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Abstract:

Circular sEains require more accurate product labelling and traceability. In the apparel

industry, ;SOEuct !ife cycle management is hampered in part by inaccurate, poorly readable,

and detach ndard care labels. Instead, we seek to enable a labelling system that is
integrated Wt fabric itself, intrinsically recyclable, low-cost, and enables high
informa elity and rapid readout after years of normal use. In this work, all-polymer
photon re designed and then fabricated by thermal drawing with >100 low

refractive index contrast (An=0.1) layers having sub-micrometer individual thickness;

enabling mhable reflectance features in the 1-5.5 um wavelength range, characterized

using in-ser transform infrared spectroscopy. Drawn fibers are then integrated into
multiple ctures and characterized by near-infrared spectroscopy and short-wave
infrared 1mpaging, techniques commonly used in industrial facilities for sorting materials. The

fibers’ op'ﬁgn also enables use of overtone peaks to avoid overlap with parasitic
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molecular absorption, substantially improving signal-to-noise ratio (and therefore ease and

speed) of readout. The ability to produce kilometers of fiber that are compatible with existing

textile man i

ring processes, coupled with low input material cost, make these a potential

market-vi ement over the standard care label.
N
1. In!oductlon
Mo, nsumers increasingly want to know more about the environmental and
geopolitica ct of their purchases, including how a product is made, what materials go
into its m ctite, where it was made, by whom, and under what conditions. Furthermore,

there is a wow what happens to these products once they have reached the end of

their useful life. This is especially true in the apparel industry where the current method of
communi:ﬂs information, the standard care label, can be misleading or inadequate. A
study of pmumer clothing found that 29% did not have a legible care label; of those

that di inaccurate composition information.!"! Missing or inaccurate knowledge

around fiber cofposition can make textile recycling, with rates currently less than 15% in the
United States, cost-prohibitive; leading to over 17 million tons of textiles being sent to the
landfill eas year.[2’3] The Sorting for Circularity Project Europe, covering Belgium,
Germany, erlands, Poland, Spain, and the United Kingdom, recently estimated that,
with efﬁcgng infrastructure, it would be possible to profitably recycle 74% of current
end—of—lif&abrics, either mechanically or chemically, into fibers for new garments.”! Thus, a
more ef“ing system of textiles for recycling or upcycling into high value feedstocks
is needed.Eaccurate and durable labeling approach that also enables an automated,
rapid sortin acing system could dramatically increase recycling rates, detection of
counte& intellectual property or material theft.

Deficiencies in the standard care label have been known for decades, and many

alternatives have been proposed and prototyped. In the early 2000s, radio frequency
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identification (RFID) clothing tags were introduced due to the ability to scan many tags from
a distance simultaneously and, while gaining broader market reach in recent years, have not
been imple d widely due to high cost and privacy concerns.>® More recently, quick
response ﬁhave increased in popularity, as they enable each item to be assigned a
unique gog,?dare readable with now-ubiquitous smart phones. A major drawback to QR
codes, or tagebased barcode, is that they are typically attached at the stage where the
garment imctured from the constituent textile, thereby missing critical steps that
follow in We supply chain, and thus falling short on product life cycle and traceability
requireme@igure 1A illustrates. Furthermore, they are easily detachable and/or
become uﬂ over the lifetime of the garment. Focused on creating non-removable

tags, rese so proposed using a randomized pattern of magnetic nanoparticles screen-

printed oent as a “secured” tag, as well as integrating a yarn segment that was

d in a particular manner to encode information.””* Both methods require

complex al s to deconvolve and identify the patterns that have been created, whether
on the fabric or 1n the yarn itself. More recent efforts to achieve early identification of fibers
have utiliid trace amounts of either customized DNA sequences or fluorescent nanoparticles

1% While both methods are traceable throughout the life cycle, they

to “tag” fi ctly.
have high la ory testing costs (PCR replication for DNA) or direct material costs (rare
earth fluor€scent nanoparticles can cost >$30/mg). Furthermore, the nanoparticles may be
difﬁculm at the recycling stage and have the potential to contaminate the optical
signal of f@ches. No fiber or fabric-integrated tracing system has been developed yet

that allows fi -cost, accurate, and high-speed identification at all life cycle stages.
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Figure 1: Tragi hnology Coverage of Textile Supply Chain and Proposed Integrated Fiber Barcode
(FB) A) The textile Supply chain can be roughly broken down into the following segments; fiber to yarn to fabric to
onsumer to end of life. Currently, end of life typically means being sent to the landfill but an
being developed in which end of life textiles go to a sorting facility and are then recycled. The
standard care lab s well as QR codes and RFID tags (blue trace), are typically added at the garment stage
emoved/unreadable after consumer use. DNA and fluorescent nanoparticle tracing methods
(red tra grated at the fiber stage but are not easily readable by consumers or at high speeds on
commercial sorting equipment (patterned red trace). A fiber-based barcode is integrated directly into the fabric
and can be read quickly at intermediate life cycle stages as well as at automated sorting facilities (green trace)
enabling a Ssed material loop. B) Manufacturing schematic of photonic crystal fiber via thermal drawing. A

Draw Faster/Slower

macroscale mposed of alternating layers of commercially available polycarbonate (PC) and polymethyl
methacrylate films are thermally drawn into a microscale fiber with sub-5 um layer thicknesses (see

SEM of fiberggf@Ss88ection inset). Given the refractive index contrast between PC and PMMA (An~0.1), a fiber
with a desir m d reflectance spectrum (Awen) is achieved through varying draw rate; higher rates result in
thinner laye pdine FTIR measurements are utilized to compare the infrared reflectance signatures of the

photonic fibers 10 the inherent absorption in the constituent materials of the fiber (right plot).
Neo ared (NIR) spectroscopy has seen considerable investment by municipalities

subseque ing, most notably the SipTex and FiberSort programs.!'!! Polyester, cotton,

in Europe e identification and sorting of kilotons of post-consumer textiles for

silk, and ave different infrared “fingerprints”; molecular groups in the fibers absorb

and re t differently and thus can be used to differentiate textiles based on fiber

content.!'? Previls reports have shown, however, that identifying fiber blends from their

NIR signatures is error-prone due to numerous and overlapping absorption peaks from the
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constituents, preventing quantification of the percentages of overall composition, information

(3151 Eyen more advanced optical techniques, such as

critical for the recycling process.
hyperspec!r imaging, had difficulty in classifying fiber blends as well.['
A lution to the challenges described above is to integrate an optical

identiﬁgr !mfabric that is spectrally unique from the chemical absorption profile of the
fabric conggitu or contaminants and can be catalogued and read like a barcode. It would
enable nomemical identification, but also carry additional information downstream of
the “yam’w Figure 1A, such as the fiber source for the yarn and fabric manufacturing
conditionsﬁble such a “barcode”, a strong, spectrally variable, deterministically
controlled r: ce response is needed to differentiate it from the background reflectance
and absorpi he fabric.

Omo achieving a strong reflectance “fingerprint” is by creating a photonic
crystal ich typically comprises periodic, quasi-periodic, and/or aperiodic
arrangement atter, each region having different refractive indexes and dimensions on
the order of the wavelength of light meant to interact with the crystal. Photonic crystals in
which the Sfractive index varies in only one dimension are known as one dimensional
photonic 1DPCs). Controlling the composition and spatial arrangement leads to
controllable cal signatures in reflection, absorption, and transmission. This high level of
optical coggl has enabled the use of photonic crystals in wide ranging applications,
includilwd highly sensitive chemical sensors.!"”"® While typical photonic crystal
designs rely on h;h index contrast materials, attained via inorganic dielectrics and
semiconduc .., titania, silica, gallium arsenide alloys), there has been an increasing
interest 1 ing purely organic dielectrics (polymers).['” While typically having a lower
index contrast then inorganic dielectrics, using polymers in 1DPCs in principle enables high

throughput cost-effective manufacturing as well as customized prototyping via widespread,
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[20-22

direct, additive manufacturing. I'The relatively low temperatures required for thermal

forming of polymers have allowed for high throughput direct extrusion of 1DPC fibers

through cusﬁied spinnerets, which is of relevance for fiber production./**) Direct extrusion

of photoni ers could potentially help achieve cost parity with more standard

syntheti-c gmwling widespread adoption.

In Bgeurigyl B, we consider an implementation of a IDPC in the form of stacked
polymer la different refractive index. Furthermore, we consider the use of well-
establishe | drawing as a method for size reduction of the laminated “preform” to
achieve the desifed length scale of refractive index domains.* By tuning the thickness and
refractive i ntrast between each layer, it is possible to create reflectors with unique
photonic 1 where the final detection “fingerprint” is achieved after a geometric
reduction ermal fiber drawing of a macroscale preform down to the microscale. In

this w ith over 100 alternating layers of low refractive index contrast polymers

enables the ¢ n of both narrow (based on the full width at half maximum — FWHM) and

high intensity reflectance peaks that can be tuned from the visible to the mid-infrared (0.5-16

um). Furtirmore, the fiber reflectance peaks are located away from absorptive regions of the
electroma ectrum. This enables the creation of kilometers of fiber with a precise,

arbitrarily ¢ photonic response that can be read using existing spectrophotometric

1

methods that require a high signal to noise ratio versus background material absorption. The

rest of €

[

ript details the key production steps and associated photonic properties of

the fibers as welljas demonstrating behavior of the fiber in woven textiles.

Ll
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Figure Eal and Overtone Peak Utilization as Barcode A) The concept of a fiber with a “barcode”

signature is achieved by creating multiple overtone peaks in the region from 1-5.5 ym. A general design
framework for creating a certain number of overtone peaks in the barcode region is provided by modulating the
thickness ofSe layers. The fundamental and overtone reflectance of a photonic crystal with high (t4) and low (t.)

al layer thicknesses is shifted to shorter wavelengths by decreasing the layer thickness as
h g (t/3) and blue (t/9) traces. The engineered fingerprint is derived from location and shape of
@ ed to the typical FTIR fingerprint which is derived from characteristic molecular absorption
in the mid-iNfliaredgSpectrum (5.5-13.5 pm, shaded). Peaks demonstrated are odd overtones as the optical
thickness of the PC/PMMA bilayer (npcpmma*tec,pvma) are almost equal leading to cancellation of even-ordered

overtones ison of measured fiber infrared spectra (black trace) with transfer matrix simulations (green
trace) derive@ from layer and cladding thicknesses. A micrograph of the fiber cross-section is included inset,

refractive in
indicated by
these peaks

showing al thickness of the two layers is not equal and resultant even and odd overtone peaks. C)
Transfer ix-si tions of the dependence of fundamental and overtone peak full width at half maximum
(FWHM) and'reflectance intensity on the number of layers in the photonic crystal. Reflectance intensity increases
with increa number while fundamental and overtone peak FWHM decrease with increasing layer
number. D) During fiber drawing process, variations in thickness can lead to shifts in the peak wavelength
and FWHM . axis). When thickness varies above or below a certain setpoint there will be a linear shift in

cation. As layers become thicker, the FWHM of both fundamental and overtone peaks will
point where the structure is no longer resonant at that wavelength signaling a shift to the next
highest nant peak (top, right axis). The number of layers in the photonic crystal is also a determining
factor in FWH ore layers will result in narrower spectral peaks for both fundamental and overtone
resonances (bottom). The odd overtone (A/3) is approximately an order of magnitude smaller FWHM than the
fundamental.

the peak wavel
decreas

2. Results and Discussion
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For a set combination of refractive indexes of the two polymers inside the fiber, it is
possibl“e photonic response by changing the thickness of the layers via the rate at
which theled, as shown in Figure 1B. Generally, higher draw speeds result in
increasgg gdigiigdewn ratios (DDR), or the geometric ratio of features in the final fiber as
comparedhiginal preform. Increased DDRs result in thinner layers, blue-shifting the

fundamenf@l phog@nic response of the fiber (Figure 2A). Typically, a IDPC is designed for a

photonic onse at a single fundamental wavelength, but in this work the aim is to
utilize a ¢ ination of the fundamental resonance with multiple overtone peaks, creating a
barcode “ nt”. Proper placement of the signature spectral features within the

electromag@netic spectrum is critical, as parasitic absorption in the mid- and long-wave

)

infrared (5 um) would reduce signal strength, as is evident in the extinction coefficient

plot in Fi

for multiple overtone peaks in the 1.5-5.5 pm regime, where the extinction
coeffic han 107, allows for a higher degree of reflectance. This is compared to
peak extinction coefficient values of greater than 0.6 in the mid-IR. Importantly, the

fundamen;a| and overtone peaks discussed here are in relation to the peaks created by

constructi @ estructive interference induced by the refractive index contrast between
layers, ﬂ)proximately 0.1, depending on wavelength. Resultant interference spectra
can therefre be il gineered and modified to encode desired information, not limited to only
the materi sition. This contrasts with fundamental and overtone absorption peaks that
appear as multiples of certain functional groups in the organic molecules. This will be
discus@n Section 2.2, as it impacts measurement at shorter infrared wavelengths.
An important consideration for realizing multiple overtone peaks is the difference
between even and odd ordered overtones. When the optical thickness (n*layer thickness) of

This article is protected by copyright. All rights reserved.
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both materials are nearly equal the even order overtones destructively interfere. Given the

relatively close refractive index of the two polymers, and similar layer thicknesses, there are

{

certain dra ditions, mainly when the lower index PMMA layers are thicker than the PC

layers, w tructive interference could occur and is demonstrated by the odd

]
overtones gh Figure 2A. When the material layer thicknesses shift away from the optical

thickness, @8 inte simulated and experimental data from a drawn fiber in Figure 2B, both

G

even and o rtones are apparent. Factors that determine the spectral signature include

S

layer thic refractive index contrast, as previously mentioned, as well as the number

of layers in the potonic crystal. Increasing the number of layers results in a decrease of the

U

peak FWH ell as an increase in the peak reflectance (Figure 2C). This narrowing effect

P

applies to fundamental peaks as well as the overtones.

The fiBerW¥iraw process has inherent fluctuations that result in variations in the final

fiber g s affecting the photonic response of the fiber. Transfer matrix simulations

quantifying t otonic response because of fluctuations above and below a target thickness
are provided 1n Figure 2D. There is a linear relationship between peak wavelength and the
layer thiclgess of the photonic crystal; a 5% shift in layer thickness results in a 5% shift in
the peak th. Furthermore, the ratio of FWHM at a certain thickness variation to the
central F ecreases with increasing variation. This holds until the point that peak
(whether &damental or overtone) shifts to the next resonance order position. Finally, the
FWHMH'tone peak is narrower than that of a fundamental peak, depending on the
number (i.e. M2, ;/5, etc) of the overtone, with FWHM decreasing for higher order overtones.
In a realistic rio, a wide variety of signatures will be required to convey information
about di ands and products, as well as coding for critical fiber composition and

property information for recycling, such as intrinsic viscosity.* Previous work has shown 16

different combinations of polymers, with differing refractive index, can be drawn thermally,

This article is protected by copyright. All rights reserved.
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while the number of possibilities is likely larger given developments in polymer synthesis.!**!

The number of layers is also a discrete parameter with anywhere from 50 to 100 layers

providing rﬁ' ed reflectance intensity and narrow FWHM for measurement. Finally, layer

thickness ntinuously tuned by adjusting the draw and feed rate, which will be

discussed gnore in the next section. This results in a potential of thousands of possible

[l

combinatigms afg does not include variations such as switching the sequence of material

G

layers (suc om n to ny or ny to ny ), thus pointing to utilization of these photonic

signatures niglie product identifiers. In the next section the experimental results of

>

various drawn rs are discussed.

U

2.1 Fabrigation and Vis/IR Characterization of Multilayer 1DPC Fibers

A

D draw process, the volume of preform material entering the furnace and

a

volume of fibet™Material pulled from the cone within the furnace must stay constant, due to
conservatio ss. Thus, as the draw speed is increased, the cross-section of the fiber
decrea 3A. The DDR defines this volume conservation as the macroscale preform

is drawn t!a microscale fiber, given by Equation 1:

O

DDR = D (1)
-~ F

Where D i t;e ;liiw rate of the fiber out of the cone and F is the feed rate of the preform into
the furna(:7 meters per minute. The full derivation for the DDR can be found in

Supplem ure 1. For the preforms in this work, when the fiber is drawn at rates

to 9.3 m min™', it was possible to achieve DDRs of 30-130, Figure 3B.
Original film thicknesses of 75 pm and 125 pm shrunk to approximately 0.75 pm to 1.25 um,

respectively, in the final fiber at a DDR of 100 (see electron micrographs in Figure 3A).

This article is protected by copyright. All rights reserved.
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Smaller overall layer thickness reduces the number of possible states where constructive

interference can occur at a particular wavelength, and thus the number of peaks for the given

regime (e.g. -5.5 um) decreases as well, Figure 3C. The colored traces on each plot

correspon matrix simulations which take the average (green), maximum standard
. .0 o

deviation fd), and minimum standard deviation (blue) of the PC and PMMA layer

thicknesseggas imguts, including PC cladding thickness.
Evmr changes in layer thickness can result in a shift in the interference patterns,
as previmw.\ssed. The variation in layer thicknesses also helps explain the broad
experimen@s noted in several samples. This is most apparent in the sample drawn at

4.5 m min® the peak at 5.1 um is best fitted by a combination of the three simulations.

There are ain peaks that appear in the experimental data but are not predicted by

simulatimms the peak at 2.7 um for the 5.5 m min™' fiber. This may be partially due to

C cladding; simulations show peak intensity increases with a reduction in

cladding thic . In an industrial environment, if a certain barcode response must be
achieved and maintained, the DDR based on draw rate and feed rate becomes an increasingly
critical co!rol parameter. The fiber draw tower utilized in this study has in-sifu infrared
measure“Qbility, and the results from those measurements are shown in Figure 3D.

Peak shift t rter wavelengths at higher draw rates, and thus thinner layers, is

demonstr. and is correlated to the DDR. Note the “dark” region at ~3.4 um, due to

h

L

increas ar absorption at this wavelength in both the PC and PMMA (Figure 2A).

To explor@ the tunability of the photonic response, a fiber was created that had twice

Gl

the number rs (101 layers) that were individually thinner (75 vs 125 pm) in the

preform. ly, increasing the number of layers in a IDPC increases reflectance intensity

A

for a fixed refractive index contrast. The peak reflectance depending on the number of layer

pairs (N) is approximately given by Equation 2:1*%!
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Ny (nH)ZN —Ng (nL)ZN

2
= (no(nH)ZN + nS(nL)2N> 2)

Where Mfractive index of air and ng is the refractive index of the substrate. Since

measurede with a polycarbonate cladding as a backing to the photonic crystal

insert VAt A& ber, the same refractive index is used for ny and ng. Furthermore, the

minimum for the layer pair of PC and PMMA is approximately given by Equation

3127

S

4 (g —ng
FWHM = asm( ) 3
T ny +n,

These analzicalilutions are compared to numerical simulation results in Supplemental

Figure 2 good agreement. The results of the experiment with the 101-layer fiber

ain

are shown 1n Figure 4. Using thinner layers in the preform resulted in sub-micrometer layer
thicknessegyi rawn fiber, exhibiting fundamental reflectance peaks in the 1.5-5.5 um
regime s0f 92, 110, and 126 in Figure 4C. The in-situ photonic data in Figure 4D

shows ehavior to the 53-layer fiber, in that higher DDRs (i.e., more and thinner

M

layers) resulted in a blue shift.

Author
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Figure 3: Ph-otonic Response of PMMA/PC Fiber with 53 Layers A) Original preform consists of 53 alternating
layers (or 26-layer pairs, N) of PMMA and PC films that are 125 ym thick along with resultant SEM micrograph
(scale bar 50 um er drawn at 3.5 m min™’ B) Comparison of model of draw down ratio (DDR) and measured
DDR at differen rates. Model holds for lower draw rates but increases quickly above 7.0 m min”’ C) Static
spectral refle easured via FTIR microscopy of 53-layer fibers drawn at increasing rates, resulting in
increasi own ratios and thinning of polymer layers. Optical micrographs provided show increased
relative thi PMMA layers as compared to PC layers (scale bar for all 5 ym). Layer thicknesses (average,
maximum standar viation, minimum standard deviation) were utilized in a transfer matrix model to obtain
simulated reflectance spectra (green, red, and blue filled traces). D) Results of in-situ FTIR microscopic
measurements showing a blue shift in peak wavelength location with increasing DDR (and decreasing layer
thickness). Increase in DDR is noted by the white arrow.
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Figure 4: PhotoniGhAResponse of PMMA/PC Fiber with 101 Layers A) Original preform consists of 101
alternating | 50-layer pairs, N) of PMMA and PC films that are 75 ym thick each. A resultant SEM

micrograph ar 50 um) of fiber drawn at 4.0 m min™ is also provided. B) Comparison of model of draw
down ratio (DD measured DDR at different draw rates. Model holds for lower draw rates but, like Figure 3,
increase above 7.0 m min” C) Static spectral reflectance measured via FTIR microscopy of 101-layer

reasing rates, resulting in increasing draw down ratios and thinning of polymer layers. Optical
micrographs show increased relative thinning of PMMA layers as compared to PC layers (scale bar for
all 5 ym). Layer thicknesses were utilized in a transfer matrix model to obtain simulated reflectance spectra
(blue/green/red filled traces) which show good agreement with measured spectra. The molecular absorption of
PMMA and PC around 3.4 ym can be seen clearly in the 9.3 m min”’ sample with a peak split occurring C)
Results of in-situ FTIR microscopic measurements showing a blue shift in peak wavelength location with
increasing draw rate (and decreasing layer thickness).
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The peak reflectance intensity, measured via u-FTIR, of the 53-layer fiber drawn at
7.5m n“% while the 101-layer fiber drawn at 5.0 m min™' was 51%, demonstrating
how an inmber of layers increases reflectance. In addition to providing higher
reflectggcegdatensity, an increase in layers also increases the sharpness of the peaks, measured
by their F h’he 53-layer fiber drawn at 7.5 m min™ and the 101-layer fiber drawn at 5.0
m min™ afg compared due to their similar layer thicknesses and overtone peak locations. The
FWHM om overtone (A/2) for the 53-layer fiber is 170 nm while the 101-layer fiber is
139 nm, a redicted in Figure 2C. However, the second overtone (A/3) for the 53-layer

ﬂm) than the 101-layer fiber (103 nm). The simulated FWHM for the

fiber is lo

second ovgrtone for the 53-layer fiber is 12.6 nm while for the 101-layer fiber it is 14.4 nm,

like what experimentally. While the experimental peak FWHM is nearly an order of
magnitudeNar ikely due to imperfections induced during the manufacturing process, the
simulate M helps predict trends depending on the number of layers. Further peak

FWH is is summarized in Supplemental Figure 3.

Using alternative polymers with different refractive indices will also modify the
FWHM a te reflectance. For example, if a lower refractive index thermoplastic
polymer, s @ dolytetrafluoroethylene (PTFE, n~1.32) was utilized in place of PMMA in
the 1IDPC FWHM of the second overtone would, theoretically, increase nearly
threefo upplemental Figure 4). This is important to consider for future development as

similar pe‘:ening in a higher refractive index contrast material pair may cause

neighbori one peaks to overlap and thus negate the fidelity of the barcode signature.
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Figure 5: Dependence of Photonic Response on Angle of Incidence A) Schematic of simulations and

measuremefits d e dependence on photonic response. A range is given for 12-24° as this is the range of

angles t rain objective accepts that is used in the microscopic FTIR system. The bottom plot shows
the result of ign 3 plotted versus angle of incidence for multiple central wavelengths. The peak to peak
distance ases at higher angles. B) Top - Angle-dependent transfer matrix simulations of 101-layer fiber

(DDR = 110 from Figure 4) from 10-70° showing an expected blue shift in the reflectance peak with increasing
angle of inci@ence. Bottom — Angle-dependent transfer matrix simulations of 53-layer fiber (DDR = 68 from Figure

3) showing tha iple peaks will maintain similar peak to peak distance regardless of the angle of incidence. C)

FTIR spectr. glfibers measured using a Pike 10Spec (10°), standard Cassegrain objective (12-24°), and

Pike VeeMax (30-70°) systems showing good agreement with simulated fiber photonic response.

e reflectance response in a IDPC typically depends on the angle of
incidenﬁf the probe beam. Understanding of the angle-dependent behavior is
critical, a ning system of the fiber barcode must be able to identify a specific

signat@mal incidence. Snell’s Law (Equation 2),

sinf; =n;sinf;, =nysinfy  (2)
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where 6; is the angle of incidence of light (assuming coming from air where n~1), can be

modified to calculate the peak response wavelength of a IDPC with angle of incidence:*”

Q= Ao [(1 — sin? Hi/nf)% + (1 — sin? Hi/nﬁ)% 3)

Where ,c @nter wavelength at that angle while A is the center wavelength at normal
incidence (Q°). khe peak shift predicted by Equation 3, along with a diagram detailing the
experimen used to test it, is given in Figure SA. The theoretical prediction matches
well with WIations conducted in Figure 5B, showing the predicted response of two
different t have a single peak in the 3-5 pm range (101-layer fiber at 9.0 m min™") as
well as mRaks in the 1.5-5 um range (53-layer fiber at 5.5 m min™"). Experimental
spectra co@t 10°, 12-24°, 30°, 40°, 50°, 60°, and 70° angles of incidence to the fiber
show gooment with the simulated predictions, allowing to compensate for the angle-
dependent shift. We note also that the intensity of reflected light decreases at higher angles of
incidence, an s may degrade signal-to-noise ratio. However, a benefit of having multiple
overto e peaks is that the wavelength location of the peaks will shift at the same
rate, as sh@wn in Figure 5C, and thus the wavelength difference between two overtone peaks
can alsob iZzed as an angle-independent identification marker. Furthermore,
implemechular cross section design for the photonic crystal layers could further
reduce th£ngle dependence of the response as light striking the fiber would always be
normal Monic layer stack, depending on the size of the optical scanning area.
2.2 Optic@n Analysis for Fiber Detection

Anoth y consideration for wide-spread implementation and adoption of a
photon ding system is the ability to read the spectral signature within the fiber, and
ultimately the fabric, at low cost. The cost of detection is directly related to which

photodetection mechanism is used. The most widely used materials in industrial FTIR
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sensors are semiconductor alloys of mercury cadmium telluride (MCT or HgCdTe), which

has high quantum efficiency (QE) from the near to far infrared. MCT detectors, however,

{

require cry. ic cooling (typically liquid nitrogen), are relatively expensive to fabricate, and

are not wi iin field applications. In the near infrared (0.75-1.65 um), there are a

u Y .
wider arrag of materials that have good QE with the most common being indium gallium
arsenide (IpGaAg).”®! While also being expensive due to challenges in manufacturing,

InGaAs de have the benefit of only needing thermoelectric cooling without the need

for liquid . Shifting to even shorter wavelengths, most cameras in commercial

SC

applications use Silicon (Si) detectors, with high sensitivity in the range 0.35-1.1 pm, no

u

cooling re ts, and wide availability and very low cost. A comparison of the QE of Si

and InGa with reflectance of three different fibers in the visible and near infrared

1

(0.5-1.65 rovided in Figure 6. All the fibers exhibit multiple spectral peaks present

d

across avelength range, demonstrating that the barcode signature could be

detected eve g lower cost spectrometers. While companies have been able to integrate

Vi

NIR spectrometers directly into a smartphone on a demonstration basis, these devices are

potentiallygstill years away from widespread adoption and thus this barcode technology

;

[29]

would not y be readable on a day-to-day basis by a standard consumer smartphone.

0

The overlap ngineered reflectance spectra with pigments and dyes in colored fabrics is of

potential céncern but can be mitigated by increasing reflectance intensity of more layers or

n

L

targetin infrared detection window (0.75-1.0 um) of silicon. While several of the

fibers demonstrat@ narrowband reflectance in the visible wavelength range, it is important to

U

note that the themselves are typically transparent or translucent under ambient light, as

shown in mental Figure 5. This aids in eventual fabric integration without adverse

A

aesthetic effects.
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Fimible and Near-Infrared (NIR) Response of Photonic Fibers Top — Quantum efficiency of
silicon ( gallium arsenide (InGaAs) detectors versus wavelength. Visible spectrum (~0.4-0.75 pym)
is shaded for com on. Bottom — Visible and NIR response of three fibers drawn at different speeds (53-
layer/D yer/DDR = 92 and 110, respectively). All three fibers have multiple spectral peaks that are

detectable in the visible wavelength regime. The black traces were collected using a UV/Vis spectrometer while

the red tracemnected using a NIR spectrometer.

A nsideration for the overall measurement system is the availability of cost-
effective lig urces for interrogation of the textiles. While the exact details of the lamps
and spect&eters utilized in commercial automated sorting systems are proprietary, some
assump#e made. For example, handheld systems will most likely utilize either a
visible or @t emitting diode or a tungsten-halogen bulb. Larger, automated systems
likely utilize tungsten lamps or potentially laser illuminators. Generally, the light
sourceﬁr than the spectrometers, but if longer wavelengths (i.e. >2 um) are needed

for measurement, the cost of light sources increases compared to visible wavelengths.
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23 Integotonic Fibers into Woven Textiles

A ideration for widespread adoption of these photonic fibers as a barcoding
system is the ahility to be integrated with existing textile manufacturing processes. Weaving
the photou into a background fabric was first attempted as the relatively flat weave
enables ea8iefspgttroscopic measurement. In Figure 7A, an optical microscope image is
given of tgeing integrated into a plain weave polyethylene fabric . The fiber is
effectively transparent in the visible regime which lends itself to being an aesthetically
neutral adm a garment. The concept of weaving a certain amount of fiber into a pair of
pants is al@n and then how the garment might be measured on an automated infrared

tem.

sorting sys he proposed identification system would associate the key spectral peak

characteristics a database that contains previously recorded spectral signatures that are

ing to the number of peaks, where the peaks are located, and the peak

FWHM. s
In Figure set image shows what the fiber looks like integrated into the woven fabric

as well as urement system used for measuring the near infrared spectral response.
The mﬁonse of the photonic fiber is noticeably apparent over that of the
polyethm warp yarns. This difference also helps elucidate how different organic
fibers are ized on commercial systems. In the plot, there is a slight dip in reflectance
of the P approximately 1.22 um. In this case, this dip could correspond to absorption

of the C-H s ing bond which has a fundamental peak between 5.95 pm and 6.10 pm and

is an approximate integer multiple of the overtone peak at 1.22 um (5n). While these
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absorption overtones, based on fiber composition, are currently used to identify fiber content,

they are orders of magnitude lower intensity than the fundamental absorption which occurs at

longer wav ths.'””! The ability to differentiate the photonic fiber from the background

textile wa lored using short-wave infrared (SWIR) imaging with response from 1-
o :

5 um (Flgse 7C). As a comparison, a nylon fiber was added as a weft yarn and woven next

to the phowen A photonic filter is chosen with the same spectral window where the

fiber is exp o have a reflectance peak, here with a peak at 3.5 pm. A comparison of the

spectral \nwrerlap with the fiber is summarized in Supplemental Figure 6. The

photonic ﬂEer 1§!early visible in yellow while the nylon fiber does not appear in sharp

contrast. N the rest of the photonic fibers do not appear as bright, likely due to the
filter bein ller physical size than the lens of the camera, resulting in a vignetting
effect. Th@vith higher DDR (generally >80) were more easily woven into fabrics due

tional dimensions to the other warp and weft yarns. These results show

that the phot iber can be integrated with industrially relevant processes and is a clear
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photonic fiber could be integrated at the garment level for tracking and sorting via commercial scale near infrared

spectral sorﬁs g systems. Peaks with a certain center wavelength and FWHM will be associated with a specific

binary code the peak/valley sequence B) Near infrared spectral response of the photonic fiber that has

been integra e same polyethylene fabric as 5A. It should be noted that reflectance response depends

on standoff he of probe from the fabric with the blue trace being 1 cm away from the surface and the red trace

being 3 cm @way. C) Polypropylene warp fabric with a satin weave of the photonic fiber in comparison to a nylon
filler fibe isual illumination. It can be seen that the photonic fiber is transparent under visual
illumination. ¥n the lower image, a short-wave infrared (1-5 ym) imaging camera is utilized to image the photonic
fiber as compared tofthe nylon. The photonic fiber has a much higher intensity than the nylon fiber and an

individual photonic fiber (yellow dashed line in image) is demonstrated. This image was taken using a bandpass

wavelength of 3.5 um.

3. Conclusions
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We demonstrated a novel approach to creating all-polymer photonic crystals within

textile-compatible fibers. The resultant visible, near- and mid-infrared reflectance response of

{

those fibers ﬁ characterized under different manufacturing conditions. The spectral

response o depend on the draw conditions, mainly the speed at which the fiber is

LN I , .
drawn, d1<§t1ng the thickness of the high and low refractive index layers. The response of the
fibers at Vacident angles of light was also characterized, showing agreement with
theory. The , all-polymer, photonic crystal fibers were integrated into textiles and the

resultant wesponse was demonstrated to be clearly observable against the background

textile, both via @single-point probe and a wide field of view imager. Overall, this approach,

including fi figuration, production, integration, and characterization was shown to
have stro I

ial for integration into industrially-relevant manufacturing processes to

enable enlian acing and sorting of textiles for product life cycle management.

4. Ex ental Methods

Prefor 1als and Drawing Conditions

Photonic crystal fiber preforms were fabricated by placing a multilayer stack of polymethyl

methacrylWA, n~1.5) and polycarbonate (PC, n~1.6) films into the center of a milled

PC bar anvered with an additional PC bar to protect the photonic crystal insert. The

films vi/ﬁrcially sourced (Roehm - PMMA and Tekra - PC) and had thicknesses of

either 1) or 125 um (5 mil). The preforms were typically 300-350 mm in length
with a 16 thm by 26 mm cross section. Preforms were consolidated using a Grimco hydraulic
press at 2@01‘06 and a top and bottom platen temperature of 175°C. An Advantek
Engineerj om draw tower with a three-zone furnace was used to heat the preform and

initiate the ocess. For all fibers presented in this work, the following zone

temperatures were used: top zone set to 150°C, middle zone set to 270°C, and the lower zone

This article is protected by copyright. All rights reserved.
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set to 110°C. The feed rate of the preform into the furnace was kept constant at 1.5 mm/min.
Once the draw process was initiated the drawn cross section size of the fiber was controlled
by altering actor speed on the tower. Tractor speeds from 3 to 9.3 meters per minute
were utili sulted in draw down ratios (DDR) of around 30-130 times, with higher
speeds resStlng in higher draw down ratios. The DDR was calculated as the initial cross
section gewivided by the final cross section geometry. Drawn fiber samples were
cross-secti nd polished for microscopy analysis utilizing a scanning electron

microsco as well as a laser scanning microscope (Olympus LEXT).

5

Fiber Spectroscgpic Characterization

U

Multiple opic systems were utilized for fiber photonic analysis. During the draw

1

process, a customized feeding system was utilized with a Bruker Hyperion 2000 FTIR

microscopg,e ed with a 15x Cassegrain reflective objective to collect in-situ infrared

a

reflect ements. The same microscope was also utilized for collecting static

infrare ements of the fibers. The Cassegrain objective has an actual measurement

Y

angle that averages between 12-24°. All fibers were measured with the longer axis of the

Cross sectiLLal to the microscope which oriented the photonic crystal normal to the

measure Angled fiber measurements were made utilizing PIKE Technologies
VeeMarand 10Spec (10°) reflective adapters that were placed in the bench
compa e Bruker Vertex 70 FTIR. Multiple fibers were placed parallel to each

other to cxer the 10 mm aperture of the adapters. Near-infrared spectroscopic measurements

were madeaudthadsystem composed of a Thorlabs SLS202L broadband light source (0.45-5.5
um) tha upled to an Ocean Insight Vis/NIR reflectance probe (R400-7-VIS-NIR) and
a FLAME N ctrometer (0.95-1.65 um). For visible spectroscopic measurements, the

same light source and reflectance probe were utilized but the spectrometer was switched for
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an Ocean Insight HR2000+ spectrometer (0.2-1.1 um). All infrared measurements were made
with reference to a specular gold mirror while the visible measurements were made with
referenceoHular aluminum mirror. All simulations were conducted using the STACK
solver of a

DTD with wavelength dependent refractive index and extinction

N ) [(32.33]
coefﬁmengata for PC and PMMA taken from literature."”

Weaving Rar, rs and Short Wave-Infrared Imaging

All wove were fabricated on a rapier loom (CCI Studio Loom) capable of making

USC

fabrics 50 ide. All photonic fibers were integrated as weft yarns with the warp being

composedfof either a 370 decitex high density polyethylene yarn with 300 twist/meter “z”

A

twist at 16 or 220 decitex polypropylene yarn that has been false twisted. Various

d

weave patt re also tested. The near infrared fabric analyzed was composed of a 53-

layer fiber at 5.0 m/min integrated as a plain weave every fourth pick (16 picks/cm)

il

with th rp using an 8-harness float. The fabric for short wave infrared imaging was

based on g 101-layer fiber drawn at 9.3 m/min and a black nylon filler yarn integrated as a

.

satin weave 8-harness float) with every pick (16 picks/cm). Short wave infrared imaging

O

was cond ng a FLIR x6900sc camera (InSb detector) with illumination from a

broadbanditungsten lamp. An infrared bandpass filter (Thorlabs FB3500-500) centered at 3.5

I

pum with ag0.5 FWHM was utilized to obtain the spectral image in Figure 7C.

{

AU
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Over 85% of textiles currently end up in landfills, despite a recent study indicating 74% of
low-value, post-consumer textiles could be recovered via fiber-to-fiber recycling. A key
challenge in implementing fiber-to-fiber recycling is feedstock ambiguity and, in this work, a
polymeric photonic tracer fiber is proposed as a method to enable more efficient life cycle
tracing and sorting.
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