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Abstract. Optical fibre Bragg grating (FBG) sensors are commonly used for structural health 
monitoring in composite materials, since their small dimensions, high sensitivity and 
multiplexing capacity are a good match with the structures to be monitored. We present a 
method for making a low-loss connection to an FBG optical fibre sensor that is integrated in a 
fibre reinforced composite structure. The method allows to both manufacture composite 
structure without taking special precautions to prevent damage to the connecting fibre and (if 
needed) to repair the connecting fibre, while optimizing the optical connection efficiency even 
if both fibres have dissimilar mode field diameters. 

1. INTRODUCTION
Optical Fibre Bragg grating sensor technology (FBG) is the most promising technology to 
implement self-sensing features in composite materials. By integrating these sensors inside 
the composite material (as opposed to sensors that are placed on the surface), they allows in- 
situ measuring of material deformations and monitoring of the integrity of the structure. At 
the same time, integrating the sensors inside the composite material will protect the FBG from 
the potentially harsh environment. However, despite these clear advantages, the industry 
adoption of these FBG sensors in the production and monitoring of composite structures has 
been lagging due to a practical concern: the location where the fibre enters the composite 
material, the so called ‘in- or egress’ point, is fragile, and complicates the production process 
of the composite structure. Typically, once the optical fibre is fractured at the egress point, the 
connection can not be repaired and the functionality of the embedded FBG sensors is lost. 
Attempts to make the fibre more robust at the egress point, such as adding tubing or 
incorporating a discrete optical connector at the composite edge all have their 
drawbacks[1,2,3]. Typically, they require adaptations to the mould to lead out the fibre or 
protect the connector, do not allow for trimming of excess material after the composite 
production and tend to have an impact on the mechanical properties of the resulting composite 
structure. To tackle these challenges, we present a low- 
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loss optical connection method that has no impact on the composite production process or 
mould design, and can be performed after the composite production is complete (including 
trimming if desired). 

 
1.1 Fibre Bragg grating sensors 

The fibre optic sensors applied in this paper are embedded fibre Bragg gratings (FBGs) used 
for strain measurements in the composite laminate. An FBG is a periodic change of the 
refractive index of an optical fibre over a certain length (typically 1 to 10 mm). In one single 
fibre, a large number of sensor points can be multiplexed when multiple FBGs are present in 
the fibre at different positions. The measuring principle is shown in 

Figure 1. When light containing multiple wavelengths is coupled into the optical fibre, only one 
wavelength of the light is reflected (depending on the effective refractive index and the period of 
the grating, Λ, ). When the FBG is elongated the reflected wavelength increases, vice versa when 
the FBG is compressed the wavelength decreases (a one on one relation exists with the 
deformation of the FBG). The sensors used in this work are Draw Tower Gratings (DTG®, [4]). 

 
 

Figure 1 left principle of an FBG sensor, right refracted wavelength of the FBG in 
unstrained and strained condition (FBGS INT.). 

 
 
 
2. PROBLEM DEFINITION AND STATE OF THE ART 
2.1 State of the art 

 

Optical fibre sensors embedded in composite materials are of great interest for measuring in- 
situ material deformations of composite structures. However, because the current fibre optic 
connection solutions have drawbacks with respect to ease of application, time occupation, 
installation cost, repairability, and compatibility with the composite production process 
(distortion), there is still a lack of industry uptake of this technology. The most relevant 
existing solutions are illustrated in Figure 1 and described below. 
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Figure 1. Overview of existing solutions for connecting fibre sensors embedded in 
composite material. 
An overview is given of the existing optical fibre in/egress solutions out of which the 
challenges for developing a repairable and reliable connection method are defined. The 
advantages and shortcomings of each method will be discussed. 

 
• Existing solution 1 consists of protecting the entry points with a more rigid 
material (tube, foil or silicone). This option is cumbersome in terms of production 
and not all orientations or positions of the embedded fibre are possible. In addition, 
when using closed mould composite technologies, an adaptation of the mould is 
needed. Furthermore, it is hardly possible to trim edges. 

 
• Existing solution 21 consists of glueing the optical fibre to the composite. An 
index-matching glue is used to make the connection. Although this method allows 
for edge trimming of composite and is compatible with the composite production 
process, the downsides are high fibre coupling losses (in the order of dBs) and the 
technique is restricted to connecting a fibre normal to the edge of the composite 
part. 

 
• Existing solution 32 consists of embedding a miniature Teflon end-piece in the 
composite [4]. This end-piece should exactly be placed in the composite at the 
position of the edge trimming (small tolerances). The method only allows entry 
points at the sides of the composite, and although miniature, still distorts the 
composite at its edges. A previous, bigger version of this technique has already 
been presented in 2000, see Sjogren, SMS 20003. 
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• Existing solution 4 consists of placing discrete connectors on the side or on top 
of the composite laminate. An overview of these techniques is shown in 
Green_SMS_19994. There are some recent connectors developed by Deutsch 
connector5. Because of the size of the connectors, there always is undesired 
distortion of the composite and the method clearly involves extra production steps 
during the application of the connector (extra reinforcement layers, adaption of 
moulds,...). Furthermore, only limited edge trimming is allowed not to damage the 
connectors. 

 
Main challenges of the connection of an embedded fibre sensor and novelty content of the 
current concept: 

• challenge #1: When fabricating composite laminates, pieces or real structures, 
often the edges of that structure are trimmed prior to use. By trimming the edges, 
all embedded fibres will normally be cut as well and left without connector. 
Novelty content: With the method proposed in this document, (re-) connecting of 
these embedded sensors is possible. 
• challenge #2: Ingress/egress techniques existing are mainly based on feed 
through designs and external fibre coupling. This may involve mould 
modifications which is not preferred. Novelty content: The method described here 
will be able to couple the fibre directly at the edge or surface of the composite and 
allows connecting or repairing of the connection at any time. 
• challenge #3: Optical fibre sensors are normally fusion-spliced to so-called 
“pig tails” which connect the sensor with its read-out device. This typically needs 
10 cm of fibre starting from the edge of the composite. Splicing as such is no 
option when the fibre is broken at the edge of the composite. Novelty content: The 
proposed method allows “splicing” without needing the fibre to protrude from the 
composite edge. 

 
2.1 Composite edge-connect 

 
To tackle the above-mentioned challenges, a novel concept is described in this letter which is 
based on a low-loss optical ‘splice’, which is packaged to ensure mechanical robustness. The 
technique does not require changes to the composite production process: after production, the 
embedded fiber is exposed by making a cross-sectional cut, the external fiber is aligned with it 
and then a direct optical splice is mad. 
During production of the composite structure, one or more FBG sensor fibres (DTG® 
technology, from FBGS International) are included at the desired location in the lay-up of the 
composite structure. The diameter of these DTG sensor fibres is 125 µm, and they are factory-
supplied with an Ormocer® coating, leading to total diameter of 195 µm. 

After production of the composite structure, the embedded FBG sensor is exposed by making a 
cross-sectional cut perpendicular to the sensor fibre. The surface is then locally polished using 
P2400 and P4000 abrasive papers. Then, an external readout fibre, which typically will be a low- 
cost standard single mode telecom fibre, is actively aligned with the embedded sensor fibre, and a 
direct ‘optical splice’ is made. Since the numerical aperture and mode field diameter of both types 
of fibres are different, coupling losses are present when these are directly coupled to each-other. 
The ‘optical splice’ is implemented using an intermediate self-written waveguide (SWW), which 
connects the 2 fibres. This SWW is formed by launching UV light through the readout fibre while 
the intermediate space between the sensor fibre and readout fibre is filled 
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with an appropriate UV curable resin. Due to an increase in refractive index upon 
polymerization, which starts at the tip of the fibre where the intensity is the highest, a lens-like 
structure is formed at the end of the fibre tip. This lens-like structure then concentrates the UV 
light in front of the fibre tip, leading to a progressively growing polymerized region with 
increased refractive index in front of the fibre forming a waveguide structure.[5] After the 
formation of the SWW, the assembly is mechanically fixated by gluing a bracket around the 
edge of the composite, which also provides strain relief to the splice. 

 
 

3. EXPERIMENTATION AND RESULTS 
3.1 Alignment 

As mentioned in the introduction, the sensor fibre and connection fibre are actively aligned with 
each-other using a precision optical stage. The alignment can be either fully manual or be semi- 
automated. In the case of automated alignment, there is a first coarse manual alignment to bring 
both fibres within the range of motion of a precision optical stage, which is typically only a few 
mm. If a redundant connection to the integrated sensor fibre is available, which was ensured 
during the experimental work below, but is far from guaranteed in practical situations, this 
coarse alignment can be assisted by shining visible (e.g. red) light through the redundant 
connection and aligning the beam with the readout fibre. This can be easily accomplished 
using a low cost USB microscope camera, as shown in Figure 2. 

 

Figure 2 Coarse alignment of readout fibre to sensor fibre integrated in CFRP using 
visible light from redundant connection(left.) The readout fibre has been stripped and 
cleaved and has a diameter of 125 µm. When the visible laser is turned off, finding the 
location of the sensor fibre becomes challenging (right.) 

However, when no redundant connection is available, it is fairly difficult to distinguish the 
195µm diameter integrated DTG sensor fibre from the GFRP or CFRP using the USB 
microscope. This is mainly due to a practical consideration: the camera needs to be placed at 
an angle, since the readout fibre is blocking the camera from being perpendicular to the cross 
section. Fortunately, the presence of the readout fibre enables us to locate the embedded fibre. 
A first potential approach is by taking advantage of the difference in reflectivity between the 
embedded fibre and the surrounding GFRP or CFRP by measuring the reflected power. An 
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alternative approach consists of detecting the Bragg peaks in the reflected spectrum. The first 
approach using the reflected power provides a relatively straightforward measure for the location 
of the fibre: while scanning an area for the presence of an embedded fibre, each location 
corresponds with a single value: a measure of the reflected optical power, which does not need to 
be calibrated and can be easily interpreted by software. This does require the presence of a way to 
measure the reflected power, such as a circulator combined with a power meter or a fibre coupled 
photodiode. A second approach is inspecting the reflected spectrum for the presence of Bragg 
reflection peaks, using an optical spectrum analyzer or a commercial fibre interrogator. This 
allows for aligning the core of the readout fibre with the core of the sensor fibre using the same 
hardware that will already be present to interrogate the sensors, but is not as straightforward as it 
may appear at first. During the alignment process, an air gap is present between the readout fibre 
and the sensor fibre, which creates a Fabry-Pérot cavity. Because of this, the typical Bragg 
spectrum peak(s) are superimposed on an interference pattern related to the wavelength and 
distance between the two end-facets, as shown in Figure 3. This somewhat complicates the 
automation of the alignment, although we are currently having good initial first results with a 
discrete wavelet-based Bragg peak detection algorithm. 

 

Figure 3 Five Bragg reflection peaks superimposed on Fabry-Perót reflection spectrum 
for perfectly aligned sensor and readout fibres, with 50 µm separation(top) and in near- 
contact (bottom) 

An example of a reflection signature of an embedded DTG fibre in a composite structure is 
shown in Figure 4(left), while Figure 4(right)shows the signature of the wavelet-based Bragg 
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peak reflection. Note the difference in scale: if the Bragg reflection peaks are used for 
alignment, only the location of the core is detected instead of the location of the entire fibre. 

 

Figure 4 Signature of reflected power (arbitrary units) from scanning over an area 
containing a DTG fibre (left), signature of sensor fibre core location detection using 
wavelet based detection algorithm of the Bragg peaks(right). Units are arbitrary, and 
not comparable between the 2 methods. 

 
3.2 Design and material choice 

A certain gap is maintained between both fibres which is filled with a photocurable resin. 
Experimentally, 50 µm separation was chosen as a good trade-off between quality of the 
SWW and providing a good optical matching structure between the 2 dissimilar fibre types. 
During optimization in lab conditions and to monitor the process in real-time, we ensured the 
presence of a redundant connection to the embedded fibre. This allows for measuring the 
power that transmitted power instead of just being able to monitor the reflected spectrum. 

 
3.3 Simulations 

Using Finite Difference Time Domain (FDTD) simulations with an empirical model of 
graded-index SWWs, we simulated the ideal SWW RI profile. The correct RI profile is crucial 
in achieving maximum transmission of the signal between the 2 dissimilar fibres. This is 
documented in a previous publication[6], and is illustrated in Figure 5. The simulated 
maximum efficiency corresponds with 0.42dB (T = 90.7 %) loss for a 50 µm long SWW, 
while direct butt-coupling of the 2 fibres leads to a loss of almost 1 dB. In theory, it is  
possible to increase the transmission to 94.4 % using a 90 µm long SWW, but experimentally 
this lead to lower quality of the fabricated SWW structures. 
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Figure 5 Simulated fraction of transmitted power between connection fibre-SWW (50 
μm long)-DTG fibre connection as a function of the refractive index contrast in the 
SWW. The 2D color plots show the power distribution in a longitudinal cross-section 

 
3.4 Fabrication and measurements 

The fabrication parameters of the SWW (illumination power and time) were optimized by 
evaluating the transmitted power during fabrication (by ensuring the other side of the DTG fibre 
was accessible and connected to a power meter). Maximum transmission for a 50 µm long SWW 
was achieved using a 30s illumination time using the fibre coupled laser diode at a power of 20 
µW(measured at the tip of the connection fibre), while simultaneously performing a flood 
exposure from the outside at 5mW/cm2. To verify the formation of a SWW, the insertion loss was 
monitored as a function of the illumination time. The reference for this measurement is with both 
fibres being perfectly aligned with minimal separation (near contact/butt coupling) in the presence 
of uncured photocurable resin. The initial 1.5 dB at t=0 in the graph corresponds with a separation 
of 50 µm between the 2 fibres, with the gap being filled with photocurable resin. As soon as the 
illumination is started, the insertion loss rapidly decreases, which confirm the formation of a 
SWW. Because the energy density of the UV laser light that is coupled through the fibre is much 
higher than the bulk flood exposure, the SWW is formed before the bulk begins to cure. Initially, 
this SWW is surrounded by the still-liquid uncured cladding material and has a sufficiently high 
RI contrast, which allows for the transition between the 2 fibre types to work as it does in 
simulation. It can be seen that the insertion loss decreases to less than 0 dB, demonstrating the 
improvement over direct butt-coupling. Unfortunately, in a later phase (t > 10 s), the loss  
increases again, due to the cladding material starting to polymerize with the flood UV exposure, 
which reduces the RI contrast again. This is an inherent limitation of using the same polymer for 
core and cladding, as the maximum RI contrast is limited. It is possible to achieve higher contrast 
by using a 2-polymer approach, where the unexposed and uncured cladding material is removed in 
a development step and a second type of polymer is applied and cured as the final cladding. 
However, in practice this approach is not desirable due to the fragile nature of the SWW when the 
cladding is not present. Even if the minimum theoretical loss cannot be achieved in reality with 
the photocurable resin we used, the final insertion loss after 30 s illumination is still 0.5 dB lower 
than the case of direct butt-coupling (i.e. the reference value). Furthermore, the use of an 
intermediate SWW allows greater connection flexibility. For example, in case the embedded fibre 
is not cut perpendicularly, the free space region between its end-face and that of the external fibre 
can be bridged by the SWW. 
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Figure 6 Measured insertion loss during fabrication of SWW 

To make the connection between the composite test-piece with the embedded FBG sensors 
mechanically stable and to provide strain relief, the SWW assembly is protected by a 3D 
printed bracket. 

 

 

Figure 7 Camera images of a 3d printed bracket to reinforce the SWW connection on a 
CFRP test-piece with embedded sensors 

 
4. CONCLUSIONS 
In this paper, we discussed a method that allows connecting an external read-out fibre to a 
sensor fibre that is embedded in a composite structure, without requiring any special 
precautions or modifications during the composite manufacturing process. By using an 
intermediate SWW between the read-out fibre and the sensor fibre, it is possible to optimize 
the coupling between these 2 dissimilar fibre types compared to direct butt-coupling. Despite 
not achieving the theoretically possible connection loss due to limitations of the SWW 
materials that were used in this work, we have demonstrated that it is possible to produce a 
high quality optical connection that allows for tracking the signal from the FBG sensors with  
a commercial interrogator. 
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