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ABSTRACT

In this work, a novel 3D-printed biaxial sensor system for tilt measurement, based primarily on the use
of four Fiber Bragg Grating (FBG) devices, has been developed and its performance characterized. The tilt
sensor system created is of a compact design and relatively small dimensions, making it ideally suited
to a variety of industrial applications. In the system developed, the four FBGs used were spliced in a
serial formation and attached to four different sides of the sensor structure designed, to allow biaxial
measurements to be made. The wavelengths’ shift of the FBGs used were monitored as a function of the
tilt of the device, using an Optical Spectrum Analyzer (OSA) for this development work. In the sensor, an
average FBG-based responsivity of 0.01 nm/° of tilt was measured for each of the different FBGs used. To
provide compensation for temperature changes in the system itself, a further FBG-based approach was
used (in which they were configured to be insensitive to the effect of the tilt). They were thus calibrated
by being exposed to a range of operational temperatures for the system, showing, as a result, a calibration
0f 0.011 nm/°C. Prior work on the sensor system had proved it to be highly linear in response, over the tilt
range of 0° &+ 90°. The experimental results obtained from the performance characterization indicate that
the small, compact design of this type yields excellent responsivity, compared to other larger and more
complex designs discussed in the literature. The sensor system was also relatively easy to fabricate using
the 3D-printing method, creating in that way an inexpensive, temperature-compensated tilt monitoring
device that had a wide variety of potential industrial applications.

1. Introduction

Tilt sensors are very important for the measurements of angu-
lar deviation of a structure, with respect to a fixed reference plane,
for a number of applications in the industry. Sensors of this type
can be found, for example, in the field of aviation to monitor the
aircraft angle tilt and most frequently in civil and structural engi-
neering, where typically the need is to monitor the inclination of
buildings [1] or bridges [2]. There are also Electromyography (EMG)
based sensors that study the human-computer interaction [3] and
force predictions in the human body [4,5]. A further important
application in geotechnical engineering is in the use of tilt sen-
sors for the measurement of ground movements that can occur

for a variety of different reasons, such as due to earthquakes, and
landslides which can be caused in earth structures due to heavy
rainfall, for example [6-8]. Most of the existing tilt sensors that have
been designed are comprise of relatively larger mechanical parts
and more complicated electronic components. For instance, even
though mechanical-based tilt sensors such as vertical and horizon-
tal gravitational pendulum sensors are stable, the measurement
can only be obtained by manual observation on the instrument
pointer where there are no electrical signals available for post-
processing. Therefore, the use of the sensor requires manual and
well-trained observers. Furthermore, adding electronic circuitries
to the mechanical sensors to acquire the measurement data will
complicate the hardware, which in the end will increase the pro-
duction and maintenance cost. On the other hand, the existing
electronic-based tilt sensors are mostly functioning based on either
a magnetic [9] or capacitive effect [10]. Even though their sensitiv-
ity is good, they can be affected by a short circuit which is caused
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by water or moisture in wet environment conditions. Furthermore,
electronic-based sensors are susceptible to electromagnetic inter-
ference, which can be an issue in some field or on-site applications.
The latest sensors [11,12] also seem to be easily affected by buoy-
ancy forces. Most of the existing tilt sensors experienced torsion
and buoyancy forces caused by the liquid filler at the time it was
inserted to fill the gap between the sensors and its casing during
installation, which causes inaccurate measurements [13]. Hence,
spiral checks, manual inspections, and time-consuming corrections
in the output data are required [14,15]. This additional require-
ment is causing the system to be more complicated to handle and
bulky. Thus, to overcome these problems, a new non-electrical-
based design is proposed in this work.

A Fiber Bragg Grating (FBG)-based approach has been intro-
duced to create this novel tilt sensor design, taking advantage
of the special features that this technology shows over the use
of electronic-based sensors for applications like this. FBG-based
devices take advantage of immunity to electromagnetic interfer-
ence, electrically passive operation, and multiplexing capabilities
[16,17]. In general, the FBG sensor operates by detecting strain and
temperature resulting from the shift in the reflected wavelength
observed: hence, this technology is inherently independent of any
twist or rotation to the sensor and this offers a solution to twist
errors seen with conventional sensors. In previously reported work
as in the literature, various designs of FBG-based tilt sensors have
been developed [18-21]. However, most of this research is on uni-
axial detection [19]: thus, a combination of two sensors is required
to detect the change along two translational axes i.e. the x- and y-
axis. As an example, in the case of the biaxial tilt sensor proposed by
Kai Ni et al. [20] which utilizes four FBGs, designed as a pendulum
structure where each FBG detects the tilt angle along a different
axis. X. Dong et al. [21], Bao et al. [22], Au et al. [23] and S. He et al.
[24] have also demonstrated a biaxial temperature-insensitive tilt
sensor with a hanging pendulum structure. However, the major
disadvantage here is that this introduces unwanted mechanical
friction, rotations, and instabilities in the measurement. Several
tilt sensors such as reported by Xu et al. [25] and Hong et al. [26]
have designed the tilt sensor based on the pendulum system with
central support where the dead weight was mounted to the shaft
of the sensor. However, both designs only cover uniaxial mea-
surements as it consists only 2 FBGs, left and right. In reference
[27], the authors used an array FBG covering 2 sides of a beam.
The drawback of this design is that the tilted angle was measured
when there is a slope deformation, which caused damage to the
sensor. In an effort to overcome the limitations seen with previ-
ous work, both non-optical and optically based, in this paper, the
design and performance evaluation of a new sensor design incor-
porating four FBGs with different reflective wavelengths, attached
to four different sides of the overall sensor structure (represent-
ing the x and y-axis) is presented. The fused deposition modeling
(FDM) method used in this work can create highly precise sen-
sor components with a fine resolution of 0.01-inch thickness by
the 3D printer. Thus, any desired sensor components can be accu-
rately fabricated, and this proposed approach has overcome the
limitations of traditional manufacturing methods. Besides, the four
FBGs attached to the design provide high sensitivity to the tilt
angle change in biaxial measurements. The tilt sensor developed
is compact in size (of length only 7.1 cm), yet sturdy in the con-
figuration as compared to other FBG-based sensors, to suit it for
use in many demanding civil and structural monitoring applica-
tions. The sensor operates over a tilt range from -90° to +90°, in
both the x and y-axis, where the associated FBG-based wavelength
shifts are observed and recorded using an Optical Spectrum Ana-
lyzer (OSA), and calibrated against known, measured tilts in the
laboratory. Further, temperature compensation using a further tilt-
insensitive FBG system is in-built, to allow the device to be used

in a wide variety of situations, including where the temperature
fluctuates.

2. Fabrication and working principle of the FBG-based
system

The FBGs used in this work were fabricated using the phase
mask technique by inscribing uniform FBGs in the core of stan-
dard SMF. Prior to the FBG fabrication process, the SMF was soaked
in a high-pressure hydrogen tube (~2000 psi) for 5 days to pho-
tosensitize the fiber. Then, pulses from a Krypton Fluoride (KrF*)
excimer laser (at a wavelength of 248 nm) were used to inscribe10
mm gratings inside the fiber core. After the fabrication process was
complete, the SMF samples containing the FBGs were annealed in
anoven at temperatures ~70—80°Cfor 7 h, to eliminate the residual
hydrogen.

For an FBG written in a single-mode fiber, the Bragg wavelength
shift is associated with the strain, ¢ and temperature, T change, can
be described as:

%:(1—peﬁ)A8+(a+S)AT (1)

where A is the Bragg wavelength, pes is the photo-elastic parame-
ter, « is the thermal expansion coefficient and £ is the thermo-optic
coefficient of the fiber.

3. Sensor design and structure and measurement setup
3.1. Tilt sensor design

The illustration of the FBG tilt sensor system, in this case, set at
an inclination angle, 6, is shown in Fig. 1(a). The overall tilt sensor
design developed in this work is shown schematically in Fig. 1(b)
at inclination angle, 6, equal to zero, where the dimensions of the
conveniently 3D-printed device are based on a shaft length of 4 cm.
This sensor is fabricated purely by using a 3D printer with polylac-
tic acid (PLA) as its source material. The PLA is one of the most
common materials used in 3D printing nowadays hence making
the sensor easy to be fabricated. As can be seen from the diagram,
the top section of the sensor is a cube with a dimension of 1.2 x
1.2 x 1.2 cm, while the bottom section has dimensions of 1.9 x 1.2
x 1.2 cm. A schematic of the way the tilt sensor discussed is used
in practice can be seen in Fig. 1(c), illustrating that it is based on
a vertical pendulum structure. Four different FBGs (shown as FBG
1 to FBG 4), with reflective wavelengths of 1534.1 nm, 1544.2 nm,
1551.1 nm, and 1558.3 nm respectively were incorporated into the
tilt sensor to represent two translational axes, as shown schemati-
callyinFig. 1(d). A~1550 nm amplified spontaneous emission (ASE)
input light source was connected to port-1 of the 4-port optical cir-
culator shown and the response of the FBG tilt sensor system was
observed using a Yokogawa AQ6370C 600-1700 nm OSA, which
was connected to port-3 of the circulator.

As illustrated in Fig. 1(e), in the setup used to evaluate and cal-
ibrate the sensor, a 5 g metallic deadweight was attached to each
side of the bottom section of the sensor device (a total of four
metallic weight, 20 g) to induce strain to the FBG during tilting.
As illustrated in the diagram, the device was constructed so that an
FBG was positioned on each side of the 3D printed sensor, through
four holes that were design-printed on the sensor, to allow eval-
uation on both the positive and negative directions of the x and
y-axis. The FBGs were pre-stressed through a procedure carried
out by pulling the end of each FBG, before being glued using strong
liquid adhesive (Super Glue, cyanoacrylate) at each end in order to
ensure the integrity of each FBG used, FBG 1 to FBG 4. The FBGs
were pre-stretched until they were at a strained-tight position. At
0° tilt (initial position), the wavelength spectrum is considered as



Fig. 1. Illustrations of (a) FBG tilt sensor at an inclination angle, 6, (b) the tilt sensor dimensions when upright i.e. § = 0, (c) the FBG-based tilt sensor in the test and evaluation
environment with the OSA used, (d) schematic of the FBG-based (FBG 1 to FBG 4) interrogation system employed (where ASE is the optical source and OSA is the optical
spectrum analyzer (seen also in (c)); and (e) shows the set up for the evaluation of the tilt sensor calibration and the positions of the four FBGs on the basic 3-D printed sensor

(from (b)) with the coordinate axis.

the initial spectrum. The FBGs were then spliced in a serial configu-
ration and connected to port-2 of the optical circulator. To evaluate
its performance, the tilt sensor was then mounted on a digital pro-
tractor where it was calibrated by varying the tilt angle towards
inclination axes (+x, -X, +y, -y). The direction of movement of the
tilt sensor and the positions of each of the FBG-based tilt sensors
used are shown in Fig. 1(e), where FBG 2 was placed on the positive
x-axis, FBG 3 on the negative x-axis, FBG 4 on the positive y-axis
and FBG 1 on the negative y-axis. When the tilt sensor was moved in
the positive x-axis direction, FBG 2 would be stretched while FBG 3
would be compressed, and vice versa, while FBG 1 and FBG 4 remain
unchanged. The same method was used to measure the effects on
FBG 1 and 4 in the y-axis direction. During the calibration, the tilt
sensor was tilted towards inclination axes over the range from 0°
to 90°, in 10° intervals.

As FBGs are very fragile, we placed the tilt sensor in a 12cm x
7.5cm x 4.8 cm 3D-printed rectangular cover in order to protect
the FBGs during calibration. The cover was printed separately as
two parts and was glued together with the sensor in the middle.
The exact dimension of the cover is illustrated in Fig. 2(a) while the
actual pictures of the printed cover with the tilt sensor are depicted
in Fig. 2(b).

The Bragg wavelength shifts of the four FBGs can then be used to
determine the tilt angle magnitudes. The tensile force, Fr and bend
moment, B of the sensor can be described in terms of the tilt angle
as follows:

Fr = W cosé (2)
B=W.Lsiné (3)

Fig. 2. (a) the dimensions of the 3D-printed cover and (b) the actual pictures of the
cover with the tilt sensor.

where Wis the dead weight and L is the length of the dead weight.
Both tensile force and bending moment cause strain change to the
four FBGs and this change can be derived by:



Fig. 3. Illustration of (a) the temperature compensation experiment using a water bath setup in which the sensor system is immersed, (b) tilt sensor design with FBG T left

hanging.
Fr B

where E, A, and I are the elastic modulus, cross-sectional area, and
moment of inertia of the sensor shaft, respectively. Based on Eq. (2)
and (3), the strain change due to inclination angle can be calculated
from:

Fr B W ([ cosf Lsind
=—+ == — + .
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3.2. Temperature compensation

The system had been designed with integral temperature com-
pensation and to evaluate, a series of measurements were carried
out in a water bath, as illustrated in Fig. 3(a). Initially, the FBGs
need to be characterized for their response due to temperature
changes. To do so, the temperature of the water bath was grad-
ually increased while, at the same time, the wavelength shifts of
each of the FBGs, FBG 1-4 was observed and calibration data were
measured and recorded. To undertake a full calibration of the tilt
sensor system, a thermocouple was used to monitor the water tem-
perature and the device was submerged into the water bath, placed
vertically at the 0° position. The temperature was increased gradu-
ally (in 10 °C intervals) over the range from room temperature (27
°C) to 80 °C. The procedure was repeated with another FBG added
(denoted as FBG T) to this design as shown in Fig. 3(b), to act as a
temperature sensor to monitor temperature changes surrounding
the inclinometer. The FBG was left hanging to ensure strain insen-
sitivity. This further illustrates that the sensor system can be used
when wet or fully immersed, as would be the case in measure-
ments of earth movements during heavy rainfall or flooding when
the temperature also can vary widely.

4. Results and discussion

As discussed above, four FBGs (FBG 1-4) with distinct wave-
length peaks were used to measure the angular deviations at the
two axes. The FBG base wavelength characteristics and their respec-
tive axis are as given in Table 1.

Fig. 4(a) shows the base reflected peaks produced from the four
FBGs, FBG 1-4, that form the tilt sensor and before the sensor
is tilted. As the sensor is then tilted towards the -y direction, a
shift in the spectrum can be observed as shown in Fig. 4(b), where
it is evident that the signal on FBG 1 (negative y-axis) shifts to
longer wavelengths (‘redshifts’), indicating a tension acting on the
fiber. The figure shows clearly that the other signals do not show
any observable changes, illustrating that the sensor is working as

Table 1
FBGs with their assigned base wavelengths (at room temperature of 27 °C) and
associated axis.

FBG # Base Wavelength Axis
1 1534.1 -y
2 1544.2 +X
3 1551.1 -X
4 1558.3 +y

Fig.4. a) Four base wavelength peaks of FBG 1 to 4 (see Table 1) from the tilt sensor
(at room temperature of 27 °C), before the sensor was tilted. b) Shift in the wave-
length spectrum of FBG 1 to 4 (see Table 1, at room temperature of 27 °C) after the
sensor was tilted towards the -y direction.

intended - it clearly shows a localized tilt depending on the axis
of direction i.e. the negative y-axis. Fig. 5(a) shows the noticeable
change in the wavelength of the signal with an increase in tilt in
greater detail, reflected in the redshifted peak on the y-axis over the
range from 0° — -90°. The experiment was repeated using similar
shifts along the remaining axes (+x, -X, and +y), where the respec-
tive spectra for each from 0° — 90° were recorded and shown in
Fig. 5(b), (c), and (d).



Fig. 5. Spectrum of the wavelength shifts (‘redshift’) from 0° — 90° (a) FBG 1 towards the negative angle on the y-axis, (b) FBG 2 towards the positive angle on the x-axis,
(c) FBG 3 towards the negative angle on the x-axis, and (d) FBG 4 towards the positive angle on the y-axis. Measurements were carried out at room temperature of 27 °C.

Fig. 6. Wavelength response in the sensor system over the tilt angle from 0° — 90° (a) FBG 1 on the negative y-axis, (b) FBG 2 on the positive x-axis, (c) FBG 3 on the negative
x-axis, and (d) FBG 4 on the positive y-axis. Measurements were carried out at room temperature of 27 °C.

Based on the measurements from the sensor system, illustrated
in Fig. 5(a), (b), (c), and (d), the relationship between the sig-
nal wavelength and the tilt angle has been plotted to show the
responsivity of the sensor. The wavelength to tilt relationship thus
obtained is shown in Fig. 6(a), (b), (c), and (d), illustrating that all
the FBGs show a linear relationship with the tilt angle, up to 90°.

It is clear that the sensor shows an excellent linear response over
the range between -90° to +90° for both axes, and which makes the
sensor system very well suited to a range of important applications
in various industries.

Table 2 summarizes the results derived from Fig. 6(a)-(d),
showing the responsivity of each FBG (FBG 1-4) with tilt angle,



Fig. 7. Repeatability test of the sensor system (a) interval plot between 6 data and (b) hysteresis characteristic.

Table 2
FBGs (FBG 1 - 4) with their assigned axis and responsivity towards the tilt angle
used. Measurements were carried out at room temperature of 27 °C.

FBG # Axis Responsivity (nm/°) R?

1 -y 0.009 0.9962
2 +X 0.013 0.9966
3 -X 0.012 0.9961
4 +y 0.015 0.9945

illustrating the respective R? values of the linear part of the fit. The
responsivity of each installed FBG in the sensor system is different
and distinctive, each being strongly affected by the level of pre-
stress applied to the fiber, as it is fitted to the sensor body. A higher
level of pre-stress will result in a bigger shift in the wavelength
with each variation of the tilt angle. Therefore, the flexibility of the
design of the sensor system allows its configuration to be tailored
for different applications, so that for those which require the detec-
tion of small-angle deviations (« 1°), a stronger pre-stress can be
applied. However, doing so increases the risk of the fiber breaking,
at larger values of the tilt angle.

To evaluate the repeatability of the sensor system, the response
between the tilt angle and the wavelength shift has been measured
and repeated 6 times, and the strain hysteresis profiling has been
carried out to one of the axes which are on the positive x-axis (FBG
2). Fig. 7(a) shows the interval plot between the 6 data where it
can be seen that the deviation is very small. While in Fig. 7(b), the
strain hysteresis of the sensor system was determined to be 1.41
%. Therefore, based on the repeatability test, it can be said that the
system is repeatable.

The effectiveness of the temperature compensation applied has
been studied and Fig. 8(a) shows the reflected spectrum of the
four tilt-monitoring FBGs used (FBG 1-4) as they were exposed
to a range of different temperatures, while Fig. 8(b) illustrates the
shifts in greater details for FBG 2 (+x direction) over the range from
27 °C — 80 °C. This is to initially characterize the FBGs as they
were exposed to different temperatures. All the FBGs studied show
noticeable shifts in their base wavelength, as all were exposed to
the temperature range mentioned above, up to a maximum of 80°C
which makes it well suited to a wide variety of industrial appli-
cations. Based on the measurements obtained above, graphs of
wavelength shift as a function of temperature for FBG 1, 2, 3, and 4
were plotted (at a fixed zero angle of tilt) as shown in Fig. 9(a), (b),
(c)and (d) respectively - all the graphs showing an excellent, linear
trend of wavelength shifts as the temperature increased, with an
average responsivity of 0.011 nm/°C: as summarized in Table 3.

Referring to the diagram illustrated in Fig. 10, another FBG
(denoted as FBG T with a Bragg wavelength of 1553.26 nm) were
added into the tilt sensor design (it was left hanging to ensure

Fig. 8. a) Illustration of the temperature characterization in the sensor system:
the shift in the wavelength spectrum of the FBGs (FBG 1 to 4) responding to their
assigned axis, due to the applied changes in temperature over the range from 27°C
— 80°C. b) Shift in the wavelength spectrum of a representative tilt-sensing FBG (in
this case FBG 2), due to the change in temperature over the range from 27°C — 80°C.

Table 3
FBGs (FBG 1 to 4) with their assigned axis and responsivity to changes in temperature
each at a fixed (zero) value of tilt.

FBG Axis Responsivity (nm/°C) R?

1 -y 0.010 0.9989
2 +X 0.011 0.9909
3 -X 0.012 0.9896
4 +y 0.011 0.9953

strain insensitivity), to act as a temperature sensor, allowing us to
obtain a simple temperature compensation for this design. FBG T
was also exposed to temperatures of 27°C to 80°C. The shifts in the
wavelength spectrum and its linearity were shown in Fig. 10(a) and
Fig. 10(b) respectively. A similar linear trend to those in Fig. 9 could
be observed in Fig. 10(b) with a responsivity factor of 0.01 nm/°C
along with the R? value that emphasizes the excellency of the fit.



Fig. 9. Shift in the wavelength spectrum showing the linear response due to the change in temperature over the range from 27°C — 80°C (a) FBG 1, (b) FBG 2, (c) FBG 3, and

(d) FBG 4, each at a fixed (zero) value of tilt.

Fig. 10. a) Shift in the wavelength spectrum of FBG T, due to the change in tempera-
ture over the range from 27°C — 80°C. b) Shift in the wavelength spectrum showing
the linear response due to the change in temperature over the range from 27°C —
80°C for FBG T, at a fixed (zero) value of tilt.

This proves a simple temperature compensation can be applied to
the sensor system, to be used in a number of different applications.

5. Conclusions

A novel, simple and inexpensive, 3D-printed tilt sensor system
has been designed and fabricated, to allow biaxial parameters to
be measured in a temperature-compensated way, using a four-

FBG based approach. The tilt sensor was designed and fabricated
purely using a 3D printer with polylactic acid as its material, which
is a common material used in 3D printing technology. Hence, the
design is considered low cost and easy to fabricate as compared
to conventional tilt sensors. Besides that, the sensor shows excel-
lent linearity for each of the FBGs used, up to a tilt angle of 90°. An
average maximum responsivity of about 0.01 nm/° per FBG over
that range is reported, with a temperature compensation factor
of 0.011 nm/°C which can be applied in the software. The exper-
imental results indicate that this small, compact, and relatively
easy-to-fabricate sensor design shows excellent responsivity, com-
pared to other larger and complex designs reported in the literature.
The ability to operate over a large angular range (up to £90° on
each axis), along with the compact design and flexibility in its fab-
rication, make this 3D-printed tilt sensor reported in this work,
potentially widely applicable to a range of engineering systems on
which important measurements can be made.
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