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Abstract: A microfiber knot ring (MKR) with a temperature sensitivity of 183 pm/°C
has been proposed and experimentally demonstrated. To further improve its stability
and sensitivity, the polydimethylsiloxane (PDMS) film was used to encapsulate it to
be a slice probe. The temperature sensitivity was increased for more than 9 folds with
a good stability and repeatability. The contribution ratios of thermal-optic coefficient
and thermal-expansion coefficient of silica and PDMS were analyzed and discussed.
The high sensitivity of 1.67 nm/°C and miniature slice structure enablesits application
for precisely monitoring the temperature fluctuation in some special occasions.

Keywords: Microfiber; Fiber sensor; Temperature sensor; Microfiber knot ring

(MKR); Polydimethylsiloxane (PDMS).
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Introduction

Accurate temperature monitoring is critical important in many occasions, such as the
industrial processes controlling, photovoltaic devices efficiency, health monitoring,
biological molecular activities and chemical reactions adjustment ™!, In recentyears,
optical fiber temperature sensor has attracted much attention because of .its unique
advantages compared with electrical sensor, such as the anti-electromagnetic
interference, small size, high sensitivity and good flexibility ™. It can be'concluded
from the reported works that these temperature fiber sensors were usually constructed
by different kinds of special fibers or microstructures [ relying. on complex
micro/nano-processing fabrication schedules © or expensive equipment “%. For
example, the multicore fiber or laser written fiber Bragg, fiber can operate at high
temperature of 1000 ‘C to measure the temperature change with the sensitivity of
dozens of pm/°C in a wide working range "t %Fhe high sensitivity and wide
working range are always mutually restrictive dependin’g on their applications. In
contrast, the low-cost single-mode fiberwillbe the' most promising candidate to reduce
cost and simplify process for exploring the.commercial temperature sensors. Various
related forms and structures have been reported and covered the fiber ring resonators,
fiber interferometers and microfiber tapers #*1%. Based on the high efficiency coupling
of the evanescent wave between optical micro/nano-scale waveguides, the microfiber
knot resonator (MKR) has'beendesigned and fabricated to realize sensing devices with
the high sensitivity, stable/tructure and flexible morphological parameters "% The
sensing performance of MKR structure constructed by a single material is easier to
study because the corresponding morphology parameters can be controlled precisely,
but its long=term stability and sensitivity will be limited by the fiber material. For
example, thessensitivity of silica MKR and poly(methylmethacrylate) (PMMA) MKR
temperature sensor are dozens of pm/°C and 0.266 nm/°C, respectively 2% 2. Many
function. materials have been introduced into the MKR to obtain a more excellent
sensing performance 22?4 Where, the graphene film has been demonstrated to reduce
the response time to as fast as 56 ms due to the high electrons transfer rate ?!; the

polytetrafluoroethylene (PTFE) with excellent corrosion resistance, high temperature
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resistance and low friction coefficient was used to improve its stability ?%: the
micrometers thickness of polydimethylsiloxane (PDMS) film was theoretically
demonstrated to improve the sensitivity of MKR temperature sensor to be up to 0.197
nm/°C 7,

In this paper, the MKR structures were prepared by the microfiber with the diameter
of several micrometers, which was obtained from common single mode fiber using the
one step flame heating-drawing technique. The temperature sensingsperformance of
both bare MKR and PDMS packaged MKR has been experimentally demonstrated and
compared. =
Experimental Methods

The experiment schematic was illustrated in Fig. 1(a);the amplified spontaneous

emission (ASE-C source, 1520-1580 nm) was used as the light source.
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Fig. 1. (a),Schematic diagram of temperature sensing experiment for MKR structure; (b) Microfiber
preparation system based on flame-heating and self-modulation stretching technique; (c) Photo of
microfiber taper; Fabrication process of microfiber knot resonator using three-steps method, including
(d) circling, (e) knotting and (f) stretching.

The MKR structure was sandwiched by two glass slides and encapsulated by PDMS,

whose thickness was controlled by two Teflon tubes. The whole temperature probe was
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immersed in the water bath environment and the corresponding temperature values
were monitored by a thermometer (EBRO FXT430). The transmission spectra were
collected and analyzed by the optical spectra analyzer (OSA, YOKOGAWA AQ6370)
with the resolution of 20 pm. To obtain the microfiber, we built a homemade flame
heating-drawing system, as shown in Fig. 1(b), including a Bunsen burner (Dragon-200;
highest temperature 1300 °C) and two one dimensional electric displacement platforms
being equipped with two fiber holders. The diameter of the microfiber, can be
manipulated by changing the drawing speed, flame temperature and heating region. It
can be seen from Fig. 1(c) that the microfiber has the smooth surfacé'and the uniform
conical region. The MKR structure was fabricated following,the .sehedules in Fig.
1(d-f), where one end of microfiber was inserted through:the ring, and then both two
ends of microfiber were stretched in the opposite directions. The ring diameter was
seriously limited by the microfiber diameter, as teessmall ring will be fragile and result
in the serious leakage of light signals. Smaller diameter o? microfiber can support the
stronger evanescent wave to get a smaller ring resonator without serious light loss.
Experimental Results and Analysis

The temperature sensing performance of a'bare MKR structure with the microfiber
diameter of ~8.6 um and“the ring diameter of ~4.5 mm was determined in the
temperature range of 20-70°C. The transmission spectra were recorded with a step of
10 °C, where two resonancedips were obtained and red-shifted continuously with a
value of ~9.15 nm due to.thé thermal-optical effect of silica 8. As muti-dips turn out in
the spectra, the whole.temperature range of 50 °C was used in the experiment to make
sure that the resonances dip shifts in one free spectra range. In this case, the different

dips won netroverlap with each other and can be distinguished.
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Fig. 2. Transmission spectra of bare MKR structure for temperature increasing from 20 °C to 70 °C
with a step of 10 °C.

The same MKR was later packaged in the PDMS film. Where, the basic component
and curing agent (with the weight ratio of 10:1) was being stirred for 5 min to get the
PDMS sol, which was stewed for 4 hours to eliminate the air bubbles. MKR structure
was placed on a piece of glass slide and covered with PD’MS sol. Another glass slide
was covered to package the MKR as a sandwiched structure. Two Teflon tubes with the
diameter of 0.6 mm were inserted between the twao'slides to promise the fixed thickness
of the PDMS film. The packaged probe was cured in a thermostat for 1 hour at 100 °C.
The cured PDMS film actsthe thermal sensitive material with the thermal-expansion
coefficient of 3.0x10™* /°C ¥ and the thermal-optical coefficient of -100x10° RIU/°C
B39 which are higher thanthose:of silica. Furthermore, either the structure expansion or
refractive index decrease’ will contribute to the blue shift of resonant dips, as

demonstrated experimentally in Fig. 3(a).
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Fig. 3. (a) Transmission spectra of PDMS packaged MKR structure for temperature increasing from 24 °C

35 to 38 °C with a blue-shifted resonance dip:(b) Temperature sensing performance comparison between
36 bare MKR (increasing from 20 °C—70 °C) and PBMS-MKR (round trip during 24 °C« 38 °C).

When the temperature increased from 24 °C to 38 °C with a step of 2 °C, the
resonance dip blue-shifted for ~23.37 nm with the average sensitivity of 1.67 nm/°C.
The temperature range Was\imited by the big shift of resonance dip. After the
temperature increasing for 14 °C, the resonance dip has shifted for more than 20 nm.
Furthermore, two.resonance,dips turned out in the spectra and difficult to distinguish,
47 which will limit the ‘working range of the temperature sensor. So the proposed
49 temperatufe sensor probe only can operate in a limited working range to monitor the
51 temperatures fluctuation” with ultra high sensitivity or resolution. To explore the
53 temperature<sensing performance in other intervals, one can trace the resonance dip
55 during the special temperature range. For the proposed temperature sensor, its
57 maximum working range will be limited by PDMS. When the temperature decreased

59 from 38 °C to 24 °C with a step of 2 °C, the resonance dip red-shifted backward to the
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initial location with a deviation of ~0.12 nm, as indicated in Fig. 3(b). Furthermore, the
resonance dip slowly moved back to its previous wavelength at the fixed temperature
value of 24 °C, the deviation value reduced to be lower than the resolution of OSA. The
possible reason can be attributed to the different thermal response time of PDMS during
the temperature increasing and decreasing process, where the expansion rate is faster
than that of shrink.

To verify the thermal response time of the PDMS-MKR temperature sensor, the
locations of the resonance dip was continuously recorded for every 5 s when the
temperature probe was immersed alternately in the two thermostat water baths with the
temperature of 32 °C and 28 °C, respectively. For a fixed temperature.environment, the
resonance dip was stable and no significant shift was ‘ebserved in the experimental

results, as shown in Fig. 4.
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Fig. 4. Temperature response of PDMS-MKR structure for temperature changing between 28 °C and
32°C.

When the temperature was changed from 32 °C to 28 °C, the resonance dip
red-shifted quickly and then slowly moved to a fix location in less than 26 s.
Furthermare, it can be determined from the experiment curve that the response time
was less than 15 s for the temperature increasing process. These experimental results
met well with the thermal expansion property of PDMS the analyzed in the former
section.

In this work, on one hand, the PDMS film was introduced to improve the temperature

sensitivity of silica MKR structure, as mentioned and discussed above; on the other
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hand, the PDMS film can protect the fragile MKR to improve its stability and prolong
its service life. The high temperature sensitivity depends on the high thermal-expansion
coefficient and the negative thermal-optical coefficient of PDMS film. Assuming their
contributions are ap and a,, respectively. The temperature sensitivity of the
PDMS-MKR and the bare MKR are:

aE) (EPDMS OPDMS)
Ao ESilica OSilica

(1)

SpoMs—mkr = (

Smkr = (Zf}) (Esitica  Ositica) 2

By substituting sensitivity values of both PDMS-MKR and bare MKRyas well as the
characteristic parameters of PDMS and silica into the @bove equation, the two
contribution coefficients for thermal-expansion effect az and thermal-optical effect
a, for the MKR temperature probe can be determined to'be 3.879x10° and 1.317x10%
respectively. The impact from the thermal-optical effect is ~3.4 folds higher than that of
the thermal-expansion effect for this temperature  probe. The high temperature
sensitivity, miniature and stable structure of the proposed temperature probe will enable
its promising candidate for precisely sensing the temperature fluctuation for some
special biochemical reactions and industry.control process. Furthermore, the sensing
performance seriously depends on the morphology parameter of MKR, the sensitive
materials and packaged structures.
Conclusions N

In summary, a PDMS-packaged MKR temperature sensor was demonstrated with a
high sensitivity and good stability. The >9 folds higher sensitivity of 1.67 nm/°C was
obtained experimentally'comparing with the sensitivity of 183 pm/°C for the bare MKR.
The MKR structure was sandwich-packaged between two glass slides, in which the
PDMS sol was filled. lts thickness was precisely controlled as 0.6 mm by two Teflon
tubesbeing inserted between the slides. The contributions for the thermal-expansion
effect.and thermal-optical effect have been analyzed and discussed as well.
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