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There is a growing need to measure respiratory rate (RR) in a variety of applications, including in clinical and
occupational settings, as well as during physical exercises. Fiber optic sensors (FOSs) is an attractive solution for
wearable RR monitoring because of their small size, multiplexing capability, chemical inertness, and immunity to
electromagnetic fields. Here, we review recent advances in FOSs for breath monitoring. We presented the sensing
mechanisms of state-of-the-art sensors and analyze their advantages and disadvantages. We classified recently

reported FOSs based on sensing principles and then critically analyze the strengths and weaknesses of repre-
sentative recent works. Finally, we summarized the challenges and future prospects of breath FOSs, with the aim
of applying them to real applications.

1. Introduction

There has been a growing demand for monitoring respiratory-related
parameters in various applications, of which respiratory rate (RR) is
probably the most valuable to measure. The RR, also known as breath
per minute (bpm), is a physiological variable that reflects human
ventilation. Normal RR for an adult at rest is approximately 12 to 20
bpm. Breath monitoring helps to understand health status in clinical use
[1], for health and safety at work [2], and during physical activity [3].

A large body of clinical evidence suggests that RR is a very useful
vital sign. RR can be regarded as an early indicator of a physiologically
deteriorating condition [4]. For example, the RR can be used to predict
cardiac arrest, to assess the prognosis of acute myocardial infarction [5],
and as an important reference for intensive care unit admission [2]. In
addition, RR is a predictor of numerous potentially serious adverse
events, such as sleep apnea [6], respiratory depression in postoperative
patients [7] and sudden infant death syndrome [8]. Alterations in RR
have also been shown associated with diseases such as diabetic

ketoacidosis, toxicological problems, shock, pain, sepsis, allergic re-
actions and dehydration [9].

RR can be used as a means of monitoring the health and safety of
workers during their activities. Various wearable devices for monitoring
RR have been developed and tested for workers with high levels of
psychophysiological stress [10]. RR has been shown to be useful for the
assessment of cognitive load, emotional stress, environmental chal-
lenges, pain and discomfort in workers [11].RR has also been used as a
sensitive indicator of workload and is important for workers exposed to
demanding tasks and significant responsibilities, including pilots, sol-
diers and surgeons [12]. In addition, RR is strongly influenced by body
temperature [13] and can be used as an indicator of thermal stress,
which is important for workers in hot environments, e. g., firefighters
[13].

RR is a better marker of physical effort compared to the physiological
variables traditionally used (e.g., oxygen uptake, blood lactate and heart
rate) [3]. It is very sensitive to work rate changes that occur during
intermittent exercise [3]. This fits with the intermittent nature of many
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physical activities such as basketball, football, and other team sports.
Measuring RR during exercise has implications for other populations as
well. For example, an altered RR is the indicator of dyspnea during ex-
ercise [14]. It is also a marker of exercise tolerance in patients with
chronic obstructive pulmonary disease (COPD) [15].

In order to respond to the growing demand of techniques that non-
invasively monitor human RR, various techniques are being devel-
oped, in which fiber optical sensors (FOSs) are probably the most
promising type. FOSs are typically in small size with the capability of
multiplexing and chemical inertness [16]. Compared with the tradi-
tional electronic sensors, FOSs are intrinsically immunity to electro-
magnetic fields. FOSs have been demonstrated with good linearity, rapid
response, and excellent sensitivity [17]. Thus, FOSs is turned out to be
very attractive for the application of RR monitoring.

In this review, we overview the recent developments on the FOS-
based breath monitoring sensors, as shown in Fig. 1. The widely used
techniques of FOSs for RR monitoring are addressed specifically:
intensity-based, fiber grating and interferometer. Selected demonstra-
tions that highlight their progress in RR monitoring are reviewed,
categorized by their sensing principle. We also compare the response/
recovery times, packaging solution, and capability to measure multi-
breath patterns of recently reported FOSs and discuss their applica-
bility in RR monitoring. Finally, we summarize the pros and cons of each
category and point out the development directions of next-generation
Sensors.

2. The techniques used in FOSs for breath monitoring

FOSs have many sensing principles commonly used for RR moni-
toring, such as intensity-based, fiber grating and interferometer.
Different sensing principles can be applied fulfil the different re-
quirements in detection applications. Herein, we will introduce the
structure and sensing mechanism of FOSs commonly used in RR mea-
surement, and briefly analyze its advantages and disadvantages.

2.1. Intensity-based FOS

The early intensity-based FOSs are based on the displacement or
bending of fibers, as shown in Fig. 2(a). In the classical setup, at least
two fibers are placed in series. The light source and the detector are
connected with the separated fiber ends [18]. Thus, the light intensity at
the detection end alters as a consequence of the movement or
displacement of fiber in different direction, including in lateral,
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longitudinal, angular, or differential directions.

Another type of intensity-based FOSs is basically the modulation of
the light transmission in fiber, in which the bending of fiber induces the
change of output light intensity. There are to forms of fiber bending,
namely microbend (Fig. 2b) and macrobend (Fig. 2¢). Microbend FOSs
are suitable to measure the strain, pressure, force, position and accel-
eration, which mechanically coupled to the FOS and deforms the fiber
[19]. In the microbend cases, the fiber is usually placed inside a teeth-
like deformer, which contains upper and lower teethes. As the measur-
and is mechanically added on the deformer, the distance between the
two layers of teeth is reduced and microbend along the fiber. There is
typically a linear relationship between the continuous movement of the
deformer and the output light intensity [20]. In the setup of macro-
bending, rather than the implication of deformer, the fiber itself is
formed into a bending formation, e.g., U-shape, round loop(s), sinusoi-
dal shape, etc. [21] Then the bended fiber is placed onto elastic elements
for form a FOS. As the elastic element is deformed, the output light in-
tensity will change as a result of the changes of fiber bending radius.

2.2. Fiber grating

Fiber grating is a diffraction grating with permanent period change
of RI in the fiber core. From the perspective of the RI modulation period,
it can be divided into short period fiber grating (period <1 pm) and long
period fiber grating (LPG) (tens to hundreds of microns) [22]. Based on
the direction of axial index modulation, short period grating can be
divided into fiber Bragg grating (FBG) and tilted fiber Bragg grating
(TFBG).

The FBG can be regarded as a narrow-band filter in fiber core, due to
its coupling mechanism that it only reflects one wavelength and trans-
mits all other wavelengths, as shown in Fig. 3a. The only reflected
wavelength is the central wavelength (Ag) of FBG, which is determined
by.

/‘llg = 2nEﬂA (l)

where ngis the effective refractive index (RI), A is the period of the FBG.
The external perturbation on FBG (e.g., strain or temperature change)
can result in a shift of central wavelength.

In TFBG, the grating was fabricated with a certain angle between the
vector direction and the fiber axis direction. Thus, there are additional
fundamental modes coupling into a series of backward cladding modes,
as shown in Fig. 3(b). As the energy of cladding mode disappears
rapidly, only the transmission peak of cladding mode is left in the
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Fig. 1. Key techniques used in FOSs for RR monitoring via various breath related parameters.
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(c)

Fig. 2. Intensity-based mechanism of FOSs by detecting the fiber (a) displacement, (b) microbending and (c) macrobending.
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Fig. 3. Schematic diagram of structure and optical propagation of (a) FBG, (b)
TFBG and (c) LPG.

grating spectrum. The coupling wavelength (ni;,;) of each cladding
mode can be expressed as.

Kotaa = (Meore + ljyq) A/ cOSH o)

where ngr is the core effective RI, nilad is the effective RI of the i-order
cladding mode, 0 is the angle between the directions of grating vector
and the fiber axis, and A is the period of the TFBG. The cladding mode is
sensitive to the changes of external RI. According to the phase matching
condition, when the nilad is close to the RI of surrounding environment,
the maximum detection sensitivity can be achieved.

In the mode coupling of LPG, there is no backward reflection, but
with coupling between the core fundamental mode and the multiple
cladding modes in the same direction of light transmission, as shown in
Fig. 3c. Thus, LPG can be regarded as a band stop filter. In LPG, there is a
resonant mode coupling between core mode and cladding mode, which
can occur at the wavelength determined by.

A= (e~ ) A ®
where ngr is the core mode effective RI of LPG, nilad is the effective RI of
i-order cladding mode, and A is the period of the LPG. The resonance
wavelength is a function of the difference between the effective RI of
core mode and cladding mode. As the RI of cladding mode is sensitive to
the change of external environment, the shift of resonance wavelength
could be utilized as the indicator of change in external environment.

2.3. Interferometer

The principle of interferometer is the interference of two light beams
with certain difference in optical paths. Basically, there are four types of
interferometers, which are Mach-Zehnder, Fabry-Pérot, Michelson and
Sagnac interferometers, in which the former two are widely used in the
FOSs for RR monitoring according to the recent publications [20].

The structure of Mach-Zehnder interferometer (MZI) is shown in
Fig. 4a, which consists of two 3 dB couplers and several sections of
single-mode fiber (SMF). The input light is divided into two beams with
the equal intensity through the first coupler and enter the reference and
the sensing arms, respectively. In the second coupler, the two lights
combine again. The difference in the optical paths of the two light beams
can be induced by the two arms with different lengths. When the MZI
works as a sensor, the reference arm is isolated from any external
changes as much as possible, while the sensing arm experiences the
measurands induced by the external changes. Both the length and RI of
the sensing arm could be altered by the changes in external environ-
ment, resulting the change of the final interference signal.

Fabry-Pérot interferometer (FPI) is typically formed by two parallel
reflecting surfaces with different reflectance of R; and R», and separated
by a distance of L, as shown in Fig. 4b. Based on whether the reflecting
surfaces are within the fiber or not, FPI can be classified as extrinsic and
intrinsic types.

For extrinsic FPI, there is an air cavity between two fiber ends with a
supporting structure. The extrinsic FPI could commonly achieve high
finesse interference signals with highly reflecting surfaces. However,
coupling efficiency is usually not high for this type of FPI. During
fabrication, careful and precise alignment is required to form the
interference cavity.

The intrinsic FPI contain reflecting surfaces within the fiber. There
are various methods to fabricate intrinsic FPI, e. g., through micro-
machining, using two FBGs in series, through chemical etching, by thin
membrane deposition, using special fibers, or creating an air bubble in
fibers [20]. When the cavity is formed by surfaces with low reflectivity,
the intrinsic FPI can be simplified as a two-beam interferometer. The
reflection spectrum is determined by the phase difference § between the
beams generated from the two reflections [20], that is.

8 =4anL/ A 4

where, n, L and 1 are the effective RI of the cavity medium, the physical
length of the cavity, and the wavelength of incident light, respectively.
The external perturbations, e. g., strain, temperature, humidity, etc.,
could change both the cavity length and effective RI of the intrinsic FPI,
and eventually cause the shift of phase difference.
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Fig. 4. Schematic diagram of (a) MZI and (b) FPIL

3. Foss for respiratory monitoring

In the following content, the recent reported breath FOSs will be
classified according to the sensing principle, i.e., airflow, humidity,
temperature, CO; concentration, and chest-wall-movement based.
Selected demonstrations that highlight their potential or progress in RR
monitoring will be reviewed and compared in terms of response/re-
covery times, packaging solution, and capability to measure multi-
breath patterns, etc.

3.1. Respiratory airflow-based FOSs

At complete rest, the typical adult male exchanges approximately 0.5
L (0.4 L for female) of air per breath at a rate of 12 times per minute,
resulting in a minute ventilation rate of about 6 L of air per minute [23].
In calm, at-rest breathing, the body generates a modest +3 mmHg
pressure swing to create inhalation and exhalation flow [23]. For the
patients with lung disease, such as COPD, the averaged peak inspiratory
flow is tested to be still higher than 30 L/min [24], which is significant
enough for FOSs with typical sensitivity to detect. In some study, the
minimum value of inspiratory peak flow was determined as 10 L/min
[25], which is probably the required limit of detection (LOD) for the
airflow based breath sensors. During physical exercise, the peak inspi-
ratory flow could be as high as 414 mL/min [26]. Various types of the
respiratory-airflow based FOSs have been reported mainly by utilizing
the mechanisms of FPI, FBG, intensity-based, as summarized in Table 1.

An in-line fiber FPI micro-cavity was fabricated by unitizing the void
in the silica fiber core generated by the catastrophic fuse effect. The
resultant fiber containing single open void was cleaved and spliced to an
SMF to form the in-line FPI based fiber spirometer, which converting the
breath airflow into strain variations to the optical fiber, modulating the
FPI spectral response [33]. Another kind of fiber FP sensor was devel-
oped based on the biaxially oriented polypropylene (BOPP) film. The FPI

was form by the SMF end face and the BOPP film. The film changed its
shape when exposed to the breath airflow, resulting in the change of FPI
cavity length. Due to the low Young’s modulus and thinner thickness of
the BOPP film, the sensor demonstrated a high pressure sensitivity of
—0.581 nm/Pa [27]. Recently, we have also reported a wearable breath
sensor based on fiber-tip microcantilever, in which a micro FPI was
formed between the microcantilever and the end-face of the fiber, as
shown in Fig. 5. The cavity length of the micro FP interferometer was
reduced as a result of the bending of the microcantilever induced by
breath airflow. The breath sensor achieved a high sensitivity of 0.8 nm/
(m/s) by detecting the reflection spectrum upon applied flow velocities
from 0.53 to 5.31 m/s [31]. When mounted inside a wearable surgical
mask, the sensor demonstrated the capability to detect various breath
patterns, including normal, fast, random, and deep breaths.

More simplified methods have been demonstrated by utilizing the
intensity-based techniques. The displacement of fiber itself under the
breath airflow has been unutilized as sensing mechanism. In the design
of plastic optical fiber (POF) pair, the two end faces of the POF were
aligned to face each other. The force of the exhaled air caused the
misalignment of the POF pair, resulting in the coupling loss [30]. A
smartphone-based breath sensing system was developed using 3-POF
multiplexing. The breath airflow-induced displacement of the fibers
could alter the intensity contribution of each fiber in the output image
[34]. A single mode-multi mode-single mode (SMS) fiber structure was
also utilized as a breath sensor, in which the airflow induced bending of
the multimode fiber (MMF) could change its RI distribution and result in
the power variation of the output [32]. To enhance the sensitivity to
mechanical perturbations, a liquid-filled photonic crystal fiber (PCF)-
based sensor was developed to change the transmission properties of the
waveguide, resulting in a sensitive carrier to weak vibrations, including
the finger movement and human breathing [35].

FBG-based sensors have also been developed to sensing the breath
airflow based on the temperature or (and) pressure effects. In one

Table 1
Comparison of various intensity-based FOSs for respiratory monitoring.
Principle Key component Packaging Response /recovery time Multiple breath Percentage error, # of Ref
pattern subjects
Flow pressure induced FPI Medical respirator NA Yes NA [27]
2 subjects
Flow pressure effect and FBG Nasal oxygen cannulas NA NA Total relative error <5 [28]
temperature difference %, 10
Airflow induced strain FBG V shaped rubber fixture NA No NA, 10 [29]
over nose
Airflow induced displacement Two aligned POFs Metallic ring maximum sensitivity of 1.2~ NA NA, 1 [30]
breaths/s
Airflow induced -microbending Fiber-tip Disposable surgical mask 0.35,0.5s Yes NA,1 [31]
microcantilever
Airflow induced -bending SMS fiber Thin plastic film in gas NA Yes NA, 1 [32]

mask
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Fig. 5. (a) Schematic diagram of RR monitoring FOS based on fiber-tip microcantilever; (b) and (c) are the representative scanning electron microscopy (SEM)
micrographs of fiber-tip microcantilever; (d) and (e) are recorded representative breath patterns of fast and deep breath with different RR. [31].

design, an optical fiber with a Bragg grating was mounted in a nasal
oxygen cannula to monitor the respiratory activity by the cumulative
effects from both temperature and pressure of exhaled air [28]. In
another design, the FBG was bond over a cantilever which transducing
the nasal airflow into strain variations [29].

The most significant advantage the respiratory airflow-based FOSs is
probably the fast response (typical response time less than 1 s). For those
relying on the external sensing elements, such as cantilever and mem-
brane, the sensitivity and response time are usually limited by the
sensitivity of these elements to breath airflow. Thus, a systematic study
of the key parameters, e.g., the spring constant of cantilever, the Young’s
modulus and thinness of membrane, are highly recommended. For those
based on the displacement or bending of the fiber itself, the breath
sensing performance is easily impacted by the human movement. Thus,
a proper packaging of the sensor is required to both amplify the pressure
effect of airflow and minimize the side effects of ambient temperature
and body motion.

3.2. Temperature based FOSs

The temperature of a healthy human being is about 37 °C while the
exhaled breath temperature varies around 31-35 °C [36]. That means a
difference of about 2-6 °C can be found between the air temperature
from alveoli and the exhaled temperature. It was also reported that the
temperature difference between inhaled and exhaled air can reach
approximately as high as 15 °C [37]. Thus, several types of FOSs with the
capability for reliable temperature measurement can be utilized to
monitor human breath.

Shape memory photonic crystal fibers (SMPFs) was fabricated by
coaxially growing Al;03/ZnO photonic shells onto the polyester fiber
surface. The pyroelectric effect of ZnO endows the SMPF’s temperature-
sensing capability, which can be used as a shape memory temperature
sensor to sensitively detect mouth respiration (33 °C) and nose breathing
(31 °C) even after deformation [38].

Temperature of exhaled air was also directly measured by FBG,
resulting in its Bragg wavelength changes reflecting the breathing rate
[39]. The temperature and pressure effects have been both unutilized for
FBG-based breath sensing in [28]. Temperature sensing film of ther-
mochromic pigment and epoxy mixture was fixed in front of a POF by a
polymethyl methacrylate (PMMA) tube, which can change the color
from white to red corresponding with the respiration process of exha-
lation and inhalation [40]. Such color change was then detected by
measuring the intensity of the reflected light. The setup was tested to be
fully compatible with magnetic resonance imaging (MRI) system
without deteriorating the MR image.

Though FOSs, especially the FBG-based types, demonstrate the

sensitive and linear responses, there is not too many reports of the ones
based on the temperature difference between the inhaled and exhaled
air. This was probably due to the issue of cross sensitivity, e.g., between
temperature and strain, or between humidity and temperature. Besides,
the impact of the ambient temperature, especially in out-door environ-
ment, is also a critical issue for the FOSs to achieve a reliable sensing
performance. On the other hand, some of the selected reports have
utilized the cross sensitivity to achieve multi-vital parameter measure-
ments simultaneously, by applying additional signal processing solution
[41-49].

3.3. Humidity based FOSs

The inhaled and exhaled air differ in the content of water vapor.
Inhaled air is at environmental conditions (relative humidity (RH) from
40 % to 80 %), while the exhaled air is at body temperature and satu-
rated by vapor (RH = 100 %) [50]. Therefore, various types of FOSs
have been reported to measure the RR from the difference of water
vapor contents between inhaled and exhaled air. There are two types of
humidity-based breath FOSs, according to whether including a hygro-
scopic material as the sensing element or not.

One type of the humidity-based breath FOSs is based on the change
in volume (physical thickness) and RI of the hygroscopic material as
they are exposed to changes of surrounding RH, as summarized in
Table 2. Hence, the performance of the sensors is strongly dependent on
the properties of these hygroscopic materials [51]. The fabrication
process is typically more complicated. In addition, their life time may
also become an issue induced by the material alteration or loose com-
bination due to temperature change or chemical corrosion [52]. Limited
by the diffusion coefficient of water molecule into the hygroscopic
material, the response and recover times are typically in the order of
second (even longer than 100 s) for those FOSs using conventional
material such as, polyvinyl alcohol (PVA), agar, agarose, etc. By
applying nanomaterials, especially-two-dimensional nanomaterials
such as graphene oxide (GO), the response and recover times could be
reduced to tens of microseconds.

A surface-plasmon-resonance (SPR) based fiber device was fabri-
cated by using a PVA film and gold coating on the flat surface of a side-
polished POF [61]. The high humidity of the breath could change the
thickness and RI of the PVA coating, and thus alter the resonant wave-
length. The response and recovery times were determined to be 0.44 s
and 0.86 s, respectively. This sensor suffers from the temperature cross-
sensitivity. Humidity detection based SPR breath sensor was also
developed on twisted LPG coated with WSy film [62]. The times of
respiratory rise and fall were 0.315 s and 1.465 s, respectively.

A plasmonic fiber tip for RH detection by integrating a gold
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Table 2
Comparison of various humidity-based FOSs with hygroscopic materials for respiratory monitoring.
Principle Key component Packaging Response Multiple breath Percentage error, # of Ref
/recovery time pattern subjects

Humidity-based Fiber tip multilayer of PAH/SiO2 Oxygen mask, nasal cannula, non-  NA Yes Highest mean accuracy [53]
(PAH/SiO2 NPs) NPs + FBG nearby rebreathe mask of 88.1 %, 15

Humidity-based FBG Homemade fittings under thenose ~ 44.4s,111.7 s Yes Mean percentage errors [54]
(agar) <229 %, 6

Humidity-based (GO) U-shape PPMF based NA 0.28 s No NA,1 [55]

interferometer coated with GO film

Humidity-based Microknot resonator superimposed ~ Breathing mask 0.084 s, 0.029 s Yes NA, 1 [21]
(gelatin) on MZI

Humidity-based Suspended tri-core fiber based FPI A solid substrate with an adhesive ~ 0.08 s, 0.07 s No NA, 1 [51]
(chitosan) polyimide tape

Humidity-based (GO) GO on TFG NA 0.042,0.115s Yes NA,1 [56]

Humidity-based FBG coated with agar Inside a needle within the ducts 90 s Yes ~2%, NA [57,58]
(agar) connecting the ventilator

Humidity-based SnO,, on a four-bridge MOF NA 0.375,0.38 s No NA,1 [59]
(SnO2)

Humidity-based FBG-FPI NA 0.4s,5s No NA,1 [44]
(polyimide)

Humidity-based MoS, nanosheets coated SPF NA 0.855,0.85s No NA,1 [60]
(MoS5)

nanomembrane onto the end-face of a MOF, with response and recovery
times of 156 ms and 277 ms, respectively, to detect the different breath
patterns [63]. Another humidity based sensor was based on the FPI of
the fiber tip multilayer film made of hygroscopic material PAH/SiO2
nanoparticles, together with the FBG located near [53]. Every breath
causes a shift in the wavelength reflected from the FBG and intensity
change in the overall reflection spectrum. Various types of packaging
have been designed and evaluated, such as using oxygen mask, nasal
cannula and non-rebreathe mask, etc. Another similar FBG-FPI probe for
breath sensing has been fabricated based on a layer of thin polyimide
(PI) film on the end face of SMF [44]. The cascaded FBG was used for
temperature calibration and elimination of the temperature cross-
sensitivity in breath sensing with response time of 400 ms and recov-
ery time of 5 s.

SMF

A
\ 4

A

FBG was functionalized by using 1 wt% agar which was sensitive to
the surrounding humidity [54]. The sensor has been tested to be with
low breath detection error of 2.29 % in a study of 6 subjects, however
with a quite long response and recovery times of 44.4 s and 111.7 s,
respectively. Another FBG breath sensor coated by agar was housed in a
needle allowing an easy insertion of the probe within the ducts con-
necting the ventilator to the patient, with a detection error of 2 % [57].
The response is similarly as long as 90 s. The FBG-based needle also has
been applied to simultaneously measure the RH and BR during me-
chanical ventilation [58].

U-shape panda polarization-maintaining fiber (PPMF) based micro-
fiber interferometer was coated with GO film, which has a strong ability
to absorb water vapor [55]. The sensor consists of a microknot resonator
superimposed on a MZI produced by a tapered SMF, with gelatin film
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Fig. 6. (a) Schematic illustration of the humidity-based breath FOS based on a suspended tri-core MOF using a FPI configuration, and the cross section of the fiber;

(b) and (c) are the recorded human breath cycle. [51].
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deposited on the surface of the MZ arm [21]. The infiltration of water
molecules on the gelatin film decreased its RI, resulting in the variation
of transmission intensity. The sensor has a fast response (84 ms) and
recovery time (29 ms), and a large dynamic transmission range.

A low-finesse FPI sensing head was formed for breath sensing using
SnO, sputtering deposition on a four-bridge microstructure optical fiber
(MOF) [59]. Due to the physisorption phenomena of the interaction
between SnO; and H>0 molecules, the output optical spectrum changed
as the exhaled air arrived to the SnO5 nanomembrane. The sensor pre-
sented a response time of 370 ms and a recovery time of 380 ms. A
chitosan polymer filled suspended tri-core fiber as a FPI for breath
monitoring unitizing the chitosan polymer to execute RH sensing [51],
as shown in Fig. 6. Both the RI and volume of polymer changed after
water adsorption, resulting in the shift in the wavelength as well as the
power of the reflected light. The probe shows a fast response during
human breath monitoring with a rising time and recovery time of 80 ms
and 70 ms, respectively.

The largely tilted grating planes of the TFG can induce a set of
polarization-dependent cladding modes and strong evanescent field to
couple with the humidity dependent dielectric of GO layer [56]. Since
the human breathing contains much water vapors, the wavelength shift
of the resonant dip will lead to the power decrease of transmission. A
thin film made of alternating polyethylenimine (PEI) and GO layers was
selected as sensitive coating. It was deposited on a SnO-sputtered fiber
core in a dip-assisted layer-by-layer assembly [64].

In an agarose coated macro-bend fiber (AC-MBF) sensor, stronger
resonance dips was found at 2 pm region, which is at the peak of water
absorption better for humidity sensing [65]. For breath testing, AC-MBF
sensor is with fast response time and recovery time of ~300 ms and 600
ms, respectively. MoS; nanosheets coated on sidepolished optical fiber
(SPF) for the enhancement of humidity sensing as the MoS; nanosheets
possess exceedingly high surface/volume ratio [60]. When the breath air
arrived the sensor surface, charges will be transferred from H20 to MoS;
which induce the change for the effective RI of the deposited MoS,
nanosheets and eventually cause the change of optical transmitted
power.

The other type of breath FOSs is free of hygroscopic materials, as
summarized in Table 3, which allowing them to be fast-response, low-
cost, with long lifetime and robust. The sensing mechanism is usually
based on the RI change induced by the water vapor in the exhaled air or
the condensed water film on the sensing surface.

A miniaturized cross-axial open-cavity FPI was formed by a 45°-
angled side-hole fiber fabricated by a simple end-face polishing process
[66]. The sensor was packaged into a polypropylene tube. When the
humidity inside the tube increased due to the exhaled air, the water
vapor concentration of the in-fiber microchannel will alter optical
properties of the open cavity. The response time was typically around
460 ms since it took time for the inter-diffusion of water vapor between

Table 3
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the open cavity and the external environment.

A breath sensor was directly constructed by sandwiching a segment
of hollow core Bragg fiber (HCBF) between two SMFs [52]. When the
breath reached the HCBF-based sensor, moisture of exhaled air
condensed on the outer surface to form an uneven water film, which will
destroy the uniform silica reflecting surface and increase the trans-
mission loss at the guided band. The sensor presented a rapid response
time of ~0.15 s and recovery time of ~0.65 s. The sensor was turned out
to be insensitive to the variation of temperature and curvature, however
sensitive to the distance between the human face and the sensor due to
the lack in well-designed packaging.

A high-sensitive optical fiber humidity sensor based on in-line
Michelson interferometer (MI) was proposed and demonstrated. The
MI was formed by an asymmetric dual-core fiber (DCF) spliced with a
short section of MMF. The MMF served as fiber coupler, while the DCF
created a strong intermodal interference to strengthen the interaction
between light and ambient moisture [67]. The response and recovery
times were 562 ms and 308 ms, respectively. Another humidity sensor
was fabricated by sandwiching a taper between PCF and a SMF. The
taper and collapsed region in PCF excite high-order modes and couple
them with core mode to form a MI [71]. Both the humidity-induced RI
change in the air holes of PCF and on the region of fiber taper could alter
the high-order modes and thus detect the breath signal. The sensor was
tested to be with a rise/recovery time of 400/200 ms. A breath sensor is
based on an integrated MZI consisting of two off-axis twisted deforma-
tion points and an air channel passing through the core of a SMF [70].
The high-humidity air in the channel determined the RI and eventually
affected the optical path difference of the MZI, resulting in the shifts in
the resonance wavelength.

In a hybrid-structured microtip FPI sensor, a UV cured polymer film
was deposited on the end facet of a SMF and a microtip was fabricated on
top of the polymer film, forming a ultracompact fiber-tip FPI [68]. The
sensing mechanism is based on the increase of microtip effective length
after it swelled because of the diffusion of water vapor molecules.
Though the increase of water molecules may also reduce the RI of the
microtip, the overall output of the sensor presented a redshift of the
reflection spectra. The response and recovery times of the hybrid
microtip FPI sensor for human breathing were 0.65 s and 0.6 s,
respectively,

An eccentric FBG was inscribed in a SMF to excite a stable core mode
and sensitive cladding modes, as shown in Fig. 7 [69]. The interface
evanescent field of the cladding mode was highly sensitive to the
humidity-induced RI variation, while the stable core mode could be used
a self-compensation. It was with fast response (92 ms) and recovery
times (100 ms). Different breathing patterns can be recognized.

Comparison of various humidity-based FOSs without hygroscopic materials for respiratory monitoring.

Principle Key component Packaging Response Multiple breath Percentage error, # of Ref
/recovery time pattern subjects
Humidity-based 45 angled side-hole fiber-based FPI Polypropylene  0.46 s No NA,1 [66]
tube

Moisture condenses on sensor HCBF NA 0.155,0.65 s No NA,1 [52]
surface

Humidity-based SPR PVA film and gold coating on the surface ofa ~ NA 0.44s5,0.86 s No NA,1 [61]

side polished POF

Humidity-based SPR Twisted LPG coated with WS, film NA 0.315s,1.465 s No NA,1 [62]

Humidity-based In-line MI based on DCF and MMF NA 0.562's, 0.308 s No NA, 1 [67]

Humidity-based Hybrid-structured microtip FPI NA 0.655s,0.6 s No NA,1 [68]

Humidity-based RI change Eccentric FBG Breathing tube  0.092s, 0.1s Yes NA, 1 [69]

Water condensation on the integrating a gold nanomembrane NA 0.156 s, 0.277 s Yes NA,1 [63]
sensing membrane onto the end-face of an MOF

Humidity-based RI change MZI and air channel through the core of a NA 0.1255,68s No NA,1 [70]

SMF
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Fig. 7. (a) Schematic configuration of the EFBG; (b) Side-view micrograph of the EFBG; (c) The responses of last guided mode to different breathing patterns and
their corresponding fast Fourier transforms (FFT) results: normal, slow, fast, random breath (from top to bottom). [69].

3.4. Carbon dioxide (CO2) concentration-based FOSs

During inhalation, the fresh oxygenated air flows into branching
progressively smaller airways to ultimately inflate the alveoli and ex-
change O, for CO4. CO3 is expelled upon exhalation and the cycle begins
anew. Humans do not absorb all of the inhaled Oy for metabolism;
inhaled air contains 21 % O3 while exhaled breath contains approxi-
mately 16 % O3 and 5 % CO5 [23]. Thus, ideally based on the difference
of CO3 in inhaled and exhaled air, the RR can be determined by CO,
FOSs.

In CO; FOSs, the key sensing element is CO3 sensitive material. It can
shrink or dilate as the response of change in CO5 concentration. Then its
change on RI, volume, or mechanical constraint on the fiber could be
detected by FOSs. Several selected reports have demonstrated the
feasibility of using FOSs to measure the CO5 concentration in breath.
However, recently there is seldom work reporting using the CO5 FOSs to
measure the RR, probably limited by the long response time of the
sensors that comparable to the time of single human respiration.

Polyimide-coated FBGs for CO; detection based on the mechanism of
CO»-induced volume dilation in the polyimide matrix, which resulted in
a shift of the Bragg wavelength [72]. The detection results indicate that
the polyimide-coated FBGs were of good reversibility and repeatability
within CO,-Nj cycles. A LPG based CO; sensor was coated with HKUST-
1, a material from the metal organic framework family [73].

The COy sensitive dye ion-pair (thymol blue and tetramethy-
lammonium hydroxide) were encapsulated inside organically modified
silica forming an extrinsic FPI cavity for the simultaneous measurement
of CO5 and RH, as a combination of colorimetric measurement and FPI
[45]. The applicability of the sensor was demonstrated by measuring the
CO4 and RH exhaled from human breath with a percent error of 3.1 %
and 2.2 % respectively. With the similar mechanism, dyes of thymol blue
and tetraphenylporphyrin tetrasulfonic acid hydrate (TPPS) were coated
on the distal ends of a 2 x 2 optical fiber coupler for simultaneous
measurements of NH3 and CO, in breath [74]. With the FPI based
methodology, other types of CO, sensing layer, such as polyhexa-
methylene biguanide (PHMB), has also been utilized for breath COy
sensing [75].

Recently, it has been developed a small gas cell attached to the distal
end of a thin optical fiber probe, that could be inserted into airways via a
catheter or a bronchoscope [76]. The target gas penetrates the cell
through small holes. A polyvinylidene chloride film is attached to the
distal end of the hollow optical fiber. The measurement of the CO, was
then obtained with Fourier-transform infrared spectroscopy. Measure-
ment error of the mentioned system was + 0.3 %, minimum threshold of
0.45 % of COs.

3.5. Chest-wall-movement based FOSs

Breathing is made possible by the work of the respiratory muscles,
with the diaphragm and external intercostal muscles playing a major
role during inspiration. The diaphragm contracts itself and moves
downward producing a pressure difference causing air to enter the lungs
[16]. The contraction of the intercostal muscles causes the ribs to elevate
which results in the expansion of the chest cavity allowing a greater
volume of air to enter. This amount of air within the lungs causes an
expansion of the chest wall diameter up to ~7 cm [77], with the cascade
movements of abdomen and back. Basically, the breath FOSs that
transform the cyclic expansion and contraction of the chest into a signal
of RR is based on the strain measurement techniques. Thus, various
types of FOSs that are sensitive to external strain change, including in-
tensity based, FBG and interferometer, have been developed to measure
the RR signal (Table 4).

FBG sensor is a competitive method for monitoring of respiratory
behavior for chest [42,48] and abdomen [81,82] regions since the
sensors are able to convert physical movement into wavelength shift,
which is usually integrated into elastic belts for detecting breathing
activities [83]. Two FBG sensors were encapsulated into a flexible ma-
trix for monitoring both neck movements and respiratory activity, based
on the movement induced strain on the FBG [46]. Both quite breathing
and tachypnea have been detected by the proposed dual-sensor system.
A polyimide-coated FBG sensor was encapsulated into a dumbbell
shaped-flexible matrix to detect the movement of rib cage during breath
[79]. The RR of the 10 volunteers undertaking 14 different working
tasks was measured with an average error less than 5 %. A stretchable
FOS based on an Q-shaped optical fiber with two FBGs on the two ends,
measuring the human skin-induced strain based on light intensity loss
which can be featured by the reflected spectrum intensity variety of FBG
[84]. It has been demonstrated to monitor human activities and physi-
ological parameters, such as RR, joint bending/full-body movement, and
muscle tension by mounted or worn on the body, as shown in Fig. 8a.

Based on the optical power attenuation created by the fiber bending
during the breathing, various microbend-based FOSs have been devel-
oped using different types of optical fibers, including POF [85-87],
hetero-core optical fiber [43]. A light-intensity modulation-based sensor
utilizing the microbending effect in MOFs mounted inside a teeth-like
structure was achieved, to detecting sleep apnea according to the RR
signals that induced by the movements of human back when lying on the
bed [88]. Similarly, a dual-path microbend fiber optic sensor was
fabricated by clamping two separate layers of graded MOF between
three layers of hole-mesh [89], as shown in Fig. 8b. When lying on the
bed integrated with the sensor, the human body movements and vi-
brations, like heartbeats and respiration-caused vibrations, can cause
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Table 4
Comparison of strain-based FOSs for respiratory monitoring.
Principle Key Packaging Response /recovery Multiple breath Percentage error, # of subjects Ref
component time pattern
Abdomen movement- p-shaped SMF Belt NA Yes NA, 1 [78]
based
Rib cage movement Pl-coated FBG Dumbbell shaped-flexible NA Yes Lower than 5 %, 10 [79]
matrix
Abdomen movement- SMS fiber Belt NA No An average Pearson Correlation Coefficient [80]
based of 0.88, 6
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Fig. 8. (a) Working principle of the SSOF sensor [84]. Diverse human activities signals can be detected by the SSOF sensors after proper calibration. Schematic

diagram of (i) Muscle tension monitoring, (ii) Joint bending angle monitoring,

and (iii) Respiratory rate monitoring based on the SSOF sensor. (iv) 3D map of the

SSOF sensor. (b) Cross-section pattern of dual-path microbend FOS [89]. (¢) Schematics of the propagation of light in a straight, bent and pressed FLFFA [90].

fluctuations of the spectra of the microbend fiber sensor. In addition, a -
shaped SMF curvature sensor was encapsulated by poly-
dimethylsiloxane (PDMS) and implanted into the belt to monitor RR
under quiet and walking conditions [78].

By splicing a TCF between two SMFs, a TCF-based sensor was pro-
posed for non-invasive vital sign monitoring, including respiration and
heartbeat [91]. Similar with [35], a flexible liquid-filled fiber adapter
(FLFFA) composed of a soft liquid-filled polymer tubing and two silica
optical fibers was presented, as shown in Fig. 8c. It can be attached to a
human body for versatile sensing applications based on the deformation
of the tubing through bending or pressing [90]. When it attached to a
volunteer’s chest, the difference between normal breath and deep breath
was obtained by analyzing the amplitude and the frequency of the
respiration waveform diagram. A SMS fiber sensor was fastened by an
elastic belt on the abdomen of a person will acquire the respiration
signal when the person breaths, which will introduce front and back
movement of the abdomen, and thus bend of SMS fiber structure [80]. In
the test of 6 volunteers, an average Pearson Correlation Coefficient of
0.88 of the respiration signals has been achieved, which agreed very
well with that of commercial belt respiration sensor.

An in-line few-mode fiber MZI (FMF-MZI) sensor was proposed to
measure the RR and respiration volume by sensing the bending of the
FMF attached to the abdomen [92]. Similarly, an FBG-based MZI system
has been developed for respiration, pulse wave and heart sound [47].
Another fiber optic MZI based smart mattress constructed by sand-
wiching SMF with two PVC layers was fabricated. It has been applied to
measure the RR and HR by detecting the pressure induced the axial
strain on fiber [93]. In another work, by splicing a segment of seven-core
fiber (SCF) on both ends of SMF and tapering it into dual biconical SCF, a
SCF-based MZI sensor was formed to vibrations applied on the inter-
ferometer induced by rib cage movement [41].

As a strain measurement solution, the chest-wall-movement based
FOSs are typically either adhered on the body surface directly [84] or
integrated into belts which worn by the subjects [78]. In other cases, the
FOSs were encapsulated into flexible matrixes that inside the mattress
[41,80,89] and seat back [94], or adhered on the T-shirt [79,95]. It is
worthwhile to adjust the tradeoff between the detection sensitivity and
the comfort of subjects. As directly mechanical strain-based methods,
the FOSs’ response is usually fast, however involving other vital pa-
rameters such as heart rate, body movement and pulse wave. Recently,
some selected FOSs usually were demonstrated with the capability to
measure multiple vital parameters simultaneously either by additional
signal process algorithm [47,91] or the arrangement of multiple sensors
[79].

4. Conclusions

In summary, we have reviewed fiber-based breath sensors with
comprehensive investigation and detailed discussion. The significances
of breath monitoring as a useful way to access the health condition were
introduced in the application fields of clinical use, monitoring of work
health and safety, analysis of physical exercise. Several key techniques
of FOSs for measuring RR have been described, e.g., intensity-based,
fiber grating and interferometer. We classified the recent reported
FOSs according to the sensing principle (i.e., airflow, humidity, tem-
perature, CO, concentration, and chest-wall-movement based) and then
critically analyzed the advantages and disadvantages between them by
reviewing the representative recent works. The performances of the
FOSs were compared in terms of several key performance metrics
(response time, capability to measure various breath patterns, accuracy,
accessible package, etc.). Though considerable headway has been made
in terms of the novel sensor design, improvement of response time, and
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demonstration of measuring multiple vital parameters with high accu-
racy, some fields are still worth exploring.

A grand challenge is the feasibility of the developed FOSs into real
applications. Much research in recent years has focused on elaborating
the sensor design by introducing new sensing material and deliberate
structure. This could enhance the performance of FOSs especially in
terms of sensitivity. However, the breath induced vital parameters are
usually not weak signal indeed. More efforts are suggested to be
contributed to demonstrate the long-term stability, robustness in various
environments, and the accuracy in a larger number of subjects.

Simultaneous measurement of multiple vital parameters is consis-
tently attractive in the development of FOSs. A low-cost and efficient
solution is to unitize the intrinsic cross sensitivity of FOSs to simulta-
neously measure various measurands (e.g., humidity and temperature,
temperature and strain, etc.), if the demodulation of multiple parame-
ters can be achieved by signal process algorithm without additional
hardware cost. Another solution is to use multi-sensor design or develop
hybrid FOSs, which could probably increase the complexity of the FOS
system.

Wearability is another crucial performance metric of FOSs. To
monitoring the RR, FOSs have been encapsuled into worn fabrics,
mattress, chair, sit back, elastic belt, Oxygen tube, breath mask, etc.
Indeed, the FOS itself is highly wearable due to the flexibility of fiber.
However, the benchtop instruments (e.g., light source, spectrometer,
photodetector, etc.) limit the feasibility of portable RR monitoring. More
miniaturized demodulation system and package are favorable for
wearable and portable RR monitoring using FOSs. Besides, as Covid-19
is continuing to spread around the world, there is a potential and op-
portunity for the wearable breath FOSs offer remote monitoring and
management of patients, or even provide a new generation of early
detection solution. We believe these challenges and opportunities for
developing breath FOSs need more interdisciplinary collaborations to
push this thriving field forward.
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