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This work proposes and demonstrates a biaxial sensing inclinometer based on two FBGs surface-
mounted on two separate thin cantilevers with a diminishable cross-axis sensitivity. The measured
sensitivities for the inclination angles in the x-z plane and y-z plane are 34.87 and 33.49 pm/deg,
respectively. To enhance the protection of the delicate FBGs and minimize axis-to-axis cross-sen-
sitivity, the carbon-steel cantilevers are strategically arranged in a perpendicular configuration, re-
sulting in an impressively low cross-sensitivity value of just 0.9275%. This alignment not only
offers mechanical shielding but also ensures optimal performance and accuracy for the FBGs. 
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1. Introduction 

Tilt sensors or inclinometers have major applications in the engineering and construction
industry, especially for bridges and buildings. This is because of their significance in
measuring the angular difference of a structure from a set reference plane [1]. The in-
terest in research and development for tilt sensors is rapidly blooming, thus the de-
mands on their measurement precision and technical proficiency are likewise rising
[2]. Currently, there are copious types of tilt sensors or inclinometers that are available,
such as micro-electro-mechanical systems (MEMS) inclinometers [3-5], pendulum-
based tilt sensors [6], single-axis tilt sensors [7], dual-axis tilt sensors [8,9], and fibre-
based tilt sensors [10]. The tilt sensors that are highly reviewed and commercialised
are the MEMS inclinometer and fibre-based tilt sensor thanks to their advantageous
properties [11]. However, MEMS inclinometers suffer from several drawbacks, in-
cluding limited bandwidth distance caused by cable attenuation loss, susceptibility to
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electromagnetic interference, complicated sensor construction and information-gath-
ering architecture, as well as pricey components [12]. Meanwhile, fibre-based tilt
sensors, especially with the development of fibre Bragg grating (FBG) technology,
demonstrate more edge when compared to MEMS and interferometer-based incli-
nometers, considering their excellent resilience to electromagnetic interference and in-
dependent temperature capabilities [15]. The FBG sensor also shares the same
characteristics of an optical fibre, such as flexible capabilities, easy assembly, small-
scale, independent of power supply and rust, etc. [16]. FBG-based inclinometer’s gen-
eral performance is based on the variation of the wavelength which is encoded with
the information of the change of strain [17] or pressure [18] induced by the structure. 

Cross-axis sensitivity in biaxial/multiaxial sensors has always been an undesired
property that affects the performance of the measurement [19]. Numerous techniques
and designs have been considered to mitigate this issue, such as carefully isolating the
sensing elements [20], optimizing mechanical structures [21], or employing calibra-
tion procedures [22] to compensate for cross-axis effects. It is an important indicator
of efficiency for various applications with different requirements of intricacy and pre-
cision [23]. For instance, sensors with cross-axis sensitivity of less than 5% are re-
quired for commercial uses, and those less than 0.1% are used for aeronautical
applications [24]. The demand for greater precision and dependability of measure-
ments in the fields of construction and engineering is ever-increasing, thus the devel-
opment of tilt sensors with lower cross-axis sensitivity is a vital area of study. 

There have been numerous experimentation reports on FBG-based tilt sensors with
distinct techniques but none of the previous works has addressed the importance of
cross-axis sensitivity. For example, tilt sensors proposed by ISMAIL et al. [1] and
HONG et al. [25] were devised using the 3D-printed tilt sensors where the fused depo-
sition modelling (FDM) methods using polylactic acid (PLA) materials were adopted
to manufacture accurate and linear model using 3D-printers. In their study, ISMAIL et al.
consider four FBGs with four distinct wavelengths fused to each side of the model mak-
ing it a biaxial model with an operating range of  ±90°, whereas HONG et al. analyse
the features of the tilt sensor using two FBGs with an operating range of ±75° in the
single axial direction. The major disadvantage of using 3D printing, especially using
materials like PLA, is that it has lower elasticity modulus and tensile strength com-
pared to other materials such as steel. On the other hand, work done by HE et al. [26],
BAO et al. [27], and AU et al. [28], had a different approach, designing a 2D-based mod-
el connected to a suspending pendulum with a unique one on each of the model pro-
posed. Although this approach has its advantages such as a high degree of sensitivity
and accuracy, the design itself is bulky and heavy for commercial use. Furthermore,
GUO et al. [29] proposed new advances through which the FBG tilt sensor was condi-
tioned based on a CAM structure that resulted in a large measurement range. Using
a cam structure has its drawbacks, for example, this sensor is better suited for detecting
static angles due to the cam structure which will oscillate leading to erroneous measure-
ment outcomes. In addition, a simple yet direct modelling approach which is based on
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a multifibre bundle that comprises two sensing and two supporting fibres attached to
a suspending mass was propounded in [30]. The use of the buoyant method is observed
in [31] where two floats are suspended on the surface of the liquid with FBGs attached.
Thus under the influence of gravity, the liquid’s surface well within the receptacle will
establish a new balanced fluid surface plane and alter the liquid’s level at various points
inside of the receptacle. It is acknowledged that both tilt sensors given had issues, such
as sensitivity caused by the enclosed optical fibre into FBG bundle in LI et al., which
would impede the FBG’s mobility, and the use of liquid as a base in a container reported
by CHAO et al., which may confine the measurement range.

In this paper, an FBG-based biaxial inclinometer using a cantilever with diminish-
able cross-axis sensitivity is proposed and demonstrated. The goal of this study is to
fabricate two FBGs which are mounted on the surfaces of the carbon-steel cantilever
creating a simple and cost-effective architecture that offers biaxial sensing capability
with insignificant cross-axis sensitivity, high accuracy, and linear stability. The reten-
tion of low error propagation is another major emphasis of this research. 

2. Operating principle

Fibre Bragg grating (FBG) is a commonly used optical reflector that is inscribed into
a short section of optical fibre that can selectively reflect a narrowband of light while
transmitting the rest. By altering the core’s refractive index along the fibre, which pro-
duces the Bragg wavelength, λBragg: 

(1)

where neff  is the fibre core and Λ is the grating period. 
The relationship between the Bragg wavelength shift, the change of strain, and the

temperature difference, ΔT and independent from the influence of thermal effect as can
be described by linear expressions: 

(2)

(3)

Figure 1 illustrates the geometry of the cantilever subjects to a tilt angle of θ. One
end of the cantilever is fixated at point O, whereas its other end is attached to a metal
load at point O'. OA and O'A' are the vertical lines parallel with the vector of gravity.
Suppose OB is the tangent of the cantilever curve at point O, and let O' B' be an ex-
tension from O'  that is parallel with OB. It is safe to deduce that A'O'B' = AOB = θ. 

λBragg 2neff Λ=

ΔλBragg

λBragg

---------------------- 1 Peff– Δε α ξ+ ΔT+=
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λBragg

---------------------- 1 Peff– Δε=
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When tilted at an angle, θ = 90°, the deflection of the cantilever horizontally can
be described as [32]: 

(4)

where y is the deflection of a horizontal cantilever induced by the load, P = mg which
is parallel with the vector of gravity. P is the weight load, L is the length of the canti-
lever, E is the elasticity of modulus, and I is the area moment of inertia:

(5)

where b is the width of the cantilever and h is the thickness of the cantilever.
Let O'C be a line parallel with the tangent of the cantilever curve at point O' .

The deflection angle Φ at the loaded end of the cantilever (deflection angle from O' B' )
given by B' O' C, can be estimated from the slope of the cantilever curve, Φ =
= (PL2)/2EI. For θ < 90°, the induced load at point O'  of the tilted cantilever also varies
with the tilt angle, and it can be described as PF = Psinθ. 

The radius of curvature can be expressed as: 

(6)

Fig. 1. The geometry of the cantilever with respect to a tilt angle. 
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Assuming the FBG is positioned in the middle of the cantilever, x = L /2, the rela-
tionship between 1/R and θ analysed within the range of –25 to +25°, is as depicted in
Fig 2. It can be observed that the relationship between the radius of curvature and the
tilt angle can be represented by a linear graph with R2 = 0.9999.

Since the FBG is surface mounted on the cantilever, the induced axial strain, ε on
the FBG by the bending of the cantilever is given by [33]: 

(7)

where z denotes height from the unstrained axis (the distance between the fibre axis
and the unstrained axis of the cantilever). Based on Eq. (7), the wavelength shifts due
to the strain induced by the FBG mounted on the cantilever are linearly proportional
to the tilt angle within the range of –25° < θ < 25°, this relationship is shown in the
next section.

3. Experimental setup 

The operating principle of the proposed inclinometer is based on the bending of the
cantilever that induces tensile/compressive strains on the FBG that is mounted on
the surface of the cantilever. The proposed inclinometer mainly comprises carbon
steel spring plates that serve as the substrates and metal loads as illustrated in Fig. 3(a).
The use of carbon steel plates offers the advantage of limiting the motion/bending of
the FBG in the specific plane and preventing the twisting and torsion of the entire struc-
ture which can lead to cross-axis sensitivity between the two axes. Two 5 mm grating,
denoted as FBGx and FBGy with the Bragg wavelengths of  1543.9 and 1553.6 nm were
employed for sensing two orthogonal axes and an additional FBGT with a wavelength
of  1556.2 nm was for temperature compensation. Both FBGx and FBGy were securely
affixed to the surfaces of carbon steel plates measuring 40 × 3 × 0.2 mm in dimension
utilizing epoxy as the adhesive.

Fig. 2. The relationship between the radius of curvature and tilt angle.
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In addition to the fixation, the epoxy, and the carbon steel plates also provide extra
protection to the fragile FBGs. The carbon steel plates with the respective FBG at-
tached were fixated on a rectangular metal block and aligned perpendicular to each
other. This ensures that both FBGs are only sensitive to the inclination in their respec-
tive tilt plane (x-z plane and y-z plane). A ball-socket joint is intended for the adjust-
ment of the initial angles of the inclinometer so that both grating axes of FBGs are
perfectly parallel to gravity. In addition to the two FBGs, a third FBG, FBGT is incor-
porated into the FBG array for temperature compensation.

After that, the proposed inclinometer is characterized between the range of –25°
to 25° with an increment step of 5° for both planes. For the characterization test, the
FBG array was connected to an FBG interrogator (Micron Optics Hyperion si155) for
spectral analysis and data acquisition as shown in Fig. 3(b). A commercial tiltmeter
with a measurement range of 0° to 90° and an accuracy of 0.1° is used as the reference.
The commercial tiltmeter was mounted on the surface of the rectangular metal block
and the inclinometer was tilted manually until the desired angle (based on the reading
of the tiltmeter) was achieved. 

Fig. 3. (a) Schematic illustration of the proposed inclinometer, and (b) experimental setup. 
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4. Results and discussion 

As highlighted before, the proposed model with two distinct wavelengths, FBGx and
FBGy was evaluated between –25° to 25° with an incremental step of  5° for each tilt
plane. The interception wavelength at 0° for FBGx in the x-z plane and FBGy in the y-
z plane was measured to be 1543.9 and 1553.6 nm, respectively.

Angular sensitivity, cross-axis sensitivity, resolution, and accuracy are the key
components that were investigated during the characterization test. To obtain the av-
erage angular sensitivity and the perpendicular angular sensitivities, one of the axes
was made constant, say θx = –25° while the other angle, θy was varied from –25° to
25° at the incremental step of  5°. The same test cycle was repeated for different an-
gles in θx = –20°, –15°, ..., 25° while θy was made constant and the wavelength shift
was recorded. Figure 4(a) shows some example reflection spectra for varying θx and
fixed θy. FBGx redshifts but FBGy is insensitive to varying θx. The relationship between
the wavelength shifts of FBGx and FBGy with θx is presented in Fig. 4(b). FBGx has
shown an angular sensitivity of kxx = 34.87 pm/deg with a proportional linearity of

Fig. 4. (a) Spectral responses of FBGx and FBGy for varying θx and fixed θy = 0°. (b) The plot of wave-
length shifts of FBGx and FBGy against varying θx and fixed θy = 0°. (c) Spectral responses of  FBGx
and FBGy for varying θy and fixed θx = 0°. (d) The plot of wavelength shifts of  FBGx and FBGy against
varying θy and fixed θx = 0°.
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R2 = 0.99991. On the other hand, the spectral responses of FBGx and FBGy with var-
ying θy and fixed θx are presented in Fig. 4(c). FBGy redshifts but FBGx is idle with
increasing θy. FBGy based on Fig. 4(d) has shown a similar angular sensitivity of
kyy = 33.79 pm/deg with R2 = 0.99997.

4.1. Cross-axis compensation 

Generally, in a biaxial inclinometer, when one of the axes experiences inclinations, it
will cause the perpendicular axis to undesired distortion on the wavelength shift which
makes it vulnerable to higher cross-axis sensitivity. Thus, The relationships between
the wavelength shifts and tilt angles of FBGx and FBGy can be described by the linear
expressions:

∆λx = kxxθx + kxyθy + γx∆T (8)

∆λy = kyyθy + kyxθx + γy∆T (9)

where kxx and kyy are the angular sensitivities of the FBGx and FBGy, respectively,
while kxy and kyx are the perpendicular axis sensitivities. 

The impact of the cross-axis sensitivity on the measurement accuracy can be eval-
uated based on the following normalized cross-axis sensitivities:

(10)

(11)

From the characterisation results in Fig. 4, the perpendicular axis sensitivities of  FBGx
and FBGy are measured to be kxy = 2.6992 × 10–2 pm/° and kyx = 3.6198 × 10–2 pm/°.

kxy

kxx

----------- x z-axis–=

kyx

kyy

----------- y z-axis–=

(a) (b)

Fig. 5. (a) The visualisation of cross-axis sensitivity on FBGx. (b) The visualisation of cross-axis sensi-
tivity on FBG.
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The normalized cross-axis sensitivities kxy /kxx and kyx /kyy for the x-z axis and y-z axis
was calculated to be 0.774% and 1.081%, respectively, which average 0.9275%.
Figure 5 illustrates the visualisation of the cross-axis sensitivities of FBGx and FBGy
during inclination from –25° to 25°.

In Fig. 5, the graph illustrates the minimal cross-axis sensitivity of the proposed mod-
el, showcasing its compatibility with the values obtained through Eq. (10) and Eq. (11)
for normalized cross-axis sensitivities. Specifically, when tilted along the θy and θx ax-
es, the disparity in wavelength shifts is evident. However, the impact of these shifts
on the cross-axis is negligible, indicating a diminutive effect. The observed low inter-
action between the two axes enables us to disregard any potential cross-axis effects.
Consequently, this characteristic enhances the stability and reliability of the proposed
model.

4.2. Temperature compensation

Figure 6(a) presents the spectral response of the FBGx, FBGy, and FBGT to tempera-
tures in the range of 24– 44°C. All Bragg wavelengths experience red shifting with

Fig. 6. (a) Spectral response of the FBGs to temperature change. (b) Linear relationship between wave-
length shifts and temperature.
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increasing temperature. The measured temperature sensitivities of FBGx, FBGy, and
FBGT are γx = 0.0176 nm/°C, γy = 0.0182 nm/°C and γT = 0.0111 nm/°C, respectively.
The higher temperature sensitivities of both FBGx and FBGy can be attributed to the
carbon steel plates that have a larger TEC. 

Based on the acquired experimental data and equation obtained from Eqs. (8) and (9).
the general relationship between the wavelength shift, tilt angles, and temperature
change for FBGT, FBGx, and FBGy with negligible cross-axis sensitivity can be ex-
pressed as

∆λT = γT∆T (12)

∆λx = γx∆T + kxxθx (13)

∆λy = γy∆T + kyyθy (14)

Thus, by substituting (12) into (13) and (14), the following expressions are attained.

(15)

(16)

where γx, γy and γT are the temperature coefficients for FBGx, FBGy, and FBGT, kxx
and kyy is the angular coefficients and ∆T  is the temperature change. 

Figure 7 compares the results of the measurement from the experiment and esti-
mation using Eqs. (15) and (16). The estimated angles for θx and θy coincide with the
experimental measurement very well. This is due to the minimisation of the cross-axis
sensitivity that reflects on the stability and accuracy of the proposed inclinometer. 

Assuming ∆T = 0, the accuracy of the estimation based on Eqs. (15) and (16) is
assessed using mean absolute error (MAE): 

(17)

The mean absolute error (MAE) for θx and θy is observed to be 0.1059° and 0.1299°,
respectively. These MAE values serve as indicators of the overall accuracy of the pro-
posed inclinometer. To further evaluate the relative accuracy of this work, the obtained
MAE was utilized to calculate the mean relative absolute error (MRAE): 

(18)
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The MRAE of θx and θy is calculated to be 0.1628% and 0.2303% (the data for 0°
accepted values are excluded). These MRAE values provide an assessment of the rel-
ative accuracy of the model concerning the respective axes and a low MRAE percent-
age suggests that the inclinometer provides precise and reliable measurements with
minimal relative error. Figure 7 and the calculated mean absolute error (MAE) collec-
tively demonstrate that the inclinometer exhibits a high level of precision. These findings
align with the characteristics typically associated with various types of inclinometers.
Based on the wavelength resolution of the FBG interrogator which is 1 pm in value and
the obtained average sensitivity of both FBGs (kxx = 34.87 pm/° and kyy = 33.79 pm/°),
the equivalent resolutions for FBGx and FBGy are estimated to be ±0.0287° and
±0.0299°, respectively. The proposed accuracy and resolution allow for precise meas-
urements and is suitable for many applications where high accuracy is required. How-
ever, the suitability of this resolution depends on the specific application and the level
of precision needed.

The Table presents a comparison of the performance of various FBG-based tilt sen-
sors/inclinometers. While studies by BAO et al. and GUO et al. demonstrate higher sen-
sitivities and resolutions compared to the proposed model, the proposed sensor excels
in terms of accuracy. The cantilever-based configuration contributes to the proposed
sensor’s ability to achieve eminent accuracy and low MRAE which are 0.1628% and
0.2303% for θx and θy. The structural design minimizes the cross-sensitivity which is
an undesired parasitic effect. This ensures that the measured tilt values closely align
with the true tilt angles. On the other hand, LI et al. and ISMAIL et al. showed an oper-
ating range greater than that of this study, yet the proposed sensor exhibits higher sen-

Fig. 7. Comparison graph between experimental data and estimated data for θx and θy.
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sitivity due to the consideration made in sensor design, and the proposed inclinometer
is optimized to achieve accurate measurements within its specified range. Notably, the
proposed sensor offers a comprehensive range of performance capabilities. While dis-
cussions in various studies have primarily centered around the fundamental sensitivi-
ties of the orthogonal axes, the effects of these sensitivities are often neglected due to
their lower magnitudes compared to the main axes. However, a thorough exploration
of cross-axis sensitivity analysis between these axes is frequently overlooked. This
oversight is particularly significant for the prospective industrial applications of these
sensors. In contrast, the sensor proposed in this study is designed with low cross-axis
sensitivity, a critical specification for biaxial sensors. This feature is particularly es-
sential for ensuring reliability and durability in practical applications.

5. Conclusion 

A cantilever-based inclinometer using two FBGs for biaxial sensing (x-z and y-z axis)
with minimised cross-axis sensitivity between both axes was fabricated and charac-
terised. When the inclinometer is tilted, the loaded cantilevers are bent due to the grav-
itational effect, thus inducing axial strain on the FBGs mounted to the surface of the
cantilever. As a result, the Bragg wavelengths are shifted by the tilt angle in the tilt
plane. The measured sensitivities for FBGx and FBGy are 34.87 and 33.79 pm/°, re-
spectively, with a minimised cross-axis sensitivity of 0.9275%. The proposed incli-
nometer also offers high accuracy of 0.1059° and 0.1299 over the range of ±25° for
both tilt planes. The proposed inclinometer possesses diminishable cross-sensitivity,
and the mean relative absolute error (MRAE) for FBGx and FBGy is calculated to be
0.1628% and 0.2303%. Overall, a straightforward, stable, cost-effective, and simple
inclinometer was fabricated with excellent characteristics such as inclined sensitivi-
ties, diminutive cross-axis sensitivity, low MRAE, low angular error, high accuracy,

T a b l e. Attributes of different FBG-based tilt sensors. 

Range [°] Sensitivity [pm/°] Accuracy [°] Resolution [°]
Cross-axis 
sensitivity [%]

HE et al. (2009) –12 to +12 192 0.1 0.005 –

BAO et al. (2010) –40 to +40 x-axis: 96, 80
y-axis: 79, 93.6

0.2 0.013 –

AU et al. (2011) –35 to +35 39.5 0.051 0.013 –

CHAO et al. (2018) –5 to +5 x-axis: 132
y-axis: 128

– – –

LI et al. (2020) –50 to +50 4.5 – – –

GUO et al. (2020) –90 to +90 46.7 1.516 0.003 –

ISMAIL et al. (2021) –90 to +90 10 – – –

This work –25 to +25 x-axis: 34.87
y-axis: 33.79

θx: 0.1059
θy: 0.1299

θx: 0.0287
θy: 0.0299

0.9275
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and a good resolution. This inclinometer is suitable for structural health monitoring
and ground movement monitoring. 
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