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A novel whispering gallery mode (WGM) strain sensor based on microtube has been proposed, where perceiving
strain variations are reported via the dynamical regulation of a whispering gallery mode. The WGMs in the microtube
resonator were evanescently excited by a micro-nano fiber fabricated by the fusion taper technique. The structural
changes of microtubes under axial strain were simulated with finite element software, and the effect of microtube wall
thickness on strain sensitivity was systematically studied through experiments. The experimental results show that the
strain sensitivity of thin-walled microtube is found to be 1.18 pm/pe and the Q-factor in the order of 4.4x10*. Due to
its simple fabrication and easy manipulation as well as good sensing performance, the microtube strain sensor has po-
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tential applications in high-sensitivity optical sensing.
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In the past few decades, strain sensors have been widely
applied in many scientific and engineering fields, such as
biomedical treatment, infrastructure monitoring, smart
skin of robotic, etc!' . In contrast to traditional strain sen-
sors, optical fiber strain sensors have the advantages of
small size, high precision and anti-electromagnetic inter-
ference. As a result, abundant research has been carried
out on fiber optic strain sensors. Strain sensor based on
fiber Bragg gratings (FBGs)'** is one of the main research
directions due to the mature and straightforward manufac-
turing process. However, sensors based on fiber gratings
faced with the problems of strain sensitive effect, poor
stability, and greatly affected by temperature. Besides,
strain sensors based on the fiber interferometers, such as
Fabry-Perot interferometers (FPIs)®”! and Mach-Zehnder
interferometers (MZIs)™, are also a significant research
field with the advantage of the compact and miniaturized
structure. But the sensing element of fiber interferometers
fabrication complexity and expensive. Recently, with the
continuing improvement of micro-nano structure photonic
device, the strain sensor based on the whispering gallery
mode (WGM), has become a popular research point be-
cause of the advantages of high quality factor (Q), small
mode volume and simple preparation!'®'!.

The WGM resonances are highly sensitive to the mor-
phological changes of the resonator, changing of resonator
size, shape, or refractive index will result in resonance
wavelength shift or broadening and affect the coupling

efficiency. On the contrary, the WGM shift can be moni-
tored to reflect the changes in the surrounding environ-
ment of the microcavity. At present, spherical'®, bub-
ble!"), or cylindrical'*'® resonators produced by silica
and polymer materials are commonly used for WGM
strain sensors. Typically, micro-nano fiber is used to cou-
pling resonators as the propagation constants of the mi-
cro-nano fiber will always be best matches that of most
low-order radial modes of WGMs, which has a high cou-
pling efficiency. For the strain sensor based on WGM, the
precise alignment of coupling positions is an essential
condition for stable high-efficiency coupling between the
micro-nano fiber and the resonant cavity. However, two
degrees of freedom must be considered for spherical
symmetric resonators to achieve accurate alignment of the
coupled micro-nano fiber to the resonator. In comparison,
the cylindrical resonator with only one freedom can reduce
the difficulty of precise alignment, and further reducing
the impact on coupling efficiency, which limited the prac-
tical application of spherical or bubble-shaped resonators
for strain sensing. For the advantage of the cylindrical
resonator, Kavungal et al proposed a WGM strain sensor
formed by a polymer-wire cylindrical resonator in 2017,
The strain sensitivity of the strain sensor is only
0.68 pm/pe, and the Q factor is about 10°. Subsequently,
Kavungal et al. designed involves an inline cascade of
optical micro-resonators (ICOMRSs) coupled to multiple
tapered sections along a single optical fiber in 2019'%, and
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the strain sensitivity of the sensor reaches 1.4 pm/pe.
However, the structure of ICOMRSs is too complicated for
practical application.

In this paper, a novel WGM strain sensor based on
microtube resonator was proposed, which improved the
sensitivity and reduced the structural complexity of the
strain sensor. To reduce the structural complexity of the
strain sensor, the silica capillary was used to construct
the resonant cavity, and the WGMs in the microtube
resonator were evanescently excited by a micro-nano
silica optical fiber. However, the sensitivity of the strain
sensor is influenced by many factors, and the thickness
of the microtubule wall is one of the most critical factors.
Therefore, this paper systemically studies the effects of
different microtube wall thickness on the sensitivity of
the sensor. The experimental results show that the Q
factor of microtube resonator can reach 4.4x10%, the sen-
sitivity of the strain sensor can reach 1.18 pm/pe, and the
WGMs of microtube resonator can be tuned over the
spectrum with a tuning range of ~3.54 nm.

The sensing principle of the sensor is based on the
measurement of the spectral shift of the WGM reso-
nances excited in the microtube resonator as a result of
changes in its diameter due to the applied axial strain.
The light wave propagates in micro-nano fiber produces
a larger intensity evanescent field with the micro-nano
fiber as the axis. When the distance between the mi-
cro-nano fiber and the microtube is relatively close, the
light is coupled into the microtubule resonator in the
form of evanescent waves, and the light wave of specific
wavelength has a total reflection on the inner wall of the
microtube. For the light wave satisfying the resonance
condition, it will always propagate in the microtubule
resonator resulting in the appearance of the spectral dips
in the transmission spectrum of the coupled fiber taper.
Under the influence of strain or stress continuously ap-
plied in the axial direction, both the diameter and refrac-
tive index of the microtube change, resulting in a spectral
shift of WGM resonances.

In order to clearly show the distribution of stress and
strain when the microtube is stretched, the mathematical
model of microtube was established by finite element
software ANSYS. The strain applied in the axial direc-
tion of the microtubule is 2 500 pe, and Fig.1(a) shows
the strain distribution in the axial direction of the micro-
tube, and Fig.1(b) shows the radial strain distribution in
the microtube. as can be seen from the figure, the diame-
ter of microtube cavity is decreased.
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Fig.1 (a) Strain distribution in the axial direction of the
microtube; (b) The microtube diameter changes when
the strain applied to the microtube is 2 500ue

The deformation and stress of microtube caused by
applied strain will result in a shift of the WGMs!'*"®]
and the ratio of change in the wavelength of the WGMs
AJ/A can be represented as follows:

M _AD An i (1)
A D n

where represent the change ratio of in the microtube di-
ameter (D) caused by the deformation of the microtube,
and represent the ratio of change in the refractive index
(n) cause by the strain-optic effect' '],

For the microtube, the ratio of the transverse deforma-
tion and the axially applied tensile strain is Poisson's
ratio (x), and x can be expressed as follows:
_AD/D ’ 2

AL/ L
where AL is the elongation length and L is the length of
the microtube.

The change of microtubule diameter can result in ma-
terial density alteration, and further cause the change of
refractive index (). Change of refractive index (An) can
be expressed as:

eff

AL
M =-nP,— | 3
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where P is the effective strain-optic coefficient!! 13!,
Therefore, the ratio of change in the wavelength of the
WGMs AA/A can be further expressed as:

S (bl 8L) @
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where the negative sign shows that the axial tensile strain
applied to the micro-tube resonator will result in WGM
resonance peak shifted toward the shorter wavelength.

In the experiment, the micro-nano fiber was used to
excite WGM in the microtube efficiently. For the
fabrication of the micro-nano fiber, a single-mode
telecommunication optical fiber (SMF28, Coring) with
the core diameter of 8.3 um and the cladding diameter of
125 pm was selected, which was used to prepared the
micro-nano fiber by the fused biconical taper method'”.
And the waist diameter and waist tapered of fabricated
micro-nano fiber are about 2 um and 6 mm, respectively.
The material of micro-tubes is a flexible silica capillary
tube (TSP075150, Polymicro Technologies), and the
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inner diameter of the capillary was 74 um, the wall
thickness without coating was 26 pm. The micro-tubes
wall thicknesses range from 5 pum and 25 pm were
prepared by HF solution corrosion, to study the effect of
micro-tubes with different wall thicknesses on the
sensitivity of strain sensing.

The schematic diagram of the microtube strain sensing
system is given in Fig.2. The two ends of the microtube
were fixed on a micro-displacement platform, and the
micro-nano fiber was coupled with the microtube
resonator by high precision adjusted the displacement
platform. The input port of the micro-nano fiber was
connected to the broadband amplified spontanecous
emission (ASE) light source (Fiber-Lake 1 600 nm ASE
Light Source, wavelength range from 1540 nm to
1 640 nm), while the output port connect with an optical
spectrum analyzer (OSA) (AQ6370D, wavelength range
from 600 nm to 1700nm) with 0.02 nm spectral
resolution for real-time monitoring of the transmission
spectrum. The platform 1 was fixed, and the axial strain
was applied to the microtube by high-precision
continuously moving micro-displacement platform 2.
Assuming the length of the microtube fixed by platform
1 and platform 2 is L, and the axial change of the
microtube is AL.
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Fig.2 Experimental setup for the microtube strain
sensing test system

The axial strain was applied to the microtube resonator
by moving the platform 2 with 50 pm in the direction of
away from platform 1. In the experiment, the fixed
microtube length L is 20 cm, which corresponds to an
axial strain of e=AL/L=250pe. In order to prevent the
interference of the temperature to the strain sensor, all
the measurements were completed at a constant
laboratory temperature of 20 °C.

Fig.3 shows the transmission spectrum of the mi-
cro-tube coupled with the micro-nano fiber. In the wave-
length range of 1 540—1 610 nm, the Q factor and the
average free spectral range (FSR) of the microtube reso-
nator are 5.6x10* and 4.38 nm, respectively. In Fig.3,
there is some stable low-order radial mode in the trans-
mission spectrum. The relatively high transmission
losses at the resonator peak are the coupling losses,
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which is caused by the coupled the light transmitted of
the micro-nano fiber into the microtube. The remaining
losses are the bending loss of the micro-nano fiber and
the scattering losses caused by the uneven surface of the
microtube. Since the microtube has a central hole, it has

good flexibility and elastic characteristics compared with
[15,16]

the cylindrical resonator
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Fig.3 The transmission spectrum of the micro-nano
fiber coupled with microtube resonator

Fig.4 shows the shift of the WGM transmission spec-
trum under different strain. The length of the microtube
in this experiment was 20 cm, the inner diameter was
74 pm, and the wall thickness was 26 um, and each time
the strain is applied to the microtube resonator axially by
moving the translation platform 2 with a step of 50 um
(corresponding to an axial strain of 250 pe) in a direction
away from the fixed platform 1, with the spectrometer
recorded data spectrum once, and the axial strain in-
creases from 0 to 1 750 pe.
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Fig.4 (a) WGM transmission spectrum shift with dif-
ferent strains; (b) Evolution of resonant spectrum in
one FSR upon an increased strain; (c) The relation-
ship between the WGM shift of different radial modes
and applied axial strain for the case in (b)

It can be seen from Fig.4(a) that as the axially applied
strain of the microtube increases continuously, the WGM
resonance shifts towards shorter wavelength. And the
intensity of WGM resonance changes only slightly in
different strains. It is observed that the whispering gal-
lery mode wavelength is shifted linearly from
1 601.11 nm to 1 599.90 nm over an elongation length of
350 um. The FSR of the whispering gallery modes is
450 nm, and the QO-factor is about 8.0x10%. Fig.4(b)
shows the evolution of the resonance spectrum with in-
creasing strain. It shows that when the WGM in the mi-
crotube resonator was excited by the micro-nano fiber,
there are multi-order radial modes in the range of FSR.
The trend of mode spacing narrowing upon increased
strain is clearly shown in the figure, additional mode
splitting appears in the WGM spectra, possibly due to
strain-induced deformations and deviation of the resona-
tor from its cylindrical shape!'®). Fig.4(c) shows the rela-
tionship between the WGM shift of different radial
modes and applied axial strain for the case shown in (b).
The slopes of the wavelength shift of model, mode2,
mode3, and mode4 are 0.689 pm/ue, 0.375 pm/ue,
0.659 pm/pe, and 0.372 pm/pe, respectively. And the
value of each slope represents the strain sensitivity cor-
responding to each whispering gallery radial mode. Ac-
cording to the value of R’, the strain sensing response
based on the WGM microtube has a good linear fit.

In the coupling experiment of microtube resonator and
micro-nano fiber, the length of the microtube was 20 cm,
which can sustain an axial elongation of 0.6 mm to
0.65mm, and the corresponding axial strain is
3 000pe—3 500pe. When the applied strain exceeds the
range, the chance of breakage of the microtube is
increased. Different strain are applied to the microtubules
to adjust the WGM wavelength position. The whispering
gallery modes are selected for tracking the wavelength
shift, and it can be seen that model has a maximum shift
of A=3 500pex0.689 pm/pe=2.412 nm, which allow us to
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tune WGMs over half a free spectral range. which allows
tuning WGMs spectral shift occurred within the FSR
range of the spectrum to avoid ambiguity in identifying
the location. Relative to the non-strain mode, it is also
important to avoid sequential changes in the modal
components caused by strain-induced microtube
deformation"”’,

According to theoretical analysis, the sensing sensitiv-
ity of the microtube is related to its shape and size. The
influence of different wall thicknesses on strain sensing
sensitivity will be analyzed below. In the experiment, the
inner diameters of the microtubes were all 74 pm, and
the wall thicknesses were 25 um, 9.6 um, 9.3 pm, and
6.6 um, respectively. With the strain increases Fig.5
shows the wavelength shifts of the highest intensity
WGM with axial elongation of these microtubes with the
same inner diameter and different wall thicknesses. The
mode spacing can be observed to increase in the gain
region with the decreasing size of the microtube resona-
tor thickness. It is also found that the thinner-walled
thickness microtubes are more flexible and have good
elastic ~ characteristics ~ when  compared  with
thicker-walled thickness microtubes. In the experiment,
the axial strain range of thin-walled microtubes was
2 500pe—3 000pe, which is smaller than that of
thick-walled microtubules. This is due to the corroded
microtubules is not deformed uniformly when they are
elongated in the axial direction.

Fig.6 shows the response curves of strain sensitivity.
The wall thickness of microtubules was 25 pm, 9.6 pm,
9.3 um, and 6.6 um, respectively. For different wall
thicknesses, the radial mode with maximum shift was
selected. The strain sensing sensitivity of this mode is
0.672 pm/pe and 0.880 pm/pe, 1.02 pm/pe, 1.18 pm/pe,
respectively. It can be seen from Fig.7 that as the thick-
ness of the microtube decreases, the strain sensitivity of
the microtube strain sensor gradually increases. The
whispering gallery modes of the microtube with the wall
thickness of 6.6 um have been tuned over the spectrum
with the tuning maximum range of 3.54 nm. Therefore,
when designing a WGM strain sensor based on a micro-
tube resonator, we can choose a microtube with a thinner
wall thickness as the sensor device, which can improve
the sensitivity of the microtube.
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6.6 ym

-L5F . 25 um, S-0.672, R=0.999 51
- 9.6 um, $=0.880, R=0.991 65 .
© 93 um, $=1.02, R=0.97137 .

20k - 66um,S=1.18, R=0.99675

0 200 400 600 8001000 1200140016001 800
Strain (pe)

Fig.6 Strain sensitivity of microtubes with different
wall thicknesses
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In conclusion, a WGM strain sensor based on micro-
tube resonator is proposed, which improves the sensitiv-
ity and reduces the structural complexity of the strain
sensor. The WGMs in the microtube resonator were eva-
nescently excited by a micro-nano fiber fabricated by the
fusion taper technique. As the axial strain is continuously
applied to the microtubules, the WGMs are shifted line-
arly towards the shorter wavelength side. This paper
studied the effect of microtube wall thickness on the sen-
sitivity of strain sensing systematically. The strain sensi-
tivity of the thin-walled microtubes is found to be
1.18 pm/pe and the O-factor in the order of 4.4x10%,
which can be tuned over the spectrum with a tuning
range of ~3.54 nm. The simple and low-cost strain sen-
sor has considerably potential applications, especially in
the field of high-precision strain sensing.
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