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ABSTRACT

FABRICATION AND CHARACTERIZATION OF
NEGATIVE CURVATURE HOLLOW CORE POLYMER
OPTICAL FIBERS FOR NEAR-INFRARED LIGHT
GUIDANCE

Mahmudur Rahman
M.S. in Materials Science and Nanotechnology
Advisor: Engin Durgun
Co-Advisor: Mustafa Ordu
July 2023

Polymer optical fibers (POFs) have attracted significant attention for their short-
distance data transmission, industrial automation, and chemical and biological
sensing applications. The low cost, lightweight, flexibility, accessibility, and ease
of material processing features of the polymers make them superior to their silica
counterparts. Moreover, compared to conventional POFs, hollow core polymer
optical fibers (HCPOF's) exhibit light guidance through the air, significantly re-
ducing material absorption loss in the near-infrared (NIR) region. Structuring
the cladding part with the appropriate fiber material can further modify the light-
guiding properties of HCPOF with low transmission loss in NIR. Several methods
have already been employed for the successful fabrication of POFs, but the pos-
sibility of fabricating intricate geometry-based HCPOFs with these approaches

and optimization of fabrication methods are yet to be resolved.

This study explored the stack and draw technique and fused deposition model-
ing (3D printing) approaches to find the fabrication feasibility of long-length and
intricate geometry-based negative curvature-based HCMPOF's with two different
polymeric materials. A detailed investigation was carried out on the modified
thermal drawing process to achieve well-structured HCMPOF's directly drawn at
high tension from the fabricated preforms. Moreover, during the thermal draw-
ing, expansion and contraction of the core and cladding part of the fibers were
frequently observed. Inflation of the cladding tubes during the fiber drawing was
required to preserve the designed structure in the fibers. This was achieved by
applying gas pressurization inside the fibers in both preforms made by the stack
and draw technique and 3D printing.
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Optical characterization is performed using Supercontinuum (SC) Laser in
the 600 — 1700 nm wavelength range. Differences in the transmission spectra
between core and cladding structures significantly prove the light-guiding prop-
erties of the proposed HCMPOFs. The transmission losses of the HCMPOFs
were measured using Optical Spectrum Analyzer (OSA), and were found to av-
erage 49.26 dB/m for stack and draw-based fabricated six-tube HCMPOF and
16 dB/m for 3D printed six-pointed star cladding-based HCMPOF'. Further in-
vestigation is carried out on bend-induced loss against the mechanical effects of
the 3D printed intricate geometry-based HCMPOF at different bending angles.
The lower transmission loss with a low bend-induced loss against the mechanical
effects of HCMPOFs explicitly shows the potential of using HCMPOFs as an
alternative to conventional polymer optical fibers for visible and infrared light

guidance.

Keywords: Hollow-core negative curvature polymer optical fibers (NC-HCPOFs),
Near-infrared (NIR), Stack and draw technique, Fused deposition modeling, Poly-
carbonate, Transmission loss, Bend loss.
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Polimer optik fiberler (POF), kisa mesafeli veri iletimi, endiistriyel otomasyon,
kimyasal ve biyolojik algilama uygulamalari igin biiyiik ilgi gormiistiir. Polimer-
lerin diigiik maliyeti, hafifligi, esnekligi, erisilebilirligi ve malzeme isleme kolaylig
ozellikleri onlar1 silika muadillerinden tistiin kilar. Ayrica, geleneksel POF’lar ile
kargilagtirldiginda, hollow core polimer optik fiberler (HCPOF), yakin kizilotesi
(Near Infrared, NIR) bolgesindeki malzeme absorpsiyon kaybii énemli 6lglide
azaltan hava yoluyla 1g1tk yonlendirmesi sergiler. Kaplama boliimiiniin uygun
fiber malzeme ile yapilandirilmasi, NIR’da diisiik iletim kaybi ile HCPOF un 151k
yonlendirme oOzelliklerini daha da degistirebilir. POF’larin bagarili bir gekilde
tiretilmesi igin cesgitli yontemler halihazirda kullanilmigtir, ancak bu yaklagimlarla
karmagik geometrili HCPOF’lar tiretme olasiligi ve iiretim yontemlerinin opti-

mizasyonu heniiz ¢oziimlenememistir.

Bu calismada, iki farkli polimerik malzeme ile karmasik geometrili digbiikey
HCPOF preformlarimin fabrikasyon uygunlugunu bulmak igin stack and draw
teknigi ve fused deposition modelleme (3D baski) yaklagimlar: aragtirildi. Uretilen
preformlardan dogrudan ytiksek gerilimde ¢ekilen iyi yapilandirilmig HCPOF lar
elde etmek icin modifiye edilmis termal c¢ekme islemi iizerinde ayrintili bir
aragtirma yapildi. Ayrica, 1s1l ¢ekme iglemi sirasinda, fiberlerin ¢ekirdek ve kilif
kisimlarinda genlesme ve biiziilme siklikla gozlenmistir. Fiberlerdeki tasarlanan
yapiyl korumak igin kaplama tiiplerinin fiber ¢cekme islemi sirasinda sisirilmesi
gerekmigtir. Bu, stack and draw teknigi ve 3D baski ile yapilan preformlarin her
ikisinde de fiberlerin i¢ine gaz basinci uygulanmasiyla saglandi.

Optik karakterizasyon, 600 — 1700 nm dalga boyu araliginda stiper stireklilik
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151k kaynagi kullanilarak gerceklestirilmistir.  Cekirdek ve kaplama yapilar
arasindaki iletim spektrumlarinin farki, onerilen HCPOF’larinn 151k yonlendirme
ozelliklerini 6nemli 6l¢iide kanmitlamaktadir. HCPOF’larin iletim kayiplari, op-
tik spektrum analiz cihazi kullamlarak olctildi ve stack and draw teknigi kul-
lanilarak iiretilen alt1 tiipli HCPOF igin ortalama 49.26 dB/m ve 3D baskili alt1
koseli yildiz kaplama kullanilan HCPOF i¢in 16 dB/m olarak bulundu. Tlaveten,
3D baskili karmagik geometrili HCPOF’larin mekanik etkilerine karsi biikiilme
kaynakli kayip (bend-induced loss) tizerinde farkli biikiilme agilarinda aragtirma
yapilmigtir. HCPOF’larin mekanik etkilerine kars diisiik biikiilme kaynaklh kayip
ile elde edilen daha diisiik iletim kaybi, goriintir ve kizilotesi 11k kilavuzlugu icin
geleneksel polimer optik fiberlere bir alternatif olarak HCPOF’larin kullanilma

potansiyelini agik¢a gostermektedir.

Anahtar sézciikler: Digbiikey Hollow-core Optik Fiberler (NC-HCOF), Yakin
Infrared (NIR), Stack and Draw Teknigi, Fused Deposition Modellemesi, Po-
likarbonat, Iletim Kaybi, Egilme Kayb.
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Chapter 1

Introduction

1.1 Hollow Core Fibers

Optical fibers have great significance in long-length telecommunication and other
essential applications, such as high-power laser delivery and biological and chem-
ical sensing [17, 18, 19, 20].Conventional solid core optical fibers (SCOFs) made
of silica or polymers guide light based on the total internal reflection (TTR) mech-
anism. In SCOFs, the core is made of higher refractive index (RI) material and
is surrounded by a lower Rl-based cladding structure. Even though these types
of fibers propagate light as an excellent waveguide, they have certain limitations,
especially in the ultraviolet (UV), visible, and near-infrared (NIR) wavelength
ranges, where Rayleigh scattering is dominant in silica and polymer materials.
This Rayleigh scattering loss restricts the minimum theoretical optical propaga-

tion loss up to a specific limit, such as conventional SCOF 0.15 dB/km [1].

By contrast, the invention of hollow core fibers (HCFs) proved to be a better
optical waveguide by overcoming those limitations. In HCFs, light propagates
through the air core surrounded by a higher RI-based cladding structure. So, the
index guidance mechanism doesn’t work out in these fibers. Yet, HCFs have bet-

ter optical properties, such as low dispersion, a higher optical damage threshold,



and low latency [21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38,
39, 40, 41]. Hence, these properties make HCF suitable for different applications
than their SCOF counterparts.

Simple capillaries are one of the examples to be used as HCFs. These fibers
with higher RI cladding material (silica or polymers) surrounded by the air core
have a more straightforward fabrication process. Yet, they come with higher
transmission losses [23, 42]. This limitation makes them unsuitable for long-
range telecommunication applications. Even though a larger core-based HCF
can reduce transmission loss in some contexts, it will also reduce the light in-
tensity guided through the core. Low transmission loss with better modal and
bending properties against mechanical effects is desirable for specific applications.
So, these HCF's are not eligible for high-power laser delivery and single-mode ap-
plications ’[37, 38, 40].

After several years of efforts in this research field, the discovery of low-loss
HCF was achieved by structuring the cladding geometry. The fundamental light-
guiding mechanisms of these successfully fabricated HCFs are photonic bandgap
(PBG) and anti-resonant optical waveguide (ARROW) models or inhibited cou-
pling (IC) theory. These HCFs include PBG fibers, kagome HCFs, and negative

curvature HCF's.

1.2 Types of Hollow Core Fibers

The light guidance mechanism for HCFs is complicated and needs to be better
understood. However, HCF's are generally classified into two categories based on
their light guidance properties: PBG and negative curvature HCFs (NC-HCFs).
Figure 1.1 provides a brief evolution of the development of distinct types of low-
loss HCF's.

PBGFs are the first type of HCF with excellent light confinement in the hollow

core region. These fibers work on photonic bandgap effects, where periodical
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Figure 1.1: Schematic showing distinct types of hollow core fibers with their light
guiding mechanisms.

structure creates refractive index (RI) variation in the cladding. Thus, specific
wavelengths are allowed to propagate through the core of the fibers [21, 43]. After
the first introduction of this concept by Yablonovitch and John et al. [44, 45],
it was conceived by Russell et al. in 1991 [21], and Cregan et al. fabricated the
first PBG-based HCF in 1999 [44]. Although this type of fiber proved to have
low transmission loss (1.2 dB/km at 1620 nm), it suffers from SSL, which indeed
restricts further reduction of propagation loss due to its thermodynamic origin
[46]. Moreover, the intersection points of the membranes surrounding the core
create surface modes and further narrow down the bandwidth. Figure 1.2 (b)
provides an SEM image of a fabricated PBGF [47].

The Kagome HCF', which consists of an arrangement of membranes called the
Kagome lattice, is the first demonstration of IC HCF with a broader bandwidth,
as shown in Figure 1.2 (a) [29, 48, 49, 50]. Light is well confined in these fibers
by the strongly inhibited coupling between the core and cladding modes [25].
A significant mismatch in the effective index helps to prevent overlap between
those modes and thus confine the light with a wider bandwidth than PBGFs
29, 48, 51, 52, 53, 54]. Moreover, kagome HCF’s low loss and tunable dispersion
properties present it as a potential candidate for nonlinear optics [48]. Yet, the

creation of nodes at the thicker struts between the co-joints of thinner membranes
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Figure 1.2: Scanning electron microscope images of (a) kagome fiber [33] and (b)
PBGF [32].

and fabrication feasibility restrain having a smooth, broad bandwidth and thus
necessitate solving. However, kagome HCF was further developed to achieve lower
loss by introducing negative curvature surrounding the core interface [55]. These
findings were essential for the development of NC-HCF's. Properly structuring the
cladding geometry in NC-HCF's reduces the loss further than in Kagome HCFs.
At the same time, NC-HCF's possess smooth bandwidth with an easier fabrication

process.

1.3 Negative Curvature Nodeless Hollow Core

Fiber

The introduction of negative curvature in HCFs came up with promising anti-
resonant HCF's to prevent maximum light leakage. The negative curvature fibers
(NCFs) can be defined as the radial unit vector of the center of the core in the
opposite direction to the surface normal vector of the core boundary [56]. Figure
1.3 represents the mode profile inside three distinct types of curvature (positive,

flat, and negative) that can exist in HCF's.



(a) (b) (c)

®
CJd N

Positive Curvature Flat Curvature Negative Curvature

Figure 1.3: Schematics of positive, flat, and negative curvatures between a core-
cladding interface in HCF's with their mode profile.

Optical fiber possesses three distinct transmission loss types, as shown in Fig-
ure 1.4. However, by extracting the material used as a solid core, material loss
(ML) can be reduced. Even though hollow core PBGFs (HC-PBGF) show lower
transmission loss, they suffer from SSL. Whereas NCFs have issues with con-
finement loss (CL) [1, 25]. Structuring the cladding geometry in an engineered
way, this CL can be reduced further, for example, Nested Anti-resonant Nodeless
Fiber (NANF) design [1, 57, 58].

Even the total transmission loss can be reduced lower than in PBGFs and
conventional SCOF's as developed by F. Benabid et al. in 2021 and Poletti et al.
in 2014 [1, 2] (shown in Figure 1.5). The unconnected cladding tubes surround-

ing the hollow core with connected hybrid lattice possess lower transmission loss

Transmission Loss

\ 4

1 v 4

Material Loss Surface Scattering Loss Confinement Loss

Figure 1.4: Tllustration of three distinct reasons (material loss, surface scattering
loss, confinement loss) for transmission loss in optical fiber.



Figure 1.5: Negative curvature HCF with (a) hybrid-lattice and (b) nested
cladding (NANF) design to reduce the confinement loss further. [1, 2]

with a smooth broadband transmission window. Further demonstration of struc-
turing the cladding geometry to reduce transmission loss at telecommunication
wavelength as well as in mid-infrared (mid-IR) has been demonstrated, for exam-
ple, six-pointed star cladding tubes and Elliptical Nested Tubular Fiber (ENTF)
[57, 58]. However, these complicated cladding designs come with challenges in

fabrication feasibility.

1.4 Physical Features of Polymer

The merits of polymers are implied in their physical characteristics. Except for
fluorinated polymers, which have higher densities, most polymeric materials pos-
sess light weight, flexibility, and better sensitivity to temperature than their silica
counterparts. Along with these intrinsic properties, optical fibers made off poly-
mers are preferred because of their low cost, accessibility, and accessible material
processing methods. Optical fibers with smaller core diameters for single-mode
operation require precise alignment, while large core diameter-based silica optical
fibers have a high loss due to tight bending. In contrast, the flexibility property
of polymers allows POFs, even with a larger core (1 mm), to be used with better

tolerance [59, 60]. Other advantages, such as the light guidance ability in the
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visible range, being easily disposable, and not producing shards at the breakage,
are also crucial for different applications. These qualities are the main reasons for
using POFs for domestic, industrial, and medical use (especially by those with
little or no knowledge about optical fiber usage). Furthermore, due to their high
drawing temperature, silica optical fibers are incompatible with incorporating or-
ganic materials. In contrast, various polymer materials are developed and can
be used to fabricate POFs for different applications, such as non-linear optics,
biomolecule detection, and emission devices. Organic materials can be incorpo-
rated in POFs as they have the same approach on a technological platform, which
emphasizes easy material processing, cheaper cost, and similar types of materi-
als. As the surface of some polymers can easily be functionalized with different
organic materials, they give an advantage in biomedical applications compared
to the other optical fiber counterparts [61, 62, 63].

1.5 Applications of POF

1.5.1 Illumination

POF has been inherited as one of the largest applications for illumination pur-
poses. POF typically has a big core, high light-collection ability, and flexibility
for illumination optics. Traditionally POF has been employed as a point source
for most illumination applications, such as highly focused spotlights in confined
spaces or structures [64]. However, doping the polymers with scattering particles
has increased its ever-growing demand as side-scattering POF. This type of POF

can be used up to several meters for strip lighting when added with a light source.

1.5.2 Sensing

After illumination optics, most of the POFs are used for various sensors. As a

strain sensor POFs have been used to detect crack propagation in concrete beams



Figure 1.6: a) 3-hole and b) 5-hole design slotted cladding-based fiber (140 pm)
as pH sensor [3], ¢) HCMPOF fiber used as chiral fiber and potential gas sensor
[4].

[65], damage assessment for composite materials [66], and as a humidity sensor
[67]. These prototypes are shifting from laboratory experiments to the commer-
cial market, especially for the industries as primary customers. Reviews on the
potentiality of POF sensors provide detailed information about modifying fiber
improvements [68]. The appearance of multimode MPOF has brought more sig-
nificance to the potential application of sensors. As the micro-structured holes in
MPOFs can contain solutions compared to solid core POFs, these fibers can effec-
tively be used for chemical or gas sensing via changing properties. For example,
modifying the surface structure of the TOPAS-based MPOF has been used as an
antibody sensor. The fiber was coated with the receptor of a specific antibody,
and the presence of it was detected using the concept of capturing selective anti-
bodies [48]. Similarly, a pH range of 2.5-4.5 sensitivity has been demonstrated by
coating the micro-structured holes of an MPOF using pH-sensitive fluorescence
dye-doped (eosin) cellulose acetate (CA) thin-film [62].

Opening up the mPOF through its lateral axis for a long length can also be
an excellent solution for a pH sensor, as demonstrated using a bromothymol
blue (BTB) indicator for the sensing characteristics test. This demonstration
showed that a laterally opened fiber immersed in water mixed with BTB indicator
significantly compared basic and acidic solution with its different transmission
spectra from 500 nm to 800 nm wavelength range [3]. Moreover, hollow core
MPOF (HCMPOF) successfully showed the possibility of chemical sensing using
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the band gap shifting mechanism inside the hollow core. As a proof of concept,
the fiber was filled with water and showed different transmission peaks than the

air. Use as chiral fiber was also demonstrated with the optical rotation of this
fiber [4].

1.5.3 High-Speed Data Transmission

There is no alternative to POF for growing demand regarding high-speed short-
distance data transmission for home, industrial, and automotive appliances, con-
sumer electronics, and local area networks (LAN). Easier handling processes and
manufacturing costs for mass production with flexibility of usage play a vital role
in choosing suitable optical fiber. Until now, step-index POF possessed signif-
icant reliability for high-speed data transmission over 50 m with a 400 MB/s
rate for consumer electronics. In the automotive industry, also known as ’killer

application,” the importance of POF is expected to grow to US$ 567 M [69].

However, the inadequacy of step index fiber in increasing bit rate, graded
index (GI) fibers are a better alternative with improved bandwidth. Despite
having optical fibers in the street, very few people possess them in their homes
and industry. This simple fact has come with the significance of the GI-POF
in different applications. Installation of POFs with high-speed data rates has
earned significant importance for telephone, internet, and television connections
while uprooting the copper-based systems in terms of cost-saving procedures.
Even though silica fibers are still working as a backbone within a building with
wireless or copper cable-based connections to the consumer end, fluorinated POF,
as well as PMMA-based POF, can also be used as an alternative for high-speed
data transmission with large bandwidth in the infrared and visible regimes over

several meters at a lower cost.

Moreover, concerning durability and flexibility, POFs with a large core are
better than their silica fibers counterparts. Considering the manufacturing costs,
mass production, and data transmission, the MPOFSs’ reliability still needs to

be tested despite their huge advantages over step-index POF. But soon, with
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suitable fabrication methods with mass manufacturing facilities, HCMPOF can
surpass any of the optical fibers mentioned above for short-distance high-speed

data transmission at a lower cost.

1.6 Historical Progress on HCMPOF

1.6.1 HCMPOF based on Stack and Draw Technique

Figure 1.7 illustrates the historical progress on fabricated HCMPOF's based on
stack and draw technique. A. Argyros et al. first introduced the stack and draw
technique for fabricating HCMPOF [5]. This polycarbonate (PC) material-based
hollow core POF consisted of two layers of microstructured capillaries surrounding
the air core. The 400 pm outer diameter-based HCMPOF had a core of 61 pum.
Two strong transmission windows were observed at visible and NIR regimes.
The propagation loss was 9 dB/m at 800 nm and 3.1 dB/m in the 1550 nm
wavelength regimes. The other two images (negative curvature POFs and lotus

fiber) represent our work.

2008 2022 2023

Figure 1.7: An illustration of historical overview of stack and draw based preform
to fiber fabrication of kagome structured [5], five tubes, and six tubes based
tubular HCMPOF.
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1.6.2 3D Printed HCMPOF

A historical progress on recently developed and fabricated POFs from 3D printed
preforms is summarized in Figure 1.8, whereas Table 1.1 contains a brief overview
regarding fabricated different types of fibers from various 3D printing filament

materials and their optical performances.

ABS PMMA PC & ABS PC & ABS PC & ABS

ABS & PETG PC & ABS PC & ABS

Figure 1.8: An illustration of historical overview of 3D printed preform to fiber
fabrication [6, 7, 8, 9, 10, 11, 12, 13].

As proof of concept, the first 3D printed preform to air structured SCPOF
fabricated by K. Cook et al. demonstrated 0.75 dB/cm propagation loss at 1064
nm. The 3D printing filament (ABS material) based fiber required no gas pressure
while the thermal drawing process [6]. The air-structured SCPOF also showed
promising light-guiding properties at visible (633 nm) and near-IR (1550 nm)
wavelengths. Yet, the geometry of the fiber following the thermal drawing process
possessed a slight deformation owing to a lack of proper polymerization and the
formation of air bubbles during 3D printing. A similar phenomenon was observed
in step-index SCPOF and special core-shaped fibers fabricated by K. Cook et al.
and Qikai Zhao et al., respectively [7, 8].

These fibers showed better light guidance in the visible wavelength (0.42 -
1.8 dB/cm). Since the structures are solid core based, they didn’t possess seri-
ous deformations in the fiber geometry. On the other hand, 3D-printed hollow
core POFs (HCPOFs) sustained severe damage in the fiber geometry during the

fabrication process, as presented in [9, 10, 11, 12].
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Table 1.1: A comparison of the recently fabricated POF's from 3D printed preform
6,7,8,9,10, 11, 12, 13]

Year /Ref

2015 [60]

2016 [61]

2016 [66]

2017 [62]

2017 [62]

2017 [62]

2017 [62]

2017 [63]

2017 [63]

2017 [65]

2017 [65]

2018 [64]

2022
Our work [67]

Preform type

Air structured

Step index

Hollow core eight tube

cladding

Circular shaped core

Square shaped core

Triangular shaped core

Rectangular shaped core

Microstructured monofilament

Microstructured monofilament

Rectangular hollow core

Circular hollow core

Hollow core with periodic
cladding
Hollow core with intricate

geometry

material

(extruded)

12

Core

ABS

ABS

Air

PC

PC

PC

PC

PC

Air

Air

Air

Air

Air

Cladding

material

ABS

PETG

PMMA

ABS

ABS

ABS

ABS

PC
(printed)
Green

ABS

ABS

ABS

PETG

Z-Glass

Fiber Dia

(um)

600-700

200-300

4700

(cane)

500

500

500

500

520-620

520-620

250

170

466

430

Propagation
Loss (dB/cm)

0.75
(1064 nm)
0.42
(1052 nm)
No

measurement

0.7 (633 nm)

1.2 (633 nm)

1.3 (633 nm)

1.8 (633 nm)

No
measurement
No

measurement

Guidance

demonstration

No
measurement
0.2
(4000 nm)
0.325
(1300 nm)



At first, the thermal drawing of HCPOFs already poses certain challenges
due to the requirement of extra attention to keep the capillaries in a structured
way. Again, the non-Newtonian fluidic behavior of 3D printing polymer filaments
mixed with different additives adds another issue [70]. Furthermore, Several ef-
forts were also put into pre and post-annealing processes of the 3D printed pre-
form to achieve maximum transparency [71]. Among several efforts to fabricate
HCPOFs, W. Talataisong et al. demonstrated better loss (0.2 dB/cm) at 4 pm
wavelength [64]. Yet, there was no resonance band due to the serious deforma-
tion of the fiber geometry. Despite having practical challenges, these fabricated
mPOFs utilizing the fused deposition modeling (FDM) approach provided sig-
nificant scopes for the fabrication of intricate geometry, such as structuring the
outer cladding region of hollow-core fibers to explore further the influence of outer
cladding designs on the losses [57, 13]. Negative curvature cladding elements in

hollow-core fibers have provided important breakthroughs for low-loss guidance

[1].

1.7 Objectives

POFs provide better flexibility even at larger core diameters, easier handling
process, and cheaper material cost than silica counterparts. Despite these advan-
tages, the successful use of POF's for optical transmission has halted due to several
other drawbacks, such as high material absorptions. Propagation loss in POFs is
dominated at short wavelengths by Rayleigh Scattering and at longer wavelengths
(NIR region) by the polymer structure’s harmonic vibration of C-H bonds. Sev-
eral efforts were investigated in developing polymer materials’ properties, yet the
propagation loss remained high. Since propagation loss in HCF's is irrespective of
material loss, these fibers came hoping to use POFs instead of expensive copper
cables for short-distance high-speed data transmission. This thesis focuses on
the possible fabrication and characterization of HCMPOFs for potential use in
short-distance data transmission purposes. Two different fabrication approaches
(stack and draw technique and FDM) are investigated for the possible fabrica-
tion of the HCMPOF preform following the thermal drawing process of the fiber.
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Light guidance characteristics, such as straight transmission loss, bend induced
loss, are evaluated for both HCMPOFs with two approaches. In HCFs, light con-
finement plays a significant role in reducing the propagation loss. This loss can
further be reduced by structuring the outer cladding structure of the geometry
[1, 57, 72, 73]. The fabrication possibility of these geometries is explored in this
research work with lower propagation loss reported till now. The problems re-
garding the fabrication of well-structured POFs and their higher transmission loss
(especially for stack and draw-based fabricated HCMPOFSs) are also explained.
By carefully considering solutions to those problems, well-structured geometry

with low-loss optical propagation can be successfully achieved.
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Chapter 2

Concepts of Guiding Mechanism,

Fabrication and Characterization
Method

2.1 Light Guiding Mechanism inside Hollow

Core

The light guiding mechanism in HCFs is not based on TIR. In contrast, the
guidance mechanism is a bit complex and not well understood yet. Several
light-guiding mechanisms, such as Marcatili and Schmeltzer, ARROW, IC, and
multiple-layer models, have been proposed to explain light-guiding properties in-

side NC-HCFs.
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2.1.1 ARROW Model

Both ARROW and IC theory support leaky modes instead of guiding modes
inside the HCFs. According to the Arrow model, the cladding structures con-
sist of high and low RI materials that act together as Fabry-Perot resonators
[26, 51, 52]. As the light wave propagates through the hollow core, it creates
constructive and destructive interferences at resonant and anti-resonant wave-
lengths. Light propagates through the hollow core at anti-resonant wavelengths
leaving other resonant wavelengths leaked out through the cladding structure of
the fiber. Several transmission bands are formed between these resonance peaks
and can precisely be calculated with this theory. These resonant peaks are only

dependent on the thickness of the cladding structures and can be given as follows:

2 \/n — 13
A= YT 103, (2.1)

m

Where ), represents the resonance peaks, n; and ns are low and high refractive
indices of the cladding structures, respectively. t is the thickness of the cladding
tubes and m is the positive integer number at different resonant points of m =
1,2,3,4.

However, according to the ARROW model, the cladding tubes’ thickness is the
same [26, 52]. Hence it cannot calculate the resonance peaks, where multiple high
and low refractive indices materials with different thicknesses are used. Moreover,
this model is not helpful for the exact propagation loss measurement as it has
been derived from a simplified physical model. Yet, for precise calculation of the
resonance wavelength, this model can be used efficiently [1, 26, 51, 52, 74, 75, 76,
77,78, 79, 80, 81, 82, 83].
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Figure 2.1: Schematic illustration of the ARROW model effect in a (a) simple
waveguide and (b) cladding tube of NC-HCFs.

2.1.2 Inhibited Coupling

Figure 2.2 shows several types of modes that coexist in NC-HCFs. The core modes
(Fig 2.2 (a)) refer to the modes guided through the HCFs’ core. On the other
hand, NC-HCF's also possess cladding modes inside the hollow cladding tubes
(Fig 2.2 (b)). Dielectric tube modes propagate through the cladding materials,
as shown in Fig 2.2 (c).

Strong coupling between these core and cladding modes is the reason for high
CL. When the phase match conditions are satisfied, the leaking fundamental core
modes are strongly coupled with the existing cladding modes inside the NC-HCFs.
Hence, it reduces the effective indices differences between core and cladding, and
the transfer or exchange of energy between the core and cladding modes occurs
[84]. According to IC theory, minimum or no coupling between these core and
cladding modes is possible under particular phase mismatch conditions and low
spatial overlap between their electric fields [1, 25, 26, 52, 77, 85]. Hence, CL can
be reduced in NC-HCFs. This CL can further be reduced by considering other
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Core Mode Tube Modes Dielectric Modes

Figure 2.2: Illustration of electric field profiles in NC-HCFs, (a) core mode, (b)
cladding tube modes, and (c) dielectric modes.

factors, such as lowering the membrane thickness used as a cladding structure
[39].

2.2 Fabrication Method of HCMPOF

2.2.1 Preform Fabrication

To achieve fibers, much of the effort is put into the primary process of preform
fabrication. A preform represents the macro size of the fiber geometry. Among
different methods, drilling was applied first for fabricating MPOF's, where a non-
hexagonal shape can be given, unlike the stack and draw process [14]. Yet, drilling

length and surface roughness become the main limitation in this method [59, 86].

Using a second layer of polymer material instead of air holes in MPOFs comes
with a solvent deposition technique [87]. Other methods, such as casting [88],
billet-extrusion [15], stack and draw [5, 89], 3D printing [10, 11, 12, 16|, have
also been investigated in mPOFs fabrication. Among these methods, stack and
draw techniques and 3D printing have shown promising results for making hollow
core polymer material-based performances. Figure 2.3 shows some of the preform

fabrication process methods.
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(d)

Figure 2.3: Different preform fabrication methods, (a) stack and draw [5], (b)
drilling [14], (c) billet and extrusion [15], and (d) 3D printing process [16].

2.2.1.1 Stack and Draw Technique

The stack and draw process for polymer-based preform fabrication is taken from
the silica optical fiber fabrication technique [2, 5, 47, 52, 89, 77, 85]. In this
technique, hollow core capillaries of a desired thickness are drawn through the
thermal drawing technique. These capillaries are stacked together inside another
tube with supporting capillaries. Since these capillaries support the structure
tightly, they are used in a shorter length on both ends of the preform. For exam-
ple, suppose the preform length is 1 m. In that case, the supporting capillaries
will be stacked along with a center capillary on both ends, only keeping the mid-
dle portion of the preform (50 ¢cm) without any support [56]. After that, 3-5
mm outer diameter-based canes are drawn from this stacked preform of 15-20
mm outer diameter. Later, the fiber of 200-500 pm outer diameter is drawn from
these canes. During the fiber drawing process, additional care is also taken. Fig-
ure 2.4 illustrates the preform fabrication method based on the stack and draw
technique. However, this method possesses drawbacks regarding the geometry of
the fiber. Fabrication of intricate geometry-based fiber is not feasible using this
method [6, 10, 11, 13].
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Figure 2.4: Schematic of different steps of preform and fiber fabrication process
based on stack and draw technique.

2.2.1.2 3D Printed Preform Fabrication

Recently, additive layer manufacturing (ALM) or 3D printing has become more
appealing to form complex designs due to its ease of use, lower cost, and less
time requirements. The main advantage of 3D printing is the ability to fabricate
complex structures while precisely controlling the features and dimensions. 3D
printing has been involved in research by manufacturing microfluidic devices, en-
ergy storage, and sensors [90, 91, 92]. This approach has been recently explored to

produce fiber-reinforced composites and optical fibers [16, 93]. Among different

20



types of additive layer manufacturing (ALM) techniques, such as stereolithogra-
phy [94], powder bed fusion (PBF) [95], selective laser sintering (SLS) [96, 97],
binder jetting (BJ) [98], etc., fused deposition modeling (FDM) has earned more
popularity due to its availability, ease of use, variety of materials’ option to choose

from and for its lower cost and less time-consuming process [16, 99, 100].

Figure 2.5: Schematic of optical fiber preform fabrication process via FDM tech-
nique [13].

In the FDM technique, structures are built by depositing materials layer by
layer through the melt extrusion process. Using this technique, any intricate
fiber geometry-based preform can be produced. During FDM based 3D printing
process, mechanical and optical properties of extruding material, extrusion and
bed build plate temperature, printing speed, layer height and thickness, and
printing pattern play vital roles in achieving better preform structure [8, 9, 10,
11, 12, 13, 16, 99]. Since in HCFs structuring the outer cladding geometry in
an engineered way can provide lower confinement loss, different intricate fiber
geometry have already been proposed [13, 57, 58, 100, 101]. But the fabrication
feasibility of these fibers hasn’t been resolved yet. FDM can manufacture these
complicated designs without going through a time-consuming stack and drawing
process. Furthermore, the necessity of cleanroom and expensive manufacturing
process can be avoided. Figure 2.5 shows a schematic of the 3D printing process

for optical fiber preform fabrication.
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2.2.2 Thermal Drawing of HCMPOF

After preparing the preform, achieving similar fiber geometry in the microstruc-
tured level is crucial. A thermal drawing tower is used to fabricate optical fibers.
Figure 2.6 represents the entire process of fiber fabrication from a preform. At
first, the prepared preform is fed into a radiative furnace, where it reaches a cer-
tain glass transition 7}, temperature and becomes soft enough to elongate instead
of melt. This fluid mechanical behavior is utilized in the fiber drawing process.
Inside the furnace, the preform starts to form a neck region, and with the help of

gravitational force, the fiber is collected in a spool. Several parameters are con-

sidered during this process, such as preform feed speed v?’;if;orm, capstan speed
vszzan, drawing temperature T°C, and drawing tension. Preform feed speed and

capstan speed specifically determine the collected desired fiber diameter and can

e
Y feed (2.2)

fiber
capstan

be given as follows:

dfiber = Upreform
v,

Here, dyiper represents the diameter of the drawn fiber from the diameter of

the preform (dpreform), Whereas v§§,§§"”" gives the feeding speed of the preform

fiber
capstan

inside the furnace and v is the pulling speed of the fiber from the capstan.

Moreover, the achievable fiber length from a prepared preform can also be

determined using another equation as follows:

dpreform 2
) (2.3)

lfiber = lpreform (W

Here, lfiper represents the achievable fiber length from a prepared preform
lpre form, Where drreform and dfem are the preform diameter and the fiber diameter,

respectively.

The importance of drawing temperature and drawing tension is also significant,

along with the fiber diameter and total fiber length. Especially while drawing a
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Figure 2.6: Schematic of thermal drawing process from preform to fiber.
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micro-structured fiber, these parameters play a vital role. If the fiber is drawn at
high viscosity at a reduced temperature, then there remains a possibility of pre-
form breakage. Again, fiber drawn at low viscosity and high drawing temperature
from a preform comes with a collapsed geometry in micro-structured optical fiber
drawing, which is also undesirable. Proper control and consideration of these
parameters during the fiber drawing process are crucial to achieving desired fiber
geometry with a uniform diameter. Furthermore, considering the surface tension
acting on the capillaries of micro-structured fiber drawing, external gas pressure
can also be applied in the core and cladding region of the preform [5, 89, 100]. A
tension meter and fiber diameter monitor are also necessary tools to monitor the

whole drawing process, as shown in Figure 2.6.

2.3 Optical Loss Measurement

After successfully fabricating the optical fiber, it requires an optical measurement
to find the propagation loss, bending loss, modal property, numerical aperture
(NA), chromatic dispersion, cutoff wavelength, number of existing modes in the
fiber, etc.

2.3.1 Transmission Loss Measurement Optical Setup

The optical setup for straight transmission loss measurement of a fiber is shown

below:

A supercontinuum (SC) laser with an emission spectrum ranging from 450 to
2400 nm (YSL Photonics SC-5, China) is collimated using a microscopic lens.
Then collimated light is coupled into a fiber using another microscopic lens. Dur-
ing the light collimation as well as coupling into the fiber, NA matching plays
an important role in maximizing the light guidance efficiency and minimizing the

loss due to coupling inefficiency. Then collected light from the other fiber end is
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Figure 2.7: Optical setup for straight transmission loss measurement in a HCM-
POF [13].

again collimated and coupled into the Optical Spectrum analyzer (OSA) (Yoko-
gawa AQ6370B, Japan) using another two sets of microscopic lenses. The output
power of the fiber end at each length is collected from OSA. These lenses are
set up over 3D stages to maximize their freedom of movement to achieve high-
efficiency coupling. Meanwhile, a laser beam profiling camera is also added to the
setup to monitor the output images of the fiber at different fiber lengths with the
help of a movable reflecting mirror. The cutback measurement method is used
for straight transmission loss measurement to minimize the effect of the coupling
problem. In this method, a fiber is cut at different lengths after collecting their

optical spectra at each length. Then, straight transmission loss is measured using

e (3) (2

Here, ay,ss represents the transmission in dB/unit length. P,,; and P, gives

the equation given below:

the measurement of the output and input power collected from the fiber length
at L; and Ly respectively, where L. = Ly — Ly in unit length. The transmission
loss of Silica optical fiber is given in dB/km unit. Besides the propagation loss
along the fiber, other factors, such as splicing loss, micro and macro bending loss,
and coupling loss, also play a crucial role. To minimize the coupling loss in our
optical loss measurement of mPOF's, we couple the light using lenses of having

similar NA. The fiber was kept straight as much as possible to reduce the micro
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and macro bending-induced losses. Fiber was cut at several lengths to minimize

the splicing-initiated loss.

2.3.2 Bend Loss Measurement Optical Setup

Optical fibers face different mechanical effects; hence, light propagation loss in-
creases due to the fiber’s bending (micro and macro). Sometimes installing the
fiber in the field at some instances, we need to bend the fiber. While bending the
fiber at different radius it also increases the transmission loss. So, bend loss mea-
surement is also required to determine the optical fiber’s characteristics. Figure

2.8 shows the optical setup for bend loss measurement of our MPOFs below:
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Figure 2.8: Optical setup for bend-induced loss measurement under mechanical
effects in a HCMPOF.

Initially, the optical power with the transmission signal is collected from OSA
for a straight long fiber using the similar optical setup as mentioned in figure
2.3.1.1. Since POF's possess huge losses compared to silica optical fiber (especially
in our fabricated mPOFs), we tried to extract the bending loss data of those fibers
at different bending angles (30°, 452, 60°, 90°, 120°, 135%) in different bending
radius (25, 50 mm). After the initial straight transmission measurement, the

fiber was bended at those different angles for a certain bending radius and with
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the modified setup the transmission spectra were collected. After the collection
of data for different bending the fiber was cut into shorter length the measure
was further taken by the similar optical setup shown in the figure 2.8. Bend loss

measurement can be obtained in an analogous way using the equation 2.4.

2.4 Fiber Characterization

2.4.1 Axio Scope A1l Laboratory Microscopy

For continuous use during fiber drawing and optical characterization, the axio
scope Al laboratory microscope is a great tool in a laboratory environment.
Especially someone who needs to observe the structure and run the microscope
for a long period. Since MPOF geometry deforms easily, several cuts are needed
during the cut-back measurement method. For this purpose, imaging through
this microscope becomes user-friendly to observe the proper cut (without or with
minor deformation) during optical characterization. Several contrast methods,
such as dark and bright field, phase contrast, and fluorescence, according to the

user’s demand.

2.4.2 Laser Scanning Confocal Microscopy

For the imaging of HCmPOFs profiling, a laser scanning confocal microscope
(LSCM) (Keyence VKX 100, Japan) is used. The laser beam is converged and
coupled to a sample’s surface in this microscopic method. The reflected light
is collected and further refocused in a pinhole. The pinhole is situated in front
of the detector, which detects the intensity of the incoming light through the
pinhole. To achieve the optimum intensity during imaging, the density of the
laser illumination should match the acceptance of the pinhole detector. The
measured intensity is high when the laser’s confocal volume intersects the surface.

But sometimes, we observe lower intensity-based imaging because the confocal
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volume does not cross the surface. While scanning the sample’s surface area, the

relative position between the objective lens and the surface is important.
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Chapter 3

Stack and Draw technique based
HCMPOFs

3.1 Hollow Core Preform Fabrication

Preform fabrication is a significant step for fabricating stack and drawing
technique-based HCMPOF. To fulfill the criteria, commercially available 30 cm
long polycarbonate (PC) sheets were first rolled over Teflon tubes. Figure 3.1 (a)
depicts the polymer rolling process. The reason for using Teflon tubes is that even
at higher temperatures (200° - 350°C), the polymer doesn’t stick with the Teflon.
A 14.8 mm outer diameter (OD) Teflon tube that acted as an inner diameter (ID)
of the hollow PC preform was chosen for our work. The polymer was rolled over
the Teflon until 18 mm OD was reached with a thickness of 1.6 mm. The reason
for choosing this particular diameter is to maintain the draw-down ratio of around
10.9 from preform to fiber. Because according to our HCPOF preform design, the
OD = 1.65 mm and ID = 1.35 mm with a thickness of 0.15 mm capillaries were
required for the stacking process. Extra care was taken during the polymer rolling
process to prevent the formation of trapped air gaps inside the rolled polymer
layers. Otherwise, air bubbles can be observed after the consolidation process,

leading to nonuniform fiber diameter during the fiber drawing process and hence
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(a) M

Figure 3.1: Schematics of the preform fabrication process (a) polymer rolling, (b)
vacuuming at elevated temperature, and (c¢) consolidation of the rolled polymer
preform.

perform breakage. Moreover, Teflon tape was wrapped over the rolled polymer to
hold the structure without deformation during consolidation. Since most of the
polymer materials have an affinity to air moisture, the rolled preform was kept
inside a vacuum chamber, as shown in Figure 3.1 (b). The preform was heated
inside the chamber at an elevated temperature (90° C). The elevated temperature
was chosen way below the polymer material’s glass transition temperature (7))

so the structure doesn’t deform.

Later, the preform is consolidated inside a custom-made horizontal and dual-
zone radiative furnace, as shown in Figure 3.1 (¢). The rolled polymer possesses
some air gaps between the rolled layers and does not stick together, which is
unsuitable for successful fiber drawing. In this process, the temperature is raised
way beyond the material’s glass transition temperature, where polymer materials
soften enough and stick to each other, forming a solid preform. For our work, at
the first stage, the temperature was raised at a rate of 10° C/min from ambient
condition to 140° C inside the furnace and kept at that temperature for 2 hours
20 minutes, which is still lower than the glass transition temperature of PC (T,=
147° C). In the second stage, the temperature was raised to 185° C and kept for 45
minutes. At this point, the polymer layers become soft enough to stick together
and form a solid, glassy type transparent structure. The process is carried out
using a predefined manual and under vacuum conditions. After that, the preform
is cooled to the ambient temperature and kept inside the vacuum chamber at an

elevated temperature again.
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3.2 Thermal Drawing of Capillaries

A custom—made fiber draw tower with a dual zone radiative furnace was used
to draw capillaries of desired diameters from the fabricated preform. During
the capillary drawing process, consideration of parameters, such as preform feed
speed, capstan speed, and achievable fiber length, can be precalculated using
equations 2.3 and 2.4, where the length and diameters of the preform and desired
diameters of the capillaries are already known. The fiber was drawn at 230° C
temperature with preform feed speed and capstan speed of 3.5 mm/min and 0.32
m/min, respectively, as depicted in Figure 2.6. But no gas pressure was applied
during the capillary drawing process. Figure 3.2 shows the image of the drawn

capillary taken by Axio Scope Laboratory A1l Microscope.

Figure 3.2: Thermally drawn hollow core capillary from the hollow core preform
of PC material.

3.3 Preform Stacking

For five tubes and six tubes-based tubular HCMPOFs, preforms were stacked with
five and six main capillaries drawn from the fiber tower, respectively. Generally,

the core-to-cladding diameter ratios for HCMPOF preforms design are kept at
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2:1 and 1.5:1. The capillaries were stacked inside a 30 cm long consolidated
outer jacket made of PC materials following the process mentioned in Figure 3.1.
The ID and OD of the outer jacket are 6.63 mm and 14.2 mm (Figure 3.3 (a)).
As shown in Figure 3.3 (b), those drawn capillaries were stacked inside with a
center support of 3.3 mm OD and 5 and 6 other supporting capillaries to hold the
structure for the five-tube and six-tube base HCMPOF preform, respectively. The
center capillary with other supporting capillaries is stacked just at the preform-
ends. In the mid-section, main capillaries only exist, as Figure 3.3 (c) shows.
After the stacking process, the holes of the supporting capillaries and center

holes are blocked with resin hardener to prevent gas flow through those regions.

(a’ (b)' |
Consolidated Drawn Preform Stacking
preform capillaries

Figure 3.3: Schematics of preform stacking process, (a) Prepared outer jacket
for stacking, (b) drawn capillaries, (c) Stacking main capillaries inside an outer
jacket with supporting capillaries.

3.4 Fiber Drawing of Stacked Preform

The prepared stacked preform was inserted inside the same custom-made fiber
draw tower with a dual zone radiative furnace in this step. During the HCMPOF
drawing process, consideration of parameters, such as preform feed speed, capstan
speed, and achievable fiber length, can be precalculated using equations 2.3 and
2.4, where the length and diameters of the preform and desired diameters of the
fiber are already known. The fiber was drawn at 234° - 236° C temperature,

as shown in Figure 2.6. After a certain point, the preform starts to form neck
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inside the furnace and comes down due to the gravitational force. The fiber was
connected to the capstan at a 1.25 m/min drawing speed. The fiber was directly
drawn from the preform with a preform feed speed of 2.5 mm/min at a high draw
tension (70-80 g). During the fiber drawing process, the temperature decreased
to 4° C to make the material more viscous. This process also helps to prevent
the effect of preform micro-structured holes’ collapse. Additionally, 50 ccm air
pressure is applied specifically through the hollow capillary region to inflate them

and to hold the micro-structures inside the fiber.

Figure 3.4: Cross-sectional images of the (a) five-tubes and (b) six-tubes based
HCMPOFs.

The final outer diameters of the five-tubes and six-tubes tubular HCMPOFs
were around 475 pm. Figure 3.4 (a) and (b) depict the cross-sectional images
of the five tubes and six-tubes tubular HCMPOFs. The five-tubes based HCM-
POF consists of a 153.1£8 pm core diameter and 74.54+3 pum capillary diameter
surrounding the core having thickness of 4.5+£0.3 pm on average. The geometry
is not well confined, and the distance between two adjacent capillaries is very
high, the main contributor to the light leakage in HCFs. On the other hand,
six-tubes tubular HCMPOF consists of a 68.53+5 pum core diameter and 52.84+4
pm capillary diameter surrounding the core having thickness of 6.344+0.5 pm on
average. In this case, the core is relatively well structured compared to the five

tubes based simple tubular fiber.
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Figure 3.5: Comparison of the cross-sectional images of the drawn fiber at differ-
ent fiber lengths (a) 104 cm, (b) 91 cm, (c¢) 76 c¢cm, (d) 56 cm, (e) 38 cm, and (f)
27 cm from the same batch of 104 cm length.

A detailed investigation was carried out on 104 cm long six-tubes based HCM-
POF, as shown in Figure 3.5 (a)-(f). The fiber was cleaved at different fiber
lengths to observe the condition of the capillaries inside the MPOF. As men-
tioned, the figure shows that the capillaries’ positions inside the fiber are shifted
throughout 104 cm long fiber at different lengths. Even the change in the position
of the fiber capillaries’ can be observed at a 15 ¢cm distance. This has a negative

impact on the propagation spectra for the loss measurement of the drawn fiber.

Since polymers are not rigid compared to silica material, especially at lower
thickness, they possess significant bending issues, as shown in Figure 3.6. Even
in shorter lengths, polymer bends a lot compared to silica. The setup of the
capstan in the fiber draw tower also plays a significant role in bending these
capillaries. Thus, stacking those capillaries inside an outer jacket creates a shift
in the position of the capillaries inside the preform. The supporting and center

capillaries are only at both sides of the preform end. So, these are insufficient to
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Figure 3.6: Bending issues with polymer capillaries compared to silica capillaries
(25 cm).

keep those capillaries in a fixed position.

3.5 Propagation Loss Measurement

3.5.1 Loss Measurement of Five-Tubes based Tubular
HCMPOF

|

Figure 3.7: Output images of the five-tubes tubular HCMPOF, when light is
coupled to the core at (a) 27 cm, (b) 20 cm, (c) 15.1 cm lengths, respectively.

The straight transmission loss measurement for five-tubes tubular HCMPOF
was carried out using the optical setup depicted in Figure 2.7. A 27 cm long fiber
was used for the cutback measurement method. The light guidance through the
core can be observed in Figure 3.7 at different fiber lengths. The large size of the

core with speckles observed from the images significantly proves the multimode
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nature of the fiber.
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Figure 3.8: Transmission signals of the core guidance of the drawn fiber at dif-
ferent lengths.

To confirm the light guidance through the hollow core, transmission spectra
at several fiber lengths (27, 20, and 15.1 cm) were collected by an OSA. Figure
3.8 shows the transmission signal spectra of the core guidance with the aforemen-
tioned lengths from 650 to 1500 nm wavelength ranges. It can be observed that
the transmission spectra for the 27 cm and 20 cm are similar. But a slight change
is visible for the 15.1 cm long fiber length transmission spectrum. Since the gap
between the capillaries of the 15.1 cm long fiber was larger than the other fiber
lengths, the variation in the transmission signal is significant. Again, these gaps
between those capillaries are the major reason for higher leakage loss despite its

bigger core size, as shown in Figure 3.9.
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Figure 3.9: Measured optical propagation losses of five-tubes tubular HCMPOF
between 650 nm to 1500 nm.

The cut-back method was used for the propagation loss measurements. Since
the laser source is pumped at 1.064 pm wavelength, the high loss comes from
there despite high transmission signals visible at that regime. The lowest prop-
agation loss of 32.81 dB/m was achieved at 670 nm with an average optical loss
of 51.78 dB/m between 6.5 ym to 1 gum. Furthermore, the loss between 1.1 pm
to 1.50 um was averagely found as 58.95 dB/m (Figure 3.9). Despite having a
thinner capillary thickness (4.5£0.3 pm) due to anomalous transmission signal,
no significant resonance band was observed. The multimode guidance of the fiber
with higher light leakage probability due to the failure to keep the geometry con-
fined is the major reason for the higher loss in the NIR region despite the larger

core geometry.
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3.5.2 Loss Measurement of Six-Tubes based Tubular
HCMPOF

The straight transmission loss measurement for six-tubes tubular HCMPOF was
carried out using the similar optical setup depicted in Figure 2.7. A 44.7 cm long
fiber was used for the cutback measurement method. The light guidance through
the core can be observed in Figure 3.10 at different fiber lengths. The speckles
inside the core observed from the images significantly prove the multimode nature
of the fiber.

(a)

)

Figure 3.10: Output images of the six-tubes tubular HCMPOF, when light is
coupled to the core at (a) 44.7 cm, (b) 33.7 cm, and (c) 17.5 cm lengths, respec-
tively.

To confirm the light guidance through the hollow core, transmission spectra
at several fiber lengths (44.7, 33.7, and 17.5 cm) were collected by an OSA. The
light was also intentionally coupled to the 44.7 cm fiber’s cladding to determine
the guidance characteristic of the drawn polymer. Figure 3.11 shows the trans-
mission signal spectra of the core and cladding guidance of the fiber with the
aforementioned lengths from 650 to 1650 nm wavelength ranges. Although the
transmission spectra for the fiber’s core and cladding follow a similar trend be-
tween 0.65 and 0.8 pum, where the bulk polymer is transparent, a noticeable shift
occurs at longer wavelengths due to the material absorption. The transmission
behavior of the fibers in these areas supports that light is guided through the

hollow core between 1.1 and 1.65 pm.

The cut-back method was used for the propagation loss measurements. Since
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Figure 3.11: Transmission spectra for core guidance of the drawn fiber at three
different lengths (44.7, 33.7, and 17.5 cm).

the laser source is pumped at 1.064 pm wavelength, the high loss comes from there
despite high transmission signals visible at that regime. The lowest propagation
loss of 25.18 dB/m was achieved at 1430 nm with an average optical loss of
48.57 dB/m between 6.5 pum to 1 pm. Furthermore, the loss between 1.1 pm
to 1.65 um was averagely found as 49.40 dB/m (Figure 3.12). Despite having a
thinner capillary thickness (6.34+0.5 pm) due to anomalous transmission signal,
no resonance band was observed. The multimode guidance of the fiber with
non-uniform light confinement and shifts of the cladding geometry, even in 15
cm lengths, are the major reasons for the higher loss in this wavelength region

despite the smaller core diameter.
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Figure 3.12: Measured propagation loss of six-tubes tubular HCMPOF between
650 nm to 1650 nm.

40



Chapter 4

3D Printed HCMPOF's

4.1 Preform Fabrication via Fused Deposition

Modeling

The printing process and preform of the HCPOF with six-pointed star cladding
tubes are shown in Figure 4.1 (a), (b). The design of the preform, and thus the
HCPOF, was based on shaping the fiber’s outer cladding to lower the transmission
losses further [57]. A 175 mm long preform was printed as it was the maximum
workspace of the FDM thermal 3D printer (Zortrax M200, Poland). The diameter
of the preform was chosen to be ¢ = 38mm, and it comprises evenly spaced six
cladding tubes along the periphery (tube diameter ¢;; = 8.75mm and thickness
t = 0.80mm) while surrounding the hollow core of the preform. The tubes are
located at the pointed regions of the cladding, leaving additional air holes between
the tubes and the outer polymer cladding to improve the light guidance. The
extruder of the 3D printer was fed with a low-cost and commercially available
translucent Z-Glass filament composed of PETG 80% fiberglass filler 12% and
other additives 8% [13]. This material was given preference for its mechanical and
chemical durability, UV resistance, and surface scratching. Furthermore, the 3D

model can be printed precisely with this filament because of its lower shrinkage
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Figure 4.1: Preform fabrication process by ALM method (a) 3D printing process,
and (b) perspective view of the hollow core preform.

rate than the other polymeric filaments used in 3D printers. The extruder and bed
temperatures were set as T,, = 254°C and T,y = 80°C' after the optimization
studies on the printer. The thinnest possible layer height and thickness were
selected as 0.14 mm and 0.8 mm, respectively. Since the printer nozzle deposits
the polymer layer by layer at high extrusion temperature, it creates a chance of
warping the solid structure. To avoid this problem, a solid infill pattern with 90%
infill density was chosen, extending the printing time to t = 32 hours. Despite
the translucency of the filament, insufficient polymerization with trapped air
bubbles inside the printed structure caused the preform to be milky white after
3D printing. However, drawing into fiber cleared a considerable percentage of
this opaqueness. The preform was prepared without going through the laborious

and time-consuming intermediate steps of cane drawing and stacking.
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4.2 Thermal Drawing from 3D Printed Preform
to HCMPOF Fiber

The preform was prepared without going through the laborious and time-
consuming intermediate steps of cane drawing and stacking [89, 5]. A custom-
made fiber draw tower with a dual zone radiative furnace was used to draw fibers
at 158°C with a capstan speed of 1.875 m/min, as schematically shown in figure
2.6. Fibers were directly drawn from the preform skipping the intermediate cane
drawing step. The quick fabrication process performed in this work was achieved
by selecting a mechanically robust filament and adjusting the drawing param-
eters. This selection creates an additional advantage of preserving the printed
preform cross—section in the fiber since the cross-section was easily damaged
with additional heating cycles [12]. Moreover, during the fiber drawing process,
the propensity of the core and capillaries to expand and contract was observed
respectively under low drawing tension since surface tension on the capillaries
dominates in the neck-down region [100]. Yet, the non-Newtonian behavior of 3D
printing filament and limited space for expansion restricted us from overshooting

the capillary pressure [70].

Figure 4.2: A comparison of the cross-sectional images of a) 3D printed preform
and b) HCMPOF after thermal drawing.
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Therefore, the fiber was drawn with high drawing tension (120 g) with opti-
mum core-capillary gas pressure difference (10—20 mBar) to preserve the desired
geometry properly. Figure 4.2. shows a comparison of the cross—sectional images
between the 3D printed preform and the HCPOF after the thermal drawing pro-
cess taken by a laser scanning confocal microscope (Keyence VKX 100, Japan).
The HCPOF comprises 172.75+14 pm hollow core, 18+2 pum strut thickness, and
480+10 pm outer diameter.

Figure 4.3: Collected thermally drawn HCMPOF (~ 10m) with preform ends.

Despite applying gas pressure through the capillaries, slight deformation of
the HCPOF’s cross-section was observed with non-uniform strut thickness and
tube diameters. One reason behind the non-uniformity could be the expansion
of the trapped air bubbles inside the 3D printed preform during the drawing
process [6, 9, 10, 11]. Furthermore, expansion of these air bubbles with incomplete
polymerization during 3D printing limits the drawn fiber length (10 m) due to

sudden preform breakage as shown in figure 4.3.
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4.3 Propagation Loss Measurement

To evaluate the light guidance properties of the drawn fiber in the NIR, the light
was coupled into the hollow core of 57.8 cm long fiber by using the characterization
setup depicted in Figure 2.7. The large size of the core with speckles observed
from the images significantly proves the multimode nature of the fiber as shown in
Figure 4.4. To confirm the light guidance through the hollow core, transmission
spectra at several fiber lengths (57.8, 41.3, 31.3, and 17 cm) were collected by an
OSA. The light was also intentionally coupled to the cladding to determine the
guidance characteristic of the drawn polymer. Since the Z-Glass polymer has a

low glass transition temperature (7, = 78.06° C), the fiber tip could be burned

or deformed during light coupling to the cladding region [13].

(a)

Cladding

Coupling

Core
Coupling

Figure 4.4: Output images of the hollow core microstructured polymer optical
fiber (HCMPOF) when light is coupled to cladding (a) i - iv and core (b) v - viii
at 17 cm, 31.3 cm, 41.3 cm, and 57.8 cm length, respectively.

To avoid damaging the fibers, the light source set to low power was used for
straight transmission loss measurement of the fiber. Though cladding coupling at
57.8 cm long fiber can be observed from the camera, due to the material absorp-
tion transmission spectrum at this length are too noisy to be used in calculations.
Furthermore, light guidance through an untreated Z-Glass filament (30 cm long
filament with 1.75 mm diameter) was also observed to identify the characteristics

of the untreated polymer. Figure 4.5 shows the transmission signal differences

45



— ]
e
om
T -30 -
©
(=
D 1
w
5
‘o -60
0
&
= - a
% 17 ¢cm Core 3 =
i =+ =31.3 cm Core i : l
— 41.3 cm Core i i :
-90 Jp++-- 57.8 cm Core i i : |
17 cm Cladding i i '
..... 31.3 cm Cladding i i I
41.3 cm Cladding i i : :
i Untreated Filament : i ! i | 1 I
n I L - : :

800 1000 1200 1400

Wavelength (nm)

Figure 4.5: Transmission spectra of the drawn fiber at different lengths. An
untreated polymer filament is also included for a better comparison.

between the core and cladding of fibers with the aforementioned lengths and
untreated polymer filament. Although the transmission spectra for the fiber’s
core, cladding, and filament follow a similar trend between 0.65 ym and 1.05
pum, where the bulk polymer is semi-transparent, a noticeable shift (grey-shaded
regions) occurs at longer wavelengths due to the material absorption. The trans-
mission behavior of the fibers in these areas supports that light is guided through
the hollow core between 1.1 ym and 1.65 pm. The cut-back method was used
for the propagation and bending loss measurements. Since the laser source is
pumped at 1.064 pm wavelength, the high loss comes from there despite high
transmission signals being visible at that regime. The lowest propagation loss of
0.087 dB/cm was achieved at 1.35 pm with an average optical loss of 0.11 dB/cm
between 1.3 ym to 1.4 pm. Furthermore, the loss between 1.1 ym to 1.65 pum
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Figure 4.6: Measured propagation losses of HCMPOF between 650 nm to 1650
nm.

was averagely found as 0.16 dB/cm (Figure 4.6). Due to thick cladding elements,
the transmission window is overpopulated with resonance wavelengths leading to

relatively higher losses.

The fibers were further examined for mid-infrared guidance using a thermal de-
tector (Thorlabs PM100D) and Germanium filter that only allows light guidance
above 1.9 ym. Using the same SC laser source, 0.23 mW power was collected,
suggesting a high probability of guiding the mid-IR radiation with the proposed
fiber. Further analysis with a mid-IR spectrometer would confirm the guidance

by providing a detailed loss profile of the fiber at different wavelengths.
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4.4 Bend Loss Measurement
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Figure 4.7: (a) Output images of the fiber and (b) Transmission signal spectra
at different bending angles for 50 mm bending radius.

Bend loss measurements were performed with a different fiber collected from
the same batch at 50 mm bending radius by varying the fiber angles. The light was
coupled into the HCMPOF using a modified optical setup, as shown in Figure 2.8.
The output images of the 31.2 cm long fiber at different angles were taken by the
camera (Figure 4.7 (a)). Since the light was only coupled to the core region, the
higher laser power was used for the bend measurement compared to the straight
loss measurement. Hence, different transmission spectra were observed for the
same fiber length collected from the same batch during propagation and bend

loss measurements. At a 50 mm bend radius, transmission spectra of the core
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Figure 4.8: Bend induced losses of the HCMPOF for the core guidance in different
angles at 50 mm bend radius.

guidance from 0° to 120° degree bending exhibit a similar profile with 31.2 and
4 cm fiber lengths (Figure 4.7 (b)). The light intensity through the core guiding
decreases as the bending angle increases, resulting in cladding guidance at 135°
degree bending. At 1.3 pm and 1.55 um wavelengths, the observed bending loss
for a 50 mm bend radius at 120° of bending was 1.5 dB/cm (Figure 4.8). These
substantial losses can be attributed to the thicker struts and modest capillary
distortion caused by trapped air bubbles’ expansion during the fiber drawing.
It can be further reduced by circumventing the resolution and layer thickness
restriction imposed by 3D printers and minimizing the formation of trapped air

bubbles during printing.
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Chapter 5

Conclusions and Future Work

Light can travel 47% faster in HCF than in conventional SCOFs with lower la-
tency, high damage threshold, and better modal properties. These properties in
HCFs come with significant attention in several applications, such as telecommu-
nication, sensing, high-power laser delivery, and non-linear optics. The transmis-
sion loss in HCF's arising from a lack of proper confinement can be reduced further
by engineering the cladding structure surrounding the fiber’s hollow core, such as
NC-HCFs. Although silica is a material of choice for low-loss long-length guid-
ance in the NIR, several properties, such as flexibility, durability, and bending,
limit its potential use for short-distance high-speed data transmission systems.
On the other hand, POFs are far more suitable due to their flexibility, easier
material processing, temperature sensitivity, accessibility, and disposability. De-
spite higher NIR absorption of polymers than silica counterparts in NIR, the
possibility of light guidance through the hollow core paves the way for achiev-
ing low transmission loss in POFs. Even though various methods for fabricating
POFs from preform, such as drilling, billet extrusion, cast, polymerization, stack
and draw, and 3D printing, have already been investigated, successful fabrication

and optical characterization of negative curvature and intricate geometry-based
HCMPOFs are yet to be resolved.
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Fabrication of five tubes and six tubes based tubular NC-HCMPOFs were in-
vestigated based on the stack and draw technique with the potential to achieve
long fiber length. The primary fabrication process of the preforms was system-
atically optimized to achieve well-structured geometry after the fiber drawing
process. During the thermal drawing process, the expansion and contraction of
the fiber core and cladding were frequently observed. The optimized gas pressure
difference between the core and cladding parts preserved well-structured fiber
geometry. The five-tube- and six-tube-based HCMPOF's consisted of core diam-
eters of 153.1£8 pum and 68.53+£5 pum and capillary diameters of 74.5+3 pm and
68.53+£5 pum on average, respectively. The thickness of the capillaries surround-
ing the core was 4.5+0.3 pum for five tubes HCMPOF and 6.3440.5 um for six
tubes HCMPOEF. Optical propagation loss measurement was carried out with the
cutback measurement approach. For the five-tube design, the lowest propagation
loss (32.81 dB/m) was achieved at 670 nm wavelength with an average optical
loss of 51.78 dB/m between 6.5 pm to 1 pm and 58.95 dB/m between 1.1 pum to
1.50 pm.

On the other hand, the six-tube-based design’s lowest propagation loss was
25.18 dB/m at 1430 nm. This fiber possesses an average optical loss of 48.57
dB/m and 49.40 dB/m over 6.5 ym to 1 ym and 1.1 gm to 1.65 um wavelength
range, respectively. The high transmission loss in these HCMPOFs was visible
due to the cladding structure’s lack of proper confinement of the fibers’ core.
Further investigation was carried out to observe the inside geometry of the 104
cm long six tubes HCMPOF. A continuous slight change in the shape and posi-
tion of the cladding parts inside the fiber was found even at a 15 cm distance.
Failure of proper preform stacking could be one of the primary reasons behind
the high losses. Since thinner polymer capillaries lack rigidity compared to silica
capillaries, these polymer capillaries easily bend even at shorter lengths, which
results in improper preform stacking. However, stacking the main capillaries
tightly inside the outer jacket of the preform with the help of glass capillaries
and etching those capillaries after proper stacking can be a pragmatic solution
for the preform preparation. This way, we can have similar fiber geometry in-

side a preform, requiring less gas pressurization inside the capillaries during the
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fiber drawing process. Alternatively, a larger preform size with an equal draw-
down ratio can also provide well-structured fiber geometry to reduce the losses
with possible resonance bandwidth in the NIR regime. Again, the fabrication
and optical characterization of a novel negative curvature HCPOF from a 3D
printed preform was demonstrated using low-cost and commercially available 3D
printed filaments. The direct thermal fiber drawing strategy while applying the
gas pressure inside the preform is less time-consuming, less labor-intensive, and
better to preserve the intricate structure of the fiber. However, limitations of the
3D printing parameters, such as printer resolution and layer thickness, still have
significant effects on the final fiber geometry. Light is successfully guided through
the air core of 57.8 ¢cm long fiber with low propagation losses (8.7 dB/m at 1.35
pm and an average of 16 dB/m in the observed spectrum of 650 nm to 1650 nm).
Light guidance is also observed at different bending angles with a maximum loss
of 1.5 dB/em at a 50 mm bend radius at a 120° bending angle. Moreover, the
average optical loss of 0.16 dB/cm between 1.1 pm to 1.65 pm is two orders of
magnitude lower than the material absorption loss [10]. The losses can be fur-
ther reduced using a preform printed from a high-resolution 3D printer. Future
work can be focused on fabricating other intricate geometry-based HCMPOFs
[58, 101] can be further explored for potential light guidance in the NIR based on
additively manufactured preforms using a higher resolution 3D printer. Scaling
down the layer thickness barrier in the 3D printer resonance bandwidth can also

be achievable with low optical propagation loss in the NIR regime.

52



Bibliography

1]

2]

F. Poletti, “Nested antiresonant nodeless hollow core fiber,” Optics express,
vol. 22, no. 20, pp. 23807-23828, 2014.

F. Amrani, J. Osério, F. Delahaye, F. Giovanardi, K. Vasko, L. Vincetti,
B. Debord, F. Gérome, and F. Benabid, “Design and fabrication of a single-
mode and ultra-low loss hollow-core fiber based on kagome-tubular hybrid
lattice,” in CLEQO: Science and Innovations, pp. STulQ-2, Optica Publish-
ing Group, 2021.

F. M. Cox, R. Lwin, M. C. Large, and C. M. Cordeiro, “Opening up optical
fibres,” Optics Fxpress, vol. 15, no. 19, pp. 11843-11848, 2007.

F. Cox, A. Argyros, and M. Large, “Liquid-filled hollow core microstruc-
tured polymer optical fiber,” Optics Fxpress, vol. 14, no. 9, pp. 4135-4140,
2006.

M. A. van Eijkelenborg, A. Argyros, and S. G. Leon-Saval, “Polycarbonate
hollow-core microstructured optical fiber,” Optics letters, vol. 33, no. 21,
pp. 2446-2448, 2008.

K. Cook, J. Canning, S. Leon-Saval, Z. Reid, M. A. Hossain, J.-E. Comatti,
Y. Luo, and G.-D. Peng, “Air-structured optical fiber drawn from a 3d-
printed preform,” Optics letters, vol. 40, no. 17, pp. 3966-3969, 2015.

K. Cook, G. Balle, J. Canning, L. Chartier, T. Athanaze, M. A. Hossain,
C. Han, J.-E. Comatti, Y. Luo, and G.-D. Peng, “Step-index optical fiber
drawn from 3d printed preforms,” Optics letters, vol. 41, no. 19, pp. 4554—
4557, 2016.

93



8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Q. Zhao, F. Tian, X. Yang, S. Li, J. Zhang, X. Zhu, J. Yang, Z. Liu,
Y. Zhang, T. Yuan, et al., “Optical fibers with special shaped cores drawn
from 3d printed preforms,” Optik, vol. 133, pp. 60-65, 2017.

P. Toal Jr, L. Holmes, R. Rodriguez, and E. Wetzel, “Microstructured
monofilament via thermal drawing of additively manufactured preforms,”
Additive Manufacturing, vol. 16, pp. 12-23, 2017.

W. Talataisong, R. Ismaeel, T. H. Marques, S. Abokhamis Mousavi,
M. Beresna, M. Gouveia, S. R. Sandoghchi, T. Lee, C. M. Cordeiro, and
G. Brambilla, “Mid-ir hollow-core microstructured fiber drawn from a 3d

printed petg preform,” Scientific reports, vol. 8, no. 1, p. 8113, 2018.

T. H. Marques, B. M. Lima, J. H. Osério, L. E. da Silva, and C. M. Cordeiro,
“3d printed microstructured optical fibers,” in 2017 SBMO/IEEE MTT-S

International Microwave and Optoelectronics Conference (Imoc), pp. 1-3,
IEEE, 2017.

M. Zubel, A. Fasano, G. Woyessa, K. Sugden, H. K. Rasmussen, and
O. Bang, “3d-printed pmma preform for hollow-core pof drawing,” 2016.

M. Rahman, C. Dilsiz, and M. Ordu, “3d printed hollow-core polymer op-
tical fiber with six-pointed star cladding for the light guidance in the near-
ir regime,” in 2022 International Conference on Information Science and
Communications Technologies (ICISCT), pp. 1-3, IEEE, 2022.

M. A. Van Eijkelenborg, M. C. Large, A. Argyros, J. Zagari, S. Manos,
N. A. Issa, I. Bassett, S. Fleming, R. C. McPhedran, C. M. de Sterke,

et al., “Microstructured polymer optical fibre,” Optics express, vol. 9, no. 7,
pp. 319-327, 2001.

H. Ebendorft-Heidepriem, T. M. Monro, M. A. van Eijkelenborg, and M. C.
Large, “Extruded high-na microstructured polymer optical fibre,” Optics
communications, vol. 273, no. 1, pp. 133-137, 2007.

Y. Luo, J. Canning, J. Zhang, and G.-D. Peng, “Toward optical fibre fab-
rication using 3d printing technology,” Optical Fiber Technology, vol. 58,
p. 102299, 2020.

o4



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

K. C. Kao and G. A. Hockham, “Dielectric-fibre surface waveguides for op-
tical frequencies,” in Proceedings of the Institution of Electrical Engineers,
vol. 113, pp. 1151-1158, TET, 1966.

X. Zhang, T. Lin, P. Zhang, J. Xu, S. Lin, L. Xu, and K. Chen, “Highly
efficient near-infrared emission in er 3+ doped silica films containing size-
tunable sno 2 nanocrystals,” Optics Fxpress, vol. 22, no. 1, pp. 369-376,
2014.

T. Stephens, M. Haste, D. Towers, R. Maier, M. Thomson, M. Taghizadeh,
J. Jones, and D. Hand, “Fibre optic delivery of high peak power g-switched
laser pulses for flow measurement.,” in Proceedings of 11th International

Symposium on Applications of Laser Techniques to Fluid Mechanics, Cite-
seer, 2002.

Y. e. Jeong, J. Sahu, D. Payne, , and J. Nilsson, “Ytterbium-doped large-
core fiber laser with 1.36 kw continuous-wave output power,” Optics ez-
press, vol. 12, no. 25, pp. 60886092, 2004.

P. Russell, “Photonic crystal fibers,” science, vol. 299, no. 5605, pp. 358—
362, 2003.

J. C. Travers, W. Chang, J. Nold, N. Y. Joly, and P. S. J. Russell, “Ultrafast
nonlinear optics in gas-filled hollow-core photonic crystal fibers,” JOSA B,
vol. 28, no. 12, pp. A11-A26, 2011.

P. S. J. Russell, P. Holzer, W. Chang, A. Abdolvand, and J. Travers,
“Hollow-core photonic crystal fibres for gas-based nonlinear optics,” Na-
ture Photonics, vol. 8, no. 4, pp. 278-286, 2014.

B. Debord, F. Amrani, L. Vincetti, F. Gérome, and F. Benabid, “Hollow-
core fiber technology: the rising of “gas photonics”,” Fibers, vol. 7, no. 2,
p. 16, 2019.

C. Wei, R. J. Weiblen, C. R. Menyuk, and J. Hu, “Negative curvature
fibers,” Advances in Optics and Photonics, vol. 9, no. 3, pp. 504-561, 2017.

95



[26]

[27]

28]

[29]

[30]

[31]

[32]

[33]

F. Yu and J. Knight, “Negative curvature hollow core optical fiber,” IEFEFE
Journal of Selected Topics in Quantum Electronics, vol. 22, no. 2, pp. 1-11,
2016.

N. Y. Joly, J. Nold, W. Chang, P. Holzer, A. Nazarkin, G. Wong, F. Bian-
calana, and P. S. J. Russell, “Bright spatially coherent wavelength-tunable
deep-uv laser source using an ar-filled photonic crystal fiber,” Physical Re-
view Letters, vol. 106, no. 20, p. 203901, 2011.

F. Belli, A. Abdolvand, W. Chang, J. C. Travers, and P. S. J. Russell,
“Vacuum-ultraviolet to infrared supercontinuum in hydrogen-filled pho-
tonic crystal fiber,” Optica, vol. 2, no. 4, pp. 292-300, 2015.

F. Couny, F. Benabid, P. Roberts, P. Light, and M. Raymer, “Generation
and photonic guidance of multi-octave optical-frequency combs,” Science,
vol. 318, no. 5853, pp. 1118-1121, 2007.

L. Xiao, W. Jin, M. Demokan, H. L. Ho, Y. L. Hoo, and C. Zhao, “Fabrica-
tion of selective injection microstructured optical fibers with a conventional
fusion splicer,” Optics express, vol. 13, no. 22, pp. 9014-9022, 2005.

J. Canning, E. Buckley, and K. Lyytikainen, “Propagation in air by field
superposition of scattered light within a fresnel fiber,” Optics letters, vol. 28,
no. 4, pp. 230-232, 2003.

Y. Wang, M. Alharbi, T. D. Bradley, C. Fourcade-Dutin, B. Debord,
B. Beaudou, F. Gerome, and F. Benabid, “Hollow-core photonic crystal
fibre for high power laser beam delivery,” High Power Laser Science and

Engineering, vol. 1, no. 1, pp. 17-28, 2013.

B. Debord, M. Alharbi, L. Vincetti, A. Husakou, C. Fourcade-Dutin,
C. Hoenninger, E. Mottay, F. Gérome, and F. Benabid, “Multi-meter fiber-
delivery and pulse self-compression of milli-joule femtosecond laser and

fiber-aided laser-micromachining,” Optics express, vol. 22, no. 9, pp. 10735—
10746, 2014.

o6



[34]

[35]

[36]

[37]

[38]

[40]

K. A. Clark, Y. Chen, E. R. N. Fokua, T. Bradley, F. Poletti, D. J. Richard-
son, P. Bayvel, R. Slavik, and Z. Liu, “Low thermal sensitivity hollow core
fiber for optically-switched data centers,” Journal of Lightwave Technology,
vol. 38, no. 9, pp. 2703-2709, 2020.

M. I. Hasan, N. Akhmediev, A. Mussot, and W. Chang, “Midinfrared
pulse generation by pumping in the normal-dispersion regime of a gas-filled
hollow-core fiber,” Physical Review Applied, vol. 12, no. 1, p. 014050, 2019.

7. Huang, Y. Chen, F. Yu, D. Wu, D. Wang, R. Zhao, Y. Zhao, S. Gao,
Y. Wang, P. Wang, et al., “Highly-tunable, visible ultrashort pulses genera-

tion by soliton-plasma interactions in gas-filled single-ring photonic crystal
fibers,” Optics Fxpress, vol. 27, no. 21, pp. 30798-30809, 2019.

J. C. Travers, T. F. Grigorova, C. Brahms, and F. Belli, “High-energy
pulse self-compression and ultraviolet generation through soliton dynamics

in hollow capillary fibres,” Nature Photonics, vol. 13, no. 8, pp. 547-554,
2019.

M. Michieletto, J. K. Lyngsg, C. Jakobsen, J. Laegsgaard, O. Bang, and
T. T. Alkeskjold, “Hollow-core fibers for high power pulse delivery,” Optics
express, vol. 24, no. 7, pp. 7103-7119, 2016.

Y. Wang, M. K. Dasa, A. I. Adamu, J. Antonio-Lopez, M. S. Habib,
R. Amezcua-Correa, O. Bang, and C. Markos, “High pulse energy and
quantum efficiency mid-infrared gas raman fiber laser targeting co 2 ab-
sorption at 4.2 um,” Optics Letters, vol. 45, no. 7, pp. 1938-1941, 2020.

F. e. Poletti, N. Wheeler, M. Petrovich, N. Baddela, E. Numkam Fok-
oua, J. Hayes, D. Gray, Z. Li, R. Slavik, and D. Richardson, “Towards
high-capacity fibre-optic communications at the speed of light in vacuum,”
Nature Photonics, vol. 7, no. 4, pp. 279-284, 2013.

S. Brustlein, P. Berto, R. Hostein, P. Ferrand, C. Billaudeau, D. Marguet,
A. Muir, J. Knight, and H. Rigneault, “Double-clad hollow core photonic
crystal fiber for coherent raman endoscope,” Optics express, vol. 19, no. 13,
pp. 12562-12568, 2011.

o7



[42]

[43]

[45]

[46]

[49]

[50]

E. A. Marcatili and R. A. Schmeltzer, “Hollow metallic and dielectric waveg-
uides for long distance optical transmission and lasers,” Bell System Tech-
nical Journal, vol. 43, no. 4, pp. 1783-1809, 1964.

R. Cregan, B. Mangan, J. Knight, T. Birks, P. S. J. Russell, P. Roberts,
and D. Allan, “Single-mode photonic band gap guidance of light in air,”
science, vol. 285, no. 5433, pp. 1537-1539, 1999.

S. John, “Strong localization of photons in certain disordered dielectric

superlattices,” Physical review letters, vol. 58, no. 23, p. 2486, 1987.

E. Yablonovitch, “Inhibited spontaneous emission in solid-state physics and

electronics,” Physical review letters, vol. 58, no. 20, p. 2059, 1987.

P. Roberts, F. Couny, H. Sabert, B. Mangan, D. Williams, L. Farr, M. Ma-
son, A. Tomlinson, T. Birks, J. Knight, et al., “Ultimate low loss of hollow-
core photonic crystal fibres,” Optics express, vol. 13, no. 1, pp. 236—244,
2005.

X. Zhang, S. Gao, Y. Wang, W. Ding, X. Wang, and P. Wang, “7-cell
hollow-core photonic bandgap fiber with broad spectral bandwidth and low
loss,” Optics Fxpress, vol. 27, no. 8, pp. 11608-11616, 2019.

F. Benabid, J. C. Knight, G. Antonopoulos, and P. S. J. Russell, “Stim-
ulated raman scattering in hydrogen-filled hollow-core photonic crystal
fiber,” Science, vol. 298, no. 5592, pp. 399-402, 2002.

F. Couny, F. Benabid, and P. Light, “Large-pitch kagome-structured
hollow-core photonic crystal fiber,” Optics letters, vol. 31, no. 24, pp. 3574—
3576, 2006.

E. A. Curtis, T. Bradley, G. P. Barwood, C. S. Edwards, N. V. Wheeler,
R. Phelan, D. J. Richardson, M. N. Petrovich, and P. Gill, “Laser fre-
quency stabilization and spectroscopy at 2051 nm using a compact co 2-

)

filled kagome hollow core fiber gas-cell system,” Optics FExpress, vol. 26,

no. 22, pp. 28621-28633, 2018.

o8



[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

M. Duguay, Y. Kokubun, T. Koch, and L. Pfeiffer, “Antiresonant reflecting
optical waveguides in sio2-si multilayer structures,” Applied Physics Letters,
vol. 49, no. 1, pp. 13-15, 1986.

N. Litchinitser, A. Abeeluck, C. Headley, and B. Eggleton, “Antireso-
nant reflecting photonic crystal optical waveguides,” Optics letters, vol. 27,
no. 18, pp. 1592-1594, 2002.

Y. Chen, Z. Liu, S. R. Sandoghchi, G. T. Jasion, T. D. Bradley, E. N.
Fokoua, J. R. Hayes, N. V. Wheeler, D. R. Gray, B. J. Mangan, et al.,
“Multi-kilometer long, longitudinally uniform hollow core photonic bandgap

fibers for broadband low latency data transmission,” Journal of Lightwave
Technology, vol. 34, no. 1, pp. 104-113, 2016.

J. R. Hayes, S. R. Sandoghchi, T. D. Bradley, Z. Liu, R. Slavik, M. A.
Gouveia, N. V. Wheeler, G. Jasion, Y. Chen, E. N. Fokoua, et al., “An-
tiresonant hollow core fiber with an octave spanning bandwidth for short

haul data communications,” Journal of Lightwave Technology, vol. 35, no. 3,
pp. 437-442, 2017.

Y. Wang, N. V. Wheeler, F. Couny, P. Roberts, and F. Benabid, “Low loss
broadband transmission in hypocycloid-core kagome hollow-core photonic
crystal fiber,” Optics letters, vol. 36, no. 5, pp. 669-671, 2011.

Y. Wang, “Light guiding properties of negative-curvature hollow-core
fiber,” 2021.

M. Ordu, “Hollow-core optical fiber with eight-pointed star cladding struc-
ture for low-loss transmission in telecom bands,” Turkish Journal of
Physics, vol. 45, no. 2, pp. 82-89, 2021.

A. Khan and M. Ordu, “Mid-infrared negative curvature hollow-core
fiber with elliptically nested tubular structure,” Optics Communications,
vol. 531, p. 129227, 2023.

G. Barton, M. A. van Eijkelenborg, G. Henry, M. C. Large, and J. Za-
gari, “Fabrication of microstructured polymer optical fibres,” Optical Fiber
Technology, vol. 10, no. 4, pp. 325-335, 2004.

29



[60]

[61]

[62]

[63]

[64]

[65]

[66]

[68]

A. Argyros, “Microstructured polymer optical fibers,” Journal of Lightwave
Technology, vol. 27, no. 11, pp. 1571-1579, 2009.

G. Emiliyanov, J. B. Jensen, O. Bang, P. E. Hoiby, L. H. Pedersen, E. M.
Kjeer, and L. Lindvold, “Localized biosensing with topas microstructured
polymer optical fiber,” Optics letters, vol. 32, no. 5, pp. 460-462, 2007.

X. Yang and L. Wang, “Fluorescence ph probe based on microstructured
polymer optical fiber,” Optics Fxpress, vol. 15, no. 25, pp. 16478-16483,
2007.

J. B. Jensen, G. Emiliyanov, O. Bang, P. Hoiby, L. Pedersen, T. P. Hansen,
K. Nielsen, and A. Bjarklev, “Microstructured polymer optical fiber biosen-
sors for detection of dna and antibodies,” in Optical Fiber Sensors, p. ThA2,
Optica Publishing Group, 2006.

B. Selm, E. A. Giirel, M. Rothmaier, R. M. Rossi, and L. J. Scherer, “Poly-
meric optical fiber fabrics for illumination and sensorial applications in tex-

tiles,” Journal of intelligent material systems and structures, vol. 21, no. 11,
pp. 1061-1071, 2010.

K. Kuang, W. Cantwell, C. Thomas, et al., “Crack detection and vertical
deflection monitoring in concrete beams using plastic optical fibre sensors,”

Measurement Science and Technology, vol. 14, no. 2, p. 205, 2003.

K. Kuang and W. Cantwell, “The use of plastic optical fibres and shape
memory alloys for damage assessment and damping control in composite
materials,” Measurement Science and Technology, vol. 14, no. 8, p. 1305,
2003.

S. M. S. Muto, H. S. H. Sato, and T. H. T. Hosaka, “Optical humidity sensor
using fluorescent plastic fiber and its application to breathing-condition
monitor,” Japanese journal of applied physics, vol. 33, no. 10R, p. 6060,
1994.

G.-D. Peng, “Prospects of polymer optical fibres and gratings in sensing,”
in 2002 15th Optical Fiber Sensors Conference Technical Digest. OFS 2002
(Cat. No. 02EX533), pp. 71-74, IEEE, 2002.

60



[69]

[70]

[71]

[73]

[74]

[75]

P. Polishuk, “Plastic optical fibers branch out,” IEEE communications
Magazine, vol. 44, no. 9, pp. 140-148, 2006.

M. Brillinger and K. A. Pendl, “Non newtonian material behaviour in ex-
trusion based 3d printing: Investigation of critical process parameters,” in
6th World Congress on Mechanical, Chemical, and Material Engineering,
pp. 1-10, 2020.

V. N. Koraganji, C. F. de Lima, M. Zheng, M. G. Kurtoglu, and A. Gu-
mennik, “Effects of 3d printed preform annealing on structural and optical

properties of fibers,” in Conference on Lasers and Electro-Optics/Pacific
Rim, p. C6H_6, Optica Publishing Group, 2020.

A. E. Akosman and M. Ordu, “Nested compound negative curvature hollow-
core fiber for single-mode operation in the infrared region,” Optics Com-
munications, vol. 497, p. 127194, 2021.

A. Khan and M. Ordu, “Exploration of hybrid cladding elements in chalco-
genide hollow-core fibers for low-loss mid-infrared transmission,” Optik,
vol. 248, p. 168226, 2021.

A. Kosolapov, A. Pryamikov, M. Astapovich, V. Shiryaev, G. Snopatin,
V. Plotnichenko, A. Biriukov, M. Churbanov, and E. Dianov, “Demon-
stration of waveguide regime for chalcogenide hollow-core optical fiber with
negative curvature of core boundary from mid-to far-infrared,” in The Furo-
pean Conference on Lasers and Electro-Optics, p. CE9_6, Optica Publishing
Group, 2011.

A. N. Kolyadin, A. F. Kosolapov, A. D. Pryamikov, A. S. Biriukov, V. G.
Plotnichenko, and E. M. Dianov, “Light transmission in negative curvature

hollow core fiber in extremely high material loss region,” Optics express,
vol. 21, no. 8, pp. 9514-9519, 2013.

F. Yu, W. J. Wadsworth, and J. C. Knight, “Low loss silica hollow core
fibers for 3-4 pum spectral region,” Optics express, vol. 20, no. 10, pp. 11153—
11158, 2012.

61



[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

B. Debord, A. Amsanpally, M. Chafer, A. Baz, M. Maurel, J.-M. Blondy,
E. Hugonnot, F. Scol, L. Vincetti, F. Gérome, et al., “Ultralow transmis-
sion loss in inhibited-coupling guiding hollow fibers,” Optica, vol. 4, no. 2,
pp. 209-217, 2017.

P. Uebel, M. C. Giinendi, M. H. Frosz, G. Ahmed, N. N. Edavalath, J.-M.
Ménard, and P. S. J. Russell, “Broadband robustly single-mode hollow-core
pcf by resonant filtering of higher-order modes,” Optics letters, vol. 41,
no. 9, pp. 1961-1964, 2016.

W. Belardi and J. C. Knight, “Hollow antiresonant fibers with reduced
attenuation,” Optics letters, vol. 39, no. 7, pp. 1853-1856, 2014.

H. Sakr, T. D. Bradley, G. T. Jasion, E. N. Fokoua, S. R. Sandoghchi, I. A.
Davidson, A. Taranta, G. Guerra, W. Shere, Y. Chen, et al., “Hollow core
nanfs with five nested tubes and record low loss at 850, 1060, 1300 and

1625nm,” in Optical Fiber Communication Conference, pp. F3A—4, Optica
Publishing Group, 2021.

7. Li, W. Huang, Y. Cui, Z. Wang, and W. Wu, “0.83 w, single-pass, 1.54
pm gas raman source generated in a ch 4-filled hollow-core fiber operating
at atmospheric pressure,” Optics Fxpress, vol. 26, no. 10, pp. 12522-12529,
2018.

D. Suslov, E. N. Fokoua, D. Dousek, A. Zhong, S. Zvanovec, T. D. Bradley,
F. Poletti, D. J. Richardson, M. Komanec, and R. Slavik, “Low loss and
broadband low back-reflection interconnection between a hollow-core and

standard single-mode fiber,” Optics Express, vol. 30, no. 20, pp. 37006—
37014, 2022.

V. Michaud-Belleau, E. N. Fokoua, T. Bradley, J. R. Hayes, Y. Chen, F. Po-
letti, D. J. Richardson, J. Genest, and R. Slavik, “Backscattering in antires-
onant hollow-core fibers: over 40 db lower than in standard optical fibers,”
Optica, vol. 8, no. 2, pp. 216-219, 2021.

L. Vincetti and V. Setti, “Waveguiding mechanism in tube lattice fibers,”
Optics express, vol. 18, no. 22, pp. 23133-23146, 2010.

62



[85]

[36]

[33]

[39]

[90]

[91]

[92]

J. H. Osério, F. Amrani, F. Delahaye, A. Dhaybi, K. Vasko, F. Melli,
F. Giovanardi, D. Vandembroucq, G. Tessier, L. Vincetti, et al., “Hollow-
core fibers with reduced surface roughness and ultralow loss in the short-

wavelength range,” Nature Communications, vol. 14, no. 1, p. 1146, 2023.

A. Argyros, 1. M. Bassett, M. A. Van Eijkelenborg, M. C. Large, J. Zagari,
N. A. Nicorovici, R. C. McPhedran, and C. M. de Sterke, “Ring structures
in microstructured polymer optical fibres,” Optics Express, vol. 9, no. 13,
pp- 813-820, 2001.

Y. Gao, N. Guo, B. Gauvreau, M. Rajabian, O. Skorobogata, E. Pone,
O. Zabeida, L. Martinu, C. Dubois, and M. Skorobogatiy, “Consecutive
solvent evaporation and co-rolling techniques for polymer multilayer hollow
fiber preform fabrication,” Journal of materials research, vol. 21, no. 9,
pp. 22462254, 2006.

Y. Zhang, K. Li, L. Wang, L. Ren, W. Zhao, R. Miao, M. C. Large, and
M. A. Van Eijkelenborg, “Casting preforms for microstructured polymer
optical fibre fabrication,” Optics express, vol. 14, no. 12, pp. 5541-5547,
2006.

A. Argyros, M. A. van Eijkelenborg, M. C. Large, and I. M. Bassett,
“Hollow-core microstructured polymer optical fiber,” Optics letters, vol. 31,
no. 2, pp. 172-174, 2006.

C. Chen, B. T. Mehl, A. S. Munshi, A. D. Townsend, D. M. Spence, and
R. S. Martin, “3d-printed microfluidic devices: fabrication, advantages and

limitations—a mini review,” Analytical Methods, vol. 8, no. 31, pp. 6005—
6012, 2016.

T. Han, S. Kundu, A. Nag, and Y. Xu, “3d printed sensors for biomedical

applications: a review,” Sensors, vol. 19, no. 7, p. 1706, 2019.

Y. Wang, C. Chen, H. Xie, T. Gao, Y. Yao, G. Pastel, X. Han, Y. Li,
J. Zhao, K. Fu, et al., “3d-printed all-fiber li-ion battery toward wearable
energy storage,” Advanced Functional Materials, vol. 27, no. 43, p. 1703140,
2017.

63



[93]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

A. Al Rashid, S. A. Khan, S. G. Al-Ghamdi, and M. Kog, “Additive man-
ufacturing of polymer nanocomposites: Needs and challenges in materials,
processes, and applications,” Journal of Materials Research and Technol-
ogy, vol. 14, pp. 910-941, 2021.

V. Bagaria, R. Bhansali, and P. Pawar, “3d printing-creating a blueprint
for the future of orthopedics: current concept review and the road ahead!,”

Journal of clinical orthopaedics and trauma, vol. 9, no. 3, pp. 207-212, 2018.

W. E. King, A. T. Anderson, R. M. Ferencz, N. E. Hodge, C. Kamath, S. A.
Khairallah, and A. M. Rubenchik, “Laser powder bed fusion additive man-
ufacturing of metals; physics, computational, and materials challenges,”
Applied Physics Reviews, vol. 2, no. 4, 2015.

J.-P. Kruth, X. Wang, T. Laoui, and L. Froyen, “Lasers and materials in
selective laser sintering,” Assembly Automation, vol. 23, no. 4, pp. 357-371,
2003.

S. Kumar, “Selective laser sintering: a qualitative and objective approach,”
Jom, vol. 55, pp. 43-47, 2003.

M. Li, W. Du, A. Elwany, Z. Pei, and C. Ma, “Metal binder jetting additive
manufacturing: a literature review,” Journal of Manufacturing Science and
Engineering, vol. 142, no. 9, p. 090801, 2020.

A. Chadha, M. I. Ul Haq, A. Raina, R. R. Singh, N. B. Penumarti, and
M. S. Bishnoi, “Effect of fused deposition modelling process parameters on
mechanical properties of 3d printed parts,” World Journal of Engineering,
vol. 16, no. 4, pp. 550-559, 2019.

G. T. Jasion, J. R. Hayes, N. V. Wheeler, Y. Chen, T. D. Bradley, D. J.
Richardson, and F. Poletti, “Fabrication of tubular anti-resonant hollow
core fibers: modelling, draw dynamics and process optimization,” Optics
Ezxpress, vol. 27, no. 15, pp. 20567-20582, 2019.

M. Ordu and A. E. Akosman, “Re-thinking the design of low-loss hollow-
core fibers via optimal positioning of the nested elements,” Optics Letters,
vol. 47, no. 12, pp. 3039-3042, 2022.

64



