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Abstract—A Fiber Bragg Grating (FBG)-based inclinometer has been 

developed for field use, designed to incorporate biaxial 3-dimensional (3D) 
printed tilt sensors (in which four FBGs were used). The inclinometer was 
characterized by examining its response to a wide range of tilts, over the 
range from 0° to 90°, towards the inclination axes. An excellent linear 
correlation between the wavelength shifts and the inclination angle (up to 
the 90° used) was obtained, showing an average sensitivity of 0.01 nm per 
degree of inclination angle, for each of the FBGs used. In addition to the 
four FBGs that form the basis of the inclination measurement, a further FBG 
was included in the design to allow compensation for any temperature 
changes experienced during the measurements. The device was calibrated 
over the range from -25°C to 80°C (corresponding to the extremes of cold 
and hot weather conditions likely to be experienced in-the-field), and a 
sensitivity to temperature change of 0.011nm/°C was achieved, allowing an 
effective temperature correction to be applied. The data obtained from a full 
characterization of the performance of the sensor system, carried out in a 
stable, controlled environment, indicate that this inclinometer yields good 
sensitivity, making it highly applicable for use in monitoring rapid ground 
movements and deformations with its compact design allowing its wide 
use. 
 

Index Terms—Inclinometer, biaxial measurements, Fiber Bragg Grating-based technology, 3D-printing, ground 
movements. 
 

 

I. 1INTRODUCTION 

NCLINOMETERS have been widely used in various aspects of 
engineering and structural health monitoring, in particular to 

measure and characterize the inclination angles of slopes and 
building structures [1], as well as ground movements [2], 
especially those caused by heavy rainfall and floods. As an 
example in landslide detection, inclinometers are used in 
measuring the change of inclination of vertical boreholes and 
pipes installed in retaining structures, such as piles and 
diaphragms. All this allows the more accurate determination of 
the rate of the ground sliding direction and depth. Inclinometers 
in use today are typically classified into two types – probe 
inclinometers and in-place inclinometers. In probe 
inclinometers, the probe itself, (typically equipped with wheels) 
descends along a casing (into which grooves have been 
created), which is installed in a borehole [3], [4]. The probe is 
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then stopped at specific displacement intervals, where 
measurements between two specific points are obtained and 
used to determine the inclination angle – here measurements are 
usually taken manually, on-site. By contrast, for in-place 
inclinometers, the sensors are typically permanently installed in 
boreholes at pre-determined depths and positions where the 
ground sliding is expected to take place. The aim for such 
technology is that measurements can be made remotely, either 
at a specific time (such as after heavy rainfall) or continuously 
[5] as part of an early warning detection system of a possible 
landslide event. 

In conventional electrical-based inclinometers, the variation 
of the inclination angles can be measured by monitoring the 
changes in the electrical signal caused by a magnetic effect in 
the sensor [6]. However, the presence of high voltages or high 
electromagnetic interference (such as from nearby power lines 
or broadcasting transmitters, for example) can affect the 
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performance and accuracy of these sensors [7], and thus limit 
their use in these types of environments where often they are 
particularly needed. Recently, optical fiber-based sensors have 
become an increasingly popular alternative to conventional 
mechanical and electrical sensors, when configured for 
inclinometer applications. Over the years, various types of 
optical fiber based sensors have been utilized in a wide variety 
of civil and structural engineering, such as Fabry-Perot strain 
sensors [8], Michelson interferometer sensors [9], Brillouin 
scatter-based distributed sensors [10], [11] and Fiber Bragg 
Grating (FBG) sensors [12]–[19], often applied to structural or 
infrastructure monitoring. Since the development of FBGs [20], 
their lightweight nature and potential for multiplexing, as well 
as their use over long distances [21] are seen to suit 
inclinometer applications very well. 

Prior research has made progress with the development of a 
number of different devices, but as yet there are limitations. A 
2-dimensional (2D) temperature-insensitive FBG tilt sensor 
was demonstrated by Bao et al. in [22] where four FBGs were 
aligned in parallel on the outer part of a cylindrical surface, at 
an equal distance from each other. An accuracy of 0.2° with a 
resolution of 0.013° was obtained, within the limited range of -
40° to 40°, towards the x-z and the y-z planes. In the work of 
He et al. [14], a tilt sensor with three incorporated FBGs was 
used to minimize the friction, rotations, and instabilities 
induced by their design. The FBGs (at an equal distance from 
each other) were suspended from a circular top plate, with a 
200g weight at the bottom, but tilted only over the -15° to 15° 
range with respect to their axes. A further tilt sensor design, 
incorporating three FBGs has also been reported by Dong et al. 
[23], using a 2D tilt sensor design with strain-chirped FBGs, 
based on a vertical pendulum structure that creates a variation 
of the observed optical power, over the tilt angles studied. In 
this design, each FBG was laid on top of a small rectangular 
steel plate, placed onto a circular base plate and then hung on a 
vertical pendulum. However, a weakness is that errors in the 
measurements will develop with time, as the optical power may 
fluctuate. A problem with the designs reported above is that 
while they have been reported to work well in the laboratory 
(and thus under controlled conditions), most of them are large 
in size and have small operating degrees of inclination angle. 
This will make them less well suited to the in-the-field 
monitoring that is essential for a device of this type, for ground 
movement monitoring and a driver of this work. 

Addressing the limitations in the previously reported 
research, this paper introduces a different design of 
inclinometer, based on compact tilt sensors and incorporating 
four FBGs for biaxial strain measurements, operating within the 
important -90° to 90° of tilt angle (towards the x and y axes). 
Care has been taken to create a design where the operating 
range has been extended from what has been reported above, so 
that it can detect tilts in any direction along the x and y axes. It 
was seen as critically important in the design for effective in-
the-field use to provide scope for temperature compensation 
inside the inclinometer, so in addition to the four FBGs used for 
the tilt measurement itself, a further FBG was characterized in 
a laboratory test chamber over the temperature range, -25°C to 
80°C. This inclinometer design has been created at the outset to 
be compact and having a wider operating range of inclination 
angle (-90° to 90°) towards the respective axes, in that way to 

offer a practical solution for slope and structural monitoring in 
typical situations experienced in-the-field. Table 1 shows the 
comparison between the previous works and our work in terms 
of measurement range, sensitivity, accuracy, and resolution. 
Our proposed inclinometer covers a larger measurement range 
despite its compact design but exhibits reasonable sensitivity as 
compared to the other. The compact form factor enables it to be 
applied in such small and tight areas. 

TABLE I 
TABLE OF COMPARISON BETWEEN THE PREVIOUS WORKS AND OUR 

DESIGN IN TERMS OF ITS MEASUREMENT RANGE, SENSITIVITY, ACCURACY 

AND RESOLUTION 

Ref. 
Measurement 

Range 
Sensitivity 

(nm/°) 

Accuracy (°) Resolution 
(nm) 

[19] -10° to 10° 0.05 3.58 0.0005 
[16] -20° to 20° 0.054 0.27 0.01 
[22] -40° to 40° 0.096 0.20 0.001 
[14] -12° to 12° 0.192 0.10 0.001 
This 
work 

-90° to 90° 0.01 0.38 0.02 

II. DESIGN AND OPERATING PRINCIPLE OF THE FBG-BASED 

INCLINOMETER 

The key elements of the design structure of this inclinometer, 
was based on integrated tilt sensors, as shown in Fig. 1 where 
the bending towards the inclination angle, causes strains which 
can be monitored by the FBGs integrated within the device. 

The FBGs used both for tilt and temperature measurement 
were inscribed in the core of a hydrogenated single mode fiber 
by use of the phase mask technique, with a Krypton Fluoride 
(KrF*) excimer laser operating at a wavelength of 248 nm. 
Strain and temperature will affect the Bragg wavelength 
through the contraction or expansion of the grating pitch, where 
the Bragg wavelength, λB, of uniform FBG written in the SMF 
used is given by: 

𝜆 = 2𝑛𝛬          (1) 

where neff is the effective refractive index of the guided mode 
inside a single mode fiber and Λ is the grating pitch. When the 
gratings were exposed to the external perturbations (such as the 
strain or temperature effects here), the Bragg wavelength 
changes accordingly, and (1) can be rewritten as follows: 

௱ఒಳ

ఒಳ
= 𝐾ఌ𝛥𝜀 + 𝐾்𝛥𝑇        (2) 

where ΔλB is the change of the Bragg wavelength, Δε is the 
strain change, 𝛥𝑇 is the temperature change of the FBG sensor 
while Kε and KT are the strain and temperature coefficients, 
respectively.  

The design of the tilt sensor, illustrating its compact 
dimensions, is as shown in Fig. 1(b) while the actual pictures of 
the sensor is depicted in Fig. 1(c) and (d). Four FBGs were used 
where each was attached to one of the four sides of the 3D-
printed tilt sensor (printed with 5% infill density), representing 
the four inclination axes (+x, -x, +y, -y). To construct the 
device, the FBGs were inserted through the pre-printed holes 
on the tilt sensor and were glued at each end, using a strong 
liquid glue (Super Glue, cyanoacrylate).  

The wavelength shifts of each FBG were then monitored, as 
they can be used, when calibrated, to determine the magnitudes 
of tilt angles. With reference to Fig. 1(a), the tensile force, FT 
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and the bend moment, B of the tilt sensor can be expressed in 
terms of the tilt angle, θ, as follows: 

𝐹் = 𝑊 cos 𝜃          (3) 
𝐵 = 𝑊 · 𝐿 sin 𝜃         (4) 

where W is the weight and L is the length (as shown in Fig. 
1(a)). Both the tensile force and bending moment cause the 
change of strain to the FBGs and this change can be expressed 
as: 

𝛥𝜀 =
ி

ாೄ
±



ாூೄ
         (5) 

where E is the elastic modulus, As is the cross-sectional area, 
and Is is the moment of inertia of the sensor shaft. Based on (3) 
and (4), the change of the strain due to the inclination can be 
expressed as: 

𝛥𝜀 =
ௐ

ா
ቀ
ୡ୭ୱ ఏ

ೞ
±

 ୱ୧୬ ఏ

ூೄ
ቁ       (6) 

As shown in Fig. 1(b), another FBG (denoted as FBG T and 
with a Bragg wavelength of 1558.36 nm at room temperature), 
was spliced to the FBG on the +x axis, glued to an adjacent pre-
printed hole and was left hanging (to ensure strain insensitivity) 

and thus to provide a mean for temperature compensation for 
the device when the temperature of operation changes. 

This FBG-based in-place inclinometer was designed to be 
installed in a standard inclinometer casing, having an inner 
diameter and thickness of 70 mm and 5 mm respectively. This 
casing has four longitudinal wheel-grooves (labelled as 1, 2, 3, 
and 4), spaced 90° apart, as shown in Fig. 2(a). The 
inclinometer consists of three built-in tilt sensors (T1, T2, and 
T3) set at 30 cm intervals, connected to each other by a 
bendable polyvinyl chloride tube as illustrated in Fig. 2(b), 
where each tilt sensor (T1, T2, and T3) is installed with four 
FBGs, placed on four different axes (+x, -x, +y and -y) as 
depicted in Fig. 1(b). Each sensor is meant to determine the tilt 
angle at a specific measurement point. Hence this would enable 
the inclinometer to measure the tilt angle at three locations 
along with the inclinometer casing. The distance between the 
sensors or measurement points will be determined by the length 
of the tube connecting them. Each tilt sensor of this 
inclinometer was equipped with two units of spring-pressured 
wheels, positioned at points 1 and 3 of the casing to guide the 
inclinometer sensor along the longitudinal grooves of the 
casing, as depicted in Fig. 2(c). The FBGs at the +x axis (T1, 
T2 and T3) were spliced together in series. In addition, FBG T 
was also spliced to the end of the FBG at T3, in series, creating 
a single output from the +x axis with the four different 
wavelength peaks due to four different FBGs spliced then being 
seen. The same method was applied to the other three axes (-x, 
+y and -y), providing in total the four different outputs which 
were then recorded. The inclinometer in this way can measure 
the internal movement of the slope being monitored, as the 
device interacts closely with the surrounding soil mass and in 
that way allows the inclination to be recorded. 

A. Laboratory Calibration Testing of FBG-Based 
Inclinometer 

In this experiment, λB from the FBGs were observed and 
recorded using a Yokogawa AQ6370C Optical Spectrum 
Analyzer (OSA). A schematic diagram of the experimental 
setup is shown in Fig. 3(a), where four outputs from the 
inclinometer were connected to the input channels of an optical 
switch, while the output channel was connected to Port 2 of an 

Fig. 2.  Schematic design of the FBG-based inclinometer showing (a) 
top view of the standard inclinometer casing, (b) longitudinal section of 
the in-place inclinometer, and (c) built-in tilt sensor. 

Fig. 1.  Illustration of (a) the tilt sensor experiencing a tilt at an angle, 
(b) the tilt sensor dimensions with the incorporated FBGs at 0° 
inclination angle, (c) the picture of the 3D-printed sensor incorporated 
with FBGs, alongside four 5g weight attached to the bottom part of the 
sensor and (d) the 3D-printed sensor attached to its top cover with 
wheels as depicted in Fig. 2(c). 
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optical circulator. Port 1 and Port 3 of the circulator were 
coupled to an amplified spontaneous emission light source and 
the optical spectrum analyzer respectively. In the calibration of 
the inclinometer, the bottom end of the inclinometer was 
pushed towards each of the inclination axes depicted in Fig. 
3(c): starting from an initial 0°, to 90° inclination angle, while 
the top end is anchored to a fixed position by a table vise, with 
360° rotations used for the inclination mechanism (as illustrated 
in Fig. 3(b)). This procedure was repeated three times.  

B. Calibration of the Temperature Compensation of the 
Inclinometer 

As discussed in the previous section and expressed in (2), the 
FBG’s Bragg wavelength, depends on the tilt angle, θ (strain) 
and temperature, T. It can be expressed as: 

𝜆 = 𝑅𝜃 + 𝜆ఏୀ,்        (7) 

where 𝜆ఏୀ,் is the Bragg wavelength at tilt angle, 𝜃 = 0, at the 
temperature of T, while R is the sensitivity of the tilt sensor due 
to strain. 𝜆ఏୀ,் can then be expressed as: 

𝜆ఏୀ,் = 𝑅்𝑇 + 𝜆ఏୀ,்ୀ       (8) 

where RT is the sensitivity of the tilt sensor due to change in 
temperature, and 𝜆ఏୀ,்ୀ is the Bragg wavelength at tilt angle, 
θ = 0, at initial temperature. 

Therefore, by considering the temperature compensation 
factor, the tilt angle can be expressed as: 

𝜃 =
ఒಳିఒഇసబ,

ோ
=

ఒಳି൫ோ்ାఒഇసబ,సబ൯

ோ
     (9) 

To evaluate the temperature compensation over the 

potentially very wide range that such a device may experience 
when used in-the-field, the tilt sensor was initially placed inside 
a polystyrene box surrounded by dry ice (solid carbon dioxide), 
as illustrated in Fig. 4(a), to create a stable, extreme cold 
environment at -25°C. The dry ice was then removed and the 
temperature inside the polystyrene box was allowed to rise 
slowly to the room temperature (of 27°C) measuring the 
response at 10°C intervals, through monitoring the peak 
wavelength shift of the FBG used (FBG T). To calibrate the 
device for temperatures above room temperature, the FBG was 
then placed in a water bath, as illustrated in Fig. 4(b) and the 
temperature of the water was increased from 27°C to 80°C, 
again with measurements of the wavelength shift being taken at 
intervals of 10°C. This also shows that the inclinometer is fully 
waterproof, an important advantage of the fiber optic device 
over conventional electronic-based devices. In-the-field, very 
wet conditions are regularly experienced when the device is 
used when flooding occurs, and this is a major benefit of the 
optical approach described here. 

III. RESULTS AND DISCUSSION 

Data from the tilt sensors, T1, T2 and T3 were collected, as 
indicated in Table 2, which shows the wavelengths associated 
with these FBGs (with their respective sensors and axes), in the 
experimental evaluation setup illustrated in Fig. 3. Thus Fig. 5 
shows the reflective spectra of the FBGs at an initial position of 
a tilt angle of 0°. However, Fig. 5(a) illustrates four wavelength 
peaks, where there is a grating labelled as FBG T (for 
temperature compensation purposes) in addition to the gratings 
in tilt sensor T1, T2, and T3. Fig. 6 illustrates the tilt effect of 
the device from 0° to 90° for sensors T1, T2, and T3 as the 
inclinometer was tilted towards (a) the +x direction (with the 
spectrum for FBG T for temperature compensation also 
included), (b) the -x direction, (c) the +y direction, and (d) the 
-y direction. Specifically, Fig. 6 shows the ‘redshifts’ in the 
wavelength spectra that could be observed as the inclinometer 
was tilted from the initial 0° tilt to 90°, towards +x, -x, +y, and 
–y directions as Figs. 6(a), (b), (c) and (d) respectively. Besides 
that, the insets in each subplot illustrate the response of FBG at 
tilt sensor T1 in greater details. The responses of other FBGs 
(besides the one facing the tilt direction) have also been 
investigated and proven to be negligible as only the FBG facing 
the tilt direction experienced a significant amount of strain. For 
instance, when the inclinometer was tilted towards the +x axis, 
only the FBG facing +x direction experienced significant strain 
(stress) as compared to the FBG facing –x, +y and -y directions. 

 
Fig. 3.  Illustration of the (a) schematic diagram of the setup, (b) 
experimental setup, and (c) direction of the tilt (top view). 

 
 
Fig. 4.  Illustrations of the calibration of the device at both sub-room 
temperature (a) and (b) beyond room temperature. The tilt sensor was 
placed (a) inside a polystyrene box surrounded with dry ice to create 
the low temperature environment and (b) in a water bath to create the 
high temperature environment. 
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Hence, there was no wavelength shift detected at the FBGs 
except from the one facing the tilt direction. Furthermore, in 
Fig. 6(a), with the same tilt angles of 0° to 90°, it was observed 
that all the peaks shifted to the right except for the FBG T, 
which indicates that it is not sensitive to strain, and thus able to 
provide the required temperature compensation. Fig. 7 clearly 
illustrates the response of the gratings at (a) +x axis, (b) –x-axis, 

(c) +y axis, and (d) –y-axis for tilt sensor T1, when it is tilted 
from 0° to 90° towards +x direction. From this figure, we could 
observe that only the FBG facing the tilt direction (Fig. 7(a)) 
showed significant wavelength shift as compared to the FBGs 
at other directions (Fig. 7(b), (c), (d)) where they show zero or 
close to zero wavelength shift.  

These results show the effectiveness of the mechanism 
proposed which then can be seen allows the mapping of the 
inclination angle – thus allowing the identification of the effects 
of ground movements or deformation on the tilt sensor when it 
is used as designed. 

Further experimentation has been carried out and Fig. 8 
shows the shifts of the wavelength spectra for each tilt sensor 
grating, T1, T2 and T3, as the inclinometer is tilted from 0° to 
90° towards 45° between the (a) +x+y direction and (b) -x-y 
direction. Thus in Fig. 8(a), when the inclinometer was tilted 
towards 45° between +x+y axis (with reference to the scheme 
shown in Fig. 3(c)), from 0° - 90°, a simultaneous biaxial 
response from the gratings on the +x side and +y sides could be 
observed. Further, as the inclinometer is tilted towards 45° 
between the –x–y axis (again with reference to Fig. 3(c)), a 
similar pattern in the simultaneous biaxial response was 
observed, as shown in this case in Fig. 8(b). Similar to Fig. 6, 
the response of tilt sensor T1 were illustrated in greater details 
in each subplot of Fig. 8. 

These positive results have shown very clearly that the 
inclinometer could operate successfully over the tilt range from 
0° to 90°, on any direction, as it is clear that a tilt in any 
direction will cause a shift in the spectrum of the FBG-based 
sensor, used to monitor that specific axis. 

 Fig. 9 shows the calibration of the tilt sensor T1, as it is tilted 
from 0° to 90° towards (a) +x, (b) -x, (c) +y, and (d) –y 

TABLE 2 
FBG WAVELENGTHS MONITORED FOR THE DIFFERENT RESPECTIVE 

SENSORS AND AXES (AT AN INITIAL POSITION OF 0° INCLINATION ANGLE) 
AT ROOM TEMPERATURE (27°C). 

Sensor +x (nm) -x (nm) +y (nm) -y (nm) 

T1 1537.88 1540.90 1541.22 1539.02 
T2 1546.86 1547.64 1546.94 1546.80 
T3 1553.18 1553.30 1553.14 1553.54 

 

Fig. 5.  Illustrations of the wavelength spectra for each tilt sensor T1, 
T2 and T3, at the initial position of 0° tilt angle at (a) +x direction with 
FBG T for temperature compensation included, (b) -x direction, (c) +y 
direction, and (d) -y direction at room temperature (27°C). 

Fig. 6.  Shifts of the wavelength spectra for each tilt sensor T1, T2, and 
T3 as the inclinometer is tilted from 0° to 90° towards (a) +x direction 
with FBG T for temperature compensation included, (b) -x direction, (c) 
+y direction, and (d) -y direction at room temperature (27°C). (insets: 
illustrate the expanded version of tilt sensor T1 to clearly indicate the 
shift, as an example.) 

Fig. 7.  The response of the gratings at (a) +x, (b) –x, (c) +y, and (d) –
y-axis for tilt sensor T1 during the tilt from 0° to 90° towards +x direction 
at room temperature (27°C). 
 

Fig. 8.  Shifts of the wavelength spectra for each tilt sensor T1, T2 and 
T3 as the inclinometer is tilted from 0° to 90° towards 45° between the 
(a) +x and +y direction and (b) -x and -y direction at room temperature 
(27°C). (insets: illustrate the expanded version of tilt sensor T1 to 
clearly indicate the shift, as an example.) 
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directions. A linear relationship between the tilt angle and the 
wavelength shifts is observed, with a sensitivity of 0.008 nm 
(+x), 0.013nm (-x), 0.012 nm (+y), and 0.011 nm (-y) per 
degree of inclination. Thus, the average sensitivity of the FBG 
is 0.01 nm per degree of inclination. The graphs were obtained 
from three different readings when the inclinometer is tilted 

towards the specified axis mentioned. From the error bars, it can 
be seen that the deviation is small hence the linear response is 
verified. 

 During the tilt towards the direction of 20°, 45°, and 70° 
between +x and +y axis, a similar linear relationship between 
the wavelength shift and the inclination angle, was also 
obtained. A comparison of the sensitivity for tilt sensor T1 
between a tilt along the axis +x and +y) and a tilt of 20°, 45°, 
and 70° from the respective axis (+x and +y) was made. In this 
case, the FBG’s response at the +x and +y side during a single 
axis tilt (refer to Fig. 9(a) and (c)) is compared to the response 
of the same grating during biaxial tilts. The results are 
illustrated in Fig. 10(a) and (b) for the +x and +y sides, 
respectively. From these figures, the wavelength shifts of the 
grating at tilt sensor (T1) during the single-axis tilt (+x and +y) 

are greater than the 20°, 45°, 70° biaxial tilt. This is simply 
because, during the biaxial tilts, both gratings along the +x axis 
and +y axes share the total downward force, resulting in a 
smaller net force to each of them. Hence, a lesser strain was 
applied to each grating in the tilt sensor, thus producing a 
smaller shift in the wavelength spectrum, as compared to the 
result from the single-axis tilt. 

Besides that, Fig. 10 shows that the sensors exhibit different 
force decomposition between two axes. The figure clearly 
illustrates different sensitivities for a tilt at different angles 
between the two axes. During the tilt towards 20° from +x (70° 
from +y), the grating facing +x has a higher sensitivity of 
0.0073nm/° compared to the grating facing +y with a sensitivity 
of 0.0043nm/°. We could see a similar pattern during the tilt 
towards 20° from +y (70° from +x), where the FBG facing +y 
exhibit higher sensitivity of 0.0099nm/° compared to FBG 
facing +x with a sensitivity of 0.0027nm/°. From the sensitivity 
of the gratings, during the tilt 20° from +x (70° from +y), it can 
be deduced that the FBGs facing +x direction exhibits greater 
wavelength shifts compared to the FBGs facing +y as gratings 
closer to the tilt axis experience greater downward force, 
causing greater strain to the FBG and vice versa. 

Fig. 11 illustrates (a) the shift in the reflected peak spectrum 
of FBG T (which is insensitive to strain) due to the change in 
temperature, over the range from -25°C to 80°C and (b) the shift 
in the peak spectrum of this grating, FBG T, showing its linear 
response due to the change in temperature over the range from 
-25°C to 80°C. To ensure that it does provide the temperature 
compensation needed, the FBG was exposed to the extreme 
range of temperatures that would be expected in field use, thus 
calibrating over the range -25°C to 80°C. A linear response to 
temperature, with a sensitivity of 0.011nm/°C, indicates that a 
simple temperature compensation approach can be applied to 
the inclinometer to allow correction for any temperature 

 
Fig. 11.  Illustrations of (a) shift in the reflected peak spectrum of FBG 
T (insensitive to strain) due to the change in temperature over the range 
from -25°C → 80°C (RT – room temperature of 27°C) and (b) shift in 
the peak spectrum of FBG T showing a linear response due to the 
change in temperature over the range from -25°C → 80°C. 

 
Fig. 10.  The linear response of the gratings at the (a) +x side and (b) 
+y side for tilt sensor T1, during the tilt towards the respective axis 
(pure +x and pure +y), and also 20°, 45°, and 70° from the axis, at 
room temperature (27°C). 

Fig. 9.  Illustrations of wavelength over tilt angle with error bars for tilt 
sensor T1, as it is tilted from 0° to 90° towards (a) +x, (b) -x, (c) +y, and 
(d) -y directions at room temperature (27°C). 
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changes that occur during the operation of the device in-the-
field, for example from night to day temperatures. 

IV. CONCLUSION 

A practical and compact FBG-based inclinometer has been 
designed, fabricated and evaluated. This has been based on 3D-
printed biaxial tilt sensors utilizing four FBGs to ensure biaxial 
measurements. The experimental results showed an excellent 
degree of linearity in the response, not only of each FBG over 
a range of inclination angle of 0° to 90° (with an average 
sensitivity of 0.01nm per inclination degree) but of the system 
as a whole. The inclinometer further has been designed to 
operate over a wide temperature range, such as would be 
experienced in-the-field by including a facility for temperature 
compensation (through a strain-insensitive FBG that provides a 
temperature compensation factor of 0.011nm/°C). The 
inclinometer has the ability not only to measure biaxial 
response, but also at 45° between the inclination axis, showing 
a wider dimension to the inclination measurement possible.  

The device is compact and inexpensive to produce, as well as 
being designed for use outside the laboratory. There, the ability 
of this inclinometer to operate in two axes, at extreme 
temperatures (-25°C to 80°C), opens up potential applications 
in civil engineering, especially in slope and structural 
monitoring and in the protection of vulnerable communities 
affected by landslips after major weather events. 
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