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ABSTRACT 

In this paper, a novel design of fiber Bragg grating tilt sensor is proposed. This tilt sensor exhibits high angle 
sensitivity and resolution. The presented tilt sensor works on the principle of the force of buoyancy in a liquid. It has 
certain advantages over the other designs of tilt sensors. The temperature effect can be easily compensated by using 
an un-bonded or free FBG. An analytical model is established which correlates the Bragg wavelength (λB) with the 
angle of inclination. This model is then validated by the experiment, where the experimental and analytical results 
are found in good agreement with each other.   
 
Key Words: Fiber Bragg grating (FBG), Tilt sensor, Inclinometer etc. 
 

1. INTRODUCTION 
Fiber Bragg grating (FBG) sensors are one of the most preferable sensors in the field of structural health monitoring 
(SHM). Unlike the traditional sensors, the FBG sensors are known for their high accuracy, immunity to 
electromagnetic interference (EMI), multiplexing capability, small diameter etc. [1-3]. The geotechnical engineering 
community has been showing a lot of interest in FBG sensors. The FBG sensors have been used to monitor various 
parameters related to geotechnical structures such as strain, vibration, vertical/lateral deflection etc. [5-6].  
 
In the construction industry, it is very important to monitor the movement of soil. The soil moves because of the 
heavy construction activities such as deep excavation for subway tunnels, underpasses etc. in the nearby area. The 
soil movement can be monitored using tilt sensors or inclinometers. Various types of tilt sensors have been 
developed and reported in the literature. The fiber Bragg grating (FBG) based tilt sensors are highly accurate and 
sensitive. The tilt sensors measure the angular deflection of an object from a reference plane [7]. A novel two-
dimensional temperature-insensitive tilt sensor employing FBG sensors was demonstrated. The FBGs were glued to 
a cylindrical cantilever and a weight or a body is attached to the other end of the cantilever. The inclination/tilt 
induces bending in the cantilever which in turn changes the Bragg wavelength of the FBGs. The tilt accuracy and 
resolution are ±0.2o and 0.013o respectively [8]. The measurement range for the proposed tilt sensor is ±40o. With a 
similar approach, a one-dimensional tilt sensor was proposed with a rectangular cantilever [9]. Two FBG sensors 
were bonded to the opposite sides of the cantilever beam, making the tilt sensor temperature independent. The 
resolution and range of such cantilever based tilt sensors are reasonably good, however, their performance largely 
depends on the bonding material which is used to bond FBG on the cantilever. For a long term application, the 
performance of the bonding material degrades significantly in a hostile environment. In a different FBG based tilt 
sensor design, four FBGs were integrated into a simple configuration. In this configuration, a weight (or body) was 
hung to a circular plate through equally long fibers on which FBG were inscribed [7]. The weight of the body 
redistributes itself among all the four FBGs if the angle of inclination is changed. This presents a relatively complex 
configuration of an FBG based tilt sensor.  
 
Further, a different design of tilt sensor was presented which is free from any mechanical joint or bonding. It is 
capable of measuring the magnitude as well as the direction of inclination [10]. The resolution and the measurement 
range are good enough for geotechnical applications; however, the design is complex and fragile. A novel design of 

Sensors and Smart Structures Technologies for Civil, Mechanical, and Aerospace Systems 2017, 
edited by Jerome P. Lynch, Proc. of SPIE Vol. 10168, 101681T · © 2017 SPIE

CCC code: 0277-786X/17/$18 · doi: 10.1117/12.2259859

Proc. of SPIE Vol. 10168  101681T-1
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 12/26/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

tilt sensor 
presented. 
the resolut
inclinomet
which fun
characteris
During the
sensor. No
 
In this pap
designs, th
or mechan
be affected
presented w
 

2.1 FBG a

In FBG se
Fig.1. An E
through a g
given as [1
 

 
Where neff 
the consecu
(ε) or the c
by 
 

Where ΔλB
 
 

     

 

employing an
It is an intensi

tion and the re
ter. The chemic
nctioned as a 
stics of the FBG
e installation p
one of the tilt se

per, a novel d
his design cons
nical joint. In th
d by mechani
whose respons

and its princip

ensors, grating 
Excimer laser (
grating, a parti
13]  

f is the effectiv
utive grooves o
change in temp

B is the change 

n FBG inscrib
ity based tempe
epeatability are
cally etched fib
pendulum. Th

G changed. Ho
process, the til
ensor available

design of buoy
sists of an un-b
his design, the 
ical or structu
e is independen

ple 

(periodic refr
(248 nm) and p
icular wavelen

ve refractive ind
of the grating) 
perature as sho

in the Bragg w

Figure 

bed on a speci
erature insensi
e not good eno
ber Bragg grat
he inclination 
owever, the stab
lt sensor migh
e in the literatu

yancy-based F
bonded FBG; th

FBG fiber is i
ural vibrations 
nt of rotation w

2. 

ractive index p
phase masks ar
gth is reflected

dex of the core
of the FBG. T

own in Fig. 1. T

wavelength and

1. Schematic o

ߣ

ial fiber called
itive tilt sensor
ough. A chemi
ting was conne

induced bend
bility and repe

ht get some ro
re is able to av

FBG tilt senso
herefore its per
immersed into 

exhibiting hi
which might ha

THEORY 

profile) is insc
re used to inscr
d back. This w

e of the fiber a
The Bragg wave
The strain in te

d α is the wave

of FBG sensor 

஻ߣ = 2݊௘௙௙߉

ߝ = ߙ஻ߣ߂  

d polarization-
r design [11]. T
ically etched F
ected to a hollo
ding in the F

eatability of thi
otation which a
void this effect.

or is proposed
rformance is in
the water, hen

igher stability.
appen during th

ribed into the 
ribe the grating

wavelength is ca

and Λ is the gr
elength change
erms of change

length-strain se

and its princip

-maintaining (
The measureme
FBG was also u
ow-core fiber (H
FBG and there
s sensor need f
affects the per
.    

d. Unlike other
ndependent of 
nce its perform
. Also, a desi
he installation 

core of the fi
g. When the br
alled Bragg wa

rating period (t
es linearly with
e in the Bragg 

ensitive factor.

ple.  

(PM) fiber wa
ent range is go
used in a fiber
HCF) filled wi
efore, the refl
further investig
rformance of t

r FBG inclino
mechanical bo

mance is not lik
ign of tilt sen
process.  

iber as shown 
oadband light p
avelength (λB)

the distance be
h the change in
wavelength is

.  

 

       

      
 

as also 
od but 
r-optic 
ith tin, 
lection 
gation. 
the tilt 

ometer 
onding 
kely to 
nsor is 

in the 
passes 
and is 

etween 
n strain 
 given 

      (1) 

      (2) 

Proc. of SPIE Vol. 10168  101681T-2
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 12/26/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

 

2.2 Tilt sen

The tilt se
experiment
container. 
When the 
container t
 

                   

 
The initial
container k
of the wate
 
               
 
Where x &
 

T
 
                    
 
Hence, the
pad due to 
 
                

Where ρ i
calculated 
 

               
 

nsor design an

ensor design p
tal arrangemen
This floating 
liquid contain

tilts, the more i

                          

 (before tilting
keeps going do
er level on the 

                   

& y are the leng

The change in t

                          

e upthrust felt b
the change in 

                    

s the density 
as 

                   

nd its principl

proposed in thi
nt is shown in F
pad is tied to 

ner tilts as sho
is the upthrust. 

       (a)              
Figure 2. 

g) water level 
own with incre
left side of the

                   

gth and breadth

the liquid level

                     Δh

by FBG sensor
liquid level giv

                     

of the liquid a

ߝ                =

le 

is paper work
Fig. 2. A nonab
the bottom of

own in Fig. 2
          

                         
Schematic and p

in the contain
easing angle of
 container is gi

  ܽ = ௛(௫.௬ା௟௟.
h of the floating

l at the point o

h = [(l/2+s).sin

r is calculated b
ven in equation

ܨ          = .ߩ (
and g is the g

= ே௢௥௠௔௟	௦௧௥௔ா௟௔௦௧௜௖௜௧௬	௢௙

ks on the princ
bsorbent pad o
f the container
2(b), the pad s

                          
principle of the 

ner is ‘h’. The 
f inclination. A
iven as 

௟.௪)	ି	௟మ.௪.௧௔௡(௪ା௫.௬.௖௢௦(ఏ)
g pad, l & w ar

f FBG = Water

n(θ) + a.cos(θ)]

by calculating 
n (4) as (ݔ. .ݕ .(݄߂ ݃   

 
gravity. The st

௔௦௦	௢௡	ி஻ீ௙	௧௛௘	௙௜௕௘௥ = 	

ciple of buoya
of thermoplasti
r through an F
sinks more an

             (b) 
proposed tilt sen

height of the 
At a particular 

ఏ)/ଶ             
e the length an

r level after tilt

)] – h                

the weight of t

                    

train induced i

ி గ௥మൗா             

ancy of liquids
c elastomer is 

FBG sensor as 
d it feels upth

nsor. 

water level on
angle of inclin

                  

nd breadth of th

t – Water level

                         

the liquid disp

                     

in the FBG du

                     

s. The schema
floating in the 
shown in Fig

hrust. The mo

n the left side 
nation (θ), the 

                  

he liquid conta

l before tilt 

                     (4)

laced by the fl

                    

ue the upthrus

                    

atic of 
liquid 

g. 2(a). 
ore the 

 

of the 
height 

    (3) 

iner.  

) 

loating 

    (5) 

st F is 

    (6) 

Proc. of SPIE Vol. 10168  101681T-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 12/26/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

Where r is the radius and E is the modulus of the elasticity of the fiber. The change in the Bragg wavelength (ΔλB) of 
the FBG sensor due to the upthrust F can be calculated using equation (2) as 
 
஻ߣ߂                                               = ߝ × strain˗optic	coefϐicient	of	the	FBG	(ߙ)                                             (7) 
The values of strain-optic coefficient (ߙ) of the FBG sensors in communication wavelength range (1500nm – 
1600nm) and in far infrared wavelength range (800nm - 900nm) are 1.2pm/μm and 0.67pm/μm respectively.    
 

3. EXPERIMENTS AND RESULTS 
The size of the liquid container used in the experiment is 47x15x15cm3 and the size of the thermoplastic elastomer 
pad is 19.7x9.7x2.5cm3. The liquid used in the experiment is water. The experimental arrangement similar to Fig. 2 
was setup. One edge of the water container is elevated/demoted step by step to give it a positive/negative inclination 
to the container and then the response of the FBG which is tied to the floating pad at the other end of the container is 
recorded. The change in the Bragg wavelength (ΔλB) of the FBG with the change in angle of inclination (θ) is shown 
in the Fig. 3. The simulated values of change in Bragg wavelength (ΔλB) for discrete values of θ are obtained using 
equations (5), (6) and (7). The simulated data points are also shown in Fig. 3. A very good match is found between 
the experimental and simulation results. The resolution of angle of inclination (θ) in this design depends on the size 
of the container (l & w), the size of floating pad (x & y), and the distance of FBG from the center of the container (s) 
as established in equations (3) and (4). The resolution of the tilt sensor presented here is 0.0028degree/pm, which is 
higher than that of any other tilt sensor design presented so far in the literature. The size of this tilt sensor might be 
too big to be implemented for many applications.   
 

        
Figure 3. Response of FBG with change in angle of inclination. 

 

Furthermore, an experiment was performed with a cylindrical liquid container with smaller dimensions. A circular 
pad of thermoplastic elastomer of diameter 9cm is used in this case. The schematic of the experimental setup is 
shown in the Fig. 4. Again, the container is tilted and the response of the FBG is recorded. The change in Bragg 
wavelength with the angle of inclination is shown in Fig. 5. Clearly, the resolution is lower because the size of the 
floating pad and the size of the liquid containers are lower in this case. Also ‘s’, the distance of the FBG from the 
center of the container is zero in this case (refer to Fig. 2(b)). The resolution of the tilt sensor is 0.056degree/pm, 
which is in the same order as of any other tilt sensor presented in the literature. The biggest advantage of such 
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are reduced to make it more practical, its resolution goes down. Still, in the most practical dimensions, its resolution 
is comparable (or in the same order) to that of other tilt sensor designs presented in the literature. Also, this 
buoyance-based FBG tilt sensor can be made in a symmetrical shape to avoid the effect of rotation. The sensor 
resolution can be further increased by using a liquid with a higher (than water) density.      
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