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We present a laser machining method for fabricating an all-fiber pillar-in-bubble Fabry-Perot
interferometer (FPI), which is used for strain sensors with high sensitivity. The micro-structure of
the air-bubble is fully controllable, especially the cavity length and sidewall thickness. The
measured sensitivity of this strain sensor is as high as 56.69 pm/ue, which is several times higher
than that of most FPI strain sensors reported to date. This sensor also has a low-temperature
sensitivity of 0.682pm/°C, reducing the cross-sensitivity between tensile strain and temperature
to 0.012 pe/°C. Furthermore, such a sensor has the benefits of flexible design, simple fabrication,
and high reproducibility, making it attractive for practical applications. Published by AIP

Publishing. https://doi.org/10.1063/1.5058200

Offering the advantages of immunity to electromagnetic
interference, ultracompact size, and erosion resistance, fiber-
optic strain sensors have shown excellent performance in
many applications, such as medical treatment, aerospace,
energy sources, and monitoring the health of structural or
composite materials.'® Consequently, they have attracted
increasing attention in recent years in both scientific research
and engineering applications. Now, fiber-based strain sensors
have developed into the following main classification, such
as Fabry—Perot interferometer (FPI) fiber sensors, ~ fiber
Bragg grating sensors,'”!' Mach—Zehnder interferometer
fiber sensors,'>'® long period fiber gratings,'*'> and so on.
Among these sensors, the FPI fiber sensor is particularly
outstanding owing to its simple structure, high sensitivity,
miniature size, and low-temperature cross-sensitivity. The
strain sensitivity of most sensors is typically less than 10 pm/
e, "' whereas the reported rectangular air-bubble-based
FPI sensor can achieve 43.0 pm/ue.”

An efficient way to construct an optical-fiber FPI strain
sensor is to create an air-bubble inside the optical fiber, and
indeed, this is the approach used most commonly. To date,
several fabrication methods have been proposed, such as
splicing a photonic crystal fiber, a capillary tube, or a single-
mode fiber (SMF) with another SMF using a standard arc-
discharged technique,7’8’16_19 femtosecond laser machin-
ing,20'21 or wet chemical etching.zZ’23 However, these meth-
ods suffer from having hybrid structures, multiple complex
fabrication steps, low mechanical strength, and high fabrica-
tion cost. For example, the recently reported fiber inline FPI
is a hybrid structure that involves various complicated
steps.”* Meanwhile, the commonly reported fusion splicing
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method?'*> uses the principle of thermal expansion and
makes it difficult to control the air-bubble structure with
high reproducibility.

Air-bubble cavities have been used for strain sensing for
decades. Previous studies have shown that the strain sensitiv-
ity can be improved by shortening the interference length of
the cavity, increasing the active length of the cavity, or
reducing the sidewall thickness of the cavity.”**>*® The
air-bubble structure has developed from that of a simple
air-bubble to the ‘“fiber-in-capillary” structure, where the
cavity interference length L, is separate from the cavity
active length L,. The strain sensitivity of a simple air-bubble
cavity can be improved by reducing the sidewall thickness,
but having an ultrathin sidewall sacrifices the mechanical
strength.” Likewise, the fiber-in-capillary structure cannot
have a large L2-to-L1 ratio because that would compromise
the sensor size, stability, and tensile strength, and the fabri-
cation process would be complicated.>*” To date, subject to
the choice of fabrication technique, most FPIs have a cavity
interference length that is greater than 10 um and a cavity
sidewall thickness that is greater than 30 um and no type of
fiber FPI cavity combines all the desired properties in a
single device.”!6228

In the present work, we introduce a CO, laser dot
machining technique which acts as a surgical knife to sculpt
the end facet of the fiber, whereupon the wound is sutured
using the standard arc-discharge method. A reasonable fiber
end-face shape is designed according to the derived strain
sensitivity formula and then processed precisely using this
technique.?**® The all-fiber “pillar-in-bubble” FPI fabricated
by this method is proposed to overcome the shortcomings
mentioned above. In experiments, an air-bubble-based FPI
with cavity parameters of (4, 35, 8) um (referring to the
interference length, cavity active length, and cavity sidewall

Published by AIP Publishing.
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thickness, respectively) exhibits an improved high strain
sensitivity of 56.69 pm/u¢ and a low-temperature sensitivity
of 0.682 pm/°C, resulting in a low cross-sensitivity of 0.012
ue/°C. Because of the advantages of precise control, high
repeatability, and rapid processing with the promising CO,
laser dot machining technique, this excellent FPI has good
prospects for mass production.

Usually comprising two parallel interfaces separated by
a microscopic distance, in-fiber air-bubble FPIs are
implemented with Fresnel reflections. The geometric
construction model of the all-fiber pillar-in-bubble sensor is
shown in Fig. 1(a). When the cavity interference length L,
equals the cavity active length L,, the pillar-in-bubble FPI
cavity becomes a simple air-bubble cavity. The sensor
comprises a lead-in fiber, which forms the first FPI reflec-
tive surface (mirror 1), and a second fiber with a pillar and
an annular groove, which forms the second reflective
surface (mirror 2). In Fig. 1(b), the cross section through
the center of the second fiber shows a profile that separates
L, from L,. The strain-force sensitivity of the FPI can be
calculated by

AV b))

=m2 1
F  S.EL,’ M

where 4,,, F, S., and E are the central wavelength of the
order-m cavity interference peak, the applied longitudinal
force, the cross-sectional area of the cavity sidewall, and the
Young’s modulus of the fused silica (70.3 GPa), respec-
tively.”* Therefore, for a fixed wavelength and commonly
used silicon material, the strain-force sensitivity of the FPI
can be improved effectively by increasing L,/L; and decreas-
ing the area S.. The relationship between the strain and the
strain force can be expressed by

F

SZS—E.

(2)
Here, we consider the actual strain sensor with a fixed
total fiber length L, a total solid fiber length Ly = L — L,
on both sides of the cavity, a cross-sectional area S; of
the solid fiber, and a cross-sectional area S, of the bubble
cavity sidewall. The fiber length changes by AL when a
strain force F is applied, and the sensor strain ¢ can be
calculated by

air cavity

FIG. 1. Geometry and parameters of the pillar-in-bubble cavity. (a) The cav-
ity comprises an unprocessed fiber on the left and a machined fiber on the
right. The schematic diagram shows a sectional view to visualize the cavity
inner structure. The pillar-in-bubble cavity includes a reflective surface (mir-
ror 1), a pillar, an annular groove, and a second reflective surface (mirror 2).
(b) The profile section is cut through the principal axis of the right-hand fiber
in (a). Ly, Lo, and H are the cavity interference length, cavity active length,
and cylinder height, respectively, and T, W, and D are the cavity wall thick-
ness, groove width, and diameter of the central pillar, respectively.
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By combining Egs. (1) and (3), the strain sensitivity of
the sensor can be expressed as
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Equation (4) shows that various sensor parameters influ-
ence the strain sensitivity. The strain sensitivity can be
expressed simply as Eq. (5), which accords with most actual
application cases where L > L,. Thus, it is reasonable to
choose a total fiber length of a few tens of centimeters in
most experimental tests. Equation (5) shows that a sensor
with separate cavity lengths has a strain sensitivity that is
L,/L, times larger than that of the one with only an interfer-
ence length L. Also, the strain sensitivity can be enhanced
further by decreasing the cross-sectional area S, of the cavity
sidewall for a specific fiber.

Based on the setup that we developed to fabricate micro-
concave mirrors,>”? the CO, laser dot machining technique
was developed further to produce a desired surface on a fiber
end facet. First, a standard SMF was cut into two sections
whereupon one fiber end face was machined using multiple
laser pulses. According to the theoretical analysis above,
we designed the fiber facet with a concave core and an
annular groove. Because the desired shape has circular
symmetry, the milling pulses are placed on concentric
circles. Figure 2(a) illustrates the experimental shot patterns
used to mill the fiber facet. A few strategies were attempted
by machining several fiber facets, and an efficient way was
determined that involved dot machining on three equally
spaced concentric circles with a laser spot size of 30 um, a
laser power of 1.2W, and a pulse duration of 50ms, and
then, a final pulse dotted the fiber center with parameters of
80 um, 1.2 W, and 20 ms. The pulse interval was set as 0.5 s,
which balanced well the machining time and the material
cooling time. The dots formed the cavity wall on the outer
circle, increased the groove depth on the middle circle, and
controlled the mirror diameter on the inner circle.
Meanwhile, considering that a quite thin cavity sidewall
would reduce the mechanical strength and that a very small
pillar diameter would decrease the interference contrast, we
compromised by keeping the wall thickness larger than 5 yum
and the pillar diameter larger than 10um because the
standard SMF had a mode field of around 10 um. Figure 2(b)
shows the profile of the fiber shape after laser machining. As
can be seen from Fig. 2(c), which shows a cross section
through the fiber center, the inner walls are not strictly
parallel with the outer wall. This is normal because the
focused laser always has a Gaussian energy distribution. It
can be optimized by upgrading the machining setup with an
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FIG. 2. Fabrication process of the in-fiber air-bubble Fabry-Perot
Interferometer (FPI). (a) Details of the laser dot machining process. The red
dots indicate the positions of the laser shots focused on the fiber end face
and the numbers 1-61 represent the machining pulse sequence. The three
black concentric circles represent the machining tracks and are used to better
control the end-surface topography. The blue circle represents the fiber mar-
gin. (b) Machined fiber end profile measured by the three-dimensional opti-
cal surface profiler (NewView 9000; Zygo Corp., USA). (c) Profile section
through the fiber principal axis shown in (b). The machined fiber has sepa-
rate cavity lengths and L,/L; = 3.4. The equivalent wall thickness is 20 pum.
(d) Splicing process of the interferometer. One ordinary single-mode fiber is
spliced with another machined fiber. The splicing point is set 20 um off the
left-hand fiber end face to avoid collapsing the desired structure.

additional tip/tilt high-precision displacement table or by
adjusting the focused laser with smaller waist and divergence
angle to steepen the sidewall slope. The wall thickness can
be equivalent to the average thickness of the cavity sidewall.
Finally, an FPI strain sensor was fabricated by splicing the
machined SMF to an unmachined SMF by using a fusion
splicer (Type 81C; Sumitomo FElectric Industries, Ltd.,
Japan). The splicer was set in the SM G652 Std. operation
mode at an arc power of —50 steps (the arc power is
expressed in units of “steps” and the actual power is not
marked) and a duration of 400 ms. The machined SMF was
set 20 um off the standard splicing point to avoid the proc-
essed structure collapsing during the splicing, as shown in
Fig. 2(d). The entire fabrication required only the three steps
of cleaving, laser machining, and splicing using standard
SMFs, making the process quite simple and efficient.

To characterize the strain sensitivity of the FPI, one end
of the FPI sample was fixed and the other end was attached
to a translation stage with a resolution of 1 um (DM713;
Thorlabs Inc., USA). The end space L was 500 mm. A tensile
strain was applied to the sample by moving the translation
stage away from the fixed end. The reflection spectrum of
the sensor was measured by using a laser that was tunable
continuously from 1460 to 1570nm (CTL 1500; Toptica
Photonics, Germany) and a photodetector (PDA20CS-EC;
Thorlabs Inc.) through a circulator. The wavelength shift of
the fringe was measured, while the tensile strain was
increased from zero to 1800 e in increments of 180 ue. The
evolution of the reflection spectrum of the S1 air-bubble
sample is shown in Fig. 3(a) where the data have been
normalized to the incident power. S1 has an ultrahigh
strain sensitivity of 56.69 pm/ue and an interference fringe
contrast of 9dB. The experimental results for four sensors
labeled S1, S2, S3, and S4 with designed cavity parameters
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FIG. 3. Experimental results for the proposed sensors. (a) Evolution of
reflection spectrum sensor S1 as the tensile strain increases from zero to
1800 pe. (b) Wavelength shift of four different sensors S1-S4. (c)
Wavelength shift of S1 at two different wavelengths against temperature. (d)
Wavelength shift of S1 under three different fixed strains over 24 h.

of (4, 40, 10), (4, 25, 10), (4, 4, 10), and (4, 4, 22) um,
respectively, are shown in Fig. 3(b). The experimental strain
sensitivities of sensors S2, S3, and S4 are 31.42 pm/ue,
8.11 pm/ue, and 2.59 pm/ue, respectively. From Eq. (4), the
calculated strain sensitivities of sensors S1-S4 are 50.26 pm/
ue, 30.88 pm/ue, 5.02pm/ue, and 2.51 pm/ue, respectively.
These differences in the strain sensitivity come from the
splicing step, wherein the arc-discharged process reshapes
the cavity structure slightly. It can be seen that the four sen-
sors all show fine linear response to the strain. The adjusted
R? values are 99.76%, 99.98%, 99.82%, and 99.85%, respec-
tively. Obviously, S1 has a strain sensitivity that is several
times higher than that of the traditional air-bubble cavity S4.
By comparing these four samples, we show that the strain
sensitivity can be enhanced efficiently by controlling the FPI
inner structure. The temperature sensitivity of sensor S1 was
measured using a heating platform with a temperature accu-
racy of 1°C. Figure 3(c) shows the wavelength shift for
24°C (laboratory temperature) and for temperature increas-
ing from 100 to 600 °C in increments of 100 °C. The sensor
has a temperature sensitivity of 0.682 pm/°C at 1480 nm and
0.720 pm/°C at 1527 nm. This can be explained by A//AT
= oo, where o is the thermal expansion coefficient of the
silica (5x 1077 °C) and A is the wavelength. A longer
wavelength results in a higher temperature sensitivity.
Considering the temperature sensitivity of 0.682pm/°C,
S1 has a low cross-sensitivity of 0.012 ue/°C. As shown in
Fig. 3(d), we also tested the stability of sensor S1 for 24h
under three different strain conditions. The calculated
average standard deviation for wavelength shift variations is
2.82 pm, and thus, the sensor resolution is 5.64 pm. Thus, the
detection limit of the sensor is 0.1 pe.>!

In conclusion, we have demonstrated a CO, laser dot
machining technique to fabricate an all-fiber pillar-in-cavity
FPI strain sensor. The technique combines the advantages of
flexible and controllable design, high reproducibility, and
simple fabrication. The sensor has a superior strain sensitivity
of 56.69 pm/pue due to the specific pillar-in-bubble cavity struc-
ture, and its low-temperature cross-sensitivity of 0.012 ue/°C
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is also superior. Furthermore, the sensor exhibits fine linearity,
high mechanical strength, and miniature size.

To further optimize the proposed sensor performance, it
would be effective to use a short-wavelength laser that has a
smaller focused laser beam to acquire thinner sidewalls and
deeper groves. Moreover, by replacing the unprocessed fiber
with a fiber that has only an active cavity length L,, the strain
sensitivity could be doubled, but that would require an
improved splicing method to avoid the structure collapsing.
Our method could also support femtosecond laser machining
because a femtosecond laser has the advantages of negligible
thermal impact, high precision, vertical processing capacity,
and the ratio L,/L; could be improved.20 Furthermore, the
CO, laser machining technique could create a concave
mirror with ultralow roughness down to 0.2 nm on the fiber
facet, which means that a high-finesse Fabry-Perot micro-
cavity could be constructed with highly reflective dielectric
coatings,’” and such a high-finesse cavity would offer ultra-
high resolution. The CO, laser dot machining technique
could also be used to create open-fiber FPIs where the cavity
sidewall is not closed. Such open sensors could support
wider sensing applications, such as refractive index, temper-
ature, or microfluidics.?%2!-33-36
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