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ABSTRACT: Optical fiber humidity sensors have sparked
enormous interests in many fields because of their excellent
features. However, it remains a great challenge to balance
sensitivity, humidity response, temperature crosstalk, and wet
hysteresis for real-world application. To overcome this trade-off, an
optical fiber humidity sensor is developed here by coating
functional graphene oxide (GO)/polyelectrolyte nanocomposite
film on the excessively tilted fiber grating (ex-TFG), in which GO/
polyelectrolyte nanocomposite film is employed for enhancing the
hydrophilicity and accelerating the adsorption/desorption of water
molecule, while the ex-TFG is utilized for improving the sensitivity
of refractive index and eliminating the crosstalk of temperature. By
this design, optical fiber humidity sensors achieve high sensitivity,
rapid response and recovery, low hysteresis, and temperature crosstalk as well as excellent repeatability and stability in large relative
humidity (RH) range. Our work provides a promising platform for effective RH monitoring systems that can be widely applied in
rapid diagnostics, pharmacy, precision medicine, and so forth.
KEYWORDS: optical fiber humidity sensor, ex-TFG, polyelectrolyte, GO-doped PAA

1. INTRODUCTION
Relative humidity (RH)1 measurement is required in many
fields such as environmental monitoring,2 precision health-
care,3 food/drug storage,4 precision manufacturing,5 and
agricultural production.6 As a key component of instruments
for RH measurement, RH sensors have attracted extensive
attention from academic to industrial fields. To date, various
RH sensors have been explored based on distinct principles,
such as electronic, mechanical, surface acoustic wave, and near
infrared.7 Among these developed RH sensors,7,8 optical fiber
humidity sensors have been exploited widely due to their
essential merits of anti-electromagnetic interference, corrosion
resistance, remote operation, multiplexing, light weight, and
small size, which are especially adapted to build a distributed
RH monitoring system under harsh surroundings.9,10

For real-world applications, optical fiber humidity sensors
with high sensitivity, large RH range, fast response/recovery,
low wet hysteresis, and temperature crosstalk are emergently
required. Though many efforts have been made by previous
studies, but regrettably, there is inevitable trade-off for the
performance mentioned above.11−18 In general, there are two
factors that determine the performance of the RH sensors. One
is the fiber structure, and many like tapered fibers,19 etched

fibers,20 hetero core fibers,21 hollow core fibers,22 side-polished
fibers,23 and grating-assisted fibers24 were involved by previous
efforts. In all the above configurations, due to the physical
alteration of dimension and microstructure, the optical fiber
suffers high optical loss, and the robustness, practicability, and
repeatability of the sensor are greatly compromised. Some
grating-based fibers with high practicality and reliability like
fiber Bragg grating (FBG) and long-period fiber grating
(LPFG) could be severely influenced by many perturbations
such as strain, temperature, and bending.25,26 Compared with
the above-mentioned micro-structured optical fiber, the
excessively tilted fiber grating (ex-TFG) integrating the merits
of the FBGs and LPFG has been demonstrated to be
applicable for many sensing applications, which have stronger
interactions with the ambient medium and are very sensitive to
environmental conditions. Their higher sensitivity to the
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surrounding refractive index (RI) has led to extensive studies
on their use as accurate RI sensor elements. Furthermore, it
can be advantageously utilized for multiple sensing, including
the strain, twist, RI, polarimeter, and biological sensing due to
its distinctive cladding mode coupling and temperature
insensitivity, which is very important for RH measurement.27,28

On the other hand, the selection of hygroscopic coating
needs to consider the hygroscopic and dehydration character-
istics, the surface adhesion on fibers, the microstructure and
thickness, and optical properties. Several moisture-sensitive
materials have been reported, including gels,29 metal oxides,30

polymers,31 and so forth. Among them, graphene oxide (GO)
has high surface-area-to-volume ratio and strong absorption
property in a wide wavelength range. More importantly, there
are abundant oxygen-coating groups in GO layers for
interacting with water molecules, such as hydrophilic hydroxyl,
epoxy, and carboxylic groups, which provide a channel for
super-permeability to water molecules, facilitate fast interaction
between water molecules and GO layers, and thus are regarded
and developed as a good choice for a moisture-sensitive
layer.32 However, it is easy to fall off from the fiber surface
through simple combination by molecular bond, and thus, the
stability and durability of the sensor cannot be guaranteed.
Recently, polyelectrolyte-based materials such as poly(acrylic
acid) (PAA) easily forming hygroscopic networks on glass,
plastic, and other substrates have been demonstrated with
moisture-sensitive properties.33 However, PAA involves less
amounts of hydrophilic oxygen-containing functional groups,
which leads to limited water absorption and lower RH
sensitivity. Therefore, the combination of GO and PAA
seems to be perfect to overcome each other’s shortcomings; it
is highly achievable to dope an appropriate amount of GO into
PAA to prepare a nanocomposite functional moisture-sensitive
material with high hydrophilicity and rapid adsorption and
desorption. Based on the above understanding, the combina-
tion of ex-TFG and functional GO/PAA nanocomposite
moisture-sensitive film not only is highly expected to
accomplish the development of an excellent and balanced
comprehensive performance of optical fiber humidity sensor
but also provides a unique opportunity to investigate and
demonstrate the effectiveness and performance of moisture-
sensitive materials.

In this work, high-sensitivity, rapid response, low hysteresis
and temperature crosstalk, and high practicality RH sensors
based on ex-TFG functionalized by GO/polyelectrolyte
nanocomposites were devised. In our design, the interaction
between the GO/PAA composite layer and the cladding
resonant mode of the ex-TFG has been enhanced for sensing
the ambient humidity without endangering the fiber, in which
the PAA was used to provide good adhesion on the fiber
substrate and build good hygroscopic networks, and GO was
doped into PAA to further improve the hydrophilicity of the
moisture coating, and thus, the comprehensive performance of
the proposed RH sensor has been substantially improved.

2. WORKING PRINCIPLE
As reported,27,28,34 ex-TFG can be regarded as an LPFG with a
very short period. It has a low temperature coefficient and
higher RI sensitivity than LPFG and tilting FBG (TFBG).
Similar to LPFG, ex-TFG couples the core mode into forward-
transmitted cladding modes. Due to the tilt angle of the grating
segments, their cladding modes exhibit significant polarization
dependency in the spectrum.35,36 According to the phase-

matching condition of ex-TFG, the resonance wavelength of
the cladding modes can be expressed by

= n n n( ( ))l m
res eff

co
eff
clad( , )

SRI (1)

where λres represents the resonance wavelength; neff
co is the

effective RI (ERI) of core mode, which is insensitive to
perturbations of the surrounding medium; neff

clad(l,m) is the ERI
of cladding mode; nSRI is the RI of surrounding mediums
(SRI); l stands for azimuthal order; m is radial order; and Λ is
the period of grating.

Figure 1a shows the 3D diagrammatic sketch of the
proposed optical fiber humidity sensor. In order to improve

its RH sensitivity, a functional composite moisture-sensitive
film (GO/polyelectrolyte) was coated onto the ex-TFG to
enhance the modulation of light signal caused by the changing
external humidity. The top-left inset in Figure 1a shows the
molecular structure of the composite film, and the top right
inset exhibits the image of ex-TFG. The experimental setup is
exhibited in Figure 1b by connecting the sensor with a
spectrometer and light source when measuring the environ-
mental RH. The resonant wavelength of the polarization states
at the fast-axis mode with low temperature sensitivity and high
RI sensitivity can be selected by the polarization controller
(PC) for further humidity sensing studies.

The sensing principle of the ex-TFG-based RH sensor could
be revealed directly by eq 1. During the adsorption and
desorption of water molecules by the film, the ERI of cladding
modes in the ex-TFG changes as a consequence of the
variation of SRI, and then, the resonance wavelength of
cladding modes shifts. In short, the changing external humidity
(water molecules content in air) triggers the change in the RI
and thickness of the moisture-sensitive film, which causes the
resonant wavelength shift of the cladding modes. The details of

Figure 1. The ex-TFG-based RH sensor was coated with GO/PAA
composite film. (a) Schematic diagrams of sensor probe, top left inset:
molecular structure of the GO/PAA; top right inset: the image of the
ex-TFG; (b) experimental setup for RH measurement.
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the interaction mechanism between the functional film and
water molecules will be discussed in the next section.

3. MATERIALS AND METHODS
3.1. Experimental Materials and Chemical Reagents. Sulfuric

acid (98%, H2SO4), hydrogen peroxide (30%, H2O2), and ethanol
absolute (97%, C2H6O) were purchased from Sinopharm Chemical
Reagent Co. (Shanghai, China). All reagents were of analytical grade.
PAA (no.: 523925, average molecular weight ∼100,000, 35 wt %
solution in water) was brought from Sigma-Aldrich Trading Co., Ltd.
(Shanghai, China). GO aqueous suspension (no.: G139812) with a
mass fraction of 1 wt % was acquired from Aladdin Reagent Co., Ltd.
(Shanghai, China). To ensure that each GO sheet can absorb water
molecules as much as possible, the thickness of selected GO flakes
was larger than 500 nm. All solution was prepared by using (deionized
water) DI water. The single mode fibers (SMFs) (core/cladding
diameter, 8/125 μm) were purchased from Yangtze Optical Fiber and
Cable Co., Ltd. (Wuhan, China).
3.2. Fabrication of RH Sensor. 3.2.1. Fabrication of Ex-TFG.

According to our previous work,37 ex-TFG was inscribed in an SMF
by femtosecond laser directly in a line-by-line manner with the lines
crossing the fiber core. The pulses were generated at a wavelength of
515 nm with a repetition rate of 100 kHz and were focused through
an oil-immersed 100× objective lens. The SMF was mounted on an
air-bearing 3D translation stage to secure precise motion control
during inscription, before which the fiber jacket was removed. The
angles of the grating segments and the grating period were configured
in advance on the computer. The top right inset of Figure 1a shows
the ex-TFG obtained by a high-resolution microscope; the grating
period was 31 μm, and the length and the tilted angle of the grating
plane were 1.86 cm and 81°, respectively.
3.2.2. Preparation of the Functional Film on Ex-TFG. The RH

sensor probe was prepared by coating the outer surface of ex-TFG

with a GO/PAA composite film in a typical dip-coating method. First,
the PAA precursors and GO/PAA precursors were prepared. The
PAA aqueous precursor was prepared by dilution of 35 wt % PAA
stock solution in DI water. The GO solution was prepared by adding
GO aqueous suspension (1 wt %) into DI water. In order to maintain
the single-layer or few-layer structure of GO, GO aqueous suspension
was sonicated for 2 h at a frequency of 40 kHz and a power output of
240 W. Then, the GO dispersions were stirred continuously at room
temperature for 8 h to remove the undissolved material, resulting in
the formation of the GO solution. When preparing the GO/PAA
precursor, the PAA aqueous solution was mixed with GO dispersion
of a different amount and stirred in air overnight to obtain a
homogeneous mixture.

Second, the functional films were dip-coated onto ex-TFG. Before
coating, the surface of ex-TFG was washed by alcohol and DI water
first and then soaked in piranha solution (i.e., sulfuric acid, 98%
H2SO4 and hydrogen peroxide, 30% H2O2 in a volume ratio of 7:3)
for 10 min to remove organic residues. After that, the optical fiber was
rinsed with alcohol and DI water several times. Afterward, ex-TFG
was immersed into the precursor for 1 h and then taken out to be
baked in oven at 60 °C for 1 h, and the optical fiber senor was left in
air overnight before testing.

The micrograph of the sensor probe is shown in Figure 2b, and a
uniform GO/PAA film is obtained. The molecular structure of the
GO/PAA and their combination mechanism are revealed in the inset
of Figure 2a. The presence of oxygen-containing groups such as
−COOH, −O−, C�O, and −OH of the GO allows it to be
combined with other organic materials easily.32

Subsequently, ex-TFG was placed in the humidity chamber for RH
measurement. Figure 2c presents the transmission spectrum of the
bare ex-TFG and the sensor obtained with the GO/PAA (w/w =
1:25) composited film. The transmission spectrum of the sensor was
measured under ∼60% RH and room temperature of 20 °C. The

Figure 2. Fabrication of the functional film on ex-TFGs and their transmission spectra. (a) Processes to fabricate the composite film; (b)
microscope images of ex-TFG coated functional film; (c) transmission spectra of ex-TFG before and after GO/PAA film coating.
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resonant wavelength of ex-TFG shows red shift of 5.5 nm after
coating.
3.3. Characterization of the Functional Film on Ex-TFG. The

functional moisture-sensitive films were characterized by scanning
electron microscopy (Nova Nano SEM 450, FEI, USA); the ex-TFG
surfaces with no coating, GO coating, and GO/PAA coating were
characterized by a Raman microscope (InVia, Renishaw, UK) at 633
nm laser excitation.
3.4. Performance of the RH Sensor. The experimental setup to

investigate the performance of the RH sensor is shown in Figure 1b.
The sensor was placed in a plastic box. A broadband light source
(BBS, 1030−1660 nm) was attached to one end of the humidity
chamber, while an optical spectrum analyzer (OSA, AQ6370,
minimum spectral resolution is 20 pm) was attached to the other.
Light from the BBS passed through a fiber polarizer and a PC to
adjust the polarization state of the input light and was emitted to the
GO/PAA-coated ex-TFG; the transmission spectrum was monitored
via OSA. As we all know, some saturated salt solutions can propose
multiple RH values in a small enclosed environment. In this work,
several saturated salt solutions [CsF, LiBr, MgCl2, K2CO3, NaBr,
NaCl, KBr, KNO3, K2SO4, and Mg(NO3)2] were used to regulate the
humidity in the box. Different RH values of 8.3%, 18.2%, 31.2%,
41.7%, 50.5%, 60.3%, 70.9%, 80.6%, 86.8%, and 99.1% were calibrated
by using a commercial hygrometer [RENKE, ±1.5% RH (@ 0 to
100% RH), ±0.1 °C (@ −40 to 80 °C)]. To create a uniform and
steady RH in the chamber, the optical fiber was held for 1 h before
each measurement and the spectrum was recorded till the stable
transmission spectrum was obtained. In the experiment, the RH range
was adjusted from 19.5 to 86.2%, and the measurement interval was
about 10% RH. The humidity cycling experiment was also conducted
and was repeated 3 times.

To avoid the influence of temperature fluctuations on the
measurement results, the temperature inside the humidity chamber
was kept at a constant room temperature (∼20 °C). Afterward, the
influence of temperature for the RH sensor was investigated. 31.2%
RH, 60.3% RH, and 86.8% RH inside the humidity chamber were
kept, while the temperature was adjusted from 20 to 80 °C with the
increment interval of 10 °C.

Finally, the typical breath test was employed to evaluate the
response time of the RH sensor. It was subjected to intermittent and
short human breaths in air, and the power of the sensor transmission
spectrum was tracked versus time, while the whole process lasted
about 20 s.

4. RESULTS AND DISCUSSION
4.1. Surface Morphology and Raman Analysis of the

Moisture-sensitive Film. The SEM photos of the GO/PAA
layer are exhibited in Figure 3a; a uniform and smooth film was
obtained on the fiber when the mass ratio (PAA:GO) was
controlled at 25:1. Figure 3b shows the cross section of the
film; the thickness is about 800 nm, and its thickness can be
controlled by adjusting the mass ratio of PAA and GO.

Figure 3c plots the Raman spectra of the coated ex-TFGs.
Compared with its spectrum without coating layer, the
prominent bands of GO-coated ex-TFG was observed around
1333.06 and 1607.61 cm−1, which verified the D and G Raman
vibrational modes of graphitic carbon sheet, respectively.38 As
seen in Figure 3c, when doping GO into PAA, the value of ID/
IG of GO/PAA composite film material increased slightly
compared with the pure GO film, which caused the increasing
defects in the GO sheets,39 indicating that an effective layer-by-
layer assembly structure was obtained.
4.2. Performance of the RH Sensor. Before doping GO

into PAA, the optimal PAA coating on ex-TFG was explored
by adjusting the concentration of the PAA precursors and
investigating their RH sensitivity. Figure 4 shows the spectral
variation of the sensor coated with pure PAA film under

different RH, while the PAA precursor for coating is prepared
as a 10% aqueous solution. The spectrum appears red-shifted
with increasing RH, which is conversely blue-shifted with
decreasing RH. PAA is a functional moisture-sensitive material
with a porous 3D grid structure, which contains a large number
of hydrophilic groups (carboxyl groups) in its grid structure.40

When the humidity increases, the carboxyl groups interact with
water molecules through intermolecular van der Waals forces.
The water molecules enter the pores of the PAA moisture-
sensitive film and occupy the original position of the air in the
pores while liquefying into water on the pore walls, which can
maintain the balance of gas and liquid phases after a certain
period of time. When the RH continues to increase, more
water molecules can be adsorbed to form more liquid phase
water. Because the RI of water is larger than that of air, the
higher the external environmental humidity is, the greater the
RI of the PAA film is. Conversely, when the RH decreases, the
PAA film can lose water and return to its original state because
of the small van der Waals forces and the weak polarity of the
carboxyl groups. The result indicates that PAA can quickly and
effectively adsorb/desorb a large number of water molecules.

Figure 4a depicts the wavelength shifts as RH increases. The
dip shows a clear red shift from 1525.6 to 1530.1 nm when RH
increases from 8.3 to 99.1%. Through analyzing the variety of
transmission spectrum, the RH sensitivity of the proposed
sensor with increasing RH (black dots) is calculated as about
49.7 pm/% RH, which presents a great linearity with R2 of
0.9989. The spectrum variation with decreasing RH (red dots)
was also obtained and is shown in Figure 4b. It can be
observed that the RH sensitivity of the sensor with decreasing
RH is calculated as about 51.3 pm/% RH, which is nearly the
same as that during increasing RH. From the above
experimental results, we observed a significant resonant-

Figure 3. Characterization of the functional moisture-sensitive films.
(a) Lateral surface morphology of GO/PAA composite film coated on
ex-TFG; (b) SEM photos of the zoomed cross section of the GO/
PAA-coated ex-TFG; (c) Raman spectra of bare, GO-coated, and
GO/PAA-coated ex-TFGs showing the G and D bands of GO.
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wavelength shift of the sensor caused by the RH change and
that the RH sensor demonstrated good repeatability in the
large-range RH measurement. Furthermore, the thickness of
moisture-sensitive film is one of the most important factors
affecting the performance of the RH sensor, which could be
adjusted by the concentration of the PAA precursor with the
consistent coating processes. To achieve the best performance
of the sensor, the effect of PAA film thickness on the RH
sensing was also explored by adjusting the concentration of the
PAA precursor. Also, it was found that the optimal
concentration of the PAA precursor should be controlled at
10% by the results plotted in Figure 4d. The resonant
wavelength shift reached the maximum of ∼4.7 nm at a
concentration of 10%. Therefore, the concentration of PAA
precursor was fixed at 10% in the following experiment.

Importantly, the wet hysteresis effect should be avoided in
RH measurement. By repeatedly changing the RH in the
humidity chamber for 3 cycles, the hysteresis response of the
RH sensor coated with pure PAA was detected. It can be seen
from the inset of Figure 4d that the wavelengths of the
cladding modes remained virtually unchanged at the same RH
level in all cases. The average hysteresis of the sensor by using
the pure PAA is about 0.05 nm, which caused the average
measurement error to be about 0.9%.
4.2.1. RH Sensor Coated with GO-Doped PAA Film. To

explore the effect of the doping GO amount, the concentration

of PAA precursor was fixed at 10 wt % and the amount of GO
was respectively adjusted to be 0.1, 0.2, 0.4, and 0.5 wt %.
Figure 5 shows the corresponding wavelength shift as the

Figure 4. Effect of PAA coating on the performance of the RH sensor under varied RH levels. (a,b) Spectra of the sensor coated with PAA under
different RH; (c) wavelength vs RH for the sensor coated with PAA; (d) resonant wavelength shift as a function of the concentration of PAA
precursor; inset: the results of repeated experiment for 3 cycles.

Figure 5. Corresponding wavelength shift as the function of the
concentration of doped GO in PAA.
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function of the GO amount in the GO/PAA film, and the
results indicate that the sensitivity of the RH sensor coated
with GO/PAA is higher than that coated with pure PAA. GO-
doped into PAA brought in a large number of hygrophilous
groups, and the specific surface area of the film was broadened,
which provides more active sites for water molecules. With the
increase of GO concentration, the higher sensitivity of the
sensor is obtained. It can be explained by the similar
interaction between PAA and water molecules. Water
molecules fill in the layers and surface of the GO/PAA film,
resulting in its obvious increasing RI, and the resonant
wavelength of cladding modes shift. Meanwhile, the increasing
hydrophilic group and enlarged specific surface area by doped
GO enhanced the adsorption and desorption of water
molecules, resulting in amplified RH sensitivity.

However, when the concentration of GO was larger than 0.4
wt %, the sensitivity of the RH sensor declined. Presumably,
the viscous precursor leads to the agglomeration of GO in that
case, which limited its water absorption. Therefore, the best
RH sensitivity was demonstrated when the mass ratio of PAA/
GO was 25:1. The effect of pure GO coating on the
performance of the RH sensor under varied RH levels was
also investigated; the results are detailed in the Supporting
Information.

4.2.2. Repeatability and Hysteresis of the RH Sensor
Coated with GO/PAA Film. The humidity cycling experiment
was also conducted to investigate the repeatability of the RH
sensor. The humidity was adjusted from low RH to high RH
and then immediately turned back to low RH between 8.3 and
99.1%. The plotted results in Figure 6 present the transmission
spectra of the proposed sensor under the changing RH. It can
be observed that the transmission spectrum occurred with a
red shift when the RH changed from low RH to high RH
(green dots in Figure 6c), and the blue shift occurred when the
RH changed from high RH toward to low RH (orange dots in
Figure 6c). It can be explained that water molecules are
absorbed and desorbed by the composite film as the RH
changes, yielding the ERI variation. In addition, it can be
noticed that the intensity of the transmission spectrum of the
sensor shows certain fluctuations during the variation of RH,
and this is primarily caused by the fact that the RH sensor is
prepared by dip-coating the moisture-sensitive film on the
surface of ex-TFG, which is difficult to guarantee the excellent
homogeneity of the film, and this leads to a certain degree of
uncertainty in the coupling efficiency of the core and cladding
modes in ex-TFG under different RH and finally results in a
certain randomness in the variation of the spectral
intensity.43,45−48 Figure 6c shows the good linear fitting (R2

Figure 6. Performance of the RH sensor based on GO/PAA film under varied RH levels. Spectra of the sensor under increasing (a) and decreasing
(b) RH; (c) wavelength vs RH for the sensor coated with GO/PAA; (d) results of repeated experiment for 3 cycles.
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∼ 0.99) of the resonant wavelength as the function of RH. The
RH sensitivity was calculated up to 138.7 pm/% RH.
Compared with pure PAA-coated sensor, it was found that
the sensitivity of the sensor coated with GO/PAA composite
film was obviously enhanced by about 2.7 times.

Meanwhile, the hysteresis response of the RH sensor was
measured by repeatedly changing the RH in the humidity
chamber 3 times. As seen from the inset of Figure 6d, it is
found that the wavelength of the cladding mode remains
virtually unchanged at the same humidity. The proposed
sensor’s average hysteresis and maximum hysteresis are 0.08
and 0.1 nm, respectively, which results in a measurement error
of less than 1% and is relatively smaller compared with the RH
sensors reported in previous studies. Considering that the
measurement error of the commercial hygrometer used for
humidity calibration is ±1.5%, our sensor is acceptable for
most environmental humidity measurements, especially for
environments with large humidity variations (such as
agricultural greenhouses, construction sites). To further reduce
its hysteresis effect, the adsorption and desorption of water
molecules inside the functional moisture-sensitive film might
be accelerated by modifying hydrophilic groups and modulat-
ing its micro/nano-scaled pore structure.
4.3. Stability. The stability of the RH sensor at various RH

levels was also investigated. The sensor was placed in the
environment with RH of 8.3%, 50.5%, and 99.1%. The sensor
was left for 24 h under each RH level with its transmission
spectrum recorded every 1 h. As shown in Figure 7, as time

goes by, compared with the initial wavelength, the maximum
change of wavelength of this optical fiber humidity sensor was
0.2, 0.1, and 0.2 nm, respectively. Therefore, a considerable
stability of the sensor in an extended time period of 24 h is
confirmed.
4.4. Effect of Temperature. Temperature crosstalk exists

for many RH sensors. Therefore, we investigated the
temperature response on the RH sensor. The experimental
results are plotted in Figure 8. The resonant wavelength blue-
shifted linearly with the temperature increase, and the
sensitivities are 11.8, 13.9, and 13.2 pm/°C under the
conditions of 31.2% RH, 60.3% RH, and 86.8% RH,
respectively. The temperature cross-sensitivity of the sensor

is calculated as about 0.085% RH/°C, 0.1% RH/°C, and
0.095% RH/°C, correspondingly, indicating a negligible effect
from temperature.

Although the temperature crosstalk of the proposed sensor is
relatively lower than that of the optical fiber RH sensors
reported previously, it is still applicable to some humidity
measurements without large temperature variations. For RH
measurements with large temperature variations (such as steam
power stations), it is necessary to measure the RH along with
the ambient temperature to correct for the offset caused by
temperature variations in RH measurements. Actually, FBG is
usually used for temperature effect compensation in many
practical applications because of its well-known sensitive
temperature response. FBG does not interfere with the
operation of ex-TFG when they are cascaded because the
two are different in principle. The Bragg peak is generated by
the coupling of core mode and back-transmitted core mode,
while ex-TFG operates with forward-transmitted cladding
modes. Therefore, the RH can be measured by ex-TFG, while
the temperature can be measured by FBG individually during
the test. By monitoring the wavelength shift of the Bragg peak
in the RH sensor with ex-TFG and cascaded FBG, the effect of
ambient temperature could be compensated in RH measure-
ment.
4.5. Response Time. The response time and recovery time

of the proposed RH sensor were measured by alternately
placing it at different RH conditions. As mentioned above, the
saturated salt solution can conveniently provide a stable
humidity environment. Lithium bromide saturated solution
and magnesium nitrate saturated solution were first prepared
to build the humidity conditions of 18.2% RH and 99.1% RH.
Before the test, the two saturated salt solutions filled in
different Petri dishes were put into two containers of the same
volume and kept for 24 h. When measuring the response time
of the sensor, it was first exposed in the air environment at
room temperature for 2 min and then moved immediately to
the container with the magnesium nitrate solution (18.2%
RH), air environment (∼60% RH), and the container with the
lithium bromide solution (99.1% RH) for 1 min in sequence
and finally put back in the air for 1 min. The whole process
took about 6 min, and the response time of the proposed RH
sensor was evaluated by tracking the wavelength variation.

Figure 7. Stability of the proposed sensor.

Figure 8. Temperature response of the RH sensor.
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Also, the experimental setup is exhibited in Figure S3 in the
Supporting Information, which is similar to that in Figure 1b.

The results are shown in Figure 9. It was found that the
wavelength variation of the sensor was observed by regulating

the RH condition. Stage A represented the process of moving
the sensor from air to the container of 99.1% RH. Its resonance
wavelength shifted from 1520 to 1527.1 nm, taking about 1.3 s.
Thus, the response time of the sensor could be regarded as 1.3
s here. Then, the sensor was taken out from the container and
exposed to air freely, as seen in stage B, and it took about 1.95
s for the resonance wavelength to shift back to ∼1520 nm,
which indicated that its recovery time was about 1.95 s. When
the above processes were repeated by placing the sensor in the
condition between air and the container of RH ∼ 18.2% in
turn, the response time at stage C was measured at about 0.97
s, and the recovery time was about 0.65 s at stage D.
Obviously, there is a difference between the response time and
the recovery time of the RH sensor, which indicates that the
release of water molecules from the GO/PAA coating when
the RH drop is slower than its water molecule adsorption.
Meanwhile, the response/recovery time of the RH sensor in a
high humidity environment is significantly longer than that in a

low humidity environment, which is mainly attributed to more
water molecules in a high humidity environment taking longer
to achieve the balance of adsorption and desorption.
4.6. Discussion. Detailed comparisons have been done

with other reported studies, with their primary field being
instrumentation and measurement. The ex-TFG-based humid-
ity sensor coated with GO/PAA composite film proposed here
embodies its unique advantages, as shown in Table 1. The RH
measurement range, RH sensitivity, and temperature cross-
sensitivity are larger, higher, and lower, respectively, than those
in most works.11−18,24,41−44 Although the RH sensitivity of the
sensor11 is larger, it also has higher temperature crosstalk and
lesser RH range. The response times reported in these
studies14−16,42−44 are too long and obviously cannot be
applied to real-time and rapid monitoring of humidity, while
the response time of the sensor24 is short, but its RH sensitivity
is extremely low and cannot accurately monitor the environ-
mental humidity. In other words, the trade-off for the RH
sensor’s performance based on ex-TFG was sufficiently
considered here, especially for the RH sensitivity and
temperature cross-sensitivity as well as the practicality. Besides,
the sensor was investigated to exhibit good selectivity; the
results are detailed in Supporting Information. Therefore, the
RH sensor proposed by us was demonstrated with high-
sensitivity, rapid response, and low temperature crosstalk
simultaneously in a large dynamic RH response range.

Considering these good performances of the sensor, our
developed sensor is expected to be applied in medical
applications, such as precision medicine for respiratory
diseases. It is well known that serious respiratory diseases
such as bronchitis, bronchiectasis, pneumonia, tuberculosis,
and bronchial asthma are sensitive to the indoor environment.
Among the many factors of the meteorological environment,
RH plays the greatest role in respiratory diseases. The results
of the research in the literature49,50 show that the treatment
and recovery of various respiratory diseases are facilitated only
when the RH of the air in the living room reaches 55−65%.
Low humidity often leads to aggravation of the disease.
Therefore, RH monitoring of the treatment environment in
which patients with respiratory diseases are treated is critical,
and the optical fiber RH sensor we have developed can play an
important role in this regard.

Figure 9. Response time of the RH sensor.

Table 1. Comparisons of the Optical Fiber RH Sensors

type
RH range (

% RH)
RH sensitivity
(pm/% RH)

response
time

recovery
time

temperature cross-sensitivity
(pm/°C) ref

GO-MWCNTs coated SCF 40−90 287 NA NA 32 11
PVA coated tapered fiber 30−90 119.4 NA NA 29 12
agar coated FBG 40−90 36−51 NA NA NA 13
Pyralin coated FBG 15−95 1.28 5 s 20 s 10.86 14
PCF interferometer without hygroscopic
coating

60−80 60.3 3.9 s 1.15 s 0.5 15

polyimide coated FBG 20−95 7.2 376 s 397 s NA 16
ZnO coated SMS structure 4−96 60 NA NA NA 17
polyimide coated FBG 20−80 3.8 NA NA 11.7 18
GO-deposited Ex-TFG 30−80 18.5 0.042 s 0.115 s NA 24
PAA/PAH coated LPG 20−80 63.23 NA NA 398.57 41
polyimide coated FBG 12−97 13.6 22 min NA 24.5 42
GO coated etched-TFBG 20−80 10 12.25 min 21.75 min NA 43
polyimide coated FBG 20−90 1.71 >33 s NA 7.8 44
GO/PAA-coated Ex-TFG 8.3−99.1 138.7 1.3 s 1.95 s 13.9 Our work
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5. CONCLUSIONS
In summary, we proposed here an optical fiber humidity sensor
with high-sensitive and rapid response. By coating the
functional GO/PAA film on the surface of ex-TFG, the sensor
probe supports strong interaction between the mode
resonances and GO/PAA composite film. The resonance
wavelength of the cladding mode of ex-TFG varies with the
change of SRI and the film thickness. Doping GO into PAA
can improve the sensor’s sensitivity compared with the pure
polyelectrolyte coatings, and the sensor coated with GO/PAA
composite films was demonstrated with the highest sensitivity
when the mass ratio of GO/PAA was set as 1:25. The
sensitivity of the proposed RH sensor here is demonstrated to
be 138.7 pm/% RH with a highly linear coefficient in the
dynamic range of 8.3−99.1% RH, and its response/recovery
time is less than 2 s. Meanwhile, it shows good repeatability,
low hysteresis, and temperature crosstalk. Moreover, it also
shows good stability during long-term continuous measure-
ment. The proposed RH sensors with the functional films also
offer their practicality and numerous benefits such as easy
fabrication and operation with low cost. Particularly, it
provides an attractive platform to in situ monitor human
breathing humidity with high precision and rapid response,
which bring benefits for the rapid diagnosis of diseases.
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