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Abstract: This study proposes the development of a dual-wavelength optical fiber sensor
(DWOFS) that integrates two optical fiber structures in a multimode transmission line to
measure the refractive index and temperature of a liquid concurrently. One structure is
based on a refractive index sensor that utilizes surface plasmon resonance, comprising a
5 mm long single-mode fiber (SMF) section coated with chromium/gold (Cr/Au) films.
The secondary structure employs a multimode interferometer with a 29 mm long no-core
fiber (NCF) section covered with a thick layer of polydimethylsiloxane (PDMS) to measure
temperature. The measurements obtained reveal two distinct drops in the transmission
spectrum at approximately 600 nm and 1550 nm, respectively, enabling precise measure-
ment of the two parameters. The sensor demonstrates a high degree of sensitivity to both
refractive index and temperature, spanning the visible (2770.30 nm/RIU) and infrared
(−0.178 nm/◦C) regions of the spectra, respectively. Furthermore, the thermo-optical coef-
ficient for water

(
−0.9928 × 10−4 RIU/◦C

)
was estimated. The proposed sensor offers a

compact solution for the simultaneous measurement of refractive index and temperature
in liquid samples for a variety of applications, including biological, environmental, and
healthcare research.

Keywords: thermo-optic coefficient; optical fiber; surface plasmon resonance; multimode
interference; refractometer; temperature sensor

1. Introduction
The refractive index (RI) is a physical property of matter that governs the light prop-

agation through a medium and its interaction with the material. For years, RI has been
traditionally identified as an optical parameter, but nowadays it is well-known that RI mea-
surement can be used as an alternative method to monitor the course of certain production
processes in several transformation industries. The instruments and techniques developed
to measure the RI are known with the generic name of refractometers. With these instru-
ments, it has been possible to assess the sugar content of a beverage, the total dissolved
solids, or abnormalities [1] in liquid samples, and identify and even quantify innocuous [2]
or harmful biological agents [2,3]. Refractometers have also demonstrated their potential
for standardization and control of processes in food and beverage industries [2,4,5]. In
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many of these applications, it is possible to use bulky refractometers; however, they are not
a feasible option in some applications, where the sample amount is limited or when the
measurement must be performed in a restricted area. In recent years, the synergy of new
technologies such as nanomaterials, metamaterials, plane waveguides, and fiber optics has
enabled the development of refractometers with more compact and versatile structures [6].
Additionally, these technologies provide the means to evaluate the RI of a liquid sample
over a broad range (i.e., from the optical to the terahertz regime) [7,8].

On the other hand, the unique characteristics of fiber optics have been key elements
for the successful development of refractometers at the micrometric scale [9]. In most
of the optical fiber refractive index sensors (OFRIS) proposed recently, the interaction of
the evanescent wave with the surrounding medium is exploited as a sensing mechanism.
Accordingly, the perturbations caused in the external medium can be correlated with
the changes induced in the properties of the propagating light. Coating the optical fiber
with thin metal films, responsive, biological, or nanostructure materials [10,11] offers the
possibility to develop sensors for specific physical [12,13], chemical [14], or biological
perturbations [15]. Among them, the hetero-core (HTC) fiber structures are popular due
to their unique spectral features, simple fabrication process, and the fact that they do not
require sophisticated equipment.

The hetero-core (HTC) fiber structures can be defined as a discontinuity in the optical
fiber transmission line to modify the propagation conditions of the guided light. Such
discontinuity can be created by inserting a small piece of an optical fiber with a different core
diameter. The fabrication process is straightforward, since it only involves two procedures:
fusion splicing and cleaving, which are routinely performed in optical fiber laboratories
worldwide. The most common HTC is the SMS structure, in which a short section of
standard multimode fiber (MMF) is fusion-spliced between two SMFs. However, this
multimode interferometer is not responsive to refractive index changes, since the evanescent
field does not interact with the surrounding media [16], i.e., the modes are confined and
propagated within the MMF core. In this sense, strategies such as modifying the MMF
section, either by polishing [17] or etching [18] the cladding, enable the exposure of the
evanescent field but contribute to the weakness of the device. Recently, a number of
refractometers based on evanescent field interaction of cladding modes, through the use of
specialty fiber [19–21] or HTC fiber schemes with a significant core diameter mismatch [22],
including the use of no-core fiber (NCF), have been proposed.

Among the significant number of HTC that can be created today, due to the large
catalog of optical fibers available, the multimode−single-mode−multimode fiber structure
(MSM) suggested in 1999 [23] is still one of the most used methods to develop RI sensors. In
this MSM structure, the light is initially guided in a multimode regime through the core of
the lead-in MMF, which is coupled to the core and cladding of the single-mode fiber (SMF)
section. Part of the energy from the core and cladding modes is recoupled to the core of the
lead-out MMF. The cladding modes are affected by the optical characteristics of the external
medium surrounding the SMF section. Recently, a version of the MSM fiber structure has
been proposed [24], in which the SMF was substituted by a NCF, enhancing the sensitivity
of the sensor. Both the MSM and the multimode−no-core−multimode (MNM) hetero-core
fiber structures have been mainly used for RI measurement.

Many OFRISs based on the SMS structure, MNM, and MSM schemes operate mainly
in the near-infrared range (NIR), where the multimodal interference (MMI) phenomenon
occurs [17,25]. However, these OFRISs can also operate in the visible range (VIS) through
the surface plasmon resonance (SPR) phenomenon generated when a thin film of noble
metal (Au or Ag) is deposited on the central section of the HTC [24,26]. The SPR-based
OFRISs that operate in the NIR range, particularly at the telecommunication wavelengths,



Chemosensors 2025, 13, 198 3 of 15

require sophisticated platforms such as tilted fiber Bragg grating (TFBG) [27]. It is essential
to notice that both phenomena, SPR and MMI, provide a characteristic dip, and the changes
in the RI of the surrounding media modify the wavelength position of both dips. The
interrogation of these OFRISs is often based on tracking the wavelength position of the dips
with respect to a reference position when the surrounding medium is air. The physical char-
acteristics of the optical fiber sensor (OFS) determine the reference position. For example,
the interference dip in an HTC structure blue-shifts as the length of the device increases [28].
Meanwhile, the SPR dip shifts toward longer wavelengths when depositing a thicker metal
film, polymer [29], or composite film structure [30] on the HTC structure [31,32].

In the OFRISs, the high sensitivity is beneficial for detecting minimal RI changes, but
its precision is affected by the temperature in the environment. Diverse schemes have been
proposed to prevent temperature effects on the measurement of RI. In this regard, the dual-
channel SPR sensors [33–36] are appealing schemes where a section of the metal-coated
OFS is embedded within a temperature-sensitive material with a high RI. The other section
is used for the RI measurement of the liquid sample [37,38]. However, the dynamic range of
the dual-channel SPR sensors is limited by the short wavelength separation of the channels.
Other schemes have also been based on connecting two distinct fiber structures, such as
Bragg grating, interferometers, and microstructures [39–44]. In these hybrid OFSs, the
optical signal comprises two individual responses, but their short wavelength separation
could cause them to overlap. Accordingly, the response interrogation requires systems with
expensive and complex optoelectronic elements [45]. In addition, signal analysis demands
a set of algorithms to reduce the uncertainty in the OFS performance [46].

Estimating the thermo-optical coefficient (TOC) (dn/dT) of a sample is possible when
the changes in the refractive index due to temperature can be assessed. This parameter
is relevant in a variety of disciplines, including electronic [47], optical [48], food [49],
and biological applications [50]. It was demonstrated that the TOC of liquid samples
could be determined using a dual-wavelength optical fiber sensor (DWOFS), capable of
simultaneously measuring the temperature and RI.

In this study, we propose a novel optical fiber sensor for the simultaneous mea-
surement of a liquid sample’s refractive index and temperature, employing a DWOFS
constructed with two different HTC structures in a multimode transmission line where the
SPR and MMI phenomena take place independently. The SPR-based HTC (HTCSPR) con-
sists of an MSM fiber structure that is coated with chrome (Cr) and gold (Au) films, while
the MMI-based HTC (HTCMMI) consists of an MNM fiber structure with a NCF section.
The transmission spectra of the DWOFS exhibit two well-defined and separated dips at
around 600 and 1550 nm when both HTC are immersed in a liquid sample. Under these
conditions, it is possible to measure the RI at two different wavelengths. It is also important
to mention that the overlapping between the plasmonic and interference responses does
not occur. Both peaks are red-shifted when the refractive index of the medium is increased,
but the sensitivity of the SPR dip is 10 times higher than that of the MMI dip. The HTCMMI

was capped with polydimethylsiloxane (PDMS) to enhance its sensitivity to temperature
and isolate it from the RI changes of the liquid sample. It was possible to reach an RI and
temperature sensitivity of 2770.30 nm/RIU and −0.178 nm/◦C, respectively.

By tracking the wavelength shifts of the dips of both HTC-based sensors, it was possi-
ble to determine the TOC of water (−0.9928 × 10−4 RIU/◦C). The DWOFS proposed here
overcomes the limiting refractive index sensing range observed in all previously proposed
two-channel SPR sensors [28,31,35]. It has been observed that the shape of both SPR dips
is influenced by each other, and their full-width at half maximum (FWHM) is distorted,
complicating the identification of the wavelengths of the SPR dips [51]. Compact packaging
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of this DWOFS is proposed to demonstrate that this device provides an efficient alternative
for measuring the TOC in liquid samples and other potential sensing applications.

2. Materials and Methods
2.1. Materials and Equipment

The following materials were used: commercial single-mode optical fiber (SMF, FIS-
Fiber Instrument Sales, Oriskany, NY, USA) with a core/cladding diameter of 9/125 µm,
commercial multimode optical fiber (MMF; 62.5/125 µm, FIS-Fiber Instrument Sales,
Oriskany, NY, USA), and commercial non-core optical fiber (NCF, 0/125 µm, Thorlabs,
Newton, NJ, USA); polydimethylsiloxane (PDMS, SYLGARD 184, DOW, Auburn, MI,
USA); a refractive index liquid set (series AAA, nD = 1.3000 ± 0.0002 to 1.3950 ± 0.0002
at 589.3 nm and 25.0 ◦C; Cargille Labs, Cedar Grove, NJ, USA); gold pellets (Au, 99.999%,
Kurt J. Lesker, Jefferson Hills, PA, USA), chromium pieces (Cr, 99.98–99.99%, Kurt J. Lesker,
Jefferson Hills, PA, USA); Norland Optical Adhesive (NOA61, Norland Products Inc.,
Cranbury, NJ, USA); Ender Printer 3D (model 3 Pro) and polylactic acid (PLA) filament
from Creality, Longhua, Guangdong, China; an optical spectrum analyzer (OSA, model
AQ-6315A, Ando Electric Motors Inc., Long Beach, CA, USA); and a white-light source
(model AQ-43038 Ando Electric Motors Inc., Long Beach, CA, USA).

2.2. Design and Fabrication of the Dual-Wavelength Optical Fiber Sensor (DWOFS)

The DWOFS was fabricated by connecting two HTC structures in series. For the first
structure, HTCSPR, a segment of 5 mm of a commercial SMF was cleaved and spliced be-
tween two MMFs in the transmission line. Using the electron beam evaporation technique,
a chromium thin film of 3 nm thickness was deposited over the surface of the SMF section,
followed by the deposition of a 30 nm thick gold layer on top of the chromium layer by
thermal evaporation (see Scheme 1a). The second structure, HTCMMI (shown in Scheme 1b),
was fabricated by splicing a no-core fiber section of 29 mm between two segments of MMF
in the transmission line to generate the multimodal interference phenomena. Once the
device has been independently characterized, the MMF ends are spliced to obtain a single
device, known as DWOFS.

Scheme 1. The dual-wavelength optical fiber sensor (DWOFS) comprises (a) a multimode–single-
mode–multimode fiber device, known as HTCSPR, and (b) a multimode–no-core–multimode fiber
device, known as HTCMMI.

2.3. Optical Characterization

For the optical characterization, we employed an experimental setup (see Scheme 2).
First, the white-light source (Ando Electric Motors Inc., AQ-43038, see Scheme 2 (1)) was
connected to one end of the MMF for the HTCSPR structure, and the other end was con-
nected to the optical spectrum analyzer (OSA, Ando Electric, AQ-6315A, see Scheme 2 (4)).
The transmission spectra in air were obtained and recorded as Reference 1 (R1). Then, the
HTCMMI device was connected to a white-light source and the OSA, and the transmission
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spectra in air were collected and recorded as Reference 2 (R2). For the DWOFS charac-
terization, one end of the HTCSPR structure was connected to white-light, the other one
was connected to the HTCMMI structure, and its free end was connected to the OSA. The
transmission spectra in air were obtained and recorded as Reference 3 (R3). All spectra
were collected from 400 to 1700 nm.

 

Scheme 2. Experimental setup for optical characterization: (1) a white-light source, two metallic
mounts with V-grooves to clamp (2) the HTCSPR, (3) HTCMMI structures, and (4) the optical spectrum
analyzer (OSA).

2.4. Refractive Index Measurement

To perform the refractive index measurement properly, the HTCSPR and HTCMMI

were fixed to a pair of metallic mounts in which a V-groove was machined, see Scheme 2,
(2) and (3). The HTC was positioned, guaranteeing that the SMF and NCF sections were
centered in the V-groove without touching the walls. Then, both HTCs were cleaned by
washing and drying with distilled water, isopropyl alcohol, and air. For the refractive
index characterization, the DWOFS was immersed in Cargille oils with different calibrated
refractive indices, and the transmission spectra were recorded using the OSA from 400 to
1700 nm.

We first proceed to the characterization of the HTCSPR, the corresponding V-groove
was filled with the Cargille oil refracttive index of 1.3000 until the NCF section was fully
covered. Subsequently, the same Cargille oil sample was deposited, but in the other V-
groove where the HTCSPR was attached, thus the transmitted spectrum was recorded. The
oil sample was removed from the HTCSPR and its surface was cleaned as described above.
This procedure was repeated with the other Cargille oil samples from nD = 1.3000 to 1.3800
with 1 × 10−2 intervals, while the HTCMMI remained immersed in the initial sample. For
the HTCMMI characterization, the corresponding V-groove was filled with different Cargille
oil from nD = 1.3000 to 1.3800 at intervals of 1 × 10−2, while the corresponding V-groove
to HTCSPR remained fixed, immersed in the Cargille oil.

2.5. Simultaneous Measurements of Temperature and Refractive Index

The DWOFS device was installed in a container with two horizontal compartments
designed with Blender software (v. 3.4.1) and fabricated by 3D printed Ender 3 Pro using
PLA as filament (see Scheme 3a,b). The HTCMMI was placed in the bottom cavity of the
container and filled with PDMS (10:1 base elastomer: curing agent ratio) and cured for 3 h
at 80 ◦C. After the process, the HTCSPR was positioned and fixed in the container cap, and
the air cavity was filled with distilled water (see Scheme 3c).
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The container with both HTCs was placed on a hot plate (Echotherm, TORREY PINES
SCIENTIFIC, Carlsbad, CA, USA), and the white-light source and the OSA were connected
to the input and output ends of the fiber optic structure. The hot plate was set at an initial
temperature of 30 ◦C for 15 min, and the transmitted signal was recorded. Then, the
temperature was increased by 5 ◦C, and after 15 min, the spectrum was recorded. The
process was repeated until 60 ◦C.

Scheme 3. Representation of the 3D printed pieces used in the experimental configuration for
the temperature measurement of a liquid sample. Three-dimensional view of the (a) assembled
and (b) disassembled container fabricated to install the DWOFS and immersed it in the sample.
(c) Packaging of the DWOFS to measure the RI and the temperature of a liquid sample simultaneously.

2.6. Data Processing and Analysis

For the optical characterization and RI measurement, when the transmission spectrum
for HTCSPR (Reference 1, R1) and HTCMMI (Reference 2, R2) in air was collected and
recorded, the external RI was changed, and the transmitted spectra of the DWOFS were
recorded and normalized with respect to Reference 1.

3. Results and Discussion
The operation principle of the DWOFS can be described as follows: the light at the

MMF-SMF interface of the HTCSPR is partly coupled to the SMF core due to the core
diameter mismatch, and the rest is coupled as cladding modes. The evanescent field of
the cladding modes interacts with the Au film, exciting the surface plasmon waves; see
Scheme 1a. Then, the cladding and core modes of the SMF section arrive at the SMF-MMF
interface, where these are recoupled in the MMF core. Thereby, the light propagates along
the MMF that connects the two HTC fiber structures, and when it passes through the
MMF-NCF interface of the HTCMMI, it is coupled and transmitted into the NCF section;
see Scheme 1b. The excited modes interfere with each other, producing the multimode
interference, which is based on the self-image effect. Finally, the light is coupled to the core
of the lead-out MMF and propagates to the OSA, where the optical spectra are registered
from 400 to 1700 nm. The fabrication process of the HTCSPR and HTCMMI is described in
detail in our previous studies [25,52]. The transmission losses of the final device are high,
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around 5 dB. We have observed that the length of the MMF section between the two HTC
fiber structures does not affect the characteristics of the transmitted spectra.

3.1. Characterization of the Dual-Wavelength Optical Fiber Sensor to Refractive Index

The black line plot in Figure 1 displays the normalized spectrum of the DWOFS in air,
where no response of the HTCSPR is observed, since the transmission and reference spectra
are the same in the visible range (the green-shaded area). However, a transmission dip
arises at long wavelengths in the blue-shaded area, corresponding to the interferometric
response of the HTCMMI. The wavelength of the MMI dip (λMMI) is 1567.4 nm, and its
position depends on the NCF section length. In this case, using an HTCMMI of 29 mm length,
it was possible to obtain a dip of 14 dB. When the DWOFS is immersed in a liquid sample
with a refractive index of 1.3000, the λMMI is red-shifted, as shown in the red dashed plot.
The SPR is also observed as a transmission dip at short wavelengths in the green-shaded
area. The wavelengths of the SPR dip (λSPR) and the MMI dip are 548.2 nm and 1576.5 nm,
respectively. It can be noticed that the MMI dip is narrower and deeper than the SPR-dip.
In the same way, when the DWOFS is immersed in a liquid with a higher refractive index
(1.3500), both dips are red-shifted, as can be seen in the blue dot-plot of Figure 1. It is
evident that the sensitivity of the SPR is higher than that of the MMI. It is important to
note that the wavelength separation between the two dips is, to our knowledge, the largest
ever reported for two devices inserted into the same transmission line. This separation is
expected to contribute to the isolation of the two dips. Since the devices are connected in
series, the transmission loss of each HTC is added when the surrounding refractive index is
different from 1.0000, and the total transmission loss is increased in the whole wavelength
span from 400 to 1700 nm.

 

Figure 1. Normalized transmission spectra of the DWOFS when immersed in three samples with
different refractive index values.

To analyze the response of the DWOFS to refractive index changes, the transmission
spectra were obtained when the HTCMMI was immersed in the liquid with a refractive index
of 1.3000. Then, HTCSPR was immersed in different Cargille oils with a calibrated refractive
index ranging from nD = 1.3000 to 1.3800 in intervals of 1 × 10−2. The transmitted spectra
registered for each sample were normalized and are displayed in Figure 2a. It can be
noticed that the λSPR is shifted to longer wavelengths when the refractive index increases.
Furthermore, the FWHM of the SPR dip is broadened as the refractive indices are increased.
This broadening of the SPR dip is the main drawback in the dual-channel SPR sensors
proposed so far, where the two resonance dips are closer, so the changes in one of the
channels produce a distortion in the other. Importantly, in the DWOFS proposed here, the
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MMI dip is not significantly altered by the displacement of the SPR dip, and the λMMI

remains constant in each measurement, as shown in the inset of Figure 2a.

Figure 2. Transmitted spectra of the DWOFS when evaluated to refractive index while (a) the HTCMMI

and (b) the HTCSPR remain immersed in a sample with a refractive index of 1.3000, respectively.
(c) Correlation between the wavelength position of the SPR dip (green plot) and the MMI dip (blue
plot) of the DWOFS for different values of the external refractive index; polynomial curves were fitted
to the experimental data. (d) Relation of the sensitivity of the SPR dip (green plot) and the MMI dip
(blue plot) at different refractive index values.

When the HTCSPR was covered with a small sample of a Cargille oil, let us say 1.3000,
the HTCMMI was evaluated for changes in refractive index using the same Cargille oil
sample. Here, it is worth recalling that the sample’s refractive index depends on the
wavelength of the light. The refractive index values of the Cargille oils, as written on the
front container label, correspond to nD, i.e., the refractive index measured at 589.3 nm.
Using the Cauchy equation [53] and the dispersion values provided by the supplier, the
refractive index of each Cargile oil at 1550 nm, the wavelength where the MMI dip occurs,
was calculated. The normalized spectra of the HTCMMI, assessed with different Cargille
oils and their calculated refractive index values, are displayed in Figure 2b. The λMMI dip
position is also red-shifted when the refractive index increases, as illustrated in Figure 2b.
It is important to note that the λSPR is not shifted. In this case, the FWHM of the HTCMMI

does not broaden at high refractive indices, in contrast to the FWHM of the HTCSPR when
evaluated under the same conditions. The characterization of the HTCSPR and HTCMMI

was carried out three times to assess the performance of the DWOFS.
The transmitted response of the DWOFS does not require more robust demodulation

techniques, which is another advantage of this device compared to other OFRIS proposed
so far, in which the RI and temperature were measured simultaneously [46,54]. In such
cases, there is a noticeable overlap between the dips in the final spectra; therefore, diverse



Chemosensors 2025, 13, 198 9 of 15

algorithms for smoothing, filtering, and processing the optical transmission spectra were
required. The refractometric response of the DWOFS at the visible range, shown in the
green dashed curve in Figure 2c, is defined by the displacement of λSPR according to
the changes in the refractive index. The characterization of the DWOFS response in the
NIR range is displayed by the blue dashed curve in Figure 2c, where λMMI is related
to the refractive index values calculated at that operating wavelength. Tracking the two
attenuation dips was carried out using traditional techniques, which involved identifying
the wavelength of the minima of the transmitted spectra dips.

The RI characterization process was repeated thrice, and the results were used to
obtain the characterization curves observed in Figure 2c. Both characteristic curves are
well-fitted to a second-order polynomial. Now, these polynomial curves can be used to
determine the RI of an unknown sample in the VIS and NIR regions by simply substituting
the λSPR and λMMI positions from the experimental spectrum. Finally, in Figure 2d, it can
be seen that the calculated sensitivities of each device increase as the refractive index of the
Cargille oil is augmented. The maximum refractive index sensitivity observed in the SPR
dip was 2770.30 nm/RIU, while that for the MMI dip was 230.429 nm/RIU at refractive
indices of 1.3800 and 1.3741, respectively.

3.2. Characterization of the Response of Dual-Wavelength Optical Fiber Sensor to Refractive Index
and Temperature Changes

One of the most challenging aspects of a refractive index sensor is the temperature
dependence. To consider the temperature effects in the refractive index measurement, we
propose to adapt one of the HTCs as a thermometer by covering it with a polymer whose
refractive index changes with the temperature, such as PDMS. To measure the temperature
and the refractive index of a liquid sample simultaneously, we designed a container in
which the two HTC devices were installed. This container was fabricated through 3D
printing using PLA. The 3D view and dimensions of the printed platform are shown in
Scheme 3a. It is composed of a container with two horizontal compartments and a grooved
cap, as can be seen in Scheme 3b. First, the HTCMMI was placed in the bottom cavity of
the container, and its ends were clamped to the platform structure with optical adhesive.
Then, the bottom section of the platform was filled with PDMS and cured following the
recommendations of the supplier (see Scheme 3c). After the process, the HTCSPR was
positioned and fixed in the cap groove while it remained connected in series with the
HTCMMI. In this case, the air cavity was filled with the sample, distilled water, and then
the cap with the HTCSPR was assembled in the container. The platform was designed
to prevent evaporation of the liquid sample; the HTCSPR is immersed in water, and the
HTCMMI in PDMS.

The proposed packaging container for the DWOFS, as illustrated in Scheme 3c, was
filled with distilled water. We obtained transmission spectra as a function of temperature,
ranging from 30 ◦C to 60 ◦C; this behavior is depicted in Figure 3a. The positions of λSPR

and λMMI correspond to the conditions of the HTCSPR and the HTCMMI when immersed in
distilled water and PDMS, respectively. As the temperature of the hot plate increased, the
MMI dip generated by the HTCMMI in the near-infrared (NIR) range shifted toward shorter
wavelengths. This trend is highlighted in the blue square insert in Figure 3a. This shift
occurs due to the sensitivity of PDMS to temperature changes. Additionally, the SPR dip in
the visible range also shifted toward shorter wavelengths, as shown in the green square
insert. The behavior of the SPR and MMI dips is linked to the change in the refractive
indices of distilled water and PDMS, respectively, caused by the increase in temperature.

The characterization of the DWOFS to temperature changes at the two wavelengths
of operation is displayed in the graphs of Figure 3, where the displacement of λSPR ,

see Figure 3b, and λMMI , see Figure 3c, are related to the temperature values. Both
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characteristic curves are well-in a first-order polynomial, where the DWOFS presents a
sensitivity −0.1364 nm/◦C at the visible range and –0.1785 nm/◦C the NIR range. The
sensitivity of DWOFS in the NIR range is higher than the visible range due to the high
sensitivity of PDMS to temperature. With the temperature sensitivities obtained from
the DWOFS, the response of the DWOFS when the refractive index and temperature of
the liquid sample change simultaneously can be obtained through the sensitivity matrix
discussed in the next section.

 

Figure 3. (a) Transmitted spectra of the DWOFS when subject to temperature changes. Inset: the
green graph and blue graph correspond to the zooms of the SPR and MMI wavelengths that are
appreciated in the VIS and NIR, respectively. Relation of temperature vs. the displacement of (b) SPR
dip and (c) MMI dip.

3.3. Measurement of the Thermo-Optic Coefficient of the Distilled Water and PDMS

In previous sections, the DWOFS was evaluated separately for changes in refractive
index and temperature. Through the two wavelengths of operation, λSPR and λMMI , the
DWOFS demonstrate different sensitivities to RI (see Figure 2) and temperature (T) (see
Figure 3). The DWOFS exhibits maximum refractive index sensitivities of 2770.30 nm/RIU
and 230 nm/RIU at visible and NIR ranges, respectively. Meanwhile, the temperature
sensitivities of the DWOFS are −0.1364 nm/◦C and −0.1785 nm/◦C, respectively. Through
the sensitive matrix of the DWOFS, it is possible to determine the n and T of a liquid
sample simultaneously. [

λSPR

λMMI

]
=

[
2770.30 −0.1364
230.429 −0.1785

][
n
T

]
(1)
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Therefore, knowing the wavelength of λSPR and λMMI obtained from an experimental
spectrum, it is possible to determine the temperature and RI of the liquid sample by using[

n
T

]
= − 1

463.068

[
−0.1785 0.1364
−230.429 2770.3

][
λSPR

λMMI

]
(2)

The DWOFS was designed to be sensitive to the refractive index, but it was seen as the
SPR and MMI dips also shifted with the temperature. This is due to an intrinsic property
of the matter known as the thermo-optic coefficient. In this work, the TOC of distilled
water was estimated by tracking the displacement of λSPR generated by the temperature
changes (Figure 3) and substituting the values into the refractive index calibration curves of
DWOFS, obtained in Section 3.1, to obtain the corresponding refractive index. In Figure 4,
the calculated refractive index of the distilled water at each temperature is shown. A linear
curve was adjusted to the obtained data, and its slope represents the TOC of distilled water.
The calculated TOC for distilled water is −0.9928 × 10−4 RIU/◦C, a result consistent with
previous studies, which determined the TOC through alternative methodologies [55]. The
refractometric response can be observed in two distinct regions of the electromagnetic
spectrum, visible and infrared, with sufficient separation to avoid overlap in the dips.
Therefore, this DWOFS can be used to measure the TOC of unknown liquid samples
or to simultaneously measure the temperature and refractive index of a liquid sample
with accuracy.

Figure 4. Relationship between refractive index vs. temperature for obtaining the thermo-optic
coefficient (TOC) of distilled water and PDMS.

4. Conclusions
A novel, compact device using a dual-wavelength fiber optic sensor has been proposed

to identify and characterize liquid samples by measuring their refractive index in the visible
and infrared regions. The fiber refractometer features two hetero-core structures arranged
in the MMF transmission line. A significant advantage of this device is its ability to perform
measurements simultaneously, exploiting SPR and MMI phenomena. The large wavelength
separation between the SPR and MMI sections prevents them from overlapping over a
wide range of refractive indices. When the MMI section is immersed in PDMS, changes in
the refractive index of a liquid can be evaluated when subjected to temperature changes.
As a proof of concept, we demonstrate that the thermo-optic coefficient of a liquid sample
(water;−0.9929 × 104 RIU/◦C) can be estimated using this device. This device offers a
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simple and compact solution for the simultaneous measurement of refractive index and
temperature in liquid samples for several applications, including biological, environmental,
and healthcare research.
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Abbreviations
The following abbreviations are used in this manuscript:

Au Gold
Cr Chromium
DWOFS Dual-wavelength optical fiber sensor
FWHM Full width at half maximum
HTC Hetero-core fiber
HTCMMI HTC structure MMI is based on MCM fiber structure with a NCF section
HTCSPR HTC structure SPR is based on MSM fiber structure that is coated with Cr and Au films
MMF Multimode fiber
MNM Multimode−no-core−multimode fiber structure
MSM Multimode−single-mode−multimode fiber structure
NCF No-core fiber
NIR Near infrared range
OFRIS Optical fiber refractive index sensor
OSA Optical spectrum analyzer
PDMS Polydimethylsiloxane
SMF Single-mode fiber
SPR Surface plasmon resonance
TFBG Tilted fiber Bragg grating
TOC Thermo-optical coefficient
Vis Visible range
λMMI Minimum wavelength of the MMI-dip
λSPR Minimum wavelength of the SPR-dip
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14. Matějec, V.; Kašík, I.; Bartoň, I. Fiber-Optic Nanosensors for Chemical Detection. Chemosensors 2023, 11, 521. [CrossRef]
15. Gong, P.; Li, X.; Zhao, Q.; Zhou, X.; Zhang, Y.; Zhao, Y. Lab on a Single Fiber: A Three-Parameter Sensor Based on Triple-SPR for

One-to-One Detection of DNA, pH and Temperature. Sens. Actuators B Chem. 2024, 401, 134957. [CrossRef]
16. Silva, S.; Frazão, O.; Santos, J.L.; Malcata, F.X. A Reflective Optical Fiber Refractometer Based on Multimode Interference. Sens.

Actuators B Chem. 2012, 161, 88–92. [CrossRef]
17. Tang, J.; Zhou, J.; Guan, J.; Long, S.; Yu, J.; Guan, H.; Lu, H.; Luo, Y.; Zhang, J.; Chen, Z. Fabrication of Side-Polished Single

Mode-Multimode-Single Mode Fiber and Its Characteristics of Refractive Index Sensing. IEEE J. Sel. Top. Quantum Electron. 2017,
23, 238–245. [CrossRef]

18. Gao, R.X.; Liu, W.J.; Wang, Y.Y.; Wang, Q.; Zhao, F.; Qu, S.L. Design and Fabrication of SMS Fiber Refractometer for Liquid. Sens.
Actuators A Phys. 2012, 179, 5–9. [CrossRef]

19. Jha, R.; Villatoro, J.; Badenes, G.; Pruneri, V. Refractometry Based on a Photonic Crystal Fiber Interferometer. Opt. Lett. 2009,
34, 617. [CrossRef]

20. Silva, S.; Santos, J.L.; Malcata, F.X.; Kobelke, J.; Schuster, K.; Frazão, O. Optical Refractometer Based on Large-Core Air-Clad
Photonic Crystal Fibers. Opt. Lett. 2011, 36, 852. [CrossRef]

21. Xia, T.-H.; Zhang, A.P.; Gu, B.; Zhu, J.-J. Fiber-Optic Refractive-Index Sensors Based on Transmissive and Reflective Thin-Core
Fiber Modal Interferometers. Opt. Commun. 2010, 283, 2136–2139. [CrossRef]

22. Xu, F.; Chen, D.; Peng, B.; Xu, J.; Wu, G. All-Fiber Refractometer Based on Core Mismatch Structure. Laser Phys. 2012, 22,
1577–1580. [CrossRef]

23. Watanabe, K.; Matsubara, S.; Kubota, Y. A Hetero-Core Fiber Sensor Using OTDR. Trans. Soc. Instrum. Control Eng. 1999, 35, 32–37.
[CrossRef]

24. Hu, H.; Song, X.; Han, Q.; Chang, P.; Zhang, J.; Liu, K.; Du, Y.; Wang, H.; Liu, T. High Sensitivity Fiber Optic SPR Refractive Index
Sensor Based on Multimode-No-Core-Multimode Structure. IEEE Sens. J. 2020, 20, 2967–2975. [CrossRef]

25. Galván-Navarro, E.D.; Alonso-Murias, M.; Monzón-Hernández, D.; Pérez-Aguilar, H. Optical Fiber Curvature Sensor Used to
Measure the Surface Profile of 3-D Printing Objects. IEEE Sens. J. 2024, 24, 1479–1485. [CrossRef]

26. Lang, T.; Cao, B.; Shen, C.; Shi, G. Multimode-Coreless-Multimode Fiber Biosensor Based on Surface Plasmon Resonance. J. Phys.
D Appl. Phys. 2019, 52, 195204. [CrossRef]

27. Ren, Z.; Huang, Z.; Wang, F.; Wu, J.; Zhou, J.; Wang, Z.; Zhang, Y.; Wang, Z.; Dong, J.; Liu, D.; et al. Tilted Fiber Bragg Grating
Surface Plasmon Resonance Based Optical Fiber Cadmium Ion Trace Detection. Sens. Actuators B Chem. 2023, 393, 134247.
[CrossRef]

28. Fabian, N.S.; Socorro-Leranoz, A.B.; Villar, I.D.; Diaz, S.; Matias, I.R. Multimode-Coreless-Multimode Fiber-Based Sensors:
Theoretical and Experimental Study. J. Light. Technol. 2019, 37, 3844–3850. [CrossRef]

29. Zhang, Y.; Xue, J.; Liu, W.; Zhang, Y.; Li, S.; Liu, Z.; Lai, B.; Zhang, J.; Yuan, L. Cascaded Dual-Channel Fiber SPR Sensor Based on
Ge 2 Sb 2 Te 5. IEEE Sens. J. 2022, 22, 4083–4089. [CrossRef]

https://doi.org/10.1016/j.ijgfs.2023.100827
https://doi.org/10.1016/j.optmat.2024.115810
https://doi.org/10.1016/j.matlet.2014.10.159
https://doi.org/10.1016/j.ijleo.2023.171170
https://doi.org/10.1364/BOE.10.003789
https://doi.org/10.3390/chemosensors7040063
https://doi.org/10.3390/chemosensors11080421
https://doi.org/10.1109/JLT.2024.3439860
https://doi.org/10.1364/OE.450316
https://doi.org/10.3390/chemosensors10060228
https://doi.org/10.3390/chemosensors11100521
https://doi.org/10.1016/j.snb.2023.134957
https://doi.org/10.1016/j.snb.2011.09.045
https://doi.org/10.1109/JSTQE.2016.2615941
https://doi.org/10.1016/j.sna.2012.02.020
https://doi.org/10.1364/OL.34.000617
https://doi.org/10.1364/OL.36.000852
https://doi.org/10.1016/j.optcom.2010.01.031
https://doi.org/10.1134/S1054660X12100271
https://doi.org/10.9746/sicetr1965.35.32
https://doi.org/10.1109/JSEN.2019.2956559
https://doi.org/10.1109/JSEN.2023.3336273
https://doi.org/10.1088/1361-6463/ab08bb
https://doi.org/10.1016/j.snb.2023.134247
https://doi.org/10.1109/JLT.2019.2921609
https://doi.org/10.1109/JSEN.2022.3142085


Chemosensors 2025, 13, 198 14 of 15

30. Yin, Z.; Jing, X.; Li, K.; Zhang, Z. SPR Dual-Parameter Sensor With Ag/MoS Composite Film for Refractive Index Detection in
High-Temperature Environment. IEEE Sens. J. 2024, 24, 6159–6165. [CrossRef]

31. Zhang, Q.; Liu, H.; Li, B.; Zhang, F.; Yan, X.; Zhang, X.; Wang, F.; Cheng, T. A Dual-Channel Surface Plasmon Resonance Sensor
for the Liquid Refractive Index and Temperature Measurement Based on Hollow-Core Fiber. IEEE Sens. J. 2022, 22, 7785–7791.
[CrossRef]

32. Wang, H.; Chen, S.; Dai, W.; Xie, T.; Pan, P.; Luo, J.; Fu, H. Dual-Channel SPR Sensor Based on MSM Fiber for Detection of Glucose
Concentration and Temperature. IEEE Photonics Technol. Lett. 2022, 34, 919–922. [CrossRef]

33. Li, B.; Yan, X.; Zhang, X.; Wang, F.; Li, S.; Suzuki, T.; Ohishi, Y.; Cheng, T. No-Core Optical Fiber Sensor Based on Surface Plasmon
Resonance for Glucose Solution Concentration and Temperature Measurement. Opt. Express 2021, 29, 12930. [CrossRef]

34. Yin, Z.; Jing, X. Low Crosstalk Dual-Parameter No-Core Fiber-Based SPR Sensor With Differentiated Silver Film Thickness. IEEE
Sens. J. 2024, 24, 22404–22409. [CrossRef]

35. Li, L.; Zhang, Y.; Zheng, W.; Lv, R.; Zhao, Y. Dual-Channel in-Fiber SPR Sensor for Simultaneous and Highly Sensitive
Measurement of Salinity and Temperature. Opt. Lett. 2023, 48, 952. [CrossRef]

36. Siyu, E.; Zhang, Y.N.; Han, B.; Zheng, W.; Wu, Q.L.; Zheng, H.K. Two-Channel Surface Plasmon Resonance Sensor for Simultane-
ous Measurement of Seawater Salinity and Temperature. IEEE Trans. Instrum. Meas. 2020, 69, 7191–7199. [CrossRef]

37. Zhou, L.; Tong, R.; Wu, S.; Zheng, H. Dual-Channel SPR Sensor Based on an MMF-DHSMF-NCF Reflective Structure. Sens.
Actuators A Phys. 2024, 379, 115944. [CrossRef]

38. Wang, H.; Wu, M.; Zhou, J.; Zheng, S.; Xie, T.; Dai, W.; Fu, H.; Lv, W.; Chen, N.; Bu, Y. SPR Sensor Based on Cascaded NCF and
U-Shaped Multimode Fibers for Simultaneous Detection of Refractive Index and Temperature. IEEE Sens. J. 2023, 23, 16851–16858.
[CrossRef]

39. Chen, Y.; Zhang, Q.; Wang, Y.; Ling, Q.; Jiang, X.; Yu, Z.; Guan, Z.; Chen, D.; Zhang, Y. Temperature and Surrounding Refractive
Index Insensitive Bending Sensor Based on a Novel Cascaded All-Fiber Structure. IEEE Sens. J. 2023, 23, 21321–21326. [CrossRef]

40. Wang, Y.; Tong, R.; Zhao, K.; Xing, B.; Li, X.; Hu, S.; Zhao, Y. Optical Fiber Sensor Based on SPR and MZI for Seawater Salinity
and Temperature Measurement. Opt. Laser Technol. 2023, 162, 109315. [CrossRef]

41. Zheng, H.K.; Zhao, Y.; Lv, R.Q.; Lin, Z.T.; Wang, X.X.; Zhou, Y.F.; Chen, S.Z. Reflective Optical Fiber Sensor Based on Dual Fabry
Perot Cavities for Simultaneous Measurement of Salinity and Temperature. IEEE Sens. J. 2021, 21, 27495–27502. [CrossRef]

42. Wu, M.; Zhou, J.; Wang, H.; Zheng, S.; Xie, T.; Fu, H.; Chen, N.; Bu, Y. Temperature-Compensated Highly Sensitive Reflective SPR
Fiber Sensor Based on Tapered Seven-Core Fiber. IEEE Sens. J. 2024, 24, 14328–14334. [CrossRef]

43. Zhao, J.; Liu, R.; Wang, M.; Zhao, J.; Zhang, Y.; Zhao, Y. Integrated Hybrid Optical Fiber Mach-Zehnder Interferometers for
Simultaneous Measurement of Seawater Temperature and Salinity. Sens. Actuators A Phys. 2024, 380, 116065. [CrossRef]

44. Liu, W.; He, H.; You, Y.; Zhu, J.; Zhang, Y.; Liu, Z. Simultaneous Measurement of Temperature and RI Based on a Novel
Peanut-Shaped OFS. IEEE Sens. J. 2025, 25, 545–550. [CrossRef]

45. Díaz-Herrera, N.; Viegas, D.; Jorge, P.A.S.; Araújo, F.M.; Santos, J.L.; Navarrete, M.C.; González-Cano, A. Fibre-Optic SPR Sensor
with a FBG Interrogation Scheme for Readout Enhancement. Sens. Actuators B Chem. 2010, 144, 226–231. [CrossRef]

46. Yi, D.; Chen, Y.; Geng, Y.; Teng, F.; Li, Y.; Liu, F.; Li, X.; Hong, X. Interrogation Technique Analyses of a Hybrid Fiber Optic Sensor
Based on SPR and MMI. Opt. Express 2020, 28, 20764. [CrossRef]

47. Rao, S.; Mallemace, E.D.; Cocorullo, G.; Faggio, G.; Messina, G.; Della Corte, F.G. Temperature Dependence of the Thermo-Optic
Coefficient in 4H-SiC and GaN Slabs at the Wavelength of 1550 Nm. Sci. Rep. 2022, 12, 4809. [CrossRef]

48. Zhang, Z.; Zhao, P.; Lin, P.; Sun, F. Thermo-Optic Coefficients of Polymers for Optical Waveguide Applications. Polymer 2006, 47,
4893–4896. [CrossRef]

49. Serna, T.B.; Felipe, D.G.; Andrade, A.A.; Pilla, V. Thermo-Optical Characterization of Fluorescent Materials Based on Edible
Vegetable Oils. Dye. Pigment. 2025, 236, 112662. [CrossRef]

50. Toma, M.; Jonas, U.; Mateescu, A.; Knoll, W.; Dostalek, J. Active Control of SPR by Thermoresponsive Hydrogels for Biosensor
Applications. J. Phys. Chem. C 2013, 117, 11705–11712. [CrossRef]

51. Gao, Z.; Chen, H.; Liu, Y.; Wang, C.; Zhang, S.; Li, S. A Dual-Channel Sensor Based on Long-Range Surface Plasmon Resonance
for BSA Concentration and Temperature Measurement. IEEE Sens. J. 2023, 23, 28075–28083. [CrossRef]

52. Velázquez-González, J.S.; Monzón-Hernández, D.; Moreno-Hernández, D.; Martínez-Piñón, F.; Hernández-Romano, I. Simultane-
ous Measurement of Refractive Index and Temperature Using a SPR-Based Fiber Optic Sensor. Sens. Actuators B Chem. 2017, 242,
912–920. [CrossRef]

53. Jenkins, F.A.; White, H.E. Fundamentals of Optics, 4th ed.; McGraw-Hill Primis Custom Publishing: New York, NY, USA, 2001.

https://doi.org/10.1109/JSEN.2024.3349384
https://doi.org/10.1109/JSEN.2022.3155241
https://doi.org/10.1109/LPT.2022.3193662
https://doi.org/10.1364/OE.423307
https://doi.org/10.1109/JSEN.2024.3406639
https://doi.org/10.1364/OL.480724
https://doi.org/10.1109/TIM.2020.2976405
https://doi.org/10.1016/j.sna.2024.115944
https://doi.org/10.1109/JSEN.2023.3282657
https://doi.org/10.1109/JSEN.2023.3303423
https://doi.org/10.1016/j.optlastec.2023.109315
https://doi.org/10.1109/JSEN.2021.3123387
https://doi.org/10.1109/JSEN.2024.3380617
https://doi.org/10.1016/j.sna.2024.116065
https://doi.org/10.1109/JSEN.2024.3496452
https://doi.org/10.1016/j.snb.2009.10.062
https://doi.org/10.1364/OE.396374
https://doi.org/10.1038/s41598-022-08232-x
https://doi.org/10.1016/j.polymer.2006.05.035
https://doi.org/10.1016/j.dyepig.2025.112662
https://doi.org/10.1021/jp400255u
https://doi.org/10.1109/JSEN.2023.3319515
https://doi.org/10.1016/j.snb.2016.09.164


Chemosensors 2025, 13, 198 15 of 15

54. Duo, Y.; Yuzhi, C.; Youfu, G.; Fei, T.; Yong, L.; Xuejin, L.; Xueming, H. Low Crosstalk Hybrid Fiber Optic Sensor Based on Surface
Plasmon Resonance and MMI. Opt. Lett. 2020, 45, 117. [CrossRef]

55. Burnett, J.H. Measurement of the Refractive Index and Thermo-Optic Coefficient of Water near 193 Nm. J. Micro/Nanopatterning
Mater. Metrol. 2004, 3, 68. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1364/OL.45.000117
https://doi.org/10.1117/1.1632501

	Introduction 
	Materials and Methods 
	Materials and Equipment 
	Design and Fabrication of the Dual-Wavelength Optical Fiber Sensor (DWOFS) 
	Optical Characterization 
	Refractive Index Measurement 
	Simultaneous Measurements of Temperature and Refractive Index 
	Data Processing and Analysis 

	Results and Discussion 
	Characterization of the Dual-Wavelength Optical Fiber Sensor to Refractive Index 
	Characterization of the Response of Dual-Wavelength Optical Fiber Sensor to Refractive Index and Temperature Changes 
	Measurement of the Thermo-Optic Coefficient of the Distilled Water and PDMS 

	Conclusions 
	References

