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Abstract: A novel inline Fabry-Perot interferometer (FPI) for simultaneous relative humidity
(RH) and temperature monitoring is proposed. The sensing probe consists of a section of hollow
core Bragg fiber (HCBF) spliced with a single-mode fiber pigtail. The end-face of the HCBF is
coated with Chitosan and ultraviolet optical adhesive (UVOA), forming two polymer layers using
a well-designed fabrication process. The surfaces of the layers and splicing point will generate
multiple-beam interference and form Vernier-effect (VE) related envelopes in the reflection
spectrum. A signal processing (SP) method is proposed to demodulate the VE envelopes from
a complicated superimposed raw spectrum. The principle of the SP algorithm is analyzed
theoretically and verified experimentally. The sensor’s RH and temperature response are studied,
exhibiting a high sensitivity of about 0.437 nm/%RH and 0.29 nm/◦C, respectively. Using a
matrix obtained from experiment results, the simultaneous RH and temperature measurement
is achieved. Meanwhile, the simple fabrication process, compact size and potential for higher
sensitivity makes our proposed structure integrated with the SP algorithm a promising sensor for
practical RH and temperature monitoring.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Monitoring and controlling relative humidity (RH) and temperature is vital in many fields,
including agricultural and industrial production, food and electronics manufacturing, and clinical
treatment [1–3]. For example, an appropriate humidity level and temperature are essential to a
successful surgery and facilitate wound healing and recovery afterward [4]. While there are many
schemes for measuring temperature, accurate RH monitoring is more challenging and complex [5].
The increasing demand for RH monitoring has resulted in a variety of sensors being developed,
including conventional electronic RH sensors utilizing capacitance, resistance, or conductivity of
sensing components, as well as optical fiber RH sensors detecting intensity, wavelength, or phase
of the transmitted or reflected light signals [6–8]. Optical fiber sensors (OFSs) offer several
advantages over their electronic counterparts, such as their compact size, lightweight, low loss
and immunity to electromagnetic interference, which allows them to perform in extremely narrow
spaces, electrically noisy environments, and with the capability of multiplexing and remote
monitoring [9–12]. Therefore, driven by practical requirements, many optical RH/temperature
sensors have attracted considerable interest from researchers worldwide due to their intrinsic
properties [8,13].
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Considering the inherent properties of silica, OFSs based on bare silica are not sensitive
to RH [14]. Thus, most optical fiber RH sensors are composed of hygroscopic materials,
including polyvinyl alcohol (PVA), polycarbonate polymer (PCP), agarose, graphene quantum
dots (GQDs), Chitosan, titanium dioxide, and graphene oxide [13,15–19]. The refractive
index (RI), volume or electronic mobility of these materials changes with the water molecular
absorption, which provides the potential to increase sensitivity. However, standard single-mode
fibers (SMFs) strictly confine the light to the core, preventing it from interfacing with the external
environment. In order to enhance the overlap between the evanescent field and the functional
RH-sensitive materials, different technologies and configurations for RH monitoring have been
reported, including tilt fiber Bragg gratings (TFBGs), long period gratings (LPGs), Mach-Zehnder
interferometers (MZIs), micro-knots, fiber taper, and side-polished fibers [20–25]. However,
these microfabrication processes typically require high-precision processing equipment, such
as femtosecond lasers or two-photon polymerization devices. Furthermore, many processing
operations, such as tapering, etching, and side-polishing, will significantly reduce the mechanical
strength of the sensing head. These factors are not conducive to the mass production or practical
application of sensors.

Recently, FPI-based RH sensors have been extensively studied due to their simple structure,
high sensitivity, and potential for low-cost production [26–28]. The reflected type enables the
application of these sensors to be more user-friendly. In many configurations, the hygroscopic
thin film is efficiently manufactured by dip coating, special-designed ultraviolet exposure, and
spin-coating or tip-touching process, considerably reducing processing time, difficulty and cost
[29–31]. In general, decreasing the length of Fabry-Perot cavities (FPCs) can lead to a significant
improvement in sensitivity. L.Chen et al. proposed that reducing the cavity length to 50 µm
would result in a 0.13 nm/%RH sensitivity using a single pure chitosan layer [17]. M. Chen et al.
have realized an RH sensitivity reached 0.2489 nm/%RH based on a castle style Fabry-Perot
microcavity fabricated on the fiber tip using two-photon polymerization [32]. However, further
reducing the silica cavity to the micron scale to enhance the sensitivity is not a simple task.
Using the Vernier effect (VE) is another effective approach to increase the sensitivity of FPI-type
sensors [33,34]. By utilizing two interferometers with comparable free spectral ranges (FSRs),
a superimposed reflection spectrum can be generated, which forms an envelope. Compared
with the FP fringe, monitoring the shifts in the envelope can significantly amplify the response
sensitivity by orders of magnitude. Sensors based on VE have been used to monitor strain, gas
pressure, RI, etc [35–37].

Although many RH sensors with VE can achieve high sensitivity, they cannot eliminate
the cross-talk of temperature, which is also a shortcoming of many other RH sensors and is
inherent to the material [38]. The most common solution is to cascade an FBG to demodulate
the temperature cross-talk [39,40]. However, the temperature sensitivity of FBG is only 14
pm/◦C, which requires a high-resolution optical spectrum analyzer (OSA) for signal detection
[41]. Furthermore, the Bragg wavelength is sensitive to bending and strain applied to the FBG,
which limits its application. The intensity of light at specific wavelengths can also be used to
calibrate the temperature, but it depends on the long-term stability of the light source and the
insertion loss, which is challenging to realize in practice [42].

In this paper, we proposed an inlined FPI for simultaneous measurement of RH and temperature.
A section of hollow core Bragg fiber (HCBF) is spliced with a lead-in SMF, and two kinds of
polymer films are immobilized at the tip of the HCBF with the help of a microscope. The surfaces
of the splicing point and polymer films will form a pair of VE envelops, which helps to improve
the sensitivity and demodulate the RH and temperature by using a 2 × 2 matrix obtained from
the experiment results. The two envelopes are demodulated from the superimposed reflection
spectrum by using the signal processing (SP) method we proposed. The working principle and
effectiveness of the SP algorithm are theoretically analyzed and experimentally verified. The
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simple design, easy fabrication, and high sensitivity make the proposed sensor an excellent
candidate for measuring RH and temperature.

2. Working principle

2.1. Fabry-Perot interferometers based on Vernier effect

The schematic diagram of the proposed inline FPI sensor is shown in Fig. 1. The SMF is spliced
with a section of hollow core Bragg fiber (HCBF) with a length of several hundred microns. The
fabrication process, RI distribution and geometric parameters of the HCBF can be found in our
previous work [43]. The end face of the HCBF is coated with two layers of hygroscopic films,
which are fabricated to have a significant difference in RI and a varying response to temperature
and humidity. As incident light passes through the SMF in the axial direction, it will be partially
reflected from the interfaces of materials with different RIs and coupled back to the SMF where
interference occurs. Reflection mirrors and light intensities reflected from them are represented
as Mi and Ii (i = 1, 2, 3, 4), respectively. Based on Fresnel’s reflection theory, the reflection
coefficients at these interfaces are very low, and multiple reflections of light can be ignored.
Therefore, the reflected light intensity Ir can be expressed as follows:

Ir =

4∑︂
i=1

Ii + 2
4∑︂

i=2

i−1∑︂
j=1

√︁
IiIjcosϕi,j, (1)

where cosϕi,j are the phase difference of the light reflected from the mirror Mi and Mj. Here, we
set j<i, and cosϕi,j can be calculated as:

cosϕi,j = ϕ
0
i,j +

i−1∑︂
m=j

4πnm+1,mLm+1,m

c
f , (2)

where, c and f are the velocity and frequency of light, respectively. nm+1,m and Lm+1,m are the
RIs and lengths of media between mirror Mm+1 and Mm. ϕ0

i,j is the phase variation caused by
half-wave loss, whose values depend on the RIs of the media on both sides of the reflecting
surface and can either be π or 0. The FPI cavity lengths in our sensor are much longer than the
wavelength. Therefore, we can assume that the cavity length differs from the actual length by 1/4
wavelength, thus representing the variation caused by the half-wave loss. In this way, subsequent
calculations and discussions can be simplified. Here, we defined spatial frequency as:

ωi,j =

i−1∑︂
m=j

4πnm+1,mLm+1,m

c
. (3)

Then, ϕi,j can be approximately expressed as:

ϕi,j = ωi,jf . (4)

When only one polymer film exists, I1, I2 and I3 will form a triple-beam interference in the
reflection spectrum. The reflected spectrum is simulated. The parameters are set as follows:
I1 = 5I2 = 5I3 = 1, n2,1 = 1, n3,2 = 1.7, n4,3 = 1.3, L2,1 = 500 µm, L3,2 = L4,3 = 20 µm. As
shown in Fig. 2 (a)(green line), the dense fringes are regulated by an envelope called the VE
envelope. The sensor’s sensitivity can be significantly increased by monitoring the envelope’s
shift instead of monitoring the FP fringes. For layer-II, the I1, I3 and I4 can generate another
VE-related envelope. However, in the reflection spectrum of our sensor, the two sets of envelopes
are superimposed together. Figure 2(c)(green line) is the simulated reflection spectrum of
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Fig. 1. The schematic diagram of proposed sensor structure.
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Fig. 2. (a) The simulated reflection spectrum of the sensing probe coated with one polymer
layer (green line) and the envelope demodulated using our SP algorithm (orange line) , and
(b) related spatial frequency spectrum. (c) The simulated reflection spectrum of the sensing
probe coated with two polymer layers (green line) and the envelopes demodulated using our
SP algorithm (orange and yellow lines), and (d) related spatial frequency spectrum.

quadruple-beam interference. I4 is set as 0.2. The complexity of the signal makes it difficult to
obtain the individual envelopes from the raw spectra for temperature and humidity sensing.

Therefore, we propose a novel SP method for demodulating valuable information from a
complex refraction spectrum. Although ni,j and Ii,j vary with wavelength, the fluctuations are
small. Thus, they can be approximated as constants within the short bands we tested. According
to Eq. (1), the reflected light intensity Ir can be equivalent to a superimposed signal that varies
with frequency. Specifically, the first term can be considered the sum of four DC signals. The
latter term is the superposition of six AC components, and the spatial frequency can be derived
from the Eq. (4).

The flowchart of our SP method is shown in Fig. 3. Firstly, the fast Fourier transform (FFT) is
applied to the raw reflection spectrum data to achieve the spatial frequency spectrum. The Fourier
transform theory indicates that there are six distinct peaks on the right side of the fundamental
spatial frequency. Transverse axes in spatial frequency spectra are converted into optical path
differences (OPDs). Peak-1 and peak-2 marked in Fig. 3 correspond to the two sets of interference
fringes formed by I1-I2 and I1-I3, respectively. Secondly, two band-pass filters are designed to
obtain the two spatial frequency components. Thirdly, inverse fast Fourier transform (IFFT) is
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conducted to these two spatial frequency components to get the two of the 6 AC signals that
make up the superimposed reflected optical spectrum. The two signals are expressed as:

s1 = cos(4πn2,1L2,1f /c), (5)

s2 = cos[4π(n2,1L2,1 + n3,2L3,2)f /c]. (6)

With this process, we can extract the specific spatial frequency components of the complex
superposition spectrum. Then, we multiply s1 by s2, and get a new components s3, which can be
derived as:

s3 = cos(4πn2,1L2,1f /c)cos[4π(n2,1L2,1 + n3,2L3,2)f /c]

=
1
2

cos[4πn3,2L3,2f /c] +
1
2

cos[4π(2n2,1L2,1 + n3,2L3,2)f /c].
(7)

s3 is composed of two spatial frequency components. Using a similar method as above, we can
extract its low-frequency component and perform an IFFT transform to obtain the signals, which
are expressed as:

s4 = cos[4πn3,2L3,2f /c]. (8)

s4 is the first VE-related envelope we need to extract. We can get the other envelope using the
same method by extracting peak-2 and peak-3.

Am
p.

Wavelength(nm)

Am
p.

Wavelength(nm)

IFFT

FFTLowpass filter IFFT

Am
p.

Wavelength(nm)

Envelope 2

Raw data

Am
p.

Wavelength(nm)

FFT

Am
p.

OPD (nm)

Am
p.

OPD (nm)

Am
p.

OPD (nm)

Filter

IFFT
Am

p.

OPD (nm)

Am
p.

OPD (nm)

Am
p.

Wavelength(nm)

Envelope 1

( )

1 23

Fig. 3. The flowchart of SP algorithm.

FFT was performed on the two simulated spectra, i.e., Fig. 2(a) and (c), to obtain their spatial
frequency spectra, as shown in Fig. 2(b) and (d), respectively. The envelopes demodulated from
them are demonstrated in Fig. 2 (a)(orange line) and Fig. 2(c) (orange and yellow lines). In
Fig. 2(a), the wavelengths corresponding to the dips in the demodulated curve and the original
spectral envelope are matched well. Note that multiple normalization operations are involved
in the signal processing to facilitate calculations. As a result, the absolute signal intensities of
the original envelope and the extracted curve are different. In our sensing applications, only the
positions of these dip wavelengths are utilized to calculate and monitor the measured parameters.
Therefore, the calculated envelope provides accurate and effective information from the raw
spectral envelope, making it sufficient for sensing applications. Meanwhile, the orange lines
in Fig. 2(a) and Fig. 2(c) are identical, indicating that our SP method is capable of extracting
expected envelopes from complex superimposed signals. We should note that s4 is actually a
spatial frequency component of Ir, which can be easily observed from Eq. (1). Nevertheless, the
period number in the optical spectrum related to s4 is too few, and the peak corresponding in the
spatial frequency spectrum is too close to the vertical axis and nearby peaks. So, it is inaccurate
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to extract s4 directly from Ir using FFT and filtering. Therefore, it is more effective and reliable
method to use our SP algorithm to demodulate it from peak-1 and peak-2.

It should be noted that another envelope can be demodulated from the peak 1-3 in Fig. 2(d)
by employing the same method. However, this envelope corresponds to the VE related to the
composite film formed by layer-I and layer-II. Compared to the single-layer film, this composite
film is thicker, resulting in lower sensitivity when used for sensing applications [30]. Therefore,
the envelopes demodulated by peak 1-2 and peak 2-3, rather than peak 1-3, are chosen to ensure
the higher sensitivity in our experiment.

The film thicknesses and RIs vary with changes of ambient parameters, resulting in VE-related
envelope shifts. Both films are carefully selected, and the fabrication processes are specially
designed to ensure their different sensitivities to RH and temperature. By monitoring the shift of
the two envelopes, the two ambient parameters are demodulated simultaneously using a matrix
obtained through experiments. Meanwhile, the VE contributes to the high response sensitivity.

3. Experiment and discussion

3.1. Sensor fabrication

The fabrication process of our sensing probe is shown in Fig. 4(a-h). A section of homemade
HCBF is spliced with the SMF pigtail using a commercial fusing splicer (FITEL S179) operated
in manual mode. To minimize the collapse of the air hole in HCBF, the arc power and duration
time are carefully adjusted. Specifically, these two parameters were set as 65 and 200 ms,
respectively. The loss of the HCBF is much lower than that of the hollow core capillaries
of the same size [41]. Meanwhile, compared with the other antiresonant fibers with intricate
microstructured cross-sections, the HCBF with cladding of simple structure and substantial
thickness mitigates the risk of collapse during fusion, leading to the lower total loss in short fiber
length [44]. The HCBF is cut to a length of 870 µm with the help of a microscope. The fiber tip
is then vertically dipped into a Chitosan solution for approximately 3 seconds. The Chitosan
solution with a concentration of 1% was prepared in our lab, and the process can be found in
previous work [28]. After being coated with Chitosan, the structure is placed in an environmental
test chamber (ETC) to evaporate water. Afterward, an SMF with a small droplet of ultraviolet
optical adhesive (UVOA) (NOA 170, Norland Products Inc) at its end-face is aligned with the
HCBF. The UVOA was transferred to the Chitosan film in a small amount by tip touching. The
UVOA will cross-link with Chitosan and form a composite film after exposing to ultraviolet light
(UVL) for about 1 hour. The film is referred to as layer-I. Next, an SMF with another kind of
UVOA (NOA 1315, Norland Products Inc) at its tip is aligned to layer-I and maintains contact.

Meanwhile, the UVL cures the whole structure from the left side for about 2 seconds. Then,
the HCBF moves away from the right SMF. The exposure time is too short, and the liquid
adhesive is partially but not entirely cured. The left side of layer-II is more exposed than the
right side and sticks more firmly. Therefore, layer-II will separate from the SMF at the right
surface. The sensing structure was then cured for approximately one hour under UVL. The
schematic of our sensing structure is shown in Fig. 4(i). The RIs of the UVOA-I and UVOA-2
used here are about 1.7 and 1.33, respectively. According to the Fresnel formula, the theoretically
calculated reflectivities at the M2, M3 and M4 are about 6.72%, 1.49% and 2.01%, respectively.
Meanwhile, our fabrication process ensures that the surfaces of layer-I and layer-II are smooth,
thereby providing sufficient reflection coefficients at these mirrors, which is crucial to effectively
demodulate the envelopes from the reflected spectrum of our sensor.

During the fabrication process, the reflection spectra were collected. The schematic diagram of
the experimental setup used here is illustrated in Fig. 5. Light is emitted from a broadband source
(BBS), and reflected light is collected by an OSA after passing through the optical circulator (OC).
The reflection spectrum in the fabrication process with only layer-I coated at the HCBF is shown
in Fig. 6(a)(green line). A dense fringe is formed by the interference between the I1, I2 and I3.
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Fig. 4. (a)-(h)The schematic diagrams of the fabrication processes of our proposed sensor.
(i) The microscopy image of the fabricated sensing probe.

Meanwhile, the fringes are modulated by an envelope, which is formed due to the VE. Figure 6(b)
illustrates the results of analyzing the optical spectrum using the FFT. Two distinct peaks are
observed at the OPD of 1743 µm and 1803 µm, which correspond to the interferences formed
by I1-I2 and I1-I3, respectively. It is noted that the peaks associated with I2-I3 are insignificant
because both intensities of the two beams are low. As shown in Fig. 6(a)(orange line), the VE
envelope can be calculated using our SP method. The dip positions are consistent with the raw
optical spectrum.

BBS

OSA OC

PC

ETC

Fig. 5. Experimental setup for relative humidity and temperature response test.

The reflection spectrum of our sensor with two polymer layers is shown in Fig. 6(c). The
reflection spectrum is too complicated to identify the VE envelope. Our SP algorithm was
conducted to analyze the raw spectrum. Fig. 6(d) shows the spatial frequency spectrum of our
sensors, which contains four dominant peaks. Two of them are located at the same OPD as in
Fig. 6(b). After coating with layer-II, the intensity of peak-2 decreased, as the material’s RI on
the right side of M3 increased from 1 to 1.33, resulting in a significant reduction in reflectivity of
M3. Furthermore, the outer surface of layer-II, i.e., M4, partially reflects light, which interferes
with I1 to form peak-3. The envelopes demodulated from peak 1-2 and peak 2-3 by our SP
method are shown in Fig. 6(c) as the orange and yellow lines, respectively. The envelope-1
is consistent with that shown in Fig. 6(a). During the process of making layer-II, layer-I was
squeezed slightly, resulting in some offset between the two envelopes. Noted that the amplitude
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Fig. 6. (a) The measured reflection spectrum of the sensing probe coated with one polymer
layer (green line) and the envelope demodulated using our SP algorithm (orange line) , and
(b) related spatial frequency spectrum. (c) The measured reflection spectrum of the sensing
probe coated with two polymer layers (green line) and the envelopes demodulated using our
SP algorithm (orange and yellow lines), and (d) related spatial frequency spectrum.

of the extracted envelope varies with wavelength, which remains stable in the simulation results
shown in Fig. 2(a). During simulation, the spectrum is an ideal triple-beam interference result,
and the reflected light intensities at different wavelengths are the same. However, in practical
applications, the reflection coefficients vary at different wavelengths. At the same time, the
excited higher-order modes in HCBF will also be guided and reflected from the polymer films.
Therefore, the reflected spectrum is not a pure triple-beam interference, and other beams have
involved in the reflected spectrum, as illustrated in Fig. 6(a) (green line). Consequently, there are
fluctuations in peak intensities observed in the extracted envelope. Combining the results shown
in Fig. 2 and Fig. 6, we have demonstrated theoretically and experimentally that our SP approach
is convenient, accurate, and effective.

3.2. Relative humidity response

The experiments for RH and temperature response of our sensor were tested using the same
equipment as shown in Fig. 5. Sensing probes were fixed in silica tubes and placed in the ETC
for testing. The temperature in the chamber was set at 20 ◦C, and the RH value was increased
from 50% to 85% with an interval of 5% RH. After reaching the set value and before data
acquisition, the RH was stabilized for approximately 15 minutes to minimize fluctuations. The
spectra evolution during the RH-increasing period is shown in Fig. 7(a). The SP method was
conducted to the raw spectra to demodulate the two EV envelops, shown in Fig. 7(b) and (c). Both
envelopes exhibit a redshift when RH is increased, while their response sensitivities are different.
Fig. 7(d) illustrates the calculated relationship between wavelength shifts at one minimal around
1550 nm and RH values of envelope-1. Linear fitting was carried out, where the slope is about
0.4344 nm/% RH. For envelope-2, the wavelength shift of the envelope also exhibits a linear
relationship with RH, as shown in Fig. 7(e). The sensitivity is about 39.79 pm/% RH, which is
much lower than that of envelope-1. This is attributed to the difference between the two films in
composition and thickness.
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Fig. 7. (a) The raw reflection spectra under 20◦C with RH changing from 50% to 85%, and
(b-c) demodulated envelopes in this process. (d-e) The wavelength shift of envelope-1 and
envelope-2 as functions of RH. (f) The wavelength shift of envelope-1 under 20◦C with RH
changing from 85% to 50%.

Following the RH-increasing period, the RH value was decreased in the same step from 85%
to 50%. We take the RH response of envelope-1 as an example to discuss the repeatability of our
sensor. The relationship between dip wavelength and RH at the RH-decreasing process is shown
in Fig. 7(f), and linear fitting was conducted. It can be seen that the sensitivity obtained by the
linear fit matches well in both processes of increasing and decreasing humidity, demonstrating
our sensor’s good repeatability. Following this, the RH response experiments were repeated at
temperatures of about 30 ◦C and 40 ◦C, respectively. The relationship between dip wavelength
and RH during these processes are shown in Fig. 8(a) and (b), respectively. The linear fitting is
conducted, and the slope values in these three temperatures are consistent, which means that the
RH response sensitivity of our sensor is almost the same at different temperatures. It provides a
prerequisite for the subsequent simultaneous measurement of RH and temperature.
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Fig. 8. The wavelength shift of envelope-1 with RH changing from 50% to 85% under (a)
30◦C and (b) 40◦C.

3.3. Temperature response

The temperature response of our sensor is carried out by setting the RH value at about 46%.
The temperature in the chamber was increased from 26 ◦C to 46 ◦C with a step of 2 ◦C. The
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temperature at each step was also kept for about 15 minutes after reaching the expected value. The
reflection spectra collected during this process are shown in Fig. 9(a). By using our SP methods,
the two VE envelopes are extracted from the raw spectra, and the evolution of each envelope are
shown in Fig. 9(b) and (c), respectively. With the increase in temperature, envelope-1 shifts to
the longer wavelength, while envelope-2 shifts to the shorter wavelength. The variations of the
two envelopes at around 1550 nm are individually shown in Fig. 10(a) and (b), respectively. The
sensitivity of two envelopes are about 296.27 pm/◦C and -129.33 pm/◦C.

3.4. Discussion

When the RH and temperature applied to the sensing probe vary simultaneously, the shift of
envelop-1 and envelop-2 can be expressed as :

∆λ1 = S11 · ∆RH + S21 · ∆T , (9)

∆λ2 = S12 · ∆RH + S22 · ∆T , (10)

where S11, S21, S12 and S22 are the sensitivity obtained by linear fitting in the RH and temperature
response test. Therefore, the RH and temperature values can be calculated by the following
matrix: ⎡⎢⎢⎢⎢⎣

∆RH

∆T

⎤⎥⎥⎥⎥⎦ =
1

S11S22 − S21S12

⎡⎢⎢⎢⎢⎣
S22 −S21

−S12 S11

⎤⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎣
∆λ1

∆λ2

⎤⎥⎥⎥⎥⎦ . (11)

.

Fig. 9. (a) The raw reflection spectra under 45%RH with temperature changing from 26◦C
to 46◦C, and (b-c) demodulated envelopes in this process.

25 30 35 40 45
1534

1535

1536

1537  Envelope-2

W
av

el
en

gt
h 

sh
ift

 (n
m

)

Temperature ( C)

y = -0.12933 x + 1540.50
R2 = 0.97821

25 30 35 40 45

1536

1538

1540

1542  

 

 W
av

el
en

gt
h 

sh
ift

(n
m

)

Temperature( C)

 Envelope-1

y = 0.29627 x + 1527.91
R2 = 0.973

(a) (b)

Fig. 10. The wavelength shift of envelope-1 and envelope-2 as functions of temperature
under 46%RH.



Research Article Vol. 31, No. 17 / 14 Aug 2023 / Optics Express 28646

Submitting the slope values we obtained, then the RH and temperature can be achieved
simultaneously by the EV envelopes’ shifts:⎡⎢⎢⎢⎢⎣

∆RH

∆T

⎤⎥⎥⎥⎥⎦ =
1

67928.33

⎡⎢⎢⎢⎢⎣
129.33 296.27

38.66 −436.67

⎤⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎣
∆λ1

∆λ2

⎤⎥⎥⎥⎥⎦ . (12)

The units of ∆RH, ∆T and ∆λ are %, ◦C and pm, respectively. Due to the limitation of our
experimental setup, the simultaneous and stable control of RH and temperature in a larger range
is hard to achieve. However, according to previous published works, linear response in a wider
range of RH and temperature using Chitosan and UVOA have been reported and demonstrated
that can endorse this work [29,30].

Fluctuations in temperature are frequently concomitant with changes in humidity in practical
sensing applications. High-sensitivity RH sensors are typically manufactured using hygroscopic
materials, including PVA, Chitosan, UVOA, agarose, and graphene oxide. The RIs and volumes
of these materials typically change with temperature. Therefore, the lack of temperature
compensation ability will significantly compromise the reliability and stability of humidity
sensors due to temperature cross-talk. Our proposed sensor offers an solution that enables
dual parametric sensing using a single sensing probe. In our sensor, both surfaces of layer-I
can be made smooth with high reflective coefficients, thanks to our two-step film fabrication
method. The outer surface of layer-II is flat due to the step-by-step curing process. Because of
the difference in RI between layer-I and layer-II, the reflectivity of the interface between them are
sufficient. This is the basis for using our algorithm to extract the two envelopes. Additionally,
the material selection ensures that the two layers respond differently to temperature and RH.
Combining these designs could demodulate the temperature and achieve dual parametric sensing.

Our SP algorithm not only be capable of demodulating information that cannot be directly
obtained from the spectrum, such as multiple Vernier effect envelopes, but also assist to achieve
better accuracy and lower experimental error compared to traditional demodulation methods.
Most optical fiber RH sensors rely on a single dip (or peak) to realize monitoring, utilizing the
intensity variability or shifts of this specific wavelength. Likewise, in the conventional VE-based
RH scheme, the envelope is also extracted by connecting the extrema points of the interference
fringes. The sensing information in these sensors is obtained from a very narrow waveband
located around the valleys of the fringes or envelopes. As a result, random low-frequency noise or
disturbances can have a more significant impact on sensing results. In contrast, the VE envelopes
of our sensor are demodulated from the entire spectrum data collected. The envelope is computed
by applying two high-frequency signals, such as peak-1 and peak-2, which enables the extraction
of pure multi-beam interferences without any low-frequency or random disturbances. As a result,
our sensors exhibit a low error rate and high accuracy.

Using the Vernier effect is an effective method for increasing the RH sensitivity of an FPI-based
sensor, as demonstrated by our sensor. The fabrication process of the sensor involves only one
microscope and a pair of 3D stages, which are simple and low-cost. Despite this simplicity,
the achieved sensitivities are comparable to, and even superior to, those obtained using more
complex experimental equipment. It should be noted that the sensitivity is negatively correlated
with the thickness of the layers in our proposed sensor and several early reported sensor structures
similar to ours [28,30]. The amount of UVOA can be reduced by spin coating, or the SMF used
for tip touching can be replaced by a thin fiber with a smaller outer diameter. This requires the
use of spin coaters or tapering station, which increases the cost. Therefore, we do not discuss it
extensively in our low-cost sensors. Nevertheless, there is a potential for application in many
applications where increased sensitivity is required and costs can be raised appropriately.
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4. Conclusion

In conclusion, a novel sensor is proposed and experimentally demonstrated for simultaneous
measurement of RH and temperature. The sensor fabrication processes are detailedly studied
and optimized, which contributes to the high reflectivity of each surface and generates the VE
envelopes for enhanced sensing capability. A well-designed SP algorithm is introduced and
applied to extract the envelopes from the raw spectrum. RH and temperature can be measured
simultaneously with high sensitivity using an experiment-derived matrix. The good repeatability
has been experimentally verified in the process of RH increasing or decreasing at different
temperatures. Besides, the sensor shows various advantages of compact size, low cost, easy
making and convenient reflective probe, indicating it more competitive in actual applications.
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