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High-Sensitivity Liquid Level Sensor Based on the
Balloon-Shaped Fiber Optic MZI

Tutao Wang, Bo Liu , Lilong Zhao, Yaya Mao , Jianxin Ren , and Jiewen Zheng

Abstract—We demonstrated a high-sensitivity liquid level sensor
based on the balloon-shaped fiber Mach-Zehnder interferometer
(MZI). To make an optical fiber MZI sensor, a bare single mode
fiber (SMF) is bent into a balloon shape. The sensor is attached
to a stiff support and linked to a buoyancy ball floating on the
liquid surface via a thin thread. The change in liquid level will
bend the fiber and lead to a wavelength shift of transmission
spectrum. This is a novel method of measuring liquid levels. We
comprehensively studied the sensing performance of the sensor, and
applied the ridge regression algorithm to optimize the fitting results
of the experimental data. The maximum sensitivity of liquid level
and temperature are 5.245 nm/mm and 40.3 pm/°C respectively,
and the sensor has a low temperature cross-sensitivity of 0.00768
mm/°C. Furthermore, the sensor has the advantages of real-time
response, convenient manufacture, low cost and high reliability,
which broadens the application area of balloon-shaped MZI and
makes it appropriate for liquid level sensing.

Index Terms—Bent single mode fiber, fiber optic Mach-Zehnder
interferometer, liquid level sensing, ridge regression.

I. INTRODUCTION

IN RECENT years, fiber optic sensors have attracted exten-
sive attention because of their unique advantages such as

small size, anti-electromagnetic interference, high sensitivity,
and so on [1]–[3]. Fiber optic sensors have been used in the
measurement of various physical quantities, such as liquid level
[4], liquid salinity [5], high temperature [6], refractive index (RI)
[7], etc. Among many physical quantities, liquid level measure-
ment is critical in the special fields such as fuel storage, environ-
mental monitoring and biochemistry. Optical fiber sensors have
distinct advantages in liquid level sensing when compared with
conventional electrical sensors, and there are no hidden dangers
in measuring the level of flammable and explosive liquid. To
date, many different types of fiber optic sensors for liquid level
measurement have been proposed. For instance, based on the
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long-period fiber grating (LPFG) [8], fiber Bragg grating (FBG)
[9]–[11], anti-resonance reflection guidance principle [12] and
fiber modal interferometer [13] liquid level sensors came out
one after another.

Ricchiuti et al. proposed a novel liquid level sensor with
a measurement sensitivity of -12.71 dB/mm based on a 4cm
LPFG [8]. Chang et al. proposed an ultra-sensitive liquid-level
indicator using an etched chirped FBG with a sensitivity of
1.214 nm/mm, which can detect tens of micro-meter liquid-level
variation [11]. By applying the Archimedes’ law of buoyancy,
Consales et al. present a simple and versatile fiber optic sensor
for liquid level measurements based on the FBG [14]. In addition
to the liquid level sensors with LPFG and FBG, the optical fiber
interferometer-based liquid level sensors have attracted a lot
of attention due to their advantages of compact structure, high
reliability, and low fabrication cost. Among them, the liquid
level sensor based on Fabry–Perot Interferometer (FPI) has been
studied to a certain extent because of the advantage of non-direct
contact with liquid measurement [15]–[17]. Jauregui-Vazquez et
al. reported a liquid level fiber-optic sensor based on polymeric
FPI with a sensitivity of 24.5 nm/m [16]. In addition, MZI and
Michelson interferometer-based fiber optic level sensors have
also been studied by many researchers. For example, Fabian et al.
designed a multimode-coreless-multimode (MCM) fiber-optic
structure for liquid level measurement [13]. Tian et al. used
the dual side-hole fiber MZI to achieve high-sensitivity liquid
level measurement and obtained a sensitivity of 4.019 nm/mm
[18]. Wang et al. produced a highly sensitive liquid-level sensor
based on an optical reflective microfiber probe and an ultra-high
sensitivity of 367.644 nm/mm is achieved in experiment [19].
Based on the tapered PCF, Fan et al. designed a fiber optic
MZI for measuring the liquid level and RI simultaneously. The
liquid level and RI sensitivity are 0.58466 nm/mm and 195.969
nm/RIU [20], respectively. Sun et al. demonstrated a peanut-
shaped optical fiber structure for liquid level sensing, and the
sensitivity is only 0.1025 nm/mm [21]. However, the fiber optic
liquid level sensors proposed so far are usually poor in sensitivity
and complex to fabricate. At the same time, physical quantities
such as the temperature and RI of the liquid will also cause a
crosstalk to the liquid level measurement result. In addition, a
small amount of liquid will adhere to the surface of the fiber
when the liquid level varies in real-world applications, which
will increase the response time of the sensor.

In this work, we proposed a high-sensitivity liquid level
sensor based on the MZI sensor. The sensor is fabricated by
bending the uncoated SMF into a balloon shape. A thin thread
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Fig. 1. The schematic diagram of the MZI sensor.

connects the sensor to a buoyancy ball, which floats on the
water owing to buoyancy. When the liquid level changes, the
buoyancy ball exerts a drag force on the sensor through the thin
thread, causing fiber bending and wavelength shift, resulting
in a greater sensitivity than previously reported fiber liquid
level sensors. Because the wavelength of transmission spectrum
varies nonlinearly with the liquid level changes, we employ the
ridge regression algorithm to fit the experimental data in order
to produce a more accurate and reliable result. The results of the
experimental reveal the maximum sensitivity of liquid level and
temperature are 5.245 nm/mm and 40.3 pm/°C, respectively. The
sensor has a low temperature cross-sensitivity (0.00768 mm/°C).
Moreover, the sensor has the advantages of real-time response,
convenient manufacture, low cost and high reliability. As such,
we believe that the sensor we proposed will be conducive to the
actual liquid level sensing.

II. STRUCTURE DESIGN AND MEASUREMENT PRINCIPLE

The schematic diagram of MZI sensor is shown in Fig. 1. The
manufacturing is a simple process that can be realized by using
low-cost SMF. Firstly, the SMF with the coating layer removed
is bent into the shape of a balloon, then the capillary tube is put
on and the shape is fixed with ultraviolet (UV) glue, then turn
into a finished sensor.

In Fig. 1, the distance between the top of the balloon-shaped
fiber and the silicon tube is defined as S. When the light travels
from the input port of the sensor to the bending part of the
fiber, the conditions of total internal refraction can no longer
be satisfied, and the partial light in the core will be excited into
the higher-order cladding mode. When the light in the cladding
travels through the total sensor, it will re-couple back to the
core. During the whole transmission process, the inter-mode
interference will occur due to the difference in the effective RI
and optical path between the core and cladding modes. Thus, the
intensity of the transmission spectrum can be written as [5], [22]:

Iout = Icore + Icladding + 2
√

IcoreIcladding cos δ (1)

where Icoreand Icladding are the intensity of propagating in the
fiber core and cladding respectively, and the phase difference
between them is:

δ=
2πLeffΔneff

λ
(2)

Fig. 2. The working schematic diagram of the optical fiber liquid level sensor.

Δneff = neff
core − neff

cl,m (3)

The value of δ will be affected as the change of liquid level,
lead to a wavelength shift of transmission spectrum. Where λ and
Leff are the free-space wavelength and the effective interference
length of the sensor, respectively. The effective RI difference
between the fiber core and cladding modes is defined as Δneff .
According to Eq. (1), it can be concluded that when δ is (2k+1)
times π, interference dip appears in the transmission spectrum:

2πLeff

λk
× (neff

core − neff
cl,m) = (2k + 1)π, k = 0, 1, 2, 3 . . .

(4)
thus, the interference dip wavelength λdip is given by:

λdip =
2LeffΔneff

2k + 1
(5)

The working schematic illustration of the liquid level sensor
is shown Fig. 2. In the coordinate system shown in Fig. 2(a).
The silicon tube being arranged along Y-axis, and the two-
dimensional plane formed by the balloon-shaped fiber is in the
X-Y plane. The sensor and the buoyancy ball are connected by
a thin thread. The top and front view of the Fig. 2(a) are shown
in Fig. 2(b) and (c) respectively. As shown in Fig. 2(c), a change
in liquid level causes the buoyancy ball to exert a drag force
on the sensor through the thin thread, which can result in sensor
deformationΔD. The deformation of the optical fiber causes the
MZI sensor’s excitation and coupling point to move closer to the
side of the silicon tube, which leads to the change of Δneff and
Leff . The wavelength shift of dip caused by the change in liquid
level is:

Δλdip =
2(Δneff + δn)(Leff + δl)

2k + 1
− 2LeffΔneff

2k + 1

=
2δl(Δneff + δn) + 2δnLeff

2k + 1
(6)

where the δn and δl are the variation of Δneff and Leff caused
by the increased liquid level change, respectively. Thus, the dip
of transmission spectrum appears a red shift as the increase of
liquid level change. We can measure the change of liquid level by
detecting the dip wavelength shift. According to Eq. (6), there is a
linear relationship between the wavelength shift and liquid level
change. However, when the liquid level changes too much, the
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Fig. 3. (a) Transmission spectra of the balloon-shaped structure with different
S; (b) Transmission spectrum when S is 2.47 cm.

wavelength shift will enter the nonlinear range. Consequently,
we use the ridge regression algorithm to fit the experimental data
to obtain a desired result. The loss function of ridge regression
is given by:

J(ω) = (Xω − Y )T (Xω − Y ) + αωTω (7)

where ω is the regression factor, X and Y are the liquid level
change and the wavelength of transmission spectrum respec-
tively, αωTω is the regular term. The optimal value of ω is
obtained easily through the gradient descent algorithm:

∂J(ω)

∂(ω)
= XTXω −XTY + αω (8)

According to Eq. (5), S is the key parameter of the sensor.
The value of S determines the size and bending degree of the
MZI sensor, which will directly affect the value of Δneff and
Leff . The transmission spectra with different S are measured
experimentally. As shown in Fig. 3(a), when S is equal to 2.8
cm, the interference dips begin to appear. With the decrease
of S, interference dips become obvious and gradually increase.
When S decreases from 2.8 to 2.0 cm, the extinction ratio of the
interference spectrum increases first and then decreases. This is
because that a lot of light travels to the cladding with the decrease
of S, and the extinction ratio gradually increases. When S is
small enough, too much light travels to the cladding and leaks

Fig. 4. (a) Diagram of liquid level sensing experimental device; (b) Physical
image of the experimental device.

into the environment, resulting in the decrease of the extinction
ratio. The smaller the S, the greater the bending degree of the
balloon-shaped fiber, making the fiber more brittle. As a result,
with a certain extinction ratio and insertion loss, S should be
adjusted to a suitable value in order to preserve the structural
stability of the sensor. S declines at 0.2 cm intervals rather than
constantly in this work, implying that there may be an optimal
S at varied lengths to obtain a superior overall performance.
Considering the extinction ratio and structural stability of the
transmission spectrum comprehensively, we finally adjusted the
size of S to 2.47 cm. Currently, the extinction ratio of the
transmission spectrum is 16.723 dB as shown in Fig. 3(b) and
the structure is relatively stable. We will use this structure to
subsequent sensing experiments.

III. EXPERIMENTAL AND RESULTS

The liquid level sensing characteristics of the sensor are
studied in this paper. Fig. 4(a) illustrates the experimental liquid
level sensing device. The light travels from the broadband light
source (BBS) to the input port of the sensor, and the optical
spectrum analyzer (OSA, YOKOGAWA, AQ6370D) receives
and records the transmission spectra at various liquid levels. The
sensor is fixed horizontally on the stiff support and connected to
the buoyancy ball through a thin thread with a length of 12 cm.
Fig. 4(b) shows the physical image of the experimental device.
We use a ping-pong ball as the buoyancy ball due to the excellent
buoyancy of itself. Meanwhile, the ping-pong ball will not only
float up and down with the liquid level, but also float left and
right on the surface of the water, which brings uncertainty to the
experiment. In order to ensure that the ping-pong ball only floats
up and down with the liquid level, we glue a hollow cylindrical
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Fig. 5. The transmission spectra evolution with the liquid level change in-
creases.

tube vertically to the inside of the beaker and put the ping-pong
ball into the tube. When the liquid level changes, the ping-pong
ball will float along the tube in the vertical direction.

To study the liquid level response of the sensor, we first adjust
the height of sensor and the position of ping-pong ball to make
the thin thread vertical and relaxed. Then, to change the liquid
level, we used a plastic dropper to draw water from the beaker
at room temperature (about 20 °C), so the liquid level decreased
and the change of the liquid level increased. The change of
liquid level increased from 0 to 8 mm, and we used the OSA
to record the transmission spectra for every 1mm increase as
shown in Fig. 5(a) and (b). The dip of the transmission spectrum
shifts to the side with a long wavelength (red shift). To test the
repeatability of the sensor, we used the plastic dropper to drop
water into the beaker to reduce the change of the liquid level
from 8 to 0 mm. As shown in Fig. 6(a) and (b), we measured
the transmission spectra for every 1mm decrease by the OSA. It
can be found that the dip is moved in a direction opposite to the
direction when the liquid level decreased, which moves to the
side with a short wavelength (blue shift). The fitting result of
the transmission spectra by using the ridge regression algorithm
is shown in Fig. 7(a). The data in group1 and group2 show the
dip shift with the liquid level change increases and decreases,
respectively. The fitting results of the dip are non-linear, and the
maximum sensing sensitivities is 4.445 nm/mm when the liquid
level changed 8mm. It can be seen from Fig. 7(a) that the liquid

Fig. 6. The transmission spectra evolution with the liquid level change de-
creases.

level experiment result shows the excellent repeatability and
consistency. In order to study the stability and response time
of the liquid level sensor, the change of liquid level was firstly
increased and then decreased, and the transmission spectra
were recorded every ten seconds at each liquid level. As shown
in Fig. 7(b), the dip wavelength depends on the liquid level
variation in the time domain. The dip wavelength at the same
liquid level remains within a slight error range. As the liquid level
changes, the response is basically real-time, without obvious
hysteresis. The results reveal the good stability and response
speed in liquid level measurement of the proposed sensor.

Meanwhile, we conducted liquid level sensing experiment by
changing the initial position of the ball. As shown in Fig. 8(a),
the initial position of the ping-pong ball is placed in position 1
and position 2 respectively. At this time, the initial state of the
thin thread is inclined. Fig. 8(b) is the top view of the sensor and
ping-pong balls from above Fig. 8(a). As illustrated in Fig. 8(b),
S1 and S2 are the distances of the ping-pong ball from the top of
the sensor at position 1 and position 2 respectively, where both S1
and S2 are 1 cm. When the ping-pong ball at different positions,
the fitting results are shown in Fig. 9(a) and (b). We got the
maximum sensitivities of the sensor are 3.514 nm/mm and 5.245
nm/mm, respectively. As can be seen from the fitting results,
there is slight difference between the three experiments. It means
the initial position will impact the performance of sensor. Due
to the stability is one of the most important parameters that
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Fig. 7. Liquid level response of the sensor. (a) Data fitting of the dip; (b) The
variation in the dip wavelength with liquid level in the time domain.

Fig. 8. (a) Schematic diagram of ping-pong ball at different positions; (b) The
top view of the MZI sensor and ping-pong balls in Fig. 8(a).

Fig. 9. (a) The fitting results of the ping-pong ball at position 1; (b) The fitting
results of the ping-pong ball at position 2.

Fig. 10. Diagram of temperature sensing experimental device.

determine the overall measurement accuracy of a sensor, it is
better to fix the initial position in real applications. But the liquid
level sensing experiment exhibits a good repeatability and high
fitting degree regardless the position of the ping-pong ball.

In addition, The MZI sensor is also sensitive to temperature
due to the thermal expansion and thermal-optic effect of the
optical fiber. As the temperature rises, Leff and Δneff rise
accordingly, resulting in a wavelength shift of dip:

Δλdip

λdip
= (α+ ξ)ΔT (9)

where the α and ξ are the thermal expansion and the thermal-
optic coefficients, respectively. ΔT is the amount of change in
temperature. We can measure the ambient temperature change
by detecting the wavelength shift of transmission spectrum.
Fig. 10 depicts the diagram of temperature sensing experimental
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Fig. 11. (a) The transmission spectra evolution as temperature is changed; (b)
Temperature response of the balloon-shaped MZI.

device. To conduct the temperature sensing experiment, we
placed the sensor into the high-precision oven (XGQ-2000). The
oven can accurately control the temperature with an error of ±1
°C. After travelling through the sensor, the light from BBS is
received by OSA.

During the temperature sensing experiment, the temperature
was raised from 30 to 80°C in 10°C increments by adjusting the
high-precision oven. The transmission spectra were recorded for
every 10 °C increase by the OSA. The transmission spectra at
various temperature are shown in Fig. 11(a). As the temperature
rises, the dip moves to the side with a long wavelength. Fig. 11(b)
shows the fitting result of dip. The result exhibits a sensitivity
of 40.3 pm/°C, with a highly linear response to temperature of
0.9811.

Through the liquid level and temperature sensing experi-
ments, we can get the temperature cross-sensitivity of the sensor
is 0.00768 mm/°C. Furthermore, when the wavelength resolu-
tion of OSA is 0.02 nm, the maximum liquid level and tem-
perature resolutions are 0.0038 mm and 0.496 °C, respectively.
This is acceptable in actual measurement. In the above sens-
ing experiments, we use a wavelength demodulation scheme.
Wavelength demodulation is the most common demodulation
scheme in sensing systems and has a high universality. However,
the sensing accuracy is limited, so it is necessary to use phase

TABLE I
COMPARISON OF SENSING PERFORMANCE OF DIFFERENT

OPTICAL FIBER SENSORS

demodulation with higher demodulation accuracy in subsequent
studies in order to improve the measurement accuracy [23].

Table I compares the liquid level sensing performance of the
sensor demonstrated in this paper with the other fiber optic
sensors. Table I shows that the liquid level sensitivity of the
sensor in this study is at a high level among all the sensors
referenced. In addition to its high liquid level sensitivity, it also
has the benefits of real-time reaction, being unaffected by the RI
and temperature of the liquid, and so on. The sensor we presented
is an excellent choice for liquid level sensing and shows the
potential in the fiber optic liquid level sensing field.

IV. CONCLUSION

In summary, we introduced a liquid level sensor based on a
balloon-shaped MZI sensor in this study. Liquid level sensing is
accomplished by connecting the sensor with a ping-pong ball
floating on the water surface through the thin thread, which
improves the liquid level sensing sensitivity. The temperature
and RI of the liquid have no bearing on the result of the liquid
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level measurement. By adjusting the position of the ping-pong
ball, the sensor achieves a maximum liquid level sensitivity of
5.245 nm/mm in the range of 0∼8 mm by applying the ridge
regression algorithm. The temperature sensitivity is 40.3 pm /°C
in the temperature range of 30∼80 °C, with a low temperature
cross-sensitivity of 0.00768 mm/°C. The experimental results
demonstrate the good repeatability and reliability in liquid level
measurement of the sensor. Simultaneously, the sensor offers
the advantages of real-time response, simple fabricate and low
cost, making it appropriate for majority of practical liquid level
sensing applications.
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