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Abstract: An on-fiber extrinsic Fabry-Perot interferomet-
ric (EFPI) vibration sensor based on micro-cantilever
beam is proposed and experimentally demonstrated. The
micro-cantilever beam, with a cantilever length of 80pm
and a cantilever thickness of 5um, is created perpendicu-
lar to the fiber axis by using the femtosecond laser micro-
machining technique. The on-fiber vibration sensor has
same diameter with that of the single mode fiber. An ac-
celeration sensitivity of 11.1 mV/g@300 Hz in the range of
0.5-5g is demonstrated experimentally. This on-fiber and
micro-cantilever beam design allows for the sensor to be
smaller size and higher temperature resistance.

Keywords: Extrinsic Fabry-Perot interferometer; vibration
sensor; fiber optical sensor; femtosecond laser microma-
chining

1 Introduction

Vibration sensors have found wide applications in many
areas such as in structural health monitoring [1], iner-
tial navigation [2], earthquake monitoring [3] and even
biomedicine [4]. Some of these applications, like endo-
scopic photoacoustic imaging [5] and turbine engines [6],
require vibration sensors with small size, high sensitiv-
ity, biocompatible structure and high temperature resis-
tance. However, most of commercially available vibration
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sensors (capacitive [7] or piezoelectric [8] based vibration
transducers) suffer from oversize, electromagnetic interfer-
ence and high temperature softening, which make them
difficult for vibration measurements in such a harsh envi-
ronment. In this case, optical fiber vibration sensors offer
a potential solution as they possess many advantages over
the conventional electrical vibration sensors such as being
passive, small size, immunity to electromagnetic interfer-
ence and amiability to high temperature conditions [9, 10].

Various types of optical fiber vibration sensors have
been demonstrated. Early intensity-based optical fiber vi-
bration sensors employ low cost and not very sophisti-
cated instrumentation [11]. The main disadvantages of
these vibration sensors are their low precision and stabil-
ity. Fiber Bragg grating (FBG)-based vibration sensors are
considered to have good sensitivity and unique multiplex-
ing capability [10, 12, 13]. However, their sensor dimen-
sions and the instability under high temperature have lim-
ited their applications. Fabry-Pérot interferometer (FPI)-
based vibration sensors have played a dominant role due
to their capacity for miniature size and high stability [14-
19]. These vibration sensors typically utilize a sensor head
that carries an extrinsic Fabry—Pérot interferometric (EFPI)
structure and a cantilever beam or support beam. In most
cases, the dimension of the sensor head is larger than
the optical fiber diameter and the applications of bond-
ing materials (polymeric adhesives) may yield low tensile-
strength structures. Consequently, the vibration range and
long-term stability of these sensors are limited. By using
the all-fiber sensor design, it is possible to reduce the vibra-
tion sensor diameter down to the @ 125um range [16, 17, 19].
Moreover, sensors with all-fiber structure proved to be ro-
bust and temperature and otherwise environmentally sta-
ble. The main obstacle is to operate on the fiber to fabricate
a desired sensing structure. Chemical etching method has
simple manufacturing steps and low costs [16]. However,
due to the limited precision of the etching process, the
sensor dimension is typically a few hundred micrometers.
Two strategies have been followed to overcome the prob-
lem. The first is to employ focused ion beam (FIB) process-
ing technique. With the combination of FIB technology
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and hydrofluoric acid etching, the cantilever structure has

achieved a dozen micrometers diameter and high sensitiv-

ity to applied vibrations [17]. Two associated drawbacks of

the FIB processing technique however are the costly equip-

ment and the time it takes to machine the cantilever struc-
ture. The second and more appropriate approach towards

an all-fiber solution is to use a femtosecond laser (FSL).

While the FSL micromachining technique is not as accu-
rate as the FIB processing technique, it shows higher effi-
ciency and lower costs [19].

Micro-cantilever beam
made from CF

—

= =~
— = P

sme / wee /|
4 / «—>
Reflector 1 Reflector 2 Vibration

Figure 1: Schematic of the proposed on-fiber EFPI vibration sensor

In this paper, we present an on-fiber EFPI vibration
sensor with a micro-cantilever beam fabricated by a fem-
tosecond laser. The micro-cantilever beam is created per-
pendicular to the fiber axis, which makes the cantilever
length less than the diameter of single mode fiber. All the
processing steps are straightforward and easy to operate.

2 Sensor design and fabrication

2.1 Design of the sensor structure

The designed vibration sensor consists of a standard lead-
in single mode fiber (SMF), a hollow core fiber (HCF) and a
micro-machined silica coreless fiber (CF), as shown in Fig-
ure 1. The end face of the SMF and the back surface of the
CF form a Fabry-Perot (FP) cavity. The CF is processed into
a micro-cantilever beam integrating with an inertial mass
for vibration detecting. Under applied vibration acting on
the sensor, the micro-cantilever beam deflects due to iner-
tia and the inertial mass from the beam oscillates along the
axial direction, resulting in a change in the cavity length
correspondingly. Thus, the vibration can be detected by us-
ing the quadrature operating-point demodulation.
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2.2 Fabrication procedure of the sensor
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Figure 2: Fabrication procedure for the vibration sensor (a)-(f) and
an optical microscope picture of a fabricated sensor (g)

Sensor fabrication consists of a sequence of steps
which are shown in Figure 2. After a SMF (SMF-28¢e, Corn-
ing) and a HCF were cleaned and polished, the first splice
between the SMF and the HCF was achieved by use of
a commercial fiber splicer. The inner and outer diameter
of the HCF is 93um and 130pm respectively [Figure 2(a)].
Then the HCF was cleaved to a specified length (~ 150pum)
using a fiber cleaver under the assistance of an optical
microscope [Figure 2(b)]. Next, the second splice was per-
formed by splicing this sample to a coreless silica fiber (CF)
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Figure 3: Micromachining procedures for micro-cantilever beam
structure (a)-(e) and an optical microscope picture of the end face
of a fabricated sensor (f)
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Figure 4: Interference spectrums before and after the FSL microma-
chining

[Figure 2(c)]. This was followed by cutting the CF ~50pum
away from the spliced location [Figure 2(d)]. Afterwards,
the CF was further polished to the needed length (30pm)
to form a thin diaphragm [Figure 2(e)]. Finally, the SMF-
HCF-CF sandwich structure was fixed on a hexapod six-
axis stage and machined into a desired micro-cantilever
beam structure by using the FSL [Figure 2(f)]. Figure 2(g)
is an optical microscope picture of the side view of a typi-
cal vibration sensor fabricated by this method.

The micromachining procedures of the micro-
cantilever beam structure was schematically described
in Figure 3. The FSL (5 W, Spectra-Physics) with a central
wavelength of 800 nm, a repetition rate of 1 kHz, a pulse
width of 35 fs, and a pulse energy of 40 uJ was focused
onto the outside surface of the CF (i.e., the diaphragm) by
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employing an objective lens (MPlan FL N, Olympus). Then
a part of the CF was ablated to form a preliminary can-
tilever structure [Figure 3(a) - Figure 3(c)]. This structure
had alength of about 80pm and a width of 45pm. Since the
whole ablation region of the CF had to be cleaved until the
hole of the HCF exposed, the preliminary thickness of the
cantilever was equal to the thickness of diaphragm (30pum).
Next, the preliminary cantilever was further trimmed in or-
der to obtain a vibration -sensitive micro-cantilever beam
structure. This was performed by thinning the upper part
of the cantilever to an optimal dimension [Figure 3(d)],
which determined the vibration sensitivity of the sensor.
While the selection of a thinner cantilever would be feasi-
ble, the thinner cantilever might be frail and easy to crack.
In this paper, the thickness of the cantilever was deter-
mined to be 5um. After the updated micro-cantilever was
machined, the undressed section can serve as the iner-
tial mass. In Figure 3(e), the inertial mass was roughened
to suppress unwanted back-reflections from its outer sur-
face. Figure 3(f) shows the cross section of the machined
micro-cantilever beam used in the experiment.

During CF polishing [Figure 2(e)], the precise control
over the CF thickness is achieved by connecting the sam-
ple to a homemade white-light interferometric (WLI) inter-
rogator system (0.2 nm resolution and 1 Hz measurement
frequency). The white-light interference spectrum was con-
tinuously obtained by the interrogator and the thickness of
the CF can be calculated in real time. Figure 4 shows the in-
terference spectrum of the representative sample whose CF
thickness has been polished down to 30pm. The black line,
which was obtained before the FSL micromachining, was
the contribution of three reflectors, one from the end face
of the SMF and the other two from both inner and outer
surface of the CF. The three-beam interference is viewed
as the superposition of two-beam interferences which can
be interrogated (calculating the CF thickness) by using the
FFT-based WLI and peak to peak method, as described in
detail in our previous publication [20—22]. The red dashed
curve was obtained after the inertial mass roughening [Fig-
ure 3(e)]. Note that the reflection from the outer surface of
inertial mass has been suppressed and the two-beam inter-
ference with a fringe contrast of 5dB is formed.

3 Experiments and evaluations

3.1 Experimental setup

To obtain the vibration signal of the sensor, the quadrature
operating-point demodulation technique is adopted by de-
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Figure 5: Experimental setup for vibration sensor evaluation

tecting the variation of operating point wavelength. When
the incident light from the SMF is reflected at two fiber/air
interfaces, a sinusoidal interference signal from the EFPI is
formed. Typically, the operating point is chosen in the lin-
ear region of the sinusoidal interference signal to achieve
a linear response with high sensitivity. In case of applied
vibration, the variation in the operating point wavelength
due to a change of the air cavity length provides the de-
sired intensity variation of output voltages. This intensity
variation is proportional to the applied vibration and can
be used for vibration or acceleration detecting. The varia-
tion in the operating point wavelength can be described
as: AA; = A; - AL/ L, where A, is the operating point wave-
length, AL is the change of the air cavity length and Lis the
air cavity length [23].

The experimental setup for vibration tests is schemati-
cally shown in Figure 5. A distributed feedback (DFB) laser
was used as the light source, whose center wavelength was
1550.02 nm. Light from the laser was launched into the vi-
bration sensor through a coupler and the reflected light
was detected by a photodetector (PD), followed by an am-
plifier circuit (Amp.). A data acquisition card (DAC) with a
sampling frequency of 15 kHz was employed to sample the
signal. The vibration sensor was fixed on a shaker (JSK-5T,
Jiangsu Lianneng, China) where the cantilever beam was
perpendicular to the vibration direction. A function gener-
ator and a power amplifier were connected to the shaker
for signal generating and driving. When the shaker was ex-
cited and oscillated along the fiber axial direction, the ap-
plied vibration signal was sampled and processed. During
oscillating, a piezoelectric vibration sensor (YD84T, Am-
phenol) was placed where the fiber sensor was to be tested
for calibration purpose facilitated by a vibration meter (VT-
63, Shanghai Wujiu, China).

Vibration Meter

Vibration Generator(Shaker)

3.2 Time response and frequency response
of the sensor

Figure 6 demonstrates the time response and related fre-
quency response of the vibration sensor when an external
oscillation with a frequency of 300 Hz and an acceleration
of 2.5 g is applied to the shaker. The frequency spectrum of
the sensor [Figure 6(b)] is given by the fast Fourier trans-
form (FFT). It is seen that the FFT spectra has a signal-to-
noise ratio (SNR) of 33 dB and the measured frequency is
in agreement with the applied frequency. This coincidence
can also be demonstrated from the vibrational spectrum of
sensor [Figure 6(a)] whose amplitude would be used for ac-
celeration measurements.

3.3 Acceleration response of the vibration
sensor

Figure 7 shows the acceleration response of the vibration
sensor versus the external oscillation. The frequency was
adjusted to 300 Hz and the applied acceleration was deter-
mined by the vibration meter. Since the tip displacement
of a cantilever-mass architecture is proportional to the ac-
celeration, the amplitude of the vibrational spectrum can
be considered as the result of the acceleration response.
The applied acceleration began at 0.5g (almost 9.8 m/s?)
and increased incrementally to 5 g in steps of 0.5 g. Each
measurement was repeated five times and the mean value
was recorded. As expected, the response amplitude shows
good linearity with the applied acceleration, with a corre-
lation coefficient (R) of 0.99078. The response sensitivity of
sensor is estimated to be 11.1mV/g by calculating the slope
of the linear fitting curve.
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Figure 6: The demodulated vibration signals (a) and its FFT spectra (b) under the applied vibration frequency of 300 Hz and the acceleration

of 2.5g.
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Figure 7: The acceleration response of the vibration sensor.

The temperature dependence of the vibration sensor
was further investigated. The homemade WLI interrogator
system was used to obtain the cavity length of the EFPI
in different temperatures. The temperature dependence,
which is attributed to the thermal expansion effect of the
HCF, can be expressed as AL = Ly« a - AT, where ais the
coefficient of thermal expansion of silica (0.55 x 107/°C),
Ly is the initial cavity length (150pm), AL and AT are the
change of the EFPI cavity length and applied temperature
respectively. Thus, the predicted temperature sensitivity of
the sensor is calculated to be AL/AT = 0.083nm/°C. Fig-
ure 8 shows experimental results of the cavity length as a
function of applied temperature. Note that the measured
EFPI cavity length has a good linear correlation to the ap-
plied temperature and the temperature sensitivity is ob-
tained to be 0.0848 nm/°C, which is in reasonable agree-
ment with the predicted value of 0.083nm/°C. In addition,
the obtained temperature sensitivity indicate that fluctu-
ations of ~ 800°C (the temperature measurement range)
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Figure 8: The relationship between the cavity length and the ap-
plied temperature.

would induce a cavity length error of AL ~ 67.84nm, re-
sulting in a variation in the operating point wavelength
of AA; = 0.7nm (A; = 1550nm). Such a shift is very low
compared to the FSR of the interference spectrum in Fig-
ure 4 and the temperature compensation would not be nec-
essary.

4 Conclusion

In conclusion, an on-fiber vibration sensor with a dimen-
sion as small as the standard fiber diameter (125pm) has
been proposed and experimentally demonstrated. The vi-
bration sensor is composed of a standard lead-in SMF,
a HCF and a micro-machined CF, which has a micro-
cantilever beam structure. The micro-cantilever beam is
created perpendicular to the fiber axis, which makes the
cantilever length (80pum) less than the standard fiber diam-
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eter. The end face of the SMF and the back surface of the
micro-cantilever beam form an EFPI cavity. A representa-
tive sensor with an acceleration sensitivity of 11.1mV/g was
fabricated and tested. This on-fiber and cross-axial micro-
cantilever beam designs render the sensor smaller size and
higher temperature resistance.
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