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Abstract

A fiber Bragg grating (FBG)-based inclinometer probe with enhanced sensitivity has been
developed for slope or ground movement monitoring. The inclinometer probe utilized six
FBGs for the tilt measurement and a strain-free FBG that provided the temperature
compensation factor. The inclinometer probe was fabricated entirely using a 3D printer and
can fit into the standard inclinometer casing, which can be placed into the boreholes. The
dimension of the probe is similar to the conventional inclinometer probe, with a total length
of 70 cm. Additionally, this design was equipped with three highly compact tilt sensors within
the same probe length, providing a better resolution of the inclination profile. Each tilt sensor
possesses a flexible middle shaft fabricated using thermoplastic polyurethane (TPU) and was
equipped with two FBGs for bi-directional tilt angle measurement (+x and -x). Initially, the tilt
sensor was calibrated in the laboratory, which yielded a sensitivity value of 0.0215 nm/°. This
value is higher than most previous designs by a factor of two because of the middle shaft's
elasticity, which can induce a more significant strain on the FBG. The horizontal displacement
of a conventional inclinometer casing could be observed during the field test, which proves
the device's functionality. The results have indicated that the inclinometer can be applied in

several geotechnical applications, particularly ground movement monitoring.
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Thermoplastic Polyurethane.



1. Introduction

In structural health monitoring, inclinometers are widely used to measure and monitor the
inclination angle of slopes, building structures, and construction sites [1]. Inclinometers are
typically categorized into two types: the probe and in-place inclinometers. They are utilized
to obtain a slope profile, the 2D representation of the slope [2,3]. In conventional probe
inclinometers, the probe, typically 70 cm long, is usually equipped with a single MEMS sensor.
They are also fitted with spring-pressured wheels to descend along a pre-installed
inclinometer casing buried in a borehole [4]. At certain depth intervals, measurements are
taken between two depth points to determine the inclination angle. This procedure is

typically done manually on-site.

On the contrary, in-place inclinometers are installed permanently where ground
movements are expected to occur. Owing to the recent technological advancement,
measurements can be taken remotely and continuously, eliminating unnecessary risks at the
sites [5]. A conventional, electrical-based inclinometer can determine the inclination angles
by measuring the sensor's magnetic effect [6]. However, significant voltages or high
electromagnetic interference from adjacent power lines could compromise the performance

and accuracy of these sensors [7]. It limits their applications in ground movement monitoring.

Recently, optical fiber-based sensors have become a preferred alternative to traditional
mechanical and electrical sensors in ground movement applications since they are insensitive
to electromagnetic interference. Numerous optical fiber-based sensors have been proposed
in civil and structural health engineering. These include Brillouin's scatter-based distributed
sensors [8,9], Michelson interferometer sensors [10], Fabry-Perot strain sensors [11], and
Fiber Bragg Grating (FBG) sensors [12—-21]. FBGs are considered one of the best options in
sensing applications because of their multiplexing capabilities and their ability for long-
distance monitoring [22]. Researchers have designed and proposed several FBG-based tilt
sensors in the past. For example, S. He et al. [14] proposed a tilt sensor design using a 200g
weight suspended from a circular top plate by three FBGs. Their sensor was calibrated over -
15°to 15° in one direction. In another work, Bao et al. [23] used four FBGs aligned in parallel,
with an equal distance between each FBG. Their sensor was tested for a tilt measurement

range from -40° to 40° tilt angle towards the x-z and x-y planes. However, both designs utilized



a pendulum-like structure without any additional configuration that could prevent unwanted
bends and twists of the FBGs. Therefore, it would lead to erroneous measurements. Besides,
the sensing unit, the FBGs, are left hanging unprotected without any casings or cover that
could prevent any damage to the FBG structure. Since FBGs are fragile when not protected,
the sensor would not survive in the harsh conditions of the monitoring sites. Their tilt sensor's
designs also comprise large and bulky parts, with the structure having a height of 22 cm and
a width of more than 8 cm for a single tilt sensor. It would render their sensors impractical for

field use, as the diameter of a conventional inclinometer casing used nowadays is only 7 cm.

On top of this, Ismail et al. [20] [21] fabricated a 3D-printed, FBG-based inclinometer with
a sensitivity value of 0.01 nm per degree of tilt. Four FBGs were used for biaxial tilt angle
measurements and were temperature calibrated over -25°C to 80°C. The FBGs were installed
along with a Polylactic Acid (PLA)-based middle shaft that would bend due to gravitational
pull when tilted to a certain degree. Although the design is considered compact and suitable
for real-field application, the sensor is still lacking in terms of sensitivity value due to the
physical properties of PLA, which was regarded as a hard plastic with a high Young’s modulus
value of 2.3 GPa. This indicates that PLA is rigid and harder to bend, causing PLA-based devices
to induce lesser strain on the gratings. Therefore, increasing the sensitivity value would
simultaneously increase the tilt angle resolution that the device could measure. Besides, there

are no reported works regarding the slope profile and borehole resolution.

This work proposed a 3D-printed, FBG-based inclinometer to address the current
limitations of FBG-based inclinometers and enhance the resolution of the inclination
measurements compared to conventional probe inclinometers. The inclinometer consists of
three sensors, denoted S1, S2, and S3. Each sensor was equipped with two FBGs representing
+x (FBG 1) and -x direction (FBG 2), giving six FBGs used for the tilt measurement. Another
FBG was spliced in series with FBG 1 and FBG 2 to provide the temperature compensation
factor. The inclinometer was fabricated entirely using a 3D printer, with most parts printed
using PLA material. The middle shaft of the tilt sensor was fabricated using thermoplastic
polyurethane (TPU) in comparison to references [20] and [21], where their midshaft was
made of PLA material. The higher flexibility and elasticity of the TPU-based middle shaft would
induce a more significant strain on the FBG when the sensor is tilted compared to the PLA-

based material [24,25]. A more substantial shift could be observed in the FBG reflective



wavelength, indicating higher sensitivity towards tilt angle. Besides that, three sensors in this
device enable the FBG-based inclinometer to map the ground or slope movement with better
precision and resolution than conventional probe inclinometers. In a traditional inclinometer
of the probe, only a single MEMS sensor was used along with the 70 cm probe, while our
design comprises three sensors within the same probe length. As a result, more data at a

specific borehole's depth could be acquired, indicating a higher slope profiling resolution.

Furthermore, the proposed inclinometer design is also free from unwanted bends and
twists, with a width of only 5 cm, designed to fit into the conventional inclinometer casing in
boreholes. Our design successfully overcomes the unwanted bend and twists in the large and
bulky designs, as in references [14] and [23]. A sensitivity value of 0.0215 nm per degree of
tilt was obtained during the laboratory calibration, where the sensor was tilted from 0° to 40°
towards +x and -x directions. These enhancing factors would make our proposed inclinometer
suitable for geotechnical applications, mainly in the ground movement monitoring for the

landslides early warning system.

2. Fabrication of the FBG-based inclinometer

2.1. Inclinometer Design

The schematic illustration of the proposed inclinometer is depicted in Figure 1(a), while
the actual image of the inclinometer is in Figure 1(b). The inclinometer has a length of 70 cm
and was fabricated entirely using the 3D printer. It consists of three sensors denoted as S1,
S2, and S3. S1 was connected to S2 using a 3D-printed connector fabricated using Polymax
PLA. During the PLA printing procedure, the nozzle and the printing bed temperature were
set at 190°C and 45°C, respectively. S2 was similarly attached to S3. The 3D-printed connector
has a spring-like mechanism in the middle, which allows the sensors to bend and follow the
borehole's inclination in the ground. The connectors also form a passage between the sensor

and ensure that the fiber cables are fully protected from the harsh environments at the sites.
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Figure 1. (a) Illustration of the proposed inclinometer with spring-like connectors, and (b) the actual

picture of the inclinometer.

2.2. S1,S2, and S3 Design

S1 was fabricated by encapsulating a tilt sensor inside a 3D-printed cylindrical holder,
as shown in Figure 2. The cylindrical holder was fabricated using a similar PLA material and
consists of two parts; the top part has a length of 5 cm, while the bottom part is 13 cm. The
top part is of shorter length because the tilt sensor's head needs to be attached to the top
part of the holder as a fixed point, while the middle shaft and the lower part of the tilt sensor
were left hanging inside the longer part of the cylindrical holder. This is to ensure that the
lower part of the tilt sensor would experience a bend downwards when the sensor is tilted to
a certain degree and prevent the tilt sensor from becoming twisted, which might lead to
erroneous results. In addition, a longer top part would complicate the installation procedure
of the tilt sensor. Therefore, the bottom part of the cylindrical holder closed the tilt sensor
from the bottom, leaving the tilt sensor hanging inside the holder. S2 and S3 were fabricated

using a similar approach. The final length of each device, S1, S2, and S3, is 15 cm.
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Figure 2. The installation process of the tilt sensor inside a cylindrical holder.

2.3. Tilt Sensor Design

The illustration of the tilt sensor design used in Figure 2 is given in Figure 3(a). The
sensor was printed separately as parts A, B, C, and the sensing unit. Part A and C were
designed to hold the sensing unit's end, while Part B connects Part A and C as a middle shaft.
Part A and Part C were fabricated using Polymax PLA, while Part B was fabricated using
PolyFlex TPU. Both were acquired from Polymaker LLC (US). In this case, during the TPU
printing procedure, the nozzle and the printing bed temperature were set to 220°C and 60°C,

respectively.
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Figure 3. (a) lllustration of the fabricated sensor with a bendable, TPU-based middle shaft (part B), and

(b) the actual picture of the fabricated sensor.

The sensing unit is the main sensing structure of this design, where FBGs would be
installed. It was fabricated by embedding both ends of FBG 1 into the PLA in a strain-tight
position. It will eliminate pre-stress errors that might arise from glue because its adhesive
property tends to deteriorate over time. Figure 4 illustrates a schematic diagram of the
embedding process using the 3D printer, described in detail in [26]. The fused deposition
modeling (FDM) head (3D-printer printing head) feeds the filament to the nozzle using the
driven wheels to extrude raw material layer by layer, as in Figure 4(a). To embed the fiber into
the PLA material, the printing procedure was paused halfway so that the fiber could be laid
and fixed on top of the half-printed structure, with FBG positioned at the center of the sensing
unit, as illustrated in Figure 4(b). Then, the printing procedure was resumed, with both ends
of the FBG fully embedded inside the PLA. During the embedding process, the reflective
wavelength spectrum of the FBG used was recorded to study the FBG response. The FBGs
used in this work were fabricated using the phase mask technique in which the gratings were
inscribed into a hydrogenated single-mode fiber's core. A 248 nm Krypton Fluoride (KrF)

excimer laser was used, whereby the laser light passed through the phase mask to create an



interference pattern (grating) inside the fiber's core. The gratings formed inside the core will
detect any strain and temperature changes as these parameters would directly affect the
spacing of the gratings, which will cause the shifting of the measured wavelength. Bragg

wavelength shifts, AAg, that associated with strain and temperature is given by:

AA 1
—L = K.Ae + K, AT @)
Ap

where K, is the strain coefficient, K is the temperature coefficient, A¢ is the strain change,

and AT is the temperature change.
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Figure 4. (a) The illustration of the FBG embedding process using a 3D printer [26] and (b) the 3D view
illustration of the printing process when it was paused midway, illustrating the FBG position when it

was laid on top of the half-printed PLA structure.

The sensing unit with an embedded FBG 1 was then installed by attaching one of its
ends to Part A and the other to Part C. This procedure would cause FBG 1 to be placed along
the middle shaft, parallel to Part B, as illustrated in Figure 3(a) previously. Next, another
sensing unit embedded with FBG 2 was installed on the other side of the middle shaft, facing
the opposite direction of FBG 1. For example, if FBG 1 faces the +x direction, FBG 2 would

then face the -x direction. Figure 3(b) shows the actual picture of the fabricated tilt sensor.



3. Experimental Setup

3.1. Laboratory test and calibration

A tilt sensor illustrated in Figure 3(a) was equipped with three connected FBGs. The
FBGs have a reflective wavelength of 1532.90 nm, 1538.09 nm, and 1542.46 nm and are
denoted as FBG 1, FBG 2, and FBG T, respectively. FBG 1 was installed facing the +x direction,
while FBG 2 was installed on the opposite side of FBG 1, facing the -x direction. FBG T was left
strain-free to provide the temperature compensation factor. The sensor was attached to a
digital protractor for tilt calibration. The tilt sensor was then tilted from 0° to a maximum of
only 40° towards the +x direction (to the right). This is to avoid the risk of breaking the FBG.
On visual inspections, when the angle was at 40°, there was an indication that the FBG may
break and almost reached its tensile limit. In this context, it is essential to note that the
maximum angle of the sensor depends on the material's elasticity and how much the fiber
can be stretched before it breaks. A sensor with a rigid shaft based on PLA will have a more
extensive range of tilt angles compared to the sensor with a less rigid shaft that is more elastic,
as in the case of TPU. This is because a rigid middle shaft would cause the sensor harder to
bend when tilted, inducing lesser strain onto the fiber when compared to elastic sensors. A
similar concept could be applied to sensors fabricated using a more flexible material. The
elastic middle shaft would pull the fiber extensively within only a short tilt angle range,
causing it to reach its tensile limit earlier. This procedure was repeated with a tilt towards the
-x direction (to the left). The wavelength spectra were observed using the optical spectrum

analyzer (OSA).

3.2. Field test

S1 was equipped with two FBGs, denoted FBG 1 and FBG 2, having the same reflective
wavelength of 1532 nm. FBG 1 represents the +x direction, while FBG 2 represents the -x
direction. S2 and S3 were also equipped with two FBGs, each having the same reflective
wavelength of 1538 nm and 1548 nm. FBG 1 of S1 was spliced in series with FBG 1 of S2 and
joined again with FBG 1 of S3, producing one single output with three reflective peak

wavelengths of 1532 nm and 1538 nm 1548 nm for the +x direction. Similarly, for the -x



direction, FBG 2 of S1 was connected in series with FBG 2 of S2 and FBG 2 of S3, producing

one single output with three reflective wavelengths.

A conventional inclinometer casing with a length and a diameter of 6 m and 7 cm,
respectively, was installed vertically onto a wall of a 3-story building. Two tests were
conducted to verify the functionality of the fabricated inclinometer. Before the tests were
conducted, without any horizontal displacement of the casing, the FBG-based inclinometer
was inserted into the pre-installed casing from the top until a depth of 5 m, in a 0.5 m interval.
During each interval, the reflective peak wavelengths of the FBGs were measured using the
OSA. This measurement was considered the initial profile of the casing with a 0° inclination

angle. After the initial measurement, the inclinometer was pulled back out from the case.

The first test is illustrated in Figure 5(a), where the bottom part of the casing was pulled
horizontally while the top part was in a fixed position. The bottom part was pulled towards
the +x direction until it reached a 0.5 m horizontal displacement from the original vertical axis.
Next, the FBG-based inclinometer was inserted back into the casing until a depth of 5min a
0.5 m interval. The casing's bending profile could be determined by analyzing the reflective
peak wavelength obtained from the FBGs in the sensors. After this measurement was taken,
the inclinometer was pulled out again. The bottom part of the casing was pulled again in the
same direction until it reached 1 m horizontal displacement instead of 0.5 m. The inclinometer

measurements were taken similarly to the 0.5 m horizontal displacement of the casing.
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Figure 5. The illustrations of the real-field testing when (a) the casing was pulled at the bottom and (b)

the casing was pulled at the middle.

Figure 5(b) illustrates the second test where the casing was pulled at the middle with
fixed ends. The middle part of the casing was pulled until it reached 0.3 m in horizontal
displacement. The FBG-based inclinometer was inserted 5 m into the casing in a 0.5 m
interval. It is similar to Test 1, where the bending profile of the casing could be determined.
However, a more significant force is needed to pull the casing more than 0.3 m as the middle

part is harder to bend when both casing ends are fixed.

4. Results and Discussion

4.1. Laboratory test and calibration

Figure 6(a) shows the wavelength spectrum of FBG 1 during the embedding process

before it was installed on the tilt sensor. The figure indicates that the reflective peak spectrum



of FBG 1 shifts during the embedding process due to the high temperature of the 3D printer's
nozzle. In addition, it could also be observed that after the printing process, the reflective
spectrum of FBG 1 did not return to its initial value before the embedding process occurred.
It is mainly due to the shrinking of the PLA material during the cooling phase (curing). The
shrinking of the PLA on both fiber ends stretches the grating in the middle, causing a slight
shift in the reflective peak wavelength of FBG 1. Figure 6(b) further illustrates the shrinking
process on both ends of the FBG that would eventually alter its initial value. Figure 6 verifies

that FBG could withstand the embedding process into the PLA without damaging the gratings.
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Figure 6. (a) The wavelength spectrum of FBG 1 during the embedding process and (b) the illustration

of the strain induced on the grating during the cooling phase.

In Figure 7(a), at the initial position of 0° tilt angle, both FBG 1 and FBG 2 are subjected
to initial tensional stress due to the weight of the bottom part, W, which is the product of the
mass, m, and the gravitational pull, g such that W = mg. During tilt calibration, the top part of

the sensor body is pushed towards the —x direction, as shown by the green arrow in the



diagram of Figure 7(b). Simultaneously, the bottom part of the sensor moved toward the +x
direction. The initial spectrum of the sensor is given in Figure 7(c) at a tilt angle of 0°. During
the tilt towards +x, the inclined position of the sensor body would cause FBG 1 to be subjected
to tensile force stretching outwards, Fr due to the weight of the bottom part of the sensor at
an angle 8. The fiber towards the +x direction would be extended due to the tensile force, Fr,
and the bending moment, B acting on the middle shaft, causing an increase in the tensional
stress onto FBG 1 as in Figure 7(b). This resulted in the FBG 1 reflective wavelength shifting
towards the right, as shown in Figure 7(d). The zoomed-in version of the wavelength shifts
depicted in Figure 8(a) indicates that FBG 1 was strained during the tilt towards the +x

direction. From reference [13], the Frand B are given by the equations below,

Fr = W cos 6, and, (2)
B =W.Lsin#, (3)

where W is the weight of the bottom part, L is the bending arm length which, in this case, is
the length of the middle shaft, and 0 is the tilt angle. At the same time, FBG 2 will experience
compression, resulting in the wavelength shift towards the left, as shown in Figure 7 (d).
Furthermore, it is also evident that the strain-free FBG T did not indicate any change as it was
left loose and unstrained. Therefore, it proves that FBG T would provide a temperature

compensation factor for the sensor.
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Figure 7. (a) The side view illustration of the sensor device at 0° tilt, (b) during the tilt towards +x
direction, (c) the initial spectrum of the sensor illustrating FBG 1, FBG 2, and FBG T at 0° tilt, and (d)
the wavelength spectrum of FBG 1, FBG 2, and FBG T when it was tilted from 0° until 40° towards +x

direction.

A closer view of the wavelength shifts of FBG 1 can be observed in Figure 8(a), while a
graph of wavelength shifts versus tilt angle was plotted as in Figure 8(b) to monitor the
response of FBG 1 towards different tilt angles. A linear trend with a sensitivity value of 0.0215
nm/degree can be deduced from the graph, supported by an excellent R2 value. The sensitivity
value obtained is higher than PLA-based designs by a factor of two [20,21]. This is because
TPU has a lower Young’s modulus, making it more flexible as a middle shaft when compared
to PLA [25,27]. On the other hand, a middle shaft fabricated using TPU will cause the bottom
part of the sensor to exert more significant tensional stress to the FBG during the tilt and thus,
increasing the sensor’s sensitivity compared to a more rigid middle shaft. This has been
explained by Hong et al. [13]. Since the tensile force and the bending moment cause the fiber

to stretch and exert strain, €, to the FBG, which is given by the equation below:



F, B
=i (4)
EA, " El

&

where Fy, B, E, As, and Is are the tensile forces, bending moment, Young’s modulus, cross-

sectional area, and the moment of inertia of the sensor beam, respectively.

By referring to equation (4), dividing the tensile force and the bending moment with a
smaller Young’s modulus value would cause a more considerable strain and vice versa. The
equation validates that a material with a smaller Young’s modulus would exert a larger strain
on the FBG, resulting in greater wavelength shifts and, in turn, sensitivity. On top of that, the
calibration data in Figure 8(b) also validates that the sensitivity value obtained (0.0215

nm/degree) is indeed higher than the PLA-based design by a factor of two.
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Figure 8. (a) A closer view of FBG 1 redshift during 0° to 40° tilt and (b) the linear response of FBG 1 in

terms of wavelength shifts during 0° to 40° tilt.

Further, a closer view of the wavelength shift of FBG 2 in Figure 7(d) is given in Figure
9(a). From the figure, the blueshifts of FBG 2 are up until 10° of tilt, while the spectrum shows
a shift close to zero for the rest of the tilt angle. Finally, the linear response of FBG 2 was
plotted in Figure 9(b), where the figure shows that for a tilt until 10°, the sensor still exhibits
a linear response with a perfect R? value. It indicates that beyond 10° of tilt towards the +x
direction, the compressional force exerted onto FBG 2 exceeded the compression limit of the

grating.
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Figure 9(a) A closer view of FBG 2 blueshift during 0° to 40° tilt and (b) The linear response of FBG 2 in

terms of wavelength shifts during 0° to 40° tilt.

However, when the sensor is tilted towards the +x direction, only FBG 1 is significant.
At the same time, the compressional reading of FBG 2 only verifies that the sensor is tilted
toward the +x direction and not towards -x. A similar concept can be applied when the tilt
sensor is tilted towards the -x direction, where only the reading of FBG 2 is significant for the

tilt angle measurement.

4.2. Field test

We obtained the sensor sensitivity of 0.0215 nm per degree of tilt from the laboratory
calibration earlier. By referring to Equation 5 below, the current tilt angle of the inclinometer,
8, can be obtained by dividing the wavelength shift obtained during the measurement, Adg

with the sensitivity value obtained during calibration of 0.0215 nm/°.

0.0215nm _ Adg (5)
0

Further, from trigonometry, the current displacement at a certain depth, x, can be obtained

by multiplying sin 6 with the length of the sensor, /.



sinf = - (6)

The casing's inclination profiles captured by the inclinometer during the field test were
constructed by plotting the casing's depth versus horizontal displacement. Both results are

illustrated in Figure 10 and Figure 11.

Figure 10(a) illustrates the horizontal displacement of the inclinometer casing captured
by S1 when the casing was pulled 0.5 m and 1 m from the vertical axis. The inclinometer could
follow the casing's shape, simulating a possible slope or ground movement. The reading from
S1 matches the measurements of a conventional, 70 cm inclinometer probe currently widely
used. Furthermore, in Figure 10(b), our proposed inclinometer shows a better measurement
resolution within the same probe length, providing a more detailed mapping of the casing by

combining all data points from S1, S2, and S3.
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Figure 10. The horizontal displacement of the inclinometer casing was measured by (a) S1 and (b) all

the sensors when the bottom of the casing was pulled 0.5 m and 1 m.

Figure 11(a) illustrates the horizontal displacement of the casing captured by the sensor
S1 during Test 2. This plot further verifies the results in Figure 10, in which the device
successfully maps the horizontal displacement of the casing along with a depth of 5m. A more
detailed illustration of the casing's displacement is given in Figure 11(b) when all the readings
from S1, S2, and S3 are combined. Compared to Figure 11(a), the presence of three sensors

provides a better measurement resolution of the casing's displacement profile than only one



sensor in the widely used conventional inclinometer nowadays. Although the traditional
inclinometer probe could be inserted into the casing in a smaller depth interval to obtain the
same resolution, this could cost the user a lot of time to complete a single measurement.
Therefore, it is proven that the proposed FBG-based inclinometer could provide more data

than the conventional inclinometer probe within 10 measurements taken (0.5 m to 5.0 m

depth).
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Figure 11. The horizontal displacement of the inclinometer casing as measured by (a) S1 and (b) all the

sensors when the middle part of the casing was pulled 0.3 m.

In addition, a table of comparison is given in Table 1 between our proposed inclinometer
and the previous works. Compared to previous work, the most significant feature of our

inclinometer is the compact design of the tilt sensor with an enhanced sensitivity value.

Table 1. Table of comparison between the proposed inclinometer with previous designs

Type No.of Material Sensors Resolution/ Range (+/-) Reference
sensors Dimensions  sensitivity
LxW (nm/°)
Conventional 1 Metal 68cm x 0.001° 30° [28]
MEMS 2.5cm
Optical- 1 Titanium 16cm x5cm  0.06 nm/° 15° [11]

based sensor



Optical- 1 Silica - 0.014 nm/° 14° [10]

based sensor

Optical- 1 PLA 12cm x 0.01 nm/° 90° [21]
based sensor 7.5cm

Optical- 1 PLA 6.2cm X 0.01 nm/° 90 [20]
based sensor 1.2cm

Optical- 3 TPU 7cm x 2cm 0.0215 40° This work
based sensor nm/°

Previous sensors reported above have only utilized only one sensor in the
inclinometer. The compact feature of the tilt sensors in this work enables us to install three
sensors within a 70 cm-length inclinometer, enhancing the resolution of the measured slope
profile. Three sensors also provide additional data regarding the casing displacement at a
certain depth compared to the conventional inclinometer probe, which requires the user to
carry out extra measurements with extra cost and time. Besides that, the sensitivity of this
device is also higher than most of the previous designs by a factor of two, owing to the
elasticity of the TPU as the middle shaft. Previous sensors with materials such as metal [28]
and titanium [11] can be stiff and rigid, reducing the device's sensitivity. The table also shows
that no reported design in the past fabricated its sensors using TPU as the middle shaft.
Overall, the proposed inclinometer outperformed the designs by others in terms of the
sensor's size and sensitivity value which highlights the importance of the proposed

inclinometer in the advancements of optical-based sensors.
Conclusion

An FBG-based inclinometer probe was fabricated using a 3D printer comprising three
highly compact tilt sensors with a TPU-based intermediate shaft. The laboratory tested and
calibrated sensors with a sensitivity value of 0.0215 nm/°, which is relatively higher than the
currently reported optical-based inclinometer. It was then further tested for real field
applications where the inclinometer was inserted into a 6 m long inclinometer casing that

attached vertically to a 3-story building.



The horizontal displacement plots of the casing show promising results regarding the
functionality of the proposed inclinometer, which can map the horizontal displacement of the
casing. The presence of three sensors enables the device to obtain more data at a certain
depth, hence providing a better resolution of the inclination profile compared to the
conventional inclinometer probe. Furthermore, it has also been proven that the strain-free
FBG T was unaffected by the tilt measurement, providing the temperature compensation
factor for the device. A highly sensitive, 3D printed, FBG-based inclinometer probe equipped
with a temperature-compensated factor is a promising solution and alternative to the current

conventional inclinometers in geotechnical applications.
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HIGHLIGHTS

e Theinclinometer probe was equipped with 3 highly compact tilt sensors.

e The tilt sensors possess an elastic middle shaft that was 3D-printed using the Thermoplastic
Polyurethane (TPU).

o The probe yields a higher sensitivity value which leads to the improvement in the tilt angle
resolution.

e The device also provides a higher resolution of the inclination profile measurements.

e FBGs were used due to its immunity against electromagnetic interference and short circuits.

e An extra Fiber Bragg Grating is added to this design as a temperature sensor to compensate the
shift due to the change in temperature.





