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Abstract: A relative humidity (RH) fiber optic sensor is demonstrated based on the multimode
interference (MMI) phenomenon utilizing a no-core fiber (NCF) coated with polyvinyl alcohol (PVA).
The sensor’s structure is simple and consists of a section of NCF spliced between two standard
single-mode fibers (SMFs). The fabrication and testing of a tapered version with enhanced sensitivity
is also presented. The native MMI sensor showed a sensitivity of 5.6nm/RH%, in the range from
87 RH% to 93 RH%, while the tapered one exhibited an increased sensitivity of 6.6nm/RH%, in the
range from 91.5 RH% to 94 RH%. The sensitivity values obtained with these MMI sensors are at least
twice as large as the most sensitive fiber optics humidity sensor reported in the literature in a similar
RH range.
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1. Introduction

Optical fibers have been extensively used for the fabrication of sensors for various
physical and chemical variables, especially due to their advantageous characteristics of
immunity to electromagnetic perturbations, resistance to corrosion, compactness, cost-
effectiveness, stability in hostile environments, and the capability for remote monitor-
ing [1,2]. Among the different variables, humidity has been of interest not only for its
implications in meteorology and human comfort, e.g., air conditioning and intelligent
control of living environments, but also because of the critical role it plays in a variety of
industrial settings, including biomedical, e.g., respiratory equipment, sterilizers, and incu-
bators; electronics, e.g., semiconductor wafer processing; and, agricultural, e.g., plantation
protection and soil moisture monitoring, among many others [3]. Over the years, humidity
sensing has been a challenging, active area that encourages simultaneously the devel-
opment of both new sensing strategies and new materials that can work as transducers
for humidity [4,5]. In this regard, optical sensing schemes have been demonstrated to
be a suitable approach [6] and, in particular, those based on optical fiber technology are
attractive due to the characteristics mentioned above [7,8].

Out of all the metrics used to measure humidity, relative humidity (RH) is the most
popular, especially because its definition, interpretation, and usage are straightforward.
RH describes the relation between the water vapor pressure present in the air and the
saturation water pressure at a specific temperature. This is meant to say that RH describes
the percentage of water vapor in the air relative to the maximum amount of water vapor
that air can hold at a given temperature. Sensing RH with optical waveguides has been
achieved by incorporating special materials that respond to changes in RH into various
types of optical fiber-based sensing schemes. For example, polyvinyl alcohol (PVA) is a
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bio-compatible substance, soluble in water, that has been used successfully for RH fiber
optic sensors [9,10].

In addition, the already outstanding sensing capabilities of optical fibers can be en-
hanced further by tapering them in order to induce stronger evanescent interactions [11-13].
Moreover, the multimodal interference (MMI) phenomenon in optical fibers has been
thoroughly studied, giving rise to many photonic devices, particularly fiber optic sen-
sors [14-19] and lasers [20]. Furthermore, many RH sensors have been developed based on
the MMI effect due to their simplicity, ease of assembly, low-cost requirement, and dexterity
to set up non-conventional sensing schemes. A few notable examples are those in Ref. [21],
where the authors made a simple RH sensor using an etched multimode fiber (MMF) coated
with PVA with a sensibility of 0.09 nm/RH%, and in Ref. [22], where the authors used
a photonic crystal fiber as the multimode section of the MMI covered in polyallylamine
hydrochloride (PAH) and polyacrylic acid.

In this study, we have assembled two similar RH optic fiber sensors based on the
MMI effect. These sensors’ multimode sections are coated with PVA as the RH-sensitive
material. A specialty fiber known as no core fiber (NCF) was used as the multimode
component of our fiber structures due to its increased sensitivity for evanescent wave-
sensing applications [18]. The NCF section of the second sensor was tapered at the center
using a fusion splicer. In this regard, it has also been noticed that tapering the multimode
section in an MMI fiber optics device helps to increase the sensitivity [19]. Both RH sensors
based on the MMI effect using PVA-coated NCF have a high sensitivity, at least twice as
large as the most sensitive fiber optics sensors reported in the literature.

2. Materials and Methods
2.1. Multimode Interference (MMI) Principle and Device Fabrication

The base for our RH optic fiber sensors is an MMI device whose structure consists of
a section of NCF spliced between two standard single-mode fibers (SMFs), as illustrated
in Figure 1. This structure will be referred to as SMF-NCF-SMF throughout this work.
The MMI device acts as a spectral filter governed by the following equation:

2
ngffDE
Apeak = prf, @

where A e is the wavelength at which the characteristic filter-like spectral response of
the MMI device has its peak; p is the so-called self-imaging index; n,¢r and D,y are the
effective refractive index (RI) and the effective optical diameter of the multimode section,
respectively; and, L is the length of the NCF. When p = 4, the input spectrum is completely
reconstructed at the NCF-SMF interface. The effective diameter that appears in Equation (1)
can be approximated to:

Dosp = D+ 2 (1yep — 1) "NeE g 2)
eff — 57 INCF — Tt p

where D is the physical diameter of the NCF, and the second term reflects the evanescent
penetration into the cladding, where nycr is the RI of the core of the multimode section (of
the NCF in our case), and 7, is the RI of the medium surrounding the NCF, which plays the
role of its cladding. When working with increasingly smaller NCF diameters, the second
term of Equation (2) has more influence on the value of D,ss. Given the previous fact, it
can now be seen that the smaller the physical diameter of the NCF is, the more impact on
Apeak the refractive indices of the NCF and the medium surrounding it will have.
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Figure 1. NCF MMI structure used as the base for the sensor.

To build the fiber structure using a fusion splicer, an SMF was spliced to an NCF with
a diameter of 125 pm. Next, the NCF was measured to a length of L = 59 mm and cleaved.
The length of the NCF was chosen to have the 4th image at a wavelength of 1550 nm.
Thus far, we have an SMF spliced to a 59 mm long NCF. Finally, the end of the NCF was
spliced to the output SMF. An integrated broadband light source ranging from 1450 nm to
1630 nm with peak power at 1550 nm from an optical spectrum analyzer (OSA) was used
to illuminate our fiber structures. The original spectrum and the resulting spectrum form
transmitting the original through the MMI device are shown in Figure 2.
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Figure 2. Sketch of the experimental setup and an image of the tapered NCF.

Regarding the sensor fabrication, it should be noted that the most critical aspect is
having the section of NCF with the right length (estimated from Equation (1)). To achieve
this, we followed a simple procedure which consists in splicing the SMF to the NCF; then,
the desired length of NCF is measured with a general purpose vernier caliper, taking the
splice as the zero length, while keeping the NCF straight; then, the NCF is marked at the
desired length and cleaved at the mark; finally, the second SMF is spliced. By performing a
simple variational analysis of Equation (1), one can see that the variation in A produced

2

by an error in the length of the NCF, is 6\ o0 = (M” “)SL = —( p%)&L. Thus, by tak-
ing p=4,nepr = 1.444, W, Ff R 125 pm, L = 59 mm, and considering the resolution of the
vernier caliper as L = 0.05 mm, the error in the peak wavelength is of A o ~ 1.3 nm.
This simple procedure is robust enough to engineer MMI sensing architectures where
multiple sensors operate simultaneously, each of them in its own spectral window but all
of them within the range of a single broadband light source [23].

A fusion splicer was used for its fabrication once the MMI device was constructed.
The tapering process was performed manually by applying an electric discharge on the
fiber while keeping it under tensile stress; the fiber was stretched controllably by using
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the stepper motors of the splicer. This process was performed multiple times in sequence
(not necessarily with the same parameters each time) until the desired taper was achieved.
For the tapers fabricated with the same recipe, the variability of the waist diameter and
the variability of the taper’s length is around 4% and 6%, respectively, with respect to the
target dimensions thus allowing for the consistent production of tapered MMI sensors.

2.2. PVA Coating

The NCEF section of the assembled fiber structure was coated with PVA. The PVA
coating was prepared by adding 10 g of dry PVA powder into 100 mL of water and mixed
at 90 °C for an hour using a magnetic mixer, resulting in a viscous, fully transparent
PVA-water liquid mixture. Next, a small amount of the previously prepared PVA mixture
was poured into a clock glass, and the NCF section of the SME-NCF-SMF structure was
completely submerged into the PVA mixture for 10 s. Immediately after, while slightly
applying tension, the fiber structure was strummed once. Due to the previous action,
the excess PVA was removed by the induced vibration of the fiber. Finally, the PVA-coated
fiber was set to dry for at least two hours at ambient conditions. This procedure was
repeated in the same way for the tapered NCF.

In our configuration, the MMI device responds to the refractive index (RI) of the
medium surrounding the NCF due to the evanescent interaction that takes place due to
the fact that the NCF does not have a cladding; in other words, the PVA coating plays
the role of the cladding of the NCF. Importantly, the evanescent field traveling outside
the NCF and interacting with the PVA coating extends a very short distance beyond the
surface of the NCF, typically on the order of the wavelength. If the coating is thicker than
the extent of the evanescent field, the sensitivity should not depend on its thickness. In fact,
the second term in Equation (2) represents the evanescent penetration of the light into the
cladding, providing a small correction on the geometrical diameter of the NCF to estimate
the effective optical diameter, D,s¢. By taking the RI of the PVA coating as n,, ~ 1.40 [24],
the extent of the evanescent field is 1.4 um, which is approximately one wavelength; as
long as the PVA coating is thicker than that, the sensor’s sensitivity does not depend on
the thickness. Even though the diameter of the coated fibers shows some variability from
sample to sample, we note that the variability of the diameter along a single coated fiber is
smaller than 10% with respect to the average value. Moreover, the minimum thickness of
the PVA coating obtained in this study was 14 um, which is much larger than the reach
of the evanescent field; in other words, the evanescent field remains well within the PVA
coating at all times.

3. Results

For the non-tapered structure, there was little to no change in the recorded trans-
mission spectrum in the range from 40%RH to 86%RH. Once the RH in the enclosure
reached 87%, a noticeable shift in peak wavelength to the left was recorded, going from
1603 nm at 87%RH to 1570 nm at 93%RH. The spectra shown in Figure 3 were recorded
at integer values of %RH. As mentioned, there is a significant blue-shift behavior as
the humidity increases. The optical power increase is seen as %RH increased, but this
behavior is due solely to the shape of the used light source, as seen in Figure 2. As the
peak wavelength shifts closer to 1550 nm, it increases in optical power. The plot of peak
wavelength concerning %RH is also shown in Figure 3, revealing a highly linear dependence
with a sensitivity of 5.6nm/%RH, as indicated.

Similarly, for the case of the tapered sensor, minimal variations in the optical spectrum
were observed from 40%RH to 92%RH. After that, a blue shift in the peak wavelength was
recorded, as indicated in Figure 4, going from 1512 nm at 92.5%RH to 1501.5 nm at 94%RH.
Following the shift of the peaks at the center of the spectrum, a sensitivity of 6.6 nm/%RH
can be estimated, as indicated. The MMI sensor with the tapered NCF showed an increase
in the sensitivity as compared to the non-tapered one.
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Figure 3. Transmission spectrum of an untapered PVA-coated NCF MMI device of L = 59 mm at RH
of 87-93% showing a tuning range of 1570-1603 nm. The horizontal error bars indicate the resolution
of the commercial hygrometer used in the experiments.
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Figure 4. Transmission spectrum of an tapered PVA-coated NCF MMI device of L = 59 mm at RH of
92.5-94% showing a tuning range of 1502-1512 nm. The horizontal error bars indicate the resolution
of the commercial hygrometer used in the experiments.

In the range of our experiments, the RI of PVA changes as a function of humidity at
a rate of 3.3 x 1073 RIU/(%RH) [25]. This means that in the experiments with the native,
non-tapered MMI sensor, the RI changed around 2 x 102 across the experiments, and the
total wavelength shift was about 32.5 nm, which makes the sensitivity of —5.6 nm/(%RH)
to be equivalent to a refractometric sensitivity of 1.65 x 103 nm/RIU, approximately. For the
tapered MMI sensor, the RI changed around 5 x 10~2 across the experiments, and the total
wavelength shift was about 10.5 nm, which makes the sensitivity of —6.6 nm/(%RH) to be
equivalent to a refractometric sensitivity of 2.10 x 10%> nm/RIU, approximately, representing
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almost a 30% increase in sensitivity with respect to the native structure. The transmission
spectra were recorded with a 0.08 nm resolution, such that the minimum RH variation
that could be detected is 1.4 x 1072 %RH and 1.2 x 10~2 %RH for the native and tapered
structures, respectively.

Finally, Table 1 compares our sensor with the RH sensors reported in the literature over
the last ten years, to the best of our knowledge, that are based on an MMI fiber structure.
We included several characteristics i.e., structure, coating material, modifications to the
structure, sensitivity, and sensing range, to have a more complete overview. The sensors
presented in this work demonstrated high sensitivity to RH although their operation
seems to be restricted to a narrow dynamic range. This behavior fits the trend with
other cited high-sensitivity RH sensors with a shortened sensing range [26-28]. Moreover,
the taper of the sensor presented is significantly thicker and shorter than those required in
other works [27,29], which ultimately favors its manageability and robustness in practical
applications.

Table 1. Comparison of RH sensors using MMI fiber structures.

Year Structure Material Fiber Structure Novelty Sensitivity Sensing Range Ref.
2013 SMF-MME-SMF PVA Etched MMF (no cladding) 0.09 nm/%RH 30-80% [21]
2014 SME-MMEF-SMF PVS Bitapers 0.139 nm/%RH 35-85% [28]
2016 SME-TSNCF-SMF Si0, TSNCF 0.5842 nm/%RH 83-96.6% [26]
2017 SMF-NCF-SMF AGF NCF 0.149 nm/%RH 30-75% [30]
2017 D-shaped fiber grating Au-PVA Surface plasmon D-fiber 0.54 nm/%RH 0-70% [9]
2017 SMEF-PCE-SMF PAH-PAA Photonic crystal fiber 2.35 nm/%RH 75-95% [22]
2017 SMF-MMF(polished)-SMF Gelatin D-shape 0.14 dB/%RH 40-90% [31]
2018 SMF-MMF(polished)-SMF None Fiber roughness 0.069 dB/%RH 30-90% [32]
2018 SMEF-Thin Core PVAC Rounded tip 0.4573 dB/%RH >70% [33]
2018 D-shaped SMF PVA Surface plasmon D-fiber 4.97 nm/%RH 80-90% [34]
2019 SME-NCF-SMF GQD Offset splice 0.421 dB/%RH 38.8-88.65% [35]
2020 SMF-NCF-SMF Al,O3 PVA Etched NCF 0.587 nm/%RH 30-100% [10]
2020 Laser-SMF(Tapered) Spider silk Wrapped spider silk 0.789 nm/%RH 70-89% [27]
2021 SMEF(Tapered) GO-PVA Tapered SMF 0.529 %RH 20-99.9% [29]
2023 SMF-NCF-SMF PVA NCF 5.6 nm/%RH 87-93% *
2023 SMF-NCF-SMF PVA Tapered NCF 6.6 nm/%RH 92.5-94% *

* Current work.

In the following, we analyze in more detail the performance of the sensor presented,
starting with its dynamic range. The dispersion curve for neat PVA can be described with
good approximation with a Cauchy dispersion model of the form n = A + BA~2, with the
coefficients A and B having average values of 1.49 and 6.5 x 10~% um?, respectively, and the
wavelength A given in microns [24,36-38]. At the wavelengths of interest, around 1550 nm,
PVA has a RI of around 1.493, which is higher than the RI of the NCF (1.444). Therefore,
at the baseline conditions (dry PVA), total internal reflection does not take place at the
core/cladding interface in the multimode section of the MMI sensor; this, in turn, results in
the coated NCF not being in a wave-guiding regime, but the light leaks out from it through
the higher-RI PVA cladding, and no signal is measured. PVA exhibits a negative higro-
optic response, which means that its RI decreases as a function of water content. Several
reports agree that the RI of PVA decreases approximately from 1.49 to 1.35 (An ~ —0.14)
when humidity increases from 20%RH to 95%RH [25,39-43]. A closer look reveals that
the RI of PVA depends nonlinearly on RH, but their relationship can be described as two
linear regions: in the range from 20%RH to 74%RH, the RI of PVA decreases from 1.49 to
about 1.42; and in the range from 74%RH to 98%RH, the RI of PVA decreases from 1.42
to about 1.34 [25]. Thus, with a simple PVA coating, our MMI sensor requires humidity
to be around 70%RH for the NCF to start guiding the light. In practice, higher humidity
is required to be able to measure a transmission spectrum, around 87%RH (see Figure 3).
Extending the operation range of our sensor requires lowering the RI of the coating for the
wave-guiding regime to be preserved at lower humidity values. That could be achieved
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either by changing the coating material or by means of a PVA-based composite doped with
a low-RI material.

Regarding the influence of the ambient temperature, it should be first noted that the
definition of relative humidity is given at a constant temperature. Because of this, we kept
the temperature invariant in the experiments. Although thermal effects were not tested
experimentally, they can be estimated as follows. Strictly, a temperature change will affect
both the dimensions of the optical fiber (thermal expansion of silica) and the refractive
index (RI) of the materials (thermo-optic effects on silica and PVA). Regarding the thermal
expansion of the NCF, fused silica has a very low expansion coefficient, on the order of
& ~ 0.5 x 1070 °C~1; this makes the relative change of a linear dimension (length or diam-
eter), AL, with respect to the original length, Lo, to be minimal even for a large temperature
change, AT, i.e., 6L/Ly = aAT. More specifically, by performing a simple variational
analysis of Equation (1), the change in A ., produced solely by the thermal expansion of
the NCF is A/\peak = pneff(De f+ ADeff)z/ (L + AL) - Apeﬂkro, where AD, = ‘XATDeff,O/
AL = aATLy, and the subscript zero indicates the baseline condition. From this expression,
it can be estimated that a change in the temperature of AT = 1 °C will produce a red shift
of the transmitted spectrum of only AA e ~ +7 x 10~* nm. Regarding the thermo-optic
effects on the NCF, at around room temperatures, fused silica has a thermo-optic coefficient
(TOC) on the order of 1 x 10~° °C~! both in bulk [44] and optical fibers [45,46]. This
indicates that the RI of the NCF varies only in the fifth decimal for small temperature
variations. By performing a similar variational analysis of Equation (1), the change in
Apeak produced solely by thermo-optic effect on the NCF, is AApq = pAneff(DZf f)/ L,
where Angpr = TOC x AT. From this expression, it can be estimated that a change in the
temperature of AT = 1 °C will produce a red shift of A, ~ +1 % 1072 nm. Finally,
PVA has a TOC of around —2 x 10~% °C~! [36,37]. These thermo-optic effects will reflect
on the RI of the surrounding medium, n,,, and, consequently, on #, 7f- To evaluate these
effects, we follow the formalism presented in Ref. [47], where analytical expressions are
provided to calculate n,¢f explicitly as a function of 7,,. By carrying out the calculations for
the lowest order modes, which are most energetic ones, it can be estimated that a change in
the temperature of AT = 1°C will produce a negative change in 7, smaller than 1 x 1077,
which translates into a blue shift of AA e & —1 % 10~* nm. In conclusion, thermal effects
are negligible in our experiments; the dominant effect in the sensor’s response is the change
in the RI of PVA due to the absorption of water.

4. Conclusions

This work presented two RH sensors using a tapered and non-tapered NCF demon-
strating outstanding sensitivities of 6.6 nm/RH% and 5.6 nm/RH% respectively. As pre-
dicted through theoretical examination, the sensitivity was experimentally demonstrated
to increase by reducing the NCF fiber diameter through fusion splicer tapering. Even
though the sensing range is far from desired, we believe short-RH-range sensors with high
sensitivities could be suitable for several applications, especially those where humidity
needs to be maintained around a target value. In this regard, we should remind the reader
that we coated our MMI sensor with plain PVA; the sensitivity and dynamic range can be
adjusted by using more sophisticated coatings. The merit of the present work is that a high
sensitivity was achieved with a simple coating and commercial-grade optical fibers as well
as the geometry of the taper allows preserving the mechanical robustness of the fiber struc-
ture. Also, the methods used to build the fiber structures offered high repeatability while
also being relatively simple, inexpensive to build, and customizable. Ultimately, the combi-
nation of better materials and different taper geometries could lead to optimal performance,
in terms of both the sensitivity and the dynamic range, for specific applications.
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