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Respiratory signal waveforms before and after filtering. (a) Time-domain waveform of original signal; (b) frequency-domain

waveform of original signal; (c) time-domain waveform of denoised signal; (d) frequency-domain waveform of denoised signal
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Table 1 Performance comparison with other breath sensors
Fiber Structure Sensing principle  Length /mm  Complexity Stability Dynamic intensity range /dB  Life time
MoS,-SPE" Humidity sensing 15 High Low ~1.9 Short
Agar-FBG"! Strain sensing 10 High Low Short
GO-TFG""” Humidity sensing 15 High Low ~2 Short
SMsH Curvature sensing 20 Medium High ~5 Long
D-shaped POF'"™®  Curvature sensing 50 High High Medium
Our work Curvature sensing 4 Low High 20.768 Long
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Fig. 10 Analysis of unsteady respiratory signals. (a) Time-domain waveform of respiratory signal from fast to slow; (b) time-domain

waveform of respiratory arrest signal; (¢) time-frequency distribution of respiratory signal from fast to slow; (d) time-frequency

distribution of respiratory arrest signal

(9 R o AT LA T 4R P A R R Y R T S
BRL7-10 1B i 28 A9 25 2R v H — DB 9, AT ZAT A

& % x W

iR = = Sl R L O (S E R S IS A OB =S ek A [11 Majumder S, Mc?ndz}l T, Deen M J. Wearable sensors for
- (1) gk 1A e LI Ty Y remote health monitoring[J]. Sensors, 2017, 17(1): 130.
SMS H?H&EE AR A9 7715 lﬁ*ﬂﬂﬁ%y\ PEAAR s SOk [2] Nag A, Mukhopadhyay S C, Kosel J. Wearable flexible
[12]7R i D BURDG 27 ) 5 i BN B 2% HARIEGE R sensors: a review[J]. IEEE Sensors Journal, 2017, 17(13): 3949-
SR B G R AT RE A S A B . " ;%O B
5 = SN TN - = - | 3 Ihwjwg, e, 0, Sy A Ji oL £
TS 2 B ET T U (A IV WA A LA 45 A R W A2 R [T, D24, 2022, 42(10): 1006002.
B ORSUER T FaEVE B # S ar KPR T Sun M M, Ge Y X, Shen L W, et al. Optical fiber Fabry-Perot
%ﬁﬂ)ﬁ , ke AE IR W’f?@@ﬁiﬁ rh ELAY BRI T humidity sensor based on arc discharge optimization[J]. Acta
Optica Sinica, 2022, 42(10): 1006002.

44 > (4] HE, AN, YA, A BT OB 2 RSk i Bk R 2R R

45 e eI WOk Soe T ik, 2021, 58(5): 0506006.
" il y Xiao D, Wan S P, Yin X, et al. Pulse acquisition system based

H, . 4 = NI N 5 I T 11l , , , 1 Yy
21 %E;H; &ﬁ% ?;5’%%%1‘%;‘6} q;;’/;fl“ E/JE ¥$&; Z/j on curved optical fiber sensor head[J]. Laser & Optoelectronics
R4,z T Wit 2 — B GIMMF 3 78 9 Bt i & 16 Progress, 2021, 58(5): 0506006.
SIMMF 2 JF 5 S A SMPGHEB IR GG, (0 700 S KL 070 s 2 L e

“ AR AR AR (T ] A O, 2021, 48(1): 0106004.
43 G G < 0 - & N % A

5 T A GIMME ﬁ&FXlejlﬁqu:{iETl‘ i }:ﬂ@@ iy Fang S S, Wu X Q, Zhang G, et al. High-sensitivity fiber optic
%ﬁ ﬂl’lﬂg igﬁéé%%%ﬁﬂ ,ﬁ%%ébl?l’ﬂ #%?Em% E’Jﬁﬁiﬁfﬁﬂ%ﬁ temperature and strain sensors based on the vernier effect[J].
=] 5 BE Al A 32 = 5 A > N Chinese Journal of Lasers, 2021, 48(1): 0106004.
SR 1S 9N 12 2 2 B 2F 05 Y 3 3

e e n o o ok - [6] Shrivastav. A M, Gunawardena D S, Liu Z Y, et al
PERE AR T 2F A DT‘E&{%‘E“ o ZRRW TR Microstructured optical fiber based Fabry-Pérot interferometer
14 B] 2 8 O 2T I AL R 2 BB A Ak H R B AS [A] i R as a humidity sensor utilizing chitosan polymeric matrix for
W R A AR MR I S T 4 s breath monitoring[J]. Scientific Reports, 2020, 10: 6002.
B ALE AT R ‘?)‘&‘TX ¥ ‘&*ﬂ& iﬁ)ﬂ?{jﬁ‘“ [7] LiD Q, Lu HH, Qu W T, et al. Molybdenum disulfide
WP AR 5 AN AT i 3 M i A 25 A i s T nanosheets deposited on polished optical fiber for humidity
S IR R BUE N R AR RS S T S selzsin)g and human breath monitoring[J]. Optics Express, 2017,

25(23): 28407.

S FIH LS T3 2 S i 1 0
FRF R0 PR T DA I, LA B Rk 5 A 0 s [8] Du B B, Yang D X, She X Y, et al. MoS,-based all-fiber

3 e T PR A A B 35 v BAT B R B I T ) <

0306002-8

humidity sensor for monitoring human breath with fast response



& 43% % 3H/2023 £ 2 B/REHR

and recovery[J]. Sensors and Actuators B: Chemical, 2017,
251: 180-184.

Mach-Zehnder
interferometer with a difference arithmetic demodulation method

curvature sensor based on an in-fiber

[9] Presti D L, Massaroni C, Zaltieri M, et al. A magnetic [J]. Optics Express, 2012, 20(14): 15406-15417.
resonance-compatible wearable device based on functionalized [15] Yuan W H, Zhao Q C, Li L D, et al. Simultaneous
fiber optic sensor for respiratory monitoring[J]. IEEE Sensors measurement of temperature and curvature using ring-core fiber-
Journal, 2021, 21(13): 14418-14425. based Mach-Zehnder interferometer[J]. Optics Express, 2021,

[10] Jiang B Q, Bi Z X, Hao Z, et al. Graphene oxide-deposited 29(12): 17915-17925.
tilted fiber grating for ultrafast humidity sensing and human [16] Gong Y, Zhao T, Rao Y J, et al. All-fiber curvature sensor
breath monitoring[J]. Sensors and Actuators B: Chemical, based on multimode interference[J]. IEEE  Photonics
2019, 293: 336-341. Technology Letters, 2011, 23(11): 679-681.

[11] Li X X, Liu D J, Kumar R, et al. A simple optical fiber [17] Cui W, SiJ H, Chen T, et al. Compact bending sensor based
interferometer based respiratory sensor[J]. Measurement Science on a fiber Bragg grating in an abrupt biconical taper[J]. Optics
and Technology, 2017, 28(3): 035105. Express, 2015, 23(9): 11031-11036.

[12] Wang Y L, Liu B, Pang Y N, et al. Low-cost wearable sensor [18] Zhang Y S, Zhang W G, Zhang Y X, et al. Simultaneous
based on a D-shaped plastic optical fiber for respiration measurement of curvature and temperature based on LP,; mode
monitoring[J]. IEEE Transactions on Instrumentation and Bragg grating in seven-core fiber[J]. Measurement Science and
Measurement, 2021, 70: 4004808. Technology, 2017, 28(5): 055101.

[13] Schermer R T, Cole J H. Improved bend loss formula verified [19] NiK, Li T, HuL M, et al. Temperature-independent curvature

for optical fiber by simulation and experiment[J]. IEEE Journal
of Quantum Electronics, 2007, 43(10): 899-909.

sensor based on tapered photonic crystal fiber interferometer[J].
Optics Communications, 2012, 285(24): 5148-5150.

[14] Shen C Y, Zhong C, You Y, et al. Polarization-dependent

Wearable Respiratory Sensor Based on Sandwich Multimode Fiber
Interferometer

Yang Xiangwen, Luo Binbin, Wu Decao”, Zou Xue, Shi Shenghui, Fan Junhao,

Guo Yilin, Fan Chenglei, Zhao Mingfu
Chongqing Key Laboratory of Optical Fiber Sensor and Photoelectric Detection, Chongqing University of
Technology, Chongqing 400054, China

Abstract

Objective

including heart defects, heart failure, metabolic acidosis, and sleep apnea syndrome. Much important information related

Clinical data have demonstrated that respiratory rate (RR) is an important predictor of serious diseases

to physical conditions can be obtained by analyzing respiratory data. Flexible wearable devices can meet the needs of
clinical medicine and health monitoring, which have attracted extensive attention. The most popular respiratory
monitoring devices are based on electronic sensors, and cannot be employed in electromagnetic interference environments
such as magnetic resonance imaging and computed tomography. In this regard, fiber optic sensors featuring high
sensitivity, electromagnetic interference resistance, and corrosion resistance can overcome these challenges. Wearable
respiratory sensing devices based on fiber sensors are mainly divided into curvature sensing and humidity sensing according
to the principles. For the respiratory monitoring devices based on the humidity sensing principle, the optical fiber sensors
have to be coated with moisture-sensitive materials, which have disadvantages such as time-consuming functionalization
processes, uneven coating, and poor long-term stability in different degrees. In contrast, the respiratory monitoring
system based on the curvature sensing principle is simpler and more stable. However, the compactness and sensitivity of
the sensor still have great room for improvement. An optical fiber curvature sensor with ultra-high sensitivity and more
compact size using two types of multimode fibers with mismatched core diameters is designed in this paper. Then, the
proposed sandwich multimode fiber interferometer is integrated into an elastic waistband for respiratory sensing. The
respiratory monitoring device is expected to be widely applied, with great potential in strong electromagnetic fields,
radioactive examination environments (such as magnetic resonance imaging system and computed tomography), and sleep
quality monitoring.

Methods
index multimode fiber (GIMMF) between two pieces of very short stepped-index multimode fibers (SIMMFs) spliced with

input-single mode fiber (SMF) and output-SMF, thus forming a SIMMF-GIMMF-SIMMF sensor structure. The core
diameters of the SIMMFs and GIMMF are 105 pm and 50 pm respectively, and their cladding diameters are both 125 pm.

First, the proposed sandwich multimode fiber Mach-Zehnder interferometer is made by sandwiching the graded-
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Then, the effect of interference lengths on the curvature response of the SIMMF-GIMMEF-SIMMEF sensor is studied, and

the optimal sensor parameters are selected according to the experimental results. After that, the designed interferometer is
integrated into an elastic waistband with ultraviolet (UV) glue and fixed on the human abdomen. The respiratory signals of
the volunteers are acquired in real time by monitoring the intensity changes of characteristic peaks in the transmission
spectra of the sensor. The signals are denoised by low-pass filter, and the respiratory frequency is obtained by short-time
Fourier transform (STFT). Finally, a series of respiratory sensing experiments (such as fast breathing, slow breathing,
shallow breathing, and respiratory arrest) are conducted on multiple volunteers to verify the feasibility of the wearable

respiratory sensor.

Results and Discussions The experimental results show that the intensity of the interference peak in the transmission
spectrum of the designed sandwich multimode fiber interferometer is very sensitive to micro-bending (Fig. 4). For sensors
with different GIMMF lengths, the bending response of the characteristic peaks is different, but mainly shows the intensity

1

change. When the GIMMF length is 2 mm within the curvature range of 0-2.36 m ', the characteristic peak intensity
changes by 25 dB, with the most obviously changed overall intensity, largest linear region range, and maximum sensitivity
up to 18.23 dB/m~'. Therefore, a sandwich multimode fiber interferometer with the GIMMF length of 2 mm is selected
for subsequent respiratory experiments. The study of respiratory signal noise reduction by low-pass filtering shows that
this method can filter out most noise in respiratory signals (Fig. 6). Experimental studies for respiratory sensing indicate
that the sensor can distinguish different types of respiratory conditions with universal applicability (Figs. 7-9). For steady-
state respiratory signals with periodic regularity, it is accurate and effective to evaluate respiratory frequency by the
dominant frequency in the fast Fourier transform (FFT) results of original respiratory signals (Fig. 7). For non-steady-
state respiratory signals, the volunteers’ respiratory rates can be displayed in real time using the STFT (Fig. 10). Finally,
the performance comparison among the proposed sensor and other optical fiber respiratory sensors shows that the proposed
sensor 1is characterized by extremely compact structure, high sensitivity, good stability, long service life, and anti-

electromagnetic interference (Table 1).

Conclusions In this paper, a wearable respiratory sensor based on sandwich multimode fiber interferometer is proposed.
The sensor unit is made by splicing a GIMMF with length of 1-3 mm between two SIMMF's with lengths of 1 mm. Due to
the mismatching core diameters of GIMMF and SIMMF, the fiber Mach-Zehnder interference optical path is achieved.
The interference peak intensity of the sensor is very sensitive to micro-bending, with a maximum sensitivity of
—74.03 dB/m " at the curvature range of 0-2.36 m '. Then, the sandwich multimode fiber optic interferometer is
integrated into the elastic waistband and fixed on the human abdomen, and the respiratory signals can be obtained in real
time accurately by monitoring the intensity change of the characteristic peaks in the transmission spectrum of the sensor.
Experimental results show that the sensor can distinguish different respiratory conditions with universal applicability. The
respiratory sensor is characterized by extremely compact structure, baseline drift without signals, high sensitivity, simple
fabrication, low cost, easy integration, and electromagnetic interference resistance. It can be employed in strong
electromagnetic fields or radioactive examination environments, such as magnetic resonance imaging systems and

computed tomography.

Key words optical fiber optics; sandwich multimode fiber interferometers; respiratory sensing; curvature; elastic

waistbands
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