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Abstract: Antiresonant hollow core fibers (ARHCFs) have gained some attention due to their no-
toriously attractive characteristics on managing optical properties. In this work, an inline optical
fiber sensor based on a hollow square core fiber (HSCF) is proposed. The sensor presents double
antiresonance (AR), namely an internal AR and an external AR. The sensor was designed in a
transmission configuration, where the sensing head was spliced between two single mode fibers
(SMFs). A simulation was carried out to predict the behaviors of both resonances, and revealed a
good agreement with the experimental observations and the theoretical model. The HSCF sensor
presented curvature sensitivities of —0.22 nm/m~! and —0.90 nm/m~!, in a curvature range of
0m1t01.87m™1, and temperature sensitivities of 21.7 pm/°C and 16.6 pm/°C, in a temperature
range of 50 °C to 500 °C, regarding the external resonance and internal resonance, respectively. The
proposed sensor is promising for the implementation of several applications where simultaneous

measurement of curvature and temperature are required.

Keywords: antiresonant optical fiber; hollow square core fiber; curvature sensing; temperature sensing

1. Introduction

The development of photonic crystal fibers (PCFs) has revolutionized the sensing
field. The unique capability that PCFs have on manipulating some of the optical properties,
such as birefringence, nonlinearities, and dispersion [1-3], have made them an exquisite
topic of interest in the scientific community. Among the category of the PCFs, hollow
core PCFs (HC-PCFs) can be highlighted, which have attracted great interest due to their
aptitude on guiding light with relatively low-loss [2,4]. The recent breakthrough of the
antiresonant hollow core fiber (ARHCF), a new category of HC-PCEF, allowed not only to
overcome several difficulties in the telecommunication area, but also to fully exploit the
resonance behavior in new sensing applications, specifically in the optofluidics area [4—6]
and in the biomedical and biochemical fields [4,7,8]. The ARHCE, whose light guidance
relies on the principle of antiresonant reflecting optical waveguide (ARROW) [9,10], has
been subject of scrutiny due to the numerous advantages it holds, such as ultralow loss and
dispersion [4,11-14], reduced nonlinearities [13,15], ultrashort pulse delivery [13,16-18],
and a broad bandwidth [11,12,19]. With the perspective of a potential sensing implementa-
tion, the ARHCEF has been used in the detection of chemical substances [20-22], and in the
measurement of physical and mechanical properties [23-28].

Curvature and temperature sensors find themselves crucial in many current applica-
tions, specifically in fields of mechanical and civil engineering [29,30], structural health
monitoring [29,31], astrophysics [31], industry [32], and medicine [33,34]. With the prospect
of a wide practicability, several temperature and curvature sensors based on ARHCF have
been designed and further developed in the past years. For instance, Liu et al. [35] pro-
posed a temperature ARHCF sensor based on a HCF spliced between two single mode
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fibers (SMF), in a transmission configuration, with a sensitivity of 33.4 pm/°C. Addition-
ally, a curvature sensor has been reported by Herrera-Piad et al. [36] using a capillary
hollow core fiber assembled between two SMFs. The sensing structure exhibited a sensi-
tivity of 1.6 dB/m~! within a curvature range up to 2.14 m~!. Moreover, a hybrid sensor
for the simultaneous measurement of temperature and curvature has been proposed by
Cheng et al. [37], with the ARHCEF being spliced between two SMFs. The acquired sensitiv-
ities for the temperature and curvature were 25.76 pm/°C and —4.28 dB/m ™!, respectively.
Further sensors have already been developed to measure these parameters [38,39].

In this work, the use of a newly designed ARHCF is demonstrated to simultaneously
measure curvature and temperature. The fiber used in this study is hollow square core fiber
(HSCF), due to the particular square shape of the core, and incorporates two resonance
mechanisms, namely, an internal resonance (IR) and external resonance (ER). The sensing
structure was attained by resorting to a simple configuration SMF-HSCF-SME. The purpose
of the work relies on using both resonance mechanisms, intrinsically inherent to the same
sensing head, to monitor the two physical parameters, a feature that, to the best of our
knowledge, has not been reported yet.

2. Fiber Geometry

Figure 1a presents a microscopic picture of the HSCF implemented in this work, and
Figure 1b shows a scheme of the cross-section model of the fiber structure. The fiber was
developed at the Leibniz Institute of Photonic Technology, in Germany. It is characterized
by having a hollow core of ~ 11 pm size (2r) in a squared shape. Surrounding the core,
there are silica strands of ~ 1.7 um of thickness (w) conjugated with four capillaries
diametrically opposed. Furthermore, the HSCF presents four identical air petal shape
structures, intercalated with four interstices. The internal radius of the fiber, where all
the air structures are located, is of ~ 26 um (d), and the external radius is ~ 62.5 um. All
components of the HSCF were fabricated from synthetic high-purity silica tubes (F300,
Heraeus Quarzglas GmbH & Co. KG, Hanau, Germany). The fiber was coated with a
single UV acrylate layer during the fabrication. The manufacturing process as well as the
formation of the specific fiber microstructure are described elsewhere [40].

Figure 1. (a) Microscopic (400 x) picture of the HSCF cross-section. (b) Geometrical scheme of the HSCFE.

3. Principle of Operation

The light guidance in the HSCF relies on the antiresonance reflection (AR), making
this fiber inherent to the ARHCF class. The AR principle can be described by the ARROW
model, which expresses the optical fiber as an array of high and low refractive index
layers, and where the former act as Fabry-Perot resonators [41,42]. The wavelengths
that do not obey the resonance condition are reflected within the resonator, and thus,
they propagate along the fiber core. As for the wavelengths that obey the resonance
condition, the high index layers become translucent to light, allowing it to escape from
the FP resonator, being posteriorly lost. The resonance wavelengths can be attained by the
following expression [43]:



Sensors 2021, 21,7778

30f13

R 2wy /nd —n2 sin’w .
= o : M)
where ng; and n,;, are the refractive indices of the waveguide material (silica) and air,
respectively, m is the resonance order, and « is the incident angle. For the AR guidance, the
reflections present glancing angles; therefore, sin « can be approximated to the unit, leading
to a simplification in the expression. In the HSCF, there are two distinctive AR guidance
mechanisms, namely an internal AR, where light is trapped in the core and surroundings
of it, and the external AR, wherein light remains confined in the outer cladding region.
Figure 2 illustrates the light propagation in the fiber that originates these two ARs. The
light that propagates in the air core, when encountering the interface between the core and
the silica strands, will be both reflected, thus remaining in the air core, and refracted to the
silica strands. The silica strands will be acting as an FP resonator, which means that for the
AR wavelengths, light will be reflected within the resonator and refracted back to the core.
As for the resonance wavelengths (internal resonance, IR), light will escape the resonator
and will leak to the air structures, being further lost as it propagates [40]. The second AR
guidance occurs when light leaks from the core, and thus, it propagates in the petal and
interstitial air structures that surround the core. There, light will also be refracted to the
outer silica cladding section, which, in turn, will also act as an FP resonator, meaning that
the resonance wavelengths (external resonance, ER) will leak out of the fiber.
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Figure 2. Scheme of the optical paths of light in the internal AR guiding process, which occurs in the
core area, and the external AR, that occurs in the outer cladding section.

To further understand the AR principle, particularly the internal AR, it is necessary
to comprehend the propagation of the fundamental mode (HE;;) as well as its intrinsic
properties. Considering the perturbation theory model, encountered in [44], the effective
refractive index of a propagating mode is described by the following expansion:

Neff = Mair (1 —ac? — bo® —co* + ida4), (2)

where ¢ is denoted as the perturbation parameter and is inversely proportional to the core
wavenumber, k,;., and the core radius r. The core wavenumber is related with the vacuum
wavenumber, ko, through ki = kon,ir. The coefficients a,b, ¢, and d are real numbers and
can be described by the real coefficients of the radial wavenumber, k1, kp, and the complex
coefficient, k3. With this, it is possible to establish the following correlations [44]:
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The variable j,,_1 , represents the nth root of the Bessel function m — 1, for the hybrid
mode HEn », ¢ is the accumulated phase between two consecutive reflections of a light
ray in the silica glass structure, and the parameter € = (ng;/ nair)z. Developing the set of
equalities from Equations (2)—(8), one concludes that the effective refractive index can be
given by:

2 3 2
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Based on the analytical expression in Equation (9), a complex effective refractive index
is attained, where the real component describes the spectral tendency of the leaky mode
effective index, while the imaginary part is associated with the losses inherent to the mode
propagation. Figure 3 exhibits the imaginary and real part of the effective refractive index
of the HE; mode, attained by using Equation (9). It is also presented the simulated profile
of the real part of the effective refractive index of the HSCF in the spectral range of the
visible and infrared, resorting to the COMSOL Multiphysics. The COMSOL Multiphysics
simulation (version 5.6) was carried out over a wavelength range between 600 nm and
1600 nm, in steps of 1 nm near the resonance wavelengths and steps of 10 nm in the regions
away from these. The Sellmeier equation was used to estimate the refractive index of silica
for each wavelength.
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Figure 3. (a) Imaginary effective refractive index with wavelength obtained from Equation (9)
(Numerical). (b) Real component of the effective refractive index with a wavelength attained by the
COMSOL Multiphysics (Simulation) and by Equation (9) (Numerical). The expected frequency of the
IR is represented by dash lines, according to Equation (1).
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Analysing the real part of the refractive index, a good agreement between the numeri-
cal curve and the simulated data is attained, validating, therefore, the use of Equation (9)
to describe the resonance within the HSCE. The asymptotic tendency of the refractive index
real component should also be highlighted. In fact, this behavior is highly characteristic in
ARHCFs, where the asymptotic curves tend to a specific wavelength, that is, the resonance
wavelength. This fact is also proved by the behavior of the imaginary component of the
refractive index, where high intensity peaks are notoriously located in the same frequencies
as the asymptotic wavelength. To further corroborate this explanation, the theoretical
values of the resonance wavelengths, calculated by Equation (1), were also represented
in Figure 3. A good match between the simulated and the theoretical resonance is per-
ceived, although there is a small shift between the theoretical and numerical resonance
wavelengths. This can be justified by the simplified geometrical approximation used in the
numerical model. However, in an overall perspective, the numerical equation describes
this fiber with a relatively good accuracy.

Moreover, the use of Equation (9) is not limited to the IR, with its usage being capable
of also predicting the ER. Notice that the IR is resultant of the core mode leakage, while
the ER is induced by the leakage of the cladding mode. Therefore, instead of analyzing
the HE1; mode, one has to analyze the first cladding mode, that is, the hybrid mode HE;».
Furthermore, the parameters r and w, which were considered to be the core radius and the
silica strands thickness, will change since in the external resonance the fiber is comparable
to a capillary with a core radius of d and thickness equal to the difference between the
fiber radius and the core radius. With the conjecture of a complex effective refractive index,
where the imaginary part is associated with the losses subjected to the mode propagation,
it is possible to attain the profile loss associated with the HSCFE, by considering that the
major factor that induces losses in the HSCF and the significant diminishing of the optical
power is the confinement loss (CL) of the propagating mode. Since in the HC-PCFs, the
light is guided within air, loss factors such as absorption and the Rayleigh scattering are
too small [2,45]; therefore, they were disregarded. The confinement loss is as follows [46]:

407t (neff)

L= "o (10)
where (1) was retrieved from the imaginary component of Equation (9); thus, one
can estimate the transmission windows that are formed by both the external and internal
AR propagations, and consequently, the expected transmission spectrum of the HSCF,
considering the total modal losses inherent to the HSCF length (/). Notice that to attain the
expected transmission profile, a normalization was carried out to the numerical results to
better perform a comparison with the experimental results that will be described further
ahead. In Figure 4a,b, the transmission curves attained for each AR mechanism are
represented, as well as the combined signal (Figure 4c).
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Figure 4. (a) Numerical solution of the external AR spectrum. (b) Numerical solution of the internal
AR spectra. (c¢) Numerical solution of the transmission spectrum of the HSCF.

4. Results and Discussion
4.1. Sensor Design and Experimental Setup

The layout of the sensor used in this work was based on a transmission configuration,
where the HSCF was spliced between two segments of SMF, as can be seen in Figure 5a.
The splicing process was executed using a Fujikura 40S splicer, which was operated in
manual mode, that is, the alignment between fibers was personalized by the user. Given
the geometry of the HSCF and the fragility of its microstructures, it was necessary to adjust
the parameters of the splicing program so that one could attain an equilibrium between
the splicing strength and the integrity of the HSCF structure. To keep the cohesion of
the microstructures intact, the arc was applied mainly on the SMEF. In addition, to avoid
compromising the splicing resistance, it was necessary to adjust the arc discharge power
and duration. Figure 5b,c show the influence of the splicing parameters in the HSCF
structure. Longer arc discharge times give rise to a collapsing of the external cladding
as well as a damage in the internal structure. Therefore, values of 10 arbitrary units (arb.
units) and 500 ms were used for the arc power and duration, respectively (for comparison
purposes, in an automatic splice, these parameters are set to 20 arb. units and 2000 ms).
Several sensors were produced, and their lengths were measured using a caliper.

b) 1000 ms — 10 arb.unit

a)
SMF HSCF SMF

¢) 500 ms — 10 arb.unit L

Figure 5. (a) Schematic representation of the sensor fabrication, wherein the HSCF is spliced between

two SMFs and (b,c) longitudinal view of the splicing area for different arc discharge times.

The sensor was placed into a transmission configuration, where a supercontinuum
optical light source (LEUKOS SAMBA 450) and an optical spectrum analyzer (Anritsu
MS9740A), with a resolution of 0.2 nm, were used, as depicted in Figure 6.
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Figure 6. Scheme of the experimental setup used for the curvature measurements.

For the curvature measurements the sensor was glued in a fixed stage and in a translation
stage. The controlled movement of the last towards the direction of the fixed stage, induces a
bending on the sensor. The curvature can be determined by the following expression [29]:

2h

—R1=_°="_
¢ W2+ L%’

(11)
where 2L is the distance between the points where the sensor is fixed, h is the height of
the sensor center to the horizontal plane, and R is the radius of bending. Additionally,
temperature measurements were carried out by resorting to a similar configuration as in
Figure 6, although the temperature variations were accomplished by resorting to a custom
designed tubular furnace. The furnace temperature was controlled by a thermocouple with
a resolution of 1 °C.

4.2. Spectral Characteristics

To access an overall perspective of the sensor length influence on the measurements, it
was necessary to appraise the spectral response of sensors with distinct sizes. Therefore, two
sensors with lengths of 7.50 mm and 9.98 mm were monitored in a broadband ranging from
the visible to the infrared windows (600 nm—-1600 nm). Figure 7 presents the transmission
spectra attained.

—— 1 =7.50 mm]

—— 1 =9.98 mm]
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Figure 7. Transmission spectra of a HSCF sensor with lengths of (a) 7.50 mm and (b) 9.98 mm. The
dash lines represent the central wavelength of each transmission band.

From a first analysis, one can see that sensors’” spectra are characterized by large
transmission bands centered at 760 nm, 990 nm, and 1230 nm. In between there are large
depression bands, which originate from the IR and whose wavelengths satisfy the condition
established in Equation (1). Aside from the transmission bands, there is another band,
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which begins at ~1270 nm, where it is possible to identify several peaks, with a smaller free
spectral range, which result from the external AR guidance. The spectra of both 7.50 mm
and 9.98 mm sensors are quite identical, presenting the same transmission bands and the
intensity peaks in the exact frequencies, meaning that the length of the sensor does not
appear to influence on the transmission spectrum nor the resonance mechanisms that are
inherent to it. This was already expected by Equation (1).

The attained experimental and simulated spectra of a 7.5 mm long sensor are repre-
sented in Figure 8a. The similarity between the two is quite notorious. In fact, by observing
the zoom in of the transmission spectrum (Figure 8b), between 1200 nm and 1600 nm,
a good agreement between the ER peaks is perceptible. It was possible to determine
the resonances from the 48th order to the 61st order, by using Equation (1). The differ-
ences observed between the high frequency component attained experimentally and the
one obtained numerically can be due to different effects, such as losses due the splicing
procedures, surface imperfections or mode mismatch, which were not considered in the
numerical model. Figure 8c presents the resonance wavelengths retrieved from the experi-
mental spectrum, determined by Equation (1), and by the numerical solution. Although
the results are similar, for higher resonance orders, there is a slight deviation. This can be
partly justified by the impact of the internal AR guiding that attenuates this phenomenon,
therefore leading to a higher difficulty in distinguishing the ER. As for the IR, the HSCF
spectrum presents resonance bands and not dips, as one would expect. This could be
justified by the slight variations on the thickness of each strand that surround the core,
combined with possible fluctuations along the HSCF length, causing a significant deviation
on the resonance wavelength, and, therefore, the creation of bands [47]. For instance,
considering a variation of 0.1 um in the strands thickness, according to Equation (1), a
shift of 70 nm in the transmission spectrum will be originated. Still, one must notice that
the expected resonance wavelengths are within the resonance bands. Furthermore, the
amplitude decrease of the AR bands is notorious for higher wavelengths. This can be an
indication that the core modes are not so well confined within the core region, and the
coupling of light to the cladding region will be favored. Thus, the external AR will be
further stimulated, leading to a notorious modulation on the transmission spectrum of the
phenomenon at higher wavelengths (1200 nm-1600 nm).

z b)

c
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£
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2

& :

S :

c Numerical \7\‘ Iy

— Experimental ‘ . 61 48

’é 600 800 1000 1200 1400 1600
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3 ° % o Numerical
© 1400 | ° & 1
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Figure 8. (a) Representation of the simulated and experimental transmission spectrum of the 7.50 mm
HSCE. (b) Amplification of the transmission spectra in the range of 1200 nm—1600 nm, where the
external AR modulation is observable. (c) Values of the ER dips attained from the numerical and
experimental spectrum, and the theoretical values from Equation (1).
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Given all the mentioned characteristics that underlie the spectral response of the HSCF,
and due to the fact that the sensor’s length does not affect the resonance characteristics,
a 7.20 mm sensor was used to characterize the responses to curvature and temperature.
Since one intends to resort to both IR and ER to evaluate the stablished parameters, only a
broadband ranging from 900 nm to 1300 nm was monitored, where both are notoriously
present. In Figure 9 is depicted the sensor spectrum in the visible and infrared windows,
and in the frequency window of interest. Notice that to reduce the associated noise to the
spectrum, and to obtain a more perceptible view of the ER dips, a 0.11 nm~! low pass filter
was applied. The experimental proceedings were performed by applying a Gaussian fit to
the entire depression band (IR dip) and by monitoring the ER dip (Agp).

% _10 »»»»»»»»»»»»»»I»; T
e '——1=7.20mm
= -20 B
]
a
< 30
8
a
O —40F Ao
650 950 1250 1550
Wavelength (nm)
T T T T T T T
@ ——0.11 nm™ low pass filter
o)
S
]
a
©
Q
a
O

740 1 1 1 1 1 1 1
900 950 1000 1050 1100 1150 1200 1250 1300

Wavelength (nm)

Figure 9. Transmission spectrum of the 7.20 mm long sensor and the respective curve attained by
applying a 0.11 nm~! low pass filter on the spectral range of interest. The ER wavelength (As2)
analyzed is also indicated in the figure.

4.3. Sensor Characterization

For the curvature measurements, the distance between the fixed stages (2L) was set
to 27.5 cm, and the sensor was bent to a maximum height (k) of 20 mm, corresponding
to a maximum curvature of approximately 1.87 m~!. The decrease of height was done
in steps of 2 mm. In Figure 10, the experimental results attained for the IR and ER
are presented. Both components presented a shift towards smaller wavelengths (blue
shift). From the results, one can infere that both resonance responses presented a linear
tendency, leading to curvature sensitivities of (—0.22 & 0.02) nm/m ™! (2 = 0.95064) and
(—0.90 £ 0.02) nm/m~! (r> = 0.99575), for the ER and IR, respectively. The difference
between the correlation coefficients can be attributed to the low pass filter applied in the
data processing. Further studies, which are not within the scope of this work, should be
performed regarding the best filter to be applied in the context of an application.

When the fiber is bent, there are some phenomena that may occur. Firstly, bending
causes a variation in the incident angle () of light within the fiber, which for smaller
structures, such as the silica strands, will have a higher impact [48]. This can explain the
higher sensitivity of the IR over the ER. On the other hand, the change in the silica refractive
index due to the elasto-optic effect can also contribute to the behavior observed [49].
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Figure 10. Wavelength shift dependence with the curvature of the ER and IR components.

For the temperature measurements, the sensor was heated from 50 °C up to 500 °C,
in steps of 50 °C. The obtained results, presented in Figure 11, show a wavelength shift
toward longer wavelengths (red shift). Linear responses were attained for both com-
ponents, presenting temperature sensitivities of (21.7 & 0.3) pm/°C (+* = 0.99809) and
(16.6 + 0.7) pm/°C (r* = 0.98517) for ER and IR, respectively. The magnitude of these
values is in agreement with what was established in the literature [50], where it is expected
to achieve a higher sensitivity for the thickest resonant structure, that is, for the ER.

12 _| T T T T

10}

Wavelength shift (nm)

0 100 200 300 400 500

Temperature shift (°C)

Figure 11. Wavelength shift dependence with temperature of the ER and IR components.

The presented results revealed that the sensor resonances had different responses for
both measurands. The ER response (AA*") and IR response (AA™) to variations on the
curvature (AC) and temperature (AT) can be described by the following expressions:

A = KELAC + KEAT, (12)

AP = KELAC + KPAT, (13)

where K&, K¢ are the sensitivities of the ER to curvature and temperature, respectively,
and K" and K" are the respective sensitivities of the IR to curvature and temperature.
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Applying the definition of the matrix inversion to the Equations (12) and (13), one attains
the following:
AC | 1 0.0166 —0.0217 ][ AAe (14)
AT | 159x10-3 [ 090  —0.22 AN

Notice that the units of AC, AT, and AA are m™ !, °C, and nm, respectively. This
outcome potentially enhances the use of this sensor in the simultaneous measurement of
these parameters, making it a good candidate for several applications.

5. Conclusions

In conclusion, a simple configuration sensor based on an ARHCF has been presented
in this work with the purpose of simultaneous measurement of curvature and temperature.
The simulation analysis executed to predict the resonances behavior, inherent to the HSCEF,
was coherent with the experimental results and the theoretical model. Furthermore, the ex-
perimental results showed that resonance mechanisms exhibited different responses to both
measurands. Curvature sensitivities of —0.90 nm/m~! and —0.22 nm/ m’l, in a curvature
range of 0 nm/ m~! to 1.87 nm/m ™!, were attained for the IR and ER, respectively. On the
other hand, temperature sensitivities of 21.7 pm/°C and 16.6 pm/°C were respectively
achieved for the ER and IR. The proposed inline sensor is innovative due to its reduced
dimensions, robustness, and capability on measuring more than one parameter without
needing a complex design configuration or using several sensing heads, but instead merely
resorting to the ARROW guidance properties.

Author Contributions: D.P. performed the experimental and numerical work, collected and analyzed
the data, and wrote the manuscript. J.B. and J.K. fabricated the HSCF and revised the manuscript.
M.S.E. conceived the idea of the study, supervised the experimental work, and contributed to
writing and editing the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was financially supported by the project AROMA, funded by FEDER, through
CENTRO2020-Programa Operacional Regional do Centro, CENTRO-01-0145-FEDER-031568, and
by national funds (OE), PTDC/EEI-EEE/31568/2017, UIDB/50025/2020 & UIDP/50025/2020,
through FCT/MCTES. The work of Marta S. Ferreira was supported by the research fellowship
CEECIND/00777/2018. The work was also funded by the German Federal Ministry of Education and
Research (BMBF): “The Innovative Growth Core TOF” (Tailored Optical Fibers, FKZ 03WKCVO03E) as
well as the bilateral cooperation FCT/DAAD (FLOW, Project ID: 57518590).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Petrovich, M.N. Optical fibers. In Handbook of Optical Sensors, 1st ed.; Santos, J.L., Farahi, F, Eds.; CRC Press: Boca Raton, FL, USA,
2014; pp. 302-321.

2. Russell, PS]. Photonic crystal fibers: Basics and applications. In Optical Fiber Telecommunications V A, 5th ed.; Kaminow, L.P, Li, T.,
Willner, A.E., Eds.; Academic Press: San Diego, CA, USA, 2008; Volume A, pp. 485-522.

3. Humbert, G.; Knight, ].C.; Bouwmans, G.; Russell, P.S.; Williams, D.P.; Roberts, PJ.; Mangan, B.J. Hollow core photonic crystal
fibers for beam delivery. Opt. Express 2004, 12, 1477-1484. [CrossRef]

4. Ni, W, Yang, C.; Luo, Y;; Xia, R;; Lu, P.; Hu, D.; Danto, S.; Shum, P.; Wei, L. Recent Advancement of Anti-Resonant Hollow-Core
Fibers for Sensing Applications. Photonics 2021, 8, 128. [CrossRef]

5. Adamu, A.IL; Wang, Y.; Correa, R.A.; Bang, O.; Markos, C. Low-loss micro-machining of anti-resonant hollow-core fiber with
focused ion beam for optofluidic application. Opt. Mater. Express 2021, 11, 338-344. [CrossRef]

6. Yu,J; Liu, Y; Wang, Y,; Wang, Z.; Zhang, X,; Liu, X.; Gao, S.; Wang, X.; Wang, P. Optofluidic laser based on a hollow-core

negative-curvature fiber. Nanophotonics 2018, 7, 1307-1315. [CrossRef]


http://doi.org/10.1364/OPEX.12.001477
http://doi.org/10.3390/photonics8040128
http://doi.org/10.1364/OME.412299
http://doi.org/10.1515/nanoph-2018-0014

Sensors 2021, 21, 7778 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.
28.
29.
30.
31.

32.
33.

34.

Stawska, H.; Kolyadin, A.; Kosolapov, A.; Popenda, M. Hollow-core antiresonant fibers-exploring and enhancing the po-tential in
biochemical detection applications. In Proceedings of the 2020 22nd International Conference on Transparent Optical Networks
(IC-TON), Proceedings of IEEE 20015282, Bari, Italy, 19-23 July 2020.

Kobayashi, T.; Katagiri, T.; Matsuura, Y. Multi-element hollow-core anti-resonant fiber for infrared thermal imaging. Opt. Express
2016, 24, 26565-26574. [CrossRef]

Litchinitser, N.M.; Dunn, S.C.; Usner, B.; Eggleton, B.J.; White, T.P.; McPhedran, R.C.; Martijn de Sterke, C. Resonances in
microstructrured optical waveguides. Opt. Express 2003, 11, 1243-1251. [CrossRef] [PubMed]

Litchinitser, N.M.; Abeeluck, A.K.; Headley, C.; Eggleton, B.]. Antiresonant reflecting photonic crystal optical waveguides.
Opt. Lett. 2002, 27, 1592-1594. [CrossRef]

Gao, S.-F; Wang, Y.-Y.; Ding, W,; Jiang, D.-L.; Gu, S.; Zhang, X.; Wang, P. Hollow-core conjoined-tube negative-curvature fibre
with ultralow loss. Nat. Commun. 2018, 9, 1-6. [CrossRef] [PubMed]

Belardi, W. Design and Properties of Hollow Antiresonant Fibers for the Visible and Near Infrared Spectral Range.
J. Lightwave Technol. 2015, 33, 4497-4503. [CrossRef]

Wang, Y.; Ding, W. Confinement loss in hollow-core negative curvature fiber: A multi-layered model. Opt. Express 2017,
25, 33122-33133. [CrossRef]

Habib, M.S.; Antonio-Lopez, J.E.; Markos, C.; Schiilzgen, A.; Amezcua-Correa, R. Single-mode, low loss hollow-core an-ti-resonant
fiber designs. Opt. Express 2019, 27, 3824-3836.

Liu, X.; Fan, Z,; Shi, Z.; Ma, Y.; Yu, J.; Zhang, J. Dual-core antiresonant hollow core fibers. Opt. Express 2016, 24, 17453-17458.
[CrossRef] [PubMed]

Jaworski, P; Yu, E; Maier, R.R.; Wadsworth, W.J.; Knight, ].C.; Shephard, ].D.; Hand, D.P. Picosecond and nanosecond pulse
delivery through a hollow-core Negative Curvature Fiber for micro-machining applications. Opt. Express 2013, 21, 22742-22753.
[CrossRef] [PubMed]

Wang, Y.; Alharbi, M.; Bradley, T.D.; Fourcade-Dutin, C.; Debord, B.; Beaudou, B.; Gerone, E.; Benabid, F. Hollow-core pho-tonic
crystal fibre for high power laser beam delivery. High Power Laser Sci. Eng. 2013, 1, 17-28. [CrossRef]

Michieletto, M.; Lyngse, ].K.; Jakobsen, C.; Leegsgaard, J.; Bang, O.; Alkeskjold, T.T. Hollow-core fibers for high power pulse
delivery. Opt. Express 2016, 24, 7103-7119. [CrossRef]

Pryamikov, A.D.; Kosolapov, A.E; Alagashev, G.K.; Kolyadin, A.N.; Vel'miskin, V.V,; Biriukov, A.S.; Bufetov, I.A. Hol-low-core
microstructured ‘revolver’ fibre for the UV spectral range. Quantum Electron. 2016, 46, 1129-1133. [CrossRef]

Jaworski, P.; Koziot, P.; Krzempek, K.; Wu, D.; Yu, E; Bojes, P; Dudzik, G.; Liao, M.; Abramski, K.; Knight, J. Antiresonant
Hollow-Core Fiber-Based Dual Gas Sensor for Detection of Methane and Carbon Dioxide in the Near- and Mid-Infrared Regions.
Sensors 2020, 20, 3813. [CrossRef]

Gomolka, G.; Stepniewski, G.; Pysz, D.; Buczynski, R.; Klimczak, M.; Nikodem, M. Methane sensing inside anti-resonant hollow-
core fiber in the near- and mid-infrared spectral regions. In Micro-structured and Specialty Optical Fibres VII. In Proceedings of
the SPIE 11773, Online Only, 18 April 2021; SPIE: Bellingham, WA, USA, 2021.

Cubillas, A.M,; Jiang, X.; Euser, T.G.; Taccardi, N.; Etzold, B.].M.; Wasserscheid, P.; Russell, P.S.]. Photochemistry in a soft-glass
single-ring hollow-core photonic crystal fibre. Analyst 2017, 142, 925-929. [CrossRef] [PubMed]

Gao, R; Lu, D.-F; Cheng, J.; Jiang, Y.; Jiang, L.; Qi, Z.-M. Optical Displacement Sensor in a Capillary Covered Hollow Core Fiber
Based on Anti-Resonant Reflecting Guidance. IEEE . Sel. Top. Quantum Electron. 2016, 23, 193-198. [CrossRef]

Gao, R; Lu, D.; Cheng, J.; Qi, Z.-M. In-Fiber Double-Layered Resonator for High-Sensitive Strain Sensing. IEEE Photon.
Technol. Lett. 2017, 29, 857-860. [CrossRef]

Sanders, G.A.; Taranta, A.A.; Narayanan, C.; Fokoua, E.R.N.; Mousavi, S.M.A.; Strandjord, L.K.; Smiciklas, M.; Bradley, T.D.;
Hayes, J.; Jasion, G.T.; et al. Hollow-core resonator fiber optic gyroscope using nodeless anti-resonant fiber. Opt. Lett. 2021,
46, 46-49. [CrossRef] [PubMed]

Goel, C.; Zang, ].; Parrot, M.; Yoo, S. Temperature-Insensitive Mechanical Sensor Using Multi-Modal Behavior of Antiresonant
Hollow-Core Fibers. |. Light. Technol. 2021, 39, 3998-4005. [CrossRef]

Liu, S,; Tian, J.; Liu, N.; Xia, J.; Lu, P. Temperature Insensitive Liquid Level Sensor Based on Antiresonant Reflecting Guidance in
Silica Tube. J. Light. Technol. 2016, 34, 5239-5243. [CrossRef]

Hou, M.; Zhu, F; Wang, Y.; Liao, C.; Liu, S.; Lu, P. Antiresonant reflecting guidance mechanism in hollow-core fiber for gas
pressure sensing. Opt. Express 2016, 24, 27890-27898. [CrossRef]

Wang, Q.; Liu, Y. Review of optical fiber bending/curvature sensor. Measurement 2018, 130, 161-176. [CrossRef]

Bogue, R. Fibre optic sensors: A review of today’s applications. Sens. Rev. 2011, 31, 304-309. [CrossRef]

Yuan, W.; Zhao, Q.; Li, L.; Wang, Y.; Yu, C. Simultaneous measurement of temperature and curvature using ring-core fi-ber-based
Mach-Zehnder interferometer. Opt. Express 2021, 29, 17915-17925. [CrossRef] [PubMed]

Alwis, L.; Sun, T.; Grattan, K. Developments in optical fibre sensors for industrial applications. Opt. Laser Technol. 2016, 78, 62-66. [CrossRef]
Schaafsma, D.; Palmer, G.; Bechtel, J. Fiber optic temperature sensors for medical applications. In Optical Fibers and Sensors for
Medical Applications III. In Proceedings of the SPIE, Carlsbad, CA, USA, 1 July 2003; Gannot, I., Ed.; Volume 4957, pp. 162-169.
Roriz, P; Silva, S.; Frazao, O.; Novais, S. Optical Fiber Temperature Sensors and Their Biomedical Applications. Sensors 2020,
20, 2113. [CrossRef] [PubMed]


http://doi.org/10.1364/OE.24.026565
http://doi.org/10.1364/OE.11.001243
http://www.ncbi.nlm.nih.gov/pubmed/19465990
http://doi.org/10.1364/OL.27.001592
http://doi.org/10.1038/s41467-018-05225-1
http://www.ncbi.nlm.nih.gov/pubmed/30026464
http://doi.org/10.1109/JLT.2015.2477775
http://doi.org/10.1364/OE.25.033122
http://doi.org/10.1364/OE.24.017453
http://www.ncbi.nlm.nih.gov/pubmed/27464191
http://doi.org/10.1364/OE.21.022742
http://www.ncbi.nlm.nih.gov/pubmed/24104161
http://doi.org/10.1017/hpl.2013.3
http://doi.org/10.1364/OE.24.007103
http://doi.org/10.1070/QEL16227
http://doi.org/10.3390/s20143813
http://doi.org/10.1039/C6AN02144A
http://www.ncbi.nlm.nih.gov/pubmed/28112294
http://doi.org/10.1109/JSTQE.2016.2544705
http://doi.org/10.1109/LPT.2017.2693218
http://doi.org/10.1364/OL.410387
http://www.ncbi.nlm.nih.gov/pubmed/33362012
http://doi.org/10.1109/JLT.2021.3049502
http://doi.org/10.1109/JLT.2016.2611007
http://doi.org/10.1364/OE.24.027890
http://doi.org/10.1016/j.measurement.2018.07.068
http://doi.org/10.1108/02602281111169703
http://doi.org/10.1364/OE.425580
http://www.ncbi.nlm.nih.gov/pubmed/34154063
http://doi.org/10.1016/j.optlastec.2015.09.004
http://doi.org/10.3390/s20072113
http://www.ncbi.nlm.nih.gov/pubmed/32283622

Sensors 2021, 21, 7778 13 of 13

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Liu, D.; Wy, Q.; Mei, C.; Yuan, J.; Xin, X.; Mallik, A.K.; Wei, F; Han, W.; Kumar, R.; Yu, C.; et al. Hollow Core Fiber Based
Interferometer for High-Temperature (1000 °C) Measurement. J. Light. Technol. 2017, 36, 1583-1590. [CrossRef]

Herrera-Piad, L.A.; Hernandez-Romano, I.; May-Arrioja, D.A.; Minkovich, V.P.; Torres-Cisneros, M. Sensitivity Enhancement of
Curvature Fiber Sensor Based on Polymer-Coated Capillary Hollow-Core Fiber. Sensors 2020, 20, 3763. [CrossRef] [PubMed]
Cheng, H.; Wu, S.; Wang, Q.; Wang, S.; Lu, P. In-Line Hybrid Fiber Sensor for Curvature and Temperature Measurement.
IEEE Photon. J. 2019, 11, 1-11. [CrossRef]

Liu, D.; Li, W,; Wu, Q.; Ling, E; Tian, K.; Shen, C.; Wei, E; Farrell, G.; Semenova, Y.; Wang, P. A strain-, curvature- and
twist-independent temperature sensor based on a small air core hollow core fiber structure. Opt. Express 2021, 29, 26353-26365.
[CrossRef] [PubMed]

Liu, D,; Li, W,; Wu, Q.; Zhao, H,; Ling, E; Tian, K.; Shen, C.; Wei, F; Han, W.; Farrell, G.; et al. Negative Curvature Hollow Core Fiber
Based All-Fiber Interferometer and Its Sensing Applications to Temperature and Strain. Sensors 2020, 20, 4763. [CrossRef] [PubMed]
Hartung, A.; Kobelke, J.; Schwuchow, A.; Wondraczek, K.; Bierlich, J.; Popp, J.; Frosch, T.; Schmidt, M. Double antiresonant
hollow core fiber-guidance in the deep ultraviolet by modified tunneling leaky modes. Opt. Express 2014, 22, 19131-19140.
[CrossRef] [PubMed]

Cerqueira, A., Jr. Recent progress and novel applications of photonic crystal fibers. Rep. Prog. Phys. 2010, 73, 1-21.

Yu, F.; Knight, J. Negative Curvature Hollow-Core Optical Fiber. IEEE ]. Sel. Top. Quantum Electron. 2016, 22, 146-155. [CrossRef]
Liu, S.;Ji, Y;; Cui, L.; Sun, W.; Yang, J.; Li, H. Humidity-insensitive temperature sensor based on a quartz capillary an-ti-resonant
reflection optical waveguide. Opt. Express 2017, 25, 18929-18939. [CrossRef]

Zeisberger, M.; Schmidt, M.A. Analytic model for the complex effective index of the leaky modes of tube-type anti-resonant
hollow core fibers. Sci. Rep. 2017, 7, 1-13. [CrossRef]

Poli, F.; Cucinotta, A.; Selleri, S. Basics of photonic crystal fibers. In Photonic Crystal Fibers: Properties and Applications, 1st ed.;
Hull, R., Osgood, R.M., Parisi, J., Warlimont, H., Eds.; Springer: Dordrecht, The Netherlands, 2007; Volume 102, pp. 21-31.
Agbemabiese, P.A.; Akowuah, E.K. Numerical analysis of photonic crystal fiber of ultra-high birefringence and high non-linearity.
Sci. Rep. 2020, 11, 21182. [CrossRef]

Hartung, A.; Kobelke, J.; Schwuchow, A.; Wondraczek, K.; Bierlich, J.; Popp, J.; Frosch, T.; Schmidt, M.A. Origins of modal loss of
antiresonant hollow-core optical fibers in the ultraviolet. Opt. Express 2015, 23, 2557-2565. [CrossRef]

Ni, W;; Ly, P; Zhang, ].; Yang, C.; Fu, X,; Sun, Y,; Liao, H.; Liu, D. Single hole twin eccentric core fiber sensor based on an-ti-resonant
effect combined with inline Mach-Zehnder interferometer. Opt. Express 2017, 25, 12372-12380. [CrossRef] [PubMed]

Gao, R.; Lu, D.; Cheng, J.; Qi, Z.-M. Self-referenced antiresonant reflecting guidance mechanism for directional bending sensing
with low temperature and strain crosstalk. Opt. Express 2017, 25, 18081-18091. [CrossRef] [PubMed]

Cai, N.; Xia, L.; Wu, Y. Multiplexing of anti-resonant reflecting optical waveguides for temperature sensing based on quartz
capillary. Opt. Express 2018, 26, 33501-33509. [CrossRef] [PubMed]


http://doi.org/10.1109/JLT.2017.2784544
http://doi.org/10.3390/s20133763
http://www.ncbi.nlm.nih.gov/pubmed/32635602
http://doi.org/10.1109/JPHOT.2019.2944988
http://doi.org/10.1364/OE.433580
http://www.ncbi.nlm.nih.gov/pubmed/34615072
http://doi.org/10.3390/s20174763
http://www.ncbi.nlm.nih.gov/pubmed/32842517
http://doi.org/10.1364/OE.22.019131
http://www.ncbi.nlm.nih.gov/pubmed/25320999
http://doi.org/10.1109/JSTQE.2015.2473140
http://doi.org/10.1364/OE.25.018929
http://doi.org/10.1038/s41598-017-12234-5
http://doi.org/10.1038/s41598-020-77114-x
http://doi.org/10.1364/OE.23.002557
http://doi.org/10.1364/OE.25.012372
http://www.ncbi.nlm.nih.gov/pubmed/28786593
http://doi.org/10.1364/OE.25.018081
http://www.ncbi.nlm.nih.gov/pubmed/28789298
http://doi.org/10.1364/OE.26.033501
http://www.ncbi.nlm.nih.gov/pubmed/30645501

	Introduction 
	Fiber Geometry 
	Principle of Operation 
	Results and Discussion 
	Sensor Design and Experimental Setup 
	Spectral Characteristics 
	Sensor Characterization 

	Conclusions 
	References

