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Abstract

Thin and flexible photonic sensor foils are promhdabricated and tested as a promising
alternative for monitoring composite structuresa&e foils are implemented using two
different optical polymers and as such optimizednfioitti-axial sensing and embedding
within composite materials respectively. It is fishown that those sensor foils allow multi-
axial strain sensing by multiplexing a multitudeBragg grating sensors in a rosette
configuration. Secondly, those sensors can bezeshln very thin foils (down to 50m)
making them suitable for embedding in compositeenia during their production. This was
proven by visually inspecting and by testing thectionality of the embedded sensors.
Finally, owing to their low Young’s modulus andXibility, polymer sensor foils can be bent

to small curvature radii and withstand large eldioge. Herein, the sensors are bent down to

a radius of 11 mm, and elongated by 1.4% withosihlp functionality.

Composites are increasingly being used in mechlasttactures by virtue of their high
strength- and stiffness-to-weight raltib.These materials consist of reinforcement fibers
(typically glass or carbon) bonded together by &imaf polymer resin (e.g. epoxy). Because

of the presence of the reinforcement fibers, cong®sare inherently anisotropic, which
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makes their modelling more complex. Consequently prediction of their failure
mechanisms becomes more difficult. However, this required to avoid costly
overdimensioning or premature replacement of stratparts. For this reason, feedback from
sensors is vital for in situ measuring of the sif&tsain state and as such monitoring the
structural condition of the composite. Strain gages traditionally being used for this
purpose, but more recently optical fiber Bragg igcte{ FBG) sensors are increasingly being
used for their immunity to electromagnetic inteefece, high sensitivity and multiplexing
capability'? Furthermore, since these sensor fibers have the shape as the reinforcement
fibers (with only a slightly larger diameter), thean be integrated inside the composite
without disturbing its structural integrity, whi@lows measuring the actual strain at critical
locations in the structure and shields them from sbhmetimes harsh operating conditions.
The current commercially available fiber sensomwéver, are mainly sensitive to strain
along their longitudinal direction, and therefoma,ltiple precisely oriented fiber sensors are
required for measuring the complete strain field.

Herein, we demonstrate the potential of a new agproging thin polymer foils in which a
multitude of optical sensors in different orientats can be defined and which can be thin
enough to be embedded inside composite materialsngdto their flexibility and low
Young’'s modulus, polymer-based optical foils canbleat down to small curvature radii (in
the order of millimeters) and can withstand larggngations (up to several tens of percents
for some polymers) without losing functionality.

With this approach, the mutual orientation betweedividual sensors in the same foil can
precisely be defined during fabrication, allowirtge tmultiple-sensor foil as a whole to be
easily integrated with the composite. This approaébws realizing an optical variant of an
electrical strain gage rosette which can be exgdadibt resolve the general internal strain state
of a composite material. A strain gage rosette lhsgansists of at least three strain sensors

placed closely together under different angulaerddtions, allowing reconstructing the
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strains relative to the material-symmetry axes naigas of the orientation of the sensor foll
with respect to the composite. Knowing all strammponents enables evaluating more
accurately the strain-based composite failure raitdeading to an improved mechanical
design’ Different rosette configurations can be selectedhis research, we have chosen a
45° rosette configuration. This is a configurationwhich three sensors are used, and in
which the second and third sensor are angularplatied from the first sensor by 45° and 90°,
respectively, see Figure la.

The sensor principle is analogous to that of FBGsaees, but instead of inscribing Bragg
gratings in an optical fiber, they are inscribedipolymer waveguide, forming a wavelength
selective reflector. The Bragg grating sensordgrapgemented as periodic corrugations in the
core of the waveguide. As a result, when exciting waveguide with a broadband light
source, a narrowband peak centered around a spesdvelength, called the Bragg
wavelengthg, will be reflected. This wavelength is defined bg Bragg equation (for a first
order grating,Ag = 2.nex./1, wherengs is the effective refractive index of the propagati
waveguide mode and the grating pitch). Upon applying strain, batl (due to the strain-
optic effect) and the grating pitch change, leadng shift in reflected wavelength. Therefore,
tracking the Bragg wavelength shift (= sensor outgignal) allows tracking the induced
strain if the sensor sensitivity is known. The segsare designed (see Supporting
Information) to show reflection peaks in the waweglih range (1530-1590 nm) compatible
with commercial interrogators which are also usedrdad out optical fiber sensors. All
sensors are implemented in the same waveguide handfdre the grating pitch is chosen
slightly differently so that their reflection pealige separated in the wavelength domain and
each sensor can be tracked independently. Figushdls a typical reflection spectrum of 3
Bragg grating sensors with 502 nm, 506 nm, andrBd(itch realized in a single Ormocer®-

based polymer waveguide.
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Bragg gratings in silica optical fibers are sold ooencially, and more recently Bragg
gratings in polymer optical fibers are now starttngbe considered for some applicatiGhs.
Also, reports on Bragg gratings in planar polymeveguides can be found, for realizing
(tunable) laser€! (tunable) narrowband filtetd, temperature sensdf,or strain sensofd.
However, until now, those structures were nevelizea in thin foils suitable for multi-axial
strain sensing or embedding in composites.

The grating corrugations are realized using UV imapant Iithograph)},m] and the
waveguides either also using imprinting, or usiasgl direct-write lithograpHy*! The most
important steps of the imprinting-based fabricawacedure are illustrated in Figure 1la and
briefly discussed below; more details are givethea Supporting Information. First, a channel
is created at the top surface of a spin-coateddoigdlayer using an imprinting stamp
comprising the negative ridge-like patterns. Aft¢v-curing this cladding layer, the core
material is spin-coated on top of the imprinted refe&d and subsequently imprinted with
another stamp comprising the grating corrugatidisally, another cladding layer is spin-
coated to obtain a symmetric cladding-core-claddiveveguide sensor stack. The (foil)
substrate serves as an extra support to realizand-alone sensor, or can be removed after
the fabrication to yield a minimally obtrusive, ralthin sensor which can be integrated in a
mechanical structure to be monitored. Figure 1cwsha finalized sensor foil with an
integrated 45 strain rosette, including a fiber connection feading out the reflection
spectrum.

The type of optical polymers used, determines #i¢ation processes that can be applied,
the resulting sensor properties (such as sengitilaut also the mechanical properties and the
interaction between the sensor foil and the meciadmsitructure to be monitored. For these
reasons, this paper discusses the potential ofptihgmer sensor foils based on sensors
realized using 2 types of materials: hybrid organarganic materials, i.e. Ormocers®, and

epoxy (EpoCore and EpoClad materi&ld)Ormocer® has a relatively low optical loss at the
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operating wavelengths and allows realizing long wganges in which multiple Bragg grating
sensors are integrated for multi-axial sensingnggshe epoxy, very thin sensor foils are
realized which allows demonstrating the small begdiadii and large elongations that these
polymer foils can undergo. Furthermore, epoxy niaterare widely used as matrices in
composites, making this material ideal for reatizgensor foils compatible with embedding
inside composites.

The response of the multi-axial sensor rosettdéreoonswas determined by bending it under 2
orthogonal directions when mounted on a composiéeplsee Experimental section). The
plate (25 x 31 ¢m0.81 mm thick, composed by 2 layers of unidirectigiass fiber oriented
at 0 degree and kept together by an epoxy-matrix) aoetha surface-mounted multi-axial
(MA) Ormocer® foil having 3 sensors oriented un@e#5 and 90 degrees, as illustrated in
Figure 2a. Additionally, 2 reference FBG sensofsictv have a sensitivity of 1.2 pp#, were
mounted under 0 and 90 degrees. The sensitivitghef Ormocer®-based sensors (i.e.
1.4 pmfeg, or 17% larger than for the FBG sensor) was detexthusing a separate tensile
test (see Supporting Information). A controlled treetcal excitation of the sensors was
applied with a standard 4-point bending (4PB) tﬂrst:eduré?m In this condition, the strain
acting on the sensors is uniform and linear widpeet to the force and displacement imposed
by the test bench (see Experimental Section), Wiaiciitates analyzing the sensor behavior.
Figure 2b shows the output signals (i.e. Bragg \eangth shift) of the sensor under test along
with those of the reference FBG sensors as a famati applied displacement while loading
the plate in tension and compression undear@ 90. This experiment clearly demonstrates
the sensor’s capability for multi-axial strain segs the sensor oriented along the direction of
the largest strain, shows the largest signal, wthieperpendicularly oriented sensor shows no
or a small signal. It can be shown (see Suppottifgmation) that the theoretically expected

strain at the surface and orthogonal to the bendingction is 0. This is reflected in the
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signals from the FBG sensors, but not entirelyhi@ signals from the polymer sensor foil
which are clearly non-zero in that direction. Tlkagon is the non-zero strain in the direction
perpendicular to the foil which is translated i@o in-plane strain component in the sensor
through the Poisson effect. Because of the muchedoXoung’s modulus and higher
Poisson’s coefficient compared to that of FBG se)gbiis effect is only seen in the polymer
sensor. Eventually, this effect can therefore Bxlus our advantage for recording the out of
plane strain inside composite structures.

A third sensor (in the case of this experiment ghasor oriented under 45s required to
retrieve the engineering shear straify = 0.5¢g45 — €0 — €90, Where the subscripts indicate the
sensor orientation). In our case, considering thentation of the gratings, the laminate lay-
up and the applied load, the shear strain has welwe Therefore, the strain measured by the
sensor oriented at 4Bnust be equal to the semi-sum of the strains medsy the other two
sensors which is in agreement with the results shiawrigure 2b.

Since there is a linear relation between strain dispplacement, the results of this test
demonstrate the linearity of the multi-axial sensoth respect to strain. Comparing the
loading tests in tension and compression, it caseled that all sensors show very similar (but
inverse) behavior showing the same sensitivitiespfusitive and negative values of strain.
Comparing the loading tests under 0 anél #0can be seen that the sensitivity of the sensor
MA-0° (when loading is along °Odegrees direction) appears slightly higher than the
sensitivity of sensor MA-90° (when loading is alo®@ direction), while the sensitivity of
the reference FBG sensors is the same in bothtidinsc The reason for this slight deviation
is attributed to the accidental thicker glue layeider sensor MA-Osituated close to the
connector so that it locally undergoes a largeaxistwhen bending. However, for the MA-90°
sensor, which did not suffer from this, the obsdr28% higher sensitivity compared to the

reference FBG sensors is very similar to the exquet?% difference in sensitivity. Figure 2c,
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in which the plate was bent by imposing a periadigplacement according to a haversine
function with a frequency of 0.5 Hz, further demiwates the multi-axial sensor behavior as a
function of time and the ability to synchronoustadout the 3 sensors.

The previous shows the design flexibility of theofmic sensor foil technology: a large
amount of sensors with a defined orientation cambéiplexed in a single foil. In addition,
polymer sensor foils have many other attractive @rigs. Since polymers have a low
Young’'s modulus and can be shaped into thin flexiblls, the resulting sensors can have a
large deformability, or even conformability whemesthable materials are uséd. This
capability was demonstrated by realizing polymersses without supporting foil carrier, to
achieve the thinnest possible sensor foils. This a@omplished by fabricating the sensor
stack on top of a release layer, so that free-stgnaltra-thin sensor foils could be obtained
after releasing (see Supporting Information). Udimg technique, 35, 50 and 1Qt thick
sensor foils were realized in optical epoxy mater{enore precisely EpoCore and EpoClad
from MicroResist TechnologV¥. Although functional, the 3m thick foils were found to
be too thin and fragile to handle them properlyjlevkhe 100um foils were already rather
thick. Therefore, most of the work was done basedhe 50um thick foils, being very thin,
but still thick enough to provide sufficient meckat stability for handling in most
applications. The flexibility of the sensor and lépito undergo small curvature radii was
demonstrated by subjecting a jn@ thick sensor foil glued onto a 1@k thick PET foil
down to increasingly small bending radii (see Expental Section). Figure 3a shows the
Bragg wavelength shift of such a sensor as a fonati the sensor radius of curvature and
estimated strain. It can be seen that the sensob&dent down to small radii (~11 mm) and
can be strained significantly without compromisfagctionality. From a mechanical point of
view, even smaller bending radii are possible,vailltlead to increased optical bending loss

in the optical waveguide and therefore reducedaers$lection signal for the current design.
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To further demonstrate the sensor’s capabilities,30um thick sensor foil glued onto PET
foil was slowly elongated using a tensile testetil uhe glue started delaminating. Figure 3b
shows that this yielded a maximum Bragg wavelergitifit of 18 nm, corresponding to a
strain of 1.4%. As is commonly observed for Brag@tigg sensors undergoing such
elongations, spectral widening was visible as ftated in the figure insets. Nevertheless,
after releasing, the sensor spectrum recoverduktoriginal state.

The mechanical flexibility and low thickness is aladvantageous for unobtrusively
integrating those sensor foils in mechanical stmas. For the epoxy sensors, the integration
in composite structures is particularly interestisigce a large class of composite materials is
based on a similar epoxy resin keeping reinforceniiéaers together. Therefore, it was
investigated whether such sensors of differentktiéss survive a typical resin infusion
composite fabrication cycl&” (see Experimental Section) when inserted insidectimposite.
The 35um thick sensor foils showed significant deformataure to their too low stiffness.
The 50 and 10Qm thick sensor foils, however, showed only mindiod®ation as illustrated
in Figure 3c, showing cross-sectional microscopages at different magnifications along the
length and width of the rectangular sensor foilsbedded in a composite specimen.
Furthermore, there was no significant distortionesbaed in the sensor signal following the
embedding process, except for a wavelength shitfefn nm caused by residual strain in the
composite after cooling down, a phenomenon inhet@rthe fabrication technigl®! The
correct operation of the sensor was verified byfgering a tensile test on a composite
specimen having a 5@m thick sensor foil integrated. The obtained sesggral as a function
of applied strain (1.08 pmé¢, see Figure 3d) was only slightly lower than tleecin which
such a sensor was realized on the surface of sisge@men (1.27 pmé, see Supporting

Information), the slight difference may be due tdifference in the strain transfer from the

host material to the sensdf.
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In conclusion, a new class of thin polymer stragmsor patches has been realized. The
various gains of using polymers and their implicaton the resulting sensor properties have
been shown. Polymer sensor foils can be flexible thild making them largely deformable
and suitable for unobtrusively integrating in meabal structures. By using polymers, a large
design freedom is possible and depending on theretmtype of polymer, the sensors can be
optimized for different aspects. In this work, itasvdemonstrated that using Ormocer®
materials, which have a relatively low optical lcmsd are compatible with imprinting, a
multitude of sensors in different orientations t@nmultiplexed in the same foil, for example
to realize multi-axial strain sensors. Those sensare found to be very linear and have a
slightly higher sensitivity (i.e. 1.4 ppe£) compared to standard FBG sensors. Using another
material, epoxy, it was demonstrated that funcligeasor foils down to a thickness of ot
could be realized. Those sensors were bent dovenramlius of 11 mm, elongated by 1.4%
and were embedded in epoxy-based composite matevidiout degradation of the sensor

performance.

Experimental Section
4-point bending tests on Ormocer® sensadis characterize the multi-axial behavior of the

sensor foil, it was subjected to compression andit@, along 2 orthogonal directions,
labeled 0 and 90. Therefore, it was glued (using a thin layer of 83 epoxy-based
Loctite) in the center of a 0.81 mm thick glass ffil@nforced composite plate measuring 25
x 31 cnf with reinforcement fibers parallel to the longgkite direction (= Odirection). As a
reference, 2 standard FBG sensors were glued glaalboth the Dand 90 direction using
the standard procedure as advised by the prokderthe bending test, a 5800R Electro-
mechanical Instron was used, equipped with fixtina@sng cylindrical rods with a center-to-
center spacing of 228 mm below the plate and 143omop of the plate, as illustrated in
Figure 2a. To apply compression or tension on émsars, the bottom fixture was moved up

9
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with a speed of 0.1 mm/s and a maximum displacewfénimm to induce bending of the
plate. In such a 4-point bending test, the displtesrg and resulting maximum strain at the
center of the plate are linear with respect toagglied load. Details on the theoretically
expected mechanical behavior based on a simphfiedel can be found in the Supporting

Information.

Bending tests on epoxy sensofte 50um thick epoxy sensors were tested towards small
curvature radii and large elongations. To facditétandling, a test specimen was made by
gluing the ultra-thin sensor, having a fiber coriaddo it, onto a 17gm thin PET foil strip
using a thin layer of EA 9483 epoxy-based Locflteis specimen was bent in a U-shape by
clamping it between 2 parallel horizontal platesvdfich the separation was precisely
controlled using a translation stage. By progredgivmoving the top plate down, an
increasingly small bending radius was induced. m&a was used to visualize the bent
specimen from the side and based on those imagkepast processing in Matlab, the radius
of curvature at the location of the sensor wasrdeteed. From the radius, the theoretically
expected strain in the sensor was estimated usmégtler—Bernoulli beam theory assuming

uniform material properties.

Embedding epoxy sensor foils in compositégee composite test specimens were fabricated
using the vacuum assisted resin infusion prod&$sn this process, a stack of layers of dry
fibers (i.e. reinforcement fibers) are impregnatath a low-viscosity resin (i.e. matrix) by
means of a vacuum created inside a mold. Fourdayeunidirectional glass fiber (500 fm
UDO E S500 from SGL GrouPJ' were impregnated with a 2-component epoxy resin
(RIMR135+RIMH137 from Hexion}*®!. Epoxy sensor foils with a thickness of @5, 50um

and 10Qum, a width of 10 mm and length of 40 mm were plabetiveen the middle two

10
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fiber sheets. After impregnating the fibers, thaimewas cured for 24 hours at room
temperature and a post-cure was performed in an (A& hours at 80°C). For inspection of
the embedding quality, cross-sections were madggdle sensor width and length direction
(Figure 3c). For testing the functionality of thealeedded sensor, a composite test specimen
was cut out (measuring t x w x | = 1.5 x 40 x 11®3n having a thin sensor foil integrated
close to the short side of the specimen, as ilitsstl in the inset of Figure 3d. This allowed
gluing an optical fiber to the specimen for readowg the sensor data. Afterwards, steel
blocks were glued on both short sides of the speweijnt was clamped in an Instron® (model
8801) tensile tester, and actuated with a crossepadd of 0.2 mm/min. A 10 mm gauge
length dynamic extensometer with a strain rang&0®f6 was mounted on the specimen to
record the actual strain at the grating sensottilmta@and the resulting sensor signal (i.e. Bragg

wavelength) was recorded as a function of strain.

Supporting Information
Supporting Information is available from the Wiléyline Library or from the author.
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Figure 1. (a) Imprinting-based fabrication process for raly thin sensor foils with 3

grating sensors (having pitchas, /., A\z) all multiplexed in the same optical waveguidg. (b
Typical reflection spectrum of the sensor foil. Rgalized sensor foil illustrating the grating
locations (overlay drawing) and showing the fibenmector for readout.
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Figure 2. Multi-axial (MA) Ormocer® sensor foils (a) Fouripbbending test setup

including the sensor configuration as seen frontape (b) Sensor foil output signals (=
Bragg wavelength shift) compared to the output dgyfram reference FBG sensors for
loading of the plate in compression and tensionaadg two orthogonal directions. (c)
Sensor output signals as a function of time whetically compressing along the 3 directions
under which the sensors are oriented.
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1. Ormocer®-based multi-axial sensor foils
A. Multiplexed Bragg grating design

The reflection wavelength or so-called Bragg wangth Ag is defined by the Bragg equation,
i.e. Ag = 2.nes/1. Sincenes, the effective refractive index of the waveguided®s, mainly
depends on the used waveguide materidiggrating pitch) is the main design parameter that
can be chosen to tune the Bragg wavelength. Ifiphalgrating sensors (each having a Bragg
wavelengthdg ;) are implemented along the same waveguide, thaetingr pitch needs to be
chosen slightly differently to yield individually sternable reflection peaks. Herein, a Bragg
wavelength separation of about 12.5 nm was choSerce most commercially available
Bragg grating readout systems operate roughly en1fh10-1590 nm wavelength band, the
following grating sensor parameters were selected:

e Sensor 14g1=1555 nm/; =510 nm

* Sensor 24g>=1542.5 nm/, = 506 nm

* Sensor 34g3=1530 nm/13 = 502 nm
Furthermore, the grating profile and grating lengtétermine the shape of the reflection
spectrum. A rectangular grating with a depth of h@®and a duty cycle of 50 % is chosen as
a compromise between ease of fabrication througsriming and optical properties. To be

able to detect the Bragg wavelength shifts acclyatee reflectivity of the grating should be
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as high as possible and the bandwidth as smalbssilge. An approximation of the spectral

reflectivity R(A) response can be obtained using the coupled-medeytiil]:

R(/1)_| jksinG/o? —x7L)

_‘\/52 —k?cosf/8% - k2L )~ 0 sing/ 82—k 2L j

|2

where

nz 3 2 2 31 2
- 2 a r]core B nclad |:1+ 3AB + B :|
3 2 2405 2. .2 2 2 '
3AB|d ncore 2a7T(n - nclad 4ar ( ncore - nclad

a the grating depthl, the grating order (= 1 in our case)the waveguide width (8m), L
the grating length, and_ ., n..4, Nsthe core refractive index, cladding refractive xdend

waveguide effective index respectively.

BW R

T 08 [\ = y
= \ o 5 P
\ A 7~
206 |® 4
2 g g
5 e - g 10
o 04
02 -15
0 -20
1000 6000 11000 16000 1000 2000 3000 4000 5000 6000

Number of periods Number of periods

Figure S 1.3 dB bandwidth (BW) and peak reflectivity of thectangular Bragg grating in a
single mode polymer waveguide as a function ofntlvaber of grating periods.

Simulations show Rigure S 1) that the bandwidth decreases and the peak reftgct
increases with increasing number of periddiswever, longer gratings tend to show increased
peak broadening due to the increasingly higheecflity of detuned wavelengths and due to
grating pitch non-uniformity because of fabricatioaccuracy and furthermore short gratings

are preferred for localized sensing. A grating witbre than 5000 periods does not show a
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significant further increase in reflectivity or dease in bandwidth. Therefore, the grating
sensor farthest from the fiber connector (sensse8,alsd-igure S 2 was implemented with
5000 periods. Although the intrinsic reflectivity ¢lis grating is close to 100%, the
waveguide propagation losses, bend losses and corméosses will reduce this value. The
number of periods for the second and third gratiag chosen so that the effective reflectivity
of the 3 gratings does not differ too much so thatsensors are compatible with the limited
dynamic range of commercial interrogators. Base@mmestimated value for the propagation
loss and bend loss, 4000 and 2800 periods wereeohos sensor 2 and 1 respectively. As
can be seen from Figure 1c, the losses were gliginilerestimated, but a difference <3 dB
in effective reflectivity between the neighboringalks was achieved, which allows the
readout of the three peaks simultaneously.

The waveguide, in which the grating was implementegds designed to be single mode.
Since the cladding and core material refractivexn@tA=1550 nm) are fixed (OrmoClad, RI
= 1.528, OrmoCore, Rl = 1.537), the cross-sectiatialensions of the waveguide (i.e.
3 x 4pum?) were chosen to obtain a mode field diameter dogkat of a single mode fiber (to
reduce the coupling losses) while at the same $satssfying the single mode condition. In
this work, standard single mode fibers were couptethe sensor foils because then they

become directly compatible with commercial inteatmys for their readout.
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Figure S 2.Schematic layout of the multi-axial sensor showtimgjorientation of the 3
grating sensors and the location of the fiber cotore

To implement a strain rosette, the 3 sensors weeated 453 with respect to each other, as
illustrated inFigure S 2 In this research, the straight waveguide sect{oiiere the gratings
are implemented) were chosen relatively long (10)ravhave enough margin for testing out
various grating designs. This leads to a total @easea of 15x15 mm(dashed gray box in
the figure). However, since the final grating ldngf the longest grating (farthest from the
coupling point) was chosen to be only 2.5 mm, tbeser patch can be made much more

compact in the future and a total sensor area b&¥0 mn can be obtained.
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B. Fabrication based on imprinting
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Figure S 3.Schematic illustration of the waveguide + gratialgrication process based on
imprinting.

The Ormocer® sensors were fabricated using an mapg process both to define the
waveguides and the gratings as schematically ifitestt inFigure S 3 The basic principle is
that after a master mold is fabricated once, raptan be made in a transparent flexible
polymeric working stamp, and each of them can thensed multiple times to imprint a UV-
curable polymer resin yielding the same featuresnathe master after UV-curing. Once such
working stamps were available, the sensors werecttbd as follows. First, a 18n thick
layer of OrmoClad (a type of Ormocer® formulatiovgs spin-coated on a 1¢{#n thick PET
foil as substrate (a) and using imprinting withugtable working stamp, small channels were
formed in this layer after UV-curing the OrmoClda,qd). Then, a thin layer of diluted
OrmoCore (another type of Ormocer® formulation wattigher refractive index) was spin-
coated on top of the channels and after a bakieg tte layer was covered with a working
stamp (e) containing the grating structures andsuasequently UV-cured (f). The use of the

working stamp in this step has 2 functions: (i)d&fine the grating structures at the top
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interface of the waveguide and (ii) to force thensppated OrmoCore material into the
channels by capillary action. A final spin-coatedm©@Clad layer finishes the fabrication
process. Several standard baking steps were apghliag this process, but were omitted in
the description above for brevity.

Further details on the master mold and working ptéabrication are given below.

After fabrication, a testable sensor foil was afdi by cutting away the unused edges of the
PET substrate using a wafer dicer equipped withaandnd-coated blade. This step also
exposes the waveguide cross-section so that aesmgde fiber can be connected. This

connectorization process is described below.

Master mold fabrication

The waveguide master mold was fabricated usingdat@nmask lithography on auBn thick
EpoCore layer spin-coated on a 4" Si wafer sulestrétfter the developing step, the
remaining EpoCore structures consisted of the sevef waveguide ridges (i.e. channels)
being 4um wide and 3im high on the Si wafer.

The grating master mold containing three gratingsnéed 43 with respect to each other was
fabricated using e-beam lithography on a 100 nrokti®MMA layer (950-PMMA, A3
version; dose 35(C cni?) coated on a 4” Si wafer substrate. After expastive sample was
developed for 30 s in a MIBK developer : IPA mixuin a 1 : 3 ratio) followed by a 30 s

rinsing step in IPA.
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Figure S 4.Schematic illustration of the working stamp fahtion process starting from a
master mold.

As illustrated inFigure S 4 the master mold (a) was replicated in an PFPEbile stamp
material by first casting a liquid mixture of a fd@oropolyether (PFPE) polymer (Solvay
Fomblin® MD40) and photoinitator (Irgacure) in a 0.03 ratio by weight onto the master
after which it was distributed over the wafer bynspoating at a slow speed (500 rpm) (b).
Then, the sticky side of a transparent PET-baskdsade foil was brought in contact with the
liquid layer (c) and the PFPE layer was UV curedhwa broadband UV source (30 s at
35 mW/cn?), after which the created flexible mold was reéehdrom the master mold
yielding the so-called working stamp.

The working stamp with the grating rosette wasgrened using an analogous process flow.
With this process, 2 working stamps were fabricatee with the waveguide structures and

another with the grating structures.

2. Epoxy-based ultra-thin sensor foils
A. Design of the Bragg grating sensors

The epoxy single mode waveguides consist of an BpQefractive index 1.577 at =

1550 nm) waveguide core surrounded by an EpoC&dafttive index 1.570 at = 1550 nm)
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cladding. Since the refractive index differencenmssn both is slightly different than for the
Ormocer® materials used, the cross-sectional wadegudimensions were also chosen
differently, i.e. 5um x 5um. These dimensions were optimized previously teldyi
waveguides with low coupling loss to standard t@hesingle mode fibers [2].

The grating pitch was 505 nm, yielding a Bragg Wewgth of about 1573 nm, which is
compatible with available readout equipment.

B. Fabrication using laser-direct writing

& &

(a) Cladding with imprinted grating lines (b) Spin-coating of core layer
(c) Selective UV exposure using DWL (d) Develop unexposed material

Figure S 5.Schematic illustration of the epoxy waveguide i@dition process.

Since the final aim was to achieve ultra-thin serfeds, the sensors were fabricated on a
temporary glass carrier with release coating (PI12polyimide from HD microsystems) so
that the epoxy sensor layers could be releasednaftds. In such a way the final sensor foil
thickness depends on the total spin-coated layekrtesses. Herein, sensor foil thicknesses of

35um, 50um and 10Qum were realized.
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The fabrication process is schematically illustdate Figure S 5and described below. First,
an EpoClad layer with half the final sensor thicksi@vas spin-coated on the glass substrate
with release coating. The adhesion of the EpoCrad the release layer was good enough for
the temporary adherence during the fabricationgsecbut still weak enough so that it can be
released afterwards. Then, a grating was imprimetthe spin coated layer (a), similarly as
described above. However, since the EpoClad coasingplid at room temperature, the
imprinting was performed on a hotplate at elevatdperature. Afterwards, apbn thick
EpoCore layer was spin-coated (b) which was selegtiexposed to UV using a Heidelberg
DWL66+ direct-write lithography system (c). Afteewkloping the unexposed material (d), a
second EpoClad layer with half the final foil thidss was applied. Using this technology,
several sensor foils could be fabricated on thees@mporary carrier and were afterwards cut
out to the required dimensions using a Nd:YAG I¢aer 355 nm). After the cutting step, the

sensor foils could easily be peeled off due tdithéed adhesion of the release coating used.

3. Calibration of the sensors: sensitivity analysis o$ingle sensors
In order to calibrate the sensor’s sensitivity ti@ig and temperature, simple test specimens

were made consisting of epoxy-based and Ormoces®ebaensors fabricated on top of a
glass fiber reinforced composite (FR4) substratee ®abrication steps were very similar to
those which were used for the final sensors whirehdescribed above. The cross-sectional
dimensions of the waveguides wergm x 3um and 5um x 5um for the Ormocer® and the
epoxy sensors respectively, which are the samerdiimies than those of the final sensors.

A. Preparation of the specimen for testing
To make a testable and robust sample, an SMF-28:sinode optical fiber was pigtailed to

the sensor waveguide using a UV-curable epoxy adddicated connector. In addition, to
clamp the sample into the tensile tester, steetespawere glued on both extremes of the

specimen (see Figure 3d).
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B. Sensor sensitivity with respect to strain

Tensile tests were performed in displacement comiith a crosshead speed of 0.2 mm thin
using an 8801 servo-hydraulic test machine fronrdm® with a 100 kN load cell. A 10 mm
gauge length dynamic extensometer with a straiggaof £10% was mounted on the
specimen (at the grating location) to track theodehtion and strain.

The reflection spectrum peak was tracked usingdacdted optical fiber sensor interrogator
(FBG-Scan804 interrogator from FBGS Technologiesb8ijnoperating from 1510 nm to
1590 nm and with a resolution of 1 pm.

Since the data acquisition from the extensometertlaa optical fiber sensor interrogator were
performed at different rates, the acquisition tist@mp was used for synchronization. The
strain data was linearly fitted with respect todiand the result of this linear fit was used to
correlate the recorded strain with the recorded)@raavelength.

The data obtained from the tensile tests is shaowhigure S 6 The results given by the
associated linear fits lead to sensitivitiesAN/Ae = 1.27 pm/g for the epoxy-based and
AMNAe = 1.41 pm/g for the Ormocer®-based sensors. These values argparable (or
slightly higher) than those previously reported toretched polymer optical fiber sensors
[3][4]. Commercial DTG®-type silica-based fiber sers have a typical sensitivity of

1.2 pm/ie£ when operating in the same wavelength range.

10
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Figure S 6.Recorded Bragg wavelength as a function of reabsti@in for (left) epoxy and
(right) Ormocer®-based polymer waveguide Braggiggasensors.

C. Sensor sensitivity with respect to temperature
The temperature tests were performed in a temperatontrolled environmental chamber

(Eurotherm2408 from Instron®) which has a port lo@ bottom to allow the pigtailed fiber to
be connected to an interrogator outside the chanilver sample was positioned in the center
of the chamber with a Type K thermocouple measuttiregenvironmental temperature in the
near vicinity of the grating. The temperature of thamber was ramped up between°@0
and 60°C. The sensor data acquisition was performed (thighsame interrogator previously
used) every BC after letting the temperature stabilize in thencber for 5 minutes.

The results of the temperature tests are shoviagure S 7and the sensitivities given by the
associated linear fits ar®\/AT = -90 pm/C for the epoxy-based amd\/ AT = -250 pm7C

for the Ormocer®-based sensors.

11
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Figure S 7.Recorded Bragg wavelength as a function of reaboti@mber temperature for
(left) epoxy and (right) Ormocer® based polymer waude Bragg grating sensors.

4. Theoretical analysis of a composite plate undergogna 4-point bending test

Applied force F=fb

v =2,90 degree
Frame displacement wy /

1351 12,/ mn/
- - | 'S v
4 sensor foil ’
—_—

! | A

)} 4

x=1, 0 degree

f/2 | f/2
L -

‘ w (positive out of plane displacement)
.

Figure S 8.lllustration of the plate undergoing the 4 poiahtding configuration.
According to classical laminate plate theory CLBJ, fhe bending moment per unit width
acting on the edge with normakXk is given by

0w 02w 0w

M, = —Dy; W — Dy, a_yz - D16m 1)

where 031, D, and Dg are the bending stiffnesses amthe out of plane displacement.

12
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Since the glass reinforcement fibers are aligneth wie x axis, Dg=0. Furthermore, for a
laminate composed by two unidirectional layers affyal reinforcement fibers at O degree,

D11 and D, are given by

E.h3
D., = (2a)
" 12(1 — vy v21)

e 12(1 — v15 V1)

For a 4PB test, the displacement enforced by tlke hench will impose a cylindrical
2

deformation of the plate%%’ = (). The bending moment at0 andx=I can be written as
y

follows

F(L-1 0w

= — - 3
4b D1y 0x? ®)

M,(x=0,x=1) =

By integrating Equation (3) with respectx@and considering that at0 & x=L, the out-of-
plane displacementv is equal to displacement imposed by the test frame(Ww(x=0 &
x=L)=w;), the following expression faw(x) is obtained:

F(L—1)
w(x) = —an(x—znwf @)

Using CLPT, the axial strains acting along the daiomns parallel (O degree) to the

reinforcement fibers can be derived from equatiraé follows

F(L-1D)
8bD.,

F(L—-1)
4bDy,

" " ox 2

du 1,0wm\> 9*w odu 1 2
So(x;z):a‘*‘i(a) = 2x—-D| +z (5)

whereu is the midplane displacement. Since=d & x=I the simply-supported boundary
condition is imposedj can be written as:

mmnx
u(x) = z umcos( l ) (6)
m=1,3,5,...
and hence
Ju(x) —mm . /mmx
b l umsm( l ) (7)
m=1,3,5,...

13
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At the location of the sensor fou1/2, z=h/2), 9ut) —  and therefore equation (5) evaluates
i X
in:
Fh(L —1)
eo(x = l/Z,Z = h/Z) = W (8)
11

The straingo acting along the direction orthogonal (90 degteehe reinforcement fibers is
negligibly small in the 4-point bending configuaticonsidered [6].

Furthermore, considering the loading condition, ldimainate layup and the orientation of the
sensor foil with respect to the material symmetxis,ano in plane shear strain is present.
Consequently, given the 45 degree rosette contigureof the sensors, the axial strain

measured by the grating in the 45 degree mustyind following relation [7]:

€45 = 5 9)

5. Additional measurements
A. Ultra-thin epoxy sensor, bending, in tension

The 50um ultra-thin epoxy sensors were subjected to a murabtests to demonstrate their
potential. In the main document, it was alreadyshthat the sensor foil can be bent to small
radii, can undergo large strains and can be emlbedidecomposite materials without
compromising performance. Here, the results of ddit@nal cantilever bending test are
discussed.

A test specimen was made by gluing the ultra-teimssr, having a fiber connected to it, onto
a 175um thin PET foil strip. This specimen was clampedloside with the sensor facing
upward, as illustrated ifrigure S Q. In this way, the sensor is loaded in tensionnwhe
pushing down the specimen at the free end using. 8 progressively moving the pin down,
an increasingly large deflection of the specimeth la@nce tension in the sensor was induced.
A camera was used to image the bent specimen fiersitle and based on those images and
post processing in Matlab, the bending radius atltication of the sensor was estimated.

From the bending radius, the theoretically expestegin in the sensor was estimated using
14
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the Euler—Bernoulli beam theory assuming uniformtemal properties. The results are
plotted inFigure S %, showing the recorded Bragg wavelength shift &snation of strain

and radius of curvatures of the test specimen

Radius of curvature (mm)

60 40 20 0

2000 3000 4000
Strain (ue)

Figure S 9.(a) Side view of the test specimen bent using alpiing the cantilever test and
(b) resulting sensor output (Bragg wavelength sh#ta function of strain in the sensor and
radius of curvature of the test specimen.
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