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Temperature sensing is essential for human health monitoring. High-sensitivity (>1 nm/°C) fiber sensors always
require long interference paths and temperature-sensitive materials, leading to a long sensor and thus slow re-
sponse (6-14 s). To date, it is still challenging for a fiber optic temperature sensor to have an ultrafast (~ms)
response simultaneously with high sensitivity. Here, a side-polished single-mode/hollow/single-mode fiber (SP-
SHSF) structure is proposed to meet the challenge by using the length-independent sensitivity of an anti-resonant
reflecting optical waveguide mechanism. With a polydimethylsiloxane filled sub-nanoliter volume cavity in the
SP-SHSF, the SP-SHSF exhibits a high temperature sensitivity of 4.223 nm/°C with a compact length of 1.6 mm,
allowing an ultrafast response (16 ms) and fast recovery time (176 ms). The figure of merit (FOM), defined as the
absolute ratio of sensitivity to response time, is proposed to assess the comprehensive performance of the sensor.
The FOM of the proposed sensor reaches up to 263.94 (nm/°C) /s, which is more than two to three orders of
magnitude higher than those of other temperature fiber optic sensors reported previously. Additionally, a three-
month cycle test shows that the sensor is highly robust, with excellent reversibility and accuracy, allowing it to be
incorporated with a wearable face mask for detecting temperature changes during human breathing. The high
FOM and high stability of the proposed sensing fiber structure provide an excellent opportunity to develop both
ultrafast and highly sensitive fiber optic sensors for wearable respiratory monitoring and contactless in vitro
detection.  © 2023 Chinese Laser Press
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1. INTRODUCTION

Zive Wu,' ZHuoar Li," Lianexun Ou," WENXIANG ZHANG,' ZHIcoNG LAl,"? Yu ZHANG,'?

Accurate and fast temperature measurement plays a crucial role
in human healthcare [1,2], biomedicine [3], animal husbandry
[4], and mechanical engineering applications [5]. High-sensi-
tivity temperature sensors are beneficial for achieving such
high-precision temperature measurements, so they are widely
studied. While conventional thermistors can achieve fast re-
sponse time within 50 ms [6], fiber optic sensors have become
more popular with the advantages of rapid response, small size,
resistance to electromagnetic interference, and biological com-
patibility [7,8]. For example, the most typically used optical
fiber temperature sensor is based on fiber Bragg grating (FBG),
which can reach several millimeters of 5-15 mm and obtain a
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response time of 30.21-48.6 ms [9,10]. Unfortunately, the
FBG always has a low-temperature sensitivity limit of
~10 pm/°C [11], and as the length grows, the increased ther-
mal capacity creates the chance for an extended response time.
Additionally, fiber optic interferometers for temperature sens-
ing have been developed. A multicore fiber (MCF)-based tem-
perature sensor using mode interference displayed a sensitivity
of 35 pm/°C with the length of 5 mm and obtained a response
time of 90 ms [12]. The dual Mach—Zehnder interferometer
(MZI) of the multimode microfiber structure can excite the
interference between the core and cladding modes, and dem-
onstrated a temperature sensitivity of ~193 pm/°C with a total
tapered length of 12 mm [13]. Although their varying structure
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designs can increase the sensitivity by growing the interference
length, the above-mentioned sensors still have a limitation of
temperature sensitivity (<1 nm/°C) due to slight differences in
the thermal optical coefficients (TOCs) between the silicon
core and the cladding material.

In recent years, a large TOC material integrated into the
sensor assembly has been used to improve sensitivity. For in-
stance, Lu ef al. demonstrated a surface plasmon resonance
(SPR) temperature sensor based on a silver coating and liquid-
crystal-filled structure. It obtained a temperature sensitivity
of -4.72 nm/°C in the range of 20°C-34.5°C [14]. However,
the addition of liquids can result in a narrow operating range,
poor thermal repeatability, and slow response time (order
of seconds). Hence, polydimethylsiloxane (PDMS) as a solid
material has been widely used in various optical fiber temper-
ature sensors due to its high thermal-optical coeffi-
cient (-1074/°C) [15], high stability, low cost, and high bio-
compatibility. Yao er al. used PDMS-coated microfiber to
achieve a temperature sensitivity of 1.2 nm/°C in the range
of 25°C-95°C [16]. The high thermal conductivity properties
of graphene, nanodiamonds (NDs), and other materials in
combination with PDMS [17,18] have also been used to en-
hance sensitivity and improve the response time of temperature
sensors, achieving a temperature sensitivity of -9.021 nm/°C
and exhibiting a response time of 6 s. However, the transfer of
multiple materials during fabrication still increases the chance
of device instability, and the accompanying increase in size
leads to greater thermal capacity and longer response time.
There is a constraint relationship between sensor sensitivity and
response time at a limited size.

An anti-resonant reflecting optical waveguide (ARROW),
with a simpler fiber structure and the presence of leaky modes
in the cladding making it sensitive to surrounding environ-
ments [19], has been extensively investigated in the past few
years [20-23]. Particularly, specialty hollow-core fibers (HCFs)
of silica capillaries with an air core structure and low transmis-
sion loss can be seen as a most straightforward ARROW sensing
platform. Moreover, the micro-cavity in the air core can be
filled with material and provide a fuller interaction between
light and material, which helps achieve high sensitivity and
ultra-compactness for fiber optic sensors [19,24,25]. The use
of the HCF structure is a powerful strategy for breaking
through the mutual constraints of sensitivity and response time.

In this paper, we demonstrate a single fiber optic temper-
ature sensor using the ARROW mechanism to break the limi-
tation, due to the sensitivity and length-independent effect of
the sensor structure. The structure consists of a PDMS-filled
side-polished single-mode/hollow/single-mode fiber (SP-SHSF).
Since the refractive index (RI) of PDMS is lower than that of
silica tubes, high-sensitivitcy ARROW can be achieved. The sensor
has proven to be length independent in sensitivity, and temper-
ature sensitivity up to 4.223 nm/°C was found at the sensor’s
length compactness of only 1.6 mm with a sub-nanoliter volume
PDMS cavity. The open surface of PDMS-air and its small size
accelerates the thermal conversion rate, and the sensor shows an
ultrafast response time of 16 ms and recovery time of 176 ms.
Hence, we use the figure of merit (FOM) expressed as an ab-
solute ratio of sensitivity to response speed to evaluate the overall

performance of the sensor. The proposed sensor has a high FOM
of 263.94 (nm/°C) /s, which is two to three orders higher than
those of other fiber optic temperature sensors [9,10,12,17,26,27].
Furthermore, it has been long-cycle tested for three months for
high robustness, excellent reversibility, and detection accuracy. As
a proof of concept, it is used to detect the frequency change of
human breathing. The measurement of the human respiratory
rate with high sensitivity and ultrafast response speed (35 ms)
has been realized. The combination of the proposed sensor struc-
ture with high FOM, length-independent sensitivity, flexibility,
and high stability offers great potential for the development of
fast response and sensitive wearable optical chips for human
health monitoring.

2. SENSOR STRUCTURE AND SENSING
PRINCIPLE

Figure 1(a) shows schematically the three-dimensional struc-
ture of the proposed temperature sensor. The PDMS-filled
SP-SHSF was achieved by side-polishing a length of HCF until
part of the air core was exposed and filling PDMS into the air
groove of the D-shaped SP-SHSF. The residual thickness (RT)
of side polished HCF (SP-HCEF) can easily be decreased by pro-
longing the duration of the polishing process, which was
fully investigated in our previous work [28,29]. As shown in
Fig. 1(b), the section of the PDMS-filled SP-SHSF can work
as an ARROW. The mechanism can be described as the light
emitted in the SP-SHSF from the lead-in SMF; it will be re-
flected on the wall of the SP-HCF and propagate in a leakage
mode. The beam propagation method (BPM, RSoft Synopsys
Inc.) was employed to simulate the transmission spectra and
field evolution of the PDMS-filled SP-SHSF to reveal the sens-
ing mechanism. In the simulation, the inner diameter of the
HCF, denoted as 2ryc, is larger than the core diameter of
SMF, denoted as 2rgyp, which is 8.2 pm. The cladding diam-
eter of HCF and SMF, denoted as 2R, is 125 pm. The length of
PDMS-filled SP-SHSF (L) is 2 mm. Here, the RT is set to
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Fig. 1. (a) Schematic diagram of the proposed temperature sensor.
(b) Guiding mechanism of the proposed PDMS-filled SP-SHSF tem-
perature sensor. (c¢) Simulated transmission spectra of the sensors with
the temperature increase from 25°C to 30°C. (d) Field evolution along
the vertical cross section (xz plane) of the PDMS-filled SP-SHSF
structure at a temperature of 25°C for resonance and anti-resonance
wavelengths.
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66.5 pm, ensuring that the core of SMF is not damaged and the
D-shaped hollow core groove tube can form the largest opening
area. So the PDMS solution could easily penetrate into the hol-
low core. The Rls of the core of SMF and the silica cladding are
1.4681 and 1.4628 [30], respectively. Figure 1(c) shows the
simulated results of the sensors with a 2rycp of 75 pm. It
can be seen that the transmission spectra dip with a large red-
shift of 40 nm from 1588 to 1628 nm when the temperature
increases from 25°C to 30°C (the corresponding 7ppys de-
creases from 1.418992 to 1.416662). In addition, the transmis-
sion definition of 7" = 10 - log(P,,./P;,) is adopted in the
simulations, where P;, and P, are the input and output
powers of the sensor, respectively. The expression of 7ppys =
n, + yAT is used to calculate the RIs of the PDMS, where
n, = 1.42039 at a temperature of 22°C and the thermo-optic
coefficient (y) is equal to -4.66 x 104/°C [31]. Figure 1(d)
shows the simulation result by using the BPM; the optical field
evolutions are in vertical sections (xz plane) along the PDMS-
filled SP-SHSF structure with a temperature of 25°C at the dip
wavelength of 1588 nm and peak wavelength of 1614 nm. The
incident light propagates along the lead-in SMF with the fun-
damental mode, and is then refracted into the PDMS-filled
cavity of the SP-SHSF. The pattern in the annular cladding of
the capillary meets the condition of mode resonance [the silica
cladding can be seen as a pair of Fabry—Perot (FP) etalons]; it
leaks out of the cladding and results in a destructive interference
at the core of the lead-out SMF. It can reveal the basic proper-
ties of the leakage mode resonance, such as the condition at
1588 nm, while the light guiding mechanism in the SP-SHSF
filled with PDMS follows the ARROW model at 1614 nm.
The redshift of the resonance wavelength in the transmis-
sion spectrum is due to the temperature-induced RI change
of PDMS. Assuming the ARROW model guides the light,

the resonance wavelength can be calculated using the following

equation [32]:
Zd \/ nZCladding - nlz’DMS
ﬂ = > (1)

m
m

where 4 is the cladding thickness of HCF; nppys and 7¢juding
are the Rls of the PDMS-filled cavity and silica cladding of the
SP-HCEF, respectively; m is the resonant order.

The free spectral range (FSR) is an important criterion for
evaluating the inverse resonance effect. The calculation formula

of FSR can be expressed as [19,33]
lmlm+1

[ 2 2
2d "Cladding ~ "PDMS

where 4,, and 1,,,; are the wavelengths of two adjacent reso-
nant peaks.

According to Eq. (1), we can derive the sensitivity of the
proposed PDMS-filled SP-SHSF temperature sensor to tem-
perature. Considering that the thermo-optic effect has a greater
contribution than thermal expansion in the studied configura-
tion, the PDMS thermo-optic coefficient is three orders of
magnitude higher than the thermal expansion coefficient of
pure silica (4.1 x 107 /°C) at 20°C [34,35]. The thermal ex-

pansion of a silica capillary is not the dominant factor and

ESR = (2

can be neglected. Therefore, the wavelength shift sensitivity
can be approximated as follows:

O, (10d
=91 —
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and substituting nppys = 7(7) + }/% TT:TT” into Eq. (3)

and neglecting the quadratic coefficients of the (3—;)2, we
can obtain the sensitivity of Eq. (3) as
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From Eq. (4), it can be deduced that temperature sensitivity
is determined by the PDMS’s thermo-optic coefficient y, the
HCPF’s cladding thickness &, and the resonant wavelength A.
As a result, the sensitivity Sz > 0 when y is negative, corre-
sponding to a redshift of the resonant wavelengths with an in-
crease in temperature. It is equivalent to the redshift of the
resonant wavelength trough with the temperature rise. It also
reveals that the sensor possesses a length-independent temper-
ature sensitivity characteristic, which provides a theoretical ba-
sis for making miniaturized optical chips without scaling down
performance.

To demonstrate the anti-resonant guidance mechanism, the
BPM simulated transmission spectra and the dispersion curves
for the proposed PDMS-filled SP-SHSF structure were ana-
lyzed by the commercial finite element software COMSOL
Multiphysics, as shown in Fig. 2. In the simulation, using
parameters of HCF inner diameters and lengths of 30 pm
and 2 mm, the RT of SP-HCF and the RI of PDMS are
66.5 pm and 1.412, respectively. In Fig. 2(a), points A-I
are marked with the corresponding wavelengths of the modes
in Fig. 2(c), respectively. The dispersion curves of HE; ;(y=2s),
HE| 1 (v=24)> HE{ 1(v=23), and HE, ;(y=2) modes (number of
oscillations in the cladding region is denoted as 4V, correspond-
ing to 25, 24, 23, and 22, respectively) in the wavelength range
of 1440-1700 nm and corresponding electric field distribu-
tions of points A-I are illustrated in Figs. 2(b) and 2(c).
From Fig. 2(b), the curves show periodic dispersion bands;

P~
&
=

(C)  Eeetric fied norm (v/my

[—— Simulation (Rlpy=1.412)

Transmission (dB)

(b) 1440 1490 1540 1590 1640 16
Wavelength (nm)
7

14120 —
14115
3
£ La1top 2

s
& L4105

1.4100

Wavelength (nm)

Fig. 2. (a) Simulated transmission spectra for the proposed PDMS-
filled SP-SHSF structure with HCF inner diameters of 30 pm and
length of 2.0 mm (b) Dispersion curves of the proposed sensor
structure. (c) Electric field vector distributions of the PDMS-filled
SP-HCF.
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among them, the region where the effective RI changes dras-
tically corresponds to the resonant band (highlighted in or-
ange), while the flat changes region corresponds to the AR
band (highlighted in blue). The width of the two resonant
bands is consistent with the FSR of the AR mechanism.
Therefore, it can be demonstrated that the sensing mechanism
of our proposed PDMS-filled SP-SHSF structure is dominated
by the AR effect. From Fig. 2(c), the energy is concentrated at
the PDMS core, while the crossing of the guiding mode be-
tween the core and cladding causes destructive interference
to bounce back to the core mode, and the modal field profile
is shown as points D and G. This phenomenon corresponds to
the intensity change with the transmission spectrum, and it can
explain that even if one side of the HCF fiber is polished, the
transmission spectrum still maintains a lower loss.

To further validate the sensing mechanism, the transmission
properties of the proposed PDMS-filled SP-SHSF structures
with different air core diameters and HCF lengths were theo-
retically investigated using BPM for the three types of samples
with different HCF core diameters of 20-75 pm and HCF
lengths extending from 1.0 to 2.5 mm. The simulated trans-
mission spectra are shown in Figs. 3(a)-3(c). Periodic transmis-
sion dips with fixed central wavelengths are excited with the
different lengths of HCF. Considering that the length of HCF
can have a critical value, the FP interference and AR mecha-
nism can coexist. If the length of HCF is far beyond the critical
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Fig. 3. Simulated transmission spectra for the proposed PDMS-
filled SP-SHSF structure with different HCF core diameters and
lengths of HCF: (a) 20 pm, (b) 30 pm, (c) 75 pm. (d) Comparison
of the simulated and formula calculated results for FSR with different
HCEF core diameters and HCF lengths in the same resonance wave-
length range.

length, the AR mechanism plays a leading role. Therefore, the
comparison of the simulated and formula [Eq. (2)] calculated
results for FSR with different HCF core diameters and lengths
of HCF in the same range of resonance wavelength is displayed
in Fig. 3(d). The critical length is denoted as L, when the AR
appears, and its analytical expression is approximated by the
following equation [36]:

,
— 2 2 2 HCF
L = \/ mopms Tt MCladding ”Core< > >
\/ MCore ~ nCladding
2d
+ ) )
V "Core ~ "PDMS

As can be seen from Fig. 3(d), the simulated FSR between
two adjacent transmission dips (highlighted in gray) is almost
the same as the equation calculated when the length of HCF is
extended from 1 to 2.5 mm (greater than the Z, of 507.58 pm)
with the inner diameter 27y of 20 pm. The same pattern
happens in the HCF with the diameter of 30 pm (highlighted
in pink). Thus, it is confirmed that the ARROW guiding
mechanism introduces those periodic dips. In addition, with
the increase of the inner diameter 27y from 20 to 75 pm,
the wall thickness 4 decreases, which leads to the FSR increase
of the resonant wavelength dip, which is in good agreement
with the AR effect. Notably, the L, is longer at a larger hollow
core diameter 27ycy; the difference of FSR between the simu-
lated and formula calculated is at a maximum of about 15 nm
when the length of the HCF is 1 mm, but diminishes to
0.84 nm with 2.5 mm length of the HCF [highlighted in blue
in Fig. 3(a)]. It can be explained that the AR effect gradually
becomes dominant as the length of HCF moves away from the
critical position. With the increase of the HCF length, some
tiny drops appear, probably introduced by the multimode in-
terference (MMI) effect. Multiple modes propagate along the
PDMS-filled air cavity of the SP-SHSF and interfere with each
other, resulting in MMI. The PDMS-air interface also reflects
the guiding light, but reflection satisfies the generalized Snell’s
law, which results in a total reflection effect and enhanced sen-
sitivity to the surrounding environment. In addition, the flat
connection method makes the light wave fully incident into
the PDMS without being reflected by the polished surface.
This helps to enhance the strong interaction between the light
field and the PDMS material, and improves the sensitivity
of the temperature. In addition, filling PDMS materials with
a higher RI than air could reduce the Fresnel reflection and
leakage loss.

It is worth noting that the transmission spectrum is not par-
ticularly uniform but appears to include other periodic compo-
nents distributed throughout the AR region of the transmission
spectrum, and different transmission spectrum visibilities of the
three types of samples can be observed, possibly due to the ac-
cumulation of the resonance effect and MMI effect at the res-
onance wavelength along the length of SP-SHSF.

Therefore, there is a trade-off between transmission spec-
trum visibility and transmission loss. To avoid the introduction
of the MZI effect caused by the collapse of the silica tube when
splicing with SMF, and to shun the cross talk of the FP effect
when the length for HCF is close to L, and achieve a relatively
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low transmission loss, under comprehensive consideration,
HCF with an inner diameter of 30 pm and a length of
1.5 mm to 2 mm is recommended for the experiments.

3. EXPERIMENT

The proposed sensor used in the experiment can be fabricated
by the schematic diagram as shown in Fig. 4. The first step is to
splice a sandwich-like fiber optic structure of SMF-HCEF-SMF
(SHSEF) using the flat connection method as shown in Fig. 4(a).
The process is implemented by manually splicing a specific
length of HCF (Gootyo, THCCF_PSC30) between two stan-
dard SMFs (Corning, SMF-28¢). The inner radius » of the
HCEF is selected as 15 pm, and other fiber parameters are con-
sistent with the simulation. It is worth noting that the fiber
centers of both splicing points were manually aligned on a
welding machine (DVP-740), optimizing the arc current
and duration and keeping the discharge electrode offset from
one side of the SMF to ensure the flatness of the welded surface.
Figure 4(b) shows the SHSF sample with a section of 2 mm
long HCF spliced between two SMFs (notice the red signal
mark at the fusion point of SME/HCEF, which is used to assist
in determining the cut length of the HCF, since the fusion
point is difficult to see without the help of a microscope).
The flat connection between SMF and HCF can be seen in
the inset of Fig. 4(b). The next step is to adopt the grinding
wheel polishing technology [29] to fabricate the SP-SHSF sam-
ple. The self-made polishing system is shown in Fig. 4(c). Two
fiber clampers fixed the SHSF to keep it straight, and against
the grinding wheel, a desired polished depth of the SP-SHSF
sample is achieved by controlling the rotation speed and time of
the wheel. Note that the SHSF sample needs to be cleaned after
the side polishing process. The cleaning process includes: soak-
ing the sample in “piranha solution” (70% H,SO,4 and 30%
H,0,) for 30 min at room temperature [37], then rinsing
the sample with plenty of deionized water, and drying it at
60°C for 20 min. This step is to hydroxylate and clean the silica
surface in the SP-SHSF groove, making it highly hydrophilic
and thus ensuring that PDMS can be filled without any air
gaps. The top view image of the SP-SHSF sample after the side
polishing process is shown in Fig. 4(d). Third, the prepared
SP-SHSF structure was fixed on the slide with high-tempera-

Splice Splice
SMF HCF SMF SMF] HCF

b

iswr

SMF SP-HCF SMF

Fig. 4. Schematic of SP-SHSF fabrication process. (a), (b) Splicing
two sections of SMFs with HCF and diagrams after splicing, respec-
tively. (¢) Grinding system. (d) Top view image of the SP-SHSF
sample after side polishing. (e) Dropwise PDMS. (f) Side view of
the proposed sensor.

ture tape to enhance its firmness and keep the groove direction
of the SP-SHSF structure facing up. The PDMS solution is
made by mixing two precursors of elastic material (Sylgard
184-A) and hardener (Sylgard 184-B) with a ratio of 10:1,
and the specific preparation process can be found in our pre-
vious work [28]. The prepared PDMS solution was dropped
using a pipette gun, and the excess PDMS over the groove sur-
face could be scraped off with a clean SMF, which can be done
for several times under the microscope until the fiber surface is
flac with no excess PDMS solution. The operation diagram is
shown in Fig. 4(e). Finally, the prepared SP-SHSF sample filled
with PDMS solution was cured at 80°C for 15 min. When the
PDMS is cured and solidified, the proposed PDMS-filled SP-
SHSF temperature sensor is fabricated successfully, and the
sample is shown in Fig. 4(f). The inset in Fig. 4(f) shows
the cross section of the sample with the RT of 70 pm.

4. RESULTS AND DISCUSSION

A. Performance of Temperature Sensitivity

Figure 5(a) illustrates schematically the experimental setup used
to investigate the PDMS-filled SP-SHSF temperature sensing
characteristics. In the experiment, the lead-in and lead-out
SMFs were fixed and suspended horizontally in a temperature-
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Fig. 5. Experimental setup and measurement result for temperature
sensing. (a) Schematic diagram of the experimental setup.
(b) Transmittance spectral response to the temperature changing from
25°C to 85°C for the sensors, with SP-SHSF length of 2.0 mm. (c),
(d) Zoomed-in view of resonant wavelength dip shifts for the temper-
ature changing from 40°C to 45°C in (b) and the corresponding sim-
ulation result. (¢) Dependence of the resonant wavelength dip shifts on
temperature for the sensor with SP-SHSF lengths of 1.6, 2.0, and

2.2 mm.
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controlled chamber using ultraviolet (UV) glue (Norland
Optical Adhesive 65). The lead-in SMF at the leading end
of the fiber is connected to a supercontinuum light source
(SCS, YSLSC-5-CES) with a wavelength range of 450-
2400 nm and a peak power of 9 dBm at 1064 nm. The lead-
out SMF of the fiber is connected to the optical spectrum
analyzer (OSA, Yokogawa, AQ6370D) with a resolution of
20 pm. In addition, a commercial thermometer is connected to
monitor the internal temperature, and the temperature data are
recorded by computer in real time. A sample of the temperature
sensor is shown in the enlarged inset of Fig. 5(a). In the temper-
ature test process, the temperature of the chamber is set to be
increased by a step from 25°C to 85°C and held for 10 min in
each step to obtain a stable transmission spectrum of the sensor.
The transmittance spectral response to the temperature chang-
ing from 25°C to 85°C for the sensors, with the SP-SHSF
length of 2 mm, is shown in Fig. 5(b). Figure 5(c) shows
the tracked resonance dip spectral offset at 40°C and 45°C, and
a large wavelength dip redshift of 21.8 nm is obtained. By com-
paring the corresponding simulation result in Fig. 5(d), the
wavelength dip redshift obtained in the numerical calculation
is 28 nm, which shows the corresponding resonance effect and
confirms the high consistency between the experimental and
simulated results. The difference in the wavelength dip redshift
can be interpreted as the slight collapse of the silica capillary
during the sample fusion process, the PDMS-—air interface’s flat-
ness, and the RT measurement error. The dependence of the
resonant wavelength valley shifts on the temperature of three
different samples with SP-SHSF lengths of 1.6, 2.0, and
2.2 mm, is shown in Fig. 5(¢). By linearly fitting the wave-
length valley redshifts with temperature, the temperature sen-
sitivity increases from 3.740 to 3.826 and 4.098 nm/°C when
the SP-SHSF length decreases from 2.2 to 2.0 and 1.6 mm. All
linear correlation coefficients are greater than 99.6%, indicat-
ing that the wavelength valley shifts with the change of temper-
ature have an excellent linear relationship. It is shown that the
higher sensitivity can be achieved at a shorter length of 1.6 mm
SP-SHSF with the 30 pm inner diameter for HCF, which can
contribute to the transmission loss of the leakage mode by
ARROW. According to the ARROW length-independent fea-
ture of the temperature sensitivity in Eq. (4), using a thinner
cladding with a shorter length of HCF makes it possible to fab-
ricate highly sensitive temperature sensors with micrometer
dimensions.

B. Long-Term Stability and Reversibility of the
Sensor

To further illustrate the long-term stability and repeatability of
the sensor, we conducted a long-term tracking test on the above
highly sensitive sample for the SP-SHSF length of 1.6 mm. In
addition, the experimental devices were placed indoors without
encapsulation or sealing measures to meet the normal environ-
mental conditions of the test. Figures 6(a)—6(d) show the two-
dimensional intensity diagram of the temperature response of
the sample measured for the first time and after 7, 14, and
84 days, respectively. The trends of the four tests are consistent
over the same wavelength range marked by the red dash. After
84 days of placement, tracks and records shift in the valley of
the transmission spectrum of the sample every 5 min for 1 h on
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Fig. 6. Long-term stability of the PDMS-filled SP-SHSF sensor.
Spectral response to temperature for the sample with SP-SHSF length
of 1.6 mm on the (a) Ist, (b) 8th, (c) 15th, (d) 85th day, respectively.
(e) Standard deviation of the wavelength at 30°C, 45°C, 60°C, and
75°C for 1 h. (f) Temperature sensitivities of the sensor for the
Ist, 8th, 15th, and 85th test days.

each temperate condition (30°C, 45°C, 60°C, and 75°C). The
average standard deviation of ~0.1 nm is obtained, as shown in
Fig. 6(e). In addition, Fig. 6(f) shows that the sensitivities from
the four repeated tests (from the first day to the 85¢h day) are
4.098, 4.05, 4.223, and 4.135 nm/°C. The test results show
that the resonance wavelength of the device at 85°C was shifted
only 3 nm from the first day to the 85th day. Moreover, con-
sidering the stability of the temperature control furnace, we can
conclude that the sensor has excellent long-term stability and
repeatability.

The reversibility of temperature tests is a significant perfor-
mance for the high-sensitivity temperature sensor. We also se-
lected the used SP-SHSF length of a 1.6 mm temperature
sensor sample after 84 days for the reversibility experiment
as shown in Fig. 7(a); the dynamic wavelength shifts with tem-
perature increasing and decreasing gradually between 25°C and
85°C in steps of 5°C. Preliminary data show a robust perfor-
mance, in which the wavelength of the sensor is consistent with
the response trend of the actual temperature. The temperature
linear fitting curves are shown in Fig. 7(b), and each point is the
average of each stabilized step obtained from Fig. 7(a). The re-
sult shows that temperature sensitivities of heating and cooling
are 4.135 and 4.116 nm/°C within the correlation coefficients
0f 0.9988 and 0.9989, respectively. Referring to previous work
mentioning the “relative sensitivity deviation” as a criterion to
assess the reversibility of the temperature sensor [28], we can
obtain a high reversibility of RSD = 40.23% for the proposed

sensor. Then, combined with the maximum sensitivity of tem-
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perature detection, the detection accuracy of the sensor in the
test range of 25°C-85°C is 0.0237°C, which has reached the
detection magnitude of the electronic thermometer. It is worth
noticing that such PDMS-filled SP-SHSF can have a neglect-
able hysteresis to ambient temperature, excellent stability, and
high reversibility, which are the most desirable characteristics in
practical applications.

C. Response Time of the Sensor

The rapid temperature response is a crucial characteristic of the
PDMS-filled SP-SHSF sensor, which can be obtained by mon-
itoring the corresponding time of optical signal variations. A
communication wavelength laser (1550 nm) source is used
to transmit the laser into the SMF as the input port of the sen-
sor. Because of the spectrometer’s low scanning spectral record-
ing speed (~2 ), it is unsuitable for fast speed recording of the
order of milliseconds. Therefore, the output optical signal was
detected by a photodetector (PD, New Focus, 2011-FS-M)
with 100 kHz bandwidth and displayed with an oscilloscope
(OSC). The function of the PD is to convert the change of
output optical power caused by respiration into an electrical
signal. As shown in Fig. 8(a), by blowing hot air into the sensor
quickly and regularly at room temperature of ~22°C, the light
signal changes periodically with the rhythm of heat exchange.
Through synchronous testing with commercial temperature
probes, the temperature near the sensor can be increased by
nearly 0.3°C (~22.3°C) when hot air is blown in. The decay
time of the curve was fitted using the exponential, and the time
required for the sensor output signal to rise from 10% to 90%
of the steady value is used as the time response of the sensor

[38]. As illustrated in Fig. 8(b), the PDMS-filled SP-SHSF sen-
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Fig. 8. Experiment of response time for temperature detection.
(a) Sensor’s response characteristic under temperature changing from
~22°C to ~22.3°C. (b) Zoomed-in view variations to evaluate re-
sponse and recovery times for the sensors.
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sor samples with a length of 1.6 mm and ~900 pL volume of
the cavity achieved ultrafast temperature response and recovery
times of 16 and 176 ms, respectively. In addition, numerical
simulations have been performed to confirm that a PDMS-
filled SP-HCEF structure with the length of 1.6 mm can achieve
faster temperature conductivity, with a 30% reduction in con-
duction time compared to the PDMS-filled HCF without a
polished side cladding. The performance of the sensor with
an ultrafast response time without additional high thermal con-
ductivity materials (such as the NDs of 2200 W/mK [39]) can
be attributed to the ultra-compact size of the sensor and the
open surface of PDMS—air. The response time (z) of the tem-
perature sensor can be expressed as [40] 7 = %, where p,,,,
C,, and V,,, are density, heat capacity, and volume of the
medium, respectively. The heat transfer coefficient and the sur-
face area are denoted as 4 and A4,,, respectively. The rapid re-
sponse time of the proposed sensor can be attributed to the
reduced heat capacity and volume with its shorter length, larger
surface to volume ratio, and thus faster heat exchange. By uti-
lizing the ARROW mechanism for achieving length-indepen-
dent temperature sensitivity, the proposed sensor structure is
expected to simultaneously enable the development of high-
sensitivity temperature sensors with micrometer dimensions
and ultrafast response times (~milliseconds).

D. Wearable Breath Monitor with a Mask

Combining the advantages of the PDMS-filled SP-SHSF sen-
sor of a compact size, high sensitivity, high stability, reliability,
good flexibility, and ultrafast response speed, the sensor has
great potential in making wearable medical or biological detec-
tion devices. Here, we exhibited an as-fabricated wearable
breath sensor for monitoring human breathing speed, as shown
in Fig. 9. Figures 9(a)-9(c) show the schematic of the exper-
imental setup, a volunteer to test human breathing speed
with the proposed wearable breath sensor, and the detail of the
interior of the as-fabricated sensor. In the test, the same
1550 nm wavelength laser is used to transmit light into the
input port of the sensor, and the output SMF is connected
to a PD. Then the electrical signal is transmitted to the OSC,
and the real-time monitoring of respiratory frequency can be
realized. Figure 9(d) shows the volunteers taking a breath test
with three different breathing states. During exhalation, the sig-
nal voltage rises sharply with the rapidly increased temperature
and RH in the mask. During inhalation, the signal voltage de-
creases fast until recovering to the original strength of the sig-
nal. In addition, the internal RH of the mask will approach
equilibrium, and the internal temperature difference will de-
crease with changes in breathing, which can explain the gradual
increase of the original strength of the signal, as shown in the
fast breath test of Fig. 9(d). In Fig. 9(e), the wearable breath
sensor’s fastest response and recovery times are 35 and 280 ms,
respectively.

It is easy to observe that the measured respiratory rate cor-
responds to the temperature response rate. The RH within the
mask tends to balance with continuous breathing; we can as-
sume that the optical signal response of the respiratory sensor
mainly results from the temperature change (the effect of hu-
midity on the sensor can be found in the Appendix A). The
recovery time is longer than the response time and can be
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Fig. 9. Monitoring human breath by using an as-fabricated wear-
able breath sensor. (a) Schematic of the experimental setup for human
breath monitoring. (b) Volunteer to test human breathing speed with
the proposed wearable breath sensor. (c) Image of the interior of the as-
fabricated wearable breathing sensor. (d) Optical signal response
of the sensor at different breathing frequencies. (¢) Enlarged graph
of response and recovery times of the sensor at different respiratory
rates.

explained by the temperature slowly changing due to the rel-
atively closed conditions inside the mask. This phenomenon
can be seen from the deep breathing test in Fig. 9(e), where
the rate of temperature change in the mask slows down as
the exhalation time increases, which results in a double recovery
time of 620 ms. The recovery speed was restored to 280 ms
when switched to a fast breathing state. It is concluded that
the as-fabricated wearable breath sensor can perform very well
in monitoring breathing speed. The highest breath frequency
can reach about 2 Hz, and can monitor the respiratory rate even
when the person is running [41].

E. Performance Comparison of the Sensors

Table 1 compares several typical fiber optic temperature sensors
to demonstrate the exceptional performance of the PDMS-filled
SP-SHSF sensors. It is shown that fiber optic temperature sensors
based on different mechanisms of mode interference (MI), FBG,
and MZI have response times between 30.21 and 90 ms without
material addition, but all the sensitivities less than 0.1 nm/°C
[9,10,12,46]. Temperature sensors based on the FP interference
(FPI) effect and Vernier effect have been reported to achieve
higher sensitivities of ~1.4 to 17.758 nm/°C, but the response
time is uninvestigated [44,45]. The PDMS-filled SP-SHSF sen-
sor achieves a temperature sensitivity up to 4.223 nm/°C in the
range of 25°C-85°C, which is more than two to three orders
higher than some sensors without material and maintains an
ultrafast response rate (16 ms) and at least 4.79 times higher
sensitivity than MMI mechanism-based sensors using PDMS
materials [28,43]. This demonstrates that it is possible to

maintain a fast response time at a shorter length (1.6 mm) with
a sub-nanoliter volume cavity while guaranteeing a high temper-
ature sensitivity due to the length-independent role of the
ARROW mechanism for sensitivity. Other material-based opti-
cal sensors such as acrylate [42], acrylic resin [27], PDMS
[28,43], Ag/alcohol [30], and Au/graphene/PDMS [17] can
reach a temperature sensitivity from -0.4409 to -5.098 nm/°C,
but with a more complex preparation process, larger structure
length, and longer response time.

To evaluate the sensor’s overall performance, we used the
FOM, defined as the absolute ratio of the sensitivity to the re-
sponse time in (nm/°C)/s. Most reported fiber optic temper-
ature sensors cannot have both high sensitivity and fast
response because a longer interference path and high TOC
materials can improve the sensitivity of the sensor, but the re-
sponse time becomes longer due to the increased heat capacity
and lower thermal diffusivity as the device structure size be-
comes larger. To break the limitations, we implemented a novel
SP-SHSF sensor structure with an AR sensing mechanism,
which can reduce the length and volume of the structure
and increase the area by the open surface of PDMS-air while
ensuring high sensitivity and obtaining a fast response at the
same time. As shown in the last column of Table 1, the
FOM of this work can reach 263.94 (nm/°C)/s, which is
more than two to three orders of magnitude higher than those
of other reported temperature fiber optic sensors.

5. CONCLUSIONS

In summary, a novel temperature sensor with a single fiber op-
tic PDMS-filled SP-SHSF structure using an ARROW mecha-
nism is proposed and fabricated. High-sensitivity ARROW can
be easily achieved due to the lower RI of PDMS than that of
silica tubes. Due to the structure of high sensitivity and length-
independent sensitivity, it is a powerful strategy to simultane-
ously obtain high sensitivity and fast response and achieve a
high FOM. Experimental results show that the temperature
sensitivity of the sensor reaches 4.223 nm/°C at a length of
1.6 mm with a PDMS-filled sub-nanoliter volume cavity,
while response and recovery times are as short as 16 and
176 ms, due to the compact size and length-independent char-
acteristics of the sensitivity. The embodied FOM reaches
263.94 (nm/°C) /s, which is more than two to three orders
of magnitude higher compared to other reported temperature
sensors. The sensor exhibits excellent reversibility performance
with a long-cycle test over three months, which verifies the reli-
ability, low relative sensitivity deviation of RSD = £0.23%,
and detection accuracy of 0.0237°C. Owing to the above ad-
vantages, a wearable face mask integrated with a fiber optic sen-
sor is demonstrated to detect human breathing and measure
breath response speed up to 35 ms. Given the advantages of
the high FOM, length-independent sensitivity, flexibility,
and high stability of the proposed sensing structure, we believe
this work will be essential in developing high-frequency high-
sensitivity optical chips for future wearable respiratory health
and contactless iz vitro testing, and provides a highly sensitive
nanoliter sensor platform for potentially wide sensing applica-
tions in biology.
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Table 1. Comparison of the Performances of Various Types of Fiber Optic Temperature Sensors
Temperature Sensors Sensitive Temperature Sensitivity Length Response Figure of Merit
Structure Mechanism Material Range (°C) (nm/°C) (mm) Time (s) [(nm/ °Q)/ s]
SP-SHSF (this work) AR PDMS 25-85 4.223 1.6 0.016 263.94
SMFE+NCF+SMF [42] AR Acrylate 25.15-38.5 -3.784 9.3 N/A N/A
Ring-shaped SMF-NCF [27] AR Acrylic resin 20-30 -5.098 8 9 0.57
SP-COF [43] MMI PDMS 40-80 -0.88 7 N/A N/A
CSPF [28] MMI PDMS 30-85 -0.4409 ~16 N/A N/A
HCEF [26] SPR Ag/alcohol 35.5-70.1 -1.16 >15 14 0.08
SPE-MMF [17] SPR Au/graphene/ 40-80 -1.56 ~5 6 0.26
PDMS
uCACS [44] FPI PDMS 46-50 17.758 ~0.14 N/A N/A
HC-PBGF [45] FPI 100-600 ~1.4 ~3.7 N/A N/A
FBG+metal tube [9] FBG 0-35 0.0276 15 0.0486 0.57
Unpackaged-FBG [10] FBG 20-90 ~0.01 5 0.03021 0.33
MCEF [12] MI ~80 to 350 ~0.035 5 0.09 0.39
MMMEF [13] MZI ~38 to 350 -0.193 12 N/A N/A
MEF-NCF-MF [46] MZI 20-100 0.033 1 N/A N/A
APPENDIX A: EFFECT OF HUMIDITY ON THE @
SENSOR y ®) _y
27.58nm/RIU<—p;

To evaluate the humidity stability of the PDMS-filled SHSF
temperature sensor, the resonant wavelength of the sensor
was tracked under different humidity conditions. The humidity
is controllable by a humidity test chamber (BPS-100CL,
Yiheng, China) and monitored by a commercial humidity/ther-
mometer (175H1, Testo). The experiment is conducted in the
chamber at a constant temperature of 25°C; the RH is tuned in
an auto manner, which increases from 50% to 75% RH at a
step of 5% RH, and then each RH step is held for 15 min to
obtain a stable transmittance spectrum of the sensor. The trans-
mittance spectral response test results of the RH changing
from 50% to 75% RH for the proposed sensors are plotted
in Fig. 10(a). From Fig. 10(b), the resonance wavelength shift
shows the linear correlation (R? = 0.9666) to the RH, which
has a sensitivity of 0.16 nm/%RH. The reason for the sensor
exhibiting the dependent response to RH is that moisture can
penetrate the PDMS over a range of temperatures and humid-
ities, leading to the change of Rls for PDMS [47]. The humid-
ity cross-sensitivity is only about 0.038°C/%RH, which
indicates that the humidity has a negligible effect on the
sensor’s sensitivity.

To further assess the external environment’s effect on the
proposed sensor, we carried BPM simulations to calculate
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the cross-sensitivity with the proposed sensor placed in air-
to-water environments. In the simulation, the air and water
environments are replaced by Rls of 1-1.33. The PDMS-filled
SP-SHSF has a length of 1.5 mm, inner diameter of 30 pm, and
RT of 66.5 pm. The RI of PDMS was set to 1.418992 (at room
temperature), and other parameters are set as mentioned in
Section 2. The transmission spectral response of the PDMS-
filled SP-SHSF sensor to a change in external RI from 1 to
1.33 is shown in Fig. 11(a). From Fig. 11(b), the sensor’s ex-
ternal environment Rl sensitivity is 8.28-27.58 nm/RIU. The
simulation results show that even if the overall RI of the exter-
nal environment changes from 1 to 1.33, the resulting cross-
sensitivity is only 1.96-6.53°C/RIU (temperature sensitivity of
the proposed sensor is 4.223 nm/°C and the equivalent RI sen-
sitivity is 9062.23 nm/RIU at 25°C-85°C, corresponding to RI
cross-sensitivity of 0.09%-0.3%). Therefore, the proposed
PDMS-filled SHSF temperature sensor has strong stability
to the external environment RI.
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