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Strategies for Embedding Optical Fiber Sensors
in Additive Manufacturing Structures

Francesco Falcetelli, Raffaella Di Sante and Enrico Troiani

University of Bologna, Department of Industrial Engineering, Forli 47121, Italy.
francesco.falcetelli@unibo.it

Abstract. The use of optical fiber sensors (OFS) has spread in the Structural
Health Monitoring (SHM) community for their ability to detect matifferent
physical quantities, robustness against electromagnetic disturbances, light
weight and embedding possibilities. The last point has been widedgtigated

for different types of materials, but only recently researchers considered the
possibility to embed optical fibers in 3D printed structures. Additamufac-

turing (AM) offers new opportunities in terms of desifpr the manufactring

of structures with complex geometries in a relatively low amount of time. How-
ever, new challenges must be considered, including innowatipedding solu-

tions for differenttypes of sensors. As a first step, this wdikcuses current
embedding strategies for optical fiber sensors in structures produced with the
Fused Deposition Modeling (FDM) technique. A novel methodotogembed

OFS is introduced and theested through the production of specimens at three
different filling densities and six different loads. The experimental results
where both distributed OFS and strain gauges were used, were alsoezbmpa
with the data obtained from a numerical model developed in Abaqus/CAE in
which the filling pattern of the specimens was accurately reprodéaealy,

the results were critically discussed, highlighting both agreementdiscrap-
ancies with respect to the expected data.

Keywords: Optical Fibers, Additive Manufactuign Embedding Strategse
Structural Health Monitoring

1 Introduction

The concept of Structural Health Monitoring (SHbbnsists in the process of imple-
menting a damage evaluation strategy for different engineering strudiires

Recently Additive Manufacturing (AM) is emerging as a new techngltg pro-
duce corponents characterized by complex geometries, unfeasible with conventional
techniques [2]. In the aerospace and automotive rIse@M technology enables the
production of lighter structures maintaining safety [3]. Imidical applications AM
allows the design of structures who resemble the bone configaratid stiffness [4]
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Other sectors where AM is gettjirattention are soft robotics [Sphaonics [6] and
energy [7].

The integration of sensors within M components has &dtted the attention of
several researchers mainly in three main areas of applicktish the realization of
different types of sensors where the specific geometry of the Aldtstes has both
protective and transducer functionalities [8]. @&t the monitoring of defects which
can potentiaif occur during the manufacturing process [9, 10]. Third,monitoring
of the critical regions of 3D printed structures during their operationdlLife

In particular, the monitoring of AM structurés challenging for many reasons.
SinceAM can be considered a kEyoriented technology, the material experiences an
anisotropy which is difficult to predict in advance through analytical and numerical
modeling. This triggershe need ofa meticulous control of several pameters during
the manufacturing process. At the same time, the scientific community is gnakin
huge efforts to develop measurement protocols to qualify these strustdresonito
their integrity [12]. Among thdifferent techniques that can be used fig gurpose,
Optical Fiber Sensors (OFS) are excellent candsldtie to their low size and em-
bedding capabilities, already exploited in other materials such as composite4][13,

However, sensor integration into AM structures is still in a preliminary stage and
further researchsistill needed to bring these embedding techniquesrds a more
mature technology readiness levEhe uncertainty on the strain distribution due to
the difficulty of positioningthe fiber in he correct location representa@open chal-
lerge For example, when the filling density is lower than 100% (i.e. a certamgfilli
pattern is appliedthere is a periodical strain distribution along the fiber due to the
presence of voids ahbg the path [8]. Indeed, the type of selectednijlpatterns suc
as triangles, lines, cubes, etc. determithesfrequency and therefore the periodicity
of the strain peaks occurring along the fiber.

As a result, the manual positioning of the fiber introduces uncertainty mehe-
urement system dependin its recipreal position with respect the filling pattern.
Despite this problem, it is a common practice to pause the process anthpbedo
embedding manually [9, 10, 15]. One possibility to overcome tluiblgm is to de-
sign a dedicated channel for the fiber. The printing proiepaused just aftehe
creation of the channel and then the optical fiber is manually positiosett of it.

The adhesion between the optical fiber and the host structure is crucial to abtain
proper strain transfer [16]. Moreover, often the elastic moafubeM structures is low
compared with the module of the optical fiber, leading to poor strain tracegbebili-

ties. The Fused Deposition Modeling (FDM) technology offers the possituility-
rectly deposit the fused material over the fibedeed, some studies exploit this pos-
sibility directly resuming the printing process after the positioning ofitlez along

the channel [17]This methodersures a direct strain transfer between the 3D printed
material and the fiber, which however is inhomogeneous, with a periodicity deter-
mined by the filling density and other design parameters. Therefaerria cases the
use of an intermediary adhesive layer made okgpesin or similar adhesives is the
preferred choice [18Referring to the analytical model developed by the authors in a
recent study [19], the strain transfer efficiency, which can be suizedawith the
shear lag constant value, should decrease due to the presence of theahdkmlyton
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However, in this specific case the improvement of the mechanical couglingdn

the OFS and the structure, due to the presence of an adhesive layer, ebespibies
previous effect and can actually incre#ise shear lag constant, thus accatieg the

strain transfer frm the structure towards the fiber core. Moreovtke, measurement

is more stablesince the peak broadening of the reflected spectrum is reduced, and
therefore the spatial resolutiomproveddueto the presence of strain gradients along
the fiber [20].

However, pausing therinting processs not always possiblena increases the
time required to produce a component. Another limitation of this appisdbht the
channel mustady on a plane parallel to the printing plane. Moreover, if the tempera-
ture during the manufacturing processeds a certain limit, the OFS coube se-
verdy damaged.

The aim of thiswork is to derive a embedding methodology for optical fiber sen-
sors into AM structures to overcome some of the current limits.

2 M ethodology

In this study the FDM technique was considered amdathplied methodolog is
schematized in Fig..1

<Design of the AM struclure>
I

Setup of the 3D printer <3D Printing & Experiments>

parameters

g 4
Preview of the component
YES

final geometry

¢

Structural
FEA of the structure E> integrity?

d Lo -
Define the region of interest to Design of the AM structure

be monitored with the channel for the OFS

Fig. 1. Flowchart for the embedding methodology for the @sRle the AM struture

2.1 3D Printer Setup

The first step consistlin the design oftte component. In this worla dog-bone spec-
imen was selected as test structure. Since this is a preliminary study, thethism of
choice was to select a relatively simple structuhich could be tested in the follow-
ing stepsThe specimen was designed using SolidWBfkaith an overall length and
width of 170 mmand 45 mm respectively, a useful gage length and width of 65 mm
and 20 mm respectively and a thickness of 6 mm.



4 EWSHM2020, 247, v3 (major): ’Strategies for Embedding Optical Fiber Sensors in Addit ...

The file was epgorted in the STL format, requidefor the 3D printing prepro-
cessing. In particular, the open-source software Ultimaker'®wasused since it is
widely known inthe AM community. Three different specimens having filling densi-
ties of 40%, 70% and 100% were considerdohong the various available filling
options, the‘triangles patterhwas selectethecaise it is relatively simple to model
However, this choice does not compromise the generality of the propethddolo-
gy. Indeed, even if the filling pattern is particularly complexs élivays possible to
exploit the information present insidest®-code and develop a nhumerical modehwit
the desired level of accuracy. When the configuration is completed, thenspeci
previewis generated, allowig the user to check the actual geometry of the compo-
nentlayer by layer.

2.2 Numerical modelling

The numerical model of the specimen was created using AbaquS/CHte applica-
tion of Finite Element Analysis (FEA) to AM structures is challengingjthe @m-
putational cost can grow dramaticalfyevery single detail of the structure is consid-
ered. One possibility is to usenested sb-modeling approeh where the inner sub
mocels cover the region of interest to be studied and contain the highelsof de-
tails [21]. Nevertheless, in this numerical mottel material has been treated as ho-
mogenous. Such simplification implies that the stress concentrations at the interface
between two adjacent layers are neglecktmvever this level of detail is sufficient
to evaluate the strain transfer of the OFS, which is the aim of work. Talteréhe
actual geometry of the specimens for evesge study a specific script was devel-
oped in Python. The use of a specifigchH®dn coderesulted in a peametric and flexi-
ble model in which the shape of every elementary triangle cell could be iatbitbf
reproduce the right genetry with the proper filling density. As outlined in Fig. 1, a
preliminary numerical analysis was made to obtain a reference withctaspthe
case where the geoingis modified to incorporate the OFS. The region to be moni-
tored in this case is the central area althegmain axis of the specimen. The next step
consisted in the modificationf dhe geometr to include a channel for the OF&.
schematic of the specimen with the channelgieand its corresponding numerical
model ae represented in Fig. 2 (a) and Fig. 2 (b) respectively. The gwesereat-
ed in the central region of the spe@mto allow the fiber monitoringf the axial
strains, andbends towards the left-hand side in order to avoid the clamping regions.
Indeed, the risef transversal stresses in that area mayge theso-called peak split-
ting phenomenon [22]. Moreover, this choice afftie possibility to test the embed-
ding of OFS in a channelith anontrivial straightgeometry.

As illustrated in Fig. lthe previous steps are repeated and finakyFEA of the
updated geometry is carried out to verify if the dtmad integrity is not jeopardized
by the presence of the channel.
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Fig. 2. Preview of the speciem (a),and its numerical modelling with Abaqus/CAE

This preliminary result is outlined in Fig. 3. The presence of the channel dbes n
generate any stress concentratian, bon the contrary, its structure seemsuidoad
the specimen along the longitudinal direction.
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Fig. 3. Comparisn of a tensiletest simulation at 100N without the channel (a)J aith the
channel (b), using Abaqus/CAE

2.3  Experimental setup

Once the specimen design and numerical modeling warpleted, the specimen
could be printedard testel. The FDM technique was adopted and the filament of
material used was polylactide (PLA). §OFS was firstly inserted inside the channel
without any adhesive, in order to reduce friction. One end of the IBfE®ver from

the specimen, was soaked in the epoxy reBien the OFS was pullethside the
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specimen from the opposite end, dragging the residd. The used OF8& a SMF-
28® from Cornin@® with a coating diameteasf 0.24mm [23]. Since the fiber is em-
bedded inside the specimen at the end of the process, the channelisizbée larg
enough to guarantee the passage of the OFS. Moreover, dueptssiide presence
of imperfections which can potentially obstruct the channel, a certain tolerarge
be provided. Therefore, after a preliminary experimental camp@ignvestigate the
best channel diameterfimal value of 0.5 mm was selected.

Six load cases were considered for each of the three prirgdcheps. The strain
values were measured using the Optical Backscatter Reflectometer OBR 4413 from
Luna Technologieand compared with the strain measdiby a strain gauge (SG).

Computer '

Fig. 4. Specimen during the tensile t¢s), and data acquisition system with the OBR 4413 (b).

3 Results and Discussion

The experimentaesults are summarized Fig. 5, where the maximum level of strain

in each specimen (40%, 70% and 100% of filling density) is represaseflinction

of the applied load. As expectetietslope relative to the different cases increases for
lower filling densities since the structure stiffness decreases. The plot ahdear
linearity in the response both for the SG and the OFS, proving the consistahey
applied methodologyThe y-axis on the rig-hand side highlights the percentage
difference between measurements obtained from the SG and the OFS. Fer all th
three tested configurations the percentage difference decreases with the applied load
This behaviorsuggests that the coupling between the OFS, the adhesive and the chan-
nel in the structure is load-dependent. As a matter ofifdstchallenging to create a
uniform bonding layer inside the channel and there is even thibitibgshat in some
regions the fiber loses contact with the host structure. When the lo@dsesthe
specimen is stretched along its axial directiord @ime diameter of the channel de-
creases due to the Poisson effect. In the regions where the bondingésfact tre
mechanical coupling is guaranteed only by friction which increases witapihieed

load forthe above mentionedea®n, explaining the behaviasf Fig. 5 This effect
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which is common to all the configurations, is slightly more pronouncetiem0%
filling density scenario, with a percentage differedeerease of 5% against the 4%

of the other two cases. On the other hahdabsolute value of the percentage differ-
ence is similar for the 70% and 100% configurati@msl significantly lower for the
40% caseEven if further investigation is needed to fully understand this behaki&
authors believe that #qthannel restriction caused by the applied load is significantly
highe when the filling density is loywesulting in a more diffient strain transfer.

Since the OBR 4413 parsfms distributed sensing, it isteresting to analyze also the
overall strain distribution along the fiber rather than only rtreximum value(see

Fig. 6). In the figue, the different regions of the channel are delimitedhawettical
dashed lines. The maximum valuefégind in the central region, as expected, but
there is no fateau meaningthat the strain transfer from the structure towatus t
fiber core is not complete. Preliminary studies have shown that the bondinl lengt
shouldbe sufficientfor a complete strain transfer, suggesting again that further inves-
tigation on the bonding proseinside the channel is required.
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2230 —— 5G 100% e 215
Q- OFS 40% E‘.--"’,z’
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Fig. 5. Expeimental resultsMaximum strain measured I8G and @-Sfor different load and
filling density values.

Fig. 7 shows the results of a numerical simulatierfgpmed with Abaqus/CAE fo

the case of 40% filling densitynd 300 N of applied force. The first observatian i
that the strain distribution along the core of the @&Sa periodicity depending on

the triangles filling pattern intersecting the channel. However, Fig. 6 clearly showed
that this periodicg was not present in the experimental measurements. The reason
canbefound in the interrogator resdian which in this case was set to rhin (lower
valuesincreases the noise and leads gsurement instabilities)



8

EWSHM2020, 247, v3 (major): ’Strategies for Embedding Optical Fiber Sensors in Addit ...

8
B OFS 100N
2000 4 -& OFS 200N
—+— OFs 300N
-©- OF5 400N
:jt 82 zgg: curved i curved
1500 i channel 5 channel
™
=
=
-E 1000 4
5
u i
ingress |
500
0 |
r T : T : T T T : T . T 1
0 25 50 75 100 125 150 175 200
Distance [mm]
Fig. 6. Distributedmeasurement results 40% of filling density.
FEM Results (300N)
1600 ; :
1400 4 curved curved |
i channel _| i channel _|
T 0000080050000
1200 - - Q el . '
1000 -
£ _o- FEM
= 800 - Fiber core
1 Expected
g T Measurement
w600 i . . i
ingress ! i | egress
4004 point E‘useﬂjl gauge lengthhE point
200 +

- T
0 25 50 75 100
Distance [mm]

125 150 175 200
Fig. 7. Numerical results at 300N and 40% filling density.
This can be simulat applying aboxcar filter with 10 mm of width to the strain pro-

file, leading to the blue solid line of Fig. 7. i$ls in line with the experimental data
even if the nmerical results show a cleglateau in the central regi@sif a complete
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strain transfeis achieved. This discrepancy with resptecthe numerical datecan be
related to the tie constraimpplied in Abaqus/CAE. Indeed, the tie constraints be-
tween the OFS and the adhesive, and between the adheditree chanel must be
consideredas ideal in the numerical modetherefore increasing the strain transfer
efficiency. This point suggests that in future studies, the numerical model should also
take into account this effect.

In conclusion consideringthe strain values provided by the SG as a reference,
since they are bonded oretbuter shell of the specimen where there are no voids due
to the filling pattern and the strain field is almost homogenfuther studies should
clarify the difference with respect the OFS values. Therefore, longer specimens and
hence longer bonding lengths will be considered to guarantee a completératrsin
fer. The optimal channel size and the adhesive injection ard&@jselements which
need further investigation.
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