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Breath, as an important health monitoring indicator, provides valuable diagnostic information for cardiovascular
disease and pulmonary function. Humidity can act as a bridge between breath and sensing signals. Current
monitoring methods depend on humidity-sensitive material characteristics. In this work, an all fiber-optic
flexible humidity sensor for wearable breath monitoring is reported. An eccentric fiber Bragg grating (EFBG)
is inscribed in a single mode fiber to excite a stable core mode and sensitive cladding modes. The core mode is
shown to maintain stable spectral features under a high-humidity atmosphere and can be used to calibrate the
wavelength and power of the system. Importantly, the interface evanescent field of the cladding mode is highly
sensitive to the ambient refractive index (RI) and even humidity-induced RI variation. Without combining any
sensitized material, EFBG can directly perceive humidity fluctuations during breath with fast response (92 ms)
and recovery times (100 ms). Different breathing patterns can be recognized, and breathing frequency can be
extracted by sensor responses. The EFBG humidity sensor demonstrates great reproducibility, fast response, high
flexibility, excellent robustness, and self-compensation capability, showing promising potential for wearable

breath monitoring.

1. Introduction

Breath is a critical index used for body health monitoring and disease
diagnosis [1-3]. Abnormal breath frequency and tidal volume might be
symptoms of cardiovascular disease [4,5], neuropsychiatric disorders
[6], sleep apnea syndrome [7,8], and the notorious coronavirus disease
2019 (COVID-19) [9]. Breath monitoring is necessary for prognostic
judgment and illness observation.

Classic breath monitoring is mostly indirect. Humans will complete
the expansion and constriction of the chest and exhale heat through
their nose while breathing. Pressure sensors [10,11] and thermal sensors
[12,13] can be used to monitor these two processes and then reveal
breath states. The fixation methods of sensors or environmental tem-
perature fluctuations have negative effects on monitoring results. Their
comfort, operability and dimensions are not suitable for sick patients.
Alternatively, humidity is a relatively direct parameter that can be used
to characterize human breathing because the airflow relative humidity
(RH) exhaled by humans can sharply reach over an RH of 90% from the
room RH range (30-60%) [14]. This RH rise will not be influenced by

the environment, weather or even movements. Therefore, a convenient
and fast-response humidity sensor is highly desired for breath
monitoring.

Humidity-sensitive material-based sensors have been extensively
utilized for breath monitoring in recent years. The sorption and
desorption rate of water molecules (i.e., humidity) dominate responses
to human breathing, ranging from subseconds to minutes. A single
breathing period is approximately 3-5 s and could sometimes be less
than 1 s. Therefore, humidity sensors used for breath monitoring de-
mand fast response and recovery times, and slow-response humidity-
sensitive materials are not available. Graphene materials [15-17] su-
pramolecular materials [18], nanowires [19-23], leather [24] and hy-
drophilic polymers [25-28] are great candidates for fast-response
humidity-sensitive materials. These materials can be combined with
flexible substrates, such as silicon chips [16,18,29,30], optical fibers
[17,25,31-34] and plastic [23]. However, both graphene materials and
organic materials suffer from tough film transfer processes and poor
processability. Nanowires require a particular and costly growth tech-
nique, which is unsuitable for batch preparation. Polymer materials
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Fig. 2. (a) Side-view microscope of the EFBG; (b) enlarged microscope of the
EFBG; (c) gold film covered on the fiber end; (d) scanning electron microscope
(SEM) image of the fiber lateral surface.
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have very good processing properties, such as plasticity and hygro-
scopicity. The stability of linear polyelectrolytes is not ideal in long-
standing high-humidity environments for breath monitoring.

All mentioned material (humidity-sensitive materials or functional
materials)-based sensors involve substrate fabrication (for instance,
interdigitated electrode printing [24,25]) and material transfer (for
instance, deposition [17] or solidification [25-27]). In these procedures,
maintaining the repeatability and consistency of sensing properties is a
great challenge. These procedures will also reduce the mechanical
strength and compactness of the sensor structure. Material transfer is
laborious and time consuming, which reduces the practicability of sen-
sors. Differences among the fabrication procedures could result in some
sensing performance variations. In addition, materials might gradually
spall off in long-term service. Therefore, breath monitoring based on a
sensor with intrinsic fast-response humidity sensitivity and a compact
structure is significant.

Herein, an ultrafast-response and compact fiber-optic humidity
sensor was proposed and characterized using an eccentric fiber Bragg
grating (EFBG) with an ultrawide cladding mode resonance range.
Specifically, the EFBG was not combined with any humidity-sensitive
material. Taking advantage of the highly refractive-index (RI)-sensi-
tive last guided cladding mode, the EFBG could directly serve as a
humidity-sensitive component. The EFBG was inscribed in a single-
mode silica fiber, which was physically and chemically stable in a
long-term high-humidity atmosphere. Humidity-induced RI changes in
air can influence the interface evanescent field of guided cladding
modes. Then, the guided cladding modes will rapidly respond to that RI
change (including responses of wavelength and intensity). Conse-
quently, an ultrafast response/recovery time (approximately 0.1 s) was
obtained based on the EFBG humidity sensor. Furthermore, the core
mode of the EFBG was quite stable for sensing humidity change and
could be a great calibration for temperature perturbation and layout
stability detection. The EFBG was utilized for real-time breath moni-
toring and could detect different breathing patterns. The EFBG shows
excellent responsiveness, flexibility, robustness and repeatability and
has promising potential for breath monitoring applications.

2. Methods of device fabrication

Fig. 1 shows the schematic of the EFBG. Generally, a normal fiber
Bragg grating (FBG) involves a core mode and a comb with slight
cladding modes that is induced by coupling between the forward-
propagating core mode and backward-propagating modes along the
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Fig. 3. (a) Original spectrum of the EFBG in air; (b) evolved spectrum of the EFBG in alcohol. Each mode type is covered by corresponding color patch in

the spectrum.
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Fig. 5. Intensity responses of the EFBG versus different humidity (red symbol:
last guided mode; blue symbol: core mode).

cladding in the spectrum. The coupling strength is related to the position
of the modulated RI that is induced in the optical fiber core by photo-
inscription. The eccentric position of the modulated RI can magnify
coupling extremely [35,36] The wavelength (1) of the i-th cladding
mode resonances is given by the following phase-matching conditions.

}‘:(neﬂmre + ne_[ﬁc/ad,i)A/m 1)

where g core and ey, clqd,i are the effective Rls of the core mode and i-th
cladding mode, respectively. A is the Bragg grating period along the fiber
axis, and m is the order of grating. From Eq. (1), the ambient RI can
influence the effective RI of the cladding modes, and further result in the
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Fig. 6. Hysteresistestof the RH response (intensity responses of the single
wavelength laser reflected by the EFBG).

resonant wavelength. This provides a mechanism to sense ambient RI.

The investigated EFBG was inscribed in a standard single-mode fiber
(Corning SMF-28e) with a core diameter of approximately 9 um using
the point-by-point technique and a femtosecond laser (Spectra-Physics,
Solstice, with a pulse width of 100 fs, a central wavelength of 800 nm,
and a repetition rate of 1 kHz). The fiber was held on a three-
dimensional (3D) translation stage (Newport Corp., XMS50 and
GTS30V) for precise alignment and displacement. To inscribe the
grating, the laser beam was focused in the fiber core by a 50 x oil-im-
mersion microscope objective with a numerical aperture value of 1.25.
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Fig. 8. (a) Experimental setup for breath monitoring; (b) photograph of a
volunteer performing breathing trials.

The grating period was set to 1130 nm. Specifically, the focused laser
beam was not centered in the fiber core but off-centered to magnify
cladding mode coupling. During inscription, a series of periodic off-
center RI modifications could be achieved inside the fiber core when
the fiber was moved in relation to the focused laser beam, as shown in
Fig. 2(a) and (b). Generally, EFBG devices are observed in the trans-
mission spectrum [35], which requires two end connections. This is not
convenient for subsequent measurement and packaging. Therefore, a
gold film was coated on one end of the fiber (over 100 nm) by magne-
tron sputtering to reflect more than 90% broadband light, as shown in
Fig. 2(c). Transmission was transformed to reflection. The gold film was
used as a mirror and would not contribute to the sensing performance,
the detailed comparison of different spectra is illustrated in Fig. S1 of
Supplementary material. The fiber was not deformed or damaged but
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Fig. 10. Response and recovery times of the sensor versus different breathing.

was partly RI-modified in the core. In contrast to the structures of classic
fiber humidity sensors, there was no restructuring, such as polishing
[33], tapering [26,37] or splicing [34]. Some of optical fiber in-
terferometers are relatively high-sensitive devices, while they are sen-
sitive to many environmental parameters. They are not stable for breath
motoring because humidity, temperature, airflow induced vibration can
result in interferometric phase variation. Importantly, the fiber lateral
surface was not combined with any sensitized materials, as the scanning
electron micrograph shown in Fig. 2(d). The EFBG was very compact
and easy to fabricate. Thus, the robustness, chemical stability, flexibility
and nontoxicity of the optical fiber material (silica) were preserved. The
EFBG can endure long-standing high-humidity atmospheres. Therefore,
the EFBG is well suited for monitoring patients’ breath status in terms of
material properties.
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Table 1

Comparison of humidity sensing performance on breath monitoring with reported works.
sensor sensitized material type response time/s recovery time/s self-compensation Ref.
polyethylene naphthalate substrate with GO 2D material 0.03 0.03 N/A [15]
P-doped silicon substrate with graphene 2D material 0.6 0.4 N/A [16]
tilted optical fiber grating with GO 2D material 0.042 0.115 N/A [17]
P-type silicon substrate with silicon nanowire nanowire - - N/A [18]
plastic substrate with TiO, nanowires nanowire 2.14 14.86 N/A [23]
micro fiber knot resonator with gelatin polymer 0.084 0.029 N/A [26]
ceramic substrate with polyelectrolytes polymer 0.29 0.47 N/A [27]
multimode fiber with Au nanomembrane metal 0.156 0.277 N/A [32]
etched optical fiber with MoS, sulfide 0.066 2.395 N/A [34]
EFBG ( this work ) not required 0.092 0.1 available /

3. Evaluation of refractive index response

Fig. 3(a) shows the resonant mode reflection of the EFBG in air
(RI~1.00). The resonance located at the longest wavelength corre-
sponds to the guided core mode, which is confined in the core (total
reflection condition [38]). It remains stable when the ambient RI is
changed. Here, the EFBG present a similar spectrum to tilted fiber Bragg
grating (TFBG) [39,40], while the wavelength range of TFBG is depen-
dent on titled angle. And the cladding modes comb of the TFBG is
limited and discontinuous. In contrast, The EFBG has better spectral
characteristics. Each cladding resonance mode has a one-to-one relative
effective RI value according to Eq. (1), which can be modified by the
ambient medium (including the wavelength and intensity). Cladding
modes can be divided into three groups: the guided mode, cutoff mode
and leaky mode. The guided modes are the cladding modes that have
higher effective RI values than the ambient medium RI. The leaky modes
are the cladding modes that have a lower effective RI value than the
ambient medium RI. The cutoff mode is the boundary between guided
modes and leaky modes. We can observe the cutoff cladding mode of the
air medium in the reflection. When immersing the EFBG in alcohol
(RI~1.36), partial guided modes will be suppressed or eliminated as the
Rl increases and is transformed to leaky modes. The intensities of guided
modes will maintain their original spectral character because they
satisfy propagation conditions [38]. However, the intensity of the
transformed modes is weakened or even eliminated relative to their
original state, as shown in Fig. 3(b). Importantly, the last guided mode
next to the cutoff mode will be gradually transformed to a cutoff mode if
the ambient RI is further increased. The evanescent field of the last
guided mode is the most perturbed by the ambient RI; thus, it offers the
maximum RI sensitivity [39,40].

4. Results and discussion
4.1. Humidity measurement

Humidity refers to the water vapor concentration in air, which can
modify the effective RI of air to a certain extent. The last guided cladding
mode that has an RI approximately equal to that of air can perceive RI
modification because the air medium can rapidly affect the evanescent
field of the last guided mode. To measure the humidity response, the
EFBG was sealed in a homemade temperature and humidity chamber.
The ambient temperature was set to 32 °C because the airflow temper-
ature exhaled by humans is approximately 32 °C. The RH was stepwise
increased from 50% to 92.4%RH, and each step was held for 30 mins to
attain humidity stability. Here, the RI change induced by low water
vapor concentration is undetectable for the evanescent field of the
cladding mode, so the proposed sensor is insensitive in very low hu-
midity atmosphere. It is a common problem for most breath monitoring
methods based on humidity sensors [15,26], the effective operation
range are generally from 40% to 90%RH.

Light from a broadband source (YSL SCseries) was launched into the
EFBG through a polarizer, a polarization controller (PC) and a

circulator. The input polarization state was adjusted to p-state. The
reflection was recorded by an optical spectrum analyzer (OSA,
AQ6317C, Yokogawa). The full spectrum responses of the EFBG to RH
are shown in Fig. 4(a), and the local magnified spectra of the last guided
mode and core mode are shown in Fig. 4(b) and (c). Clearly, as humidity
increases, the last guided mode is affected by the water vapor concen-
tration, but the core mode is unaffected. The last guided mode presents
intensity fluctuation and wavelength shift because of the water vapor-
induced RI increase. To characterize humidity responses more
directly, the broadband source was replaced by a tunable laser (N7776C
and N7778c, Keysight), and the wavelength of the laser was successively
fixed at the edges of the last guided mode (1387.11 nm) and core mode
(1636.38 nm), as shown by the arrow position in Fig. 4(b). The fluctu-
ations of wavelength and intensity can be unified into the reflection
intensity of the laser. Fig. 4(d) and (e) presents the laser reflection re-
sponses of the last guided mode and core mode to humidity, respec-
tively. We plot the peak intensity amplitude of the laser reflection of the
cladding mode and core versus different humidity, see Fig. 5. The
response of cladding mode is not linear but quadratic fitting, and
reflection of the core mode is quite stable. The core mode is insensitive
to the humidity, contributing the potential system power monitoring
based on the core mode intensity. The system power fluctuation can
influence the humidity response of the last guided mode, which can be
referred out by the core mode response. Thus, the core mode can be used
as a power and wavelength reference. The hysteresis response of the
EFBG was also measured by ascending and descending processes. As the
results show in Fig. 6, the intensity amplitude of the last guided mode
and core mode show consistent humidity responses during the processes
of the humidity ascending and ascending, demonstrating the perfect
repeatability of the EFBG.

4.2. Temperature measurement

Temperature cross-sensitivity is the drawback of most optical de-
vices. Here, the temperature response of the EFBG was also experi-
mentally investigated. The temperature was increased from 20 °C to
40 °C with a step of 5 °C. Ambient temperature can cause thermo-optic
coefficient variations in fiber materials [41]. As a result, both the last
guided mode and core mode present redshifts in wavelength with
increasing temperature; see the experimental results shown in Fig. 7(a)
and (b). The last guided mode presents a slight intensity increase that is
negligible compared to the humidity-induced intensity change. Notably,
the core mode presents redshifts in wavelength but not obvious intensity
fluctuations. In addition, the core mode is insensitive to humidity, as
discussed in last section. Therefore, during humidity monitoring, the
temperature effect on the last guided mode can be calibrated by the
response of the core mode. The wavelength self-compensation of the
EFBG against different temperatures is available.

4.3. Breath monitoring

Humidity variation induced by breathing is generated in a short time
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and usually lasts 3-5 s, and the response and recovery times are signif-
icant indicators of breath monitoring. Based on a measurement setup
similar to the humidity test setup, a photodetector (PD) was used to
convert the light intensity into electric signal. After passing through the
circulator, the reflected light from the EFBG was monitored by an
oscilloscope (Tektronix, MDO3000), as shown in Fig. 8(a). The EFBG
was enclosed in a breathing tube to contact inhaled and exhaled air,
illustrated in Fig. S2 of supplementary material. Also, attributing the
micro size and excellent flexibility, the proposed sensor can be imbed-
ded in other respiratory equipment, such as breathing tube, oxygen
mask, and even be attached below the nose. The breathing tube was
inserted the nasal cavity of the volunteer, as shown in Fig. 8(b). Again,
the wavelength of the laser was successively fixed at the edges of the last
guided mode (1387.11 nm) and core mode (1636.38 nm) to verify the
response of these two modes to breath.

Four breath groups were validated, corresponding to normal
breathing, deep breathing, fast breathing and random breathing. The
response of the core mode to breath was measured first, as displayed in
Fig. 9(a). The core mode was very stable during four measurements. The
temperature in the breathing tube was maintained at approximately
30 °C. The response of the core mode confirmed that the temperature
inside the breathing tube was relatively constant. Therefore, the tem-
perature will not result in a significant effect on the measurement.
Subsequently, the last guided mode was used to track breath activity (a
demonstration video is available in the media materials), and breath was
distinguished by the output high-level signal. The results detected were
very consistent with actual breath. Normally, breath is steady and reg-
ular (see Fig. 9(b)). Under sleep and meditation conditions, breath will
slow down (see Fig. 9(c)). To take in more oxygen during exercise,
breath becomes rapid (see Fig. 9(d)). The breathing frequencies can be
determined by obtaining fast Fourier transforms (FFT) (see Fig. 9(f)-(i)).
For the last measurement of random breathing (Fig. 9(e) and (i)), five
different frequencies are extracted from the result in the time domain. A
demonstration video of monitoring human breath is presented in Video
1. Therefore, the proposed sensor can achieve high resolution for breath
monitoring.

Supplementary material related to this article can be found online at
doi:10.1016/j.snb.2021.130794.

From the results of the last guided mode (Fig. 9(b)-(e)), the high level is
not flat but fluctuant, especially for low-frequency breath. Because optical
fibers are not hydrophilic, they cannot absorb water molecules. The
dispersed water molecules circled around the fiber with exhaled airflow
and were not well distributed. Inevitably, human breathing can induce the
variational airflow. The humidity of such airflow is not isotropous. How-
ever, the airflow induced vibration is not significant, as the results shown in
Fig. 9(a), the response of core mode is unchanging. The grating period of
EFBG and the elastic-optic coefficient of fiber material are negligible.
Moreover, the frequency of that vibration induced by breath or speaking is
much higher that breathing rate. The dominating voltage fluctuations of
the results in Fig. 8 are contributed to breathing induced humidity change.
This is a common phenomenon for breath monitoring in previous literature
because the absorption capacity of hydrophilic material is also not always
constant. It can be improved by steady-flow intake passage and signal
filtering. However, monitoring is not significantly influenced by this mat-
ter, as presented in the above experimental results.

The corresponding response and recovery times of the four breathing
frequencies are illustrated in Fig. 10. The response and recovery times
are approximately 100 ms (at least 92 ms, at most 118 ms). In contrast,
the response and recovery times of sensors in the literature are subject to
breathing frequency because hydrophilic materials will absorb more
water molecules and need a longer time to desorb water molecules at
low frequencies. Thus, the residual water molecules in the materials of
the last breath will affect the next one. Evidently, the proposed sensor
addresses this problem. Moreover, with great robustness and chemical
inertness, the sensor maintains very high performance for several weeks,
indicating its excellent repeatability and long-term stability. The entire

Sensors and Actuators: B. Chemical 349 (2021) 130794

demonstration system can be replaced by several miniaturized elec-
tronic modules, and the real-time breath state can be outputted by a
mobile phone app, as the integration module of sensing system shown in
Fig. S3 of Supplementary material and demonstrated in Video 2. All
modules are mature and cost-effective photoelectric or electronic com-
ponents. We can match each mode resonance wavelength with corre-
sponding LED. The wavelength of LED module can easily switch back
and forth between the core mode wavelength and the last guided mode
wavelength. And the size can be further reduced with the smaller
modules and the simplified circuit board. The volume of sensing system
and monitoring method are appropriate for wearable devices.

Supplementary material related to this article can be found online at
doi:10.1016/j.snb.2021.130794.

Table 1 shows the reported humidity sensors developed for breath
monitoring. Combining humidity-sensitive materials is the most com-
mon method, and graphene oxide (GO), nanophase silicon, supramo-
lecular materials and hydrophilic polymers are good candidates.
However, the sensing performance is subject to a combination effect
between the sensitive material and substrate electrode. Achieving du-
rable and reproducible sensors is challenging. The proposed sensor
provides a new solution to breath monitoring, and it takes full advantage
of its inherent sensing capability and avoids material combination. It
still exhibits response and recovery times that are roughly equivalent to
those of reported humidity sensors. Furthermore, based on the core
mode response, it offers unique self-compensation capability for tem-
perature and system power.

5. Conclusion

A novel all fiber-optic humidity sensor without any hydrophilic
material combination, was proposed and experimentally demonstrated,
presenting excellent performance for human breath monitoring. The
sensing mechanism is based on the reaction between the evanescent
field of the cladding mode and RI variation induced by exhaled water
vapor. It eliminates the limitation of hydrophilic materials but offers fast
response time (92 ms) and recovery time (100 ms). The proposed sensor
demonstrated an excellent capability for breath-pattern sensing. The
sensor is very compact, flexible, robust and stable. Moreover, it provides
self-compensation capability for the system power and the temperature
fluctuation. We believe that it is a promising candidate component for
wearable devices and healthcare equipment.
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