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Abstract: A flexible wearable sensor based on the Fabry-Perot (FP) structure for human breath
monitoring is proposed and demonstrated. This sensor is constructed by fusing a single-mode
optical fiber to a small section of capillary and coating the end with agar film. In high relative
humidity (RH) environments, the agar film absorbs moisture from the air, which leads to a change
in the length of the FP cavity to cause a shift in the interference spectrum. The sensor has a
sensitivity of 0.95 nm/%RH for testing RH in the range of 60%RH to 85%RH. The temperature
sensitivity of the sensor varies nonlinearly from 30°C to 90°C, averaging 0.34 nm/°C over the
range of 30°C to 55°C and 0.06 nm/°C over the range of 60°C to 90°C. The temperature and
RH crosstalk problems can be solved by using cascaded fiber Bragg grating followed by matrix
operations to monitor temperature and RH parameters simultaneously. In addition, the sensor
has a fast response time of 0.88 s and a recovery time of 1.17 s for human breathing. The normal
and deep breathing of nine subjects are monitored using the sensor, demonstrating that the sensor
is able to recognize normal and deep breathing accurately. The success of this sensor proves that
it is feasible to develop sensors with good resistance to vibration interference, good repeatability
and high stability for human breath monitoring, which is of great significance for research on
human breath monitoring.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Wearable flexible sensors have garnered significant attention due to their immense potential in
biomedical applications and health monitoring [1]. Current wearable devices include the sensing
and detecting of various physical and biochemical information such as breathing [2], pulse [3],
motion sensing [4], joint activities [5], and human-machine interaction [6]. Among these, the
breath monitoring stands out as a crucial factor in assessing physiological status, offering valuable
insights into heart, neurological, and pulmonary diseases. The breath monitoring is important
during certain imaging and surgical procedures. Patients requiring sedation or anesthesia may
suffer breathing failure, which is difficult to predict and can be life-threatening within minutes
[7]. Electronic breathing sensors based on capacitive or piezoresistive devices are not suitable in
certain situations [8], for example, when the patient is in a magnetic resonance imaging (MRI)
system or during oncology treatments that require radiation therapy or high electric/magnetic
field treatments. Therefore, the development of a sensor has the advantages of being small in
size, highly flexible, robust against interference, and biocompatible is of great significance and a
great challenge.
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The emergence of optical sensors provides a new alternative. Particularly in recent years,
optical fiber sensors with broadband, remote transmission, and multi-parameter functionalities
offer a range of unique advantages including corrosion resistance and immunity to electromagnetic
interference, promising extensive application prospects [6]. Various optical fiber sensors have
been reported for measuring relative humidity (RH) [9], temperature [10], refractive index [11],
and biosensing [12]. In 2017, Bobo Du et al. have designed a full-optical fiber breathing sensor
using etched single-mode fiber coated with MoS,, which has an excessively long recovery time
[13]. In 2020, Jing Yang et al. have investigated a highly sensitive humidity sensor based on a
gelatin-coated side-polished fiber-optic directional coupler for human breath monitoring, without
eliminating the cross-over effects of vibrations generated during breathing [14]. In 2022, Mingpan
Bi et al. have developed a highly sensitive humidity sensor by combining Nb,CTx nanosheets
with microfibers, which does not exclude the cross-effect of temperature [15]. In 2024, Yuzhuo Li
et al. have introduced a fiber-optic humidity sensor for human breath monitoring using multimode
interference and Mach-Zonder interference, which has an excessively long recovery time [16]. In
the same year, Yaxun Zhang et al. have presented a Fabry-Perot interferometer (FPI) fiber sensor
based on sealed liquid glycerol microcavity for human breath monitoring [17]. Studies have
shown that FPI humidity sensors typically fill humidity-sensitive materials in hollow fibers. Some
Fabry-Perot (FP) cavities have been developed with agar membranes [ 18], chitosan membranes
[19], polyvinyl alcohol membranes [20], hydrogel membranes [21], and other materials. Among
them, agar is a substance with coagulation and thickening properties, stable chemical properties,
and is widely used in food engineering, daily chemical engineering, biomedical and other fields
[22]. The hygroscopicity of agar is one of its most remarkable properties, thus in environments
with high RH, agar can absorb moisture from the air, causing it to expand in volume and soften its
texture. At the same time, agar has coagulation and thickening properties, making it easy to form
a stable membrane, thereby forming a stable FP structure [23,24]. Therefore, the combining agar
moisture-sensitive materials with FP can provide a high-sensitivity platform for human breath
monitoring.

In this research, a flexible wearable sensor base on a Fabry-Perot structure for human breath
monitoring is presented. The sensor is assembled from a capillary tube and a single-mode optical
fiber, with the other end of the capillary tube immersed in an agar solution to form an agar film.
Due to the ability of the agar membrane to absorb moisture from the air in high RH environments,
the length of the FP cavity changes, resulting in a shift in the interference spectrum. Three
sensing experiments are conducted in the RH range of 60%RH-85%RH with a sensitivity of
0.95 nm/%RH. Because agar exhibits sol-gel transition characteristics sensitive to temperature,
the temperature sensitivity of the sensor is nonlinear over the temperature range of 30°C to 90°C.
The temperature sensitivity of the sensor averages 0.34 nm/°C in the range of 30°C to 55°C, and
the temperature sensitivity of the sensor averages 0.06 nm/°C in the range of 60°C to 90°C. In
addition, to address the issue of temperature and RH crosstalk, a cascaded FBG is used to track
wavelength shifts of the interference spectrum, followed by matrix operations to measure RH and
temperature simultaneously. The sensor performance test shows that the sensor can exclude the
vibration cross-influence, and has good repeatability and stability. The sensor has a fast response
and recovery time (0.88 s — 1.17 s). The normal and deep breathing in nine subjects used this
sensor are monitored. The data shows that every subject has a mean response time of 0.88 s and
arecovery time of 1.17 s in normal breathing, meanwhile, in deep breathing, the mean response
time is 1.07 s and the recovery time is 1.36 s. The monitoring of the breathing patterns shows
that the proposed breath sensor has high repeatability, reliability and effectiveness, which opens
up the possibility of developing new flexible wearable sensors.
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2. Experimental section

2.1. Regents and instruments

Agar powder (C12H1309, ask < 1.5%) was purchased from Macklin Biochemistry Co., Ltd
(Shanghai, China). Preparation of solutions used deionized water, which was obtained from an
ultrapure water system. The sensor comprised single-mode fiber (SMF, Corning SMF-28¢™*)
and capillary (TSP075150, 75 pm inner diameter, and 150 um outer diameter with the protective
layer). The cross-sectional images and macroscopic structures of capillary before and after the
dip-pulling into the solution were observed using an optical microscope (Caikon DMM-200C),
and the reagents required for the experiments were prepared using a magnetic stirrer (MS-280-H).

The instruments used to monitor the sensing performance of the probe towards RH and
temperature include an amplified spontaneous emission source (ASE, range of 1528-1603 nm,
power of 10 dBm), an optical spectrum analyzer (OSA, Anritsu MS9740A, range of 600-1700nm),
a fiber fusion splicer (Fujikura 87S+), an optic-fiber cutter (Fujikura CT50), a programmable
climate chamber (HWS-30), and a column temperature chamber (HT-330), etc. The instruments
used for breath monitoring include a tunable laser (Agilent 81682B, range of 1460-1580 nm,
accuracy of +0.01 nm), a photodetector (PD, KG-HSP-1200-SM-FA), oscilloscope (OSC, UNI-T
MSO07204X, bandwidth of 2 GHz, sampling rate of 10 GSa/s), and electromagnetic shaker
(JY-H-200) etc.

2.2. Sensor fabrication

The structure of the sensor designed for breath monitoring is shown in Fig. 1(a, top), which
consists of a Bragg grating and a Fabry-Perot structure. The process of fabricating the sensor
is divided into six steps. The first step is to make an agar powder solution to prepare for the
subsequent dipping. 10 mL of deionized water and 0.05 g of agar powder are added to a beaker.
Then, the agar powder solution is placed on a magnetic stirrer and stirred at 500 rpm/min for
20 min (the temperature maintained at 80°C) until the agar powder is completely dissolved and
evenly dispersed. The second step is to remove the protective metal layer around the hollow
capillary by the combustion method. The inner and outer diameters of the capillary cross-section
are shown in Fig. 1(b, top). In the third step, a single-mode fiber and capillary are manually
spliced together through a fiber fusion splicer. To prevent the collapse of the hollow capillary, we
choose the arcing condition of —10 bits for power and 400 ms of a fiber fusion splicer. In the
fourth step, the other side of the fused capillary is cut using a fiber cutter to obtain the desired
capillary length (the experimentally fabricated capillary length of 180 um). In the fifth step, the
capillary is operated by an automatic stepper motor to dip it into the agar solution and pull it out.
The dipping time is controlled to be 2 s each time to ensure the film thickness of roughly 10 um.
Figure 1(b, top) shows the optical microscope cross-sectional images of the capillary before and
after the dip-pulling into the solution (agar solution concentration of 0.005 g/ml). The prepared
sensors are precipitated for 2 h to make the structure of the films more stable. Figure 1(b, bottom)
shows an optical microscope image of the sensor with a capillary length of 180 um as well as the
corresponding interference spectrum. Finally, the sensor is secured inside the nasal oxygen tube
to create an ideal environment for detection, as shown in Fig. 1(a, bottom).

2.3. Sensing principle

As shown in Fig. 1(a, top), the fabricated sensor has three reflective surfaces M, M; and M3,
where M is the reflective surface of the single-mode fiber and air, M is the reflective surface of
air and agar film, and M3 is the reflective surface of the agar film and external air. Due to the
complex structure of the sensitive material, the actual sensor approximates two-light interference,
where the incident light emits complex scattering and reflection, resulting in the actual reflected
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Fig. 1. (a) Structure diagram of the sensor and real photograph encapsulated in a nasal
oxygen tube. (b) (top) The cross-section of the capillary before and after the dip-pulling into
the solution. (bottom) microscope image of capillary length and corresponding interference
spectrum. (c) Experimental setup for the relative humidity sensing experiments.

light involved in the interference being mainly single-mode fiber-air and air-agar film to form the
FP cavity.

From the theory of interference of light, the intensity of light formed by the interference of
two beams of reflected light can be expressed as:

2nd
I=1y|R; + Ry + 2+/R|R>cos (% + (,0) (D

where [ is the intensity of the incident light, R| and R, represent the reflectivity of the single-mode
fiber and air and the reflectivity of the interface between the air and the agar film, respectively
[25,26]. A is the wavelength, d is the optical range difference between the two beams of light, and
@ is the initial phase. When the reflectivity of the two reflective surfaces R and R; is larger, the
interference spectrum is clearer and sharper, and the spectral resolution is higher. The fineness F
can be expressed as:

_ /o V4R1R2 (2)
1 - vVRR;

According to Eq. (2), the reflectance R and R, are positively correlated with the corresponding
spectral fineness F' without considering the loss in the FP cavity, and the reflectance R; and R, of
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the two reflective surfaces are expressed as:

_ (n=m)?

1= (n+n1)2 (3)

_ (m-m)
(n1+n2)?

In the formula, n, n; and n, represent the refractive indices of the medium inside the FP cavity,
the single-mode fiber core and the agar film, respectively. When the medium in the cavity is air,
the refractive index is approximately equal to 1, which can be calculated to obtain R; = 4%, and
the reflectance of R; is also much less than 1. Therefore, the interference spectrum formed has a
lower sharpness and the shape is similar to a sinusoidal function. The free spectral range of the
interference spectrum can be expressed as:

/12

Al = —
2nL

“

where L is the cavity length of the FPI sensor [27]. The wavelength of the trough of the
interference spectrum is expressed as:

B 4nlL
T om+1

m m=13233”' (5)
From Eq. (5), 4,, depends on the cavity length L and refractive index »n, and its relative change

is expressed as:
A4y  An AL

b, on L ©

where 44, is the change in the wavelength of the trough, 4n is the change in the refractive index,
and AL is the change in the FP cavity length.
So the RH sensitivity of the FPI sensor can be derived as:

A an . AL
" ARH \4RH-n ARH -L

SrH 1 (7

From Eq. (7), it can be concluded that when the RH of the environment around the sensor
increases [28,9], the agar film will absorb water and expand, leading to changes in the cavity
length and refractive index of the agar film cavity, which will cause a wavelength shift. Therefore,
the measurement of ambient relative humidity can be realized by measuring the change in the
position of the trough of the sensor’s interference spectrum, which allows for real-time monitoring
of relative humidity in human breathing.

3. Results and discussion
3.1.  Experimental setup

Figure 1(c) shows the experimental setup for the relative humidity sensing experiments. Light
from the ASE is propagated through an optic fiber circulator to the sensing head for reflection,
and the light reflected is recorded by an OSA with a wavelength resolution of 0.03nm. As
shown in Fig. 1(c), the prepared sensing probe encapsulated in a nasal oxygen tube (Fig. 1(a,
bottom)) is placed in a programmable climate chamber with a resolution of 0.1% RH. The sensing
probe is fixed inside the box using the fiber optic fixture, which is shielded with a windshield
to prevent airflow inside the box from blowing directly to the probe. To eliminate the effect of
temperature fluctuations on the testing results, the temperature is maintained at approximately
25°C throughout the testing period.
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3.2. Relative humidity testing

The sensor encapsulated in the nasal oxygen tube is subjected to RH testing in the range of
60%RH-85%RH in steps of 5%RH, and the wavelength shift of the interference spectrum is
monitored and recorded. Figure 2(a) shows the wavelength shift of the interference spectrum
of the sensing probe as RH increases, and it can be observed that the interference spectrum
exhibits a red shift when the RH increases within the range of 60%RH-85%RH. To verify the
reproducibility of the sensor, we test the sensor for RH at intervals of 1, 3 and 7 days and perform
a linearity analysis. Figure 2(b) shows a plot of the results of the repeated experiments. With
increasing RH, the sensor exhibits a wavelength shift sensitivity of 0.95 nm/%RH and a linearity
of 0.9879. The above experimental results confirm the good reproducibility of the sensor and
verify that the agar powder material is not damaged by water solubility, which suggests that the
proposed Fabry-Perot structure is finally believed to be stable. Figure 2(c) shows the monitoring
of the FBG spectral position during the RH test. Due to its optical fiber material and working
principle of FBG, it is sensitive only to temperature and unaffected by RH changes. According
to the data results, the spectral position is approximately 1549.4136 nm with no fluctuation,
indicating that the test process is not affected by temperature. The temperature during the RH
test can be calibrated by monitoring the FBG spectral position.
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Fig. 2. RH test on a sensing probe encapsulated in a nasal oxygen tube. (a) Interference
spectrum with increasing humidity. (b) Repeated experimental results of the sensor. (c) Data
analysis results of humidity increase test on FBG.
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3.3. Temperature testing

To address the issue of RH and temperature crosstalk, the response to the temperature of the
sensor must be evaluated. Therefore, temperature testing of sensors encapsulated in nasal oxygen
tubes is performed in the range of 30°C to 90°C in steps of 5°C. For the temperature testing, we
set the RH to 60%RH. Figure 3(a) shows the wavelength redshifts of the interference spectrum
of the sensing probe as the temperature increases. To verify the repeatability of the sensor, the
sensor tests for the temperature at intervals of 1, 3 and 7 days, and the nonlinear analysis is
performed. Figure 3(b) shows a plot of the repeated results of the experiments. The temperature
sensitivity of this sensor averages 0.34 nm/°C in the range of 30°C to 55°C, and the temperature
sensitivity of this sensor averages 0.06 nm/°C in the range of 60°C to 90°C, with an R? of 0.9955.
The results show that the wavelength shift changes significantly around 45°C (sol-gel transition
temperature). The refractive index of the agar and the length of the FP cavity change slightly,
resulting in a gradual decrease in the wavelength shift. Figure 3(c) shows the monitoring of the
spectral position of FBG during the temperature test. The results show that the spectral position
of FBG (1549.4136 nm) red-shifts with increasing temperature. The temperature sensitivity of
the FBG is 0.01 nm/°C with R? of 0.9987. Thus, FBG is sensitive to temperature.

() (b)
90°C ¥ A12. R2=(.9955
: £ 33
F850C , Eo. b
i 80°C ‘ 5 8 é Sensitity=0. 06nm/°C
[ = /
= 6
[ 75°C i &0
%}
L — 4
E 70°C ‘ 4
~ L g 2. o .
E Sensitity=0. 34nm/°C
L 65°C '
2=l ] 0 . . . . . .
E F 600C . 30 40 50 60 70 80 90
3’ i Temperature (°C)
= [ |55°C +
2 ©
o [ s0ec ' 07
ﬁ ~_~
S b £ 0.6 »
[ 450C ' £ &
j ‘ & 054 P
] = 7
40°C V 5 04l Yy
. = | FEE
[ 350C ‘ £00.3-
5 5 s
30°C f © 0.2 4
z S
» T T T T g 0.1 " y 4
1520 1540 1560 1580 1600 oo ¥

40 50 60 70 80 90

w
o

Wavelength (nm)

Temperature (°C)

Fig. 3. Temperature test on a sensing probe encapsulated in a nasal oxygen tube. (a)
Interference spectrum with increasing temperature. (b) Repeated experimental results of the
sensor. (c) Data analysis results of temperature increase test on FBG.

For fiber optic sensors, the study of temperature cross-sensitivity is very important, which
together with relative humidity affects the change in the wavelength of the transmission spectrum.
Therefore, the actual test results must be compensated and adjusted accordingly. Assuming that
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Fig. 4. Stability RH tests performed on the sensor. (a) Variation of interference spectrum
and FBG spectral position. (b) Results of data analysis for stability tests performed for RH
of 60%RH, 70%RH, 80%RH and FBG spectra.

the fiber optic sensor is affected by n external parameters, that is:

4%,
AX=| ®)
AX,
where AX;(i = 1...n) represents each physical parameter. AY is the variation of optical

parameters, such as intensity, wavelength, frequency, etc., which obtained from measurements.

A matrix can be established between the variation of the optical parameter A4Y inside the sensor
and each external parameter:

Ay kypyo ek, Axy

av=| o= o] ©)
Ay, ke, o ke, Axy,

The inverse of matrix K is calculated to obtain the measured physical parameter as [29]:

K*
AX = KAy = mAY (10)

During human breath monitoring, the temperature in the nasal cavity will change slightly.

Therefore, when the temperature and RH change at the same time, the wavelengths of FPI and
FBG will be shifted, and the wavelength shift can be expressed as:

Adppy Kir Kipu AT

= (11)
A/lpBG KZ,T KZ,H ARH

where AApp; and AAppg are the wavelength shifts of FPI and FBG, AT and 4RH are the
temperature and RH variations, K r and K> 7 are the temperature sensitivities of FPI and FBG,
and K i and K, y are the RH sensitivities of FPI and FBG [30-32].
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Equation (11) can be calculated from the cross matrix as:

-1
AT Kir Kig AApp; 1 Koy —Kiu||d4rpr
_ = (12)
ARH KQ’T KZ,H A/lFBG KI’TKZ’H - KLHKZ’T _KQ,T Kl,T A/lFBG

In the range of 30°C to 55°C, the temperature test data of K| 71 = 0.34 nm/°C and K71 =
0.01 nm/°C can be known from Fig. 3(b) and Fig. 3(c). The RH testdata of Ky i1 = 0.95 nm/%RH
and K> g1 = 0 nm/%RH can be known from Fig. 2(b) and Fig. 2(c) [33]. The above values are
substituted into Eq. (12). The final analytical expression for this matrix is:

ATy 1 0 -0.95 AAppy

= —— (13)
ARH | 000951 _0.01 034 || ddppe

In the range of 60°C to 90°C, the temperature test data of K 7> = 0.06 nm/°C and K> 12 =
0.01 nm/°C can be known from Fig. 3(b) and Fig. 3(c). The RH test data of K g» = 0.95 nm/%RH
and K> gp = 0 nm/%RH can be known from Fig. 2(b) and Fig. 2(c). The above values are
substituted into Eq. (12). The final analytical expression for this matrix is:

-1
AT, 1 0 -0.95 AAppr

= — 14)
ARH =0.0095| _0.01 0.06 AAppG

Based on Eq. (13) and Eq. (14), this sensor can realize the simultaneous measurement of RH
and temperature by a simple calculation, which is used to solve the temperature crosstalk during
human breath monitoring.

3.4. Stability test

To test the stability of the sensors, the RH testing is carried out over a period of 20 days (10 days
first, then 10 days after 30 days) at constant temperature and RH. To facilitate the application of
actual breathing scenarios, the test RH is 60%RH, 70%RH and 80%RH with the test temperature
of 37°C. Figure 4(a) shows the variation of the interference spectrum and the FBG spectrum
over a long period at RH of 60%RH. Figure 4(b) shows the wavelength response of the sensor at
RH stabilization values of 60%RH, 70%RH and 80%RH, respectively. The results show that
the maximum value of wavelength fluctuation of the sensor is only 0.1508 nm during the test,
and the corresponding accuracy error of RH testing is +0.16%RH. There is no fluctuation in
the spectral position of the FBG, which indicates that the RH testing process is not affected by
temperature, so the sensor has good stability.

3.5. Breath monitoring

We combine FPI sensors and nasal oxygen tubing to perform human breath monitoring, mainly
to test the sensors’ response under normal and deep breathing conditions. As shown in Fig. 5(a),
the experimental setup for human breath monitoring by volunteers wearing nasal oxygen tubes
with integrated FPI sensors is demonstrated (see Visualization 1), as well as a red light test figure
of the sensor. The light from the tunable laser propagates through an optic fiber circulator to
the sensing head for reflection and the reflected light is received by the PD. The PD converts
changes in the output optical power into an electrical signal, which is then sent to an oscilloscope
to display and record the breathing changes in real time.

To verify the effect of external factors (e.g., airflow, vibration) on the sensor during the actual
detection process, it is necessary to test the responsiveness of the sensor to vibration. Figure 5(b)
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Fig. 5. Integrating sensors into a nasal oxygen tube to monitor human breathing. (a)
Schematic of the experimental setup for human breath monitoring and red light test figure
after sensor encapsulation. (b) Response of the sensor under stationary, vibration, and
breathing conditions. (c) A volunteer performing breath monitoring at different breathing
depths and observing reactions and recovery times by amplifying both normal and deep
breathing states.

shows the response of the sensor under stationary, vibration and breathing conditions. As
shown in the schematic in the left inset of Fig. 5(b) and the real photograph in the right inset of
Fig. 5(b), the sensor is placed on a vibration table and test at a vibration frequency of 10 Hz. The
experimental data indicate no significant changes during the stationary state from —50 s to 0 s and
the vibrating state from O s to 37 s. However, the significant breathing activity can be observed
from 37 s to 50 s. The experimental results show that the difference between the vibration state
and the stationary state is not significant, while the difference between the vibration state and
the breathing state is very significant. These results indicate that the sensor is not affected by
external factors such as vibrations and has a high anti-interference capability during the breath
monitoring process.

Figure 5(c) shows a volunteer performing breath monitoring at different breathing depths,
focusing on the response and recovery times of the sensor under normal and deep breath conditions.
The middle inset of Fig. 5(c) illustrates the results of a transition experiment from normal to
deep breathing as shown in the dashed box (see Visualization 1). In addition, the left inset of
Fig. 5(c) shows the results of a scaled-up experiment for a normal-breathing test in which the
sensor’s breathing response time is 0.88 s and the recovery time is 1.17 s. In contrast, the right
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Fig. 6. Multi-person breath monitoring tests (nine subjects). (a) The bar chart of the
repeatability test for the response and recovery times of normal and deep breathing monitored
by the sensor on 1, 3, and 7 days. (b) Breath monitoring data plots for Subjects 3, 5, and 7
are selected from the following data.

inset of Fig. 5(c) shows the results of a scaled-up experiment for a deep-breathing test in which
the sensor’s breathing response time is 1.02 s and the recovery time is 1.58 s. As can be seen in
the enlarged images of Fig. 5(c), the recovery time of the breath test is longer than the response
time, with the sensor’s recovery time being 33% slower than the response time during normal
breathing, and the sensor’s recovery time being 55% slower than the response time during deep
breathing. This is due to the hysteresis effect of the material stress, which makes the overall
recovery time longer and also has an effect on the fast response performance of the sensor.

To further evaluate the response characteristics of the sensor to different breathing depths, the
reproducibility test for the sensor’s performance in breath monitoring is designed and conducted.
In this test, the results of the response time and recovery time for breath monitoring of nine
subjects (Subjects 1, 2, 3 and 4 are male lean body types, Subjects 5 and 6 are male strong body
types, and Subjects 7, 8, and 9 are female normal body types.) using this sensor are shown in
Fig. 6(a). Each subject undergoes three breath monitoring tests on 1, 3, and 7 days. The nasal
oxygen tube integrated with the FPI sensor is inserted into the subjects’ nostrils, and the tubes on
both sides of the nasal oxygen tube are hung over the ears, which is adjusted to a comfortable
position. The participants first breathe normally and then take deep breaths. In Fig. 6(a), the
response time for normal breathing is approximately 0.88 s with the recovery time of about
1.17 s, whereas the response time for deep breathing is around 1.07 s with the recovery time
of approximately 1.36 s. The experimental data show that the recovery time of the breathing
test is longer than the response time. This is because of the hysteresis effect of material stress,
thereby prolonging the overall recovery time. Both the response time and recovery time for
deep breathing are longer than those for normal breathing because, during deep breathing, the
expansion and contraction amplitude of the lungs and chest cavity is larger, which causing the
sensor to take more time to recover. As shown in Fig. 6(b), the data from nine breath tests for
Subjects 3, 5, and 7 are analyzed. In normal breathing of Subjects 3, 5 and 7, the average values
of response time are 0.90 s, 1.02 s and 0.82 s respectively, and recovery time are 1.16 s, 1.28
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s, 1.09 s respectively. In deep breathing, the average values of response time is 1.06 s, 1.16 s,
0.99 s respectively, and recovery time is 1.35 s, 1.59 s, 1.27 s, respectively. The results of the
breath data indicate that Subject 5 (a male with a strong body type) exhibits the longest response
and recovery times for both normal and deep breathing. In comparison, Subject 3 (a male with
a lean body type) has longer response and recovery times for normal and deep breathing than
Subject 7 (a female with a normal body type). As the measuring period increases, the sensor
maintains good working conditions, demonstrating good reproducibility and high reliability in
breath monitoring. Furthermore, due to the small size and flexibility of the FPI sensor, it is also
convenient for integration with other wearable devices for breath monitoring. Therefore, our
proposed sensor has potential applications in the field of real-world human health monitoring.
Table 1 presents a comparative analysis of the performance of sensors for human breathing
monitoring using different fiber optic structures. The results show that our sensors have the
advantages of high sensitivity, good stability, faster response time and recovery time. These fully
demonstrate the advantages of FPI sensors for use in human breathing monitoring.

Table 1. Performance comparison of sensors based on different fiber optic structures for human
breath monitoring

Structure Material RH sensitivity ~ Temperature Vibration Respond Recovery Year Ref.
sensitivity effect time Time

Etched MoS, - - No 0.066s  2395s 2017 [13]
single-mode fiber
Side-polished Gelatin —7.005 nm/%RH 0.3467 nm/°C No 297s 1.28s 2020 [14]
fiber
Microfiber Nb,CTx —-86 pm/%RH  No No 1.76 s 571s 2022 [15]
interferometer
Mach-Zehnder Gelatin 0.634nm/% RH 0.105 nm/°C No 6.293 s 171.062 s 2024 [16]
interferometer
Fabry-Perot Glycerol —-0.18048 nm/  0.72954nm/°C  No 0.12's 0.23s 2024 [17]
interferometer and RH%

ultraviolet

adhesive
Single-mode fiber Agar 0.95nm/%RH  0.4333 nm/°C Yes 0.88s 1.17 s 2024 This
and hollow powder work
capillary

4. Conclusion

In this paper, a flexible wearable sensor based on the FP structure is developed to successfully
realize the monitoring of human breathing. The sensor utilizes the change of FP cavity length
generated by the hygroscopicity of the agar film and eliminates the temperature crosstalk by
cascading FBG to realize the accurate monitoring of human breathing. The experimental results
show that the sensitivity of the sensor is 0.95 nm/%RH in the RH range of 60%RH-85%RH. The
temperature sensitivity of the sensor varies nonlinearly from 30°C to 90°C, averaging 0.34 nm/°C
over the range of 30°C to 55°C and 0.06 nm/°C over the range of 60°C to 90°C. In addition,
the sensor has a fast response time (0.88 s) and recovery time (1.17 s) to human breathing
as well as good resistance to vibration interference. The normal and deep breathing of nine
subjects are monitored using the sensor, which demonstrates good sensing ability, repeatability
and stability of the breathing pattern. Since the materials used to construct the sensor are safe
and non-toxic, the proposed FPI sensor has the great advantage of low cost resistance to vibration
and environmental compatibility, and will become a promising alternative for personal healthcare
or clinical applications in the near future.
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