A High-Performance Ultrafast Humidity Sensor Based on Micro-Knot
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ABSTRACT: Monitoring dynamic humidity requires sensors with fast response and anti-electromagnetic interference, espe-
cially for human respiration. Here, an ultrafast fiber-optic breath sensor based on the humidity-sensitive characteristics of
gelatin film is proposed and experimentally demonstrated. The sensor consists of a micro-knot resonator superimposed on a
Mach-Zehnder (MZ) interferometer produced by a tapered single-mode fiber, which has an ultrafast response (84 ms) and
recovery time (29 ms) and a large dynamic transmission range. The humidity in a dynamic ambient cause changes in the
refractive index of gelatin-coating, which could trigger spectral intensity transients that can be explicitly distinguished be-
tween the two states. The sensing principle is analysed using the traditional transfer matrix analysis method. The influence
of coating thickness on the sensor’s trigger threshold is further investigated. Experiments on monitoring breath patterns
indicate that the proposed breath sensor has high repeatability, reliability and validity, which enables many other potential

applications such as food processing, health monitoring and other biomedical applications.

Fiber-optical sensors have attracted considerable inter-
est for their unique advantages such as corrosion-free, min-
iaturisation, light weight and anti-electromagnetic interfer-
ence. A variety of optic fiber sensors have been reported for
measuring temperature,’-3 humidity,*¢ refractive index’-
and physical and chemical properties.1%13 Among them, op-
tical fiber humidity sensors are essential for environmental
monitoring and are extensively used in food processing, air
conditioning, electronic product and medical diagnostics,
including human breath monitoring. Human breath has a
critical role in non-invasive diagnosis of diseases, both in
hospital and at home.!* Breath frequency and depth could
be used to assess human health, and a humidity sensor with
continuous monitoring and fast response and recovery time
is inevitably required for this task. Mogera et al. reported
fast response and recovery speeds (8 and 24 ms, respec-
tively) for a supramolecular nano-fiber-based electronic
humidity sensor.’> Nonetheless, electronic sensors are un-
suitable to operate in electromagnetic fields such as those
presentin a magnetic resonance imaging system. Burman et
al. demonstrated the realisation of molybdenum disul-
phide/graphene oxide (MoS2/GO) nanocomposite as

humidity-sensitive materials for a chemo-resistive humid-
ity sensor.1¢ Jha et al. introduced a resistive humidity sensor
using tungsten disulphide (WS2) nanosheets deposited on a
silicon/silicon dioxide (Si/Si0z) substrate containing inter-
digitated aluminium electrodes, which exhibited a re-
sponse, changing by ~3.15 times for humidity levels be-
tween 40% and 80% relative humidity (RH).'” Humidity
sensors integrated with photonic circuits usually demand
expensive and complex preparation; thus, sensors using op-
tic fibers offer a viable route to safer and wider applications
for medicine, due to their flexibility, compactness, and im-
munity to electromagnetic fields and corrosion.

To overcome the limitations of silica-based optical fibers
and enhance the sensitivity to RH, a variety of humidity-sen-
sitive media have been extensively discussed as coating lay-
ers such as agarose,!® gelatin,'® 2° polyvinyl alcohol overlay
(PVA),?% 22 carbon nanotubes?? and metal oxides.?* 25 The
basic mechanisms of humidity-sensing rely on the variation
ofthe surrounding refractive index (RI) caused by humidity.

In our work, a high-performing, all-optical sensor for hu-

midity measurement based on a micro-knot resonator, in-
corporating an MZ interferometer, was proposed. A gelatin



film was deposited on the surface of the MZ arm through
natural evaporation. The infiltration of ascending water
molecules on the gelatin film decreased the RI of the gelatin.
The variation of output spectrum and transmission inten-
sity reflected the alteration of the surrounding humidity, al-
lowing the detection of human breath. Within a certain hu-
midity range, the dynamic range of transmission intensity
can reach about 25 dB. The corresponding response and re-
covery speed of the optimised sample were 84 ms and 29
ms, respectively. The influence of the coating thickness on
the rise/fall threshold of this optical sensor was also dis-
cussed. The experimental results illustrate that the pro-
posed sensor has an excellent sensing performance and can
be used for a promising real-time respiratory monitoring
application.
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Fig. 1 (a) Schematic configuration and (b) The theoretical spec-
tral response of the proposed sensor for coupling coefficient
k1 = 0.8 and k, = 0.5 respectively. The arrows in Fig. 1a rep-
resent the propagation of light at high relative humidity.

Fig. 1a depicts the schematic view of the proposed reso-
nator. The input light is divided into two paths (micro-knot
and MZ arm) when passing through the first coupling region
and then recombining in the second coupling region, result-
ing in spectral interference at the output port. The tradi-
tional analytical solution based on the transfer-matrix anal-
ysis is used to analyse the model:2¢ when light can pass
through the entire structure unimpeded in a relatively
higher humidity condition (Fig. 1b, top), the output trans-
mission function can be defined as the ratio between the
output and the input fields:

T =E,/En=A4/B (1)

where
A = exp[b(L; + L, + wR,) + 2bnR,] —

exp(bmR, )/ (1 — k) (1 — k3) + exp[b(Ly + (2)
L, + nR,) VK K,
B = —1 — exp(2bmR )\Jic1k, + exp[b(L, +

L, +7R,) + brR, (I — k) =1 (3)

Here, b = —a + jf3, where « is the transmission loss and
[ is the propagation constant of the fiber; R, and R, are the
radii of the knot and the MZ loop; L; and L, indicate the
length of straight sections between the curved part of the
MZ loop and micro-knot, and k4, k, are the coupling coeffi-
cients of two intertwisted regions, respectively. Instead, un-
der the condition of relatively low humidity, the gelatin
coating introduces additional loss which is large enough to
block the transmission of the optical signal in the MZ arm
(Fig. 1b, bottom). Thus, the transfer function of output is de-
scribed by:

T = exP(beRﬂ\/ (1 =r)(A —xp) (4)

1+ exp(2bmtR VK1 K5

Importantly, the diameters of the MZ arm and of the mi-
cro-knot are maintained equally in both simulations and ex-
periments to provide regular spectra?’ consistent with pre-
vious works. The simulation results are displayed in Fig. 1b.

With the aim of fabricating the proposed humidity sensor,
a standard single-mode fiber (Corning, SMF-28) was drawn
into a micrometre-diameter fiber by using a micro-heater
and taper-drawing system. Usually, the micro-knot resona-
tor is fabricated by cutting the tapered fiber, which is bent
and twisted to form a knot and coupled to the other section
of the tapered fiber with Van Der Waals forces. However,
the section of overlapping fibers could result in inevitable
extra transmission loss, which may be significant. In this
work, the length of tapered fiber was ~16 mm and mini-
mum diameter ~2 um. One end was fixed onto a precision
three-axis platform (Zolix); the other end was bent 180 de-
grees to make the tapered sections intersect and form a
loop. Pushing the movable side of the fiber into the loop
then provides the ideal structure comprising a micro-knot-
assisted MZ interferometer, as depicted in Fig. 2a. To im-
prove the stability of the resonator, the whole structure was
carefully laid on a magnesium fluoride (MgF2) glass sub-
strate and then fixed using a low-RI ultraviolet, curable ad-
hesive (Luvantix 373 XP) except on the MZ arms. A gelatin
solution was prepared and deposited on the MZ arms. Gela-
tin powders (Ruibio, BoMei Co. Ltd) were mixed and dis-
solved in deionised water at a ratio of 5% by weight of solu-
tion. The mixture was treated by ultra-sonication for five
minutes and heated for 30 minutes to obtain a homogene-
ous solution and avoid agglomeration. The exposed struc-
ture was covered with the prepared gelatin solution and
then dried. After cooling at ambient temperature for two
hours, the water in the solution gradually evaporated and a
relatively homogeneous gelatin layer was formed on the
surface of the structure for subsequent humidity-sensing

experiments.
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Fig. 2. (a) Schematic of the fabrication process; (b) Experi-
mental setup for measuring the transmission spectrum; (c)
Output spectra of two different cases of the resonator.

The light from a broadband emission light source (YSL
SC-series) was launched into the input fiber of the fabri-
cated resonator as depicted in Fig. 2b, while the transmis-
sion spectrum was monitored using an optical spectrum an-
alyser (OSA) (AQ6317C, Yokogawa, Japan). The output
spectrum at ambient temperature in Fig. 2c (blue line) illus-
trates that the resonator provided a high extinction ratio
(ER) (>10 dB) with a small free spectral range (FSR) = 640
pm.

When the ambient humidity increases, the moisture con-
tent of the gelatin film increases accordingly. The light pass-
ing through the sensing arm will increase with a decrease of



the RI of gelatin coating and interfere with the light passing
through the micro-knotin the coupling region, producing an
interference pattern that can be very different (red wave in
Fig. 2c). The two groups of spectra are symmetrical; a wave-
length peak of one corresponds to the resonance dip of the
other. As clearly observed from Fig. 2c, the smallest differ-
ence in light intensity is the wavelength corresponding to
peaks, where the intensity difference is about 5 dB. In the
flatter regions between the two peaks, the difference is the
largest, reaching 25 dB.

Once the water molecules evaporate from the gelatin
coating and the water content descends to the threshold, a
transposed condition immediately occurs. This phenome-
non can be explained by the dependence of the gelatin RI on
its water content. Gelatin is a long, fibrous protein whose RI
is higher than that of water.'® With increasing RH, water
molecules diffuse into the gelatin film with holes, and the
effective RI of gelatin decreases. Thus, when the relative hu-
midity is low, the gelatin coating with high refractive index
will increase light leaking, and only the signal light transmit-
ted through the micro-knot reaches the output port. In con-
trast, when the humidity in the environment is high enough,
the refractive index of the gelatin coating decreases, and the
signal light transmitting through the MZ arm interferes with
the signal light circulating the micro-knot at the inter-
twisted area, as indicated by arrows in Fig. 1a.
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Fig. 3. Variation of spectral transmission at different RH level:
a)-(c) humidity increase process; (d)-(f) humidity decrease

process.

To investigate the dependence of the sensor on RH, the
resonator was positioned in a controllable environmental
chamber (ESPEC SH-222). The resonator was exposed to
several complete humidity cycles in the range of 40% to
90% RH in the chamber, with the temperature fixed at a
constant value of 37 °C. To enhance the accuracy and stabil-
ity of the spectrum, each humidity level was maintained for
30 minutes.

The variation of the spectral transmission with RH is pre-
sented in Fig. 3. When measured RH changes between 40%

and 70% RH with an increment of 10%, the resonance dips
experience a slight blue shift with no shape-changes (Fig.
3a). However, once the RH exceeds 72% RH, the profile of
the spectrum changes markedly and the transmission inten-
sity grows dramatically with increasing RH, as shown in Fig.
3b. The ripples around 1308.7 nm show a significant red
shift when the RH increases from 75% to 90% in 5% step
intervals, as shown in Fig. 3¢, whereas the shift of dips is ir-
regular, possibly caused by variations of RI and swelling of
the gelatin coating at increased water content levels.

It is worth mentioning that when the RH in the environ-
ment chamber reaches the threshold value, the spectrum
changes in a very short time, showing that it is very sensi-
tive to the humidity change near threshold. The increasing
threshold of the resonator should be 73%. When the RH de-
creases from 90% to 60% in steps of 10%, the transmission
intensity decreases regularly, as shown in Fig. 3d. Once the
RH declines to 59%, three groups of transmission spectra
are recorded at different humidity levels near the threshold.
As shown in Fig. 3e, the intensity and the shape of transmis-
sion spectra are accompanied by the variation of humidity
around the threshold, just as they are opposed to the trend
of the spectrum variation when the humidity reaches the
humidity threshold in the process of humidity increase. The
spectra remain almost unchanged at RH below 55% (Fig.
3f).

Hence, the threshold of the sensor operating at decreas-
ing humidity is ~59%. A reasonable explanation for the dif-
ferent threshold values in the process of increasing and de-
creasing RH relates to the different distribution of water
molecules in the gelatin coating from inside to outside. The
coating has a certain thickness, and water molecules need
to penetrate into the film and finally reach a stable state;
that is to say, when the humidity reaches the threshold and
causes spectral changes, the humidity value inside and on
the surface of the coating is different. The humidity distri-
bution of the coating decreases from the surface along the
radial direction, which means that in the process of increas-
ing RH, if the light intensity increases enough to trigger the
spectral change after passing through the MZ arm, the ex-
ternal humidity needs to be higher than the required hu-
midity threshold value inside the coating. If the relative hu-
midity in the environment chamber declines from a high hu-
midity value, the distribution of humidity inside the coating
is just the opposite. Water vapour needs to permeate slowly
from the inside to the surface until it evaporates into the air,
which results in the humidity reduction rate inside the coat-
ing becoming much slower than that on the surface of the
coating. Thus, we established a simple theoretical model to
simulate the variation of transmission intensity caused by
the distribution of water molecules inside the film during
humidity increase/decrease, and obtained the relationship
between relative humidity and light intensity, as shown in
Fig. 4c. If the transmitted light intensity of the MZ arm
reaches the critical point of triggering spectral changes, a
higher humidity environment needs to be provided in the
increasing process than in the decreasing process. Based on
this, the simulated spectra of the proposed sensor under dif-
ferent RH was obtained, as shown in Fig. 4a, 4b.

To prove the validity of this inference, another reference
sample coated with two layers of gelatin was prepared by
repeating the depositing process two times. The



corresponding experimental results are displayed in Fig. 4d,
with an increased threshold to 95%. Thereafter, when the
humidity in the environment chamber was reduced, the
shape of the spectrum was observed to change immediately,
indicating that the threshold value was reached. Since the
humidity in the environment chamber is close to the limit,
the film does not continue to absorb more water molecules,
and the water content inside the coating is always in the
critical state of threshold. This proves that the thickness of
gelatin coating is an important factor affecting the thresh-
old.
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Fig. 4. (a) Simulated spectra during humidity increase; (b) sim-
ulated spectra during humidity decrease; (c) simulation of rel-
ative humidity and light intensity at the end of the MZ arm; (d)
Spectral transmission near threshold of the reference sample.

The response time is a significant indicator for humidity
sensors, especially for breathing sensors, when the re-
sponse speed to environmental humidity changes is partic-
ularly important. The light from a Raman fiber laser (Preci-
lasers RFL, 1150 nm, 20 W) was detected by an oscilloscope
(Tektronix MD04034C), after passing through the proposed
sensor and a photo-amplifier used to amplify the signal. The
resonator was put in the environment chamber with a sta-
ble humidity as previously described, and then the chamber
cover was suddenly opened to expose the sensor to indoor
circumstances to achieve the effect of a sudden drop in hu-
midity. The response times turned out to be 0.63s, 1.23s and
1.74s when the RH declined from 75%, 85%, 95% to the
room humidity (see Fig. 5a). The sensor fabricated in this
work presented a fairly fast response compared with previ-
ous sensors published in the literature. In addition to this,
the feature of insensitivity to the temperature of the reso-
nator is shown in Fig. 5b. The humidity threshold measured
at different temperatures is stable, as displayed in Fig. 5c.
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Fig. 5. (a) Response characteristic of the sensor when the RH
changed from 75% (left), 85% (middle), 95% (right) to the
room humidity of 40% RH; (b) Temperature dependence of the
fabricated sensor; (c) Change in the transmitted light intensity
during a humidity change period at different temperatures.

The unique transmission spectrum and fast response
speed of the proposed resonator makes it attractive for ap-
plications in human respiratory monitoring. In the experi-
ment of breath detection, the sensor was fixed on a breath-
ing mask, which was put on volunteer's head to create an
ideal detection environment, as illustrated in Fig. 6a.

The detection of nasal breathing can eliminate the inter-
ference of mouth saliva. The variations of voltage measured
by the oscilloscope could be used to display humidity
changes visually in inhalation and exhalation in real time as
depicted in Fig. 6b. With the action of exhaling, the voltage
immediately rises sharply and then maintains a relatively
stable state. Due to the fluctuations of air flow and humidity,
the detection results are inevitably disturbed by noise. Dur-
ing inhalation, the detected voltage drops suddenly until it
returns to its pre-expiratory state. The recovery time meas-
ured during breathing detection is much faster than the re-
sponse time in the earlier humidity experiments. This is be-
cause the air flow velocity is affected by exhalation and in-
halation, which changes the humidity in the mask more rap-
idly and accelerates the evaporation of water molecules in-
side the coating. Since the thickness of the coating also has
an impact on the response time?° and threshold, a trade-off
should be made to select the parameters suitable for the ex-
perimental requirements.

(2)

Fig. 6. (a) Experimental setup for the measurement of the
breath sensor response time; (b) A photograph of a volunteer
performing breathing trials.



With the aim of verifying the response of the resonator to
different respiratory frequencies, three groups of rhythmic
respiratory frequencies were validated. The results exhib-
ited efficient traces regardless of how fast or slow the vol-
unteer was breathing, as displayed in Fig. 7.
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Fig. 7. Response characteristic of the sensor under hybrid
breaths. Enlarged views of hybrid breaths are shown above.

Enlarged views in Fig. 7 show the results for 32, 20, and
10 breaths per minute, respectively. They represent three
typical respiratory rates from rapid to slow. The corre-
sponding response and recovery times are illustrated in Fig.
8. The analysis of the results shows that the sensor provides
excellent tracking on respiration at various frequencies, and
the advantages of threshold effect and ultra-fast response
are very distinct in the experiment. Even if the humidity
changes caused by each breath are different, they satisfy
threshold conditions and can be detected without distinc-
tion. Besides, the intensity detected is very consistent to ac-
tual breaths, as is the logic value commonly used in digital
circuits, where only 1 and 0 are used to represent the two
states of breathing, which brings inherent superiority to the
subsequent data analysis. In contrast, the detection inten-
sity of previous breath sensors in literature is readily af-
fected by other factors such as humidity and airflow, which
brings uncertainty to effective detection. Moreover, the sen-
sor maintains very high detection accuracy for several
weeks, indicating high repeatability and good long-term
stability. The fastest response and recovery times of opti-
mised samples were found to be 84 ms and 29 ms, respec-
tively.
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Fig. 8. Response and recovery times of the sensor on different
breathing patterns.

Table 1. Comparison of sensing performance obtained
by different methods.

Sensor Response  Recovery = Dynamic
Time/s Time/s transmis-

sion
range/dB

Gelatin-based de- 0.084 0.029 25

vice (This work)

WS2-coated side 1 5 6

polished fiber

(SPF)28

3D graphene net- 4 23 35

work-coated ta-

pered fiber*

Reduced gra- 5 29 6.9

phene oxide

(RGO)-coated

SPF29

Agarose gel- 5 55 7

coated tapered fi-

ber30

RGO-coated hol- 5.2 8.1 6.5

low core fiber31

MoS: nanosheets 0.85 0.85 13.5

based SPF32

MoSz-coated 0.066 2.395 9

etched SMF33

GO-deposited 0.042 0.115 1.5

tilted fiber grat-

ing (TFG)34

The proposed sensor exhibits roughly equivalent re-
sponse time and the fastest recovery speed within the re-
ported groups of similar fiber-optic humidity sensors, as il-
lustrated in Table 1. In addition, gelatin is a common, safe
and inexpensive moisture-sensitive material, and the sen-
sor is expected to be a better choice in the fields of biochem-
istry, food and other fields related to daily life.

A novel fiber-optic humidity sensor based on tapered mi-
cro-fiber with a deposited coating of gelatin was proposed
and experimentally characterised, showing excellent per-
formance and ultra-fast response for detecting human
breath. The sensor has many advantages, including compat-
ibility with humidity-sensing devices, simple manufacture
and low loss. Gelatin is a common low-cost and high-perfor-
mance, humidity-sensitive material, and its RI is closely re-
lated to ambient humidity. When the sensor is placed in dif-
ferent humidity environments, the variations of the effec-
tive RI of the gelatin layer have considerable impact on ad-
justing the loss of the MZ path, to bring a high transmission
intensity difference for the sensor under different humidity
conditions. The transmission intensity difference can
achieve ~25 dB with a switch of breathing, which makes the
sensor a highly reliable breath sensor. The ultrafast re-
sponse time (84 ms) and recovery time (29 ms) and good
repeatability of the sensor demonstrate the excellent capa-
bility for breath-pattern sensing. Because the materials
used to construct the sensor are all safe and nontoxic, the
proposed all-in-fiber humidity sensor has the great merits
of low cost and environmental compatibility and could be a



promising alternative for personal health care or clinical ap-
plication in the near future.
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