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Abstract: In this paper, we propose an in-line fiber sensor probe based on UV-glue-assisted cascaded
Fabry-Perot cavities for temperature measurement. The UV-curable adhesive in the sensing cavity
plays an important role due to its high thermo-optic coefficient. We show that the temperature
sensitivity depends on the optical path length difference between both cavities. We report a maximum
value of 12.57 nm/°C in the range of 20 to 30 °C. This original sensor architecture features a low cost
and simple structure that can be straightforwardly manufactured with readily available materials
and a short production time.
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1. Introduction

Optical fiber sensors have been demonstrated to outperform conventional technologies
in various applications, including physical, biochemical, medical/pharmaceutical, and
environmental fields, among others [1]. These sensors have been extensively utilized to
detect a variety of parameters, such as humidity, strain, refractive index, and temperature, to
name a few [2,3]. Numerous applications have been conducted to demonstrate their efficacy
and usefulness in these industries. To date, for the measurement of temperature, different
fiber sensing mechanisms have been involved, such as intensity modulation sensor, Fabry—
Perot (F-P) interferometric sensors, Mach—Zehnder interferometric sensors, and grating-
based sensors (fiber Bragg grating, long period grating, and tilted fiber grating) [4-6].
Among these sensing scenarios, the F-P interferometric sensors play an important role due
to the ease of fabrication and relatively high sensitivities.

Recently, a high-temperature F-P interferometric sensor under Co-60 vy irradiation
was proposed by Lyu et al. This sensor was composed of an angled silica multi-mode
fiber (MMF), a thin sapphire wafer, and a silica casing. Temperature measurements up to
800 °C were presented with a sensitivity of 29.9 pm/°C [7]. Dominguez-Flores presented
an in-fiber F-P interferometer fabricated by splicing a microsegment of capillary fiber
between two single-mode fibers (SMFs) and then embedding the structure in a mold made
of polyester resin. The sensor sensitivity was up to 327.3 pm/°C in the temperature range
of 20 °C to 35 °C [8]. He et al. fabricated an F-P interferometric sensor by encapsulating
a microfiber and an SMF in a silica capillary with curable polydimethylsiloxane (PDMS).
A higher temperature sensitivity of 6.386 nm/°C in the range from 42 °C to 54 °C was
obtained [9]. Zhang et al. proposed a temperature sensor that fills UV glue in a capillary
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to form an F-P cavity. Although this sensor has the advantage of a simple structure, its
sensitivity is limited to —1.014 nm/°C [10]. It is obvious that the resin plays an important
role in increasing the temperature sensitivity due to the high thermal-optic coefficient.

Compared to traditional interferometric sensors, the Vernier effect applied to fiber
interferometers has drawn increasing attention from researchers [11,12]. This effect stems
from the spectral overlap of two cascaded interferometers with slightly detuned free
spectral ranges (FSRs) or interference frequencies [13]. Generally, one of the interferometers
works as a reference unit, while the other one acts as a sensing unit [14]. The output signal
of the configuration with the Vernier effect is the overlap of the two interferometric spectra
with periodic envelops (or the so-called “beats”). The temperature perturbations applied to
the sensing element could induce dramatic shifts of the envelopes, considerably amplifying
the sensitivity as compared to the sensors based on a single interferometric structure.

Gomes et al. developed a miniatured Vernier-effect optical fiber F-P interferometer
temperature sensor with a sensitivity of —654 pm/°C that is 60 folds higher than that of a
normal F-P interferometer. The Vernier effect was triggered due to the presence of multiple
modes in the F-P cavity. However, this cavity was intricately fabricated by focused ion
beam milling of the end of a tapered MMF, thus generating multiple F-P interferometers
with shifted frequencies [15]. Zhang et al. demonstrated an ultrasensitive fiber temperature
sensor with a sensitivity of ~67.35 nm/°C based on two cascaded cavities with slight length
differences. The sensing cavity was composed of a cleaved fiber end-face and thermally
expandable UV-cured adhesive mounted inside a ceramic ferrule for the length change
of the sensing cavity [16]. This work shows the added value of the UV-cured adhesive.
However, the length of the sensing cavity was difficult to control inside the ferrule and
the fabrication process of the sensing cavity was relatively complicated. Similarly, Huang
et al. presented an enhanced Vernier effect with a sensitivity of —13.09 nm/°C based on
two parallel F-P interferometers with opposite temperature sensitivity. Since AB glue and
polyimide solution had to be filled in the capillary, the sensor fabrication process is rather
sophisticated [17].

In this paper, we propose two in-line fiber sensor probes based on cascaded F-P cavities
for measurement of temperature. The UV-curable adhesive in the sensing cavity plays an
important role due to the high thermo-optic coefficient. The two sensors with different
cavity lengths show different performances. For sample 1, a temperature sensitivity of
4.54 nm/°C is obtained in the range of 20 to 40 °C. For sample 2, due to a smaller optical
path length difference between two cavities, a much higher sensitivity of 12.57 nm/°C
is achieved in the range of 20 to 30 °C. This proposed sensor features a simple structure,
low cost, straightforward manufacturing process, readily available materials, and shorter
production time, which can be applied for temperature measurement in specialized fields,
such as biochemical engineering, medical care, and nuclear testing.

2. The Principle of a Cascaded Fabry—Perot Sensor

The working principle of this proposed fiber sensor is first based on an F-P interferom-
eter fiber sensor with a single cavity, whose FSR is expressed [18,19] by:
A2
FSR = ~— 1
2nL M
where A, n, and L represent the light wavelength in vacuum, the refractive index inside the
cavity, and the cavity length, respectively. Then, a second cavity is relayed on to generate
Vernier effect, thus forming spectral envelops. The FSR of the envelop can be written as

follows [20,21]:
FSR; x FSR,

[FSR; — FSR, |

The sensitivity amplification factor is thus expressed as follows [16]:

FSR, = (2)
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where FSR; and FSR; represent the FSR for interference spectra of Cavity; and Cavity,, and
FSR. represents the FSR of the spectral envelope in the transmission spectrum. Notably,
if two cavities have similar optical lengths (OLs), the sensitivity of the cascaded F-P fiber
sensor can be dramatically enhanced and the FSR, of the envelop is large.

3. Manufacturing of the Sensor

The structure of the proposed sensor is illustrated in Figure 1. An SMF pigtail (SMF)
and a small segment of SMF (SMF) are assembled by UV glue while SMF, is fusion-spliced
with a segment of capillary fiber. The UV glue between SMF; and SMF, forms the resonant
Cavity; with a length of L;. SMF, forms the resonant Cavity, with a length L, and Cavity;
and Cavity, together form combined Cavitys. The interface between the SMF; and the
UV glue constitutes Mirror; and the interface between the UV glue and SMF, constitutes
Mirror,. The interface between SMF; and the air inside the capillary forms Mirrorz. In this
case, three F-P cavities are obtained. Cavity; is composed of the UV glue whose optical
length is very sensitive to temperature. Cavity, is composed of the SMF,. Thus, Cavitys is
a combination of Cavity; and Cavity, with a cavity length of L; + L. The schematic of the
sensor probe is depicted in Figure 1.

capillary

Mirror, Air

Figure 1. Schematic of the Vernier-based cascaded F-P cavity fiber sensor for measurement
of temperature.

4. Temperature Measurements
4.1. Experimental Setup

The sensor probe used in this work was fabricated as the following steps. Firstly,
a SMF was spliced with a silica capillary fiber (Polymicro Technologies, Phoenix, AZ,
USA, TSP075150, inner diameter: 75 pm, outer diameter: 124 um) using a fusion splicer
(Fujikura, Duncan, SC, USA, FSM-100P). During the discharge process, the electric arc
was not positioned at the interface between the capillary and the SMF, but mostly on
the SMF side by using the manual mode of the fusion splicer to avoid the collapse of
the capillary. Then, the SMF was cleaved into a designated length using a fiber cleaver
with the aid of a long working-distance microscope. The cleaved SMF and another SMF
pigtail were then mounted on the three-axis micro-positioning stage (Thorlabs, Newton,
NJ, USA, MBT616D) that is used to align these two fiber pieces with a gap of proper length
between them by the optical microscope as well. Afterward, UV-curable adhesive (Norland,
Jamesburg, NJ, USA, NOA 73) was filled in the gap between the two SMFs and the gap
was further finely adjusted to obtain an appropriate spectrum envelope by monitoring
the reflected spectrum. Finally, The UV-curable adhesive was cured for ~30 s using a UV
lamp (SJMAEA, Shanghai, China, wavelength: 365 nm) with an illumination intensity of
12 mW/cm?. The optical microscopic images of the two samples are shown in the insets of
Figure 2.
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Broadband light source

Sensor probe

Sample 1 Sample 2

Circulator

Optical spectrum analyzer

Temperature controlled breadboard

Figure 2. Schematic of the interrogation set-up for temperature measurements. The insets are the
microscopic images of the sensor probes.

To characterize the sensor performance, the sensor probes were immobilized on
the temperature-controlling breadboard (Thorlabs, PTC1/M) with a readout resolution
of £0.001 °C. To minimize the response time, the sensor probes were immersed in UV
glue without curing between two coverslips to reduce the influence of air humidity. A
reflected spectral interrogation system, which included a broadband light source (BBS) (YSL
Photonics, Wuhan, China, SC-5-FC), a circulator, and an optical spectrum analyzer (OSA)
(Anritsu, Kanagawa, Japan, M59740A), was used to monitor the evolutions of reflection
spectra in response to temperature variations, as shown in Figure 2. The location of the
envelope is determined by the wavelength of the peak or the valley in the envelope via
Lorentz fitting.

4.2. The Measurement Results for Sample 1

For sample 1, the L; and L, were set to ~142 pm and ~162 pm, respectively, and
a series of reflection spectra with FSR of ~50 nm were recorded at a step of 1 °C in the
temperature range of 20~40 °C, as shown in Figure 3. It is obvious that the envelope has an
extremely obvious red shift. The red arrows in Figure 3a indicate the shifts of the envelope.
This experiment was repeated for another two times, showing good repeatability. The
average sensitivity of 4.54 & 0.13 nm/°C was obtained by lineal fitting.

1480,

250 1300 1350 1400 1450 1500 1550 1600 1650 1700
Wavelength (nm)

(a)

Figure 3. (a) Experimental spectral evolution of sample 1 (with offset) and (b) linear fit of the envelope
as a function of temperature from 20 to 40 °C.
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With the structural parameters above, the theoretical calculation of the reflected spectra
evolution as a function of different temperatures can be conducted using the methodology
reported in Ref. [21]. The thermal expansion coefficients (TECs) of the UV glue and SMF
were 2.2 x 107* and 4.1 x 107 [22], respectively. The thermal-optic coefficients (TOCs)



Photonics 2024, 11, 111

50f 10

of the UV glue and SMF were set to be —7.0 x 107* and 7.97 x 107° [22], respectively.
The initial refractive indices of the UV glue and SMF at 25 °C were set at 1.54 and 1.448,
respectively. As SMF, in Cavity; is coated by cured UV glue (see Figure 2), the TEC of the
mixture can be calculated by [23]:

XSilica + O‘GlueEGlue / ESﬂica ( 4)
1+ EGlue / ESilica

KMix =

where &g;jjica and xgye represent the TEC of the silica fiber and UV glue, respectively. Eg;jica
and Egyye represent the Young’s modulus of the silica fiber and UV glue, respectively. Thus,
oMix 1S the TEC of the mixed material. However, since the Young’s modulus of the silica
fiber is 69.2 Gpa [24], which is much greater than 0.01 Gpa for the UV glue, the TEC of the
mixture is proximately equal to that of the silica fiber and thus the influence from the UV
glue is ignored. Considering these aforementioned parameters, the simulation results are
shown in Figure 4, showing a similar FSR and sensitivity of ~54 nm and 4.96 £ 0.04 nm/°C,
respectively, which are similar to the experimental ones. The red arrows in Figure 4a
indicate the shifts of the envelope.
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Figure 4. (a) Simulated spectral evolution of sample 1 (with offset) and (b) lineal fit of the envelope
as a function of temperature from 20 to 40 °C.
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4.3. The Measurement Results for Sample 2

For sample 2, the values of L; and L, were set to ~118 pm and ~129 pm, respectively. A
series of reflected spectra with an FSR of ~156 nm were recorded within a temperature range
of 20 to 30 °C, with a step of 1 °C, as illustrated in Figure 5. The red arrows in Figure 5a
indicate the shifts of the envelope. As with sample 1, this experiment was conducted for
three times in total, with good repeatability. With the lineal fitting, an average sensitivity of
12.57 £ 0.52 nm/°C was obtained. It is worth mentioning that the sensing range could be
extended as long as the envelop peak we monitored is within the spectral range of the OSA.

Based on the parameters mentioned above, simulation results are presented in Figure 6,
indicating a comparable FSR and sensitivity of ~167 nm and 12.51 & 0.03 nm/°C, respec-
tively. The red arrows in Figure 6a indicate the shifts of the envelope. The OL variations of
both cavities are listed in Table 1, showing a much higher absolute variation of ~—426.3 nm
for Cavity; than ~11 nm For Cavity,. Thus, compared to the TEC, the TOC of the UV glue
plays a more important role for this temperature sensing.

By comparing both samples, it is found that the temperature sensitivity of Sample 2 is
three times higher than that of Sample 1. This is mainly due to the smaller OL difference
between Cavity; and Cavity, (~18 pum for sample 1 and ~5 um for sample 2) with an
enhanced amplification factor, according to Equations (1)—(3). Moreover, the sensitivity
can be further improved by reducing the difference in OL between the two cascaded
cavities. Theoretically, this sensitivity can actually become infinite. However, this is also the



Photonics 2024, 11, 111

6 of 10

result of a significant increase in the envelope FSR, which may extend beyond the spectral
measurement range. Thus, a trade-off has to be made between higher sensitivity and a
larger sensing range.
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Figure 5. (a) Experimental spectral evolution of sample 2 (with offset) and (b) linear fit of the envelope

as a function of temperature from 20 to 30 °C.
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Figure 6. (a) Simulated spectral evolution of sample 2 (with offset) and (b) lineal fit of the envelope
as a function of temperature from 20 to 30 °C.

Table 1. Optical length variations for Sample 2 as a function of temperature from 20 to 30 °C.

Temperature (°C) 20 22 24 26 28 30
OL change of Cavity; (nm) 0 —85.0 —170.2 —255.4 —340.8 —426.3
OL change of Cavity, (nm) 0 2.2 44 6.6 8.8 11

We also carried out Fast Fourier Transform calculations on the experimental spectra
of the two samples measured at 24 °C (Figure 7a,b). The Vernier effect could be virtually
considered as the superposition of interference spectra of the individual resonant F-P
cavities in the sensor probe. Therefore, this FFT spectrum could reflect information with
respect to the FSRs of the interference spectra of the individual F-P cavities. For Sample 1
(Figure 7a), the peak 1 centered at ~0.195 nm ™! in the spatial frequency domain corresponds
to the FSR of the interference spectra of Cavity; and Cavityy, which is ~5.15 nm at 1500 nm.
The peak 2 centered at ~0.35 nm ™! corresponds to the FSR of the spectrum of Cavitys,
which is ~2.99 nm at 1500 nm calculated from Equation (1). These two peaks are relatively
wide since the FSR is dependent on wavelength in the wide spectral range (1250-1700 nm).
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For sample 2 (Figure 7b), the peak 1 and peak 2 centered at ~0.166 nm~! and ~0.330 nm !,
which corresponds to the Cavity; FSR (~6.19 nm at 1500 nm) and Cavitys FSR (~3.05 nm at

1500 nm), respectively.
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Figure 7. Spatial frequency spectra were obtained by applying FFT to the transmission spectrum of
Sample 1 (a) and Sample 2 (b) measured at 24 °C.

5. Discussion

The capillary fiber actually acts as a supporting structure when gluing the SMF
segment with lead-in SMF. There are two reasons for the selection of this silica capillary:
(1) the inner radius of 75 um is much larger than ~8 pum for a single mode fiber core, which
facilitates the visual identification of SMF-capillary fiber interface during the fiber fusion
process before fiber cutting, and (2) the outer radius of 124 um virtually matches that of the
SMEF (125 um) for a single mode fiber cladding inducing a good splice.

The main purpose of the current paper is to show how to use the popular SMF and UV
glue on the market to amplify the sensitivity through the Vernier effect. Furthermore, the
whole sensor probe is encapsulated by the UV glue, so that the strength is improved. It is
also worth mentioning that during the fabrication process of the sensor probes, the length
of Cavity, can be more precisely optimized by monitoring the reflected spectra as another
reference in addition to the monitoring of the translation stage displacement by the optical
microscope. The fact that the refractive index of the adhesive in the liquid phase is 0.02
lower than the counterpart in the solid phase after curing has to be considered. In terms of
the temperature sensing range, as the bonds of the UV glue will initially withstand —15 °C
to 60 °C and —60 °C to 90 °C after aging [25], we assume the operation range of this sensor
probe could be extended from —60 °C to 90 °C. Compared to various temperature sensors
previously reported, this proposed sensor is structurally simpler with real-time monitored
spectra during the fabrication process thanks to the curable UV adhesive. The sensor with
cascaded F-P cavities is compared in Table 2.

Table 2. Performance comparison of temperature sensors with cascaded F-P cavities.

Sensitivity Temperature

(m/°C) Range (°C) Cavity Structure  Fabrication Difficulty Reference
6.386 42-54 PDMS-MF medium [9]
—13.09 40-58 Glue-capillary high [17]
16.51 2741 PDMS-SMF Medium [26]
-9.9 50-52 HB fiber-SMF medium [27]
54.4 x 1073 40-80 Adhesive-HCF medium [28]
—146 50-60 PDMS-SMF medium [29]
—183.99 x 1073 38-100 Tube-SMF low [30]
19.55 23-31 LC-SMF high [31]
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Table 2. Cont.
Sensitivity Temperature Cavity Structure  Fabrication Difficult Reference
(nm/°C) Range (°C) y y
1.808 30-45 PDMS-HCF medium [32]
17.758 40-70 PDMS-HCF medium [33]
SMEF-double-
11.93 40-46 groove cavity Middle [34]
with PDMS
SMF-tube with .
7.61 34-39 PDMS Middle [35]
4.54 20-40 Glue-SMF low This work
12.57 20-30 Glue-SMF low This work

References

High birefringence (HB); Microfiber (MF); Hollow core fiber (HCF); Liquid crystal (LC).

6. Conclusions

In summary, we developed a highly sensitive temperature sensor based on the F-P
cavity and the Vernier effect, achieving a sensitivity of 12.57 nm/°C. It has been proved
that the UV-curable adhesive in the sensing cavity plays an important role due to the high
thermo-optic coefficient. Our method is more convenient and cost-effective than previous
sensors, as it only requires ordinary SMFs and capillaries and uses readily available NOA
73 glue with a short curing time. Moreover, we can control the cavity length precisely by
both optical microscopes and optical spectra during the splice process, making it easier to
optimize the different of the two cavities.
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