
surrounding silica, anisotropic stress is created during fibre
drawing. This generates a birefringence of about 3×10−4 at
a wavelength of 1550 nm [14]. Chehura et al. reported the
sensitivities of bow-tie FBG sensors to temperature in the slow
and fast axes of the fibre as 15.0± 0.1 pm/°C and 15.7± 0.1
pm/°C, respectively [13].

When FBG sensors are embedded in a flexible foil and
pressure is exerted onto the foil, both transverse and axial
strain fields are induced in the fibres. In addition to a fibre pro-
tection and integration medium, the foil material also acts as a
transducer of external pressure into strain fields. Therefore, the
device reacts to external pressure and temperature change, and
pressure sensitivity is hereinafter considered instead of strain.

Fig. 2. Reflected spectrum of a HiBi bow-tie fibre with 8 FBGs. The location
of totally 16 Bragg peaks are indicated with blue marks.

III. EXPERIMENTS AND RESULTS

A. Sample Preparation

The FBGs are inscribed in φ125-µm bow-tie fibres with
the nominal wavelength at 1550 nm and all the FBGs have a
grating length of 5 mm. Fig. 2 shows the reflected spectrum
of a HiBi bow-tie fibre with 8 FBGs inscribed along the fibre
and spaced at 10 mm centre-to-centre. 6 of these HiBi bow-tie
fibres are embedded straightly in the middle layer of a polymer
sheet, that is, in total 48 FBG sensing elements. The spatial
resolution of the sensors is 10 mm, which means each taxel
(sensing pixel) has a size of 10 mm× 10 mm, as indicated
in Fig. 3. The foil has a size of 20 cm× 12 cm and it is
2 mm thick. The foil material is a UV-curable copolymer
PMMA/EHMA with 20/80 mol% in composition and it has
a Young’s modulus of about 5.6 MPa. It was specifically
selected in consideration of its flexibility, UV curing property
and chemical affinity with the fibre coating to ensure reliable
interfacial adhesion. Moreover, a temperature of about 30°C
is sufficient to achieve complete monomer conversion in the
UV polymerization process, and the production time is usually
limited to 3 hours for a 2 mm thick foil [15]. By contrast, ther-
mal curing could shorten the time but a much higher reaction
temperature would be required, which induces considerable
thermal stress in the fibre due to different CTEs of the silica
glass and the foil material. Dedicated UV-transparent moulds,
composed of glass plates, silicone spacers and a metal frame,
were fabricated to produce the flexible sensing sheet. Details of
the mould design and the production procedure can be found
in [16].

B. Pressure Sensitivity Tests

Transverse pressure sensitivity tests were conducted to
evaluate the sensing performance of the FBG elements. Fig.
4 shows a schematic view of the experimental setup used.
Loading and unloading pressure were applied in the range of
0 up to 350 kPa and at a rate of 4 kPa/s, by using a φ5 mm



Fig. 3. Picture of the polymer sensing sheet with 6 bow-tie fibres embedded
and the schema of the FBG sensor locations.

Fig. 4. Schematic view of the experimental setup employed during the
transverse pressure sensitivity tests.

flat-end steel pin. The pin was mounted on a strain gauge type
load cell and the measured pressure was recorded by means
of a National Instruments PXI-4220 data acquisition (DAQ)
instrument. A FBG-Scan 700 interrogator, commercially avail-
able from FOS&S, was employed to detect Bragg wavelengths.
It has a built-in broadband depolarized light source with a
wavelength range of 1525-1565 nm; it performs peak detection
based on a mean wavelength determination at -3 dB of the
maximum peak power, and the wavelength resolution is 1 pm.
In the FOS&S interrogator, the optical power of the reflected
spectrum is computed as a percentage of the saturation value
of the ADCs from the detector array rather than as the absolute
power value. An optical switch with maximum 16 input optical
channels and a switching frequency of 50 Hz is also used to
cyclically interrogate the status of all 6 bow-tie fibres. The
acquired Bragg wavelengths were registered and processed
in a LabVIEW program. For the moment, the temperature
was maintained constant throughout the whole experimental
procedure.

Sensing performance was first evaluated on individual tax-
els. In Fig. 5, the response curve of both Bragg peaks of
one HiBi bow-tie FBG obtained during one pressure loading-
unloading cycle is depicted. As can be seen, both Bragg peaks
shift simultaneously, and in a very similar manner. As the
loaded pressure reaches the maximum, Peak 1 at a shorter
wavelength shifts about 615 pm, while Peak 2 at a longer

Fig. 5. Response of a HiBi bow-tie FBG sensor versus the applied pressure
over a loading-unloading cycle.

wavelength moves about 573 pm, that is with a difference of
few tens of pm. The pressure sensitivities for the two Bragg
peaks are obtained through linear fitting of the data. Pressure
sensitivities for both peaks are about 1.754 and 1.553 pm/kPa,
respectively; the coefficients of determination, R2 values, are
0.9931 for Peak 1, and 0.9975 for Peak 2. This implies a rather
good linearity of the FBG Bragg peak shifting to external
pressure load.

C. Sensing Sheet Evaluation

Based on the results from the pressure sensitivity tests,
the sensing sheet prototype is evaluated. Fig. 6 shows the
sensing sheet in use with the FBG interrogator and optical
switch. The Bragg peak shift is used as the measurand, and
pressure is calculated with the pressure sensitivities obtained
above. Fig. 7 depicted Bragg peak shifting of all sensors,
averaged from the two peaks for each sensor, when a pressure
is applied with a 0.5 kg mass over an area of 15 × 15 mm2,
that is, a uniform pressure of about 21.7 kPa. Through a
two-dimensional interpolation, a pressure mapping image is
reconstructed and plotted in Fig. 8.

As can be seen, a nonuniform pressure distribution, with
a maximum value of about 20 kPa, is measured, contrary to
the expected uniform pressure. This is because of the limited
number of taxels as well as due to the fact that the taxel
size, 10 mm× 10 mm, is of the same order of magnitude
as the loading area; the data post-processing method used
to obtain the pressure mapping image is also a contributing
cause. Moreover, the crosstalk between adjacent taxels is
not negligible, since the embedded FBG sensors are not
completely mechanically isolated from each other, but they
are interconnected by the fibres, and they interact slightly due
to the Poisson’s effect of the polymer host.

IV. CONCLUSION

This work is a demonstration of the feasible development
of a flexible pressure sensing device, by means of FBGs
inscribed in HiBi bow-tie fibres and embedded within a



Fig. 6. Picture of the sensing sheet in use for evaluation, together with the
FBG interrogator and optical switch.

Fig. 7. Bragg wavelength shift over the whole sensing area.

polymer sheet. The realized prototype consists of 48 sensing
elements, distributed in a 6× 8 matrix way with a spatial
resolution of 10 mm. With the help of a FBG interrogator
and an optical switch, the data of Bragg wavelengths can be
collected from all the distributed FBG taxels. Based on Bragg
peak shifting, a local pressure sensitivity up to 1.754 pm/kPa
is registered. The sensing performance of the device was
investigated; the ability of response to an external load was
also demonstrated. According to the results, improvements and
optimizations still need to be considered in future work, such
as revision of the data post-processing technique, elimination
of crosstalk between adjacent taxels, and a higher spatial
resolution. Additional modifications are also to be conducted
towards the discrimination between pressure and temperature
by means of the selected HiBi optical FBG sensors.
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Fig. 8. Image of the pressure mapping obtained by interpolating the data of
Bragg wavelength shifting.
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