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Abstract− This article presents the development of a liquid-level
sensor using fiber optic Bragg gratings (FBG). The sensor com-
prises a carbon-fiber-reinforced polymers (CFRP) diaphragm pack-
aging an embedded FBG to measure strain. A mathematical analy-
sis determines the FBG response to the pressure exerted by a liquid
column over the packaged sensor. The experimental arrangement
consists of an acrylic tube with a sensor at the bottom. FBG signals
were acquired using a DI 410 optical interrogator manufactured
by HBM. A finite element simulation with Ansys was performed
to determine the most reposeful position from the FBG sensor.
The experimental results show the analysis of eight repetitions of
the water column ranging from 10 cm to 60 cm using 10 cm
steps. The sensor showed a linear response, with a coefficient of
determination of 0.999, and a sensitivity of 4.1 pm/cm; and the
maximum standard deviation is 0.64 pm. Although water is used in
the calibration process, other liquids could also be used, obtaining
a different angular coefficient depending on the density of the
liquid used.

Index Terms− Carbon-fiber-reinforced polymers, embedded optical fiber sen-
sor, fiber Bragg grating, liquid-level sensor.

I. INTRODUCTION

The measurement of physical quantities plays a role of great importance for industrial activity.
Physical parameters such as temperature, pressure, level, and deformation are of fundamental importance
to ensure adequate control and supervision of industrial processes. For most of these applications, con-
ventional electrical and electronic sensors perform satisfactorily. However, there are limiting situations
for conventional sensors that compromise the measured value. Such factors include electromagnetic
interference, the distance between the sensor and the processing unit, or the number of measurement
points. In situations of this type, it is necessary to investigate new measurement methods, and in this
scenario, optical sensors are an alternative to conventional electrical sensors [1]–[3].

Fiber Optic Bragg gratings (FBG) stand out among the types of optical sensors [4]. FBGs are used
in telecommunication systems for laser stabilization, signal multiplexing, dispersion compensation, and
optical filters [5]. However, the intrinsic sensitivity of FBGs for measuring temperature and strain led
to their application as a sensor. Thus, it was possible to unite the need to measure physical quantities
together with the inherent characteristics of the optical fiber [2]. The main characteristics of FBGs for
use as a sensor are a passive sensor, not requiring power for its operation; small mass, which ensures
a response in the order of milliseconds for temperature and strain measurements; measurement carried
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out in wavelength, with this it is possible the multiplexing of several sensors in the same optical fiber;
immune to electromagnetic interference, since the optical fiber is composed of silica and does not
conduct electricity; low signal loss, in the order of 0.2 dB/km in the 1.5 um spectrum region [6].

Due to their characteristics, FBG sensors have a wide range of applications, especially immunity
to electromagnetic interference; their application in electrical machines and power distribution systems
stands out. In [7], the temperature measurement and validation of a thermal model of a three-phase
induction motor is presented. Still, in the application in induction motors, FBGs sensors are used for
fault diagnosis in rotors [8] and bearings [9]. In [10], a pattern recognition technique is presented to
identify bearing failures in induction motors based on the measurement performed by an FBG. In [11]
is presented a measurement technique to identify the different eccentricities of induction motors due
to unbalanced magnetic pull. Still, about electrical machines, FBG sensors are used for temperature
measurements [12] or even simultaneous measurement of temperature and vibration in hydrogenerators
[13].

FBGs are also used prominently in biomedical engineering applications. In [14], a study using
FBG sensors glued to Schanz pins evaluated the evolution of bone, where three materials of different
densities were inserted into the fracture site (synthetic femur) to simulate the formation of bone callus
is presented. Socorro-Leranoz et al. [15] report the development and characterization of parallel FBG
to monitor the movements of the wrist and fingers of a hand, the system that can be used to monitor
the positions of the hand or for the rehabilitation of patients suffering from neuromotor or post-stroke
diseases. Kalinowski et al. [16] used FBG sensors to measure the static and dynamic strain of the
external fixation device used in patients who have suffered fractures in the lower limbs. In [17], the
authors use four FBG sensors embedded in carbon fiber-reinforced polymer in a smart foot; the results of
the FBG sensors are used in an adaptive fuzzy-proportional–integral–derivative (FPID) control strategy.

Liquid level monitoring is essential in the industry for many reasons, including evaluating the stock
of storage tanks, preventing overflows and leaks, reducing waste and downtime, and improving safety
and regulatory compliance [18]. There are several methods for monitoring liquid levels. Some of the
most common methods include differential pressure transmitters that measure the hydrostatic pressure
of a liquid in a tank or reservoir and convert that pressure into an electrical signal that can be read by
a controller or gauge [19]. Load cells measure the force the liquid exerts on a specific point in the tank
or reservoir. This force is then converted into an electrical signal that a controller can read [20]. At
least using radar technology is a non-contact method that involves sending an electromagnetic pulse to
the surface of a fluid and measuring the time required for the pulse to return to the sensor. The faster
the pulse returns, the higher the fluid level [21].

Previous papers demonstrated several ways to measure liquid levels with different types of FBGs
and encapsulation techniques, and some of these techniques are summarized in [22]. One way to use
FBGs as a level sensor is to determine the refractive index of the medium surrounding the sensor. The
refractive index changes as the water column rise and comes into contact with the sensor. In [23], a
level sensor using an etched chirp FBG is used as a level sensor. In [24], tilted FBGs are used as
a refractive index sensor. Another way to measure the refractive index is using long-period gratings
(LPG) [25], [26]. This type of liquid-level sensor has the disadvantage that the sensor is exposed to
the environment, which can make it fragile.

One way to perform the level measurement is from an indirect measure, such as the deformation of a
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diaphragm. This diaphragm acts as an encapsulation for the FBG and keeps it protected from mechanical
impacts. Different materials and techniques can be used to make the diaphragm. In [27], the authors
present a rubber diaphragm with an FBG sensor glued in the center of this diaphragm. In [28], the
material used in the diaphragm is epoxy, with an FBG embedded. In [29], a liquid-level sensor system
is presented based on a pair of FBG embedded in a circular silicone (PDMS—polydimethylsiloxane)
rubber diaphragm. The pair of sensors in [29] were used to compensate for the cross-sensitivity to
temperature and strain of the FBG sensor.

One of the materials that have been gaining attention for encapsulating FBG sensors is carbon fiber
reinforced composite (CFRC) [30]. Sensors with an FBG embedded in CFRC were used to measure
strain in transformers [31], to identify faults in electric motors [9], and also to develop liquid-level
sensors [32] using two sheets of CFRC diaphragm and an FBG sensor glued between them.

This article presents the development, finite element modeling, and calibration of a liquid-level sensor
using a CFRC diaphragm with an embedded FBG. The manufacturing method, with an embedded FBG,
contributes to this work.

II. MATERIALS AND METHODS

A. Sensor Analysis and Development

Fig. 1 presents an illustration of the developed sensor. The main dimensions of the sensor are also
shown in Fig. 1. The sensor comprises a carbon fiber diaphragm positioned on a stainless steel flange
with an embedded FBG. The upper part of the flange has a threaded connection to the water tank,
compatible with pipes used in industrial hydraulic systems.

External diameter:100 mm

Fig. 1. Liquid-level sensor and its dimensions.

The water column exerts an uniform pressure on the diaphragm, and this, in turn, presents an axial
and radial deformation, which can be represented by [28], [32]:

εt =
3P

8Et2

(
1− v2)(R− r2) , (1a)

εr =
3P

8Et2

(
1− v2)(R−3r2) , (1b)
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where E is Young’s module, R is the diaphragm radius, v is Poisson’s coefficient (0.5 for CFRP [28]),
t is the thickness, r the distance from the point where the strain is measured to the center of the
diaphragm, and P is the applied pressure. The applied pressure due to a column of liquid can be
determined by:

P = dgh, (2)

where d is the liquid density, g is the acceleration of gravity and h is the height of the liquid column.
In this paper, the sensor is characterized using water whose density is 997 kg/m3. The FBG suffers
only the effect of the radial deformation εr and, according to (1b), the greatest deformation point is in
the diaphragm’s center (when r = 0). Because of this, the diaphragm is manufactured with the FBG in
the center.

The Bragg wavelength λB is sensitive to the effective refractive index and the grating period. Changing
one of these two parameters resulting from external interference causes a shift ∆λB in the value of the
central wavelength reflected by the FBG (λB). The mechanical and thermal changes of the medium are
related to the displacement ∆λB using the expression [2]:

∆λB(∆ε,∆T ) = λB [(1− pe)∆ε +(αn +αΛ)∆T ] , (3)

where ∆T is the temperature variation and ∆ε is the strain variation experienced by FBG. Still in (3),
pe is the effective photoelastic constant, αΛ is the thermal expansion coefficient for the fiber and αn

thermo-optic coefficient. For an FBG with a central wavelength of 1550 nm, (3) yields the expected
sensitivity of 1.2 pm/µε for strain variation and 10 pm/◦C for temperature variation [2].

From (3), one can see that it is necessary to compensate for the temperature variation when the
only strain measurement is desired. In this paper, the compensation is performed using an encapsulated
FBG in an alumina tube that is in contact with the water column. The FBG has Bragg resonance
peak wavelength of 1532 nm, full width half maximum of 0.3 nm and about 50 % reflectivity. The
encapsulation ensures that the FBG is subject only to temperature variations.

Substituting (1b) in the first installment of (3), considering a level variation ∆h:

∆λB =

1.2 pm/µε︷ ︸︸ ︷
λB [(1− pe)]

3dg∆h
8Et2

(
1− v2)R︸ ︷︷ ︸

∆ε

, (4)

and (4) is used to obtain the Bragg wavelength variation of the liquid-level sensor. In (4), it is possible
to identify the parameters that can modify the deformation experienced by the FBG. The deformation
is directly proportional to the density of the liquid used. Therefore, increasing the density of the liquid
is expected to obtain a greater deformation. This paper uses water to obtain the sensor response.

Still, about (4), the thickness of the diaphragm is inversely proportional to the deformation, being a
quadratic relationship. For a higher sensibility, this thickness should be as small as possible. Young’s
module is also inversely proportional to the deformation, but this parameter is intrinsic to the material
used and cannot be changed.
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B. Experimental Setup

The liquid level sensor consists of an embedded FBG to measure the strain of a CFRP diaphragm.
An uniform FBG sensor is used for strain measurement, recorded using the phase mask technique onto
a Ge-doped photosensitive fiber. The FBG was written using an excimer laser (Xantos XS 500 - 193
nm-XS-L Coherent) with 193 pulsed emission up to 500 Hz and wavelength at 193 nm. The phase
mask period used is 1060 nm, resulting in a Bragg wavelength centered at 1533 nm, with a reflectivity
of 80%. The FBG recording was made at the Multiuser Photonics Laboratory of the Federal University
of Technology – Parana at Curitiba.

The optical fiber was embedded between two layers of carbon fiber composite of bidirectional
and unidirectional carbon fiber (200 g/m2) and epoxy resin (331), and term with hardening (043 ),
manufactured by Dow Chemical Company. The first layer of carbon fiber was impregnated with epoxy
resin, sealed hermetically, and subjected to a healing process at elevated temperature. The optical fibers
with the FBG sensors were positioned under the first layer and covered by the second layer. To ensure a
high-quality product, a vacuum pump was used to remove air particles during the curing process, which
was performed at 120 ◦C for 8 hours. According to (4), to get the maximum wavelength variation, the
CFRP diaphragm must have the lowest possible thickness. However, given the manufacturing process,
the lowest thickness obtained is 3 mm.

Fig. 2 presents the experimental setup used to obtain the sensor response. For a calibration of the
used sensor an acrilic tube 1 m high. At the bottom of the tube a valve was placed to reduce the water
level when necessary. An optical interrogator DI-410, manufactured by HBM, with four input channels
and an acquisition rate of 1 Hz reads the FBG sensor. HBM’s Catman ® Easy software collects the
optical interrogator data.

Water Flow

Level 6

Level 5
Level 4

Level 3
Level 2
Level 1

Optical cable
Optical level sensor

Ethernet 
Connection

Optical Temperature sensor

Optical Interrogator

Fig. 2. Experimental Setup.

III. RESULTS AND DISCUSSIONS

A. Finite Element Analysis and Simulation

Equations (1a) and (1b) present the deformation suffered by a diaphragm. Inspection of these
equations leads to the conclusion that the value of r must equal zero to obtain the most significant
deformation. Since r is the distance of the analyzed point to the center of the diaphragm, the most
significant deformation occurs at the center, when r = 0. A finite element simulation is performed to
demonstrate that the center of the diaphragm is, in fact, the place with the most significant deformation.
The simulation consists of applying a normalized pressure of 1 MPa. The simulation must be performed
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for a pressure input since this is the physical quantity experienced by the diaphragm when it is under
a column of liquid.

The simulation result is presented in Fig. 3. The software ANSYS 2022R1 Researcher was used and
had 34524 nodes and 18393 elements. The place with the most significant deformation is in the center
of the diaphragm, with a value of 0.02742 mm for a pressure of 1 MPa, which corroborates what is
expected by (1a) and (1b). Thus, the installation location of the FBG so that the sensitivity of the level
sensors is the best possible must be the center of the CFRP diaphragm.

Fig. 3. Deformation FEM simulation of the CFRP diaphragm.

B. Sensor calibration

The tests were conducted in a room with a controlled temperature of 23 ◦C. The calibration occurred
as follows: water column variations of 10 cm, with a maximum level of 60 cm. A total of 8 repetitions
were performed. Fig. 4 shows the response of the liquid-level sensor. The sensor has a linear response,
with a correlation coefficient of 0.999 and an angular coefficient of 4.1 pm/cm. The integration of FBG
and CFRP produced a linear response and protected the sensor from mechanical impacts. Since the
liquid used in this paper is water, each variation of 10 cm in the water column is equivalent to a pressure
variation of 984.04 Pa, and the maximum pressure applied to the sensor is 5904.2 Pa. Although the
sensor was calibrated against the height of the water column, it can also be used as a pressure sensor.
The variation in wavelength depends, in addition to the height of the water column, on the liquid
being used. Changing the liquid used would change the applied pressure, and if the liquid has a greater
density than water, the sensor response would have a linear coefficient greater than that obtained with
water.

Table I presents the mean values of Bragg wavelength variation. The variation in wavelength between
each 10 cm step is similar for all values, about 4 pm, which indicates the sensor’s linear response. The
maximum standard deviation observed was 0.64 pm, and this standard deviation value is mainly due to
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Fig. 4. Liquid-level sensor calibration response.

the calibration process performed. Small variations in the poured liquid amount inside the tube can lead
to greater standard deviation values. That is the case when draining the liquid using the manual valve
positioned in the tube’s base. Despite this, the linear correlation coefficient was R2 = 0.999, confirming
the sensor’s linear response.

TABLE I. Mean values obtained by calibrating the level sensor and the standard deviation for each water column height
value.

Water level (cm) Mean ∆λB (pm) Standard deviation (pm) Standard deviation (cm)
0 0 0 0

10 3.88 0.64 2.62
20 8.25 0.46 1.89
30 12.13 0.64 2.62
40 16.38 0.52 2.13
50 20.50 0.53 2.17
60 24.50 0.53 2.17

From (4), it is possible to estimate the expected value for the wavelength variation versus the
variation of the level of the water column. However, the parameter with more significant uncertainty
is Young’s modulus of the diaphragm, as it does not have constant parameters, especially in the epoxy
resin concentration during the manufacturing process and fiber orientation. According to [33], Young’s
modulus values can range from 6.7 GPa to 78 GPa for CFRC. Using the value of 6.7 GPa, (4) predicts
a variation in the wavelength of 6.4 pm for each 10 cm of the level of the water column, while the
value of 78 GPa predicts a variation in the wavelength of 0.55 pm. Isolating the modulus of elasticity
in (4), using a variation of 4.1 pm (same value of the linear coefficient shown in Fig. (4)), the value
of 10.45 GPa is obtained for Young’s modulus of the CPFR diaphragm.

From Young’s modulus value of 10.45 GPa and (4), it is possible to estimate the values obtained
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by the level sensor for a variation of 60 cm in the water column, both for filling and draining the
tube. The result of the simulated and experimental values (in addition to the temperature variation
throughout the experiment) are shown in Fig. 5. The temperature curve shows minor variations around
23 ◦C, especially for 10 cm and 20 cm values. These variations occur for two reasons; the first is
a mechanical oscillation when filling the tube at these initial values. The filling process consists of
pouring, through the upper part of the tube, the amount of water equivalent to 10 cm of variation in
the height of the water column. When hitting the diaphragm, the mechanical oscillations of the impact
are transferred to the temperature sensor. This phenomenon is not observed for values greater than 20
cm because the water in the tube dampens these impacts. The other temperature variation observed
throughout the experiment is due to the difference in temperature of the water and the diaphragm. The
wavelength variation of the level sensor is compensated by the second FBG that works as a temperature
sensor.
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Fig. 5. Comparison of experimental liquid level and level measured by the proposed sensor.

During the increase of the water column, a maximum difference of 1.28 cm is observed between
the theoretical and the experimental value for the heights of 30 cm and 40 cm. These values were
already expected since they are within the standard deviation for their respective heights, according to
Table I. However, the tube emptying process is not a process in which the experimental arrangement
used allows precise control of how much the water column height decreases. This is because, as shown
in Fig. 2, a valve is used to empty the tube, and its closing or opening leads to minor variations
in the desired amount of water. This is more evident in Fig. 5 when at heights of 30 cm, 20 cm,
10 cm, and 0 cm, the level curve is not constant but a decreasing line. Even with this difficulty in
maintaining the desired value while emptying the tube, the maximum difference between the simulated
and experimental observed was 2.2 cm for a liquid-level of 10 cm. This value is smaller than the
standard deviation obtained in Table 1, 2.62 cm, for the same height.
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The encapsulation technique used in this paper is the main contribution and cannot be directly
compared with previous papers. However, previous works also use a diaphragm for level or pressure
measurement. In [28], the authors use an epoxy diaphragm with a sensitivity of 47.7 pm/kPa for a
thickness of 1 mm. Converting the sensitivity of this work to pressure, the sensitivity obtained is 4.15
pm/kPa for a thickness of 3 mm. The lower sensitivity is due to the greater thickness and a material
with a higher Young’s modulus.

In [32], a carbon fiber diaphragm was used for level measurement. However, the encapsulation
technique differs, with the sensor glued externally to the diaphragm. The sensitivity obtained was 1854
pm/cm, but with a thickness of 0.2 mm. This article used a thickness of 3 mm (the smallest that the
manufacturing process can achieve) and a sensitivity of 4.1 pm/cm. Despite greater sensitivity, it is
worth considering that the thickness used is 15 times smaller. According to (4), the difference between
the two sensors is expected, as the relationship between strain and thickness is quadratic.

IV. CONCLUSION

This work uses a new FBG encapsulation technique for liquid-level measurement using CFRP. The
sensor consists of a CFRP diaphragm with an embedded FBG whose pressure exerted by the diaphragm
causes a deformation. From the FEM can determine that the center of the CFRP diaphragm is the point
subject to major deformation. Because of this, the FBG sensor was embedded in the center of the
diaphragm.

The calibration results show a linear behavior, with a 4.1 pm/cm slope and a correlation coefficient
of R2 = 0.999. From the equations presented in section II, it was possible to estimate Young’s modulus
of the CFRP fiber used, which was 10.45 GPa. Although water was used in the calibration process,
other liquids could also be used, obtaining a different angular coefficient depending on the density of
the liquid used.
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