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Abstract—A few mode fiber temperature sensor filled with
PDMS based on vernier effect is proposed. It uses single mode fiber
(SMF), few mode fiber (FMF), and polydimethylsiloxane (PDMS)
to form the SMF-air microcavity-FMF-PDMS-FMF structure. It
is to slot the glass capillary tube, place the two FMFs in the slot
at a suitable distance, and fill the slot with PDMS multiple times
and seal it. The PDMS is used as a sensing microcavity. We insert
the SMF from the other end of the glass capillary tube, adjust the
distance, fix the SMF and seal the connection. Two end faces of the
SMF and the first FMF form an air reference microcavity. Since
the refractive index of each medium is different, multiple reflective
surfaces are formed to reflect. Because the second FMF is infinitely
long, whose right end is beveled, it is considered that the sensor has
four reflected beams. When the temperature changes, the length
and refractive index of the PDMS microcavity will change, which
will cause a change in the interference spectrum of the sensor.
And because the vernier effect is formed by the superposition of
the two microcavities, the temperature sensitivity can be amplified
and the temperature can be measured with high sensitivity. The
experimental results show that in the range of 40-56°C, the trans-
mission spectrum of the sensor appears red shift with the increase of
temperature, and the temperature sensitivity can reach 3.89nm/°C.
The sensor is simple to manufacture, has high sensitivity, and has
good application prospects.

Index Terms—Fiber optics, Vernier effect, few mode fiber,
temperature.

1. INTRODUCTION

N RECENT years, optical fiber sensors have received great
I attention in people’s daily life because of their compact
structure, light weight, high sensitivity, fast response, and anti-
electromagnetic interference [1], [2]. They have been widely
used in many sensing fields, including pressure [3], [4], humidity
[5], refractive index [6] and magnetic field [7], [8].

The vernier effect was originally used to improve the accuracy
of length measurement. In recent years, people have tried to
introduce it to improve the sensitivity of optical fiber sensors. In
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order to achieve the vernier effect in the superimposed spectrum,
two interferometers with similar but unequal free spectral range
(FSR) must be used [9]. At present, several kinds of vernier
effect fiber sensors with different sensing structures have been
reported, and high-sensitivity sensing of temperature has been
realized. In 2015, Shao [10] et al. increased the temperature
sensitivity by 9 times by cascading two Sagnac interferom-
eters. The two Sagnac interferometers use the same type of
polarization maintaining fiber with slightly different lengths.
The experimental results show that the temperature sensitivity
can reach —13.36nm/°C. In 2018, Kong [11] ef al. designed
a cylindrical fiber probe based on cascaded Fabry-Perot inter-
ferometers (FPIs). It is made by inserting single mode fiber
(SMF) into a large-aperture hollow core fiber (LA-HCF) with
an inner diameter of 150 pum, and inserting the lead-in SMF
into the LA-HCF from the other end. Experiments show that the
sensitivity of the prepared sensor is 12.55 times higher than
that of a single sensing microcavity. In 2019, Wang [12] et
al. proposed a high-sensitivity optical fiber temperature sensor
based on dual in-line Mach-Zehnder interferometers (MZI) and
vernier effect. MZI is made by splicing a section of hollow-core
fiber between two pieces of multimode fiber. In the range of
0-100 °C, the temperature sensitivity of the envelope of the
superimposed spectrum reaches 528.5 pm/°C, which is 17.5
times of the sensor without enhancement of the vernier effect.

In the above-mentioned sensing schemes, although the sen-
sitivity of the sensors can be greatly improved after using the
vernier effect, there are still some problems. At present, common
vernier effect sensors are divided into two types of structures:
parallel and cascade. Parallel structures often have the shortcom-
ings of not compact enough and complicated production process.
For the cascaded vernier effect sensors, traditional all-fiber
sensors often have the problem of relatively low temperature
sensitivity.

This paper proposes a cascaded FPIs vernier effect temper-
ature sensor, which uses polydimethylsiloxane (PDMS) as the
heat-sensitive medium and few mode fiber (FMF) is used as
the transmission medium. Due to the good thermal sensitivity
of PDMS [13], the thermal sensitivity of this sensor is greatly
improved compared with the traditional all-fiber F-P sensors.
Compared with MMF and SMF, FMF can hold no more than ten
modes. FMF sensors have more advantages in mode selection
and control [14]. It has low transmission loss which attenuation
coefficient is about 0.189 dB/km. And it has the advantages of
low modal dispersion and low non-linearity of multimode fiber
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Fig. 1. The manufacturing process of the sensor: (a) cut the end of fibers (b) slot the capillary casing with a steel file (c) put the FMF in the right place (d) inject

PDMS (e) heat and cure (f) place the SMF and fix the seal with AB glue.
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Fig. 2. Sensor structure diagram and micrograph.
[15]. The whole sensor has a compact and simple structure and
its production process is simple.

II. THE PREPARATION AND PRINCIPLE OF THE SENSOR
A. Preparation of the Sensor

The diameter of the SMF core used in the experiment is 9 pm,
and the cladding diameter is 125 pm. The FMF core diameter
is 20 pm, and the cladding diameter is 125 pm. The modes that
can be transmitted include LPO1, LP11, LP21, and LP0O2. The
schematic diagram of the sensor manufacturing process is shown
in Fig. 1.

InFig. 1, the manufacturing process of the sensor is as follows:
First, we remove a certain length of the coating layer from the
required optical fiber part and cut the end face. A steel file is used
to gently scrape the surface of the glass capillary tube to slot it. In
the experiment, glass fragments will inevitably fall into the tube.
We first blow away the larger glass fragments, then rinse with
deionized water several times to remove small fragments, and
finally air-dry the glass capillary tube. Then we place the two
pieces of FMF at the appropriate position, adjust the distance
between the two fibers, fill the PDMS prepared with the main
agent and curing agent mass ratio 10:1 at the slot, and place it
in a drying oven at 150 °C for 10 minutes to cure. The PDMS
microcavity can be filled and sealed by repeating the injection
and heating process multiple times. The purpose of filling the
PDMS multiple times is to make the PDMS in the microcavity

more uniform. Before filling, the configured liquid PDMS is
allowed to stand for about three minutes to eliminate air bubbles
by gravity. We ensure that the filling of PDMS is slow, which can
effectively avoid the generation of bubbles. Finally, we insert the
SMEF, adjust its position so that the length of the air microcavity
is at an appropriate length, then use AB glue to fix and seal it.

B. Sensing Principle

The structure of the few mode fiber temperature sensor based
on PDMS filling and vernier effect is shown in Fig. 2. So we
fabricated a cascaded FPIs sensor whose Ly, Ly, and L3 are
250.1pm, 15 mm, and 226.0 pm respectively. The photomicro-
graphs of the reference microcavity and sensing microcavity of
the prepared sensor are shown in the illustrations.

It can be seen from Fig. 2 that due to the different refractive
index of fibers, air, and PDMS, five reflective surfaces are
formed, corresponding to My, My, M3, My, and M5. The light
emitted by the light source propagates forward from the core of
the SMF, the input light intensity is set to /y, and the reflected
beam intensity is set to Iy, Is, I3, 14, and I5. Since the length
of the second FMF is very long, about 150 mm, and the right
fiber end face is beveled, the light intensity 75 is relatively small
and can be ignored. And because the first FMF with a length
of 15mm is used as a transmission fiber, it is much longer than
the length of the two microcavities, so the reflection spectrum
is more concise, which can be regarded as the spectrum formed
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by the cascade of two FPIs, and the total intensity of the final
reflection back to the SMF can be simplified as [16]:
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where n; and n3 are the refractive index of the air microcavity Cy
and the PDMS microcavity Cs respectively, and the correspond-
ing lengths of the two microcavities are L; and L3 respectively.
A is the wavelength of incident light.

When the temperature changes, due to the good thermal per-
formance of PDMS, the microcavity length and refractive index
will change significantly. At room temperature, the refractive
index is 1.399, the thermal expansion coefficient can reach 9.6
x 1074/°C, and the thermo-optic coefficient is —5.0 x 1074/°C.
Therefore, the microcavity Cs serves as a sensing microcavity
in the vernier effect. In contrast, the thermal performance of air
is relatively stable, and the microcavity C; is air-tight, and the
air pressure in the microcavity further guarantees the stability of
the microcavity, so C; is used as the reference microcavity. The
free spectral range (FSR) of the reference microcavity and the
sensing microcavity is defined as

2
22 ( )
FSR, = 57+

The two microcavities are cascaded and a curve with an
envelope will be observed. The FSR of the envelope curve is

FSRenvelope =M - FSRS (3)

where M is the sensitivity magnification of the spectral envelope
after cascading relative to the sensing sensitivity of a single
sensing microcavity. The value of M is

FSR,

M=——"2""
|FSR, — FSR,|

“

Therefore, when the temperature changes, the sensitivity of
the envelope can be amplified by a large magnification relative
to the temperature sensitivity of a single sensing microcavity.

When the reference microcavity length L; of the sensor is
250 pm and the sensing microcavity length Lg is 226 pm, the
simulated interference spectrum is shown in Fig. 3.

It can be seen from Fig. 3 that under the condition of 40 °C,
the single sensing microcavity will red shift about 0.86 nm when
the temperature rises by 1 °C. Under the same conditions, the
cascade-FPIs structure has a red shift of about 4.10 nm, and
the sensitivity is increased by about 4.77 times. Substituting the
relevant parameters into (2) for calculation, it can be concluded
that the FSR of the reference microcavity and the sensing mi-
crocavity are 4.81 nm and 3.80 nm, respectively. Substituting
the two FSR calculation results into (4) for calculation, we can
obtain that the magnification ratio is 4.76. The result basically
agrees with the calculated result.
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Fig. 4. Schematic diagram of the experimental system.

III. EXPERIMENTS AND ANALYSIS
A. Temperature Experiment

The experimental device for testing the temperature character-
istics of the sensor is shown in Fig. 4. It consists of a broadband
light source (ASE, wavelength range of 1520-1610 nm, out-
put power 50mW), optical spectrum analyzer (OSA, AQ6375),
optical circulator (OC, center wavelength of 1550nm) and a
temperature control box (WHL-30B, resolution of 0.1 °C).

As shown in Fig. 4, the light emitted by the light source passes
through the OC to reach the sensor, and the reflected light passes
through the OC to reach the OSA. The temperature range is from
40 °C to 56 °C. Due to the high sensitivity of the sensor, the
wavelength will shift about 3.89 nm for every 1 °C increase.
In 1520-1610 nm, when the temperature changes too much, the
marked peak will shift out of this wavelength detection range and
it also will not show on the spectrum, so the tested temperature
range is relatively tiny. The temperature rise step length is chosen
to be 1 °C. The spectrum and its envelope at 40 °C are shown in
Fig. 5.

We fit the envelope curve of the spectrum, and compare
the envelope shift at different temperatures. The experimental
results are shown in Fig. 6.

It can be seen from Fig. 6 that during the heating process
of 40-56 °C, the envelope curve has obvious red shift. The
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spectral envelopes at different temperatures are calibrated with
red arrows on the peaks, and the wavelengths are linearly fitted
to the corresponding temperatures. The fitting diagram obtained
is shown in Fig. 7.

In Fig. 7, it can be concluded that the sensor sensitivity can
reach 3.89nm/°C in the range of 40-56 °C, which is basically

sensors proposed in other documents, and the comparison results
are shown in Table I.

Although the cascaded Sagnac sensor [10] has high tempera-
ture sensitivity, its temperature measurement range is small and
its structure is not compact enough. Cascaded FPIs sensor [11]
use the thermal expansion of silicon to achieve sensing, so the
sensitivity is low. Similarly, the parallel in-line MZIs sensor [12]
also has the same problem, and the sensor is a parallel structure,
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which is more complicated. In contrast, the sensor proposed in
this paper has the advantages of high sensitivity, simple structure,
and easy fabrication.

IV. CONCLUSION

This paper presents a few mode fiber temperature sensor based
on PDMS filling and vernier effect. The air microcavity and
PDMS are used as the reference microcavity and the sensing
microcavity to realize the vernier effect. The sensing principle
of the sensor is analyzed, and the relationship between tem-
perature and spectrum is simulated. In this paper, temperature
experiments are performed on the sensor, and the lengths of the
reference microcavity and the sensing microcavity are 250pum
and 226pm, respectively. The experimental results show that
the temperature sensitivity of the sensor is 3.98nm/°C in the
temperature range of 40-56 °C, and there is a good linear
relationship between wavelength shift and temperature change.
The sensor has high sensitivity, simple manufacture, compact
structure, and high practicability.
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