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An optical gauge based on coupled multi-core fiber is proposed and experimentally demonstrated. By using direct
laser writing to selectively break the fiber index profile symmetry, asymmetric mode coupling between cores is
introduced. This allows to fabricate optical gauges with the ability to detect and differentiate different types of
deformation in structures using just a single sensor.

The fabricated optical gauges are compared with calibrated commercial gauges and fiber Bragg gratings as

strain, vibration and curvature gauge. The tests indicate superior performance of this novel optical gauge over
the commercially available sensors and offer the highest sensitivities. The proposed technology could be key
to the fabrication of new fiber-based sensing devices with more capabilities and better features than previously

achieved.

Introduction

The development of optical fiber (OF) based sensing technologies is
gaining momentum in the modern aeronautical industry for analysing
and validating aeronautical structures to tackle the size, weight and
power (SWaP) challenges in next generation system designs. OFs can
handle high-bandwidth applications, weigh less than copper wire, are
immune to electromagnetic interference and are more reliable. One of
the great challenges facing the mechanical, aerospace and aeronautical
industries is taking large, heterogeneous sets of data collected from sen-
sors, and extracting information that allows the estimation of the physi-
cal response of the structures. Another important challenge is to collect
relevant data from a structure in a manner that is cost-effective, and
respects the size, weight, cost, energy consumption and bandwidth lim-
itations placed on the system. The key concern is the effect of external
forces on the structure, which in extreme cases can lead to permanent
deformation or even structural collapse. The most common approach
for evaluating the effect of external forces on an object is to use strain
gauges [1,2]. They measure strain directly, which can be used to in-
directly determine stress, torque, pressure, deflection, and many other
measurements. Such transducers provide good accuracy, very high long-
term stability and good bandwidth suitable for rapid measurements [3].
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However, the fact that they can only measure the strain of a point on the
surface of a component in a certain direction and cannot perform global
measurement, or that only the surface rather than internal strain of the
component can be measured, are the main disadvantages of these de-
vices. Over the last few years, optical fibre sensors (OFSs) have emerged
as an optical alternative to electronic strain gauges. OFSs offer many
advantages, such as immunity to electromagnetic interference and high
voltage, low hazard potential, immunity to lightning strikes, capability
of remote sensing and small size. The most popular optical strain gauges
are based on fibre Bragg gratings (FBGs) [4,5]. Compared to traditional
electrical strain gauges, optical strain gauges do not need electricity. In-
stead, the technology is based on light that propagates through a fibre.
Therefore, the sensors are completely passive and immune, for exam-
ple, to electromagnetic interference. This is just one of the reasons why
optical strain gauges are superior to electrical ones in certain applica-
tions. However, thermal and transversal strain sensitivities, high-cost for
building and maintaining, limited supplies and the difficulty in demod-
ulating wavelength shift are the main drawbacks of FBG based strain
monitoring [6,7].

Although several optical fibre-based technologies [8,9] have been
developed in order to overcome these limitations, only FBGs have
emerged as a commercially successful solution. Nevertheless, there are
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other approaches that have not yet been properly exploited; e.g. the
exchange of light between cores in strongly coupled multi-core fibre
[10] (SCMCEF) is extremely sensitive to external influences such as strain.
This is normally called the mode coupling [11] (MC) effect, and the ap-
plication of this theoretical basis in SCMCFs could be the key to devel-
oping a new generation of optical fibre based sensing devices.

In this work, optical gauges are fabricated by tailoring the refractive
index profiles of the peripherical cores in a short piece of SCMCF, provid-
ing an asymmetric effective index with respect to a plane of symmetry.
This causes an asymmetric MC effect with respect to the aforementioned
plane enabling us to implement optical gauges capable of detecting dif-
ferent mechanical deformations such as strain, vibrations or curvature
with high sensitivity using only a single gauge. This device provides
advantages that include ultrahigh sensitivity, wide detection range and
good stability. For all these reasons, this new approach could be key to
the fabrication of new fibre-based optical gauges with more capabilities
and better features than previously achieved.

Theoretical model and experimental setup

A new class of sensing devices and sensors exploiting asymmet-
ric coupled multi core fiber (ACMCEF) is developed here. In the multi-
core fiber, a central core is surrounded by another six cores made of
silica doped with germanium and embedded in pure silica cladding
(see Fig. 1(a)). The numerical aperture of the cores at A=1.55 ym is
NA=0.14, close to that of a standard SMF. The radius of each core is
4.5 ym with a core-to-core pitch (A) of 11 ym. All the cores, except one
of the surrounding cores, have the same refractive index. This external
core was modified by femtosecond laser direct writing to increase the
refractive index of a selected volumetric region within the fiber.

The laser-modified region has a size of 10 ym x 10 ym X 4 cm, which
ensures to cover one of the fiber cores. The laser system Pharos (Light
Conversion Ltd., Lithuania) operates at A~1030 nm, with a pulse dura-
tion of 200 fs and a repetition rate of 200 kHz. For enhancing writing
resolution, laser writing was carried out using the second harmonic at
A~515 nm. The laser writing power was set to 6 mW after the 0.4 NA
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Fig1. (a) Micrograph of the cross section of the ACMCF.
(b), (c) and (d) Simulated mode power density profiles
from a full vector finite-element mode solver (Photon
Design, Oxford, UK) of SM,, SM, and SM; supermodes,
respectively.

objective, which corresponds to a laser pulse energy of 30 nJ (due to
the presence of dopants in the fibre, this energy is lower than for pure
silica which would typically be up to 100 nJ). Since the main purpose
of the laser processing was to break the symmetry of the fibre core re-
gion, the modified region does not require uniform induced stress and
so the basic multiscan writing pattern was applied [12] (where the laser
scanlines were inscribed consecutively one next to the other). The pulse
density was 3 x 10° pulses/mm along each scanline, and the separation
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Port 1: SLD

Port3: ACMCF
C based sensor

Port 2: Spectrometer

Fig 2. (a) Schematic representation of the sensing device structure. (b) Experi-
mental setup. SLD denotes superluminescent diode.
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Fig 3. (a) Simulated power distribution profile along length of 4 mm ACMCF. (b) Simulated power in the central and surrounding cores vs distance along ACMCF.

between scanlines was 200 nm. With the help of the monitoring camera,
it is possible to resolve the edges of the cores when focusing at different
heights, and the fibre can be positioned with high repeatability using
the laser writing stages to ensure the pulses focus into one of the non-
central cores. In fact, since the fibre index symmetry can be broken even
with the modified region only partially inscribed in the core, the writing
process has a large positioning tolerance.

The ACMCF (Fig. 1) supports seven modes, each of which has two or-
thogonal linear polarizations (x and y). These modes can be categorized
as fundamental modes, higher order modes with a central peak (Fig. 1(b)
and (c)) and higher order modes without central peak (Fig. 1(d)). These
modes are normally called supermodes [13] and have been labelled
them as SM;, SM, and SM3, respectively. The sensing device structure
consists of a short (ACMCF) segment, axially aligned and spliced onto
an end face of a standard SMF-28 single mode fibre (SMF), as can be
seen in Fig. 2. Then, when the fundamental mode (FM) from the SMF
is launched into the central core of the ACMCF, the FM power couples
largely into the SM; and SM, modes. As these two supermodes travel
through the central core of the ACMCF, the propagation constant mis-
match between SM; and SM, causes periodic interference between them
and due to the phase mismatch, the power in the central core will show

beating as in Fig. 3.

The mode amplitudes in the central core A.. and surrounding cores
A, at distance L in the ACMCF can be obtained from the following equa-

tions [14,15]:

7

A (L) = [cos CL+-LsincL

) —jCLL
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Where C is the coupling coefficient between a propagation mode for cir-
cularly distributed cores and a propagation mode for a central core (see
Fig. 3). This coefficient depends on the number of distributed cores m,
the separation between cores A, and the difference between the prop-
agation constants of the SM; and SM, f and, it can be calculated by
means of the following equation:

C=\/Z%=\/7(ﬂSM‘ ;ﬁSMz) 3

Being the propagation constant defined as figy, = 27/4) 1, rf spx
where ngg is the effective index for the propagating mode Eq. (3). can
be rewritten as:

2z
C=V71=EAnyyy. “)

Then, the normalised power in the central core P, can be expressed
as:

P..(L)= |A(L)|2 = % + SC052CL 5)
and the normalised power in the surrounding cores is given by:
P.(L)=|A(L)|* = % sin’CL (6)

Transmission
(=]
(=)
{—

0.40

0.20

0.00

1 1 1

500

1000

1500 2000 2500
ACMCEF length (um)

3000

3500

Transmission

_CLL which are periodic in L and the maximum of P.. will be located at
J \/7 o the minimum of P as it can be seen in Fig 3(b). According to the
e . . . .
Egs. (5) and (6) the distance between P, and Py, maximum, is defined
(b) Modified core under:
— 1.5um 1.55 pm 1.6 pm === Tension;

Straight; ---- Compression .
A

0.60 1

040}

L L 1 L L
1.56 1.58 1.60 1.62 1.64

Wavelength (um)

0.00 . L
150 1.52 1.54

Fig 4. (a) Simulated power distribution along the central core of ACMCF for different wavelengths. (b) Theoretical spectrum of the ACMCF for different mechanical

stress types on modified core.
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Fig 5. (a) Tensile-compression tests. (b) Measured power spectrum showing peak wavelength shift as the strain increases. (¢) Comparison of the ACMCF gauge sensor
with the commercial sensors. (d) Comparison of calibration curves between the ACMCF gauge and a commercial FBG.

as the coupling length, L. and is given by:
_ 2
2\/78n,

According to Eq. (5), the transmission power of the central core
reaches a maximum when the phase condition satisfies (71/2)CL=mx
(m is a positive integer). Therefore, the corresponding wavelength with
maximum power 4, will be located at:
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As it can be deduced from the Eq. 7, and it is shown in Fig.3(a),
the L. is wavelength dependent. Repeating the Eq. (5) calculations for
different wavelengths, a periodically modulated spectrum at the output
of the system is obtained (Fig. 4(b)).

On the other hand, the deformation type, e.g. curvature, tension or
compression of the ACMCF causes variation in the index and/or length
(L) of the cores. According to the elastic-optic effect, the index change
of the cores can be expressed through equivalent refractive index model
[16]:

withm =1,2,3 (8)

n(n, x)zx

’
,y)=n(x,y)|1 -
n(x,y) = n(x,y) 7R

(P, — V(P + Plz))] exp (%) ©

with n(x,y) being the refractive index of the straight ACMCF, P;; and
P, are components of the elasto -optical tensor, v is Poisson’s ratio, R is
the radius of curvature and x is distance from center of fiber. This trans-
formation allows a circularly curved ACMMF segment to be modelled
as an equivalent straight one.

Then, when the ACMCF is subjected to any type of deformation (D),
Ay Will shift according to the following equation:

nl .,

oL "

oAy [ 1~ aC
oDy~ [An,p; 0An,,

1
+ I (10)

Where dC/dAn.g is the variation of the coupling coefficient C due to
the changes of the index of the cores caused by the deformation and
04y /0Dy is the variation of 4, due to changes of the length of the spec-
imen caused by the deformation.

In the ACMCF, due to the asymmetrical distribution of the index of
the cores with respect to a reference plane, An.y will be different de-
pending on whether the modified core is under tension or compression.
In addition, the length of the ACMCF segment will be longer or shorter
depending on whether it is under axial expansion or axial compression.
Consequently, the coupling length L will vary and, therefore, the vari-
ation of the A, will be a function of both types of deformation as shown
in Eq. (10).
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Fig 6. Experimental setup for subjecting the specimen to a static four-points bend loading test. The ACMCF gauge along with commercial sensors were placed on

top of the sample.

Experimental setup and results

Experimental tests aimed at evaluating ACMCF performance in rep-
resentative structural tests: tensile, compression, modes of vibration and
four point bending. The measurement setup for carrying out the experi-
mental tests is shown in Fig. 2(b). A superluminescent diode (SLD) was
used as a broadband light source centred at 1550 nm. The reflected spec-
trum from the ACMCF sensor was collected in real-time by means of a
miniature interrogation monitor (Ibsen Photonics, Denmark) (Fig. 5(b).
To measure the deformation of the specimen the local peak of the spec-
trum (4,,) was tracked.

The device was experimentally assessed as an optical strain gauge.
To do that, a ~ 4 cm segment of ACMCF with a modified core was placed
in such a way that the index of the surrounding cores was asymmetrical
with respect to a reference plane [17], and bonded to a steel plate of
325 x 25 x 3 mm. To place the ACMCF with asymmetric index with
respect to a reference plane (see Fig. 2(a)), first, the SMF-ACMCF was
connected to the experimental setup (see Fig. 2(b)) and the collected
spectrum was analysed with a spectrometer (from Ibsen Photonics). Af-
terwards, the SMF was secured to a precision fibre rotator leaving the
segment composed of ACMCF in free space. The whole assembly was
fixed to a flexure precision stage with a stepper motor actuator. The
next step was to place the fibre with the written core in a symmetri-
cal position with respect to the bending plane. To do this, the SMF was
fixed and translated in the + x-axis with the flexure precision stage.
Simultaneously, the fibre was rotated to find the position, where the

spectrum shift is the same regardless of whether the displacement is on
the +x-axis or on the —x-axis. Then, the fibre was rotated +90° from the
reference position, the written core is placed in such a way that it lies in
the bend plane, so the fibre index profiles for left and right bends are no
longer identical. Thus, according, positive or negative bending on the fi-
bre will cause the largest spectral shifts to shorter or larger wavelengths
and enabling to detect the magnitude and direction of the bending. In
the direction that the spectrum shifts to shorter wavelengths, the modi-
fied core is under tension (Positive curvature; Fig 7(b)), and conversely,
in the direction that the spectrum shifts to longer wavelengths, the mod-
ified core will be under compression (Negative curvature; Fig 7(c)). Af-
terwards, the ACMCF segment was transferred to the specimen and was
covered along the whole length with a cyanoacrylate adhesive and left
to cure for twenty four hours.

Then, in order to compare the ACMCF sensor with its commercial
counterparts, a commercial FBG and a strain gauge was bonded close to
the ACMCF sensing device, as can be seen Fig. 5(a).

The evaluation of the ACMCF sensor was carried out at constant tem-
perature (25 °C) in a fatigue test bench at the Aerospace Technology Cen-
tre (Minano, Spain). Tensile and compression test consisted of subjecting
the ACMCEF to axial tensile stress by means of a computer-controlled hy-
draulic system (servocylinder hydraulic, model CIL125/80/80 x 500).
The experiments were carried out with different samples of ACMCF sev-
eral times on different days.

Fig. 5(b) shows the reflection spectra obtained from the ACMCF sen-
sor and at different levels of loads applied to the sample. The shift of
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the maximum peak A4, was calculated by means of the centre of grav-
ity algorithm [18,19] which is capable of detecting pico-meters shifts
Fig. 5(c) shows the comparison between the ACMCF device and its com-
mercial counterparts when the sample is subjected to several tension-
compression cycles and confirms that the ACMCF device is capable of
following the tension-compression steps with as much accuracy as its
commercial counterparts. The calibration curve, shown in Fig. 5(d),
gave us the relationship between strain and wavelength shift. The sen-
sitivity of the ACMCF sensor was found to be 1.81 pm/ue whereas the
sensitivity of the FBG was found to be 1.2 pm/ue. The ACMCF sensor
showed a 33 % higher sensitivity than the FBG. It should also be noted
that the ACMCF sensing device does not exhibit hysteresis.

The ACMCF device also was assessed as a vibration sensor. This eval-
uation was carried out in static conditions, using an impact hammer
(Dytran, model 5850B) as excitation mechanism and a piezoelectric ac-
celerometer (PCB, model 333B32) as reference sensor. To carry out the
test, the specimen was tied at 80 mm from one of its ends, considering
it a fixed support (see Fig. 6(a)).

Fig. 6(b) shows the comparison between the ACMCF device and its
commercial counterparts when the sample is subjected to three consec-
utives impacts. From the aforementioned graphic, it can be seen that
the ACMCF device behaves similar to its commercial counterparts. The
inset in Fig. 6(c) shows the response of the ACMCF sensor to a hammer
impact and also shows the fast Fourier transform (FFT) of the spectral
response of the ACMCF device, demonstrating that the first natural fre-
quency measured by the ACMCF device practically matches with the
theoretical value calculated.

In order to evaluate the ACMCF sensing device as a curvature gauge,
the sample was subjected to a static four-points bend loading test
(Fig. 7(a) and 8). This test provides load versus deflection results and
strain measurements [20]. The objective of this test is to demonstrate an
important breakthrough of the ACMCF device, which is to distinguish
the direction of the curvature with just one sensor. The tests were car-
ried out at the CTA facilities, by means of a four-point load machine
(Festo, CMMT-AS).

The positive bend direction was defined as the deformation experi-
enced when all three sensors are positioned on the top of the sample
(see Fig. 7(b), 8). A change in the bending direction was simulated by
flipping the sensor, i.e. the negative curvatures were measured when the
sample was flipped and the sensors were at the bottom (see Fig. 7(c)).

The first test consisted of subjecting the sample to a positive curva-
ture. Then, from the fixation points, a progressive load, from zero to
350 N, was applied to the sample causing it to bend (see Fig. 7(a)).
Because the modified core was positioned orthogonally with respect to
the flexion direction, it will undergo tension when subjected to positive
curvature (see Fig. 7(b)). On the contrary, it will undergo compression
when subjected to negative curvature (see Fig. 7(c)).

SENSORES

método de andlisis de impedancia ¢

Fig. 8. Experimental setup for subject ing the specimen to a static four-points
bend loading test. The ACMCF gauge along with commercial sensors were placed
on top of the sample.

Bending causes two effects on the maximum peak of the spectrum
Am (Fig. 5(b)). On one hand, A, will vary due to changes in the length
(strain, A4,) of the ACMCF; on the other hand, A, will vary due to
changes in the refractive index of the cores (curvature, A4,.). Therefore,
the total change of the maximum peak of the spectrum A/ will vary
as:

1 oC 1 04,
Angsy . 0An,y s I oL’

Al = Ay, + A, = A 11

Fig. 8. Experimental setup for subjecting the specimen to a static
four-points bend loading test. The ACMCF gauge along with commercial
sensors were placed on top of the sample.

The calibration of Fig. 5(d)shows that the device varies + 0.018
nm/ue when the deformation is exclusively axial (A4,),thus, A4, (nm) =
+0.0018 - £ (red shift if compression, and blue shift if tension). There-
fore, the wavelength shift caused strictly by the curvature can be calcu-
lated asA A, (nm) = A, — A,. The curvature can be calculated from the
measured strain as follows [21]:

o (my = £2 (12)
e

where e is the thickness of the specimen (see Fig. 8. (a) Fig. 9. shows
the graphs with the wavelength shift strictly due to changes in index
(AA,,) versus deformation and curvature. These graphs demonstrate the
strong effect of the asymmetrical distribution of the index of the cores on
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Fig 10. Comparison between the ACMCF gauge, the FBG and the electrical gauge when the sample was subjected to (a) positive and (b) negative curvature.

the wavelength shift. Depending on the direction of the curvature, the
effective index of the cores will be different. The spectrum blue shifts or
red shifts depending on the curvature orientation. The ACMCF spectrum
red shifts at a rate of ~ 3.4 nm/m~! when subjected to tension and blue
shifts at ~ 4.4 nm~! when subjected to compression.

The aforementioned figures demonstrate what Egs. (7) and (8) pre-
dict, which is that changes in ACMCF index cause stronger variations in
coupling length (C;) than changes in its length. Therefore, in the pro-
posed optical gauge, the modified core is the key to obtaining different
effective index in the ACMCF depending on whether the modified core
is under tension or compression: opposite direction wavelength shifts
are obtained for each case.

Fig. 10 shows response curves that compare the ACMCF sensor with
its commercial counterparts when the specimen was subjected to cur-
vature. In Fig. 10(a), it can be seen how the maximum tracked peak
At Ted shifts in a nonlinear function whereas in the case of axial de-
formation A, shifts linearly (see Fig. 5(d)). On the contrary, when the
specimen was subjected to negative curvature (Fig 9(b)), A, blue shifts
as a nonlinear function.

It should be noted at this juncture that while the commercial
ones change linearly regardless of whether the specimen is sub-
jected to curvature or axial deformation, the proposed ACMCF sen-
sor is capable of distinguishing between these two types of defor-
mation. It is an important breakthrough in respect to its commercial
competitors.

Conclusions

The asymmetric coupling effect demonstrated in this paper can be-
come the key part for the next generation of high level structural sens-
ing devices. The proposed ACMCF optical gauge has demonstrated the
ability to monitor several different physical parameters and clearly dif-
ferentiates them. Compared with its commercial counterparts as a strain
and vibration sensor, the asymmetrically coupled multi core fibre sensor
outperformed them by providing 30% higher sensitivity. An important
breakthrough of the ACMCF proposed sensor is its ability to simultane-
ously monitor curvature and its direction.
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The ACMCF sensor has the advantages of high repeatability, low-
cost, straightforward and reproducible fabrication, and does not have
hysteresis.
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