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Abstract— This paper describes the creation and characterization of L

a smart elastic fabric strip that incorporates pre-strained fiber Bragg
grating (FBG) sensors. The fabric strip is 700 mm long and 60 mm wide,
and a standard single-mode optical fiber with four cascaded and
wavelength-division-multiplexed gratings is sewn onto the strip. Each
FBG sensor is affixed to a specifically-designed 3D-printed pad in a pre-
strained manner, which permits the detection of both FBG traction and
compression. Among three configurations, the design of the pad has
been chosen following tensile tests. The sensitivity of the elastic fabric
strip was measured, and it is found that there is a Bragg wavelength -
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FBG interrogator

deviation of 12.2 pm per mm of textile elongation and 11.7 pm per mm

in release. Validation tests are conducted to demonstrate the system sensitivity to compression: indeed, a negative
Bragg wavelength shift compared to the rest position can be observed. Afterwards, ten traction cycles are applied to
the fabric strip to validate its ability to repeat measurements in a dynamic setting. In stretched position, the standard
deviation of the Bragg wavelength shifts from all the cycles is 2.46 pm. Similarly, in the rest position, the standard
deviation is 0.60 pm. Finally, tests are performed in the context of backbone monitoring and results are analyzed for
four backbone positions. These experiments pave the way to the use of the smart elastic band for the dynamic

measurement of the backbone position of a patient.

Index Terms— Backbone monitoring, fiber Bragg gratings, smart textile, strain sensing.

I. Introduction

IBER Fiber Bragg grating (FBG) sensors are becoming
increasingly popular due to their many benefits, including
their small size, robustness, immunity to electromagnetic
interference, wavelength-encoded information, among others.
These sensors are being used in a variety of practical
applications, with strain, temperature, and bending sensing
being the most common examples, but FBG technology is also
well-suited for (bio)chemical sensing. Optical fibers, including
FBGs, are ideal for use within or on top of textiles. As a result,
there is growing interest in using fiber optic sensors embedded
in textiles for a large set of applications, e.g. geotechnical
engineering [1], structural health monitoring [2], [3], and
mainly medical applications [4], [5], [6], [7], [8], [9], [10], such
as respiratory monitoring [11], [12], [13], [14], [15]. Moreover,
in [16], an FBG-based sensing system is proposed to monitor
sitting positions and estimate the respiratory rate.
In this work, a novel smart fabric strip containing four pre-
strained FBGs is presented. This allows to measure deformation
levels highly larger than bare optical fibers can withstand (~3%
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elongation), at different positions along the fabric strip length.
The case of backbone monitoring, among others, is therefore
particularly suitable for our smart fabric strip. FBGs are
naturally chosen compared to other optical strain sensing
technologies such as Brillouin due to the more affordable
interrogation techniques and the limited sensing length (less
than one meter).

The paper provides an overview of FBG sensors and their
working principles, as well as the integration of optical fibers
into the textile and the fabrication design of the sensing system.
The study then describes the calibration of the sensing setup in
the lab, which is conducted to determine the sensitivity of the
sensing system in terms of the Bragg wavelength shift [pm] per
unit of elastic fabric elongation [mm]. Finally, validation tests
are performed with the aim to confirm the compression sensing
capabilities, the measurements repeatability of the sensing
system and the good operation in the practical context of
backbone monitoring.

[I. FBG BACKGROUND
A fiber Bragg grating (FBG) is created by permanently
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modifying the core refractive index inside an optical fiber in a
periodic pattern. This modification acts as a distributed mirror,
reflecting only a small portion of the incident light at a specific
wavelength known as the Bragg wavelength (Agz), while
transmitting all other wavelengths. An FBG is defined by its
grating period (A), grating length (L), and refractive index
modulation (5,). The Bragg wavelength can be calculated by
using
7\3 = Z(neff + Sn)A = 2neff (1)
where neg is the effective refractive index of the core. When
there is a variation in either ne¢ or A, a Bragg wavelength shift
is observed. This shift can be utilized for measuring axial strain,
temperature, or pressure. The sensitivity of FBG to strain and
temperature is linear, with typical values of respectively 1.2
pm/pe and 10 pm/°C, at a wavelength of 1550 nm.

Ill. TEXTILE STRIP FABRICATION AND SENSOR INTEGRATION

The company Elasta from Waregem, Belgium, manufactured
the elastic fabric strip which measures 700 mm in length and 60
mm in width. It is made of polyester thread and natural gum.
Four Bragg gratings are inscribed in a telecommunication-grade
single-mode optical fiber. The amount of 4 is a good trade-off
for easy data processing, while ensuring good spatial resolution
and continuity of deformations between FBGs. Also, for future
works, it enables the possibility of using an even cheaper and
handier smart interrogator (portable, battery-operated, limited
spectral range, etc) for which only a couple of sensors can fit in
the spectral range. The use of conventional single-mode fiber
suits interrogators based on standard components.
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Fig. 1. Top view design of the 3D-printed pad with lengths in mm.
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Fig. 2. Scheme of the elastic fabric strip in layers.

Each grating is attached to a specific 3D-printed pad of which
the top view design is depicted in Fig. 1, where the distances
are expressed in mm. The pad, made of PLA, is composed of
two mounts (14.8 mm over 30 mm) attached to a frame (53.7
mm over 42.8 mm, and side width of 4.8 mm) by a 1.8 mm wide
connection. The thickness of the structure is 0.75 mm. The fiber
is horizontally (with respect to Fig. 1) bonded to the pad thanks
to two adhesive points on the mounts with the FBG between
them. The bonding was achieved by means of Loctite adhesive.
The grating length is 8 mm, preventing any portion of the
grating from being glued on a mount as the distance between
them is 10.2 mm. This avoids any possible chirp of the grating.
The pads are then sewn onto the fabric strip, in such a way that
the gratings are separated from each other by a few centimeters
of loss fiber, which becomes stretched when the fabric is in
traction.

A scheme of the whole sensing system design in layers is
provided in Fig. 2. Fig. 3 represents the reflected spectrum of
the gratings integrated in the resulting design which can be
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Fig. 3. Reflection spectrum of the four gratings integrated in the smart
textile.
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found in Fig. 4, where the distances are expressed in mm. The
spectrum before the integration is similar since only a pure axial
pre-stress was applied, inducing a wavelength shift with no
spectral distortion. Even if the design was primarily created for
backbone monitoring, the concept of pre-strained textile
sensors can be applied to various applications that require strain
sensing on planar or curved surfaces.

In [16], a similar backbone monitoring solution based on an
unobtrusive sensing device composed of a chain of seven FBGs
was proposed for three sitting working positions and was very
successfully tested. The sensors are placed on the skin and are
also able to estimate the respiratory rate. For comparison, we
are exploring the possibilities of spine monitoring in the
standing position in addition to sitting. Also, our work enables
the sensors to be installed on a cloth, preventing subjects from
being potentially inconvenienced by the installation of devices
on their skin.

500

Based on this design, a study of the FBG sensitivity implied
by different pad schemes was performed. The pad acts as an
anchor for the optical fiber on the textile while facilitating the
pre-strain process of the FBG. Three configurations were
designed, differing in the way the pad is sewn into the strip. The
first configuration is characterized by two straight seams (100%
polyester threads) while the other two show zigzag patterns. In
configuration 2, the seams run only along the mounts while in
configurations 1 and 3, they run along the mounts and the piece
of fabric strip between them. Tensile tests were carried out for
each configuration by applying two cycles with loads from 0 to
300 g by steps of 100 g and recording the evolution of the Bragg
wavelength shift during the tests. Each step lasted between 30
and 40 s. To apply these loads, two masses of 100 g and 200 g
were used, with uncertainties of 16 mg and 30 mg respectively.
The Bragg wavelengths were measured using a BSI-108 data
acquisition system, an §8-channel FBG interrogator developed
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Fig. 5. Pad configuration 1: (a) picture of the pad embedded into the elastic strip; (b) Bragg wavelength shift vs time for a tensile test of two cycles

from 0 to 300 g by steps of 100 g.
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Fig. 6. Pad configuration 2: (a) picture of the pad embedded into the elastic strip; (b) Bragg wavelength shift vs time for a tensile test of two cycles

from 0 to 300 g by steps of 100 g.
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Fig. 7. Pad configuration 3: (a) picture of the pad embedded into the elastic strip; (b) Bragg wavelength shift vs time for a tensile test of two cycles

from 0 to 300 g by steps of 100 g.

by B-SENS (Mons, Belgium). During the tests, the temperature
remained constant (at room temperature, 20°C). Fig. 5(a) and
5(b) show a picture of the first pad configuration embedded into
the elastic strip and the corresponding graph of the Bragg
wavelength shift evolution, respectively. On the pictures, the
seams are marked as the red thread.

With similar reasoning, the other two configurations are
represented in Fig. 6 and 7. It comes out that the most sensitive
configuration is the second one, so it will be chosen for the final
design. This observation is coherent since it is the configuration
for which the seams do not run along the piece of fabric between
the mounts, which gives more freedom to the pad. The non-
stability noticed between successive levels in the graphs comes
from a manual change of the masses and is therefore not caused
by a bad intrinsic mechanical behavior of the configuration.

IV. CALIBRATION MEASUREMENTS

The calibration process involved determining the sensitivity
of the sensing structure, which is the Bragg wavelength shift per
unit of textile elongation. Due to the presence of the 3D-printed
pad, the deformation of the fiber does not exactly match that of
the elastic strip, resulting in a reduced sensitivity. To measure
this sensitivity, a traction test was performed on the fabric strip
at the Civil Engineering and Structural Mechanics Department
of UMONS, and the Bragg wavelength shift was recorded for
different levels of textile elongation. Fig. 8 is a picture of the
elastic fabric strip undergoing the traction test. The
measurements were also taken using a BSI-108 from B-SENS
at a sampling frequency of 200 Hz. The test consisted in
measuring the Bragg wavelength shift A1 for a textile
elongation AL from 0 mm (rest state) to 90 mm by steps of 5
mm. The fabric strip was then released from 90 mm of
elongation to the rest state by steps of 5 mm too. This traction
test was performed at constant room temperature (20°C).

The graph showing the results can be found in Fig. 9. Due to
the elastic nature of the strip, the elongation and release
behaviors slightly differ from each other, inducing some
hysteresis. Indeed, as the Bragg wavelength shift A1 is an image

of the stress in the textile, this corresponds to the well-known
stress-strain curves of elastic materials [17]. In elongation, the
resulting sensitivity was calculated to be 12.2 pm/mm with an
R? value of 0.98, as determined by the slope of the linear fit of
the data. In release, the sensitivity is 11.7 pm/mm with an R?
value of 0.98.

V. VALIDATION TESTING

A. Sensitivity to compression

To demonstrate the sensor's capability of detecting
compression in addition to elongation, a 7 s - stretching

1

Fig. 8. Picture of the elastic strip (outlined in red) during traction test.
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Fig. 9. Bragg wavelength shift vs textile elongation from tensile test.

followed by a 10 s - contraction was applied to an FBG of the
fabric strip. The resulting Bragg wavelength versus time was
recorded and presented in Fig. 10. It can be observed that the
sensor was in a rest state between 0 s —6 s and 26 s — 35 s.
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Fig. 10. Bragg wavelength temporal evolution during elongation-
compression test.

B. Repeatability

Then, in order to demonstrate the effectiveness of the smart
fabric strip in a dynamic setting, ten cycles of tension were
applied, taking the fabric from its original state to an elongation
of 90 mm. This was achieved in the same way as Fig. 8. Each
cycle had a duration of approximately 130 s, with 80 s of
elongation followed by 50 s of release. Cycles were carried out
by imposing on the machine given lengths between both clamps
that hold the fabric strip. Fig. 11 depicts the wavelength shift
measured over time. The sensor's performance was consistent
across all ten cycles, with the green lines indicating the highest
and lowest levels observed. The mean value of all maxima was
1064.549 pm, with a standard deviation of 2.463 pm. The
minimum mean value was -6.665 pm, with a standard deviation
of 0.607 pm. These results demonstrate that the smart fabric
strip has excellent and accurate repeatability.
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Fig. 11. Bragg wavelength shift vs time for ten traction-release cycles
applied to the fabric strip.

C. Measurements for backbone monitoring

Finally, a validation was performed in a practical context of
backbone monitoring. The smart textile was installed on a
person, as shown by the picture in Fig. 12, with a scheme of the
initial position, where red dots represent the FBG sensors, FBG
1 being the highest. The bottom end of the fabric is attached to
the pants, to avoid a loose end that would imply no elongation.
A qualitative analysis is performed according to different
positions, followed by a quantitative test based on a calibration
approach.

Measurements were taken by the BSI-108 interrogator for
four backbones positions. The obtained results, showing the
Bragg wavelength shift of each sensor as a function of time, are
displayed in Fig. 13 for the four positions, shown above each
graph. The tests were done dynamically, i.e. from the initial
position to the targeted position, then back to the initial
position. The first three positions lasted a few seconds while the

Fig. 12. Picture and scheme of the initial position of the backbone
monitoring test.
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Fig. 13. Measured Bragg wavelength shift vs time in the frame of backbone monitoring according to four positions.

last one lasted about 40 seconds and was initially in a seated
position with a straight back. For the analysis, the bending
deformation has to be distinguished from the elongation
deformation. Indeed, if the FBG sensor is bending but not
elongating, it will be insensitive. For the first position, at the
bottom of the bending (between FBG 2 and 3), the backbone
shape induces an upwards traction to the rest of the strip
(attached to the pants), which explains why FBG 3 and 4 show
a higher elongation deformation. Then, for position 2, the first
FBG is still in the bent part while the other three sensors
undergo a similar elongation. In position 3, as the backbone is
completely bent, the axial strain seen by the sensors increases
from the top to the bottom and the Bragg wavelength shift of
FBG 4 is the highest as it is located close to the strip attachment.
Finally, position 4 enables strain relief at the FBG 4 location
compared to the first three positions as the lower back rests on
the chair. This explains why the FBG 4 curve is below these of
FBG 2 and 3. Moreover, the oscillations that are present are
caused by the volume variations of the thoracic cavity due to
respiration.

A quantitative analysis can be performed based on these
results. As every patient has a different morphology and as the
fabric strip cannot be installed the exact same way for
everybody, the FBGs will react differently. A calibration should
thus be carried out after installation. For a given position that
must be investigated on the patient, a threshold is defined above
which the backbone position becomes problematic. For

example, if the seated position must be examined, the focus is
given on FBG 2 and 3 as they show the largest sensitivity, and
the threshold of these sensors is set at 200 pm (this value is here
chosen arbitrarily but must be discussed with the clinician).
Above this value, the position is considered critical.

Our work so far has demonstrated the proof of concept of
using distributed FBG sensors to dynamically monitor the
backbone position. The performance evaluation, based on
response time and tracking of the expected sensors position
with respect to the backbone shape, shows satisfactory and
promising results. This paves the way to the future real-time use
of this technology provided that sufficient data are gathered so
as to conceive the implementation of a machine-learning based
demodulation process.

VI. CONCLUSION

In conclusion, this study presented a new design for a smart
elastic fabric strip containing FBG sensors. The originality lies
in the pad configuration allowing the FBG bonding in a pre-
strained way. By means of tensile tests to investigate the sensor
sensitivity, different configurations were considered and the
most sensitive one was chosen for the final design, which
consists in a fabric strip containing four FBG sensors, each
affixed to a pad. The initial aim of the developed system was
backbone monitoring, even if numerous other applications, e.g.
requiring strain sensing on warping surfaces, can be targeted.
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Then, calibration measurements were performed thanks to
traction tests to determine the elastic fabric strip sensitivity. It
comes out that the Bragg wavelength shifts by 12.2 pm per mm
of fabric elongation and by 11.7 pm per mm in release. This
result has been calculated using a 700 mm long strip. A
compression of the textile validated the ability of the smart
sensor to be sensitive to both compression and elongation. Ten
traction-release cycles were then applied to the fabric strip to
assess its performances in a dynamic environment. In the
elongated states, the recorded Bragg wavelength shifts are very
constant from one cycle to another, with a standard deviation of
2.463 pm. For every return to the original state (no elongation),
the Bragg wavelength is also stable, characterized by a standard
deviation of 0.607 pm. Finally, an actual backbone monitoring
test demonstrated the good operation of the smart fabric strip in
a practical context, by comparing results obtained for four
backbone positions.

This developed smart elastic fabric strip offers numerous
and various possibilities in terms of applications. Among them,
it may include geotextiles or even strain sensing surrounding a
deforming material, such as pipes for instance. For future
works, the use of a small portable FBG interrogator could bring
a handier touch to the sensing system. Also, machine-learning
based algorithms are a track for improvement of the
demodulation process.
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