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S. W. Harun , K. T. V. Grattan , B. M. A. Rahman , Life Fellow, IEEE, G. Brambilla , S. A. Reduan,
L. Bayang, and M. F. Ismail

Abstract—A surface-mounted tilt sensor was designed
and fabricated to measure the inclination angle of engineered
structures or slopes in two directions. The device utilizes
two strain-sensitive fiber Bragg gratings (FBGs) for tilt angle
measurement bidirectionally and one strain-free FBG to pro-
vide temperature compensation. In this work, a tilt sensor
prototype was fabricated using a 3-D printer, with a robust
enclosure and a miniature actuator with dimensions of 115 ×

65 × 30 mm and 45 × 20 × 3 mm, respectively. The device
was first calibrated in the laboratory for tilt and temperature
parameters. For tilt calibration, the device yields a sensitivity
value of 0.0135 and 0.0123 nm/◦ for +x- and –x-directions.
On the other hand, the device delivers a sensitivity value
of 0.0105 nm/◦C as the response to temperature changes.
The tilt sensor was also tested for suitability in a real-field
deployment where it was installed on a retaining wall and
was left for four weeks. The field test data indicate no ver-
tical displacement of the wall since the device exhibits zero
inclination changes during the test period. This compact, robust, and easy-to-install tilt sensor has excellent potential for
various geotechnical applications, mainly in landslide detections, ground movement, and engineered slope monitoring.

Index Terms— Engineered slope monitoring, fiber Bragg gratings (FBGs), ground movement, landslides, tilt sensor.

I. INTRODUCTION

A LANDSLIDE is a mass movement of rock, soil,
or debris down a slope due to gravitational pull [1].
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This catastrophic event could occur on natural and engineered
slopes with different magnitudes and velocities. Hence, it is
crucial to identify the extent and speed of a ground movement
to provide a reliable predictive analysis for the landslide early
warning system. Fundamentally, tilt sensors measure angular
deviations of a plane with respect to another reference plane.
This type of sensor can be found in numerous applications
in various sectors. For example, in geotechnical areas, tilt
sensors or tiltmeters are often found on buildings and bridges
to monitor these structures for structural stress and vertical
deformation that may occur due to extensive ground movement
[2], [3]. In addition, tilt sensors are typically installed or
directly attached to landslide mitigation structures, such as
retaining walls, to monitor high-risk slopes for landslides that
could occur due to many reasons, such as earthquakes, heavy
rainfall, and human activities [4], [5], [6].

Conventional electrical-based tilt sensors are typically based
on either magnetic [7] or capacitive effects [8]. Although
these sensors possess high sensitivity and accuracy, they
are susceptible to short circuits, which could be caused by
water or liquid mixtures in environments with high humid-
ity levels. There are also low-voltage displays based on
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complementary metal-oxide semiconductor (CMOS) technol-
ogy that could be implemented as sensors’ display; how-
ever, the device still depends on electrical power [9], [10].
Besides that, electrical-based sensors are prone to lightning
strikes and are easily affected by electromagnetic interference,
a common problem faced by end users in field applications.
These are the main reasons why optical-based sensors are
preferred nowadays over electrical-based sensors in ground
movement monitoring and landslide detection. Furthermore,
unlike electrical-based sensors, optical sensors are immune
to electromagnetic interference, short circuit, and thunder
strikes, making them suitable for implementation in harsh
environments.

Various optical fiber-based sensors have been proposed
in the past in geotechnical sectors and structural health
monitoring, such as Michelson interferometer sensors [11],
Fabry–Perot strain sensors [12], Brillouin’s scatter-based dis-
tributed sensors [13], [14], and fiber Bragg grating (FBG)
sensors [15], [16], [17], [18], [19], [20], [21], [22], [23],
[24], [25], [26], [27], [28]. FBG-based sensors are among
the best options due to their multiplexing capabilities and the
utilization of long fiber optics cables, which are crucial in
monitoring high-risk slopes remotely [29]. Since FBGs have
been introduced for sensing applications, numerous types of
FBG-based sensors have been developed for various engineer-
ing applications.

In the past decade, research focused on implementing
FBG-based sensors in geotechnical applications has grown
exponentially [18], [24], [28], [30], [31], [32], [33], [34],
[35]. For example, Ni et al. [18] successfully determined the
inclination of a circular base plate by hanging weight to the
base plate using four FBGs, similar to the pendulum structure.
The authors calibrated their sensors from −10◦ to 10◦ of tilt
and within 5 ◦C–45 ◦C of temperature. However, such bulky
and rotation-sensitive design is considered unsuitable for field
deployment, especially in geotechnical applications. In another
work, a technique based on a pendulum was proposed by
Xu et al. [35], but in their case, the sensor came with a
rigid shaft in the middle directly attached to a dead weight.
Furthermore, they utilized only two FBGs for single-axis tilt
measurements and calibrated their sensor only from −3◦ to
3◦ of the tilting angles without discussing the temperature
compensation method.

Table I shows a comparison between the proposed sensor
and previous works on FBG-based tilt sensors. During the past
five years, there were three reports that were presented in the
development of FBG-based tilt sensors using the 3-D printing
technology. Although several devices possess better sensitivity
values, their design is bulky and comprises complex mechan-
ical parts, which render their sensor unsuitable for field appli-
cations. There are no reports regarding the implementation
of such tilt sensors in real-field applications [19], [20], [24]
except in this demonstration.

Furthermore, although several lab-scale validations had been
conducted, to the best of our knowledge, there were no explicit
explanations provided regarding the temperature compensation
method on raw wavelength data from real-field applications
[20], [23], [24], [25], [26], [27], [28], [42].

TABLE I
TABLE OF COMPARISON BETWEEN EXISTING LITERATURE

AND THE PROPOSED SENSOR

This article presents a surface-mounted tilt sensor uti-
lizing two strain-sensitive FBGs for tilt measurement and
one strain-free FBG to provide a temperature compensa-
tion factor. The tilt sensor prototype was fabricated using
a 3-D printer using polylactic acid (PLA) and thermoplastic
polyurethane (TPU) as its primary printing material. The
device had been calibrated inside the laboratory, and to obtain
real-field application data, it was later tested on a retaining
wall of an engineered slope. Furthermore, the field data
were processed to display the final measurement output by
compensating the wavelength shift value of the strain-free
FBG, which was further discussed in Section III.

II. METHODOLOGY

This section comprises five subsections. Section II-A
describes the fabrication of FBG used in this work, while
Section II-B highlights the actuator design, which was fab-
ricated by using a 3-D printer. Then, Section II-C presents
the enclosure design, which houses the actuator, followed by
Section II-D, which is the calibration procedure inside the
laboratory. Finally, Section II-E details the field test procedures
in which the sensor was installed on a retaining wall in the
campus.

A. Fabrication of FBG
All the FBGs used in this work were inscribed by exposing

the core of a standard single-mode fiber (SMF-28) to a strong
pulse of ultraviolet (UV) light using the phase mask method.
Before the inscription process can be conducted, the SMF must
be hydrogen loaded by soaking the SMF in a hydrogen-filled
tube for seven days at room temperature to photosensitize the
fiber. This process ensured that the fiber was more reactive
toward the UV light. In addition, the photochemical interaction
between dissolved H2 molecules and UV laser caused signifi-
cant electron excitations, which quickens the grating formation
[43]. Shortly, after the fiber was removed from the hydrogen-
filled tube, light pulses from a 248-nm krypton fluoride (KrF)
excimer laser were shined onto the fiber through a phase mask,



Fig. 1. Actuator design.

inscribing a uniform grating into the fiber core. After the
inscribing process was completed, the fiber was stored in an
oven at 80 ◦C for 7 h to remove the remaining hydrogen.

For Bragg gratings that were inscribed into a single-mode
fiber, the Bragg wavelength λB is directly related to strain,
ε, and temperature, T , which can be calculated by using the
general FBG equation as follows:

1λB

λB
= (1 − peff) 1ε + (α + ξ)1T (1)

where 1λB is the change of the Bragg wavelength and peff
is the photoelastic coefficient. Besides that, α and ξ are the
thermal expansion and thermo-optic coefficient of the standard
SMF, respectively.

B. Actuator Design
The main sensing unit of the device was a 3-D printed

actuator that was fabricated by using the material TPU. The
actuator was designed to be compact, with a dimension of
only 45 × 20 × 3 mm (length × width × thickness). For
field deployment, a smaller sensor is preferable since this
would ease the installation process and significantly reduce
the space occupied by the sensors. This would enable the
sensors to be deployed in tight areas, which would provide
more opportunities for the sensor to be applied. The actuator
was printed by using a 0.4-mm nozzle with 0.1-mm printing
resolution. The infill density of the print was set to 100%.
Fig. 1 shows the actuator design, which has a 2-mm-thick
rectangular shaft in the middle of the structure. A rectangular
shaft was used instead of a cylindrical shaft because it has a
definite directional movement, eliminating the possibility of
rotational twists in the cylindrical shaft. After the printing
process, the actuator was left on a table for 1 h at room
temperature. This procedure acts as a precaution because if
an FBG is fit on a hot actuator, the FBG will gradually loosen
as the hot actuator undergoes compression during the cooling
process. After an hour of cooling, FBG1 and FBG2 with a
reflective peak wavelength of 1537.64 and 1542.75 nm were
installed to the actuator through the 0.6 mm holes, opposite to
each other, as shown in Fig. 2. Since the loose FBG could give
erroneous measurements, a prestrain procedure was conducted.
Both ends of the fiber were pulled with a pulling stage before

Fig. 2. FBG installation to the actuator.

cyanoacrylate glue was used to permanently bond the fiber
to the actuator. Then, a strain-free FBGT with a reflective
wavelength of 1548.00 nm was spliced together, enabling the
device to have three distinct wavelengths in a single output.
Since the FBGT is free from strain variation and is not
bonded to any structure, it will provide a reliable temperature
compensation factor for this device.

C. Enclosure Design
The main motivation behind the enclosure design was to

make the sensor deployable in harsh environment. Hence,
fragile FBGs need to be protected to avoid damage to the
gratings. The enclosure was designed with a dimension of
30 × 65 × 115 mm (length × width × height) and was
3-D printed in two parts using the PLA material. The enclo-
sure was printed in two parts to ease the assembly procedures.
The enclosure was also equipped with a fiber adapter socket
and four 6.0-mm holes to enable the device to be mounted on
flat surfaces. As shown in Fig. 3, the enclosure can be easily
opened by removing the front part, allowing the actuator to be
fixed to the enclosure’s internal fixture using a screw with a
diameter of 3.0 mm through the 3.5-mm hole. PLA was chosen
because it is relatively cheap compared to other 3-D printing
materials and it is resistant to ambient temperatures up to
60 ◦C–65 ◦C. However, other enclosure materials, such as
acrylonitrile butadiene styrene (ABS) and polycarbonate (PC),
could always be used as an alternative to suit installations in
various climates and environmental temperatures since they
have a higher heat resistance compared to PLA.

D. Device Calibration in the Laboratory
After the device had been fully assembled, both tilting angle

and temperature calibration procedures were conducted in the
laboratory at a constant room temperature of 25 ◦C. The main
objective of this calibration is to obtain the sensitivity value
of the device toward tilt variation, where in this case, nm per
degree of tilt (nm/◦). This value is crucial in determining the
exact tilt, which can be obtained from the wavelength shift of
the FBG.



Fig. 3. Surface-mounted tilt sensor assembly procedure.

Fig. 4. (a) Schematic of the sensor’s interrogation setup and
(b) illustration of the tilt calibration procedure.

Fig. 5. Illustration of the actuator (a) at the initial position of 0 tilt angle,
(b) during the tilt toward the +x-direction, and (c) during the tilt toward
the −x-direction.

1) Tilting Angle Calibration: The schematic of the tilting
angle calibration setup is given in Fig. 4(a). The output from
the tilt sensor was directly connected to Port 2 of the three-port
circulator, where a broad 1550-nm light source was used to
illuminate port 1. Port 3 was connected to an optical spectrum
analyzer (OSA) with a wavelength resolution of 0.02 nm,
where the wavelength spectra were observed and analyzed.
The device was vertically mounted to a digital tilt ruler before
it was tilted toward the +x-direction from 0◦ to 45◦ tilt angle,
as shown in Fig. 4(b). This procedure was repeated five times
to evaluate the measurement accuracy and repeatability of the
sensor. Then, the tilt calibration procedure was repeated by
tilting the device toward the −x-direction.

Fig. 5(a) shows the sensor orientation at 0◦ tilt angle. At the
initial position of 0◦ tilt angle, both FBG1 and FBG2 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. In Fig. 5(b), when
the sensor was tilted toward the +x-direction (defined as the
bottom part moved toward the +x-direction), the fiber facing
the +x-direction would be stretched due to the tensile force
FT and the bending moment B acting on the middle shaft,
causing an increase in the tensional stress onto FBG1. This
resulted in the shifts of the FBG1 reflective wavelength to the
right. A similar case can be applied for FBG2 when the sensor
was tilted toward the −x-direction, as shown in Fig. 5(c).

As illustrated in the figure, the tensile force, FT , and
the bending moment, B, of the sensor can be expressed as
follows [24]:

FT = W cos θ (2)
B = W.L sin θ (3)

where W is the weight of the bent structure and L is the
bending arm length, which, in this case, is the length of the
middle shaft. Since both tensile force FT and bending moment
B would exert strain on the FBGs, the strain exerted on the
grating ε can be written as follows:

ε =
FT

E As
±

B
E IS

(4)

where E, As, and IS are referred to as the elastic modulus, the
cross-sectional area of the shaft, and the moment of inertia of
the shaft, respectively. Equation (4) can be further simplified
to be expressed as follows:

ε =
W
E

(
cos θ

As
±

L sin θ

IS

)
. (5)

2) Temperature Calibration: The device was then placed
inside a water bath, leaving all FBGs fully immersed in the
water to ensure that the heat changes were distributed evenly
among the FBGs. The water bath temperature increased from
30 ◦C to 70 ◦C in 5 ◦C intervals, while the spectrum plot
was taken using an OSA. Then, the device was left inside
the water bath for 5 h to analyze the stability of the sensor
measurement toward temperature. The measurement was taken
hourly by using the same spectrum analyzer.

E. Field Test
After all calibrations in the laboratory had been completed,

the surface-mounted tilt sensor was installed on a slope
retaining wall that had been affected by some soil movement.
The site was chosen because a minor landslide had occurred
previously, damaging and moving part of the walls and the
nearby road. Upon inspection and initial measurement carried
out by the civil engineers of the maintenance department, the
affected retaining wall had inclined forward with a value of
9.26◦, indicating a need to monitor if there is any significant
postevent ground movement. Before the sensor installation,
the wall was first ground with a sanding machine to ensure a
smooth surface. Next, four 6-mm holes were drilled where the
sensor was then vertically fixed to the wall, with the front of
the device facing the inclination direction, as shown in Fig. 6.



Fig. 6. Installation of the surface-mounted tilt sensor onto the retaining
wall.

Fig. 7. Initial wavelength spectrum of the device at a 0◦ of tilt angle
shows three reflective peaks of FBG1, FBG2, and FBGT.

The sensor was only allowed to be left for four weeks before
reconstruction works took place. The measurement was taken
weekly at noon using an FBG interrogator with a resolution
of 10 P.M. and 3000-Hz sampling speed.

III. RESULTS AND DISCUSSION

This section presents the device calibration and the field
deployment test, as given in Sections III-A and III-B,
respectively.

A. Device Calibration in the Laboratory Results
1) Tilting Angle Calibration: The initial wavelength spectrum

of the device at 0◦ of tilting angle is given in Fig. 7. As labeled
in the figure, three reflective peaks are present from FBG 1,
FBG 2, and FBG T, representing the +x , −x , and temperature
compensation.

As the tilt sensor was tilted 45◦ toward +x-direction at 5◦

intervals, the shifts in the wavelength spectrum of FBG 1 could
be observed in Fig. 8(a). On the other hand, when the tilt
sensor was tilted 45◦ toward the −x-direction at 5◦ intervals,
a similar shift pattern was observed at FBG 2, as shown
in Fig. 8(b). This figure shows that each FBG only shifted
when the sensor was tilted toward its respective direction.
Furthermore, for both tilt cases, we could observe that FBG
T did not exhibit any shift in the wavelength, proving that

Fig. 8. Wavelength spectra of FBG1, FBG2, and FBT during 0◦–45◦ tilt
toward (a) +x-direction and (b) −x-direction.

Fig. 9. Linear response with their respective error bars for (a) FBG1
and (b) FBG2 during the tilt calibration of the tilt sensor.

FBG T is indeed strain-free and can provide a temperature
compensation factor for the device.

The bandwidth of FBG is directly connected to the grating
length. The relationship between these two parameters is
inversely proportional in which, by increasing the grating
length, FBG with a smaller bandwidth would be obtained.
FBG with a smaller bandwidth provides better measurement
accuracy compared to those with a larger bandwidth because
the peak wavelength can be distinguished more accurately.
In sensing applications, although FBG with a smaller band-
width is preferable to minimize errors in the measurement, this
would result in a longer grating length, which would affect the
size of the device. A bigger actuator is required to mount the
FBG. This would result in difficulties during the installation
of the sensor and would not provide a very compact device.
Hence, there is a need to balance between the size of the device
and its measurement accuracy to achieve the most optimum
tilt sensors. In this work, the grating length of the FBG is
1 cm, which provides us with the FBG bandwidth between
0.15 and 0.25 nm with more than 90% reflectivity. This enables
a compact device with a sensitivity value of 0.013 nm/◦ to be
fabricated, which has been proven suitable and sufficient for
field applications.

The sensitivity of the tilt sensor was determined by plot-
ting the wavelength versus tilt angles, as given in Fig. 9.
Fig. 9(a) and (b) shows the linear plot of the device when
it was tilted toward the +x- and −x-direction, respectively.
It was determined that the device exhibits a tilt sensitivity
value of 0.0135 and 0.0123 nm/◦ for 0◦–45◦ tilt toward the
+x- and −x-direction, respectively.

These calibration values are crucial in determining the tilt
angle of the device during field applications. For instance,
when the device is tilted toward the +x-direction at an
unknown tilt angle X◦, the corresponding wavelength shift of



Fig. 10. Wavelength versus tilt angle plot for five sets of tilt calibration
measurements for (a) FBG1 and (b) FBG2.

the affected FBG 1λ B could be used to calculate the tilt angle
by using the following equation:

0.0135 nm
1◦

=
1λ B

X◦
. (6)

Besides that, from the laboratory calibration results, it was
seen that our proposed device recorded a 30% increase in
the sensitivity value compared to sensors with PLA-based
structures. This was simply because TPU is more elastic when
compared to PLA due to its lower Young’s modulus value,
which makes TPU more flexible as a middle shaft [44], [45].
A middle shaft that was fabricated by using TPU would cause
the bottom part of the sensor to exert larger tensional strain on
the gratings. This would then lead to a larger wavelength shift
with each tilt variation, resulting in a steeper linearity graph
with a higher gradient value. This indicates that the sensor has
a higher sensitivity value. This statement is supported by (4),
which validates that dividing the tensile force and the bend
moment with a smaller Young’s modulus value would cause
a larger strain and vice versa.

Furthermore, Fig. 10 has been plotted to evaluate the accu-
racy and repeatability of the fabricated sensor. The plot shows
that the sensor yields insignificant different sensitivity values
since the data were acquired using an OSA with a wavelength
resolution of 0.02 nm. Hence, it was safe to assume that the
device is highly accurate and repeatable, with an average tilt
sensitivity of 0.01 nm/◦. Nonetheless, the margin of error was
extremely low, with a standard deviation value of 0.0004 and
0.0003 nm for a tilt toward +x and −x , respectively.

2) Temperature Calibration: During the temperature calibra-
tion, as the water bath temperature was raised from 30 ◦C
to 70 ◦C, the wavelength shifts could be observed clearly
in Fig. 11(a) for FBG1, FBG2, and FBGT. All FBGs shifted
to the right since all FBGs were immersed in the water and
evenly exposed to significant temperature variations inside the
water bath. Fig. 11(b) highlights each FBG response toward
temperature changes, with an identical sensitivity value of
0.0105 nm/◦C. Similar sensitivity to temperature changes
proves that FBGT would provide a reliable temperature com-
pensation factor. This indicates that mounting the FBGs to the
3-D-printed actuator did not impose any unintended stress on
the gratings since the FBG was not directly embedded into
the TPU, which would have been a different case. The sensor
has also shown an excellent temperature stability up to 70 ◦C,
as shown in Fig. 11(c). The wavelength of FBGT was constant
at 1548.46 nm during the 5-h test in a 70 ◦C water bath.
This validates that the wavelength measurement of FBGT was

Fig. 11. (a) Wavelength spectrum of the tilt sensor during the temper-
ature calibration process; (b) corresponding linear response for FBG1,
FBG2, and FBGT toward temperature changes; and (c) 3-D plot of the
FBGT wavelength at 70 ◦C over the period of 5 h.

TABLE II
INITIAL MEASUREMENT OF THE TILT SENSOR FOR FBG1, FBG2,

AND FBGT RIGHT AFTER THE INSTALLATION

indeed stable, making it suitable to be used as the temperature
compensation FBG for this device.

B. Field Deployment Test
Table II shows the initial peak wavelength measurement of

the device for FBG1, FBG2, and FBGT after the tilt sensor
had been installed on the retaining wall. In Table II, the
wavelength measurement was tabulated in two sections. First,
the data from the interrogator were resolved to two decimal
points. Then, after comparing the wavelength shift of each
FBG with its reference value during the laboratory calibration,
our proposed tilt sensor determined that the wall had inclined
forward with an inclination value of 9.63◦, which proved that
the device was indeed accurate with an error of only 4%
from the measurement carried out earlier by the maintenance
engineers. Then, the sensor was zeroed, in which the values
from Table II were considered the new base measurement at
0◦ tilt angle.

The sensor measurements on weeks 2–4 were tabulated
in Table III. The table has three extra columns: the total
wavelength shift, the strain-sensitive wavelength shift, and the
inclination of the device. The entire wavelength shift was
acquired by subtracting the current wavelength measurement
from its respective reference value in Table II. In this peak



TABLE III
DEVICE WAVELENGTH MEASUREMENT ON WEEKS 2–4

wavelength analysis, it is essential to note that FBGs are
affected by both strain and temperature. Hence, the total
wavelength shifts for FBG1 and FBG2 must be subtracted
by the wavelength shift values indicated by the strain-free
FBGT to obtain the wavelength shift that is only due to
strain.

Furthermore, as mentioned previously, from the tabulated
data, the device’s inclination could be calculated using (6).
As an example, for week 1, FBG1 in Table II recorded a 0-nm
wavelength shift that is only due to strain after subtracting its
total wavelength shift with FBGT. By inserting these values

into (6), the following equation can be derived as follows:
0.0135 nm

1◦
=

0 nm
X◦

. (7)

These data highlight the implementation of the tempera-
ture compensation technique in the peak wavelength analysis
of FBG-based sensors. All the tabulated data showed that
each FBG exhibited a total wavelength shift of 0.01 nm.
Since FBGT was a strain-free FBG, this indicates that there
were temperature variations that caused all FBG to shift at
a similar rate. As mentioned above, the wavelength shifts of
FBG1 and FBG2 had been subtracted by the FBGT wavelength
shift, indicating a 0-nm shift due to strain, leading to 0◦

vertical deviation of the device when compared to the initial
measurement. This is consistent with the weekly measurement
recorded by the maintenance engineer, which also stated that
there was no subsequent movement of the wall since the initial
measurement was taken.

Another crucial aspect to highlight in this section is the
relationship between the resolution of an FBG interrogator
and the final output of the measured FBG-based tilt sensor.
In our case, since the minimum reliable wavelength shift
that the interrogator can detect is only 10 pm, this would
make the minimum inclination angle that can be detected is
0.8◦. By using a simple Pythagorean theorem, the minimum
vertical displacement resolution of a 1-m structure that could
be obtained is 0.01 mm/m. It is important to note that an
interrogator with a higher wavelength resolution of 1 pm
could provide a better vertical displacement resolution of up
to 0.001 mm/m, which can match the specifications of a
conventional sensor.

IV. CONCLUSION

An FBG-based, surface-mounted tilt sensor has been pro-
posed and fabricated for field applications. In this tilt sensor,
an actuator that holds the FBG was attached to a compact,
lightweight, and robust enclosure that fully protects the fragile
FBG from harsh environments. The field test proved the
sensor reliability and is able to withstand harsh environments.
Therefore, this device is highly beneficial to the community,
especially in the early detection of landslides and structural
health monitoring.
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