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A multi-parametric sensor based on multi-mode microfiber (MMF) is proposed, utilizing the modal interference be-

tween HE;; mode and HE, mode in the elongated multi-mode fiber to achieve the temperature and pressure measure-

ment. In this paper, the simulation model of modal interference based on MMF is established and the mechanism of

modal interference is analyzed. Using the different mechanisms of modal response in the fiber at different wave-

lengths, the temperature was inverted using the offset of wavelengths in the spectrum, and the pressure was measured

using the change of light intensity. The independent measurement of temperature and pressure was achieved. The ex-

perimental results show that the sensor has a temperature sensitivity of 1.305 nm/°C. In the case of pressure sensing,

the sensor shows a sensitivity of —0.163 dBm/g.
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As a combination of fiber optics and nanotechnology,
micro/nanofiber (MNF) has become an important trend
in exploring optic sensing technologies, and it is clear
that reducing the size of sensing structures is often a nec-
essary step to give sensors faster response, higher sensi-
tivity, lower power consumption and better spatial reso-
lution, and optical ultrafine fibers are one of the best
candidates to achieve this purpose''. In recent years,
optical ultrafine fibers have become a new platform for
exploring MNF technologies. Due to its excellent geo-
metric and material uniformity, wavelength or sub-
wavelength diameter, high refractive index contrast be-
tween the solid fiber core and the surrounding medium
(e.g. vacuum, gas or liquid), MNF can be used with low
optical losses, outstanding mechanical flexibility and
tight optical guidance constraints and large fractional
order swift fields”™, which gives it special advantages,
such as small footprint, fast response, high sensitivity,
and low power consumption, making it a versatile plat-
form for MNF optical sensing, which is now widely used
for the measurement of physical quantities, such as pres-
sure, temperature, and vibration®".

Recently, ultrafine optical fibers with diameters less
than 10 um have become extremely promising sensing
platforms due to their unique transmission properties,
and because the diameter of MNF is close to or lower
than the wavelength of guided light, some of the guided
light leaks out of the fiber in the form of a evanescent
field, which is more sensitive to the external environment
than the mode field inside the fiber, and researchers have
reported various microfiber-based sensor schemes, in-
cluding micro-gratings!'®'"! interferometers''>'*), micro-

resonators''!, and surface plasmon resonance-based mi-
crofibers!'*. Although MNF exhibits many outstanding
properties, they also have some inherent limitations in
terms of single measurement parameters, sensitivity and
repeatability, which limit their application in sensing
measurement, in addition to the cross-sensitivity between
temperature and pressure during measurements, which
has been a major focus for researchers. GUO et al''™
proposed a polymer nanocomposite MNF to demonstrate
an optical sensor that can simultaneously detect and dif-
ferentiate temperature and strain, but its sensor fabrica-
tion is more difficult and cumbersome to operate. LU et
al'"" proposed a reflective fiber-optic sensor for simulta-
neous measurement of seawater temperature, which
achieves simultaneous detection of seawater temperature
and pressure by combining an MNF coupler with a
Sagnac ring, using the high thermo-optical coefficient of
polydimethylsiloxane (PDMS) and the high sensitivity of
the evanescent field around the MNF coupler. WEN et
all'"! proposed a dispersion turning point-based MNF
axial stress sensor, which can reach a maximum sensitiv-
ity of 166.9 pm/pe, but has a single measurement pa-
rameter and suffers from cross-sensitivity to temperature
and pressure. Moreover, for the field of pipeline leak
detection, simultaneous measurement of physical pa-
rameters, such as pressure in the pipeline, surrounding
temperature, and pipeline vibration, is a comprehensive
and effective method in pipeline leak detection. The tor-
sion-sensitive loop integrated Mach-Zehnder interfer-
ometer (LMZI) sensor based on microfiber was proposed
to achieve the extraction of the characteristic frequency
of the pipeline leakage signal''®!, by detecting the torque
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change of the fiber loop when the pipeline leaks, but the
sensor structure is more fragile, not easy to encapsulate,
and the sensitivity is poor. In Refs.[19—21], ZHANG et
al proposed a flexible wearable sensor for human health
monitoring, which achieved the measurement of human
temperature, fingertip pressure, pulse and other parame-
ters, but pressure and temperature are usually mixed to-
gether, and it is very difficult to detect temperature and
pressure by simply recording the output optical intensity.

In this work, an in-line Mach-Zehnder interferometer
(MZI) based multi-mode microfiber (MMF) is proposed.
By drawing a multi-mode fiber into a non-adiabatic fiber,
the HE,; mode and HE,, mode are excited in the transi-
tion region of the MMF, and when the external environ-
ment changes, it changes the optical range difference
between the two modes, which leads to a shift in the in-
terference spectrum, thus realizing the temperature or
pressure sensing. We derived the multi-mode interfer-
ence theory and simulated the transmission modes in
optical fiber, and analyzed the sensing mechanism of in-
line MZI, which can effectively distinguish the spectral
changes caused by temperature and pressure. The pro-
posed sensor provides a new perspective to solve the
cross-sensitivity of temperature and stress.

As Fig.1 shows, the structure of non-adiabatic mi-
crofiber, the waist area of MMF is connected to the non-
tapered area through two mutation zones. During the
transmission of light, the fundamental mode LPy; propa-
gating in the non-tapered area will excite the fundamen-
tal mode HE;; and higher-order mode HE,, in the transi-
tion cone area. Due to the thin diameter of the MMF, the
abrupt field of the excited mode will leak out from the
fiber core, and when the external environment changes, it
will change the optical range difference between the two
modes, thus causing the spectrum to change. Fig.1(a)
shows the three-dimensional (3D) simulation schematic
of HE;; mode and HE, mode at the incident light wave-
length of 1 550 nm and the waist area diameter of 2 pm
of the MMF, and Fig.1(b) gives the two-dimensional
(2D) optical field simulation schematic of HE;; mode
and HE,, mode. It can be seen from Fig.1 that most of
the energy of HE;; mode is concentrated in the fiber,
while a part of the energy of higher-order mode HE,,
will leak out from the fiber core in the form of evanes-
cent field, therefore, HE;, is more sensitive to the
changes of the surrounding medium, as HE;3 mode in the
fiber is not effectively excited, therefore, the interference
in the fiber is mainly concentrated in HE;; and HE,,
modes.

Assume that /; and I, are HE,; and HE,, initial intensi-
ties, and ¢ is the phase difference existing between the
two modes, which is related to the length L of the waist
region of the MMF. The output spectral intensity can be
expressed by!*?

I=1+1,+2/I|1, cos. e
The phase ¢, which causes the periodic variation of
the interference spectrum, can be expressed by
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Fig.1 (a) Schematic diagram of MMF sensor structure;
(b) Two-dimensional electric field distributions of
HE41 and HE1; modes in an MMF with a diameter of
2 pm

p=ApL= (Aneff xz—njL =(2N -, )
Ay
where Af and Angg represent the propagation constant
difference and effective refractive index difference be-
tween HE; and HE, modes, respectively, and Ay repre-
sents the wavelength of the Nth dip in the interference
spectrum. The refractive index sensitivity of the dip Ay
can be calculated as
OAy = Ay O(An ) _ l_jv O(Any; )
on ;E” —n:E” on G on

where G =n"" —n"2 = Ay — Ay xO(Anygy) / 02y rep-

resents the group effective refractive index difference
between HE;; and HE,, modes, and from the above
equation, S depends on Ay, G, and 0(An.g )/ Onggy , but is
not affected by the fiber length.

The equation for the wavelength temperature response
including the thermo-optical coefficient is shown be-
low!®)

on A@mLs +ainL,s,)

oT anyLy +atn L,
where S=a,+&,, So=0,+&, ay, 0, & and & are the ther-
mal expansion coefficients and thermo-optical coeffi-
cients of silica and PDMS, respectively, and L; and L,
are the lengths of micro-nano fiber and PDMS, respec-
tively. When the external temperature changes, L, L,, ny,
n, will change due to the thermal expansion effect and
thermo-optical effect, which will lead to the shift of the
spectrum in the spectrum. When the temperature in-
creases, the refractive index of PDMS decreases faster
than that of silica due to the higher thermo-optical coef-
ficient of PDMS (—10™ °C™"). The increase in refractive
index contrast leads to a red shift in the cutoff wave-
length of the particular higher-order mode.

While for pressure sensing, MMF can convert the
pressure stimulus to bend in the waist area, when the
MMF bends, resulting in larger fiber transmission loss,
part of the light will leak into the cladding, resulting in a
change in output light intensity.

S=(

)

n

) (4)



* 0020 °

A non-adiabatic tapered ultrafine optical fiber was
prepared by a two-step stretching method. First, the
multi-mode optical fiber was stretched by the melt
stretching method, and the fiber was heated with an al-
cohol lamp. In this step, the fiber needs to be stretched
rapidly to form two abruptly tapered transition regions.
Then, the middle gradually thinning waist area is further
slowly thinned by heating with an alcohol lamp. During
the second thinning step, we use demodulation equip-
ment to monitor the real-time transmission spectrum of
the fiber. We immediately stop the stretching when a
sinusoidal reflection spectrum appears on the spectrum,
at which point the diameter of the fiber girdle is about
2.13 um. The physical diagram of the non-adiabatic mi-
cro-nano fiber is shown in Fig.2. We measured the
transmission loss of the sensor using a power meter,
when the input power is 12 mW, the output power of the
micro-nano fiber sensor is about 9.7 mW, and the trans-
mission loss is 0.92 dB.
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Fig.2 Physical diagram of the micro-nano fiber optic
sensor

Based on the theoretical analysis in the previous sec-
tion, to verify the feasibility of the scheme applied to the
sensing of external environmental parameters, we con-
ducted an experimental study with the experimental
setup shown in Fig.3, which consists of a demodulation
system (PXIe-4844), manufactured by NI, with a built-in
broadband light source (1 510—1 590 nm), and also
serves as a spectrometer to detect the reflection spectrum
of MMF in real time. The module provides 1 pm wave-
length accuracy, | pm repeatability, and 1 pm stability.
The signal processing system consists of a personal
computer (PC) host and associated signal processing
software. The sensing unit consists of the MMF. During
the experiment, we used PDMS to clad the MMF to im-
prove the sensitivity. Since PDMS's refractive index
(n=1.40) is slightly lower than that of silica (#=1.46), the
fiber PDMS can effectively enclose the MMF and isolate
the evanescent field, while maintaining the high me-
chanical flexibility of MMF and low optical loss.

First, we measured the temperature response curve of
the sensor, we used the heating base of the 3D printer to
heat the PDMS encapsulated MMF, and set the initial
temperature to 26 °C. To test the sensitivity of this sens-
ing, we chose a 1 °C step to heat the MMF, and its spec-
tral response curve is shown below. The experimental
results show that as the temperature increases, the reflec-
tion curve in the spectrum was red shifted. According to
Eq.(4), this is because when the temperature around the
MMF increased, it changed the refractive index distribu-
tion of the medium around the MMF, resulting in a red
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shift in the reflection spectrum. Furthermore, as shown in
Fig.4, the amplitude of the spectral lines changes slightly
with increasing temperature. In addition to the effect of
refractive index, we consider that it may be due to the
non-uniform thickness of the PDMS films made, result-
ing in a non-uniform heating during the heating process,
which leads to a slight change in the amplitude of the
spectral lines. Since we detected the temperature by de-
tecting the red shift of the spectrum, we neglected the
slight changes in the spectral amplitude during the tem-
perature measurement.

Fig.3 (a) Experimental setup for temperature and
pressure sensing; (b) Schematic diagram of tempera-
ture sensing principle; (c) Schematic diagram of
pressure sensing principle
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Fig.4 Temperature responses of the sensor

Furthermore, to study the relationship between the spec-
tral offset and temperature, we set the temperature range
within 26—76 °C with a step of 5°C. We observed the
spectral offset on the demodulation equipment and fitted
the temperature to the wavelength, and the experimental
results are shown in Fig.5, from which it can be seen that
the wavelength offset increases as the temperature rises,
and the offset of the spectrum is linearly related to the
change of temperature. The fitted relationship is
y=1.305x+1 496.756, where x represents the temperature, y
represents the wavelength, and the sensitivity is
1.305 nm/°C.
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Finally, we tested the response mechanism of the sen-
sor under different pressures. We simulated different
pressures with different grams of weights, and selected
5 g and 10 g for experiment. The experimental results are
shown in Fig.6. It can be seen that as the grams of
weights increase, the intensity of the reflection spectrum
detected at the output also changes. We think this is be-
cause when the weights act on the MMF, the bending
loss becomes the main factor affecting the intensity of
the reflected spectrum output. To verify this idea, we
extended the range of weights and tested the output re-
sponses of MMF with 5¢g, 10 g, 20 g, 50 g, and 100 g
objects, and fitted the output intensities with these
weights. The results are shown in Fig.7. The fitted equa-
tion is y=—0.163x—36.897, where x represents the weight
and y represents the wavelength, and the sensitivity is
—0.163 dBm/g.
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Fig.6 Pressure responses of the sensor
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Finally, in order to test the stability of the sensor, we
conducted the repeatability measurement experiment.
We selected a weight of 5 g to conduct a repeatability
test on the micro-nano fiber sensor, and the measurement
results are shown in Fig.8.
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Fig.8 Repeatability measurement results

We conducted 10 measurements on the micro-nano fi-
ber sensor, and the measurement results show that the
fluctuation of the 10 measurements does not exceed
0.051 dBm, which can verify the stability of the sensor.

We designed and fabricated a multi-parametric sensor
based on MMFs, and achieved independent measurement
of temperature and pressure by stretching the multi-mode
fiber to form an in-line MZI, utilizing the offset of the
reflected spectrum for temperature sensing and the
change of spectral intensity for pressure sensing. The
experimental results show that the sensor has a sensitiv-
ity of 1.305nm/°C for temperature sensing and
—0.163 dBm/g for pressure sensing. The performance of
the sensor has been tested at different temperatures and
pressures, and the results show that the sensor has good
linearity. The proposed method provides a new perspec-
tive on the independent measurement of pressure and
temperature, and is expected to be applied to human
wearable sensors.
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