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Quasi-Distributed 3-cm Vibration and Strain
Monitoring Using OFDR and In-Line Interferometers

Arturo Sanchez-Gonzalez ', Daniel Leandro

Abstract—This study presents a new quasi-distributed vibration
sensing approach with a 3-cm spatial resolution, capable of per-
forming multiparameter measurements. In-line interferometers
are employed simultaneously as strain point sensors and reflectors
for vibration monitoring due to the Doppler effect. The interfer-
ometers consist of capillary fiber segments spliced between single-
mode fibers, forming a sensing etalon. A study of the characteristics
required for the fiber array fabrication is carried out. A 60 cm array
comprising 20 sensing sections is used for the proof-of-concept of
the technique for strain and vibration sensing. An analysis of the
behavior for static strain and vibrations is performed, both individ-
ually and simultaneously, using a free-end cantilever experiment.

Index Terms—Deformation, doppler, fast fourier transform,
hollow core fiber, interferometer, optical fiber sensor, reflectance.

I. INTRODUCTION

N THE late *70s, the conception of Optical Time-Domain

Reflectometry (OTDR) emerged for verifying the integrity of
optical transmission lines [1]. Half a decade later, its application
extended to the monitoring of physical parameter by spatially
resolving measurements along a continuous strand of optical
fiber, therefore named as distributed optical fiber sensing [2].
In a short period of time, this sensing approach underwent an
unparalleled development, which can be understood in the same
terms as for fiber optic point sensors. As a fiber optic technology,
the distributed techniques stand out for its immunity to electro-
magnetic interference, non-corrosive nature, light weight, small
size, suitability for harsh environments, large scale, and high
multiplexing capability or continuous nature [3]. Consequently,
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distributed optical fiber sensors have been employed for a broad
range of applications involving different physical parameters,
including, but not limited to, strain [4], temperature [5], vibration
[6], and stress [7]. More recently, parameters as flow rate [8],
refractive index [9], magnetic field [10], and gas detection [11],
have also been explored. Among the primary applications of
distributed fiber optic sensors, Distributed Vibration Sensing
(DVS) has become a highly demanded technique. It utilizes an
optical fiber to measure mechanical waves over an extended
region. However, DVS based on OTDR faces two fundamental
limitations. Firstly, the laser repetition rate of the interrogation
system defines the maximum detectable vibration frequency.
Secondly, there is an inherent trade-off between spatial reso-
lution and measurable distance [3]. Consequently, the spatial
resolution is typically limited to the order of meters or tens
of meters, achieving measuring ranges on the order of tens to
hundreds of kilometers [12].

However, applications such as aircraft or vessel monitoring
require spatial resolutions in the order of millimeters to centime-
ters over distances of tens or hundreds of meters, [13], [14]. An
established alternative to OTDR is Optical Frequency-Domain
Reflectometry (OFDR). In OFDR, the light injected into de
Fiber Under Test (FUT) does not have a static frequency but
periodically sweeps across a certain spectral range in predefined
patterns. This achieves a decoupling between the maximum
measurement length and spatial resolution, since the latter now
depends inversely on the spectral range swept [15]. Nevertheless,
this interrogation technique does not address the original limita-
tion in the maximum detectable vibration frequency, restrained
by the tunable light source (TLS) sweep rate, which is typically
in the order of a few tens of hertz in conventional setups [16].
Recently proposed variations to the method, such as the phase
extraction from Time-Gated Digital OFDR (TGD-OFDR), man-
aged to increase the maximum measurable frequency up to
600 Hz [17]. For a further increase, the application of OFDR
Cross-Correlation Similarity Analysis (CCSA) proved capable
of detecting vibration events up to 2 kHz, at the expense of
being unable to discern the specific frequency of the mechanical
wave [18]. Therefore, reaching quantitative measurements in
the kilohertz range without significant system cost escalation in
a purely distributed OFDR remain largely unachieved. Another
approach to overcome these limitations under the OFDR scope is
the use of intrinsic fiber-optic sensors that, due to their restrictive
nature, can give information about only a limited number of
predefined locations at one time, which are therefore called
quasi-distributed fiber-optic sensors. Quasi-distributed OFDR
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has been widely applied in the dynamic measurement of other
physical parameters, such as temperature and strain [19], [20],
with previous works by the authors in the field of DVS-OFDR
[21]. In this research, a quasi-distributed approach using weak
reflectors with OFDR was proposed to detect vibrations up to 30
kHz, employing a single laser sweep. Furthermore, a solution
based on windowed FFT demonstrated its capability to conduct
velocity measurements at 2 kHz using a low repetition-rate laser;
with high configurability and a linear response to various pertur-
bations [22]. However, these velocimetry-based approaches do
not provide additional information about the fiber, such as strain
or temperature, proven crucial in some applications [23]. More-
over, the feasibility of a multiparameter DVS-OFDR implemen-
tation is yet to be explored, undoubtedly a challenging matter as
it requires artificial dispersion centers to simultaneously act as
sensors for physical magnitudes without compromising their low
reflectivity or point-like gauge length scale. A strong candidate
meeting these conditions while performing as weak reflectors
are intrinsic in-line interferometers based on specialty fibers.
Among them, capillary fibers excel due to their low cost, easy
fabrication, miniaturization capability, and proven sensitivity to
various physical, chemical, and biological parameter [24], [25].

In this manner, this work presents a 3-cm spatial resolution
quasi-distributed vibration sensing platform capable of provid-
ing multiparameter DVS. The in-line interferometers act both as
strain point sensors while serving to provide enough reflection
for the vibration monitoring based on the Doppler effect. For this
end, the research begins with the analysis of the OFDR technique
applied to the demodulation of weak reflector vibrations by
means of the virtual distance shift induced by the Doppler effect
in the spectrogram. Then, intrinsic inline interferometers are
proposed as weak reflector in an array configuration. A study
about its theoretical interferometric nature, manufacturing pro-
cess, high strain sensitivity, repeatability and low transmission
losses is performed. Subsequently, the complete experimental
set up is explained, and characterization concerning both quasi-
distributed dynamic vibration and point strain are presented.
Finally, the system is validated by evaluating the fundamental
modes of vibration in a cantilever structure.

II. OPERATING PRINCIPLE
A. Vibration Monitoring

The vibration detection technique employed in this study is
based on the implementation of an OFDR for the monitoring
of a FUT comprised of an array of in-line interferometric
weak reflectors (WRs). In the proposed OFDR, a coherent
TLS periodically sweeps the spectral range of 1520 to 1620
nm at programmable speeds ranging from 10 to 100 nm/s.
The light beam is split into two Michelson interferometers, as
illustrated in Fig. 1. In this setup, the auxiliary interferometer
acts exclusively as the data acquisition clock. Regarding the
sensing interferometer, the reference arm provides the reflected
reference field, |Ergr(t)), while the remaining arm includes
the FUT to measure vibrations through the field reflected from
the reflectors WRs, | Eyw g(t)). Focusing on the i-th WR, WR;,
and neglecting constant phase terms, the reflected fields coming
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Fig. 1. Schematic of the OFDR setup.

from both arms will superpose as they pass through the coupler,
resulting in the intensity I(¢) at the lower photodetector being
governed by the beat of both fields:

I(t) < (Erpr(t) + Ewr, (t — 7i)|ErEF(t)

2 77'2
+Ewr, (t — 7)) o cos (27r {WTit + fori — 22 })

~ cos (2m [y7it + foTi]), (1

where 7; corresponds to the temporal delay associated with the
position of WR;, and fj is the initial optical frequency of the
TLS. The quadratic term in 7; in the previous expression results
negligible as it is several orders of magnitude lower than the
remaining terms considering the employed TLS and FUT length
scale. It can be observed that this beat will exhibit a characteristic
frequency associated with the position of WR;, fp, = 2myT;.
Therefore, the position of each reflector can be directly recovered
from the magnitude of the spectrogram of the signal by pairing
each beating frequency with its corresponding WR, and reverting
to time delay or optical path difference.

Moreover, in the event that WR; undergoes vibration, its
position will present a temporal dependency, which can be
described as a sinusoidal perturbation of the static delay. Thus,
in the presence of vibration, the frequency of a stationary beat
undergoes a shift proportional to the rate of change of the optical
path length, fp,, following the fiber Doppler effect [15], [26].
In terms of the corresponding spectrogram, it would therefore
represent a virtual shift in the position of the reflector. If we
recover this virtual displacement by dynamically processing the
spectrogram of the signal using the Short-Time Fourier Trans-
form (STFT), and assuming that the windowing and vibration
amplitude are small enough, a linear expression in terms of
the stationary vibration frequency plus Doppler shift can still
be obtained [22]. Specifically, the normalized magnitude of the
STFT restricted to the positive real frequency semi-axis for the
case of WR; can be approximated by:

|Fi(f > 0)] = sinc (27 [y70;

+27 fo foAu cos (2m fu (' = 704)) = fIT/2),
@)

where ' and I" are the center and width of the moving window
employed in the STFT, if considered rectangular. If we denote 2
as the optical path difference between arms, the peak frequency
can be rewritten in terms of relative distance using the conver-
sions between domains, f = 2negyz/c, To; = 2Ne20; /¢, and
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A’y = 2nee A, /¢, such that:

!

+ % cos (27 fy (' — 704)) = 20 + 2D

3)
where z(; can be directly subtracted from static measurements
to ultimately recover the virtual displacement due to the Doppler
effect, zp;, and consequently retrieve the vibration frequency on
the weak reflector. In this fashion, perturbations can be assessed
across the entire fiber in a distributed/quasi-distributed manner,
wherein each reflector aggregates all the frequency variations
induced in the preceding fiber sections.

It is noteworthy from (3) that the sweep rate of the TLS is
inversely proportional to the virtual displacement suffered by
the WR, therefore heavily impacting its visibility and sensibility.
On the other hand, this is a parameter that can be tuned in order
to limit possible crosstalk between neighboring reflectors, as
shown in the results section.

Z = 204

B. In-Line Interferometers Design

In this study, the weak reflectors employed in the quasi-
distributed DVS implementation are intrinsic inline interferom-
eters. There are various techniques for the design and fabrication
of in-line fiber interferometers, with the employment of specialty
fibers, fiber tapering, and femtosecond laser inscription being
the primary options. In this experiment, interferometers are
composed of small segments of capillary fiber spliced at regular
intervals along the SMF line which serves as FUT, forming an
array. The capillary fiber, also known as hollow core fiber (HCF)
due to its geometry, comprises a soft-glass high-silica circular
ring with a 50 um inner diameter (ID) and a 125 pm outer
diameter. Thus, each fused HCF segment between SMFs forms
two silica-air interfaces that act as a low finesse Fabry-Perot
etalon. In fact, since Fresnel reflection at each interface of
the structure remains under 3%, the reflectance of each etalon
can be faithfully approximated by the interference between the
waves resulting from the first reflection at each interface [27].
In this way, the negligible nature of successive reflections also
minimizes crosstalk between different weak reflectors. Conse-
quently, the reflectance R associated with each SMF-HCF-SMF
inline interferometer can be described by a sinusoidal wave of
the form:

“

R x1—cos (47TLf> ,

c

where L is the length of the hollow fiber segment, f is the
interrogation frequency, and c is the vacuum speed of light. From
this expression, and given that the spectral range swept by the
TLS will cover around 11 THz, each interferometer must have
a minimum length of 14 pum to exhibit a complete period in its
spectrum. On the other hand, capillary fibers exhibit very high
attenuation coefficients, easily surpassing the order of tens of
dB/m [28]. Thus, there is a trade-off between the number of spec-
tral periods recovered and losses incurred. This limitation can be
partially alleviated by selecting a HCF with a high enough ID,
as confinement losses scale with ID* [29]. Moreover, coupling
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losses in each interface are also heavily reduced by choosing
an ID exceeding the mode field diameter of the SMF [24].
Consequently, a capillary fiber with a fixed inner diameter of
50 pm was employed, aiming to minimize overall losses without
compromising the mechanical robustness of the interferometer
during vibration and strain tests. Regarding the length of the
interferometer, various approaches were investigated, ranging
from 10 to 100 pm, as will be described in Section III.

This miniaturization and minimization of losses imposed var-
ious specific considerations in the in-line etalon manufacturing
process. Firstly, to guarantee the development of mechanically
resilient interfaces between HCF and SMF, while preventing the
downside of axis misalignment, fiber bending, or core collapse,
every splice was performed by means of a specialty fiber fusion
splicer (Fujikura FSM-100P). Precise configuration of various
fusion parameters, including discharge intensity profiles, cycle
count, and the gap between fiber ends, was crucial. Signifi-
cantly, careful consideration of the location for arc discharge
played a vital role in preventing core collapse. Consequently,
for consistently achieving uniform and well-defined interfaces,
the discharge was deliberately positioned 15 pm above the
SMF segment. Similarly, to reliably attain capillary fiber cleaves
with angles below 0.2° and length uncertainties within the
micrometer range, HCF cleaves were performed employing a
motorized microscopy-assisted electric cleaver station (3SAE
TMS). Introducing pre-strain to the capillary before cleaving
resulted indispensable for ensuring straightness and uniformity,
requiring a load of 215 g. The 1 um movement resolution of
the motorized clamps responsible for cleaving point alignment
guaranteed that the uncertainty in the length of the HCF sen-
sor section remained below the interrogation wavelength. This
proved essential in ensuring the reproducibility of the process in
the conformation of the final arrays, so that same length sensors
exhibited comparable spectra and response to strain. Finally,
sensors underwent low-index acrylic coating (Vytran PTR303)
to enhance their mechanical robustness without significantly
disturbing the optical guidance in the hollow region. Once
all sensors were manufactured and their compliance with the
previously defined tolerance parameters was verified, they were
arranged in arrays by fusing their SMF segments at predefined
lengths.

Concerning its performance as a sensor, the effective length
of the interferometer varies under strain application, and conse-
quently, so does the phase of (4). This results in a wavelength
shift that can be directly measured over its reflectance, once it
is recovered from the spectrogram windowed by STFT at each
sensor location.

Summarizing, the interferogram obtained from the FUT using
the OFDR is processed using the STFT to accurately detect
both disturbances occurring along the fiber and specific strain
alterations within the interferometers. In this context, the in-
terferometers serve a dual purpose. Firstly, they operate as
reflectors, manifesting virtual positional changes in response to
vibrations or disturbances. Secondly, they act as point sensors
for strain, by tracking shifts in the interferometric pattern within
the spectrum.
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Fig.2. Microscope image of the SMF-HCF-SMF sensors for capillary lengths

of 10 pm (a), 100 pm (b), and their normalized reflectance spectra (c).

III. EXPERIMENTAL SETUP

The experimental setup employed in this research comprises
the interrogation system, the manufactured sensing fibers, and
the mechanical setups employed for inducing vibration and
strain.

First, regarding the interrogation system, a commercial OFDR
system from Lazoc Inc. was employed. This reflectometer, ca-
pable of measuring distances up to 40 meters, has laser tuning
speed ranging from 10 to 100 nm/s within the 1520-1620 nm
wavelength range. In this regard, the setup is depicted on Fig. 1.
To minimize the phase noise associated with nonlinearity in the
frequency sweep performed by the TLS, an additional auxiliary
interferometer was employed and fed as the system clock signal
[30]. Once the signal from the FUT was retrieved, the raw
interferogram underwent processing utilizing a computer and
a custom-built MATLAB software. Depending on the specific
analysis being conducted, such as vibration or strain, the soft-
ware performed various algorithms including STFT calculation,
peak detection, filtering, and ridge detection, amongst others.

Secondly, as introduced in the previous section, the interro-
gated FUT consisted of a ~60 cm SMF segment hosting several
quasi-periodically spaced in-line Fabry-Perot etalons. In this re-
gard, different etalon lengths were manufactured to be evaluated,
ranging from 10 to 100 pxm. Examples of manufactured short and
long etalons can be observed in Fig. 2, along with their respective
reflectance spectra.

Different combinations of etalons were evaluated, creating
two arrays with different parameters to be investigated. On one
hand, an array of 12 SMF-HCF-SMF, with capillary lengths
arranged along the fiber in increasing order. In this way, initial
sensors with shorter lengths would induce lower losses, allowing
for a substantial signal to reach the remaining sensors, albeit at
the expense of reduced accuracy due to smaller Free Spectral
Range (FSR). On the other hand, the final sensors would dissi-
pate a significant portion of the remaining optical power in ex-
change for spectra characterized by a greater number of periods,
providing the possibility of tracking multiple valleys simultane-
ously or even spectral composition analysis and phase variation
through FFT. Nevertheless, this approach limits the number of
interferometers before signal fading, thereby constraining the
spatial resolution of the vibration monitoring, as it is defined by
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Fig. 4. Spectrogram of the 20-reflector array employed in the experiments
with a common length of 10 pm.

the distance between interferometers. The spectrogram of this
array can be seen in Fig. 3.

Alternatively, an array of 20 identical etalons was proposed,
each with a length of 10 pm, to minimize the power loss along
the fiber. In this configuration, the FSR was only slightly larger
than the spectral interrogation range. This design preserved the
capability for multiparametric sensing without compromising
resolution or maximum measurable distance. Among the two
proposed and manufactured configurations, the array with inter-
ferometers of variable lengths exhibited a total mean power loss
of approximately —19.7 dB despite being composed of nearly
half number of reflectors. On the other hand, the second array
presents a total mean loss of —12.2 dB. The spectrogram of this
fiber can be seen in Fig. 4.

Considering all this, the array of short reflectors was chosen
for the remaining experiments. As seen in Fig. 4, the fiber profile
has 20 reflectors located at the normalized positions: 0, 3.3, 6.5,
9.5, 12.8, 15.8, 18.8, 22, 24.1, 27.2, 30.6, 34, 37.1, 40.7, 44,
47, 50.4, 53.8, 57.4, and 60.7 cm, corresponding to positions
P1 to P20. These reflectors exhibit an average peak reflectance
of 7% compared to the theoretical 13%, although their average
reflectance over the studied spectral range is 3.5%. Systemati-
cally reducing this value without increasing the mean insertion
loss of 0.6 dB per sensor to ensure the scalability of the system
would require precisely altering the geometry of the interfaces
beyond straightness and uniformity. Alternatively, a potential
approach would be to use other types of in-line interferometers,
such as in-line Fabry-Perot interferometers fabricated through
femtosecond laser inscription [31].

Lastly, two mechanical setups were employed to validate the
system for strain and vibration sensing. For the static strain
test, the FUT was securely mounted on a translation stage, as



6612

NORD FuT =
=
Fixed Point Moving Plate
(a)
\@@ Cantileverm

(b)

Fig.5. Experiments used to apply strain and vibration using a translation stage
(a), and a free-end cantilever (b).

illustrated in Fig. 5(a). This setup ensured that the same strain
was applied to all the interferometers during the characterization
process.

On the other hand, an inhomogeneous strain setup was em-
ployed to evaluate the vibration in a distributed/quasi-distributed
manner. Instead of inducing periodic vibrations at different
positions, this approach involved the utilization of a free-end
cantilever beam experiment. This approach was chosen due to
two main reasons. First, the cantilever beam experiment grants
the generation of non-purely periodic signals encompassing a
spectrum of frequencies. This is particularly advantageous for
examining the response of the system under more complex
vibrational patterns, closer to real-world scenarios. Secondly,
this setup allows the application of vibrations with varying
initial static strains on the sensors to investigate its influence
on the response of the interferometers. Lastly, by employing
this method, the vibration patterns vary along the fiber de-
pending on the contribution induced by the different bending
modes. Therefore, the FUT was fixed to an aluminum 5052
cantilever beam (600 x 40 x 3 mm) as shown in Fig. 5(b).
Several tests were performed using the weight-release technique,
where different forces produced different amplitude of stimulus.
Moreover, weights were fixed to the beam in order to modify the
vibration characteristics of the beam and initial deflections.

IV. RESULTS
A. Strain Characterization

A series of experiments were carried out to evaluate the
performance of the proposed technique. Initially, the behavior
of the interferometers to static strain was verified by means
of the set-up illustrated in Fig. 5(a). In this test, axial strain
was incrementally applied to the entire sensing fiber in steps of
18549.2 pe, reaching a maximum of 1482 pe. Fig. 6 presents
an example of the reflectance spectra extracted from the spec-
trogram recorded at different positions for ~0, 370, 740 1110
and 1480 pe. As expected, there is a wavelength shift of the
interferometers spectra with the strain applied. This change has
been measured for all the sections in order to calculate the
sensitivity.

The strain-induced phase shift response for all sensors is
detailed in Fig. 7, demonstrating that the behavior of 16 out of
the 20 sensors was consistently similar, exhibiting a sensitivity
range between —0.27 and —0.35 rad/me. Conversely, the sensors
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Fig. 7. Strain characterization of the 20 interferometers composing the FUT.

located at positions 2, 7, 16, and 20 displayed different range,
from —0.39 to —0.55 rad/me. The coefficient of determination
R? for the linear fitting was higher than 0.990, with the exception
of four sensors, which showed slightly lower values of 0.971,
0.979, and 0.982 (two sensors sharing the same value).

The increased sensitivity observed for these four sensors is
attributed to non-uniformities in the mechanical properties of
the fiber, likely due to alterations in the ID of the capillary fiber
(£ 2 pm) experienced during its manufacturing process. This
hypothesis is reinforced by the fact that these sensors, despite
their non-consecutive positional arrangement, were manufac-
tured consecutively. The results indicate a satisfactory perfor-
mance of the sensors, aligned with the expected behavior. Fur-
thermore, the experimental characterization of the maximum
strain endured prior to rupture ranged from 6.2 to 8.5 me for an
independent subset of 4 test sensors. Even in consideration of
its heterogeneous nature, with the existence of two interface
between regions of dissimilar fiber, this result illustrates the
feasibility of the sensor to be employed over wide enough ranges
of deformation for structural health monitoring [32], [33].

B. Vibration Sensing

Regarding the vibration monitoring, a series of validation
experiments were conducted to assess the capability of the
system to measure vibration at intervals of approximately 3 cm
along a 60 cm cantilever beam, using the interferometers as
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Fig. 9. Demodulated results for 40 g attached to the cantilever, with 70 and

110 g dropped at 50 and 100 nm/s tuning rate, respectively.

reflectors. As illustrated in Fig. 5(b), these experiments were
based on free-end damping tests, applying and releasing a force
placed at the tip of the beam to induce vibrations (using 70 and
110 g weights). Additionally, to explore the impact of initial
deflections on the response, extra loads were attached to the tip
of the cantilever (0, 40 and 140 g). This modification aimed to
alter the initial deflection and natural frequencies of the beam.
Finally, the tests also considered the change of the tuning speed
of the laser to avoid possible crosstalk between the sensors.

In order to evaluate all these aspects, Figs. 8 and 9 present the
demodulated results under different conditions. The signals have
been retrieved from the spectrograms using a ridge-detection
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TABLE I
NATURAL FREQUENCY MEASUREMENTS
Attached 1* Bending 2" Bending 3" Bending
mass (g) mode (Hz) mode (Hz) mode (Hz)
0 8.1 45.5 119.3
40 53 36.8 102.1
140 4.0 32.8 98.1

function built in MATLAB. Note that the velocity change is
reflected in a virtual distance change on the position of the
reflector. As expected, it can be observed that the contribution
of the different bending modes varies with the position. For
example, the fundamental mode increases its amplitude with
distance, while the second mode changes the phase along the
cantilever length.

The resulting damping characteristics exhibit a frequency de-
crease with the addition of extra weight attached to the tip of the
cantilever. Table I summarizes the measured natural frequencies
for the first, second, and third bending modes for the addition
of 0, 40 and 140 g. This effect is depicted in Fig. 8(a) and (b)
for the cases of 40 and 140 g with a visible frequency decrease.
This frequency decrease with the added mass is in accordance
with theory [34].

On the other hand, Figs. 8(a) and 9(a) present the demodulated
results following the release of 70 g and 110 g weights, showing
apredictable increase in amplitude with force. It can be seen that
the virtual position shifts almost overlap between neighboring
sections, due to the accumulated elongation change. Ideally,
to avoid crosstalk, the distance between reflectors should be
greater than the maximum excursion difference expected be-
tween neighboring reflectors. However, in practice, this is mostly
limited by the demodulation approach and parameters selected.
Shorter STFT window sizes yield higher time resolution albeit
lower spatial resolution, increasing the chance of overlapping.
However, one of the main advantages of this approach is that
the amplitude of the retrieved signal is inversely proportional
to the tuning rate of the laser as described in Section II-A.
Therefore, under high velocities, it is possible to avoid crosstalk
by increasing the tuning speed. This effect is evident by com-
paring Figs. 8(a) and 9(b), presenting the same experiment
measured at 50 and 100 nm/s respectively. As manifested in the
figures, under the same conditions, the amplitude at 100 nm/s is
reduced, decreasing the risk of crosstalk. Laser tuning speed,
STFT demodulation parameters, and effective length of the
auxiliary interferometer also condition the maximum vibration
frequency detectable through the maximum sampling frequency
of the system. In this particular case, given that the maximum
frequency to be detected due to the beam properties was 119 Hz,
the set up was fine-tuned to measure up to 500 Hz. However,
kilohertz ranges can be easily achieved by increasing the laser
tuning speed or reducing the size of the STFT window at the
expense of spatial resolution, as previously described.

After verifying the capability of the system to perform in-
dependent strain and vibration monitoring, it was studied the
feasibility of achieving simultaneous measurement of strain
and vibration. Preliminary findings suggest the potential of the
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Fig. 10.  Spectrograms of the sections WR1 and WR2 for 110 g drops with (a)

no extra weight (100 nm/s), (b) 40 g (50 nm/s), and (c) 110g (50 nm/s).

system to sense the average strain on the interferometers along-
side vibration measurements. Fig. 10 depicts the spectrograms
of Sections I and II for the experiments with 0, 40 and 140
g attached to the cantilever tip, for different forces and laser
tuning speeds. The interferometer response can be seen as an
amplitude ‘valley’ along the trace that is shifted towards higher
wavelengths with the mass addition. This is due to a change of
the equilibrium position with the mass addition, measured as a
strain increase to the sensors.

Despite these promising outcomes, further work is being
done to develop an advanced demodulation technique capable
of yielding precise results for both simultaneous strain measure-
ments and high-amplitude vibration analyses. This work is cru-
cial for enhancing the applicability of the system in real-world
scenarios, where the ability to accurately monitor structural
health under dynamic conditions is essential.

V. CONCLUSION

This study has proposed and validated a novel approach
for simultaneous vibration and strain measurement at 3 cm
intervals, employing the characteristic spectral reflectance of
a configuration of inline interferometers in conjunction with
optical frequency domain reflectometry. These interferometers

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 42, NO. 18, SEPTEMBER 15, 2024

serve a dual purpose; as quasi-distributed reflectors for detecting
vibrations and as discrete point sensors for strain measurements.
The interrogation methodology relies on spectrogram analysis,
where vibration-induced Doppler effects manifest as virtual
shifts in reflector positions, while strain manifests as wavelength
shifts in the amplitude pattern of the interference produced by
each individual reflector, once demodulated at its position.

First, sensing array design, manufacturing process, and per-
formance constraints were analyzed. As a result, an array of 20
SMF-HCF-SMF etalons with an individual effective length of
10 pm and a total power loss of 12.2 dB was developed.

Subsequently, validation tests entailed both strain and vi-
bration sensor characterization. For this end, strain sensitivity
was analyzed by means of optical spectrum measurements at
each reflector location. Similarly, vibration detection capabili-
ties were evaluated through experiments involving a cantilever
with varying damping conditions. In both cases, results were
consistent and verified the proper operation of the system.
Moreover, preliminary findings corroborate the feasibility of
the technique for simultaneous vibration and strain monitoring,
evidenced by noticeable and traceable fluctuations in vibration
pattern amplitude profiles. In this regard, one of the main advan-
tages of the proposal is the versatility, enabling the capability of
measuring other physical parameters, such as temperature or
refractive index, due to the use of HCF-based interferometers.
Furthermore, the high configurability of the technique allows to
adjust the demodulation and laser sweep parameters to mitigate
crosstalk or fine-tune vibration sensitivity, potentially enabling
higher spatial resolution measurements. Nevertheless, at this
point, there arises the need for further research in the devel-
opment of more sophisticated processing algorithms to ensure
the reliability and accuracy of results.
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