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Abstract—In this paper, an optical fiber sensor based density
sensor is proposed and demonstrated experimentally. The sensor is
formed by fiber Bragg grating (FBG) sensor. The proposed sensor
design is very simple and versatile for density measurements of
liquids. The FBG strain sensor has one end mounted to a 3D printed
rigid support, and the other end connected to a 3D manufactured
clamp in this sensor design. A metal ball is suspended from this
clamp by a non-stretchable cord. When it is completely immersed
in liquid, the liquid buoyancy force acts on it. As a result, the strain
in FBG varies depending on the force applied to the ball. This
results in a wavelength shift in the FBG sensor. The proposed sensor
design is tested for four distinct liquids, including water, gasoline,
engine oil, and acetone, and the measured density values for each
were tabulated. We estimated the density of water by varying the
temperature and adding salt. Based on the measurements, the
sensitivity of the sensor is 2.584 pm/Kg/m? when the temperature
of liquid changes and 3.375 x 10~2 pm/Kg/m® when density
varied by adding salt to the liquid is reported.

Index Terms—Density, fiber Bragg grating (FBG), 3D printing,
oil, hotplate, density of water.

1. INTRODUCTION

ENSITY is one of the most prevalent physical proper-
D ties used to classify and characterize the fluids in the
environmental, petroleum, cosmetics, food and beverages, and
pharmaceuticals. Numerous products generated from petroleum
are used in our everyday lives, including various oils, fuels, and
petrochemicals. All the materials are a mixture of several carbon
hydroxides, which need to be characterised by their physical
properties, including density. To measure the density of liquids,
scientists have used different ways. In nuclear liquid density
measurements, they have used a nuclear gauge, which works
on the simple principle of gamma-ray attenuation [1]. These
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gauges will require a source and detector for the measurement,
also this technology requires highly sophisticated software. In
the conventional way of density measurement, an oscillating U
tube method is used. In this measurement, density measuring
liquid needs to fill the U-shaped tube, and this tube will oscillate
according to the given driving frequency [2]. Buoyancy-based
approaches work great in different applications [3]-[5], includ-
ing liquid level density related to the temperature and com-
position [6]. Online density measurement is greatly important
for quality testing in storage fuel and chemicals, besides in
industry where volume is regarded as metrology (ex: gasoline
station) [7], [8]. This type of measurement is called indirect
measurement. While in the case of direct measurement, evanes-
cent wave coupling between the level measurement fiber/wave
guide and the measured surrounding liquid. The density, vis-
cosity, and surface tension of a liquid are important parameters
for process design and coating thickness control in the paint
industries. Since it releases the SO5, NO,, CO, non-methane
volatile organic compounds (NMVOCs), they have developed
a new type of viscometer to measure liquid viscosity [9]. For
industrial and biomedical applications, the production of porous
materials requires the optimization of the density parameter
along with mechanical parameters [10]. Here they have used
Archimedes’ principle to measure the density and area of the
given metal form. Mostly density of water is determined us-
ing a simple Archimedes’ principle. When a known-volume
body is submerged in a water sample, the apparent mass loss
is equal to the mass of water displaced by the body. The
mass of water displaced is the product of the body volume
and the density of water at the surrounding temperature [11].
Another simple method to measure the density of a liquid is
hydro static pressure sensor methods and, Balanced - columned
method [12]-[14].

Optical fiber sensors offer tremendous advantages over exist-
ing sensing technologies due to their low weight, high sensitivity,
smallness, immune to electromagnetic interference, ease to mul-
tiplex many sensors, and robustness for harsh environments [15].
Consales et al., have been proposed the liquid level sensor by
using FBG, based on the principle of buoyancy [16]. Sheng et al.,
developed a temperature-independent high-sensitivity differen-
tial pressure sensor based on FBG sensors. Results showed that
the sensor is capable of measuring temperature and pressure
simultaneously, and it was suitable for the applications of liquid
density, specific gravity, liquid level measurement [17]. Chih-
Wei Lai et al. have been proposed FBG based level sensor with
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Fig. 1.

3D- Schematic representation of designed sensor.

the Fabry Perot pressure sensor combination to measure the
liquid level and specific gravity simultaneously [18]. But this
sensor has some limitations while measuring specific gravity.

In this study, we demonstrated a method to measure the liquid
density with the advantage of low cost, easy fabrication, and
high sensitivity based on Archimedes’ law of buoyancy. Here
we used a fiber Bragg grating (FBG) sensor as a sensing unit.
Another FBG sensor is also kept near the previous FBG, which
doesn’t affect its strain due to liquid density changes. The second
FBG is kept to see any temperature effect on the first FBG due
to the hot plate. Finally, the sensor’s sensitivity is evaluated
experimentally, and the analytical formula has been proposed
to measure the density of a liquid.

The remainder of this article has been collocated as follows.
Section II describes the overview of about FBG sensor, sensor
structure, and its implementation with mathematical analysis to
find the density of the liquid. Section III describes experimenta-
tion with the designed sensor and measurement results of density
changes with temperature variation and salt variations in various
liquids. Finally, Section IV describes the conclusions and future
work.

II. SENSOR DESIGN AND IMPLEMENTATION

A Schematic representation of the proposed FBG density
sensor is shown in Fig. 1. Photo sensitive single mode fiber from
Thorlabs was used to inscribe the FBG sensor using the phase
mask technique. The physical length of the currently used FBG
sensor is 10 mm. We used FBG with a central wavelength of
1550 nm, full width at half maximum (FWHM) 3-db bandwidth
of 0.15 nm, and reflectivity of 49.7%. From Fig. 1, it is realized
that a metal ball is used as suspending mass and is attached to
one end of the fiber, and another end of the fiber is fixed with
3D printed clamps. Since the FBG sensor has no contact with
measuring liquid for the measurement, the proposed setup can
be used for any liquid. The operating principle of the proposed
sensor design relies on Archimedes’ law of buoyancy [19].
For this sensor design, we have chosen a simple and low-cost
procedure. First, we made a wooden L shape for the fixation

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 1, FEBRUARY 2022

& Input spectrum

Bragg Gratings

A Optical fiber
o n
I\ []11] 1)
QH | | !\7
/ \
I
An =10°
I
A
L
10mm
5 7Y /B A

Reflected signal Transmitted Spectrum

Fig. 2. Schematic representation of FBG operation.

of our sensor. This L shape is fixed on the vibration-free table.
On top of the L shape, we have attached the 3D printed clamps
with screws to hold the fiber. So that fiber is suspended freely
in the air. Another 3D printed clamp we fixed at the bottom of
the fiber, also these clamps resist the twisting of the fiber, which
helps to keep the fiber inline and give proper measurements.
From the bottom 3D printed clamp, a metal ball with 82 grams
is suspended. So there is an axial strain induced in the FBG
sensor, which prompts a wavelength shift in the sensor from the
central wavelength.

FBG is an optical device obtained through periodic changing
of the refractive index in the core of a single mode fiber [20],
[21]. Fig. 2 shows the schematic diagram of the FBG operation
principle. It acts as a wavelength-selective filter, such that it
reflects a narrow bandwidth and transmits the reaming band-
width of light [22], [23]. If the reflected waves are in phase, then
it will make a constructive interference which causes a strong
reflection for a particular wavelength, which is given by Bragg’s
equation [24], [25].

AB=2neffA (1)

Where Ap is reflected Bragg wavelength, n.s is the effective
refractive index of the core, A is the pitch of the grating. As a
result, when light is launched from the broadband source into
the FBG, a light component fulfilled by the above equation will
be reflected and lost in the transmitted spectrum. Therefore from
the above equation reflected wavelength is strictly depends upon
effective refractive index (n.y ) and grating pitch (A) [26], [27].
FBG sensors have more usages in measuring temperature and
strain. An axial strain in the FBG causes to change both n.y
and A, which results in changing the central wavelength (1)
due to the photo elastic and elasto-optic effect, respectively.
Similarly, when FBG perturbed with ambient temperature also
causes the same effect on gratings due to thermal expansion and
thermo-optic effect. When FBG is directly influenced by both
temperature and strain at the same time, then the associated
wavelength shift is given by [28]-[30],

Adg

T = (L= Pet (a+ QAT )
B
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where € is axially applied strain, P, is photo elastic coefficient
of the fiber, « is thermal expansion coefficient,  is thermo optic
coefficient of the fiber, and AT is the temperature variation.
From Eq. (2), we are omitting effects due to thermal variations
since our FBG sensor measures the density of liquids not hav-
ing any temperature effect on it. Therefore normalized Bragg

wavelength shift due to strain term is
Axr
28— (1- P)e 3)

AB

According to Archimedes’ law of buoyancy, the total load
exerted on the FBG by spherical mass when the ball is dipped in
the measuring liquid is combination of both gravitational force
and buoyancy force.

Ly =Mg—Fa 4)

Where L is total load exerted on FBG, M is mass of the sphere,
g is gravitational acceleration, F'4 is buoyancy force of the liquid
on mass.

Lr=Mg—myg
= Mg - df‘/nLg
=g9(M —dsVi) (5)

where m is mass of the fluid displaced by the spherical mass
is equal to volume of the mass (V,;,) is multiplied by density of
the fluid (d). Mechanical strain applied on the Bragg grating
sensor is given by [31]

Lt
 AXE
_ g(M—dem)
Ax FE

€ =

&l

(6)

where o is axial stress applied on the fiber, A is the areal cross
section of the fiber, and E is Young’s modulus of the fiber. From
6 it is clearly known that the density of the liquid is directly
proportional to axial strain in the fiber. By combining 3 and 6
and by neglecting the temperature effect, normalized wavelength
shift is due to variation in liquid density is derived as,

Alp
AB

g (M - df Vm)

=(1-PFP)———— 7

R ™
From 7 clearly shows that the wavelength shift in FBG depends
on the density of the given liquid and the volume of the mass
(Vin) suspended in the liquid. In our experiment kept the volume
of the mass constant.
8(A)\.B> _)\.B(l —Pe)ng

Sensitivity = ad; = A% E (3

From the above 8, for a given liquid keeping the level constant,
the sensor’s sensitivity depends on the radius of the ball, which

is suspended in a liquid. Since the volume of the ball is V,,, =
%m*3, the sensing performance of the proposed design is suitable

for any liquid, and it can be modified according to the required
application.

6804106

FBG Senso
density

ompensation
ensor

S Glass 'B'eake

N Metal ball
L J1aN]

.
_Hot plate

Magnetic stirrer

Fig. 3. Experimental setup.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The Designed sensor was tested in various liquids to measure
the density. First, we have made a wooden fixation on the
vibration-free table, and on top of this we fixed a 3D printed
clamp to hold the FBG sensor and another end of the FBG
freely hanging. To the second end of the FBG, we fixed another
3D printed clamp with a small hole. Due to this, there is a red
shift in wavelength, which is considered a central wavelength
of FBG. From the second clamp, we hanged a metal ball with
a metal wire. This will cause an axial strain in the FBG sensor,
and this leads to red shift in wavelength [32]. Fig. 3 shows the
experimental setup of the density measurement of liquids. In
this experiment, we kept the liquid level constant to restrict the
pressure variation, and the liquids used in this experiment have
predefined density values. Therefore we can compare measured
density values with existing values, which helps us calculate er-
ror values in measurements. In all our experiments, we have kept
FBG at constant temperature by keeping the room temperature
stable with the help of a well maintained air conditioning system.
We used an FBG for temperature compensation and observed
that there was little or no effect because of the air conditioning
system. Observed temperature variation from the compensated
FBG wavelength shift is +0.7 °C. First, we took 200 ml water
with a measuring jar, and we dipped the ball in water so that ball
should not touch the bottom of the jar. When we descended the
ball in the water, due to buoyancy force acting on the ball, there
is stress in the FBG axis which will cause the blue shift in the
wavelength, which causes the reduction of the total load (Lr)
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TABLE I
DENSITY PARAMETERS
S.No. [Type of liquid  [Density Density error(%)
(Theory)(kg/m?) |(experimental)(kg/m?)
1. ‘Water 997.047 913.70 0.0835
2. Petrol 775 839.06 0.08
3. Engine oil 872.5 897.60 0.028
4. Acetone 785.755 863.13 0.09

on the FBG due to buoyant force (F4). Attention was focused
on the fiber tilting and twisting. In the above mentioned way, we
have dipped the ball in oil, Petrol, and acetone. We have recorded
wavelength shifts for all these liquids several times and taken
the average wavelength shifts individually. From the wavelength
shift, we calculated density values of the liquid correspondingly,
and errors in measurements are tabulated in Table I.

The density of the water is affected due to several rea-
sons. Mainly water is three types: pure water, salt water from
oceans, and natural water mostly from lakes. Pure water con-
tains distilled H>O molecules, including deuterium and tritium
molecules. But these heavy water molecules are few and don’t
show any considerable change in the density of water. Ocean
water is composed of several minerals such as Na™t, CI~,
Mg*, Ca*, and SO?—, but mostly Na™ and C1~ are having
higher proportions compared with remaining minerals, so these
proportions definitely affect density function. In lakes, mineral
content is constant, and it varies with different lakes, which
doesn’t produce any change in density. So, in this case the density
function varies with the temperature of the water as well as the
concentration of salt in it.

A. Temperature Variation

Therefore, we changed the temperature of water from room
temperature to 100 °C by varying hot plate temperature with
steps of 5 °C variation by keeping salt concentration constant.
As the liquids temperature increases, there is greater kinetic
energy in the molecules. There are also vibrations in the water
molecules, which causes each water molecule to take more space
while increasing the temperature. The density of a molecule
is represented as mass per unit volume. The density of water
decreases with increasing temperature because as temperature
rises, the volume of the water molecules increases. The density
of pure water varies with temperature by the below equation,
and the theoretical graph between temperature with the density
of water at 1 atm pressure and s=0 (s= salinity) is plotted in
Fig. 4 [33].

(T —3.9863)* T + 288.9414

p= 508929.2 T + 68.12963
x 0.99973} x P, x Ap, 9)
where
1
Pp=—
L=z e(p—1)

Ap =1—(2.11-0.053T) x <1 - i) x 107°
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Where T is temperature measured in degree Celsius, p is
atmospheric pressure, ¢ is a measure of compressbility, and t
is the time measured in terms of days. Since we have done the
whole experiment at 1 atm pressure, therefore P, = 1.

Wavelength shift with temperature variation is plotted in
Fig. 5, since an increase in the temperature of liquid causes the
change in density of the liquid. Due to the change in density of the
liquid, the buoyancy force acting on the ball gets reduces, which
causes more strain in the FBG. Therefore, while increasing the
temperature of the liquid, the wavelength shift in the FBG also
increases.

The temperature of the liquid is increased initially to 30 C
and then gradually raised upto 100 °C with 5 °C increments
using the help of hot plate and digital thermometer readings. We
have calculated the density of liquid water by using 9. The graph
between calculated density versus wavelength shift in the FBG
is plotted in Fig. 6. From both Figs. 5 and 6, it is clearly noted
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that FBG wavelength shift varies linearly with the density of
liquid varied by temperature. The measured density sensitivity
of the sensor is 2.584 pm/Kg/m? with an excellent linearity co-
efficient (R? = 0.9948). Therefore, our proposed sensor design
can measure the density changes due to temperature variation in
liquid.

B. Salinity Variation

Natural water and seawater are distinguished from pure water
by the addition of different kinds of salts. Out of all salts,
NaCl percentage is more in see water, the density function of
seawater affected by this salt concentration. The below equation
calculates density function varied with salinity [34].

p(T,S) = p1(T) + p2(T)S (10)

where
p1(T) = 999.8395 + 6.7914 x 1072T — 9.0894 x 10~>T*
+1.0171 x 107473 — 1.2846 x 10~ 7% 4 1.1592
x 10787° — 5.0125 x 1071176
pa(T) = 8.181 x 107! — 3.85 x 10737 +4.96 x 10~°T>

Where p denotes the density of water, which varies with temper-
ature and salinity, T is the temperature in degrees Celsius, and S
denotes the salinity in grams of salt added per kilogram of pure
water. If S = 0, then this equation will get the same results as 9.
In Fig. 7, a theoretical graph is presented between the density of
water altered by the addition of salt and it clearly shows a linear
relationship between them at room temperature (27 °C).

The density of the liquid is measured experimentally with the
help of the FBG sensor by varying salinity, different concen-
trations of salt from 0 to 300 ppm is added to the 400 ml of
water in a beaker, which is placed on a magnetic stirrer with a
small pallet to mix the added salt properly. Since a metal ball
is used to measure the density of the liquid, Between metal ball
and pallet, there is a magnetic attraction force that causes an
extra shiftin wavelength, which causes error in values. Therefore
before every measurement, the palletis removed from the beaker.
By adding salt to the liquid, the buoyancy force acting on the
ball will increase. Therefore total strain acting on the FBG
gradually decreases with salt, which results in the decrease in
wavelength shift for each ppm of salt. Fig. 8 represents the
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wavelength shift in FBG with salinity variation in the liquid.
Since the density function is affected by added salt, we calculated
the density variations in water for each ppm of salt by using
10. The graph between calculated density and corresponding
wavelength shift in the FBG is plotted in Fig. 9. This shows
the wavelength shift varies linearly with density variation due
to salt concentration. From the slope of the graph, sensitivity of
the sensor to density is determined as 3.375 x 10~2 pm/Kg/m?
with linearity coefficient R? = 0.9947. From Figs. 8 and 9 it is
noted that the FBG sensor is capable of measuring the change in
density of liquid due to salt concentration variation at a constant
temperature.

In the previous two sections, we measured liquid density by
varying temperature at constant salinity, and by varying salinity
at a constant temperature. In both cases, our proposed sensor
design showed good results. Now we changed both temperature
and salinity of liquid simultaneously to measure density varia-
tions. First, we took 800 ml of water in the beaker and varied the
temperature constantly from room temperature to 100 °C with
zero salinity. Second, we added 50 ppm of salt to the water and
heated it again to 100 °C, and the experimentation is repeated for
100 ppm, 200 ppm, 300 ppm. Results are plotted in Fig. 10. From
previous discussions, density is directly proportional to salinity
and inversely proportional to temperature. Therefore, wave-
length shift decreases with increasing the salinity concentration
and increases with temperature. With this analogy and from the
Fig. 10 it is seen that at low ppm of salt and at high-temperature
wavelength shift is more compared with higher ppm of salt.
Different salt concentrations mostly dominate a change in the
density of a liquid compared with temperature variations.
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IV. CONCLUSION

We proposed the design, implementation, and experimental
demonstration of the optical density sensor based on the FBG
strain sensor for liquid density measurement. The proposed sen-
sor principle relies on Archimedes’ law of buoyancy and the total
strain reduced in FBG due to the load exerted by the suspended
mass. In our experiments demonstrated the proposed sensor
for the density measurement of water, petrol, engine oil, and
acetone. We also calculated the density errors with predefined
density values of those liquids. In the sensor design, we used a
metal ball as a suspended mass in the liquid, with a radius of
13.5 mm and 82 grams. By changing the geometrical parameters
of the ball, the sensitivity of the sensor can be tailored. To
change the density of a liquid, we varied its temperature from
room temperature to 100 °C, and its salinity varied from O ppm
to 300 ppm. In above, both cases sensitivity of the sensor is
determined as 2.584 pm/Kg/m? and 3.375 x 10~2 pm/Kg/m?
respectively. We’ve also studied the density of liquid when both
salinity and temperature are varied at the same time. In the
future, by modifying the setup in such a way that by introduce an
appropriate spring system, we can use this setup as a vibration
measurement sensor for under water autonomous vehicles. If this
system required to work on the surface of earth, there must be
some kind of compensation techniques to overcome the seismic
events and vibrations around the globe. The system works as a
basic spring and mass system for vibration measurements.
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