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Towards a fast and stable tachypnea monitor: a Cg,-Lys
enabled optical fiber sensor for humidity tracking in breath
progress
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The pandemic of respiratory diseases enlightened people that monitoring respiration has promising prospects in averting
many fatalities by tracking the development of diseases. However, the response speed of current optical fiber sensors is
still insufficient to meet the requirements of high-frequency respiratory detection during respiratory failure. Here, a
scheme for a fast and stable tachypnea monitor is proposed utilizing a water-soluble Cgo-Lys ion compound as functional
material for the tracking of humidity change in the progression of breath. The polarization of Cgg-Lys can be tuned by the
ambient relative humidity change, and an apparent refractive index alteration can be detected due to the small size effect.
In our experiments, Cgo-Lys is conformally and uniformly deposited on the surface of a tilted fiber Bragg grating (TFBG) to
fabricate an ultra-fast-response, high-sensitivity, and long-term stable optical fiber humidity sensor. A relative humidity
(RH) detecting sensitivity of 0.080 dB/% RH and the equilibrium response time and recovery time of 1.85 s and 1.58 s are
observed, respectively. Also, a linear relation is detected between the resonance intensity of the TFBG and the environment
RH. In a practical breath monitoring experiment, the instantaneous response time and recovery time are measured as 40 ms
and 41 ms, respectively, during a 1.5 Hz fast breath process. Furthermore, an excellent time stability and high repeatability
are exhibited in experiments conducted over a range of 7 days.
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1. Introduction functional materials, which circumvents the involvement of
electron transfer and transport. Consequently, optical sensors
are immune to the capacitance and impedance of the operative
circuit and have more merits in devising rapid response relative
humidity (RH) sensing elements.

The human society has been afflicted periodically by the pan-
demic of respiratory diseases, inflicting huge losses in health, life,
and economy. The recent COVID-19 pandemic enlightened

people that monitoring the respiratory process and intervening The performance of fiber optic sensors is affected by two fac-
in treatment promptly can avert many fatalities from occur-

0] ) R ) - tors: fiber structure and functional materials. Generally, the pur-
ring". It is an investigation focus that combines sensors with £ desioni ical . h h li
breathing equipment and monitoring respiratory status'?! pose of designing optical structures is to enhance the coupling

" between light fields and functional materials, thereby encoding

However, sensors are required to have extremely fast responses he ch forvi 1 ) b al siemal
and recovery times considering the rapid breath of patients with thec anges o .en.VlronI.nenta parameters into t. e optical signals
transmitted within optical fiber. As a result, various fiber manu-

respiratory failure, which is a formidable challenge. Contrasted _ ; _ ) L
with the widely investigated and employed resistance detectors, facturing methods, including fiber tapering™, laser etching™™,
the optical fiber sensors measure the effective refractive index side-polishing!®), and microstructure drawing'®!, were employed
variation correlated with the intramolecular polarization of  to fabricate optical structures aimed at leaking the optical power
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inside the fiber core into cladding. In contrast to the above struc-
tures, gratings encompassing a fiber Bragg grating (FBG)),
long-period fiber grating (LPG)!®, and tilted fiber Bragg grating
(TEBG)™>'%! are ultrasensitive and exhibit superior capacities in
terms of loss, robustness, practical fabrication attributes, and
consistency. Also, considering the environmental disruption,
the TFBG proves to be a preferable choice because the core mode
in the spectrum is unaffected by the change of refractive index
outside fiber and can offset the influences of strain, temperature,
and bending, which is important to the RH sensorst 12,

On the other hand, the selection of functional materials
entails equilibrating the adsorption capacity with water mole-
cules, the ability for the conformal deposition on fiber, and
the rate of water molecule adsorption and desorption in order
to achieve high-performance fiber humidity sensors. Despite
the application of the elliptic PMF fabricated TFBG in breath
monitoring, which exhibited response and recovery times of
35 ms and 41 ms, respectively, the effectiveness of this method
for respiration measurements remains speculative due to its low
signal response!’®!. The utilization of functional materials in
the fabrication of optical humidity sensors continues to be the
prevailing approach in contemporary research. At present,
sensors have been developed by employing organic materials
containing hydrophilic groups, such as polymers''*), sugars'*],
and proteins!'®, as well as traditional gas sensitive metallic
oxides, such as ZnO!”, Sn02[18], and 8102[19]. However, these
materials exhibit low-refractive-index changes after adsorbing
water molecules and require thick films to achieve a sufficient
optical signal response. Consequently, most of these sensors
have response times longer than 10 s. Moreover, graphene oxide
(GO), as a derivative of 2D material graphene, is drawing exten-
sive research in high-performance fiber RH sensors owing to the
small size effect, high surface-area-to-volume ratio, and abun-
dant hydrophilic groups®?*??!. The best performances of a
GO enabled fiber humidity sensor were 45 ms and 115 ms in
response and recovery progress, respectively!''. However, the
challenge of accurately adhering 2D graphene onto the curved
surface of an optical fiber hinders the device’s reliability and
stability, rendering its consistent performance uncertain. As an
allotrope of graphene, Cq, can be considered as a curved gra-
phene sheet with all dimensions less than 1.0 nm. Compared to
graphene, Cq, derivatives have a stronger small size effect. In our
previous work, a fullerene derivative was synthesized by bridg-
ing trimethyl aminomethane (Tris) on the C4 molecule to
increase the hydrophilicity!®*!. Then a fiber RH sensor enabled
by Cgo-Tris was developed, and the equilibrium response and
recovery times were reported as 2.2 s and 3.2 s, which are still
sluggish for breath monitors.

For practical tachypnea monitor application, a rapid response
time, data consistency, and temporal stability are indispensable
characteristics for sensors. In this paper, a novel methodology is
proposed involving solubilizing low-dimensional material ful-
lerene in the fabrication of optical fiber sensors. The affinity
of fullerene derivatives for water molecules was enhanced by
introducing lysine on the Cg, surface to prepare Cqy-Lys. Then
the sodium ion salt of Cyy-Lys was coated on the surface of a

Chinese Optics Letters

TFBG conformally with a nanometric thickness of 480 nm. The
substantial variation in refractive index and compact Cyy-Lys
film endows the prepared optical fiber humidity sensor with
enhanced sensitivity, high stability, and rapid adsorption-
desorption dynamics. Therefore, the sensitivity of 0.080 dB/%
RH and equilibrium response and recovery times of 1.85 s
and 1.58 s are obtained, respectively. In the respiratory monitor
experiment, the instantaneous response and recovery times are
measured as 40 ms and 41 ms, respectively. Additionally, a good
data consistency and long-term stability are also demonstrated
in the experiment.

2. Experimental Section

2.1. Synthesis of fullerene derivatives

In this experiment, a one-step method is employed to prepare
the Cgo-Lys'**.. At first, 100 mL ethanol aqueous solution of 50%
concentration was prepared, and then 5.09 g L-lysine and 1.55 g
NaOH were dissolved in the solution. After that, 100 mg fuller-
ene was dissolved in 100 mL o-xylene to prepare Cq, solution.
Moreover, a water bath method was taken to keep the lysine sol-
ution at 40°C constant; then the fullerene solution was added
dropwise to the lysine solution. After stirring for 3 h, the lower
layer of the solution was retained. At last, the solvent was evapo-
rated, and then the product was dried at 45°C to get Cyo-Lys
powder.

2.2. Fabrication of Cgy-Lys enabled TFBG

The TFBG was fabricated by the phase mask method. At first,
the excimer laser generated a high-energy pulsed UV laser,
and then the light transmitted through a tilted phase mask to
a hydrogen-loaded photosensitive fiber. Then a permanent peri-
odic refractive index modulation was written point by point
in this progress. In the experiment, the mask period is 542 nm,
the length of TFBG L is 15 mm, and the tilt angle 0 is 8°.
Subsequently, the remaining hydrogen in the fiber was released
from the TFBG by a 12 h annealing process at 120°C in a temper-
ature chamber. Finally, the TFBG was immersed in an aqueous
Cgo-Lys solution for 10 min and dried for 20 min at 50°C. We
repeated this coating progress until the thin layer of Cg,-Lys was
deposited on the TFBG.

2.3. Working principle of the TFBG enabled fiber humidity
sensor

A possible working mechanism of Cg)-Lys film is proposed and
demonstrated in Fig. 1(a). The electronic polarization center
of fullerene molecules is located at the center of the spherical
carbon cage. However, when small molecules are grafted onto
the cage, the polarization center shifts away from the center.
Moreover, when water molecules are adsorbed by the grafted
molecules, the electronic redistribution alters the polarization
center of the fullerene derivative system again, leading to a varia-
tion in the polarization intensity. This affects the dielectric
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Fig. 1. (a) Working mechanism of Cgg-Lys film. When water molecules are
adsorbed by Cgo-Lys, the polarization intensity changes. (b) Configuration
of the optical fiber humidity sensor. The transmission spectrum is affected
by the polarity of Cgg-Lys.

constant of the fullerene derivative film at a macroscopic level ™.,
Meanwhile, the change in dielectric constant is more pro-
nounced for fullerene derivatives due to the size effect!?>2¢),
Consequently, in practical measurements, there is a significant
change in refractive index after water molecule adsorption, and
vice versa with desorption.

The optical fiber humidity sensor configuration is illustrated
in Fig. 1(b). The Cg-Lys layer is deposited on the surface of the
TFBG, and the spectrum of the transmission light is employed
for the detection of ambient humidity. The working principle
of TFBG is discussed in this work. The Bragg mode wavelength

Abragg and the ith cladding mode resonance wavelength 7, , ding

in the TFBG transmission spectrum can be expressed as'>”**!

Apragg = 2Nogp Breg8 A / cos 6, (1)

; ladding, i
A = (N + N ") A/ cos 6. (2)

i
cladding
core, Bragg

In the equation, N is the effective refractive index of

the core mode at the wavelength g, Ng?fre’i is the effective

o ladding, i . .
refractive index of the core mode, Nz"“"®" is the cladding mode

at the wavelength 1/, , ding> /\ 18 the interference pattern period of

the TFBG mask, and 0 is the inclination angle of the grating
plane relative to the cross-section plane of the fiber. The reso-
nance intensity of the TFBG, also known as power reflectivity
R, is related to the coupling coefficient x between the incident
core mode and the phase matching mode and the length L of
the grating. It can be expressed as follows:

R =tanh?(xL). 3)

The coupling coefficient « is calculated as follows:

k= C//EZOre ’ ErA"(x,)’)dXd)’: (4)

where C is the proportional constant related to the normaliza-
tion of the transverse mode fields (E... and E,), and An(x, y) is
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the function describing the refractive index perturbation caused
by gratings in the fiber cross section. In this work, the change of
refractive index of Cg,-Lys film is the reason for the perturbation
of An(x, y). The refractive index of Cg,-Lys increases gradually,
which will result in a gradual decrease in the resonance intensity
of the TFBG cladding mode.

2.4, Experiment setup

The experimental setup of the proposed TFBG humidity sensor
is depicted in Fig. S1 (Supplementary Material). In the experi-
ment, a broadband light source (BBS, Hoyatek) with a wave-
length range of 1420-1620 nm was used as the input light.
The polarization state of the light was adjusted to the P state
by a polarization controller (PC, PR2000, JDS Uniphase).
Moreover, the spectrometer (OSA, AQ6370D, Yokogawa) with
a wavelength resolution of 0.05 nm was applied to record the
output spectrum. Humidity atmosphere was generated in a
chamber by adjusting the ratio of dry or moist. A hygrometer
(Jiandarenke, tolerance 1.5% RH) was applied for the detection
of accurate RH data. At last, the fiber humidity sensor was fixed
in the chamber and the RH change can be observed from the
spectrum recorded by the OSA. Since RH is a physical parameter
associated with temperature, all the experiment in this work
was conducted at room temperature controlled by an air
conditioner.

3. Results and Discussion

3.1. Characterization of Cgy-Lys film

Fourier transform infrared spectroscopy (FTIR) analysis was
conducted for the synthetic product. As shown in Fig. 2(a),
the broad absorption peak at 3412.4 cm™! corresponds to N-H
or O-H bonds, while the absorption peak at 1462.3 cm™! (C-C)
represents the characteristic peak of Cqy. Vibrations of C-H,
C=0, and C-N bonds are observed at 2918.3, 1582.3, and
1115.1 cm™, respectively.

The carrier density of Cg is biased at a high concentration due
to the small size; therefore, the RI change can be easily observed
if the polarization is altered by the gas absorption. The strong
hydrophilicity and simple synthesis method of lysine enabled
the success of the experiment.

In this work, a scanning electron microscope (SEM) was used
to characterize the film deposition results of Cgy-Lys on opti-
cal fiber. As shown in Fig. 2(b), the side view indicates that
the film coated on the optical fiber is overall uniform. The
inset is the energy dispersive spectrum (EDS), in which C is
the elements in the Cg-Lys, Si and O come from the silica fiber,
and Al is element of the metal stage used for the placing of opti-
cal fiber. Moreover, the thickness of the Cy,-Lys film is observed
as 480 nm in the profile image in Fig. 2(c). The uniform and
compact Cyy-Lys layer along the fiber surface illustrated in
the SEM images facilitates the rapid adsorption-desorption
dynamics.
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Fig. 2. (a) FTIR spectrum of Cgg-Lys. (b) SEM image of the surface of TFBG. The
inset is the dispersive energy spectrum (EDS) of the TFBG surface, which is
evidence for the existence of Cgo-Lys film on fiber. (¢) Cutting face SEM image
of the Cgg-Lys film.

3.2. RH detection with FHS

The spectrum response of the fiber humidity sensor (FHS) was
researched in this work. The experiment results are illustrated in
Fig. 3. The spectrum recorded by OSA was a typical transmission
spectrum of TFBG, as shown in Fig. 3(a). The period of high-
order-mode resonance is about 1.35 nm, and the max extinction
ratio is observed around 1518 nm. The inset is the enlarged fig-
ure of core mode resonance around 1583.23 nm. The wavelength
sensitivity of the core mode is about 0.078 pm/% RH. The results
indicate that the core mode of the TFBG is humidity insensitive
to the RH change, and it can be used to compensate for the tem-
perature. In the experiment, the RH was increased from 30% to
90% with an increment of 10%. When the RH of the environ-
ment was varied, the resonance strength of high-order mode
was altered, and the reflection intensity can be employed for
measuring the RH. In this work, the resonance strength around
1518 nm was selected for the RH detection, as illustrated in
Fig. 3(b). As the RH increased from 40% to 80%, the inten-
sity of cladding mode changed from -17.542 dB to -12.537 dB.
A slight red shift of the wavelength was also observed from the
spectrum. The total wavelength shift was about 33 pm as the RH
changed from 30% to 90%.

Experiment results indicate that the FHS in this work is a
linear response device as shown in Fig. 3(c). The intensity
versus relative humidity is plotted in blue color. A linear fit is
conducted, and the sensitivity of the device is calculated as
0.080 dB/% RH with a linear correlation coefficient of 0.9577.
Moreover, the humidity induced wavelength shift is plotted by
the red color. The wavelength sensitivity is about 0.55 pm/% RH.
In the context of humidity sensing, this level of response is
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Fig. 3. (a) RH detection results by the FHS. The transmission spectra of FHS at
the environment RH raising from 30% to 90% with the inset showing changes
at the core mode. (b) Detailed variation of the cladding mode in the wave-
length range from 1516 nm to 1520 nm. (c) The blue line is the linear fitting
of intensity and RH at the cladding mode of 1518 nm. The red line is the linear
fitting of wavelength and RH at the cladding mode of 1518 nm. (d) Comparison
of cladding mode intensities at 1518 nm with increasing and decreasing RH.
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negligible and can be disregarded. A reversal experiment was
taken to analyze the recovery performance of the FHS. As shown
in Fig. 3(d), the spectrum returned to its original state as the
humidity reduced from 90% to 30% with an increment of
10%. The results reveal that the FHS enabled by Cgy-Lys is
reversible, and the devices exhibit a low humidity hysteresis.
Furthermore, the decrease in the resonance intensity of the
TFBG cladding mode illustrates that the refractive index of
the Cqy-Lys film is increased.

3.3. Equilibrium response time

The equilibrium response time of gas sensors is an important
parameter. However, the measurement of equilibrium response
time for a fast response FHS is difficult since a rapid change of
environmental humidity needs to be achieved, and the humidity
should keep stable for a period of time. We improved the device
in Fig. SI (Supplementary Material) to obtain a fast change of
humidity atmosphere by reducing the volume of the gas cham-
ber. The detailed experiment setup is illustrated in Fig. 4(a). The
initial gas with humidity concentration of 80% was put in a
chamber. Then a pump with two outputs was placed in the
chamber, and it was applied as a gas pressure source. A valve
was installed at one path of the air and another path transmitted
through a conical flask filled with desiccant. The two air paths
were connected by a Y-tube. A small volume narrow tube was
employed as a gas chamber, and an optical sensor was placed
in it. The air from the Y-tube was injected in the narrow cham-
ber. Moreover, the tail gas was collected by a small chamber, and
the humidity was detected by a resistance hygrometer.

In the experiment, the wavelength of the OSA was settled at
1518 nm, and the scanning point amount was set as 1001. Then
the time resolution was calculated as 0.045 s between each adja-
cent point. In this case, the intensity change of the cladding
mode at 1518 nm versus time can be plotted by the scanning data
from OSA. Experimental results correlating with the ambient
humidity fluctuation from 40% to 45% are demonstrated in
Fig. 4(b), whereas data pertaining to a humidity change in the
range of 60% to 80% are presented in Fig. 4(c). The time interval
for the change of valve state was about 5 s. Four periods were
recorded, and the performance of humidity sensors in each cycle
shows strong consistency. However, the pressure of the gas will
change as the valve state is altered. As a result, the response fig-
ure shows little disturbance at each time when opening or clos-
ing the valve.

The enlarged picture of one period is illustrated in Fig. 4(c) for
the calculation of reaction time. The absorption and desorption
processes demonstrate a decaying-exponential response until
the surface coverage of the absorbing material reaches satura-
tion'*!. In this work, the T90 rule, which refers to the time a
sensor takes to reach 90% of its final state value after a step
change in input, was applied to calculate the response time. As
shown in Fig. 4(b), the response time and recovery time are cal-
culated as 1.85 s and 1.58 s in the T90 rule when the humidity
changes between 40% and 45%, respectively. The response and
recovery times are calculated as 5.52 s and 2.52 s as the humidity
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Fig. 4. (a) Experimental setup of response time. Controlling the opening of the
valve to change the air RH. (b) Results of change between 40% RH and 45% RH,
and the respanse time and recovery time are calculated as 1.85 s and 158 s,
respectively. (c) Results of change between 60% RH and 80% RH. The perfor-
mance of the sensor is ultra-stable.

changes from 60% to 80% in Fig. 4(c). The equilibrium time per-
formance of recent humidity sensors based on optical fiber is
summarized and listed in Table S1 (Supplementary Material).

3.4. Breath monitoring experiment

The proposed FHS in this work was integrated with a breathing
tube and then applied for breath monitoring. The optical path is
shown in Fig. 5(a). A volunteer was instructed to employ various
respiratory rates, simulating tachypnea, to examine the reaction
of the FHS. The details of the breathing tube are shown in
Fig. 5(b). Firstly, one end of the silica fiber was inserted from
outside into the breathing tube. Secondly, the fiber was exited
and a 20 mm length fiber was left inside the breathing tube.
After that, the optical fiber was secured by UV light curing adhe-
sives to ensure that 15 mm long TFBG was exactly placed inside
the breathing tube. The experiment results are illustrated in
Fig. 5. In the experiment, the time scan interval of the OSA was
set to 0.009 s, and the total time of the measurement was about
9 s. The data collected by the OSA are plotted in Figs. 5(c), 5(d),
and 5(e), corresponding to the three tachypnea experiments,
respectively. The response and recovery times of the FHS are
calculated from the enlarged figure shown in Figs. 6(f), 6(g),
and 6(h). The response time and recovery time are calculated
as 45 ms and 126 ms, respectively, in Test-1, 44 ms and 81 ms
in Test-2, and 40 ms and 61 ms in Test-3 with the T90 rule. What
is noteworthy is that the intensity change between the breath on
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Fig. 5. Results of breath monitoring experiments. (a) Breath monitoring optical path. (b) Combination of the sensor and breathing tube. (c)-(e) Spectra at Test-1,
Test-2, and Test-3 with different respiratory frequencies. (f)-(h) Response times of one breath at three tests. (i]-(k) FFT calculates the frequency of three tests.

and off was about 4 dB in the detection progress. The results The response and recovery times detected from the breath
indicate the fast respiration can be properly detected, and the =~ monitor experiments are concluded and illustrated in Table S2
FHS was working in a normal frequency bandwidth. Fourier =~ (Supplementary Material) and Fig. 6. The Cq,-Lys fiber sensor
transforms were taken, and the results are exhibited in Figs. 6(i), =~ proposed in this study demonstrates a sustained level of ex-
6(j), and 6(k); the frequency is calculated as 0.49 Hz, 0.78 Hz,  cellence in response time performance for respiration monitor-
and 1.55 Hz corresponding to the three tachypnea experiments.  ing. Compared to the elliptic PMF fabricated TFBG (E-HIPFG),

021201-6


https://www.opticsjournal.net/richHtml/col/2024/22/2/021201/COL-23-0704_Supplementary_Material.pdf

Chinese Optics Letters

10* ;
OFPI/PVA
—
2 i
sl o
g/ 10 @Microfiber / g-CN
o :
g
g
UE; | @MI / None
S » o TFG / GO-deposited
2 107 o 8TFG / SnO,-PVA 1
E-HIPFG on PMF / None
®TFBG / CgLys
10! i i
10! 10? 10° 10*

Response time (ms)

Fig. 6. Comparison of the response time and recovery time of our FHS with
different materials coated with optical fiber sensor.

-13
215
2
B-17
=
: : | ! ! ! : Day-7
12 -80 -70 -60 -50 -40 40 50 60 70 80
Relative humidity (%)

Fig.7. Stahility test results of FHS within 7 days. The inset figure is the linear fit
results.

the intensity sensitivity of humidity measured in this work has
an advantage about one order of magnitude.

3.5. Temporal stability of the FHS

The temporal stability of the FHS is essential for its practical
application, which depends on the durability of functional
material and the reliability of the functional optical structure.
In this work, the temporal performance of the Cqy-Lys enabled
TFBG was researched by an experiment lasting 7 days. The
results are illustrated in Fig. 7. As the ambient humidity changed
from 40% to 80%, the humidity responses at Day-1, Day-4, and
Day-7 were recorded and they are plotted in pink, purple, and
green, respectively. The inset figure is the linear fit results. The
sensitivity in the RH decreasing process is about 0.082 dB/% RH
and about 0.085 dB/% RH in the rising process. The sensitivity
change is about 3.5% between the rising and decreasing progress.
Our device proposed in this work has a strong linear response,
repeatability, and long-term stability.

4. Conclusion

In conclusion, a Cgy-Lys enabled fiber optic sensor is pro-
posed for the tracking of humidity change in breath progress.
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The sensor is a promising candidate for fast and stable tachyp-
nea monitoring considering the characteristics of ultra-fast
response, high data consistency, and good time stability demon-
strated in experiment. The uniform deposition of Cyy-Lys on the
TFBG surface was confirmed by SEM and EDS. The change in
refractive index of the Cgy-Lys film has a significant impact on
the resonance intensity of the cladding mode of the TFBG in dif-
ferent humidity environments. The experimental results show
that the sensitivity is 0.080 dB/% RH with a high linear coeffi-
cient in the range of 40%-80% RH. In the human respiration
monitoring experiment, the instantaneous response time and
recovery time are about 40 ms and 41 ms, respectively. In addi-
tion, the method of preparing high-stability optical fiber sensors
by solubilizing low-dimensional material fullerene to facilitate
the coating quality was proposed in this work. This method is
beneficial to the development of new optical fiber functional
devices.
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