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ABSTRACT

A new design of optical Fiber Bragg Grating (FBG)-based sensor for the measurement of torsion (twist) has been
developed, which, while offering a high level of accuracy, can be fabricated inexpensively using 3D printing
technology. In this sensor design, an FBG is embedded inside the thermoplastic polyurethane (TPU) filament,
which acts as the sensing pad for the FBG, taking advantage of its highly elastic properties and excellent
sensitivity to variations in local strain. Experiments conducted have shown that the embedded FBG-based sensor
can be used effectively in the measurements of torsion or rotation, at a bonding angle of 45°, giving an average
responsivity of 0.95 pm/deg in both the clockwise and anticlockwise direction over the range of — 100° to +
100°, with good linearity of up to 99%. Furthermore, the device has been developed to allow for the effects of
any temperature changes to be compensated by including an additional but *untwisted’ FBG in the sensor design.
It provides a temperature sensitivity of 18.90 pm/°C. This design of twist measurement sensor described in this
work also shows a good response in the underground soil movement, giving an average responsivity of 0.95 pm/
deg in both the clockwise and anticlockwise direction over the range of — 100° to + 100°, with good linearity of
up to 99%. This proves that this fabricated device can be made applicable to a wide range of engineering ap-
plications reliably and inexpensively.

1. Introduction

fiber optic sensors across a wide range of in-the-field applications, taking
advantage of their compact size and lightweight nature [6] and their

The rapid advancement of fiber optic sensors has given rise to
extensive research and development due to their outstanding perfor-
mance and versatility in various environments. They show several
distinctive advantages over the conventional sensors available in today’s
market, taking advantage of their immunity to external electromagnetic
fields [1], their relative ease of installation [2] due to their small size
and flexibility [3], their significant corrosion resistance [4], as well as
the ready availability [5] in the market of a wide range of optical fiber
types and components. Fiber Bragg Grating (FBG)-based optical sensors
have developed in recent years to be amongst the most broadly applied

multiplexing capabilities [7,8]. On top of this is their potential for
quasi-distributed monitoring of different systems [9,10], potentially
offering higher sensitivity as well as being chemically inert [10], which
is essential for some specific applications. Furthermore, it can be
designed for continuous long-distance remote monitoring [11-13],
taking advantage of its high-speed response [14], which can offer both
cost and time-effective solutions to many different measurement
processes.

By applying the wavelength-encoded properties of the FBGs in a
fiber-optic network, accurate measurements of strain, tilt, pressure,
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Table 1
Comparison with other 3D printed sensors based on FBG.

Ref Type of Sensor Embedment Methods Sensitivity Value
[22] Tilt sensor e No embedment 10.00 pm/deg of tilt
e FBG is left bare and hung parallel to the shafts of the sensor
[29] Strain sensor e FBG is inserted in a 3D-printed TPU material 1.20 pm/pe
e FBG is fixed using cyanoacrylate superglue
[15] Pressure sensor e FBG is embedded directly in the 3D-printed material 13.22 pm/kPa
e FBG is laid in a special groove halfway during printing to be embedded
[This work] Torsion sensor e FBG is inserted inside a 3D-printed TPU material 0.95 pm/deg of rotation
o FBG is fixed using cyanoacrylate superglue
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Fig. 1. Illustration of the dimensions of the embedded FBG-based sensor used
in this work.

displacement, temperature, torque, and other physical parameters can
be achieved [1,2,11,15]. Cross sensitivity, e.g., for a temperature effect
is a feature of many such FBG-based sensors [16], and thus the design of
the sensing element must ensure that compensation is provided [17].
This is to allow the simultaneous measurement of two parameters, such
as strain and temperature. When fabricating FBGs in various fibers for
different applications, different dopants [18] and fiber diameters [19]
can facilitate the best use of discrimination of the strain and temperature
effects experienced. The downside can be the added complexity of the
sensor design.

Torsional measurements have been important to researchers due to
their wide range of engineering applications — often together with
temperature variations. In previous work, Xu et al. [20] have developed
a stretchable Fiber Bragg Grating-based torsion sensor based on the si-
nusoidal embedding of an FBG in a silicone film. The twisting of the
silicone film changes the effective FBG grating length, which causes a
consequent shift in the Bragg wavelength. However, this approach has
its drawbacks as it does not include a temperature compensation
mechanism to allow for any temperature effects that the system expe-
riences. It is also hard to implement a design of this type in large-scale
field applications due to the requirement for the FBG to be embedded
in such a structure. Chen et al. [21] also reported designing an optical
torsion sensor based on tilted fiber Bragg gratings (TFBGs). Here, the
TFBG was fabricated with the grating tilted at 81°, allowing the coupling
of light from core to core to forward-propagating cladding modes. By
this means, the direction of the torsional effect can be determined using
an intensity demodulation technique. However, this method also has the
problem that no temperature compensation mechanism has been
included to enable correction for temperature effects.

This work developed a low-cost, temperature-independent FBG-
based torsion sensor embedded in a 3D printed structure taking
advantage of the proposed design’s ease of fabrication [22,23]. Previous
work by Ismail et al. [22] had demonstrated the use of 3D printing

technology to create a biaxial sensor system for measurements of tilt,
based on the use of four fiber Bragg grating (FBG) tilt sensors which were
fabricated using polylactic acid (PLA) material. Another work by Zhang
et al. [15] also implemented the use of 3D printing where an FBG was
embedded directly in a PLA material for measurements of vertical
pressure. Alias et al. [23] also reported using 3D printing technology
where an FBG-based extensometer system was developed by embedding
the FBGs inside thermoplastic polyurethane (TPU) material to allow
measurements of ground displacement to be taken. Table 1 shows the
comparison between other 3D printed sensors in terms of their types,
embedment methods, and sensitivity value. Other examples of embed-
ment configurations are by using polydimethylsiloxane (PDMS) or
dragon skin materials. There have been reports of using these materials
to embed the FBGs into 3D printed materials due to their inexpensive-
ness, wide range of materials available, and ease of fabrication that have
the capabilities to meet the demands of many applications [24-26].
Although PDMS can withstand high temperatures and are not affected
by chemicals or UV radiations, it is still expensive and complicated when
manufacturing it which will take some cost and time when compared to
3D printed embedment method. Another work by Lo Presti et al. [26]
had shown the use of Dragon skin material to embed the FBG in the
production of a wearable flexible FBG sensor for measurements of chest
wall displacement in cardiac monitoring. However, similar to PDMS,
this embedment configuration requires a complex manufacturing
method in which the material needs to be mixed and cured at a specific
temperature and requires a longer time for it to be fabricated. Therefore,
we have chosen to embed our FBG in a 3D-printed structure due to its
advantages. This work’s design comprises four FBGs (with non-identical
Bragg wavelengths) that are bonded along the surface of a circular
structure containing a PVC pipe set at a specific angle. The experimental
results have shown that the sensor can achieve torsion measurements
over the wide (angular) range (of —100° to +100°) with a high level of
precision. In the design, to provide correction for temperature effects, an
additional FBG placed loosely inside the PVC pipe has been used to allow
the separation of the strain and temperature effect seen. In the study
carried out, the device was characterized over the temperature range
from 25 °C to 50 °C to ensure that it can be used in various field ap-
plications, including structural health monitoring of engineering struc-
tures [26] and landslides [27].

2. Sensor structure and its principle
2.1. FBG-based sensor design

The design, including the dimensions of the embedded FBG sensor, is
shown in Fig. 1. It illustrates an FBG embedded inside thermoplastic
polyurethane (TPU) material, that was fabricated using 3D printing
technology. The TPU material used was specifically engineered by
Ultimaker to work on most desktop 3D printers, which in our case is the
Ultimaker 2 + 3D printer with a filament diameter of 2.85 mm. TPU was
selected as the sensor body due to its high flexibility and durability [10,
2.3,28] compared to other filaments, also known as ’printer inks’ in 3D
printing. This was due to its excellent shore hardness of 95 A, allowing
the TPU structure to be stretched more than 3 times its original length. In
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Fig. 2. Illustration of the dimensions of (a) the temperature compensation joint with FBG T and (b) the protective joint cap.

addition, the ability of this material to be stretched and compressed are
more significant when compared to other available filaments, such as
polylactic acid (PLA) [29] or acrylonitrile butadiene styrene (ABS) [28],
thereby making it better suited to withstand significant tensile and
compressive forces. Another benefit of using TPU as a material is its high
strain sensitivity, compared to other available filaments, making it well
suited to torsional strain measurements on circular structures [30], such
as beams and pipes.

In this work, to optimize the sensor, the sensor element, which is the
FBG was designed to be embedded at the center of a cuboid-shaped
structure and has dimensions of 40 mm x 1.4 mmx1.4 mm, with an
infill density of 20%. As infill density increases, the stiffness of the
material also increases, thus limiting its flexibility during stretching
which will result in a lower strain sensitivity. Furthermore, infill pat-
terns also affect the performance of the 3D-printed structure. For
example, a concentric infill pattern provides an excellent advantage in
terms of flexibility, strength, and preparation time as its internal struc-
ture is composed of concentric lines that match the outline of the print.
Grid or tri-hexagon infill patterns, on the other hand, contain an
assortment of lines in each print layer which provides better strength in
two dimensions but has lesser flexibility despite it taking a long time to
fabricate. Moreover, as shown in Fig. 1, the sensor has been designed
with a thin base, also known as the brim, at the bottom to allow more
excellent bed adhesion to the circular structure of the pipe used. Since
this sensor design was small and thin, about 1.4 mm thick, the infill
pattern would not have much effect on the printed output, hence
showing that any infill pattern can be applied as long as the density was
not high. As such, the concentric infill pattern was chosen with a density
of 20% as mentioned earlier. In addition, the vertical resolution was set
to 0.10 mm, to establish a smooth layer thickness for the printed TPU
structure. Taking advantage of the properties of the TPU material, the
3D printer printing speed was tuned at 40 mm/s using the Cura 3D
printer software to ensure a smooth print output. Subsequently, the FBG
was pre-stressed by pulling the ends of each of the FBG fibers before
fixing them in place using cyanoacrylate glue. During this process, the
FBG was first positioned through the printed holes (@ = 0.12 cm) and
taped to prevent any movements of the fiber during the gluing process.

2.2. Temperature compensation of the sensor system

In order to correct any temperature effects experienced by the sensor
system, a further FBG, labeled as FBG T, has been integrated into this
design. This additional FBG was fixed inside the PVC pipe through a 3D-
printed protective casing to ensure that the FBG was well protected
during the measurements. Fig. 2(a) illustrates the dimensions of the FBG
T joint, fabricated using a PLA filament with an infill density of 30% and

a grid infill pattern. It is then placed at the rigid point of the PVC pipe. As
shown in the figure, the fiber was inserted through the holes of the FBG T
joint, causing the FBG T to be loosely fitted inside the PVC pipe and thus
free from any strain variations. This arrangement allows FBG T to
measure the temperature dependence alone, thus allowing any tem-
perature effects present in the system to be monitored, and a tempera-
ture correction can be applied. Subsequently, another 3D printed cover
fabricated using PLA material was used to seal the FBG T joint in place,
to enable it to be used during measurements. Fig. 2(b) illustrates the
design of the FBG T joint cap used in this work.

2.3. FBG sensing principle based on this design

The FBG forming the basis of the FBG-based sensors was of a uni-
form, positive-only index change type with a reflectivity of > 90% and a
grating length of 10 mm. These FBGs were fabricated using a typical
SMEF-28 fiber in our laboratory in which the polymer was removed from
a section of the optical fiber, as to allow the FBG to be written at the core
of the SMF-28 optical fiber using the phase mask technique. The buffer
coating material of the FBGs is made of acrylate to allow a good tem-
perature sensitivity of the FBG. A previous study by Razali et al. [31] had
shown that acrylate-buffered FBG is 1.27 times more sensitive than bare
FBG due to the higher thermal expansion of the acrylate buffer. This was
also due to acrylate not being moisture sensitive and only sensitive to-
wards temperature when compared to the other typical coating mate-
rials such as polyimide, which is not only costly but also sensitive to both
moisture and temperature [32]. The interest of this sensor was to avoid
unnecessary water absorption which will change the sensor’s length and
make it harder to compensate for temperatures, especially when used in
field applications that are exposed to water environments such as in
landslides monitoring. Acrylate was chosen as the buffer material to
avoid the above problems. The FBGs used were not recoated as it was
meant to be encapsulated inside a TPU material, whereby the FBG was
fixed using cyanoacrylate glue. Fundamentally, when light from a
broadband source was coupled into the fiber, the periodic change of the
FBG gratings forming the torsion sensor was reflected, this being a
narrow spectral part of the light at a particular wavelength (with the rest
being transmitted). This reflected light forms a narrow band centered on
the Bragg wavelength (1p), as given by Eq. (1):

Ap = 2ngpA 1)
where 1p is the Bragg wavelength that will be reflected, n.s is the
effective index of the optical fiber and A represents the FBG periodicity.
The strain-temperature cross-sensitivity of such an FBG-based sensor is
reflected if there is a change in the Bragg wavelengths, Ap (this comes
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(FBG T) inside the PVC pipe for temperature compensation.

Table 2
FBG positions, their respective Bragg wavelengths, and bonding angle.
FBG # Bragg Wavelength (nm) Position Along The Pipe (cm) Angle (°)
1 1539.0 92.0 30.0
2 1544.0 86.0 150.0
3 1549.0 76.0 30.0
4 1554.0 70.0 150.0
T 1559.0 Inside the pipe -
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Fig. 4. Illustration of (a) the experimental setup for measurements of twist and
(b) a schematic diagram of the interrogation system for the FBGs used (FBG 1 to
FBG 4) and FBG T (for temperature measurement).

from both the effects of the strain on the fiber and the thermal expansion
(or contraction) effects), all this causes a change in the FBG grating
periodicity, A. Hence, the Bragg wavelength observed from the FBG can
be shown to be [20]:

Table 3
FBGs positions, their respective Bragg wavelengths, and different bond angles.
FBG#  Bragg Wavelength Position Along The Pipe Angles (°)
(nm) (cm)
1 1539.0 92.0 45.0 and 60.0
2 1544.0 86.0 135.0 and
120.0
3 1549.0 76.0 45.0 and 60.0
4 1554.0 70.0 135.0 and
120.0
T 1559.0 Inside the pipe -
A/".B

= (1—pg)Ae+ (a+ AT (2)

where AJp is the shift in the Bragg wavelength, p,; represents the
photoelastic parameter, Ae the strain variations experienced, o the co-
efficient of thermal expansion of the fiber material, and ¢ the thermo-
optic coefficient of the fiber, and AT represents the temperature
changes. In order to provide temperature compensation to the whole
sensor system, the strain-free FBG is labeled as FBG T, where Ae = 0 in
Eq. (2), and is placed loosely inside the PVC pipe. By this method, the
temperature effects can be corrected, allowing the measurements of
strain alone to be extracted. Although it was found that FBGs that are
placed at opposite angles could be used for temperature compensation,
the number of FBGs used will be higher. Instead, our proposed setup
only used one FBG for temperature compensation, thus reducing the
overall cost and providing simplicity.

In this work, the embedded FBG sensors incorporated into the sensor
system are shown schematically in Fig. 3. Initially, when a torsion effect,
T, is applied at the free end of the PVC pipe in the counterclockwise
direction, the gratings labeled FBG 1 and FBG 3 will be stretched with
both experiencing tensile strain, which will also cause the Bragg wave-
length of both FBGs to experience a redshift — shifting to longer wave-
lengths (A1p > 0). By contrast, FBG 2 and FBG 4 experience compressive
strain (as both FBGs are compressed). This will cause their Bragg
wavelength to experience a blueshift to shorter wavelengths (Alg < 0).
A similar approach can be applied when T is in the clockwise direction.
Hence, the strains, ¢,, monitored by the FBGs, are given by [33,34]:
,(n=1,2,3and 4) 3

1
&, = iysinH,,
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where the torsion strain of the PVC pipe is given by y = Dg/2l, where D
is the diameter of the PVC pipe, ¢ represents the angle of torsion of the

free end of the PVC pipe and [ is its length. If the torsion strain of the PVC

pipe itself is small, the PVC pipe can be considered a uniform strain
beam. Thus, the relationship between the Bragg wavelength shifts, Ag,
(of all the n FBGs used), due to the strain experienced, ¢,, and the

A, = P(Ksue, + KiuAT), (n =1, 2, 3 and 4)

Wood

Support
Bracket

changes in temperature, AT, can be expressed as [34]:

4

where K, and K, are the torsion sensor strain and temperature sensi-
tivity, respectively, and P is a proportionality factor related to the
bonding quality of the FBGs and the effective photoelastic coefficient of
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the fiber grating. It is important to note that the temperature sensitivities
for all FBGs are assumed to be similar — a reasonable assumption given
that it is located on the same PVC pipe (such that Kr; = Ko = Kr3 = Ky
can be assumed for all strain-sensitive FBGs). Substituting Eq. 2 and Eq.
3 into Eq. 4 will give the wavelength shift for each of the FBGs, as shown
below, where:

PD(Ag,) (1 — pey) sin(26)

Adpy = iL @ (5)
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Fig. 8. Illustration of (a) the force distribution (measured in angles) at a
bonding angle of & = 30°, (b) & = 45° and (c) 6 = 60°.

3. Laboratory-based calibration of the FBG sensor
3.1. Setup for measurements of twist

The experimental setup used to evaluate the performance of the FBG-
based sensor, based on the rotation at the free end of the pipe, is illus-
trated in Fig. 3. From the figure, the four strain-sensitive FBGs, each of
different characteristic Bragg wavelengths, were bonded on one side of
the pipe at an angle, 6, while an additional FBG that was used as a
temperature compensator was placed loosely inside the pipe to allow
only temperature measurements. Three stainless steel L brackets were
used to avoid bending during testing. Table 2 shows the Bragg wave-
lengths, the angle of the FBG, and its position along the PVC pipe. As the
length, L, and diameter, D, of the pipe are 100 cm and 6.4 cm, respec-
tively, the torsion of the pipe and beam condition shows a good agree-
ment (such that D/L << 1 [35,36]). One end of the PVC pipe was fixed
on the optical table with an M6 Allen bolt, while the free end was
positioned inside the 3D-printed pipe holder (made of PC filament due to
its good hardness properties with an infill density of 30% and a grid infill
pattern). The 3D-printed pipe holder contains a hole for the M6 Allen
bolt to go through to fix the pipe inside it. Both ends of the pipe are
drilled with holes of the same diameter as that of the M6 Allen bolts in a
perpendicular arrangement, in which the fixed end is drilled at 90° from
the z-axis of the optical table while the hole at the free end has a 90°
difference (perpendicular) from the holes in the fixed end. Further, the
rotating mechanism of the rotating clamp is marked in 10° intervals as a
reference during measurements. Fig. 4(a) shows a photograph of the
experimental setup used in this work.

A schematic diagram of the interrogation system employed is shown
in Fig. 4(b). An amplified spontaneous emission (ASE) light source was
connected to Port-1 of a 3-port circulator. Port-2 was connected to the
optical fiber with the serially-spliced FBGs, while Port-3 was connected
to a Yokogawa AQ6370C Optical Spectral Analyzer with a spectral range
of 600-1700 nm, a wavelength resolution of 0.02 nm, accuracy of
+ 0.01 nm, and a sampling frequency of 4000 Hz. This allows the
response of the FBGs used to be measured. The experiments were con-
ducted during the day over four days. The response of each strain-
sensitive FBG in the system at different rotations was measured over



Table 4

The responsivity of each FBG (n = 1, 2, 3, and 4) and also FBG T, to increasing torsion angle when positioned at bonding angles of 30°, 45°, and 60°.

Bonding Angle 30°

©
FBG # Clockwise Responsivity Anticlockwise Responsivity
(pm/deg) (pm/deg)
1 -1.0 1.0
2 0.9 -0.9
3 -0.8 0.8
4 0.7 -0.7
T 0.0 0.0
Bonding Angle 60°
@
FBG # Clockwise Responsivity Anticlockwise Responsivity
(pm/deg) (pm/deg)
1 -1.0 1.0
2 0.9 -0.9
3 -0.8 0.8
4 0.7 -0.7
T 0.0 0.0

45°
Average Clockwise Responsivity Anticlockwise Responsivity Average
R? (pm/deg) (pm/deg) R2
0.9471 -1.1 1.1 0.9536
0.9651 1.0 -1.0 0.9605
0.9825 -0.9 0.9 0.9727
0.9951 0.8 -0.8 0.9912
0.0000 0.0 0.0 0.0000
Average
R2
0.9645
0.9651
0.9862
0.9879
0.0000

the range of — 100° to + 100° in a step of 10°. When the free end of the
pipe was rotated in the counterclockwise direction, both FBG 1 and FBG
3 were stretched due to their positions along the pipe. However, by
contrast, FBG 2 and FBG 4 were compressed as they were positioned
away from the direction of rotation. The same approach was applied to
all FBGs in the case of clockwise rotation. Since all FBGs are positioned
at an angle, 6, along one side of the pipe, it is also essential to compare
the response of the FBGs at different bonding angles. This is to determine
the best bonding angle for the FBGs to obtain the most optimum
outcome in torsion measurements. To perform this comparison, two
additional experiments were conducted where the bonding angle of the
FBGs was changed and presented in Table 3.

3.2. Setup for field testing in soil movements environment

To ensure efficient and reliable performance of the embedded FBG
torsion sensors during field testing, these FBGs need protection, as
shown in Fig. 5(c). Therefore, a high-quality self-fusing silicon rubber
tape manufactured by WALTEK, shown in Fig. 5(a), was applied due to
its outstanding attributes, as it has impressive waterproofing and
moisture resistance properties, has high flexibility and can operate in a
wide range of temperatures (—60 °C to +200 °C). Furthermore, this tape
can also form a watertight seal with an excellent instantaneous fusion to
itself, making it well suited to seal materials in a wide range of appli-
cations. Pictures of the embedded FBG torsion sensors before and after
the tape was applied can be seen in Fig. 5(b) and (c) respectively. Pre-
viously, Alias et al. [23] had also used the same tape to protect their
FBG-based strain sensor which was embedded inside a 3D-printed TPU
structure. By doing so, they have found that not only does this tape
provide a watertight seal and protection for the embedded FBG sensors,
but it also enhances the sensitivity of the sensor by ~1.13 times which
proves that it can be applied effectively in the field applications. Then, a
protective cloth made of nylon as seen in Fig. 5(d) was wrapped around
the whole length of the PVC pipe, as shown in Fig. 5(e), to provide an
additional waterproofing property to the FBG torsion sensors. Then, to
ensure a smoother surface upon installation, an extra layer of the black
plastic sheet as in Fig. 5(d) was applied to the outer section of the PVC
pipe, as illustrated in Fig. 5(f), where the black plastic sheet also plays a
role to prevent the soil moisture from affecting the device. Although
there has been a report by Schenato et. al [37] using nylon instead of
TPU to embed the FBG, but nylon has a higher Young’s modulus, making
them less elastic and flexible. For better sensitivity, using TPU wrapping
with high-quality self-fusing silicon rubber tape will provide a better
sensitivity and also water-proofing capability.

In order to evaluate the response of the FBG sensors during field
testing, the PVC pipe containing the FBG sensors was laid horizontally
inside a wooden box (of dimensions of 172 cm x 50 cm x 50 cm) filled

with lateritic soil, as shown in Fig. 6. The wooden box was covered with
an additional plywood to avoid any external force to be exerted on the
surface of the soil. Since the soil was already compact, the pipe will not
experience any bending, thus only allowing torsional measurement.
Next, to allow torsion measurements to be evaluated, one end of the pipe
was laid on a PLA-based 3D-printed pipe bed (screwed into the wood),
and its position was fixed by an M6 Allen bolt that goes through the hole
made at the pipe, and the pipe bed. Then, the other end of the pipe was
fixed inside a PC-based pipe holder, similar to the setup illustrated in
Fig. 3, to allow measurements of torsion to be made by the FBG sensors.
The response of each of the FBGs used was measured in 10° intervals for
both clockwise and counterclockwise directions over the range of
— 100° to + 100°. In parallel to the setup shown in Fig. 3, FBG 1 and FBG
3 will be stretched, while FBG 2 and FBG 4 will be compressed when a
counterclockwise rotation was applied at the free end of the pipe. A
similar approach was applied to all FBGs in the case of clockwise rota-
tion. One of the possible applications of this design is in landslide
monitoring. Inclinometers and extensometers are typical devices used to
monitor slope stability at a specific location by measuring ground
displacement. At times, the unwanted rotation of these devices espe-
cially at the bottom cap which was fixed at the end of the borehole could
cause errors in the measurement of ground displacement. As a result,
this would trigger the early warning signal of the landslide monitoring
system. This issue can be overcome by placing this device at the bottom
end of the borehole, which can help to alleviate false warnings. Any
slight rotation that occurs within the device can be determined, hence,
correction can be made on the ground displacement as to provide an
accurate and reliable reading.

3.3. Temperature characterization

To ensure that FBG T is a reliable sensor for temperature and thus
able to provide the compensation needed, a calibration of the FBG T was
performed by placing the FBG sensor inside a pipe in a water bath, where
the temperature is varied in a known manner. The water temperature in
the water bath was initially set to room temperature, 25 °C, and slowly
increased until a temperature of 50 °C was achieved. At the same time,
the shift of the wavelength of FBG T was measured. Since the other
strain-sensitive FBGs (FBG 1, FBG 2, FBG 3, and FBG 4) are positioned on
the outer part of the PVC pipe, it is assumed that these FBGs were
exposed to a different thermal exposition. Therefore, an additional
calibration was performed on all strain-sensitive FBGs where the steps
are mostly similar to the calibration of FBG T. The only difference is that
all strain-sensitive FBGs were bonded on a short section of the PVC pipe
instead of hanging loose inside. The response of all strain-sensitive FBGs
was measured over the range of 25 °C to 50 °C.
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Table 5
The responsivity of each FBG (n = 1, 2, 3, and 4) and also FBG T, to increasing
torsion angle.

FBG Clockwise Responsivity Anticlockwise Responsivity Average
# (pm/deg) (pm/deg) R?

1 -1.1 1.1 0.9492
2 1.0 -1.0 0.9736
3 -0.9 0.9 0.9877
4 0.8 -0.8 0.9912
T 0.0 0.0 0.0000

4. Results and discussion
4.1. Measurements of torsion (twist)

Fig. 7 illustrates the wavelength shift of all the FBGs used (including
FBG T) as a function of increasing torsion angle, ¢. From the figures, it
can be observed that the wavelength shift for each strain-sensitive FBG
differs due to its position along the pipe, such that AAggc: >
AMpgge > AApggs > AApggs for both directions of rotation
(clockwise and anticlockwise). Compared to the other FBGs, FBG 1
shows the highest wavelength shift because it is positioned closer to the
free end of the pipe, where the maximum rotation occurs. From Fig. 7(a),
due to FBG 1 being positioned at an angle of 30° in the direction of
anticlockwise rotation, the gratings of FBG 1 were stretched, thus
causing its Bragg wavelength to be shifted to a higher wavelength,
giving a red spectral shift. However, this is not the case when the pipe
was rotated in a clockwise direction due to FBG 1 being positioned at an
angle that points away from the clockwise direction. As a result, the
gratings of FBG 1 were compressed, causing their Bragg wavelengths to
move towards shorter wavelengths, giving a blue spectral shift.

The plot of the graphs in Fig. 7(b) and (c) also indicate a similar
trend. However, the response of the FBGs was seen to be ~1.1 times
higher when it is positioned at an angle of 45°. It is because the gratings
of the FBGs experience equal force distribution in both the x and y-axis,
as presented in Fig. 7(b), such that 6, = 6,. When the angle of bonding
concerning both axes is equivalent, the torsional force experienced by
the FBG’s gratings during torsion measurement will be higher than when
it is not. This will result in a better response from the FBGs, showing a
greater wavelength shift to be measured when positioned at a bonding
angle of 45° as in Fig. 7(b). It can be noted that the force distribution in
Fig. 7(a) and (c) will not be equal when 6, # 0y as in the case of 6, < 6,
and 6, > 6 respectively. For these cases, the gratings of the FBG will not
be able to obtain optimum response during torsion measurement, thus
resulting in a less sensitive response from the FBGs. The response of the
FBGs showing this manner can be seen in Fig. 7(a) and (c) for the case of
both clockwise and anticlockwise rotation. The graph of force distri-
bution in Fig. 8 was constructed so that the pipe was cut at its cross-
section and laid flat on a smooth surface showing the bonding angle of
the FBGs.

Table 4 shows the responsivity of all the strain-sensitive FBGs with
increasing torsion angles when positioned at different bonding angles,
validating the good linear fit obtained in Fig. 7. An average responsivity
of 0.85 pm/deg for both the clockwise and anticlockwise directions was
obtained when the FBG was bonded at an angle of 30° and 60°, with an
average R? value of 0.9725 and 0.9759, respectively. However, a higher
response of 0.95 pm/deg for both the clockwise and anticlockwise di-
rection was achieved when the FBGs were bonded at 45°, with an
average R? value of 0.9695, thus proving that the embedded FBG sensors
can reliably be used to monitor torsion especially when it was bonded at
an angle of 45°, forming the basis of a sensor system for use in field
applications such as landslide monitoring and structural health
monitoring.
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4.2. Field testing in simulated soil condition

To assess the FBGs’ response below the ground environments, the
FBG-based sensor system was buried in the soil as shown earlier in Fig. 6.
Fig. 9(a) shows the full wavelength spectra of all FBGs present in the
system. The Bragg wavelength shifts of the strain-insensitive FBG, which
is FBG T, are first measured before and after being buried in the soil. This
was also done with the strain-sensitive FBG, where the wavelength shifts
of FBG 3 are taken as an example. From Fig. 9(c), the strain-insensitive
FBG, which is FBG T, experienced a blueshift of 0.056 nm after the FBG-
based sensor system was buried in the soil. This is due to the decrease in
the temperature experienced by FBG T when it is buried in the soil.

In the case of the strain-sensitive FBG, which is FBG 3, the Bragg
wavelength was shifted to the left or blueshifted by as much as 0.152 nm
as shown in Fig. 9(b). Since the Bragg wavelength shift of FBG 3 was
higher compared to FBG T, it is suspected that the strain-sensitive FBG is
affected by both temperature and strain variations, where the strain
experienced by FBG 3 was caused by the weight of the soil acting to-
wards the sensor. This is the same for all strain-sensitive FBGs, including
FBG 1, FBG 2, and FBG 4, as the average blueshift measured was
0.152 nm. To allow the temperature effects for all strain-sensitive FBGs
to be compensated, the wavelength shift for FBG T in Fig. 9(c), measured
to be 0.056 nm, was subtracted off with the wavelength shift for all
strain-sensitive FBGs obtained from the data in Fig. 9(b). This is to
enable a precise measurement of strain to be measured by the strain-
sensitive FBGs. As the gratings of FBG T are only sensitive to tempera-
ture changes due to their position inside the pipe, FBG T can be made as

a reliable temperature sensor to provide compensation for the other
strain-sensitive FBGs (FBG 1, 2, 3, and 4), if there are any temperature
variations. Fig. 10 presents the Bragg wavelength shift of all FBGs
(including FBG T) in response to increasing torsion angle, ¢.

Based on Fig. 10, a similar trend can be observed to the results ob-
tained in Fig. 7 in the case of laboratory testing, where each of the strain-
sensitive FBGs has a different response towards increasing torsion angle.
This further shows that the Bragg wavelength shift experienced by FBG
1, FBG 2, FBG 3, and FBG 4 were dissimilar since they were placed at
different positions and bonding angles along the pipe. Due to FBG 1
being closer to the free end of the pipe and positioned at 45°, it will
experience more rotation (in the counterclockwise direction) compared
to FBG 3, which was positioned at a similar bonding angle (45°) but
further from the free end. This results in a higher wavelength shift to be
obtained by FBG 1 as its gratings will be stretched more than that of FBG
3, causing a redshift to be experienced. It is also worth noting that since
FBG T in Fig. 10 does not experience any wavelength shift, it can be said
that all the strain-sensitive FBGs were only affected by strain variation.

Table 5 presents the response for all FBGs when positioned at
different bonding angles in underground environments, showing an
average responsivity of 0.95 pm/deg for both clockwise and anticlock-
wise rotation with high linearity of up to 99%. The average response of
the FBGs was similar to that in Fig. 7(b), validating a good response for
all FBGs thus proving that the embedded FBG sensors can be applied
effectively for use in buried applications.
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4.3. Temperature characterization

Fig. 11 illustrates the embedded FBG 1, 2, 3, 4, and also FBG T,
whereby Fig. 11(a) provides a top view of the embedded FBG in the TPU
host and Fig. 11(b) gives the side view of the sensor structure. Fig. 11(c)
provides a schematic diagram of the PVC pipe with FBG 1, 2, 3, and 4
being bonded on the outer wall of the pipe. FBG T was being sandwiched
between FBG 1, 2 and FBG 3, 4. This was done to ensure the FBG T
detects the wavelength shift due to the temperature change.

It is also important to perform temperature characterization of the
FBG sensors designed for torsion measurement and temperature
compensation, to ensure their reliability over a wide range of temper-
atures. Since all FBGs were embedded at the center of a TPU material, a
comparison of temperature sensitivity with a bare FBG was done and
shown in Fig. 12(a). In this case, FBG T was taken as the reference since
the placement of FBG T inside the pipe allows temperature correction to
be performed on all strain-sensitive FBGs. Based on Fig. 12(a), the
temperature sensitivities between the bare and TPU-encapsulated FBGs
are 11.0 pm/°C and 18.9 pm/°C, respectively. The higher temperature
sensitivity obtained by the TPU-encapsulated FBG sensor was due to the
larger thermal expansion of the TPU material, which induces strain on
the FBG. Furthermore, as the other strain-sensitive FBGs were placed at
the outer surface of the pipe, factors such as thermal exposition must be
considered. FBG T was not affected by the strain which was being held
loosely inside the pipe to provide the temperature compensation. In this
aspect, we have experimented to determine the temperature sensitives
of the strain-sensitive FBGs and FBG T with different exposure. Since the
strain-sensitive FBGs (FBG 1, FBG 2, FBG 3, and FBG 4) were positioned
at different outer parts of the PVC pipe, it was assumed that these FBGs
were exposed to a different thermal exposition.

Therefore, an additional calibration was performed on all strain-
sensitive FBGs where the steps were mostly similar to the calibration
of FBG T. The only difference was that all strain-sensitive FBGs were
bonded on a short section of the PVC pipe instead of hanging loose inside

the pipe. The response of all strain-sensitive FBGs was measured over the
range of 25-50 °C. From the measurement, the temperature dependence
of the strain-sensitive FBGs gives nearly the same value as the FBG T
inside the PVC pipe. From Fig. 12(b), the temperature sensitivities for
FBG 1, 2, 3, and 4 are 18.90, 18.80, 18.80, and 18.90 pm/°C, respec-
tively. Thus, the average temperature sensitivity for the four FBGs will
be 18.85 pm/°C. In the case of FBG T, it has a temperature sensitivity of
18.90 pm/°C. This gives a small difference between the two measure-
ments of 0.05 pm/°C.

The coefficient of thermal expansion (CTE) of the thermoplastic
polyurethane 95 A (TPU95A) has a higher value compared to the PVC
pipe and the silica glass, which is the lowest. The CTE for TPU95A is
100.0 x 10°® m.C? [38], which is 2 times higher than the CTE of PVC
pipe (supporting material) with a value of 50.4 x 10° miC! [39]. The
CTE for silica glass is 0.5 x 10° mc! [31,40,41]. The FBG T was also
embedded in the TPU similarly to FBG 1, 2, 3, and 4. Therefore, when
the temperature increases from 25-50 °C, the TPU expands at a higher
rate compared to PVC pipe and silica glass. As such, the expansion due to
the PVC pipe can be neglected because most of the expansion comes
from the TPU which is more dominant. The wavelength shift due to
temperature for the case of FBG 1-4 will be offset by the reading of the
FBG T that is also embedded in a similar TPU structure. Therefore, FBG
1, 2, 3, and 4 will only measure the strain from the soil to the pipe.

5. Conclusion

In this work, a fiber optic sensor system, designed using FBGs and
3D-printing technology was presented for the measurement of torsion.
The embedment of the FBGs inside a thermoplastic polyurethane ma-
terial had proven to be a reliable and inexpensive way to fabricate the
sensor system, in which the infill density is set at 20% with a concentric
infill pattern. This infill setting provides good flexibility and strength in
the printed output thus allowing a reliable measurement of torsion in
which the results obtained have shown a promising average responsivity
of 0.95 pm/deg for both clockwise and anticlockwise rotations, with
linearity values of up to 99% when the FBG was bonded at the pipe with
an angle of 45°. The sensor system had incorporated an additional FBG
(labeled FBG T) to operate as a temperature sensor (with a temperature
sensitivity of 18.90 pm/°C) and as FBG T was not affected by strain
variations, it can be used efficiently to provide compensation for the
whole sensor system. This work had also shown good results when tested
in underground environments, giving an average responsivity of
0.95 pm/deg for both clockwise and anticlockwise rotations, with
linearity values of up to 99%. The system had been designed to be
applied in a range of engineering applications such as structural health
monitoring of buildings or landslides and in-the-filed validation of the
sensor performance in the subject of ongoing work.
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