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Liquid Leakage Sensor With a V-Shaped Defect
Coupling Structure Based on Polymer Optical Fibers

Jun Wang““, Wanjia Gao

Abstract—In this study, a novel high-reliability liquid leakage
sensor with a V-shaped defect coupling structure (VDCS) is pro-
posed and experimentally demonstrated using polymer optical
fibers (POFs) based on a light-emitting diode (LED) side-coupled
light source. Liquid leakage detection is achieved with changes in
the refractive index as the coupling medium transforms from air
to liquid. The LED lamp both provides a light source and assists
positioning. The coupling efficiency of the POF liquid leakage
sensor varies with the depth and angle of the VDCS. Experimental
results show that the coupling efficiency of the POF leakage sensor
is high when the VDCS depth is 0.5 mm and the inclination angle
is 60°. Compared to an existing leakage sensor with a hole-shape
defect coupling structure (HDCS), the VDCS has a faster response
time and higher reversibility. The average reliability of the liquid
leakage sensor is increased to 5.92 ¢'W/mL. This research provides
a powerful structural reference for POF side-coupling leak mea-
surement and can also be applied to the fields of gas and humidity
sensing.

Index Terms—Fiber-optic sensing, leak detection, side coupling,
optical design.

1. INTRODUCTION

EAK detection has important applications in semiconduc-
L tor factories and power facilities, among other locations.
Common leak detection sensors employ the negative pressure
wave method [1],[2], sound signal analysis [3]-[6], and stress
wave detection method [7]-[10]. Because of the cross-sensitivity
of acoustic signals, these measurement methods are of limited
efficacy in complex spaces. Optical fibers can be arranged
in complex spatial structures and can resist electromagnetic
interference, so their usage has received extensive attention
[11]-[14].

At present, the principle guiding most optical fiber-based
liquid leakage detection methods is the scattering of optical
fibers (i.e., Raman, Brillouin, and Rayleigh) [15]-[20]. Optical
frequency-domain reflectometry is used in long-distance detec-
tion [21]-[23]. It relies strongly on demodulation technology;
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however, demodulated signals are susceptible to interference
from external conditions. Optical time-domain reflectometry
detection technology uses single-mode optical fibers, handling
single-mode optical fiber can be costly in terms of splicing and
slicing tools as well as the complexity of introducing structures
on the side [23], [24]. In the existing sensors, the conversion
of a liquid leakage event into a change in temperature or strain
is time-consuming, which affects the real-time performance of
the system. Special structures, such as cones [24] and gratings,
can be machined on the fiber [15], [16], which can improve the
measurement accuracy of the sensor and reflect changes in the
refractive index. However, such structural processing is com-
plicated, which increases costs. Recent studies have proposed
a cost-effective side-coupling method to process a hole-shape
defect coupling structure (HDCS) on a multimode fiber that
reflects leakage events through changes in the defect coupling
structure of the medium. The light source of the system is a
low-cost light-emitting diode (LED) lamp belt [25]. However,
it is difficult to clear the leakage in the HCDS quickly, which
affects the reversibility of the sensor. The coupling efficiency of
the hole-shape structure is low, and the defect coupling structure
requires further research.

In this paper, a polymer optical fiber (POF) leakage sensor
with a V-shaped defect coupling structure (VDCS) is proposed.
The sensor consists of a flexible lamp belt (FLB) with LEDs
and a POF with a VDCS. The change in the medium’s refractive
index in the VDCS directly reflects the leakage event. The
FLB assists in positioning. The sensor performances of HDCS
and VDCS are compared through experiments. Experimental
results show that the VDCS has an effective fiber side-coupling
structure that provides a better solution for leak detection.

II. MATERIALS AND METHODS

A. Leak Location Method

In this experiment, the FLB is used to achieve accurate po-
sitioning. According to with the simulated testing environment
in the laboratory, we set the spacing of LED lights to be 5 cm.
The spacing of LED can be adjusted according to the actual
application. These LEDs correspond to the positions of the
VDCSs on the POF. The positioning schematic of the POF liquid
leakage sensor with the VDCS is shown in Fig. 1.

Fig. 1 shows that the distance between the optical power meter
(OPM) and the first VDCS processed on the POF is 10 cm. We
created a coupling area by processing the side-coupling structure
on the POF, and the emitted LED light was coupled into the core
from the side of the POF [26].
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Fig. 1. Schematic of positioning.

(b)

Fig. 2. Schematic of sensing principle: (a) Angle of VDCS is 60°; (b) Angle
of VDCS is 120°.

The controller was used to control the specified LEDs. During
the experiment, only one LED was turned on. The first LED was
turned on for 1 s and then turned off, and then the second LED
was turned on for 1 s and then turned off. This process was
repeated until the last LED was turned on and off; the process
then resumed with the first LED [25]. We recorded the power
value displayed on the OPM when the LED was lighted. In
the detection process, we set a threshold between leakage and
watertight to achieve leakage detection. Because the lamp was
controlled by a computer program, we could extract the position
of the lamp from the program and combine the position of the
lamp and output power to determine the location of the leakage.

B. Sensing Principle

The focus of this research is the component of light propagat-
ing in the vertical direction of the VDCS; our team previously
examined light propagating in the horizontal direction of the
HDCS [25]. The included angle of the VDCS is influential to
the experimental results. In accordance with the principle of light
propagation [27]-[30], assuming that the distance between the
LED and the POF, d, was zero, the analysis results for VDCS
included angles of 60° are shown in Fig. 2(a); those for included
angles of 120° are shown in Fig. 2(b). Due to the limitations of
experimental equipment, other parameter of the VDCS will be
studied in our follow-up work.

The light emitted by the LED in Fig. 2 is confined to an angle
by the silicone resin, which is represented as a red shaded part.
When the medium in the VDCS is air, we assume that line ABC
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is the light at the critical position where total reflection occurs
in the fiber and line DEF is the limiting light with a positive
numerical aperture of the LED. Because the length of the VDCS
is much greater than the wavelength of light, we did not consider
the evanescent field effect [31]. Since the cladding thickness is
much smaller than the fiber core diameter, the influence of the
cladding refractive index is not considered. In this experiment,
the liquid used for leakage testing is water.

In Fig. 2(a), the light DEF is used for demonstration analysis,
the same principle apply to other lights in the LED’s range
of positive and negative numerical apertures. When the light
beam reaches the critical surface of the organic resin and air, the
refraction point is marked as D. The beam reaches the inclined
surface of the VDCS during the second refraction; this point is
marked as E. At point D, according to Huygens’ principle [32],
the change in 65 can be obtained by Equation (1) [33]:

N1 «Sin0; = ng . sin Oy (1)

where 6, is the incident angle of point D and 65 is the refraction
angle. The refractive index of the silicone resin of the LED part
is recorded as ny (n; = 1.53), and the refractive index of the
gap coupling part of the VDCS is ny. When the medium in the
VDCS is air, ng is 1.00. When the medium in the VDCS is water,
ny changes and is recorded as n), (n, = 1.33). The presence of
water mainly affects the numerical aperture of the LED. The path
of the light rays propagating along DEF has changed, which is
represented by the black dashed line of Fig. 2(a). The results
show that when the VDCS is filled with water, the refraction
angle 05 decreases. At point E, the change in 63 can be obtained
by Equation (2):

no « sin03 = N3 sin 94 (2)

where 03 is the incident angle and 6, is the refraction angle. The
refractive index of POF is ng (n3 = 1.49). The included angle
of the VDCS is recorded as 5. The results show that when the
VDCS is filled with water, the refraction angle 64 of point E
increases. Through the analysis of geometric principles, we can
get Equation (3):

0, = 90°—05—05 /2 3)

where 0g is constant and 6, changes with 05. The change of 05
will cause the relative displacement of points B and E on the
VDCS plane.

The analysis results for §5= 120° are shown in Fig. 2(b), the
analysis process is similar to the process for 5= 60°. Combining
the above analysis, we assume a crude coupling efficiency, which
is the partial solid angle emitted in the rays AB and DE divided
by the total solid angle. The change of refractive index of VDCS
medium affects the coupling efficiency and realizes leakage
detection. In addition, the parameters of VDCS also affect the
coupling efficiency. From the sensing principle, the proposed
sensor is a general liquid leakage sensor.

C. Experimental Setup

The experimental devices include the sensing part, the control
part, and an OPM (PDA200C, Thorlabs). The sensing part
specifically includes a POF, a FLB, and a polyvinyl chloride
(PVC) shell for fixing the POF and FLB. The core diameter of the
multimode POF (SK80, Mitsubishi) selected in the experiment is
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Fig. 3.

Diagram of the experimental setup.

1960 pm. The FLB (CSO-DD-503, CSO Core Electronics) was
controlled by a circuit board, and the control chip (SM16703P)
was integrated inside the LED lamp. The core processor of the
control part is the STM32F103RD chip, and the computer sends
instructions to the controller, which then sends them to the LED.
The optical signal output by the POF was converted into an
electrical signal by a photodiode (SMOSPD1A, Thorlabs). The
OPM can measure the output signal of the POF with a resolution
of 0.1 nW. The schematic of the experimental devices is shown
in Fig. 3.

As shownin Fig. 3, the POF and FLB are fixed in the PVC shell
structure. The VDCS was processed on the POF with a small
computer numerical control machine tool to maintain consis-
tency in the relative direction of the VDCS. The shell structure
assembles the POF and LED lamp belt to ensure that each VDCS
and the corresponding LED light are aligned to form a sensing
unit. Compared with optical fiber fixed with tape, this simple
shell structure increases the reliability of the experimental data.
The light emitted by the LED lamp was coupled to the POF
through the VDCS. The medium change between the VDCS and
LED lamp caused the output light intensity to change. We used
an OPM to measure the change in the output power at one end
of the POF. The controller determined the LED’s on/off status
at a certain position on the FLB. Accordingly, the output power
combined with the position of the LED enabled determination
of the location of the liquid leakage. All experiments were
performed at room temperature (20 °C).

III. RESULTS

A. Optimal Parameter Selection of the VDCS

To ensure the accuracy of the experiments, we processed six
sensor belts with a length of 60 cm. Nine VDCSs were processed
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TABLE I
PARAMETERS OF SENSORS

Parameters of the VDCSs

Symbol

Angle of 6, h (mm)

0.3
0, =60° 04
0.5
0.3
0, =120° 0.4

~No a0 on

h: Depth of the VDCS.
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Power (W)

Location Location
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Fig. 4. Leakage liquid responses of different VDCSs: (a)—(c) Included angle
of the VDCS is 60° and the depths are 0.3, 0.4, and 0.5 mm, respectively; (d)-(f)
The included angle of the VDCS is 120° and the depths are 0.3, 0.4, and 0.5
mm, respectively.

on each sensor belt. The length of the POF was 60 cm, and the
VDCS parameters of the six POFs are shown in Table 1.

After all the equipment was assembled, we recorded the initial
output power values of each point of the six sensors. We used a
syringe to sequentially add 1 mL of water to each point and
recorded the changes in the output power values. The next
measurement was performed only when the water in the VDCSs
was completely cleared away. The measurement was repeated
10 times, and the lowest value was recorded for comparison.
The results of measuring the six sensors are shown in Fig. 4.

In Fig. 4, the black and red lines are the output power values
with air and water, respectively. We regard the output power dif-
ference of the sensor with and without water as a manifestation
of the pulse intensity. Greater pulse intensity, corresponds to
a better experimental effect by the defect coupling structure.
For 05 = 60°, the pulse intensity of the sensor is high. For
05 = 120°, the pulse intensity of the sensor is relatively low.
As the depth & of the VDCS increases, the value of the output
power also increases. Larger output power values correspond to
stronger anti-interference ability in the sensor. We introduce a
quality factor 7, expressed as T = (U o-U w)/U 4, where U 4 and
Uy are the average output power of air and water respectively.
Based on this, the effect presented in Fig. 4(c) is the best.
Correspondingly, when the depth is 0.5 mm and the angle 05
is 60°, the performance of the VDCS is the best.

In processing VDCSs, measurement errors can occur due to
human and instrument errors. In the future, we will consider
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TABLE II
REVERSIBILITY TEST RESULTS
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Value Sensing structure 1 2 3 4 5 6 7 8 9
X (W) VDCS 20.40 16.30 14.50 15.70 8.80 7.10 5.10 4.70 4.50
# HDCS 14.08 11.20 8.13 4.58 3.03 2.67 1.84 1.85 1.39
W VvDCS 18.53 15.52 13.27 14.15 8.13 6.82 4.74 4.24 420
» (W) HDCS 17.75 13.62 9.87 6.00 3.92 3.27 233 235 1.76
VvDCS 91% 95% 92% 90% 92% 96% 93% 90% 93%
z HDCS 74% 78% 79% 69% 71% 78% 73% 73% 73%
x: initial values; y: recovery values; z: values of the reversibility.
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Fig. 6. Reliability results of sensors with different structures: (a) VDCS; (b)
Fig. 5. Response times of sensors with different structures: (a) VDCS; (b) HDCS.
HDCS.

using higher-precision equipment to process VDCSs. Nonethe-
less, the experimental results of the six sensors show that the
output power decreases after adding water, which is consistent
with the theoretical basis.

B. Reversibility and Response Time

We fabricated two sensing belts with a length of 115 cm. One
is treated with VDCSs every 10 cm and the other was treated
with HDCSs every 10 cm. We recorded the output power values
without adding water as the initial values and then added 1 mL of
water to the first leak hole using a syringe. To remove the water
from the defect coupling structures, we blew the leaking hole
with a simple pressure blower and recorded the recovery value
as the stabilized output power. In recording the response time, for
the first point on each sensor belt, the corresponding LED lamp
was continuously kept on through circuit board control. The
experimental results of response time are shown in the Fig. 5.
The most of the water in the structure is blown away, but there
is still some residual water which needs to be volatilized for
a long time to be completely removed, so the recovery value
recorded is a relatively stable value. The response time of holes
in other positions is the same as that of the first hole, but the
recovery value is different, the data results of the initial and
recovery output power values recorded after many experiments
are shown in Table II.

In Fig. 5(a), the time interval of the software data collection
was 50 ms, so four collection points were obtained over 200
ms and the 20 total collection points were obtained in 1 s.
Correspondingly, in Fig. 5(b), the response times of adding and
removing water are 500 ms and 6 s, respectively. Therefore, the
response time of the sensor with the VDCS is faster than that
with the HDCS.

Table II shows that the recovery value of the HDCS is greater
than the initial value, while that of the VDCS is smaller than the
initial value. The value of z can be described by Equation (4):

7= (1—x_y|> % 100%
X

where x is the initial value and y is the recovery value. The
recovery level is represented by z. A higher z value indicates
better sensor reversibility. In Table II, the minimum z values
of the VDCS and RCDS are 90% and 69%, respectively; the
reversibility of the VDCS is clearly better than that of the HDCS.

“)

C. Reliability

We processed two sensors with lengths of 115 cm. One sensor
was processed with 20 VDCSs, where the distance between each
pair of VDCSs was 5 cm. After selecting the parameters, the
VDCS with the depth h of 0.5 mm and an angle of 60° was
selected as the processing standard. The experimental results
are shown in Fig. 6(a). The other sensor was processed with 20
HDCSs, where the distance between each pair of HDCSs was 5
cm. According to our previous research, the length, width, and
height of the HDCSs were 3, 0.5, and 0.3 mm, respectively. The
HDCS results are consistent with our previous results, and the
experimental results are shown in Fig. 6(b).

In Fig. 6, the black and red lines are the output power values
in defect coupling structure media of air and water, respectively.
According to the results in Fig. 6, the average of reliability Av
of VDCS and the average of reliability Ah of HDCS can be
described by Equations (5) and (6), respectively:

Z?il |am - Cm‘\
20

2?21 \ahi - Chi|
20 ’

Av = ; ®)

Ah = (6)
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where a,; and ay; are the output power values of the VDCS
and HDCS when the medium is air, respectively, and c,; and
cp; are the output power values of the VDCS and HDCS when
the medium is water, respectively. The average reliability value
reflects the reliability performance of the sensor. A higher av-
erage reliability indicates a higher- reliability sensor. Through
calculations, we derive the value of Av as 5.92 pW/mL and
that of Ah as 1.95 pW/mL. Clearly, the reliability of the VDCS
sensor is higher.

IV. CONCLUSION

This paper proposes a liquid leakage detection sensor based
ona VDCS. The coupling method of this sensor uses the external
light source of LED lamps. The fabrication process of the sensing
structure is simple. The effects of the VDCS and HDCS on the
sensor performances are compared through experiments. The
final data show that when the depth of the VDCS is 0.5 mm
and the angle is 60°, the output pulse of the sensor probe is
high. The response time of the liquid leakage sensor with the
VDCS is faster than that with the HDCS. The reversibility of
the VDCS is 90%, which is 21% higher than that of the HDCS.
Within a measuring range of 1 m, the average reliability of the
VDCS and HDCS are 5.92 and 1.95 ¢W/mL, respectively. The
reliability of the VDCS is higher. The conclusions drawn in this
experiment provide new ideas on the use of fiber side-coupling
structures. Furthermore, through this experiment, we have a
better understanding on the effects of defect coupling structures
on POF sensing, which provides a reference for the application
of POF sensing in other fields.
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