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Low-Loss Connection of Embedded Optical
Fiber Sensors Using a Self-Written Waveguide

Jeroen Missinr, Geert Luyck;, Eli VoetandGeert Van Steenber

Abstract— This letter reports on a new concept for making a
low-loss connection to an optical fiber sensor whicis embedded
in a fiber reinforced composite material for structural health
monitoring. First, a cross-section of the composités made to
reveal the end-face of the embedded optical fiberThen, an
external fiber is aligned and an intermediate polyrmer-based self-
written waveguide (SWW) is fabricated between botlibers. This
SWW bridges the gap and serves as mode size conegrénsuring
a low-loss optical connection even if both fibersdve dissimilar
mode field diameters. The advantage of this approacis that no
special care needs to be taken during the composipgoduction
cycle not to damage the sensor fiber in- or egregmints, since it
will be reconnected afterwards.

Index Terms—Bragg
connectors, optical fibers.

gratings, composite  materials,

I. INTRODUCTION

(e.g. using tubing) [3], or based on incorporatmgliscrete
optical connector at the composite edge [4, 5]. Tinst
approach does not allow any repair if the fiberakeeat the
entry point and often requires an adaptation ofahmposite
production mold to lead out the fiber. The secopdraach is
not desired from a mechanical point of view becaoe
undesired distortion of the composite at the lacatof the
connector and requires adaptation of the produgiioness to
ensure the accurate placement of the connectisrclear that
both approaches do not allow trimming of the conitposdges
after fabrication due to the presence of the fiberthe
connector, which is a huge disadvantage. Furthexmitre
sensing fibers may be different than the standengles mode
telecom fibers (ITU-T G.652) for which a lot of agal
instrumentation equipment is optimized.

[I. CONNECTION CONCEPT AND METHODS
To tackle the above-mentioned challenges, a hawetept

OMPOSITE materials are widely used in applicationgs described in this letter which is based on a-loss optical

Crequiring high-strength and light-weight materigieh as
in airplanes, wind turbine blades, high pressursseks etc.
Measuring in-situ material deformations and monmiigrthe

integrity of these composites can be performedgusigtical

fiber sensors [1, 2]. Ideally, those sensing fitaes embedded
inside the composite material where they are alstepted

from the harsh environment. The potential of thénsing

technology is clear, but adoption by industry isrently

slowed down by the lack of flexible connection stgges of

these embedded optical fibers. Indeed, the weghaist of

this sensor system is where the fiber enters thgposite host
material: the so-called ‘in- or egress point’. Teatlwith this

issue, a number of methods are currently usedfhmste are
not fully compatible with composite
techniques, involve high optical losses, and mogeoonce a
fiber fractures at the egress points, it cannatelpaired.

The strategies mainly used are either based omrgog the
entry point of the optical fiber during compositbfication
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‘splice’, which is packaged to ensure mechanicalustness.
The technigque does not require changes to the csitepo
production process: after production, the embediset is
exposed by making a cross-sectional cut, the exdtditver is
aligned with it and then a direct optical spliceniade. As
illustrated in Fig. 1, the optical splice is implented using an
intermediate Self-Written Waveguide (SWW) betwearihb
pre-aligned fibers. Such an SWW is formed when i\l is
launched through a fiber which is immersed in aprapriate
UV-curable polymer resin. Due to the increase iftacive
index of the resin upon polymerization (which stat the tip
of the fiber where the optical power density is thghest), a
lens-like structure is formed. This causes an esed light

manufacturingintensity at the lens front leading to a progresisivgrowing

polymerized region forming a waveguide structurk [® this
case, the UV-light is launched through the extefitedr and
therefore, the SWW serves as an extension wavegwideh
is self-aligned to this fiber. It will be shown thauch an
intermediate SWW can act as a mode size convdttaviag
low connection losses between an embedded setsorend

Nfa standard single mode fiber which may have a wdiffie

numerical aperture (NA) and different mode fieldardieter
(MFD). The fiber sensors investigated in this wark Draw
Tower fiber Bragg Grating sensors (DTG® technolofggm
FBGS International), i.e. fibers which have the @yarating
sensors inscribed during the fiber drawing processsuch

However, permission to use this material for anlyeotpurposes must be keeping the pristine fiber breaking strength. ThHe3& fibers

obtained from the IEEE by sending a request to jpebmissions@ieee.org.
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differ from standard telecom fibers, i.e. they haveumerical
aperture (NA) of 0.26 compared to 0.13 for a stachd@U-T

G.652 fiber. Therefore, direct coupling of bothefib leads to
losses due to a mismatch in MFD. These DTG fibezasure

2

can be monitored in real time during fabricatioge §ig. 2. In
case the embedded fiber has a connector on the sitie
(which was ensured during the optimization phasas),
insertion loss measurement (in transmission) capeb®rmed

125um in diameter and have an Ormocer® coating yielding using a source (e.g. a pigtailed superluminesagit-€mitting

total diameter of 195m.

The process described herein is optimized for fgmrsors
operating around 1550 nm which have been embeddeel e
in glass fiber reinforced polymer (GFRP) or carbfiver
reinforced polymer (CFRP) composites.

connector with
strain relief

/

self-written
waveguide

embedded fiber
sensor
(e.g. DTG type)

external fiber,
reinforced
(e.g. ITU-T G.652)

fiber exposed
at the composite
cross-section

Fig. 1. Concept of the technology for making ageedonnection between an
external standard single mode fiber (ITU-T G.658)1 @an embedded fiber
with Draw Tower Grating (DTG) sensors by employagintermediate self-
written waveguide.

405nm
source

1550nm
SLED

flood UV circulator

splitter
1550nm  Ji |D 1 source
detector indan X 3
specimen region under test 2 OSA
o
% I FC/APC connector

VO |
RSN ITU-T G.452 fiber :
\%‘0 — Embedded fiber (DTG-FBG) |
!

1

\

________ff_fgegﬁiogﬁ e |

Fig. 2. Setup used for fabricating SWW optical mections with
simultaneous insertion loss monitoring.
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The procedure for making the optical connectioasigollows.
First, the sensor fiber (DTG type) is embedded rdurihe
composite production cycle without a need to piotide
egress point. Secondly, a cut is made (e.g. usidgmond
blade or waterjet) which is subsequently locallyligfed
(using type P2400 and P4000 abrasive papers), lnegethe
end-face of the embedded fiber. Then, the extditmed (ITU-
T G.652) is actively aligned with respect to thimlbedded
fiber using a manual or semi-automatic routine ascdbed
below. A certain gap is maintained between botkrbwhich
is filled with a photocurable resin (Norland Opti¢t¢OAE8).
The gap was set at 50m since a good uniformity of the
fabricated SWW for this length and a decreasindityufor
longer structures was observed. Finally, 405 nomihation
from a laser diode is launched (@ total power, 30s) from
the external fiber into the resin locally forming 8WW from
the tip of that fiber. At the same time, a flood @¥posure of
the remaining resin is performed (broadband exmosamng a
mercury lamp, 30 s at 5 mW/énIn principle, only a low-
cost laser diode and UV-lamp are required for phacess, but
by making use of an extra splitter, the opticaslosthe SWW

diode (SLED)) and detector (e.g. a pigtailed phiotd€). As
explained below, for connecting real sensors withou
connectors, the quality of the connection can keuated by
monitoring the reflection spectrum of the embeddiser
sensor using an optical spectrum analyzer (OSA) or
commercial interrogator instead of the measuremient
transmission. The setup used and illustrated in Eigllows
monitoring both in transmission and reflection.

ITU-T G.652 50pm SWW DTG

[
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Fig. 3. Simulated fraction of transmitted powetvrEen an ITU-T G.652
fiber-SWW (50um long)-DTG fiber connection as a function of teéactive
index contrast in the SWWAQ = RkgeRlcag. The 2D color plots show the
power distribution in a longitudinal cross-sectinrarbitrary units.

The key parameter for achieving a low-loss conoects
the refractive index (RI) profile of the SWW whidepends
on the material used (in this case NOA68 from Nutla
Products) and the fabrication parameters. Previowsk
reported the graded-index nature of the resultMi® and a
corresponding empirical model [7] which is usedélrerto
obtain the ideal SWW RI profile. Using this modéhe
fraction of power (T, ah = 1550 nm) transmitted through a
50um long SWW section situated between an ITU-T G.652
and DTG fiber was simulated (as a function of theéhtrast
of the SWW while keeping the diameter constanthgiiinite
Difference Time Domain simulations. The RI contrast of
the graded-index SWW was defined as the differeficiee RI
at the center of the waveguide () and the RI far away
from the center (Rhg).

IIl.  RESULTS AND DISCUSSION

For an RI contrast of 0.006, the SWW shows the sarodée
field diameter (MFD) as in an ITU-T G.652 fiber whican
be verified by observing that the power distribatig-ig. 3)
does not change significantly when the mode prajeag@aom
the ITU-T G.652 fiber into the SWW. The SWW actsaes
almost perfect extension of this fiber and therefthis case is
similar to the situation in which both dissimilabédrs are
directly butt-coupled. However, this leads to anffigant loss
of almost 1 dB (T = 80 %) because of the differéher
MFDs. Further increasing the RI contrast decreates
diameter of the mode while traveling through theu® long
SWW section, thereby increasingly approaching tHeDMof
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the DTG fiber at the SWW-DTG fiber interface. Antiopum
transmission (T = 90.7 %, 0.42 dB loss) is reactoechn RI
contrast of 0.014. It has to be mentioned thatthie®retical
transmission can further be improved up to 94.4ytiding a

be validated based on the reflected signal from Bhagg
grating sensor. Fig. 5 shows the evolution (thrauwghthe
connection process) of this signal, recorded thinoulge
external fiber. After forming the SWW, the insertidoss

90um long SWW, however at the expense of a narrowdetween the 2 fibers at 5Bn separation decreases

maximum of the characteristic graph shown in Figar@l a
reduced quality of the fabricated SWW structures.

To approach these theoretically predicted transoriss

values, the SWW fabrication parameters (illuminatgopwer
and time) were optimized by evaluating the transdipower
during fabrication, using the setup shown in Fig. The

maximum transmission for a 50n long SWW was achieved

for 30 s illumination time using the laser diodewgo at
20 uW (measured at the tip of the ITU-T G.652 fiberdan
simultaneous flood UV power of 5mwW/ém The
corresponding insertion loss signature as a functal
illumination time is plotted in Fig. 4 (only therdt 24 seconds

are shown due to memory limitations of the recaydin
hardware). The reference for these measurementstheas

transmitted power between the 2 perfectly alignibers at

nearly O um separation, with (index matching) uncurec

NOA68 material in between (direct butt coupling)heT
insertion loss of nearly 1.5 dB at t = 0 s therefoorresponds

to the case of 50m bulk uncured NOA68 between both

fibers. Then, when the illumination process is tstér the
insertion loss rapidly decreases, proving the faionaof an
SWW. Since the energy density of the 405 nm illuation
launched through the fiber core is much higher tihat of the
flood exposure, the SWW ‘core’ is formed first, dadnitially
surrounded by a liquid, uncured cladding. This $e&d a
sufficiently high RI contrast and therefore alsavlmsertion
loss as expected from the simulation results shiowrig. 3.
Note that the graph drops well below 0 dB, i.e.ghesence of
the SWW leads to lower insertion losses comparedh&o
reference (butt-coupling) thereby proving its fuoctas mode
size converter. Unfortunately, in a later phase @0 s), the
loss increases again. The reason is that the flbb@xposure
is starting to polymerize the bulk material leadtoga higher
refractive index of the cladding, thereby reducitge RI
contrast with the already formed core. Obvioustys ttannot
be avoided since the polymerization cannot be €td@md the
amount of refractive index contrast upon final pogrization
is limited when using a one-polymer approach. Alagively,
a two-polymer approach could be used in which theuted
cladding is substituted by another polymer, therallgwing
larger RI contrasts [7]. However, this requires esvedoping

significantly and the final loss is lower than theference
value, similarly as previously discussed for theamugements
in transmission. The noise level at around -30 d8inty
originates from the parasitic reflections at the-face of the
embedded fiber. This noise level is already fdly owing to
the NOA68 material between both fibers, acting madex
matching material. If needed, it can further beursd by
polishing the embedded fiber under an angle, howthig is
not always easy to achieve. In any case, the agthisignal-
to-noise ratio and peak reflectivity allows peakcking using
commercial interrogators without any difficulties.
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Fig. 5. Reflection spectrum of the embedded DTigrfisensor recorded at
different stages during the connection process.

The discussion above deals with creating a
connection between an embedded fiber and extaeb&l dnce

step (removal of the cladding), which is not desire Poth have been aligned. In most cases this alighstep itself

Nevertheless, even if the minimum theoretical loasnot be
achieved in reality with NOA68, the final insertitmss after
30 s illumination is still 0.5 dB lower than theseaof direct
butt-coupling (i.e. the reference value). Furtheendhe use
of an intermediate SWW allows greater connectiewifility.
For example,
perpendicularly, the free space region betweereiis-face
and that of the external fiber can be bridged eyShVW.

In a real application, there will be no connectar the
embedded fiber and therefore the connection quaéds to

is also not trivial when the embedded fiber does have a
connector (e.g. when trimming of the edges is apphfter
composite production). Fine-tuning of the alignmean be
performed by maximizing the peak in the sensoreotibn
spectrum (cfr. Fig. 5), but before this is possiltke initial

in case the embedded fiber is not c@@arse position of the fiber needs to be determifiéis can

be achieved by imaging the cross-section usingneeca but
it was found that the embedded fiber was almostvigible
when looking with a camera from an angle. Lookimgler an
angle is needed because the holder with the extébea is

low-loss
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blocking the camera from perpendicularly imaging tioss-
section. However, the presence of this externarfitan be
used to our advantage for recording the reflecsignature of
the composite cross-section at the embedded fibeatibn
using only a slight modification of the setup showwrfig. 2.
This signature will reveal the fiber location owirg the
difference in reflectivity between the silica fib@nd the
composite material. To this end, the 1550 nm detestas
connected at port 3 of the circulator instead ef @8A and as
such the amount of reflected power can be detenidsing

a simple script, the external fiber mounted on aammoed T e X
stage (Thorlabs Nanomax MAX606) was scanned over b
composite cross-section of interest and a reflacti

measurement was performed at regular intervalss THen Fig. 7. 3D-printed prototype connector includiricam relief for mechanical
Its i h .. flecti . s . robustness. The top image shows the connectohatido a CFRP seen from

rgsu ts In a characteristic re_ectlon s_lgnatl_Jres WN 1IN pelow and the bottom image shows the connectorctadth to a GFPR

Fig. 6 for the case of a 126n diameter silica fiber embedded composite seen from the side.

in a CFRP composite. Note that even the Ormoceb®r fi

coating can be discerned in this signature. Fors thi IV. CONCLUSIONS

measurement, the separation between the scanmiegdnd A new concept for connecting an embedded optidakrfi
composite was kept fixed at 50 pum and the scannifghich does not require special preparation stepsdistussed
resolution in both directions parallel to the cresstion was and illustrated for the case of Bragg grating filsensors

5 um. The contours of the fiber can clearly be olesk and
can be used for coarse positioning of the extefibal after
which fine alignment based on the reflection speuntcan be
performed. This technique was also validated faalimg a
sensor fiber embedded inside GFRP composites, rewthe
difference in reflectivity between the silica fiband GFRP
composite was found lower.
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Fig. 6. Reflection signaturé\ (= 1550 nm) at the cross-section of a 125
diameter silica DTG fiber with Ormocer® coating exdded in a carbon fiber
reinforced polymer composite. The scan resoluti@s W um and the color

(DTG type) embedded in fiber reinforced polymer pasites.
Making use of an intermediate SWW, it is possibte t
implement a mode size converter between the embedde
(DTG type) and external fiber (ITU-T G.652) whiclave a
different NA. Although the theoretical minimum cauation
loss could not be achieved with the available SW¥temals
used in this work, it was shown that a high-quatitating
sensor signal was achieved which could be trackad a
commercial interrogator. The advantage of this eation
technology is that it can be applied afterwardsthst optical
fiber sensors (without connectors) can be intedraie
complex composite structures without needing topadhe
production process or mold.
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