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Embedded Fibre Optic Sensors within Additive
Layer Manufactured Components

Robert R.J. Maier, William N. MacPherson, JameB&ton, Mark Carne, Mark Swan,

John N. Sharma, Simon K. Futter, David A.

Abstract— Smart materials with integrated sensing capabilitis
are now ubiquitous in many structures and devices amufactured
from composite materials and they offer enhanced $ety,
reliability and efficiency in such smart devices.

This paper explores the application of embedded ssars to
components manufactured using Additive Layer Manufaturing
(ALM) technology. ALM offers the ability to create physical
parts with little or no restriction in shape and canplexity. In this
paper, optical fibre sensors incorporating fibre Bragg gratings
(FBGs) were embedded inside a component made by,daduring
a powder-bed based, layer-by-layer, additive manufauring
process. A commercial EOS P730 system was used,enda laser
is employed to sinter the polymeric powder into a hree
dimensional component.

The fibre embedding approach is based upon insertio of a
‘fibre-carrier’ component which replaces a removabé ‘place-
holder’ component during an interruption of the ALM build
process.

Tensile test specimens fabricated this way have besubjected
to extended cyclic tensile loading trials at low sain levels of up
to 580 k. The test specimens demonstrated stable and
reproducible responses over a period in excess 02F days and
311,000 load cycles.

Polyimide (PI) and acrylic (PMMA) jacketed fibres have been
trialled and the resulting deformations of the compnent through
internal stresses depending on the fibre jacket tygare discussed.

Index Terms— Additive Layer Manufacturing, embedded
sensing, Fibre Bragg gratings, fibre optic sens@n rapid
prototyping, rapid manufacturing, selective lasersintering /
melting, strain sensing, temperature sensing.

I. INTRODUCTION

Composite materials have revolutionised product giesi
and engineering in many areas. In part, this reiami
has been enabled by embedded sensors, which fatedein
improved reliability and functionality of such metds and
components. The ability to continuously monitonditions
and parameters from within a structure has enalsed
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significantly extended the use of smart material®ss many
industries, where the sensing ability helps to emsafe and
reliable operation. In many cases, the technold@gs
permitted a dramatic extension of safe operatingditmns,
thereby improving efficiencies, reducing costs amdimising
downtimes due to faults. Optical fibre sensorsehbeen at
the forefront of this embedded sensing revolution.

Additive LayerM anufacturing (ALM) has, over the past 3-
5 years, rapidly grown from its use in the earlyslas a Rapid
Prototyping tool, primarily used in visualisatiagsembly and
modelling, towards a highly flexibld&Rapid Manufacturing
(RM) tool capable of producing usable engineering
components. RM offers the ability to create phylgizats with
little or no restriction in external, internal sleapr complexity.
This technology is now en route towards becomirg ibxt
revolution in manufacturing technology [1,2].

Although there are several different concepts ofMAL
technology, they all share a common approach int tha
components are constructed in a layer by layerdhupl
process. Material is added from a reservoir infdren of a
powder, wire or liquid and solidified using thermak
photochemical processes, creating a 3-dimensio8) (
component of arbitrary shape and structure. Sinegrocess
is the reverse of conventional ‘material removal’
manufacturing, i.e. instead of working from the sidé to the
inside, the technology works from the inside to theside, it
is therefore easy tgain access to the centre of a component,
and create complex internal structures and voidsique to
this approach is the ability to manipulate the mate
properties during fabrication by varying the ratib two or
more base materials prior to solidification. Tliis possible
to produce components in which the material chargstics
vary in a controllable manner throughout.

RM, based on ALM, is gaining an ever expanding liotd
in the area of high value, low volume and custoitorad
component production. The ability to change aglesscale
its dimensions or apply other customisations withthanges
in tooling, has profound implications in bespokghivalue
component manufacturing.

In recent years, highly significant but much morétke
benefits of RM technology are being realised anchlmoed
with advances in materials technology. These &mfait
benefits have the potential to cause a paradigrft @i
engineering design and manufacture. For exampeakows



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

>Sensors-6650-2012 2

the manufacture of intricate internal designs wiiolild not of nodes required for accurate modelling. The doatibn of
be manufactured using the conventional materialokain the limits in the modelling tools and the limitat®o of
manufacturing technology, such as sub-surface mgolimechanical testing make it imperative to have aitadng
channels located a fraction of a millimetre belowoatoured tool which is capable of measuring conditions fraithin a
surface, or the ability to create internal lightigie network component.
structures. Such a sensor technology will foster the acceptanceich
Component fabrication by RM enables previouslyew technologies into the engineering community aviid
unattainable design features and tailoring of nmter provide experimental validation data for modeliagls.
properties, such as gradual changes in stiffnessessca Optical fibre sensors (OFS), in particular thosedahon
component by modification of internal structuresnaaiterial FBG technology and distributed sensing [4,5], aensas a
composition.  Such design features are graduallingbe potential solution to allow stress, strain and terapure
introduced and supported by design and modellingjsto monitoring from within a complex 3D component. Tlager
Figure 1 shows a ‘cut-open’ cross section of acigpeéxample by layer build up process of ALM technologies makes
of an advanced design, demonstrating the capabiliurrent possible to install a sensor component as parthef RM
ALM technology. This component is a section ofighl process, thereby allowing interior structural moriitg in
weight aircraft part manufactured from stainlessebktby regions not normally accessible by any other mean$e
EADS. Many more examples exist [3] where the ueiquembedding of fibre Bragg gratings has been amplg an
abilities of ALM are used to create parts with getmes and successfully demonstrated in composite materidiawever
properties, which were hitherto impossible to maotifre by even in these now widely used application are&se fBragg
conventional methods. gratings can experience complex phenomena suchezsral
distortions by point like transverse loading, midsending,
induced birefringence and spectral chirping leadiog a
widening of the spectral signature [6]. Previousrkvon
embedding optical fibre sensors during RM used pgsha
deposition’ [7], ‘fusion deposition’ [8] and ‘stere
lithography’ [9].

= e Il. POWDER- BED BASEDADDITIVE LAYER MANUFACTURING
Figure 1 Left: Lightweight aircraft component with internal m TECHNOLOGY

structure, made from stainless steel by EALC
Right: A complex multifunctional engine block mot with
integrated pipe work in stainless steel by Withab&®© [3].

Perhaps one of the most widely used commerciabylave
RM technology is based upon selective laser simgesf layer-
by-layer build-up of 3D components in a bulk powbed.

_ o The materials which can be used in these systenge rilom

RM structures can be highly cpmplex and mtncat@l a polymers, mostly polyamide (PA) based, to a larggety of
therefore require careful characterisation andrigsb verify  metals and metal alloys, including aluminium, disa steel
properties and performance are as expected. How@ve ang titanium [10]. This technology, in the form the EOS
marked contrast to conventional engineering compisne p73p system [EOS GmbH, Germany] was used to fabrica
manufactured from bulk materials, the conditionsirdérnal test components using pure and glass-filled ‘Poiglari2’
structures are not necessarily represented omitted to the  materials, PA 2200 and PA 3200 GF respectively.[11]
outside of component where they could be easilgaet by In the ‘EOS’ process 100-150n thick layers of powder
sqrface attache_d Sensors. !nternal structuresbeatamaged (120um used here) with a typical particle size ofy80, were
without a meaningful llndlc.atlon on the outer suefand only deposited on top of each other, and each layerselastively
mechanical load testing, in some cases close tGHeAIN  gintered layer-by-layer, by scanning a focusedrlaseoss the
limits of the component will reveal internal damageThe surface (10.6im CO, laser, 35 — 40 W, spot size 366, scan
internal struqture in the _com_ponent, shown in Fegy is speed 3to 4.5 m%. The’ laser hea’Eed the materia’\I to just
complete_ly hidden f_rom Viewin a completed co_m_pdrmnd above its melting point, thereby allowing the logeevder to
the condition of the internal webbing struts aryaisible by, sinter together The laser parameters given ary on
f(?r ex_ample, radllography. which .reveals breaks argjom approximate values for guidance, since the detgiextess
distortions, but gives no information about strailates and parameters are highly complex and dynamically chang

stress levels. :
. . . throughout the build process.
Although advances in computational power has driaadft Although many of the operating principles are comnto

improved the capabilities and finesse of modeltimgjs based RM processes irrespective of materials used, or@bie
on finite element (FE) analysis, and are ubiquitows an difference in RM of polymeric materials coméared for

engineers (,jeSk’ modelling of even.5|_mple partshasvs in example metals, is that the process takes platethétpowder
Figure 1, will push these tools to their limits doehe number
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material being heated to a temperature just betswnkilting
point. This is to eliminate problems associateththe very
large coefficients of thermal expansion (CTE) & polymeric
materials. If the process were to take place amro
temperature then the localised heating as a re§utie laser
power would cause a large localised material désptent.
This would induce significant distortions and reéstuh
problems in the powder bed, and the resultant coemo
geometry. The build process therefore takes platcan
elevated ambient temperature of 176°C, with therlagising
the local temperate by only a further 10°C to jalsbve the
melting point for the PA material used.

In contrast, the same process using metal powases t
place at, or just above, ambient temperature (2&t€),
however the process uses lasers of significantiéri power
to achieve sintering.

The additive layer build-up technique employed hese
systems, combined with the machine configurationitd the
installation of optical fibre sensors (OFS) to lane
orientations only, but the component itself campbsitioned in
any orientation within the build volume, allowingQ¥S to be
placed in an arbitrary plane within the componertare
however, has to be taken with the slight anisotrapy
mechanical properties relative to the build plamergation
[12].

The concept of in—bulk measurements was demondtrateperating temperatures.

here using 1SO 3167:2003 tensile test specimersavitensor
fibre installed during the fabrication process.veal sensor
positions were considered, but here we report #se of a
sensor running parallel to the test specimen fagefiguration
#1) and also running at an angle with respect ¢osfiecimen
faces (configuration #2).

In configuration #1, illustrated in Figure 2, thptical fibre
sensor is installed in a plane 1 mm above the akatxis,
parallel to the principal surfaces. The sensomtion was
offset from the neutral axis, which makes it deldiely
sensitive to bending.

In configuration #2, illustrated in Figure 3 thetiopl fibre

Sensing plane + 1 mm above the neutral

3

sensor was installed in a ‘tilted’ plane, relatteethe principal
surfaces of the tensile test specimen. As statatieg a
sensor can only be installed in the plane of the Rild

process; therefore this component had to be huik tilted

orientation in the powder bed. This configuratioras

deliberately chosen to allow the investigationreplane shear
stresses, to reveal potential weaknesses inducedthby
installation of the sensor fibre.

Strain sensing was carried out using FBGs writteto i
125 um diameter standard single mode fibres (SMF-28
equivalent), by a phase mask technique, with negult
reflection spectra in the 1550 nm wavelength regiohhe
FBGs used here were approximately 7 mm long resulti a
-3 dB spectral bandwidth of ~250 pm, and were ledatt the
centre of the long axis of the tensile test spenifierS). In
configuration #1, the optical fibre sensors werssifianed
1 mm away from the neutral plane to allow bendngsbf the
specimens, and in configuration #2 the sensors p@sioned
within 0.1 mm of the neutral axis of the TTS.

Fibres with polyimide (Pl) and acrylic (PMMA) jadise
outer diameters 155 and 250 um respectively, wesed.u
Plwas selected due to it being compatible with the
temperatures used in the EOS process. Pl has &, Vie.
‘softening’ temperature, of approximately 220°C,endns the
PMMA jacket material has a very low viscosity ag thpper
Indeed PMMA will have tethrto
decompose at these temperatures, primarily by loks
plasticisers, resulting in a brittle jacket aftle tembedding
process; however a few experiments with PMMA fibnege
carried out, and are described below.

A. Installation of optical sensor fibres

A conventional 3D build process was carried ouiluhe
system reached the plane at which an OFS was itestaled,
and at this point, the build process was pausedlltov the
insertion of the fibre. The partially built companrt remained
inside the fragile and easily distorted loose pawaksl, as the

L v

fioe = - (
,I, ,,,,,,,,,,,,,,,,,,,,,,,,,,, L L I8 I f ,,,,, 1 ,,,,,
I :
FBG
fibre Attachment | *
plﬁne I mrrrrrrer 20
« 5 30> v
16¢

Figure 2. Schematic of d80 3167 tensile test specimen (TTS) with the liocabf the installed fibre for configuration #1 aosition ¢
1mm above the centre line “neutral axis” of thecapen. (all dimensions given in mm)

Fibre tilted relative to the principal planes oésjmen

Tensile loading

----- SR == ===

TR ; Tensile forc
Shear stress alrcir?(:;jl?irg y@glﬁlgmﬁqniplqne —

‘;//' N fibre e >
<
FBG == e
fibre . P
B |- ------ AHHHE == === 'I' _—— e m——— — Tensile fOrCeQ/

Figure 3. Configuration #2: The principal surfaoéthe component and the plane of the installedaefibre are tilted relative to each otl
to permit tensile testing of shear stress alongdrisialled plane where the fibre is installed.
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Figure 5. Top:Removal of hot and therefore ‘soft’ place ho
from the power bed. Bottominsertion of pre built fibre hold

with fibre into recess created by removal of pldadder. Thi:
handling is currently done by hand but can be aateth and
improved by remote handling devices.

partially built part at this stage itself is nagid, since at these
temperatures the PA has not started to solidify. orlder to

insert the OFS, the build chamber was opened wtéelsed

significant cooling of the powder bed surfacewdts therefore
essential to be able to insert the fibre rapidlyniaimise this

effect. This process was not without its problehmyever in

a dedicated system such a process could be autbimatese

of robotics, which would not only be faster, busalpermit

handling at high temperatures.

4

The most critical issue with respect to the fibensor
installation was to ensure that the fibre was ia torrect
location with respect to the partially built comeon, i.e. that
it was straight, and was held in the plane of tbexger bed.

In order to ensure these parameters were adheraddoation
scheme was devised which consisted of a ‘placeenold
component, which was built in parallel and parjiall
surrounded the specimen in the powder bed.

This place-holder was carefully removed from thevger
bed, providing a free space for the pre-built @older
component with the fibre sensor attached to it (Sgare 4).

The fibre holder is important for a number of raasat keeps

the fibre strained slightly to keep it straightdaso to avoid
interference with the powder re-coater arm sweepogss

the surface of the powder bed for subsequent powder
deposition, following restart of the build procedsassists
accurate placement of the fibre, and it simplifles manual
handling process. In order to enable splicing &mohination
of the fibre, an excess length of fibre was alsquired.
Figure 5 illustrates the concept of the removal mepdacement
of the place-holder. Around the place-holder sreaditions of
powder material were also sintered, to form a ‘pewd
retention wall’ which prevented loose powder in thewvder
bed from slipping into the void upon removal of thiace-
holder. The fibre-carrier was pre-manufacturedhia same
PA material, and its dimensions were calculatedlkow for
thermal expansion which will occur when the part
introduced into the chamber in its cold state hawevis not
essential that it is manufactured from the samerizdt

The removal of the place-holder was a delicate ggscand
although successfully carried out by hand, it wobkehefit
significantly from an automated robotic processiguFe 4
shows two images from the actual place-holder reth(op)
and insertion of the replacement fibre-carrier {taod. In the
top image, the soft state of the hot place-holdeclearly

Remove

Tensile test specimen under construction

Top view

g v

€ Powder retention wal®»

/

_/

<—>¥

Removable place holder

=

Fibre-carrier component
inserted in place of the
‘place-holder’ component
with the OFS fibre coiled

Replace

Loose powder

€ Powder retention walt®»

lRepIace

Remove
.

Side viev

|

f f —

1
Fibre coll

Figure 4. Schematic top and side view of the baitel with the component under construction showsité the powdebed, surrounded |
powder retaining wallsOn the left, the removable place holder is shomile on the right the replacement part with thediis shown whic

is inserted after removal of the place holder ftbmbuild volume.
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visible by its pliant appearance.

Following the removal and replacement of the placiger
with the fibre-carrier, the build chamber was cthsand the
system allowed to re-heat to its nominal operatamgperature
of 176°C. Since a typical optical fibre is slighthicker than a
normal build layer thickness, an extra thick lagérpowder

(typ. 220um) was applied, before the normal build proces

was resumed.

A test component with configuration #2 was spealfic
built to determine the mechanical stability of tth@mponent
due to this additional thickness, and the presefitiee optical
fibre in the fabrication plane. The schematic mgement of
TTS, place-holder and other sub-components andtstes
inside the powder bed is shown in Figure 5.

A number of difficulties arise during manual handliof

components inside the build chamber however they a

expected to be absent during automated processing.

Due to the chamber being opened, thermal gradier

occurred between the hot powder bed and the codlirigl

chamber, and so the specimens were observed topudrds
resulting from contraction of the cooler top sugacTime was
allowed for thermal equilibration between the scefaf the
powder bed and the partially built component, wratlowed
the part to settle down flat again before the buids
continued, so not to abort the build process. &l has to
be minimised as this would lead to the fibre lamatbeing
disturbed when applying a new layer of powder csung@ng
the build process and this is achieved by a slighsioning of
the fibre on the fibre carrier inserted into théldprocess.

In addition, any slight pressure on the test beakind
replacement of the place-holder, could disturb gshecimen.
This affects the dimensional accuracy of the corepbieing
constructed.

At the end of the build process the system wasnaktbto

5

Gap:
0.5 to <1 mm (PMMA)
3 mm (Polyimide)

Electronic strain gauge

Extensometer
fibre

fibre
jacketed fibre

Curvature in specimen wi

R 2 m for a Pl jacketeg
R 12.8 m for a PMMA

Dual curvature in components
built in the tilted configuration #2.
Figure 6. Top:Curvature in tensile test specimens (TTS)
embedded fibres and orientation of the curvatureelation to th
position of the embedded fibre relative to the redyilane. Bottom:
The dual curvature in the ‘tilted’ configurationdicates that He
curvature is due to the embedded fibre and notaltiee interrupte
build process.

Figure 7 Plot of the curved profile of a tensile test cper
measured with a 3D coordinate measurement sysfEhe elevatio
at the centre of the part is approximately 3mmaaries by £0.5 mi
from part to part.

cool down, and the finished component with the nou

embedded fibre sensor was removed from the powel@rirb
the normal manner for this build process. During ttooling
down period, a compressive stress was generatdinvitie
OFS due to the large mismatch in CTE between tharmy

and the fused silica fibre. This process was @aletily
pronounced for OFS with a PI jacket, although Isssfor
PMMA jacketed ones. This is because Pl is solithatbuild
temperature of 176°C, the shrinking PA (CTE=410° K™

starts to impose a compressive force below its BA€at

temperature (~165°C), which eventually resulted an
compressive stress in the order of 2.1 GPa actinthe OFS
at 20°C. This lead to a shift in the observed Bragvelength

spectral profile of the embedded FBG and the msflook
very similar to that shown iRigure 9on the left.

In marked contrast, fibres with PMMA jackets only
experience a compressive stress of ~0.5 GPa, dempra
Bragg shift of -7 to -9 nm (three specimens) duthtomarked
lower Vicat temperature of PMMA (~103°C). This methat
only shrinkage of the PA below this temperature egated
compressive forces.

The material properties of the PA material change
dramatically over the build temperature range hgvim
Young's modulus of near zero at the build tempeeatof
175°C to ~1.25 GPa at 25°C. The large compredsnees

in the order of-32 nm compared to the pre-embedded Braggfored in the fibre located inside the PA composématve an

wavelength. This is a large compressive strair3#000ue
acting on the OFS and under any other circumstanoesd
result in a significant deflection (buckling) of ethfibre.
However, since the fibre is rigidly embedded in tr@ymer
matrix, buckling will not occur, although the coraepsive
stress can act to deform the component. Despite viry
large compressive strain we do not observe degoadaf the

Copyright (c) 2011 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.or

unfortunate effect of causing a distortion of th@mponent,
especially if the OFS was located off the neutrdas.a The
specimens exhibited curvatures of typically 0.4¥ mnd
0.078 nt* (Figure 6 andigure 7).

The curvature varies for components with differébte
jackets, as shown in Figure 6 (top) for specimeitls R1, and
PMMA fibre jackets respectively. Although this wdu
indicate that PMMA fibre would be the preferred icieg since
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they induce lower distortion, the compressive sksscause B L . 27Tk
micro bends, leading to strong distortions of tledlected - .l ' - .
Bragg grating spectra, and in addition, these spem$s Load cell m ! - !
exhibited unpredictable and inconsistent straindfer. This IHE =l EmE =
was due to the PMMA being very soft and unableetstrain Fibre ««eeeee- S EmE 1
and prevent the fibre from kinking during the eastpges of = = N . =
the cooling down process. mw = . i
Pl jacketed fibres, despite the strong compressioere mw 3 E =
significantly more stable as will be shown in theerimental U e W Fa- ]
data. flgxri)glre clamp EmE i E
During the initial stages of the experimental warkwvas EE - _f u
argued that this deformation could also be due he t - 2
interruption of the build process. However, specime = = ‘-."% e =
manufactured subsequently, with a fibre installed @lt, were Extensometer@ z =_‘.‘ s ST =
observed to exhibit dual and opposing curvature {Egure 6 Etlgi:gor;ﬁ o R e .-Ef i
bottom). This suggests that the interruption of thuild gaug == !=' = =
process is not the cause of the curvature andtteaturvature T 100 BB Eg " g
is only due to the presence of the fibre in thepen. Tensile ost N WM . SABE _ ﬁ
Although we report here the observation of cunafuarthe  specimen m_ _m <
manufactured TTS, components which have the opfibet 1/, pyigge .
sensor installed in the neutral plane will be digantly less completion - | m
affected by this effect. The thickness of the parhich have l - ' m
been manufactured for this project are accurateOtd mm  Flexible I e B
(the thickness of each applied layer applied wak|i®). The lower clamp ~ B R T

manufacturing accuracies enable the placementeokémsor
fibre to within 150 um of the neutral plane. Tleastivity to

ey

Load transfer [ |

strain induced buckling and bending decreases gijromith ~ SPrngs L]
overall thickness of the part and in components reviae Eigfgr:nat'c ------------ : B A

. . . . . ___—-l
sensor fibre is  embedded inside a thicker COmpone'Figure 8 Tensile test sample mounted in free floating itenes

(typically 2 times the dimensions used here) thalboffsets gy sem showing from bottom up: pneumatic actuationopistthe
from the neutral plane will no longer be able tduoe such spring loaded lower mounting, flexible lower moungticlamp, Nylol
curvature. The effect of fibre induced deforroathas been 12 tensile test specimen with extensometer attadbethe right
magnified in these experiments by the selected gégnand electronic strain gauge between the clamps of tensometer rad
embedding location. Despite this, it does indictitat care the upper mounting point and the load cell at hey vep. The
must be taken when instrumenting delicate (smatledision) arrangement only transfers longitudinal loads.

polymer RM components. Parts manufactured in éxalee

same process, including interruptions of the bpildcess, but \
without inserted fibres do not exhibit any curvatuor
distortions and the component dimensional tolersnase
<0.1 mm.

: Strongly distorted spectrum due to transverse
: loading from thermal expansion at 62 °C

Undistorted
spectral profile
of the FBG
at52°C

Ill. TENSILE STRAIN TESTING OFSPECIMENSWITH
INTEGRATED SENSORS BASED ONFIBRE BRAGG GRATINGS

We have carried out extensive tensile strain testthe PA
based tensile test specimens (TTS) which have be
instrumented with PMMA and Pl jacketed fibres camitey

LY

i
s

I M
1552.6  155%: 1553.2

-
W

/

\/ .

e

|
1552.2

I T
1553. 155« 1554,

BGs, but only PI fibres are reported here in desiilce
PMMA jacketed fibres performed poorly.
A dedicated strain rig has been designed for thig fterm

Wavelength / nm
Figure 9 A typical example of the strong changes in spégirofile
and grating sength observed during thermal cycling of Fi

test run where the tensile test specimen is heliktween two embedded in glass filled nylon, indicating that sthinateric
highly flexible clamps to ensure pure tensile logdas shown combination is unsuited to the direct embedding-Bfs into th
in Figure 8 The actuation is carried out via a small pneignat Material during an RM process. The spectral sfapéhe left i
. . . o representative athe spectra we observe for FBGs embedded i
piston which moves approximately 15mm and whichliapma i . . : ;
) . . . glass filled Nylon, even at high compressive logditeading to a -
force through a set of springs. The applied Isaecorded in - 35 nm shift in Bragg wavelength.

a load gauge at the top off the specimen and has tenstant
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throughout the experimental run with an accuratyetter
than 5 %.

A. Glass filled polyamide materials

An experimental trial, not discussed here in detaded
glass filled PA (EOS PA 3200GF) as the specimenrerizt
In the case of this material, bonding between th& &nd Pl
jacketed optical fibre was very inconsistent are high glass
fill fraction of ~30 % with an average glass beagde sof
typically 50 um, induced transverse point loadingttee FBG.
Such point loading leads to a localised change ha
refractive index through the stress optic coeffitie This in
turn caused strong distortions in the Bragg graspgctrum.
Figure 9 shows the strong changes to the spedogradtsire of
an FBG embedded in a glass filled PA matrix. Thesnges
varied between successive load cycles. In additieroverall
sensor response to a cyclic strain exhibited sthysgeresis as
shown in Figure 10. Together these properties mnthlee
combination of glass filled PA materials and emlest&BG
unsuitable for sensing applications in the configion used
here.

7

measurable differences in mechanical strength effitiished
component, and the integrated strain sensing cityadifi the
embedded FBG was unaffected by the geometry obtiild.
However it has been shown that none of these issaes of
concern.

C. Planar build geometry (configuration #1)

This is the main configuration tested and experteion in
this paper, where all principal planes are in pardb each
other.

Polymeric materials can have a somewhat complee tim
dependent stress-strain relationships but this te@mp
behaviour is minimised at low speed tensile loadmgmall
strains. The majority of characterisation measer@s have
been carried out at slow load rates or have besigmkd to
use a small delay time between application of & laad the
recording of a strain response to allow for thaesysto settle
into a steady state following the load application.

The key experiment that has been carried out oarpoge
built pneumatic driven load rig which has been tamusly
running for over two years (and is continuing a¢ thme of

A further indication of the somewhat weaker bondingvriting this paper). Data from the embedded FBGen@nd
between the TTS material and the embedded OFSheis tare) recorded once every 10 seconds by a Microit Gptl25

significantly reduced curvature of the finishedtpdue to the
increased slippage in the presence of the glasisbea
1556.2 - s :
1556.0 -
1555.8 -
£
€ 1555.6 -
< 15554 -
2
© 1555.2 -
0
& 1555.0
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g 1554.8
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1554.4 - 30 slow strain cycles to 300 pm
extension at 10 um min™.

1554.2 -f 8 (1 hr per complete cycle)

1554.0 ;
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le)

100 150 200 250 300
Extension of sample / micron

Figure 10. Cyclic loading experiment on a tensdst specime

manufactured from glass filled polyamide with anbeshded fibr

Bragg grating showing strong hysteresis.

interrogator, with an absolute accuracy of +2 pm foe
determination of the centroid of a FBG peak.

In addition to the embedded FBG, the specimen was

equipped with a 12@ electrical strain gauge (6 mm long x
3 mm wide) attached to the outside of TTS in clpgaimity
to the embedded fibre sensor. The strain data reackout by
a National Instruments NI 9237 data acquisitionicewith a
quarter bridge completion adaptor 9944. The stgainge is
not temperature compensated for Nylon but is adstah
aluminium strain gauge. Scaling of the strain negsl are
carried out in Labview Signal Express and DAQmotigh a
built in calibration routine. Furthermore, a 25 ngauge
length extensometer is attached to the same cédotation of
the TTS, as is a Pt 100 temperature sensor. Ait ftata
streams reporting strain, temperature and appbed,|were
time stamped and recorded using LabView™ software.
Tensile loading, cycling by ~25 N, between 8 and\33vas
applied to a specimen for 100 seconds, over a geoid

720 days. A loading change of 25N caused a tensil
extension in the centre of the specimen of
B. Embedded sensor in tilted build geometry 580 e (mxm*x10°) which is somewhat larger than a typical
The tilted experimental configuration, describedieg was Young’'s modulus of 1.25 GPa, however, the elastwlutus
designed to elucidate possible interference betwemn Of Nylon 12 samples manufactured by ALM are expedtebe
installed sensor fibore and the mechanical and alpticlower and in this case are in the order of 1.1 GPEhe
performance of the component. The critical isseie hwas the transition time between the applied strains ishie order of

concern that the interruption of the build procehs, addition
of a somewhat thicker layer at the point of the eduzd fibre,
and the presence of the fibre itself would in somgwodify
the strength and response of the specimen to ¢elugiting.
However, there has been no discernable differemteden
TTS built and configured in the tilted arrangemeémt, where
the build plane of a ‘planar’ finished TTS componess not
aligned with the plane of the 3D build process.efEhwere no
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three to four seconds.

Figure 11 shows the stable correlation of straicorged
using the electronic strain gauge versus FBG wagdteover
the whole period of the experiment (720 days), datihg an
embedded strain coefficient of 0.98 pisi".

Data shown here have been temperature correcteanby
externally applied Pt100 sensor to 20°C as begtoasible,
however there remains a considerable common drifall
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Figure 11 Correlation between strain and Bragg wavelersiift
giving a strain coefficient of 0.98 ppg®. The data cloud he
represents 11 months of nearly continuous cycliitg ®04,000date
points. The great majority of data points lie witthe elliptical are
marked by the dotted line. Some of the deviatimpserved are di
to the synchronigen between the FBG and electronic st
measurements.

(Note: The double headed arrow at the centre otkhed indicate
the scale of a single strain cycle of approx f80the overall extel
of the data cloud in X and Y is not representatifa single strai
cycle and includes temperature drift of the experital system.)

three strain records (see also Figure 12) which beesn
attributed to an increase in the applied strairough an
expansion of the test rig which is not corrected thg
temperature sensor located on the tensile stranirsen. A
temperature correction coefficient of 135 prl Kas been
used for this correction. The CTE of Nylon 12 i9410° K*
and the temperature coefficient of the FBGs used hee in

the order of 10.95 pm'K The correction coefficient has been.

determined experimentally by trial and error ovee whole
dataset and at 135 pm‘khe majority of diurnal and seasonal
variations of typically 3to 4 °C (day/ night) anglto 6 °C
(seasonal) were eliminated. However for optimumraxiions
of short term measurements a slightly lower tempesa
correction coefficient of 125 pmKwould be optimal. Since
the key aim of this paper has been the investigaitfdhe long
term stability of the system over a period of 2rgei was
decided to use the best correction for long tertherathan
short term.

A close-up of two and a half load cycles over ténutes is
shown in Figure 12 on the right, comparing theistracorded
using the embedded FBG (top), with an externaltpchied
extensometer (bottom), and the reading from thetrelgic
strain gauge (middle).

The FBG strain response truthfully follows the esemeter
and strain gauge reading. Although the load idiegpmear
instantaneous (within three seconds), the dynamspanse
showed a slight time lag and creep characteristidoading
and unloading, which is characteristic for polyroeriaterials,
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even at such low tensile loads and loading rates.

The main panel of Figure 12 (left), shows a cytdiading
trial of 311,000 load cycles lasting 720 days. iDgithe first
part of the experiment to day 150, we observed alual
increase in applied strain which was visible intatee sensors
on the test piece. This was due to a general aserén
ambient temperature in the lab during summer, tepdd a
slightly higher applied load; this returned backa lower
temperature, and lower load, over the winter (d4§=1T"Aug,
day 270= iDec).

The difference in absolute strain recorded by theed
sensing devices was due to their differing locaiam the
specimen and the curvature of the sample (FigureDg)ring
loading, the specimen was being straightened wieiatl to a
slight compression on the convex side of the testisen
where the electronic strain gauge was attached,atsual the
FBG is embedded on the convex side of the neuleaiep
Conversely, this straightening of the specimen rduran
applied load leads to an extension in the concale af the
specimen, where the extensometer is attached. eHtmey
recorded a lower and a higher strain value respadgti The
deviations from the strain recorded in the FBG afethe

- correct magnitude to describe the change in shapagl

tensile loading. The data shown in Figure 11 aigaife 12
demonstrate a highly successful application of fiee
embedding technology during a RM process usingéigted
fibres. The system response is stable and creepwithin a
few percent as shown in Figure 13, where the maximu
deviation in readings between the three strain roiog
devices is <3 %. A significant fraction of thigaris due to a
gradual change in shape of the component, i.eigbteming,
under the cyclic tensile load as is expected inymetic
materials after many thousands of load cycles, emeier such
low load conditions.

The stability of the strain record from the embetidd
jacketed OFS is remarkable, in view of the immense
compressive pre-loading of the fibre. A parall&ltusing a
PMMA jacketed fibre is described below in sectidrD.

The majority of noise on the signal shown in FigliBecan
be explained by an incomplete temperature corneatiothe
strain record data. Although a Pt 100 sensortéshéd to the
surface of the TTS, on the opposite side of thésties strain
gauge, in between the ‘jaws’ of the extensomeberet will be
temperature gradients, and time lag between th@deature
records of the Pt 100 sensor and the actual tertoperat the
sensor location. In particular the surface moumnesistive
strain gauge will be more sensitive to transierrisherm
changes in the lab temperature compared to the daebe
FBG, which is buffered by the thermal mass of tiodymer
component, in which it is embedded. The large @fEhe
polymer matrix (~11810° K™') means that a minor temperate
difference of 0.1°C between different measuremeoéations
resulted in a 11q difference of strain, or an error in
temperature corrected strain which represents fardifce of
~2.3 % of total strain applied.
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Figure 12 Left: 700 day load cycling experiment showing hability of the sensor response. The overalk éhithe applied strain is due
temperature changes over the summer periods (d@y1¥4ug). The top, middle and bottom traces show #sponse of the FBG, t
electronic strain gauge and the extensometer régplyc The different scaling of the strain resperis due to the change ¢urvature of th
specimen on applying the tensile load. Right:e ghaph on the right shows a close up of 2 % lgatks over a period of Ifdinutes at th
start of the experiment showing (from top to boftahe change in Bragg wavelength, the straicorded by the electrical strain gauge an
reading from the extensometer.

The equivalent trial to that shown in Figure 12ngsia
PMMA jacketed fibre over a period of 30 days, shovae

St ! ¢ : continuous upwards creep of the strain recordedér-BG of
trail using PMMA jacketed OFS embedded in a PA Bpe, about 70-90 g per day. In addition to this creep behaviour, a

the embedded fibres exhibit a compressive Bragt) shonly strong distortion of the FBG spectrum, from a cleseil-

-7to-9nm. However these trials were less swsfaks shaped profile with ~280 pm bandwidth at -3dB befor

p””?a”'y due to the reason that t_he fibre was eteéld from installation, to a highly structured spectrum oaebbandwidth
straight under compressive load since the soft PMMIAnot of 3nm in the PMMA fibre, indicated uncontrollechch

restrain the fibre sufficiently in its lateral ptien. This leads
to micro-bending and distortions in the FBG speutru
Tensile loads applied to a fibre with micro-bendl witially
release the micro bends before creating a changé&am in
the OFS which will modify the reflected Bragg wasedth
from the FBG.

D. PMMA jacketed fibres
In contrast, to the experiments described abova,parallel

inhomogeneous bonding between the TTS and theabfiitice
sensor (OFS), possibly coupled with micro bends.he T
spectral profile also was changing over time, iatiig
insufficient bonding and retention of the embed@&t in the
polymer matrix.

Il

i

1.05

1.06 §—

1.00 < 0.95

0.95 |

s T T T T T T T T T T
0 100 200 300 400 500 600 700

Time / days

Figure 13 Ratio between strain measurements frenethbedded fibre Bragg grating and the attackemdrizal (resistive) strain gauge (lov
curve and left Yscale) and the ratio of the strains recorded byeiiensometer and the electrical strain gaugeceSHBG and strain gau
are on the same side, off the centre line (FBGm#{; strain gauge: +&im), they should record an ideal ratio of 1. Hogresince there is
small curvature in the specimen which is partialyminated under tensile load, the readings wilide from ‘1’ by a small amour
Extensometer and strain gauge are on opposite sfdhe centre line (see Figurg &d a straightening will cause a shift of théorfiom ‘1’

towards higher values.

e —
L 1 "
g
Ratio: extensometer/strain gauge

Ratio: FBG strain / strain gauge
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IV. CONCLUSIONS jacket compared to previous papers, but also peosi&hsing

We have demonstrated successful sensor embeddingcﬁfpabi“ties at high temperatures in the orderpatculooo"c._
components manufactured by ALM technology with ogti Such an embedded sensor technology would dranigtical

fibre sensors (OFS) based on fibre Bragg gratimEFstrain extend the operating regime of fibre optic straémsors to

sensors. Embedment of the fibre sensors has iliea as an Previously unattainable temperatures.

integral part of the build cycle inside an EOS P780M
system.
The successfully embedded fibres have a Pl jadhettilae

component material used in the successful embeddaigvas  [1]
Polyamide 12 (PA 2200).
In addition, fibres with PMMA jacket were triallednd [2]

glass filled PA was used as specimen material,bartid were
shown to be unsuitable for embedding due to wea#t an
unstable strain transfer, and spectral changeshén RBG
induced by point loading from the glass beads. PMM]J3]
jacketed fibres are furthermore unsuitable dueh® high [4]
process temperature during RM which leads to aatkgion

of the PMMA jacket.

Pl jacketed OFS are under very strong compressiad,| [5]
after embedding, resulting in a Bragg wavelenditit of
typically -32 nm. This high compression inducesvature in
the specimen if the OFS is installed outside ofatral bend
plane.

The embedded OFS were tested over an extendeddperjg
720 days, at low cyclic strain levels of typicaii$0 k.

Data show that the embedded OFS system were siabie
such extended time periods, and very high numbéisaa
cycles of which 311,000 are presented here, howéver
experiment is still ongoing and is now at cycle[g]
350,000 without any changes to the response teethbewn
here. [10]

It should be possible to transfer the procedurenabedding
an OFS into other components during an ALM process,
demonstrated here in a polymeric material, to rfietadaterial
systems; provided the OFS to be embedded can hecped
sufficiently from excessive thermal loading of temtering
laser. Early work by X.C. Li in 2000 to 2002 [1@&s shown
that, by using 1.5 mm thick electroplated nickehtiugs, a
fibre can be successfully embedded into staintesd during a
selective laser melting/sintering process, and ithatcapable
of being used as a sensor. However, the coatied ing[10] is
very thick, potentially interfering with the funoti of a
component. Thinner coatings might be preferrecciwvivould
lead to a significant increase in thermal loadimgtioe OFS.
In contrast to the high ambient processing tempegatin
ALM of polymer systems (typ. 175°C), laser basedVADbf
metallic materials takes place at or around ambient
temperature, and therefore some of the complexdiefibre
insertion and handling presented in this paperedaced.

Recent developments in high temperature compatible
‘regenerated’ FBG [13], raised our renewed intetiasthis
field by potentially providing an embedded sensor
configuration which not only is expected to surviaeshort
term high temperature embedding process (typictI80°C
for stainless steel) with a potentially thinnertexive metallic

(6]

(8]

[11]

[12]

[13]
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