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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

Faculty of Physical Sciences and Engineering

Optoelectronics Research Centre

Doctor of Philosophy

by Lieke D. van Putten

Over the past twenty years, hollow core fibres have been one of the most exciting innova-
tions in optical fibre technology. Hollow core fibres have extended the optical properties
achievable in conventional step-index fibres and open up new applications such as non-
linear optics. Despite numerous breakthroughs, the fabrication process of such fibres

remains time consuming and costly.

This thesis describes the use of additive manufacturing as a fabrication method for hol-
low core fibre preforms and waveguides. I explore the use of polymers, which can be
3D printed using the inexpensive fused deposition modelling technique. As polymers
have high absorption across the electromagnetic spectrum, I focus on hollow core fibre
designs. Using finite element simulations, I propose a novel antiresonant fibre design
that can be fabricated using additive manufacturing. The detailed simulations of this
design give a new understanding of the effect of the cladding elements’ curvature has on

the leakage loss of the structure.

Several fibre preforms are successfully fabricated using different polymers. To under-
stand the drawing process required for these materials, systematic drawing experiments
are performed to aid the understanding of the fundamental differences between glass
and polymer fibre fabrication. I developed a fluid dynamics model that is validated
experimentally to predict the polymer capillary drawing process, taking into account

the Non-Newtonian shear-thinning behaviour of these materials.

To further demonstrate the capabilities of additive manufacturing for photonic compo-
nents, I design, fabricate and characterise a novel hollow core waveguide for the terahertz
regime. These waveguides have the potential to replace costly terahertz components and
detailed simulations suggest their attenuation can be improved by orders of magnitude

with improvements in the quality of the fabrication process.
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Chapter 1

Introduction

1.1 Motivation

Fibre optics are the backbone of our interconnected society. Hundreds of millions kilo-
metres of single mode silica fibres span our planet, and it is forecasted that by the
end of 2021 these fibres will carry around 3.3 zettabytes of data traffic each year [I].
However, long-haul data transmission is not the only area where fibres are of great use,
there is also a wide variety of short-range fibre applications. These applications include,
but are not limited to, biomedical diagnostics, navigation systems and high-power laser

applications for the manufacturing industry, such as laser cutting, welding and cladding.

Conventional step-index single mode fibres consist of a core with a high refractive index,
surrounded by a cladding with a lower refractive index. Light is guided through total
internal reflection (TIR) at the interface between the two materials. Although these
fibres have been used successfully for many applications, there are limitations in solid
core fibres due to the fundamental limits imposed by the interaction between the prop-
agating optical waves and the solid materials. As a result, the waves are slowed down
compared to propagation in a vacuum and their intensity dissipates due to scattering.
Furthermore, increasing the optical power in the fibre causes problems too. Firstly, when
the incident power is high, the oscillatory response of the bound electrons of the glass
molecules is no longer proportional to the driving optical field. As a result, non linear
phenomena become present. Although this could be useful for certain application, it is
detrimental when it comes to optical communications as the wavelength of the propa-
gating light can be converted and noise is generated. This effect is also known as the
non-linear Shannon limit. Secondly, amorphous glasses suffer irreversible damage when

subjected to very intense optical fields in the fibre due to the heat generated.
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To overcome these limitations, hollow core (HC) fibres are of great interest to researchers.
In HC fibres the light is guided in an air-filled core that is surrounded by a microstruc-
tured cladding designed to confine light to the core of the fibre. Light guidance in air
afforded by HC fibres opens up new opportunities in a variety of applications. HC fi-
bres are the ideal medium in which light can propagate free of interactions with a solid
material that dissipates the signal and creates noise, thereby limiting the data-carrying
capacity. Furthermore, they offer an ideal platform for delivering intense radiation
without non-linear distortions or damage to the fibres, and can also allow controlled

interactions between light and gases.

Compared to step-index fibres, HC fibres have a higher damage threshold and low non-
linearity due to the light propagating in air [2} B]. At the same time, HC fibres can
be used to control interactions between light and gases to study and create non-linear
effects [4]. Furthermore, as only a small part of the light propagates in the cladding, HC
fibres and waveguides can potentially achieve low losses at wavelengths where the solid
material has high losses [5} [6]. The bulk loss in polymers and glasses is usually high for
the terahertz regime, so HC waveguides could be a suitable solution to create low-loss

waveguides for these frequencies.

The fundamental difference between step-index fibres and HC fibres is the guiding mech-
anism. There are two different operating mechanisms that can be used for HC fibres:
the photonic bandgap (PBG) and antiresonance. I will discuss the guiding mechanisms
of different fibre types in more detail in Chapter [2] but in short it can be said that
the cladding structure of the HC fibre plays the main role when it comes to the fibre’s
performance. The cladding is designed to enable low-loss propagation at the desired
wavelengths, by using thin membranes that surround the central (hollow) core and pro-
vide a high reflection to confine light in the core. The reflection coefficient of these
membranes depends on the refractive index of the cladding material, the thickness of
the membrane and the wavelength of the light propagating through the fibre. HC fibres
have seen enormous improvements in the last decade with regards to the lowest atten-
uation achieved. Initially, research focussed on PBG fibres for HC fibre applications as
these fibres had promising characteristics for data-transmission. However, with the lat-
est developments in antiresonance fibres (ARF), this fibre type is gaining more and more
interest and there are many research groups that work on ARFSs, for example the De-
partment of Photonics Engineering at DTU, the department of Physics at the University
of Bath and the Optoelectronics Research centre in Southampton. Numerical simula-
tions have shown that ARFs can outperform any existing technology at nearly every
wavelength [7]. So far, HC PBG fibres have demonstrated losses as low as 1.7 dB/km [§]
as well as high capacity data transmission [9]. Antiresonant fibres (ARF) have recently

achieved losses as low as 1.3 dB/km [10]. Although these results are promising, currently



Chapter 1 Introduction 3

available fabrication techniques for HC fibres can be time-consuming and costly.

Whilst fibre optics have seen an enormous development, the field of additive manufac-
turing has also witnessed advances over the past two decades. An increasing range of
materials can now be used for processes such as 3D printing, including polymers, ceram-
ics and even some metals [11].In this work, I explore the feasibility of using 3D printing
as a manufacturing method of low-loss HC optical fibre preforms for subsequent drawing
on a fibre tower. Currently, 3D printing of optical glasses is still an area that needs more
development, as the glasses usually have a very high softening temperature and it can be
difficult to shape them. To the best of my knowledge, reports of successful 3D printing of
optical grade glass are limited, though recently this area has started to develop. A group
at MIT demonstrated a process where glasses can be processed using a set-up similar
to a 3D printer [12]. Kotz et al have printed a nanocomposite using stereolithography
3D printing. The printed nanocomposite is converted via heat treatment to high-quality
fused silica [13].

Although there are difficulties in printing optical glasses, the 3D printing of polymers is
well developed. Polymers have lower softening temperatures and can easily be shaped
up to a few tens of micrometres resolution, depending on the printing technique used,
with the help of computer-aided design (CAD) tools [I3]. The aim of this project was
to explore the use of these technologies and to use 3D printing for the fabrication of HC
fibre preforms. Continuing improvements in the optical properties of polymers, com-
bined with the relaxed requirements in HC fibres due to the core consisting of air, make
polymer 3D printing an excellent platform for inexpensive HC preform and waveguide
fabrication. This process could open up a variety of new applications, ranging from
short-haul data links to HC fibre-based components for wavelengths where glasses and
polymers are opaque. Even more important, this technique could allow for rapid pro-
totyping of fibre designs, and ultimately identifying the optimal fibre designs faster, as

the fabrication cycle is significantly shorter.

Creating fibres for the visible and near-IR regime using 3D printing is not the only poten-
tial application for the fabricated preforms. Without a drawing process, these preforms
could be used as waveguides for the terahertz regime, due to the longer wavelengths at
these frequencies. Waveguides for the terahertz regime could be used for microscopy,
terahertz quantum-cascade lasers, and imaging [14], but could also be useful in spec-
troscopy applications to replace complicated lens systems. The invention of terahertz
spectroscopy opened up a range of applications, including the analysis of interactions

between molecules [15; [16].
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1.2 Highlight achievements

Key contributions from this thesis include the following;:

Novel design antiresonant HC fibre using semi-elliptical cladding elements

New insight into the effect of the curvature of the cladding element on the leakage

loss of the antiresonance fibre

e Inexpensive fused deposition modelling printing of HC fibre preforms, and subsequent
analysis of print quality. Systematic studies of post-fabrication quality improve-

ments through thermal annealing.

New theoretical model of polymer capillary drawing, taking into account the shear-
thinning behaviour of Non-Newtonian materials. This model is validated using

experimental results

Fabrication through 3D printing and characterisation of novel HC antiresonant waveg-

uide design for operation in the terahertz regime

1.3 Outline of this thesis

After this brief introduction into the work presented in this project, the remainder of

the thesis is organised as follows:

Chapter [2| discusses the relevant technological background for the work presented in this

thesis, particularly focusing on:

the applications and guiding mechanisms of HC fibres, their optical properties and

the fabrication process

different techniques of additive manufacturing and the specific requirements these

techniques must meet to be applied to the production of HC fibres

e polymers suitable for optical devices

HC polymer fibres

Chapter |3| describes the modelling of wave propagation in a waveguide and the finite
element method as a tool to solve the wave equation. A novel HC fibre and waveguide
structure is proposed. The design uses half ellipses in the cladding design. The use of
half-ellipses enables the study of the effect of the curvature of the core boundary on the
leakage loss of the waveguide. Using the finite element method an optimum curvature

for the half ellipses in the cladding and a new insight in the leakage loss through the
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cladding elements is found.

In Chapter [4] the progress towards fabricating fibres from 3D printed preforms is re-
ported. Using Polycarbonate and Poly(methyl methacrylate) as well as the standard
polymers ABS and PLA for 3D printing, different preform structures are printed and
tested. A new theoretical model is used to describe polymer fibre fabrication and vali-

dated using capillary drawing experiments with two different polymers.

In Chapter [5| 3D printing is utilised to manufacture an antiresonant waveguide for ap-
plications in the terahertz regime. Several waveguides have been fabricated and charac-
terised. Imperfections caused by the limitations of the printer available are studied in
more detail in the post-fabrication analysis, showing possible improvements of orders of

magnitude in the waveguide’s performance when the print quality can be improved.

In Chapter [6] the conclusions of the previous chapters are summarised and possible di-

rections for future research into this field are suggested.






Chapter 2
Background

In this chapter I will give an overview of the relevant technological background for this

project.

The first section describes HC fibres, more specifically antiresonant fibres (ARF) in more
detail. The applications that HC fibres can open up and the historical development of
HC fibres are discussed. I will also look into ARFs and their operating mechanism in
more detail. The fabrication process for HC fibres will be discussed, and polymer fibres

and their applications will be introduced in greater detail.

After that, different 3D printing techniques are discussed and selected for the purpose
of manufacturing optical fibre preforms. A literature review of the state-of-the-art work
in 3D printing of polymer optical devices and an overview of polymers suitable for fibre

optics and additive manufacturing is given.

In the last section of this background chapter, the use of HC waveguides for the terahertz
regime is discussed. As HC fibres can operate in frequency ranges where the material’s
absorption is high, HC waveguides could solve the problems in finding suitable waveg-

uides for the terahertz regime.

2.1 Hollow core fibres

In this section HC fibres and their applications are described. For the type of HC fibres
studied in this thesis, antiresonant fibres (ARF), the guiding mechanism is studied in

more detail and the different fabrication methods are described.
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2.1.1 Applications

As stated in the introduction, guidance in a hollow-core frees the light from deleterious
interactions with bulk materials, potentially bringing vast improvements in many appli-

cations whilst enabling several new others.

Firstly, the absence of bulk contributions to loss imply that these fibres could potentially
offer lower attenuation than the standard single mode fibre [I7]. Such loss levels have
not yet materialised in the more established hollow-core photonic bandgap fibre, with
lowest reported attenuation levels standing at 1.7dB/km and fundamentally limited by
scattering from surface roughness [8]. Nonetheless, several ground breaking experiments
have demonstrated high capacity low latency data transmission in fibre samples as long
as 11km [I8] and over 70 km in recirculating loop experiments [19]. Current HC fibres
are thus slowly establishing themselves as serious contenders for communication appli-
cations where loss is not the limiting consideration. Furthermore, numerical simulations
have shown that surface roughness scattering is significantly reduced in antiresonant
fibres [20], and many structures have been proposed with predicted loss levels below
that of the standard single mode fibre. This has fuelled a resurgence into developing HC

fibres specifically for the purpose of long-haul optical communications.

Secondly, the low fraction of power carried in glass results in nearly three orders of mag-
nitude reduction in optical non-linearity when compared to single-mode fibres [21] and
a significantly increased laser damage threshold. These features uniquely position HC
fibres as ideal candidates for applications in high-power laser delivery, with demonstra-
tions of successful delivery of power levels in excess of 70W [22; 23]. The reduced optical
non-linearity and backscattering in HC fibres are extremely attractive for ultra precise
fibre-optic gyroscopes for rotation sensing and navigation applications. In [24] Fini et
al report a polarization-maintaining HC fibres for the purpose of rotation sensing and
[25% [26].

Beyond these applications where HC fibres bring significantly improved performance,
they also uniquely enable new ones, for example by constituting a unique platform for
controlled and enhanced light interaction with gas/liquid species. Benabid et al have
reported electromagnetic induced transparency [27], stimulated Raman Scattering and
later octave-spanning frequency combs in hydrogen-filled HC fibres [4]. Filling HC fibres
with noble gases has also led to the demonstration of high-power tunable supercontin-
uum pulses for wavelengths where conventional sources don’t exist [28]. Light interaction

with gases and liquids in HC fibres has further been exploited for sensing [29].
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By lifting requirements on the transparency of the optical materials, HC fibres are ex-
tremely attractive for spectral regions where common materials are almost opaque, for
example at very short (UV) or very long wavelengths (THz). Low loss guidance of op-
tical waves at these wavelengths enable a wide range of applications from healthcare

diagnostics, imaging to spectroscopy [30].

This wealth of potential applications is what has fuelled research on HC fibre technology

over the past two decades .

2.1.2 History

The first concept of HC fibres was studied over a century ago by Lord Rayleigh [31].
Rayleigh had studied different aspects of waves, including lightwaves, sound waves and
waves in fluids [32]. In the study that led to the concept of HC fibres, he studied the
propagation of waves in hollow tubes, an attractive idea in his time, where no transpar-
ent and low loss medium existed for guiding light, he found that certain modes existed
for which the waves could propagate in the hollow tubes [31; B2]. He also found that
the limitation for the wavelengths of the waves propagating in the tubes were directly

related to the size of the waveguide [32].

Although there was still an interest in the propagation of waves in hollow media, it took
a few decades for the idea to gain more applications and interest [32]. In the 50s and 60s
considerable attention was devoted to the development of metallic HC waveguides for
millimetre wave propagation. In 1964, the concept was extended to a hollow dielectric
waveguide which was studied theoretically by Marcatili et al [2]. A schematic overview of
this waveguide is shown in Figure[2.1] They studied the mode propagation and field con-
figuration in a hollow circular waveguide and concluded that sufficiently low propagation
was possible for a core diameter significantly larger than the wavelength. In 1978, this
design was improved upon by Yeh et al, who proposed the concept of Bragg reflections in
waveguides to obtain lower losses. It was shown that modes could be confined by utilis-
ing these Bragg reflections in a medium with lower dielectric constants than the material
surrounding this medium [33]. In 1976 they used the same principle to design a hollow
core fibre surrounded by alternating cladding layers. The cladding layers thickness and
refractive indices can be chosen to transmit certain wavelengths [34]. This fibre design
is known as the 'Bragg Fibre’ [34]. In Figure an example of this type of fibre is shown.



10 Chapter 2 Background

Hollow dielectric waveguide Bragg fibre
(Marcatili )

FIGURE 2.1: Schematic overview of Marcatili’s HC waveguide, a circular air-hole sur-
rounded by a dielectric (left) and HC Bragg fibre, a circular air-hole surrounded by
periodic layers of two materials (with a different refractive index) (right).

In 1980, the first hollow metallic waveguide was fabricated for the infrared regime. The
rectangular waveguide was made out of inexpensive aluminium sheets and was flexi-
ble [35]. Due to the high power-threshold of the fibre it was and still is a suitable
option for high-power laser transmission. Garmire et al show in their paper that the

transmission efficiency of the fibre for a CO3 laser is over 80% over a length of 1.2 m [35].

In 1987 the concept of the photonic bandgap (PBG) was discovered [36], which inspired
concepts of hollow-core photonic bandgap fibres. In hollow core PBG fibres, the core is
surrounded by a periodic arrangement of air holes. The period of such an arrangement
and the refractive index of the glass material together determine a spectral window for
which no states are allowed in the cladding, i.e. the photonic bandgap. Light at those
wavelengths is therefore effectively confined and guided in the fibre core [37]. The first
PBG fibre was fabricated at the University of Bath in 1999, with a cladding consisting
of stacked silica tubes [38]. Although the very first fibre had very high losses, it was a
remarkable breakthrough. With the concept proven experimentally, the challenge then
became to reduce attenuation. In 2003 Smith et al fabricated a PBG fibre with a hexag-
onal core surrounded by stacked silica tubes with a loss of 13 dB/km at 1500 nm [5].
This loss was reduced to a minimum of 1.7 dB/km at 1565 nm in 2004 by Mangan et al
[8]. This low loss has held the record until this year, using a different type of fibre: the
antiresonant fibre (ARF).

The loss in ARF fibres has been steadily decreasing. In 2017, the lowest loss achieved
with a single-ring tubular lattice ARF was 7.7 dB/km at 750 nm. Although this is still

far off the performance of silica fibres, nested elements have been theoretically studied
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and it has been shown these nested elements can reduce the loss. The challenge in the
nested elements lays in the fabrication methods. Gao et al fabricated a fibre in 2018
with conjoined tubes in the cladding, reducing the loss to 2 dB/km at 1512nm [7]. More
recently, the ORC reported a new record for the lowest loss in a nested ARF where the
loss was as low as 1.3dB/km [10], breaking the record from Mangan et al in 2004.

Since the late 90s, the field has progressed tremendously with different guiding mecha-
nisms, materials and applications actively researched by groups across the world. The
guiding mechanisms can be divided into subcategories, two common types are the PBG
fibre and the ARF discussed in this section. In Figure 2.2 both fibre types are shown.

FIGURE 2.2: Cross-section of various HC fibres, antiresonant and simplified HC with
negative curvature. Reprinted with permission from [20]. shows a photonic
bandgap fibre [39], [2.2b shows a large-pitched kagome structured ARF [40], shows a
hexagram ARF [41], [2.2{d shows a kagome-type ARF with a hypo-cycloid core surround

[42], Figure [43], [2.2f [44], [45] and [46] all show ARFs with negative

curvature core surrounds.

Both PBG fibres and ARFs can be made using different cladding designs. One antires-
onant structure for low-loss transmission is the stacked tubes in a jacket, as shown in
Figure and [2.2g. This fibre is also called a simplified HC fibre with negative cur-
vature [20]. In Figure and a Kagome cladding type fibre is shown. Figure
and show antiresonant fibres with a hexagram cladding in and a double

antiresonant cladding in [20].

Although PBG fibres have been studied longer than ARFs, recent theoretical works
suggest ARFs can outperform PBG fibres when it comes to loss [7]. Compared to PBG
fibres, ARF's have a wider bandwidth, as PBG fibres only have a bandwidth of 10-30% of
their operating wavelengths, whereas the bandwidth of ARF's can be as wide as an octave
[20]. ARFs also have simpler structures and therefore these structures are more suited
for fabrication by additive manufacturing, which will be discussed in the next section.
As a result, the work in this project is focused on ARFs whose physical principle of

guidance I expand in the following section.
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2.1.3 Guiding mechanism in antiresonant fibres

The fundamental difference between a step-index fibre and a HC fibre is the guiding
mechanism. In a step-index fibre, the guiding mechanism is based on Total Internal Re-
flection (TIR). The core of the fibre has a higher refractive index (RI) than the cladding,
and as a result the light is confined in the core by TIR. For HC fibres, TIR can not be the
guiding mechanism, as the RI of the air-filled core is lower than the RI of the cladding.
In an antiresonant fibre (ARF), the guiding mechanism is based on antiresonance. Es-
sentially, the core is surrounded by an arrangement of thin membranes of solid material
whose thickness is chosen so that it highly reflects incident light at the wavelength of
interest [47; [48].

In an ARF, the thin membranes in the cladding surround a central hollow core region
and provide high reflection to confine and guide light in the hollow-core. The transmis-
sion and the reflection coefficient of these membranes depend on the thickness and RI
of the material and the wavelength of the light in the fibre. To aid the understanding
of the antiresonance, I consider transmission through a membrane with thickness ¢ and
a RI of ny surrounded by a medium with a RI of ny, where n; < ng, as shown in Figure
Such a thin membrane behaves as a resonator (a Fabry-Perot etalon) whose trans-
mission coefficient, T', depends on the reflectivity of each interface, R, as well as the
phase difference, §, accumulated between any two transmitted rays [49]. In Figure
a schematic overview of the transmission and reflections in this membrane are shown.

The transmission coefficient for a thin membrane is defined as [50]

(1-R)?

L= AR+ dRsin2(5)

(2.1)

Where R is the intensity reflection coefficient at a single air-membrane interface and the

phase-shift delta is given as [50]

2
0= Tﬂ X mg X t X cos() (2.2)

A maximum in transmission occurs when the phase shift satisfies the following condition
[50):
27
d = L X t x cos(0) = mm for m =1,2,3.. (2.3)

where m is an integer. At grazing incidence (a very nearly equal to 0° as shown in

Figure the angle of refraction can be found using Snell’s law and one obtains:
m

sin(0) = (2.4)
n2
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FIGURE 2.3: Fabry-Perot membrane with thickness ¢ and RI na.

Therefore, cos(f) can be approximated using:

cos(f) = — — (2.5)

So the phase shift can be rewritten to:

_2mt [

o A (2.6)

Using Equation the resonance wavelengths can be found:

2t
Am = b n3 —n? (2.7)

Using Equation [2.1]the transmission and reflection coefficient can be plotted as a function

of the normalised frequency. The normalised frequency is defined using:
2t
f =g (2.8)

Using the normalised frequency, the criterion for optimum transmission is:

fm=mnm (2.9)

In Figure an example of the transmission and reflection coefficients is shown. Using
a membrane with a thickness of 0.45 pm consisting of a material with a RI of 1.45, sur-
rounded by air (n; = 1) and with an intensity reflection constant of 0.94 (the reflectivity

constant for an incident angle of 89°, grazing incidence as shown in Figure It can
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be seen that there are several windows with a high reflection and an equal number of
high transmission peaks. The high transmission peaks match with the criterion given in
Equation [2.9] as they are all located at an integer normalised frequency. These peaks
are also called resonance peaks. At resonance, the transmission of the thin membrane is
very close to unity. Therefore, in a fibre setting, light coupled into the core easily escapes
through the membranes, resulting in a high loss peak. In contrast, at antiresonance the
transmission through the thin membrane is low. As a result, light coupled in the core is

confined in the core by antiresonance.
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FIGURE 2.4: Transmission and reflection plotted as a function of the frequency for
ni1=1, no=1.45, R=0.94 and t=0.45 pm.

In an ARF, the thin glass elements behave exactly as these membranes at grazing in-
cidence. Therefore, within an antiresonant window, they provide high reflection to
confine the light within the hollow core. Equation shows that the minimum of T is
((1 = R)/(1 4 R))? for a single membrane, implying that a fibre will suffer from a loss
known as leakage loss. Leakage loss however isn’t the only source of loss in an ARF, in

the next section I will examine other sources of loss in HC fibres.

2.1.4 Loss in antiresonant fibres

Equation is one of the key starting points when designing an ARF, as the mem-
brane thickness and RI can be chosen in a way such that the operational wavelength
of the fibre lies between the high loss resonant wavelengths [20]. Within antiresonance
windows, the light guided in the core is effectively reflected by the thin membranes and
remains confined in the core. When designing the fibre, it is also important to study
the attenuation in the fibre, as many applications require low-loss fibres. Origins of loss
in HC fibres can come from absorption and scattering in the bulk materials, contribu-

tions from scattering (or indeed absorption) at the interfaces, leakage loss and extrinsic
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sources of attenuation such as bending loss or imperfection in the fibre structure.

In ARFs, only a small fraction of the light travels through the cladding elements, and

as a result absorption and scattering in bulk loss is negligible.

Scattering loss in ARFs is due to light scattering from the membrane-air interfaces,
which is dependent on the roughness of the surface of the structure inside the ARF. The
loss contribution from roughness scattering is believed to impose a fundamental limit to
loss values achievable in PBG fibres [51;52]. In ARFs at antiresonance the electromag-
netic field on the membrane-air interface is minimised, which reduces the contribution
from scattering loss at antiresonance [20]. As a result of this, leakage is still the domi-

nant source of loss in ARFs [51].

Leakage loss, also commonly referred to as confinement loss, is the loss due to the light
escaping through the cladding elements via tunnelling. The leakage loss in ARFs de-
pends on the cladding structure. As shown in Figure [2.2] several different structures
have been used as a cladding in ARFs. Cladding designs are usually selected for loss
reduction, ease of fabrication, or to control the number of guided modes. Kagome-type
fibres have a more intricate arrangement of air holes and membranes than hexagram
fibres and simplified negative curvature fibres as shown in Figure however, simu-
lations have shown that the extra cladding layers do not lead to lower leakage losses
[53]. Therefore negative curvature fibres made from a single ring of stacked tubes have
become of prominent interest, as they have an easier fabrication process that requires
less tubes in the stack than PBG fibres. The fabrication of these hollow fibres will be
discussed in more detail in the next section. The simplified ARFs also have low bending

losses and benefit from the same broad bandwidth as kagome-type fibres [20; [54].

In both the kagome-type fibre and the simplified ARFs, the effect of the curvature of the
membranes surrounding the core has been studied [55; 56]. In these studies a decrease
in loss for an increasing curvature of the arcs that form the core boundary has been
reported. However, even though this effect of the curvature has been found, very little
is known about the physical reasons for this decrease in leakage loss. In Chapter [3] I
will look further into the effect of the curvature of the cladding structure on the leakage
loss and provide a physical explanation for the reduction. I will use the more recent
simplified version of a HC fibre. In this simplified HC fibre, an air core is surrounded
with either touching or non-touching circular elements |20 45], but replace the circular

elements by half elliptical elements.
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Loss due to macro-bending occurs when the whole fibre is bend around an object, for
example when wound around a bobbin of constant diameter. The loss depends on the
bending radius of the fibre as well as on the fibre design [64; 57; 58]. For ARFs, the
bending loss also depends on the core size of the fibre. Although a larger core size re-

duces the intrinsic loss, macro-bending losses increase for fibres with larger cores [2].

Loss due to imperfections are caused by structural inhomogeneities. Imperfection in
the fibre can arise during the fabrication of the preform, as well as during the drawing

process of the fibre. In the next section the fabrication process for HC fibres is discussed.

2.1.5 Fabrication

In this section I will describe the fabrication methods used for HC fibres. To aid the
understanding of the difficulties in fabricating HC fibres, I will first describe the fabri-

cation process of conventional solid core fibres to emphasize the differences.

All optical fibres are drawn from a macroscopic replica called a preform on the fibre
drawing tower. Essentially, the glass/polymer of the preform is heated until it softening
point and drawn to fibre under an imposed vertical flow. This manufacturing process,
for standard all solid fibres, has matured over the years, with industrial drawing towers
capable of producing several hundreds of meters of fibre per minute. The drawing of
HC fibres differs in two respects. First, the process has traditionally involved an the
production of an intermediary preform called a cane, and canes are subsequently drawn
into fibre in a second step. Second, the presence of void regions in the fibre cross-section
requires the application of pressure differences without which such regions would close

under the effects of viscous forces and surface tension.

2.1.5.1 Solid core fibre fabrication

To fabricate a silica step-index fibre, a preform can be fabricated using a chemical
vapour deposition method. Commonly used methods are vertical axial deposition, out-
side vapour deposition and modified chemical vapour deposition (MCVD). The process
used in MCVD is based on oxidation of chemicals in a silica tube that is rotated and
heated to temperatures over 1600 degrees [59]. The chemical reagents are put in the
tube using either carrier gases (for example helium or oxygen) or through dopant sources
[60; 59]. When the tube is heated a fine layer of silica (or doped silica) forms on the
inside of the silica tube, which is then sintered into a clear glass. The last step for the

preform fabrication using MCVD is to collapse the tube to form a solid preform when



Chapter 2 Background 17

the required core to cladding thickness ratio is achieved [59].

To fabricate a fibre from the produced preform, the preform is usually drawn in a
drawing tower. In Figure [2.5] a schematic overview of a typical fibre drawing tower is
shown. Before the drawing process starts, the preform is put in the chuck, which can
then be lowered into the furnace at a controlled speed (the feeding speed). The preform
is heated in the furnace to its softening point (around 1900-2000°C for Silica). The
furnaces uses a coil (also called susceptor) to heat the preform via inductive heating.
The fibre is then drawn by the capstan, using the set drawing speed [61} 62]. The final
dimensions of the fibre depend on the ratio between the selected feeding and drawing
speed. Assuming a non-compressible material, the diameters of the preform are related

through mass conservation by:

b _ v (2.10)
d?c Up '

Where d,, is the diameter of the preform, d; the diameter of the fibre, vy the fibre draw-

ing speed and v, the preform feeding speed.

To keep the diameter of the fibre constant the fibre diameter is constantly monitored and
the drawing speed can be adjusted to keep the dimensions of the fibre output constant for
the whole length of fibre produced. After the drawing, a (commonly polymer) coating is
applied to the fibre to protect it from damage and the fibre is collected around the drum.

The drawing tower described in this section can be adapted to accommodate different

materials, such as soft glasses and polymers and can also be used to fabricate HC fibres.

2.1.5.2 Hollow core fibre fabrication

The methods described that can be used to produce step-index fibre preforms, are not
suitable for the production of a HC fibre version. For HC preform fabrication there are

three commonly used methods: stacking, drilling and extrusion.

Stacking is the most commonly used method for fabricating preforms for HC fibres.
Although labour-intensive and time consuming, it offers the flexibility to produce a va-
riety of different designs. A hollow fibre is typically created using the two-stage stack
and draw technique. In Figure [2.6] a schematic overview of this preforms used in this

two-stage process is shown. On the left the initial preform is shown. Glass or polymer
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FIGURE 2.5: Schematic drawing of fibre tower. Image reprinted with permission from

[63].

capillaries are stacked to the desired pattern in a size that can be drawn by the drawing
tower into a cane. Typically the initially stacked preform will have a diameter in the
range of centimetres, and the drawn cane will have a diameter usually below 5 mm. The
cane is drawn on the drawing tower, but due to the larger dimension is not pulled around
the drum. Instead the cane puller is used. The drawing speed of the cane puller is lower
compared to the drawing speed of the capstan. As a result, the cane can be drawn with
a diameter of a few millimetres, whereas fibres would have smaller dimensions in the
order of a few 100 micrometres. To create the preform, the cane is inserted into a jacket

tube, as shown in the right in Figure |2.6

Drilling can be used when the fibre’s design only needs circular air holes in the pre-
form. An example of such a fibre is a fibre where the core of the fibre is solid but is

surrounded by multiple circular air holes [64]. The holes can be drilled into silica using
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Jacketed cane
Cane OD ~2-3mm

Initial preform
OD ~10mm

FIGURE 2.6: Schematic overview of the two-stage stack and draw technique. On the
left the initial preform structure is shown, which can be used to fabricate a cane. The
structure of the cane surrounded by a jacket tube is shown on the right.

an ultrasonic drill [64]. Although the drilling process can be faster, it poses limitations
in how close the holes can be spaced due to the brittle nature of glasses [65]. Ultrasonic
drilling however should reduce this risk compared to conventional drilling methods, and
index-guiding microstructured fibres have been produced using this method in silica and
tellurite among other materials [64}; 65]. However, due to the structures that can be

achieved using drilling, drilling is not suitable for the fabrication of ARF preforms.

For polymers and soft glasses, preforms can also be fabricated using extrusion. To
extrude a preform, a die is needed. While using a die might work well on a steady-
state production line, it is complex and expensive for research purpose, as the extruded
preform might be different from the die, depending on the temperature the material is
extruded at and the speed of the extrusion [66; [67]. This is known as the 'Die Swell’,
as the diameter of the extruded preform is usually larger than the diameter of the die
itself [68} [67]. The die swell depends on the speed the material is extruded at and the
viscosity, but also on the friction between the material and the die [68]. As a result
of the die swell, it is hard to predict the exact preform that will be extruded from a
die. Another complicating factor is the fabrication time and cost for each die. Dies
often cannot be re-used as not all materials can be fully removed from the die. As a
result a new die (or an intensive cleaning process) is needed for each extrusion, making
it expensive and time-consuming to fabricate the right preform through trial-and-error
[67]. This method has been used for microstructured fibre designs [69; [66], but also
for ARF designs. Gattass et al used extrusion to create an sulphide-based chalcogenide
preform for an ARF with eight tubes in the cladding. The fibre drawn from this preform
has a loss of 11 dB/m at a wavelength of 9.5 pm [70].

Once the preform is fabricated for a HC fibre, the next step is to draw it down using

the fibre tower. A preform incorporating hollow regions needs extra consideration when
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drawn to avoid any of the air gaps collapsing in the structure [71]. To achieve this,
the air gaps of the preform are filled with a gas such as Nitrogen under pressure. The
pressure applied in the preform needs to be chosen carefully, as too little will cause the
structure to collapse and too much could cause the structure to expand, and burst in
some cases. The pressure in the preform can also be used to expand the structure on
purpose, for example when the thickness of the membranes in the structure needs to be
reduced [72].

Similar to the differences between the die and the extruded preform, there are deviations
between the preform design and the drawn fibre. To predict the structure in the fibre
after the drawing process, fluid dynamics models can be used. The first models focussed
on the simplified case of capillary drawing [73], but more recently fluid dynamics models
to predict the final structure of the fibre based on the preform and the fibre drawing
parameters have been used too [74; [75} [76]. However, the models currently existing are
set-up for silica or other glasses. Polymer fibres, as studied in this project, do not behave
exactly the same as these glasses during the drawing process due to the Non-Newtonian
properties of polymers. Non-Newtonian fluids do not follow Newton’s laws of viscosity.
Newtonian fluids have a viscosity that does not depend on stress, whereas the viscosity of
non-Newtonian materials can either increase or decrease as a result of stress. In Chapter
[T will discuss these effects in more detail, and the existing models for capillary drawing
are adapted to include this Non-Newtonian behaviour and to aid the understanding of

the differences between polymer fibre drawing and glass fibre drawing.

Although stacking and extrusion have both been used successfully for the fabrication
of HC ARFs, both techniques are time-consuming and labour-intensive. With the field
of rapid prototyping and additive manufacturing growing over the last decades, the
question that raises to mind is whether these 3D printing techniques could be used
for HC fibre preform fabrication. Although several groups have made a start with 3D
printing glasses, the field of 3D printing polymers is more established. To study the
possibilities of 3D printing polymer fibre preforms, a literature review on polymer fibres

is performed and an overview of 3D printing techniques is given in section

2.1.6 Polymer hollow core fibres

Although the first HC fibres were demonstrated using silica, other materials such as soft
glasses and polymers have also been explored. Plastic optical fibres (POF) are fibres
where the optical material is a polymer instead of the more conventional glasses. Com-
monly used materials include PMMA, PS and PC, as these materials are low-cost and
widely available [77]. In addition to Rayleigh scattering, light propagating in PMMA

suffers from absorption due to the Carbon-hydrogen vibrations at wavelengths longer
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than 850nm. To reduce this effect a heavier atom can be used instead of hydrogen.
The additional weight of the atom reduces the vibrations that cause the increase in loss,
which explains why fluorinated or deuterated polymers, have lower losses than for ex-
ample PMMA [6} [78]. However the cost of fabricating these polymers is higher, making

it a less attractive choice for POF fabrication [6].

Some benefits of using polymers instead of glasses are directly related to the material’s
properties. In Table some of the material properties of PMMA, the most commonly
used polymer for POF fabrication, and silica are compared. It can be seen that PMMA
is much more flexible than silica as well as a lot lighter. This flexibility can be of great
importance for large-core fibres, to aid an easy connection for short-range applications
[78]. It can also be seen from Table [2.1] that silica is less sensitive to temperature changes
than PMMA, however, it depends on the application whether this is a benefit or not.
Another difference between silica and PMMA (and other polymers) is the fact that
PMMA fibres are not as sharp when broken. Combined with their low cost, this makes
polymer materials extremely useful for single-use fibre applications in both domestic and

medical use.

For PMMA the theoretical loss is 106 dB/km at 650nm [78]. POF have considerable
advantages over silica fibres, not only their low cost, but also their ability to remain flex-
ible with large cores as well as ease of coupling these larger fibres [77; [78]. By making
HC fibres out of polymer materials, the bulk contributions to attenuation are greatly
reduced, therefore paving the way for inexpensive and low-loss optical fibres with at-

tractive properties for a wide-range of applications.

The first polymer HC fibres was reported by Argyros et al in 2006, who produced a
PMMA HC preform using drilling. Their work showed that polymer HC fibres could
improve transmission where bulk absorption is high, and with improvements in the fab-
rication method could make polymer HC fibres a suitable alternative to conventional

polymer fibres [79], with the same group going on to demonstrate for example the use of

TABLE 2.1: Properties of PMMA and silica compared. Data taken from [78]

Property Silica PMMA
Young’s modulus 72GPa 3.2GPa
Density 2200kg/m3 1195kg/m3
Elastic limit 1% 10%
Thermal Expansion Coefficient | 5.5% 107" K~1 | 9% 107K ~!
Glass Transition Temperature | 1500°C 150°C
Refractive index @ 632nm 1.46 1.49
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these fibres in sensing applications when the holes of the fibre are filled with a liquid [80].

With the interest in polymer fibres growing, more research into their fabrication methods
is also being conducted. Although the existing fabrication methods have led to useful
fibres, these fabrication methods can be labour-intensive and time consuming. Over the
last few decades, there has also been a growth in the field of rapid prototyping and
3D printing. Rapid prototyping has proven useful in the field of medicine for surgical
planning and education as well as personalised braces and splints [I1]. 3D printing is
also being trialled for food production/decoration [8I]. However, 3D printing also has

applications in the field of optics and optical instruments.

In 2015, the first fibre with air holes produced with a 3D-printed preform was produced
[82] as can be seen in Figure This fibre, made of a butadiene polymer consists of a
ring of holes around the solid fibre core. The preform had to be annealed before being
drawn in order to reduce scattering. Pre- or post-annealing however was not needed for
the fabrication of the fibre. The fibre’s loss was 1.5 dB/cm at 632nm and 0.75 dB/cm
at 1064 nm [82).

This project aims to achieve 3D printed ARF preforms and waveguides. In the next

section an overview of different 3D printing techniques and materials is given.

10cm

'—‘_-_-_-_-_'—‘_‘—-——o

&

Preform end-
after printing

1.6cm

-

Preform end after fibre drawing 1

FIGURE 2.7: Reprinted with permission from [82], OSA. The 3D-printed preform for
a solid-core microstructured fibre from Cook et al before and after annealing and the
fibre structure.
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2.2 3D printing

In this section different 3D printers are described and compared as a potential fabrica-
tion method for ARF preforms. There are many 3D printing techniques, each of which
is suited to a range of applications and materials. Some 3D printers are commercially
available, whilst other techniques are more suited to industrial applications. The cost
of the printer can be as low as £500, but for more complex printers the cost can be over
£250,000 [83] .

2.2.1 Stereolithography apparatus

One of the earlier 3D printing types is called a Stereolithography Apparatus (SLA)
printing. A schematic overview of an SLA printer can be seen in Figure In SLA
printing, the process starts with a liquid resin that is photo curable and a platform that
can be moved up and down in this resin [84]. The platform is moved up so that only
a thin layer of liquid resin is on top of the platform, and a UV laser scanner is used to
solidify parts of the resin. The platform is then moved down, allowing more liquid resin
to move over the solidified part. Again, the parts of the object that is being made will
be solidified and this step will be repeated until the object is completed [85; 86].

SLA printer

Laser | | Scanner

Solidified resin

Liquid resin

lPlatform

FIGURE 2.8: Schematic drawing of a SLA printer.

The liquid resin that isn’t solidified during the printing process can be re-used, but also

functions as a support system for the printed item. For example when printing an arc
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or ball, the liquid supports the printed layer.

2.2.2 Selective laser sintering

Another commonly used method is Selective Laser Sintering (SLS) printing, as shown
in Figure An SLS printer starts with a thin layer of powder of the material that
will be used in the sintering process. The (high power) laser (for example a C'Os-laser)
sinters the powder according to the 3D model, after which another thin layer of powder
is pushed on top of the object using a powder roller. The stage with unused powder is
moved up to enable the roller to deliver a small layer of powder on top of the printed
object, to sinter the next layer, whilst the stage with the printed object is moved down.
The sintering process is repeated for each layer until the 3D object is finished and can
be removed from the powder. The unused powder forms a support for the printed object

and can be reused [85].

FIGURE 2.9: Schematic drawing of a SLS printer.

2.2.3 Fused deposition modelling

Commercially, the most common technique is Fused Deposition Modelling (FDM) [87].
A schematic overview of the FDM printer can be seen in Figure An FDM printer
has an extrusion head with a heated nozzle, which extrudes the filament onto the printing
board. The filament is pushed into the hot-end by the two wheels it is clamped between,
the speed of these wheels combined with the ratio between the filament diameter and the
nozzle diameter determine the printing speed. Several configurations are possible, the

nozzle can be moved at this printing speed to shape the printed part, or the object itself
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can be moved under the nozzle, or a combination of both [87]. FDM printers can be
used to print a wide range of polymers, including nylon, acrylic (Polycarbonate (PC)),
ABS, PLA and Polyethylene terephthalate (PET).There are different brands and types
of FDM printers, and they can have different options in printing capabilities. Some
printers may have different nozzle sizes available, or a larger printing board and/or a
taller printer for larger objects. More advanced (and more expensive) printers can also
use multiple nozzles to print different materials at the same time, which could be used
when more complex fibre preforms are printed, for example where the cladding is coated

with a different material. For our ARF printing project, only one material is needed.

Filament

Heating head

I | | 1 Printing board
L 1 —Moving stage

©

FIGURE 2.10: Schematic drawing of a FDM printer.

The different types of printers each have different advantages and disadvantages. One
important factor to consider when comparing the different printing techniques is the
materials the printer can use. Due to the photo curing process used, SLA printing is
used for thermoset polymers. Thermoset polymers cannot be reheated and remoulded,
and SLA is therefore not chosen for the fabrication of polymer fibre preforms. SLS and
FDM printing both work with thermoplastics, polymers that can be reheated and re-
moulded, but SLS printers are mainly set up to work with nylon materials, whereas an
FDM printer can use a wider range of materials, including nylon. To increase the range
of polymers that can be used for the preform fabrication, FDM printing is selected for

this project.

The printer used for this project is the UP2 Plus printer, which is shown in Figure 2.11}
This printer has a minimum layer height of 150 pm and a nozzle size of 0.4 mm [88]. As a
result, the extruded filament has a diameter of 0.4 mm, but when printed into layers the

resolution printed depends on the layer height setting, as the layer is flattened out more
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when the layer height is decreased. The filament compatible with this printer needs to
have an outer diameter of 1.7 mm and is set up with two temperatures to print Acryloni-
trile Butadiene Styrene (ABS) (at 260 °C) and Polylactic Acid (PLA) (at 200°C) [88]. I
have purchased a separate module to be able to adjust the temperature between 160 °C
and 320°C in 5°C increments, to enable me to print materials that require a different
printing temperature[89]. More recent updates to the software from the manufacturer
have made it possible to change the printing temperature without this separate module,

but this was not yet an option at the start of this project in 2014.

FIGURE 2.11: Image of commercially available UP2 Plus printer used in this project.

Like many 3D printers, the object to be printed needs to be written into a STL (stere-
olithography) file. Commercially available CAD programs such as Solidworks offer a
straightforward route to creating and exporting three dimensional models to this par-
ticular file format. In Figure [2.12] an example of a 3D model of a preform for a nested
tube fibre made in Solidworks is shown. The STL file is then uploaded into the soft-
ware provided with the UP printer, UP!, and the printing settings are selected before
printing. UP! does not have the same flexibility as some open source programs with
regards to printing settings and options. The printing speed is between 3 and 30 mm?
per second, the layer height can be set between 0.15 and 0.40 mm with increments of
0.05 mm and the filling density has several pre-defined settings, including the option to
print an unfilled object by just printing the outer shell [88].
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F1GURE 2.12: Example of 3D model made in Solidworks of a preform for a nested tube
fibre.

2.3 Transparent polymers for 3D printing

With the printer choice identified, a suitable polymer also has to be chosen. As the aim
of this project was to use the printer to fabricate preforms for subsequent fibre drawing,
the polymer has to be both suitable for 3D printing and must possess suitable optical
properties for waveguiding applications. For the material to be suitable for 3D printing
and fibre drawing, the material must be able to be heated and remoulded repeatedly,
as it will be heated during the printing process and also during the fibre drawing pro-
cess. Commonly used polymers for polymer fibre optics include Polymethylmethacry-
late (PMMA), Fluorinated ethylene propylene (FEP), Topas and Polycarbonate (PC)
[90; O1]. In Table these commonly used polymers for fibre fabrication are compared.
ABS and PLA are also included, although they are not commonly used for polymer fibre
fabrication, they are common polymers used for FDM 3D printing and as the bulk loss
of the material is less important when it comes to HC fibres, they could still be used for
ARF fabrication. Nylon is also considered, as it is a commercially available polymer for

3D printing that can be used to print optically clear items.

One of the properties of materials to consider when selecting a polymer for 3D printing
is the behaviour of the material under stress. Young’s modulus is a measure of how
the material withstands changes in length when under tension or compression in the
longitudinal direction. It can be seen from table that FEP and Nylon both have a
low Young’s modulus, and the printed preforms from these materials may be more prone

to deformation as a result.
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TABLE 2.2: Overview of properties of polymers suitable for 3D printing

Young’s modulus (GPa) RIat 632nm T4( °C) Density (g/cm?)

ABS  1.79-3.2 [07] - 90-102 [03]  1.02-1.2 [94]
FEP  0.3-0.7 [02] 1.338 [95] 80 [96] 2.15 [96]

Nylon  0.8-2 [97] 1.565 [95] 57 [97] 1.12-1.14 [94]
PC 2.2-2.5 [92 1.581 [08] 150 [97] 1.15-1.2 [94]
PLA  3.4-3.6 [92] . 55-60 [93]  1.23-1.25 [94]
PMMA  1.5-3.5 [02] 1.489 [98] 155 [97] 1.17-1.2 [04]
Topas  2.6-3.2 [92] 1.53 [99] 136-180 [93] 1.01-1.03 [94]

The glass transition temperature of the polymer is also important. As mentioned in
the previous section, the printer temperature can be set between 160 and 320°C. The
material starts to soften at the glass transition temperature, and a high temperature is
needed for the material to be successfully extruded. Most materials in Table have
low enough softening temperatures, the only potential with a temperature higher than

can be printed using the UP printer is Topas.

Although material loss contributes little to the overall attenuation in HC fibres, it is
preferable that it be as low as possible. In Figure the loss for PC and PMMA
is shown for the visible regime. ABS and PLA are not plotted in this figure, as they
are opaque in the visible. It can be seen that PMMA has the lowest attenuation in
the visible, and would therefore be the most suited for a HC polymer fibre operating
at these wavelengths. Both PC and PMMA are used in Chapter (4| for 3D printing and
drawing experiments. In Table more of their properties are shown which will be used

in Chapter [4] to understand the behaviour of these materials during fibre fabrication.

Polymers are not only suitable for fibres in the visible regime, terahertz waveguides have
also explored the use of polymers. As the terahertz regime suffers from high absorption,
HC polymer waveguides could be an option for this regime. In the next section, mate-

rials and waveguide applications for the terahertz regime are discussed.

2.4 Terahertz waveguides for spectroscopy

The terahertz regime of the spectrum contains the frequencies between 0.1 THz and
10 THz, corresponding to wavelengths between 30 pm and 3 mm. This part of the spec-
trum is of particular interest for applications such as material characterisation and (med-
ical) imaging. Compared to the other parts of the electromagnetic spectrum, the tera-
hertz regime was researched less due to the lack of available sources to generate terahertz

signals. However, this has changed since the invention of freely propagating broadband,
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F1GURE 2.13: Attenuation of PC and PMMA in the visible regime. Data taken from
[100].

single cycle terahertz pulses from photo conductive antennas [101].

One of the applications coming from the development of single cycle terahertz pulses
was the Terahertz Time Domain Spectrometer (THz-TDS). The terahertz pulses were
combined with pulsed lasers, which led to the THz-TDS. Due to the synchronous detec-
tion scheme the THz-TDS it has accurate measurements, and it also THz-TDS allows
pulses with energy below the black-body radiation to be measured. This is possible
because the thermal radiation will average to zero, which means high signal to noise
ratios (SNR) can be achieved and pulses with low energy can still be detected [102].
Besides these advantages, the THz-TDS measures the transient electric fields, instead
of the intensity of the signal. The transient electric field measurement can reveal the
complex permittivity of the measured sample, without the need to use the Kramers-
Kronig relations using the Fast Fourier Transformation (FFT) [103] [30]. Terahertz
pulses can also be used to differentiate and analyse different molecular structures, as the

frequency of the classical vibration of the polar molecules is in the terahertz regime [104].

As photo conductive dipole antennas were found to be a solution for terahertz signal
transmission where no waveguides were needed [101], research focused on improving the
transmission and reception through the dipole antennas. However, this is not suitable
for all applications, for example when the source is inaccessible for the detector, such as

in gas detection or endoscopies.
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As an increasing number of terahertz applications are being developed, a growing need
arises for reliable signal delivery systems. Data transmission systems in the terahertz
range could benefit from a low-loss and flexible waveguides, which would allow for a
terahertz pulse to be delivered to remote locations, but could also be used for efficient
coupling between emitters and detectors. Waveguides for the terahertz regime have
a range of applications, including microscopy, terahertz quantum-cascade lasers and
imaging [14], but could also be useful in laboratory table-top applications to replace
complicated lens systems. On top of that, hollow waveguides could also be used for

sensing applications

HC fibres as described in Section [2.1| are not limited by the material’s absorption, and
as the signal travels in air would also not suffer from signal distortion as a solid core
waveguide would. Furthermore, due to the larger wavelengths in the terahertz regime
compared to the visible and infrared, the dimensions of the waveguide would be much
larger. Several theoretical and experimental studies have established scaling laws be-
tween the loss of a fibre, its dimensions as well as the wavelength at which it operates. A
recent study by Bird et al suggests that for single-ring antiresonant fibres such as shown
in Figure and g the loss scales as A*/r2 [T} [105]. Commonly, the core radius of the
fibres is somewhere between 10-20 times the wavelength. When considering a frequency
of 0.5 THz, which corresponds to a wavelength of 0.6 mm the required core size would be
6-12mm. As a result, HC ARF waveguides for short-range terahertz applications could
be printed directly using the FDM printer described in Section [2.2.3] without the need

for a drawing process.

There have already been reports of 3D printed polymer waveguides for the terahertz
regime. One of these was a kagome type waveguide, printed using the Objet30 Prime
printer, which is an SLA printer. The lowest loss reported through this fibre was
0.002cm™~! (0.868 dB/m) at 0.75 THz [106]. Another waveguide was printed using the
commercially available Project 3500HD plus 3D printer. This waveguide consisted of a
hollow tube with an anti-reflective outer layer consisting of cones. Two different designs
were tested, one with cones with a height of 600 pm and another with cones with a
height of 1200 pym and are compared with a tube. It was shown that the tubes coated in
an anti-reflective layer have superior transmission compared to the dielectric tube [14].
Other terahertz components than waveguides have also been fabricated using 3D print-
ing; Jahn et al. [I07] have designed and fabricated a focusing grating coupler for the
terahertz regime using FDM 3D printing of a polystyrene filament. Due to the design
in this component the beam was only focused in one direction creating an oval shaped
focal spot. A 3D printed quasi-Wollaston-prism has also been demonstrated for THz
applications via the FDM printing method where macroscopic birefringence is produced
via manufacturing a grid-like structure [108]. The component allowed for two orthogo-

nally polarised beams to be split, achieving a separation angle of 23. They same group
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also demonstrated a 3D printed THz g-plate [I09] to generate cylindrical vector beams.
These examples show that 3D printing can be used to create terahertz components, and
it raises the question whether inexpensive FDM printing could be used to print antires-

onant waveguides for the terahertz regime.

To decide on a material for the 3D printing of terahertz waveguides using FDM printing,
the bulk loss of the polymers needs to be considered. In Figure [2.14] the attenuation of
several polymers is compared. Common choices for terahertz waveguides are Cytop and
Topas, which both have low losses in the terahertz regime. However, from the commer-
cially available polymers identified for 3D printing (ABS, PLA, PC and PMMA), PC
would make the most suitable candidate for HC terahertz waveguides as it has the lowest
loss in this frequency range. In Chapter 5| the design, fabrication and characterisation

of PC antiresonant waveguides for operation in the terahertz regime is described.

=)

Loss (dB/cm)

Zeonex
Topas

=)
=}

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Frequency (THz)

FIGURE 2.14: Attenuation of polymers used for THz waveguides in terahertz regime.
ABS, PC and PLA data taken from [I10], Cytop, PMMA, Topas and Zeonex taken
from [90].

2.5 Summary and outlook

The aim of this chapter was to provide the technological background of the work de-
scribed in the rest of this thesis. Different HC fibres, specifically ARFs, and the fabrica-
tion methods available to produce this type of fibre have been discussed. The different
fabrication methods currently used for ARFs have successfully produced different types
of HC fibres, but are time-consuming and labour intensive. As a result of this, we looked
at 3D printing techniques to speed up the fabrication process. We identified FDM print-
ing as the printing technique to try for the fabrication of HC fibre preforms. In Chapter
FDM printing will be used for the fabrication of HC fibre preforms. As we have also
seen that the performance of an ARF fibre is directly related to the cladding design
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used in the fibre, it is important to identify a suitable low-loss cladding design that
can be fabricated using the FDM printer. In order to find a suitable design, numerical
simulations are performed in the next chapter on the attenuation through ARFs with

semi-elliptical elements.

Lastly, the possibilities of printing preforms for the terahertz regime were discussed.
As terahertz waveguides need a larger core than fibres for the visible and infrared, no
drawing process is needed and the waveguide can be printed directly. In Chapter [5| the

design, fabrication and characterisation of these waveguides is reported.



Chapter 3

Design of novel, 3D-printable

hollow-core antiresonant fibres

In this chapter I propose a novel HC fibre design that is suitable for fabrication through
additive manufacturing. To achieve the aim of 3D printing a waveguide, a suitable design
for the cladding that can be printed will have to be chosen. The limitations of the differ-
ent printer types and the used printer for this project are discussed in Chapter [2, and as
such it is important to keep the structure relatively simple to have a design that can be
produced using 3D printing. For this reason, half elliptical cladding elements are chosen.
These semi-elliptical cladding elements offer two benefits compared to tubes. First, the
curvature of the ellipses can be varied to aid the understanding of the not well under-
stood effect of the negative curvature in ARFs. Second,semi-elliptical elements have two

anchor points to the fibre and are therefore less likely to shift during the drawing process.

By varying the number of ellipses in the cladding design, the effect of the curvature on
the leakage loss is studied. The loss contributions from leakage through different areas
of the fibre design are determined in more detail to aid in understanding the optimum

curvature found.

3.1 Numerical Modelling

Numerical modelling is usually the first step in the design of any optical device and HC
fibres are no exception. Due to the often complex and expensive fabrication procedures
of ARF's, numerical modelling can be used to predict crucial properties such as loss,
mode-field distributions, dispersion, effective index and bend performance and/or to

design fibres with desired properties. In addition to these initial predications and design

33



34 Chapter 3 Design of novel, 3D-printable hollow-core antiresonant fibres

indications, modelling can also be used at the end of the process to verify that the device
functions as intended and to refine the design, if needed, to achieve the targeted optical

properties.

To model light propagation in an optical fibre that is longitudinally invariant (i.e. the
structure does not change along the longitudinal direction z), one needs to start with

the Maxwell equations, which govern all macroscopic electromagnetism [111]:
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Where E is the electric field, H the magnetic field, D the electric displacement field, B
the magnetic flux density, J, the current density vector and p, the free charge density,
represent the sources for the electric field. The electric displacement field and magnetic

flux density are related to E and H given by the following constitutive relations:

P (3.5)

M (3.6)

Where P and M are the polarization field and magnetisation field, ¢y the vacuum per-
mittivity and pg the vacuum permeability. An optical fibre is a medium without free
chargers, meaning that J and p will both equal zero. An optical fibre is also a non-
magnetic medium, so M = 0. This means that the Maxwell equations can be rewritten

to:
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These conditions and Maxwell’s equations together can be used to find the wave equation

that can be used to describe the light propagating in an optical fibre [112; [113]:

1 02E 92P
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(3.11)
For a mixed dielectric medium free of unbound electric charges and current sources,
which is the case for most ARFs, the Maxwell equations can be manipulated assuming
time-harmonic solutions to give the wave equation describing the light propagating in a
fibre [114]:

1 - .
Vx —VxE—-kieE=0 (3.12)
[

where kg, the wave number ,and ¢,, the relative permittivity, are defined as:
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Where n is the real part of the refractive index, k the imaginary part of the refractive
index, fo the frequency, A the wavelength and c the speed of light. To find a solution for
Equation[3.12] one must also satisfy the boundary conditions. In the case of a fibre, there
are different material media in the geometry. The number of media in the fibre depends
on the type of fibre and the design, but for ARFs as described in this chapter, this is
limited to two materials, air and the glass/polymer the fibre’s cladding structure is made
off. With no surface charges and surface currents the following boundary conditions must
be satisfied [115]:

nx (B —FEy) =0 (3.15)
nx (H — Hy) =0 (3.16)
n-(B) — By) =0 (3.17)
n-(Dy — Dy) =0 (3.18)

From Equation and it can be concluded that on these boundaries the tan-

gential components of the electric and magnetic field must be continuous [115]. As the
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normal components of the magnetic flux density and the electric flux density must also
be continuous (as shown in Equation and [3.18)), the normal component of the mag-
netic field is also continuous for non-magnetic media. However, the normal component

of the electric field is not continuous on the boundary between two media [115].

Because of the complexity of the refractive index distribution in ARFs, analytical solu-
tions for Equations[3.12 [3.15] [3.16] [3.17] and [3.18] are almost always impossible to obtain.

It is however known that the field will be time-harmonic and because the waveguides

studied in this case are longitudinally invariant, the field will assume the form shown in
Equation as described by Bloch’s theorem [116].

E = A(z,y) x ¢#* (3.19)

where A is the transverse amplitude, and S the propagation constant along the z-axis,
defined as 8 = ngyrs + tk,. The propagation constant is made up of a real part, but
can also have an imaginary part when there is gain or loss in the system. Using the
boundary conditions, the wave equation can be considered as an eigenvalue problem. Its
eigenvectors are the mode field distributions, where from its eigenvalues one can obtain
B. Subsequently, the loss for a modelled fibre can thus be determined from the imagi-
nary component of the propagation constant [117;[I18]. In the next section a numerical

method for solving the equation when no analytical solution can be found is described.

3.2 Finite Element Method

The complexity of the permittivity profile of microstructured fibres and ARFs in partic-
ular often dictates the use of numerical methods to solve for propagating modes within
these fibres. Many such methods have been developed and perfected over the years,
with several companies now offering various commercial softwares relying on different
algorithms to find the desired solutions. For my project, I selected the Finite Ele-
ment Method (FEM) [117; 114]. The FEM was first used in 1956 in the mechanical
industry [I19]. To analyse an elastic two dimensional domain, the studied surface was
represented using triangles with a linear displacement across the surface [120]. Each
triangle’s behaviour could be described using an elementary stiffness matrix, which is
used to describe a complex system numerically. The finite element method has found
more and more applications from this point onwards, as it can numerically solve very
efficiently systems of partial differential equations (PDE), which is the most general way
in which all physical problems can be mathematically described. The first use of the
FEM to solve electromagnetic problems was in 1968 by S. Ahmed, to analyse the modes
in a metallic waveguide [121}; 122} 123]. For my project, the FEM was my preferred
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method for calculating the model properties of HC fibres as it is fully vectorial, it allows
one to take the material dispersion into account, and it allows partial calculations for

symmetrical problems [124; 125], reducing the calculation time needed.

Maxwell’s equations as shown in equation with boundary conditions as shown in
Equation are an example of a PDE with known boundary values. FEM solvers
manipulate these equations into a generalised eigenvalue problem, where [ is the eigen-
value and the fields are the eigenvectors. The domain is then meshed into a grid and
the solution is found accurately on each grid point by solving for the eigenvalues. In
Figure [3.1| a model for a SI fibre is shown. The mesh used to solve for the fundamental
mode (FM) in the structure is shown and the solution found for the fundamental mode

is shown.

o)

Model of SI fibre. Mesh used in SI fibre. FM found in SI fibre.

FIGURE 3.1: Three stages of numerical modelling of fibres

To create a mesh for the studied domain, the structure is divided into a grid. The
grid contains elements that can vary in size and shape. For 2D problems, triangles or
quadrilaterals are commonly used [117]. Triangles are often the preferred shape to use
for circular structures as they can mimic circular shapes better, and are thus often used
when studying fibre optics with the FEM. This grid in the model is commonly referred
to as the mesh. Apart from the shape, the dimensions of the elements in the mesh, the
mesh size, are important in determining the accuracy of the solutions. For each grid
point a set of linear equations is solved which leads to the results for the initial prob-
lem. The accuracy of these results will depend on the mesh size used [114]. In general,
smaller mesh sizes yield more accurate solutions. However, as for every partition of the
structure a solution has to be found, reducing the mesh size increases the calculation
time drastically. It is therefore important to choose the mesh size as large as possible
so that it still accurately represents the geometry and manages to show all local effects.
One way to focus on the local effects is to use a smaller mesh size in the areas of interest
and a coarser mesh in areas less relevant. For example, in a step-index fibre, the mesh
in the core can be made smaller to focus on the modes in the core, as shown in Figure

[B.1] To make sure the mesh size used is giving accurate solutions, convergence studies
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on well known cases where semi-analytical solutions are known can be run, for example

in the case of a circular hole in a dielectric [2].

To mimic the fact that the medium surrounding real fibres extends indefinitely, numeri-
cal models employ absorbing layers known as perfectly match layers (PML) to surround
the fibre geometry to be studied. The PML is an artificial layer that avoids reflections
and scattering, and absorbs any field incident on it [126} [127]. The PML is of crucial
importance to be included in the model when calculating the leakage loss in the fibre, as
without the PML light would reflect back into the fibre instead of leaking away, which

would lead to an incorrect calculated leakage loss for the structure.

Out of the various commercial FEM packages available, for this project COMSOL Mul-
tiphysics is chosen [I18]. COMSOL has a wide array of applications, and also benefits
from add-on modules that can be used for the simulation of different processes such as
heat transfer, acoustics and fluid flow. To model fibre optics and waveguide the *wave
optics’” module can be utilised. COMSOL can be used using the graphical user inter-
face (GUI), but also can be used through Livelink. Livelink enables the user to script
programs for pre- and post-processing on top of the functions COMSOL Multiphysics
offers to solve complex problems. The code used for the work reported in this chapter
is based on the work by my colleague M.S. Abokhamis and uses COMSOL Livelink to

communicate to a Matlab script [128§].

In order to illustrate the effect of the mesh size on the calculation time and accuracy of
the results, a mode analysis is performed on a step-index single mode fibre. The fibre
modelled has a core radius of 5 pm, cladding radius of 30 pm and a refractive index of
1.4508 and 1.45 in the core and cladding respectively. For simplicity equal mesh density
is used in this example. The number of elements in the model that needs to be solved
for is therefore directly related to the chosen mesh size. In Figure the element size is
plotted against the calculation time for the mode analysis of one mode at a wavelength
of 632nm. As expected, as the element size decreases (and thus the number of elements
increases) the calculation time increases. It should be noted that the exact calculation
time for this specific problem will be different when different computers are used, as it
depends on the memory and processing speed available. In this case, the processor used
was the Intel Xeon E5-2637 at 3.5 GHz with a memory of 256GB. As these tests are all
done with the same computer, it is a reliable way of showing the relation between the

element size and computation time.

The choice of mesh size is a balance between accuracy and computation time. To
look at the impact of the mesh size on the accuracy of the results, the convergence

of the calculated effective refractive index is plotted using the relative error in Figure
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F1cURrE 3.2: Calculation time dependence on element size for studied step-index fibre
with a core radius of 5pm, cladding radius of 30 pm and a refractive index of 1.4508
and 1.45 in the core and cladding respectively.

The relative error for this comparison is defined as the absolute error between
the smallest mesh tested divided by the calculated effective refractive index for the
smallest mesh tested. It can be seen that the solution converges quickly, and that it is
therefore acceptable to slightly increase the mesh size in order to drastically reduce the

computation time when multiple wavelengths and modes are studied.
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Ficure 3.3: Convergence plot for relative error in the effective refractive index cal-
culated for studied step-index fibre. The relative error is calculated compared to the
smallest element size studied.

To reduce computation time, different mesh sizes can be used along the structure, with
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the finest mesh in the area of interest. For example in a step-index fibre a fine mesh is
needed in the core to find the modes supported in the core. The same step-index fibre
as used in the previous example is studied again with a coarser mesh in the cladding
area. The number of elements can be decreased in this way to 14336 instead of 98402
for a uniform mesh and the computation time is reduced by 84%, whilst the difference
between the results is less than 6e™ %. This shows that adjusting the mesh size to fit
the problem modelled can drastically reduce the computation time required for para-

metric sweeps.

In a HC fibre, the geometry of the cladding area is different from the cladding area in
a step-index fibre. The thin cladding membranes in an ARF are usually thinner than
the wavelength used, and therefore sometimes thinner than the mesh-size that could be
used to accurately describe a step-index fibre. In order to achieve an accurate solution
of the wave equation in the thin cladding membranes, the mesh-size needs to be reduced
in these areas to ensure that the cladding membranes are clearly defined in the mesh by

using at least five layers of mesh elements in the cladding membrane.

Choosing the right mesh size is one way of optimising calculation time, but depending on
the geometry’s symmetry the studied domain can also potentially be reduced [125]. In
the case of circular fibres as well as in the case of relevance in this project of fibres with
a six-fold azimuthal symmetry, often only a part of the domain needs to be studied to
solve for the behaviour across the whole domain. The plane of symmetry in the structure
is replaced with a suitable combination of boundary conditions, to effectively cut the do-

main and reduce the calculation time without affecting the results of the simulation [125].

3.3 Fibre design with half elliptical elements

Now that I have covered the numerical tools employed in my thesis for fibre design
modelling, I will describe theoretical and numerical work performed on the design of
novel, 3D-printable antiresonant structures. It is well established that in ARFs with
a kagome-type cladding, increasing the inwards curvature of the core boundary results
in a dramatic reduction of the leakage loss of the fibre [42; [43; [55]. However, at the
time I performed this work, the reason why this was the case was far from clear. More
recently, there has also been research into the effect of semi-circular nested elements
[129] in ARFs. In this design, the curvature was changed in the nested element rather
than a change in curvature in the cladding element forming the core boundary. In this
case, the curvature did not seem to affect the leakage loss. However, the position of the

nested element had an impact on the loss [129]. In this section a systematic study into
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the effect of the curvature is described and analysed, in order to design an ARF with a
lower leakage loss compared to ARFs with different cladding structures to understand

what causes the reduction of leakage loss of the fibre.

Half elliptical cladding elements offer the flexibility of a systematic and gradual change
in curvature, as well as for changes in the major semi-axes of the elements without
changing the separation between them. Together with researchers from Pennsylvania
State University, I studied the loss of a fibre with full elliptical cladding elements and it
has been shown that there are curvatures where the leakage loss is lower compared to
a fibre where circular cladding elements are used [130]. In practice, due to the effect of
surface tension which tends to promote circular shapes, the use of fully elliptical capillar-
ies could pose a problem of shape retention during the fibre drawing [74]. To reduce the
likelihood of deformations during the fabrication process, half ellipses are used for the
cladding elements instead of full ellipses. This design benefits from the same flexibility
in allowing changes to the curvature, but is more likely to retain its shape under high
tension and high viscosity fibre draws due to having two anchor points with the outer
ring of the cladding. As a result of this, the half ellipses are also less likely to tilt during
fabrication compared to full ellipses. Half ellipses also have the advantage of taking up
less space in the fibre, and thus allow a larger core size compared to a same-sized fibre
with full ellipses, in cases where the fibre’s outer diameter is restricted. The larger core
size will lead to lower losses, as the loss in this type of fibre scales with approximately
A\ /rd [4T5 [105].

3.3.1 Parameters studied

The novel design I propose is shown in Figure Key design parameters include the
core size, the major and minor semi-axes of the elliptical elements, the thickness of the
membranes and the gap d along the inner cladding boundary between adjacent elements.

The curvature of the elliptical elements is defined as

c=— (3.20)

where [ is the major-axis and w the minor-axis of the ellipse. In order to study the
effect of change in curvature on the leakage loss of the fibre, it is important to keep as
many other parameters in the structure constant throughout the simulation as possible.
To isolate the effect of the curvature as much as possible, the core radius of the fibre is
fixed, as well as the fibre size (and thus the ellipse’s major axis). To keep a constant
separation between the ellipses, the number of ellipses is varied between 4 and 14 in

order to vary the curvature. To avoid potential issues with changes in symmetry and to
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enable the use of quarter structures to reduce the calculation time, only even numbers

of cladding elements are used. In Figure the parameters of the structure are shown.

FIGURE 3.4: Geometrical parameters of the fibre under study, here with 8 half elliptical
strands. The core radius is R., the major semi-axis [, the minor semi-axis w, wall
thickness ¢, cladding radius R; and separation d.

To compare the effect of the elliptical elements to circular cladding elements, the case
where the curvature equals 1 is included in this study. Using a core radius of 12.5 pm,
a fibre radius of 24.84 ym and a separation of 5.3 um, an ellipse length of 11.39 pm is
needed to have semi-circular elements when there are 6 elements in the structure. The
structures studied are shown in Figure Material dispersion and absorption loss are
not included in the simulations to distinguish the effect of the curved elements compared

to other loss factors.

3.3.2 Results

Using FEM, the leakage loss for the fundamental mode in the structures in Figure [3.5
is simulated. In Figure the leakage loss for each structure is plotted against the

normalised frequency, f, defined as

2t
f=5 n3 —n? (3.21)
where ¢ is the cladding element thickness, ny the refractive index of the cladding and

n1 the refractive index of the core, which in the case of an ARF consists of air, so ny = 1.

In Figure [3.6] it can be seen that the lowest loss is found for the structure with 10
ellipses, which corresponds to a curvature of 2.29. It can also be seen that, even though

the fibres have the same core and fibre diameter, the loss can be reduced by 2 orders of
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10 gm

FIGURE 3.5: Simulated structures with 4, 6, 8, 10, 12 and 14 cladding elements with a
corresponding curvature of 0.42; 1, 1.6, 2.29, 3.13 and 4.18 respectively.

magnitude by increasing the curvature of the elliptical elements.

Apart from a change in the leakage loss, there is also a change in the antiresonance
window for the different structures. The width of this window decreases for an increasing
number of elements. The decrease in the antiresonance window width is likely due to the
increasing blue shift at the low frequency edge as a result of the increasing curvature. A
similar effect was seen in fibres with circular cladding elements as the refractive index
of the cladding elements was increased. This effect was attributed to the changes in the

cut-off frequency of the modes guided within the thin membranes [131]. The fraction of
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FIGURE 3.6: Calculated leakage loss for structures shown in Figure With a core size
of 12.5 ym and inner radius of 24.84 pm plotted against the normalised frequency.

power in the cladding is defined as:

Pcladding

R =
Pcladding + Pcore

(3.22)

The change of the window width due to the blue shift is more apparent in Figure
where the fraction of power in the cladding is plotted. It can also be seen in this figure
that the absolute minimum of the fraction of power in the cladding is similar for all the
structures, which indicates that the curvature can not be used to increase transmission
where the glass is opaque, as the fraction of power in the cladding is unaffected by the

changes in the curvature of the cladding elements. [132]
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FI1GURE 3.7: Calculated fraction of power in cladding for structures shown in Figure
3.5
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To verify that the reduction in loss in the different fibre designs with half elliptical el-
ements is not due to the number of elements, the simulations have been repeated with
different parameters. Using three different core radius and inner radius combinations,
the leakage loss is simulated for six designs with 4, 6, 8, 10, 12 and 14 elements in the
cladding of the fibre structure. In the previous case, the minimum for the leakage loss
was found at 10 elements, which corresponds to a curvature of 2.29. The loss calculated
for all six designs for the three different core and inner radii are shown in Figure [3.8
and In Table an overview of the optimum curvature for each design are
given. It can be seen that for all three parameter cases an optimum curvature is found,
independent of the number of ellipses. It can also be seen that there is a similar change
in the widths of the antiresonant windows. These results suggests that there exists an
optimum curvature for an antiresonant fibre with half elliptical strands unrelated to the
number of ellipses but connected to the curvature of the cladding elements. The simu-
lations were repeated with different sets of varying parameters. For all the parameter
sets explored, the optimum range for the curvature of the cladding elements was found
to be in the range 2-2.5. This is the first key result of this study, as it points towards
ways to reduce leakage loss in this type of fibre.

Loss (dBfm)

4 ellipses
6 ellipses
—&#— 3§ ellipzes
—— 10 cllipzes
—&— |7 ellipses
—#— 14 ellipses
10'4 L L L 1 L L I I

0.3 0.4 05 0.4 0.7 0.3 0.9 1 1.1 1.2

“Wavelength ()

F1GURE 3.8: Leakage loss for all six fibre designs with a core radius of 10 pm and
inner radius of 19 pm.

TABLE 3.1: Overview of optimum curvature and number of elements for fibre designs
with different parameters for core and inner radius.

Core radius & | Inner radius & | Optimum number | Corresponding

of elements curvature
10 pm 19 pm 8 2.13
13 pm 23 pm 10 2.36

15pm 24 pm 12 2.13
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FI1GURE 3.9: Leakage loss for all six fibre designs with a core radius of 13 pm and inner
radius of 23 pm.
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FIGURE 3.10: Leakage loss for all six fibre designs with a core radius of 151nm and
inner radius of 24 pm.

I also studied the effect of the curvature on higher order modes. In Figure the
ratio of the leakage loss between the first higher order mode (LP11) and the fundamen-
tal mode (LPO1) is plotted. To avoid having to switch between boundary conditions
to calculate all the modes in the fibre, the whole structure is studied instead of using
symmetry to only simulate a quarter of the structure. For these calculations I used the
initial fibre parameters. It can be seen that this ratio decreases and is at its lowest
for the highest curvatures. This is due to the phase-matching conditions for the higher
order modes. For the higher order modes the guided mode can be phase-matched with
a mode in the air-gap of the elliptical elements. As the curvature increases, the area of
the air-gap decreases which has a negative effect on the phase-matching conditions. For

a higher curvature, the loss of the higher order mode is therefore lower.
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FIGURE 3.11: Ratio between the loss for the first higher order mode (HOM) and the
fundamental mode (FM) for the 6 different fibres shown in Figure

3.4 Understanding of the effect of curvature on leakage

loss

To investigate whether the decrease in leakage loss is caused by the curvature alone, I
simulated the same structures with solid ellipses instead of air-filled cladding elements.
As can be seen in Figure differently from the case with thin membranes and hollow
cladding structures, the leakage loss for solid elements does not decrease with an increas-
ing curvature. This indicates that the curvature alone cannot explain the reduction in
loss and the reduction in leakage loss is caused by the combination of antiresonance and

the curvature.

Looking at the field distribution of the fundamental mode in the six different structures
that I studied shown in Figure [3.13] it can be seen that the amount of power that pene-
trates through the elliptical elements decreases as the curvature of the cladding elements
increases. At a high curvature the field decay through the elliptical elements is lower
than the leakage at lower curvatures. However, one can notice that there is also more
power confined within the membranes forming the cladding elements, which leaks out

to the jacket. This is the cause of the increase in loss when the curvature is increased
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FIGURE 3.12: Loss comparison for structures with solid ellipses and air-filled ellipses
using the designs from Figure[3.5]as a function of the number of ellipses. All simulations
at the normalised frequency, f, 1.42.

above the optimum curvature.

F1GURE 3.13: Mode profile for the FM for the six structures simulated from Figure

To confirm these findings, I have calculated the integral of the radial Poynting vector
along the inner boundary of the fibre. This can be divided in contributions to the leakage
loss through:

e the elliptical elements

e the separation between the elements

e the glass of the membranes
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In Figure [3.14] these contributions normalised to the total of the integral of the radial
Poynting vector along the inner boundary are shown. For 4, 6, 8 and 10 ellipses, it
can be seen that the leakage through the elliptical elements dominates the leakage loss.
After this point however, the leakage through the glass of the membranes starts be-
coming dominant. This can be understood from the path of the light rays in the fibre.
The light rays from the guided core mode strike the membranes at a lower angle than
compared to the lower curvature cases, where they impinge at almost 90°. When the
curvature is sufficiently high, this results in total internal reflection of the ray within the
membrane. Another way to see this is by thinking that the core-guided mode becomes
phase-matched with a mode in the glass membranes, which then leads to an increase in

leakage loss.

Loss through separation between ellipses
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—&— Loss through cladding elements
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FIGURE 3.14: Calculated ratios of the contribution to the leakage loss for the different
boundary areas on the fibre using the structures from Figure

3.5 Conclusions

In this chapter a novel design for an ARF was studied that can be fabricated using
3D printing. The cladding design in this fibre consists of half-elliptical elements. To
optimise the performance of this fibre, the influence of the curvature of the cladding
membranes is studied. One of the main original conclusions was that when using half
elliptical elements, the loss of the fibre can be reduced significantly by using the opti-
mum curvature, which identifies designs where the leakage through the airclad elements
matches the leakage through the glass membranes. For curvatures below the optimum
curvature, there is too much leakage of the field through the elliptical elements. For
curvatures above the optimum curvature, total internal reflection occurs in the cladding

membranes and causes an increase in the leakage loss.
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A similar reduction in loss is seen when full ellipses are used instead of half ellipses [130].
However these full ellipses take up more space in the fibre compared to half elliptical
elements and could pose a tougher challenge in the fabrication due to the potential of ro-
tation/tilt during the drawing process, caused by the pressure of only one anchor point
between the cladding element and the jacket tube, instead of two as in my proposed

design.

The optimum curvature depends on the core size, overall fibre size and separation be-
tween the elements in the fibre. For the design studied in this chapter, the optimum
curvature was found at 2.29, but when considering the different sets of parameters stud-

ied there seems to be an optimum curvature range in the region of 2-2.5.

As mentioned before, the design with semi-elliptical elements has been optimised with
the aim of it to be fabricated using 3D printing. In the next chapter, progress towards
printing polymer fibre preforms using an FDM printer are reported. But preform fabri-
cation is not the only application of this design. One of the other possible applications
of this design, in addition to that of light delivery in the visible/near infrared is that
the elliptical cladding design can be used for a large diameter waveguide for terahertz
transmission. Due to the approximately 100 times longer wavelength in the terahertz
regime compared to the near infrared, a terahertz waveguide requires an equally bigger
(i.e. 100 times larger) core size compared to HC fibres for the near infrared [133]. As
a result, this waveguide design could be fabricated via 3D printing directly without the
need for a drawing process due to the larger dimensions of the waveguide, which will be
shown and discussed in Chapter



Chapter 4

Polymer fibre fabrication

4.1 Introduction

In this chapter I report the progress made towards 3D-printing polymer antiresonant
fibre preforms and subsequently drawing them into fibre. As discussed in Chapter [2| the
printer available for this project was a conventional, low-cost FPM printer, the UP2!
plus printer. The first step in the fabrication process is the 3D printing of the preform.
From the material options discussed in Chapter |2, four materials were successfully used
for 3D printing ARF preforms: ABS, PLA, PC and PMMA. Initial drawing tests on
these printed preforms were performed and brought to light the practical constraints and
limitations imposed by the quality of the 3D printed preforms as well as the effects of
intrinsic material properties of the polymers used for fabrication. Preforms printed from
our FDM system showed lower density than the material used for printing, indicating
the presence of bubbles introduced in the printing process. Furthermore, the fibre draws
revealed non-Newtonian behaviour of the polymer materials, implying that the expertise

in drawing glass fibres could not simply be transferred across.

To aid our understanding of the implications of the non-Newtonian shear-thinning be-
haviour of polymers, 1 developed and experimentally validated a numerical model for
polymer capillary draw taking into account these effects. This model and experiments
revealed that PC behaves more like glass whilst PMMA showed more prominent shear-

thinning.

To address the issues found during the initial fibre drawing experiments, I investigated a
simpler fibre design, a 'wagon wheel’ fibre which requires only one pressure region during
fibre draw and thus a simpler fabrication process as compared to the ARF designs of

Chapter In an attempt to reduce the bubbles present in the printed preforms, I

51
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carefully investigated the annealing of printed tubes.

I conclude from the work presented in this Chapter that the quality of the preforms
printed on the FDM device available for this project must be improved in order to
facilitate their drawing into fibre. I show in the next Chapter however, that hollow
waveguides printed directly from this printer can operate successfully in the Terahertz

region.

4.2 3D Printing polymer fibre preforms

A crucial first step in 3D printing preforms is the development of the corresponding
model using computer-aided design (CAD) tools and thorough understanding of the
printer settings. The tool used for this work was the commercially available software
SolidWorks. I successfully printed four different materials: ABS, PLA, PMMA and PC.
A summary of the datasheets for these four polymers is given in Appendix [Bl ABS and
PLA have both been used, as they are standard 3D printing materials and the UP printer
has specific settings to print these materials. For commercial printers ABS and PLA
are both suitable due to their low cost and strength. As ABS and PLA both have been
printed before, the printing temperature required to print them are well known, the UP
Printer has pre-defined settings for these materials, PLA is printed at 200°C and ABS
is printed at 260°C [134]. For the other two materials that have been printed, PC and
PMMA, I performed a study to optimise the printing speed and temperature. The PC
filament used is commercially available, but the PMMA filament for the optimization
has been drawn by my colleague Dr. W. Belardi from a PMMA rod into a 1.7 millimetre

thick filament, with an approximate length of 15 metres.

The first parameter to optimise is the printing temperature for each material. For each
material, I extrude a 30 cm sample at a range of different temperatures with increments
of 5°C. The range tested for each material is based on the reported softening/printing
temperatures from the literature as shown in Table Tinclude PLA and ABS in these
tests to observe what happens above and below the optimum printing temperatures, as
the optimum printing temperature with the UP printer is known. The optimal temper-
ature is chosen by comparing the extruded filament samples. It is important that the
extruded filament has an equal thickness along the filament, as variations will lead to im-
perfections in the printed object. It is also important to pay attention to the appearance
of the filament before and after extrusion. A change in colour or transparency can show
that the filament has burned or crystallised. Burnt or crystallised areas would lead to
higher losses in the material due to scattering. A common problem that is observed for
all four materials when the printing temperature is too low is a blocked nozzle. As the
viscosity of the material is too high to be extruded at lower temperatures, the material

clots up in the nozzle leading to a blockage. If the temperature is too high, the material
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can burn. In table the optimised printing temperatures for all four materials are
shown. The given temperatures are the temperatures used on the UP2 Plus printer,
and may vary for different printers as the temperature measured by the printer has an
accuracy of £7% [135].

The printing temperature is not the only setting that has to be optimised for successful
3D printing. The printer alignment is also an important factor, as a minor alignment
problem could lead to major deformations of the printed object regardless of the material
used. To demonstrate this, I printed three rectangles with a width of 1cm and a length
of 10 cm. I varied the height of the printing board for each rectangle. In Figure the
effects of the increase of the distance between the printing board and nozzle are shown.
It can be seen that the larger the distance between the nozzle and printing board is, the
more the printed object will deviate from the target model. In the case shown in Figure
the printing board is lowered to show the effect of the nozzle being too high. If the
printing board was tilted, the printing quality would vary between different locations
in the printed object, leading to a different object than intended. It is thus important
to have the printing board aligned correctly and the nozzle height set up correctly to

achieve a printed object that is an accurate model of the designed STL file.

Once the optimum printing settings were found, I printed several preform designs with
the four different materials. In Figure four of the preform designs that have been

TABLE 4.1: Printing temperatures for used materials

Material| Printing Observations for | Observations for | Reported
tempera- higher tempera- | lower tempera- | tempera-
ture tures tures tures

ABS 260 No constant thick- | Printer-nozzle 210-260 [87]

ness of extruded | blocks
filament, filament
changes colour

PC 305 Filament changes | No constant thick- | 270-300 [87]

from  translucent | ness for extruded
to opaque, breaks | filament, printer-
during extrusion nozzle blocks
PLA 200 No constant thick- | Printer-nozzle 180-230 [87]
ness for extruded | blocks
filament

PMMA 230 Filament changes | Printer-nozzle 160-240
from  translucent | blocks [136]
to opaque, breaks
during extrusion
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F1GURE 4.1: Three printed samples with different printing bed alignment settings. The
distance between the nozzle and printing board was 0.5 mm, 2.5 mm, 5 mm from left to
right.

printed are shown, all with an outer diameter of 2cm. Figure shows the printed
preform with elliptical cladding elements as designed in Chapter [3] printed in PLA and
in a structure with nested ellipses is printed. It can be seen that there appear to
be gaps in the structure. The UP Plus 2 printer can print at 6 different filling settings,
which are mainly designed for mechanical purposes to determine the strength of the
printed object. The designs in Figure [f.2h and [I.2b were printed on the ’solid’ setting.
As there are gaps seen in the printed designs, I printed a rod to test how solid the
printed preforms would be. When the density of the cylindrical rod was measured, it
became apparent that not the whole preform was filled with the material, and its density
was only 80% of that of the pristine polymer. This indicates that solid objects printed
with this method typically have small air bubbles. This is a potential problem for the
subsequent drawing process. Another printing setting that can be used is the surface
setting. When using this setting, only the outer layer of the model is printed. To solve
the problem with the density of the preform, I decided to print preform using the surface
setting and use a jacket tube to increase the surrounds of the cladding whilst avoiding

the air holes in the structure.

To test the surface printing setting, I printed an ARF with thin cylindrical tubes in the
cladding and a design with nested tubes as seen in Figure [f.2¢ and [£.2d. Both preforms
were printed using ABS and both were printed to the maximum length for the UP2
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printer, which is about 13 cm. It can be seen that using the surface setting leaves a gap
in the structure in Figure [f.2k. Drawing such a preform into fibre requires careful design
of the jacketing sleeve and engineering of new ways of applying the various pressure

differentials required to keep the tubular elements from collapsing.

o | cm

FIGURE 4.2: Four different printed antiresonant preform structures, a is printed in
PLA and b, ¢ and d are printed in ABS. The diameter of each preform structure is 2
cm. A and b are printed to a length of 1cm, ¢ and d are printed to a length of 13 cm.

4.3 Polymer fibre drawing

As the expertise within our group is primarily in drawing glass fibres, I asked my col-
leagues working on fibre fabrication and collaborating with me on the project to draw a
3D printed rod to investigate potential challenges in drawing 3D printed preforms. One
of the potential issues lies in controlling the temperature during the drawing process.
The drawing temperature for the polymers is close to the printing temperatures, around
200°C. The drawing tower however is set-up to draw soft glasses such as chalcogenide,
which softens at 310°C [137]. We performed a first trial to see whether the lower tem-
peratures for polymers are feasible with the set-up of the tower. The drawing work
described in this Chapter is performed by my colleagues Dr. X. Feng, Dr. W. Belardi,
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Dr. J. Lousteau and N. White.

For the first attempt of drawing polymers, I 3D printed an ABS rod with a diameter of
1.5cm and a length of 9cm. My colleagues encountered problems in this first attempt
due to the filling ratio in the ABS rod. To decrease the temperature in the furnace of
the tower, they removed the covers around the preform to allow air to flow through.
As mentioned in the previous section the UP printer can not print fully solid objects
and thus leaves air bubbles in the structure. This turned out to be problematic during
the drawing process, as the bubbles can expand irregularly, resulting in bursts on the

surface and inflated areas along the drawn ABS.

For the second attempt we tried to pull an ABS rod with similar dimensions at a higher
temperature of 350°C. The rod was pulled into a thin fibre with a diameter of ap-
proximately 30 pm, however this draw produced fibres with large longitudinal diameter
variations due to the bubbles in the rod, and due to the high temperature used during
the drawing process a larger size could not be achieved. The susceptor used in the
drawing tower during these draws had a minimum temperature of 330 °C. To lower the
temperature and hopefully make it possible to draw preforms to a larger diameter fibre,
a different susceptor was developed by my colleague N. White that can go to tempera-
tures as low as 125°C. The drawing tower was therefore set up with this new susceptor,
as shown in Figure

FI1GURE 4.3: Susceptor installed in the drawing tower to enable the use of lower tem-
peratures during the drawing process.

With the new susceptor on the drawing tower, we then focused on drawing PMMA. The
PMMA rods were commercially sourced and as a result do not have the same filling ratio
problems as the printed ABS rods had. The attempts to pull these purchased PMMA
rods were successful, a solid rod with an initial diameter of 1.5cm was drawn into a
thinner cane with a uniform diameter of approximately 1.7 millimetre. This diameter

was targeted as it is the same size as the filament needed in the UP printer and I used the



Chapter 4 Polymer fibre fabrication 57

drawn filament to print other test structures, but the diameter of the filament showed

variations as high as + 0.3 mm or 18%.

From these initial drawing tests and the printing analysis in the previous section, we

found the following potential problems in drawing 3D printed polymer preforms:

e The difference between polymers and glasses when heated

e Bubbles in the printed preforms

In the next section, I use a capillary drawing model to aid in the understanding of the

differences between polymers and glasses during the drawing process.

4.3.1 Modelling of Non-Newtonian fluids

To understand the differences between polymers and glasses, I consider the Non-Newtonian
properties of polymers. Differently from glasses, which when heated behave like New-
tonian fluids, when heated above the glass temperature polymers have Non-Newtonian
properties. The viscosity, the fluids resistance to stress, behaves differently in a Non-
Newtonian fluid. In glasses the viscosity is only dependent on the temperature, as per
Newton’s viscosity law. In polymers, the viscosity is dependent on the shear stress as

well as the temperature, either thinning or thickening under stress [138].

The variations in the diameter we observed during the drawing tests of the polymer rods
suggested that the Non-Newtonian nature of the materials potentially needs to be taken
into account in order to fully understand and improve our fabrication processes. As a
result I decided to examine the drawing process and the thermo elastic behaviour of the
PC and PMMA theoretically.

There are different models that can be used to approximate the viscosity of a Non-
Newtonian fluid. To calculate the viscosity of a polymer with shear-thinning/thickening
taken into account, one of the approximations that can be used is the power law in
Equation [139; 140]. Although the power law is a reasonable approximation for
the effective viscosity of a Non-Newtonian fluid under a certain shear rate, there are
limitations to this approximation, as the power law suggests that the effective viscosity
approaches zero for infinite shear stress. However, any real fluid would have a minimum
and maximum viscosity [139]. Some models, for example Quemada’s model, do take
this into account and are adapted to converge to a minimum and maximum viscosity

[139; T41]. Other models take more external parameters into account, such as the yield
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stress and time-dependent relaxation in the fluid [I39]. However, the power law is
mathematically one of the simplest approaches to include the shear-thinning effect of
the polymers, whilst still being an accurate approximation and therefore I use the power
law to approximate the viscosity during the drawing process [139]. The power law is

defined as:

pegy = K V7! (4.1)

Where pry is the effective viscosity, K the flow consistency index (the viscosity at a
shear rate of 1s71), and ~ the shear rate, which is defined as the rate of change in
the velocity. N, the flow behaviour index, indicates whether the fluid is shear thinning
(N < 1) or shear thickening (N > 1). The fluid behaves in a Newtonian fashion when
the flow behaviour index equals 1. The flow consistency index is a material constant,

but is temperature dependent.

4.3.1.1 Capillary drawing simulations

As fibre drawing is an expensive and time consuming process, it is useful to have models
that can be used as a guideline for the draw parameters to use during the drawing pro-
cess. The first step to modelling fibres with void regions is to study the drawing process
of a capillary. Fitt et al. have developed a fluid dynamics model studying thin capillary
drawing for Newtonian materials [73]. In this model they describe the behaviour of a
thin tube during the drawing process. These thin tubes are a starting point towards
ARF drawing, as they are a simple approximation of hollow fibres, but at the same
time the thin tubes drawn could also be used to create a preform through a stacking
process. Equations and report this model, which is derived from the

Navier-Stokes equations and convection-diffusion equations:

p(hs — h3)[uor + uouor — g = [Bu(h3 — hi)uos + L'(h1 + ho)la (4.2)

poh%h% — Phlhz(hl + hz)
(h2 + h2u0 r =
ek (i) (13— 13)

h2h2 — Fhlhg(hl + hg)
52 h2ug), = Polvyiy
(h2)e + (hauo) w(h2 — 1)

h22 — h12

5 [pcp(To + uoTy) — k(T)e — oa(Ty — Ty)] = haM (T, — Tp) (4.5)
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where h; and hg are the inner and outer radius of the capillary, p the density of the
material, g the gravitational constant, y the viscosity, I' the surface tension, pg the pres-
sure in the capillary, ¢, the specific heat, o the Stefan-Boltzmann constant, o a material
constant that includes the emissivity, T;, the ambient temperature in the furnace, Ty the
initial temperature of the capillary, T'(x) the temperature along the fibre, M the heat-
transfer constant (assumed constant for simplicity) [73]. The direction of the capillary
drawing is assumed along the z-axis, and t is the time, u is the speed of the viscous

softened material in the z and t shows the derivative of the value in x and ¢ respectively.

These coupled equations are solved to find the final dimensions of a capillary when
initial conditions are known. At steady-state, when all time derivatives equal zero, the

equations can thus be rewritten as:
p(h3 — h)uouos — g] = [Bu(h3 — hi)ues +(h1 + ho)l (4.6)

_ poh2h% — yhiha(hy + ho)

h? 4.7
h2h3 — ~h ha(hy + ha)
h2up), = Pelita — Ot 4.8
h22 — h12 R
#[pcp(To +upTy) — k(Ty)z — oa(T, —Ty)] = haN(T, — To) (4.9)

In Figure [4.4] a schematic overview of the problem is drawn. Although there are a lot
of parameters in these coupled equations, most of them are constant. The dynamic
parameters in these equations are hi, ho, T, u and u, as well as derivatives of these
parameters. The initial values for the inner and outer radius of the capillary are known,
but the dimension profile along x needs to be solved. The profile of the speed, u, also
needs to be solved. The initial and final value for this parameter are known, the initial
value is the feeding speed of the preform (Uy), the final value is the drawing speed (Uy).
In this model, I will impose a temperature profile on the fibre, so T(x) is known. If
the material used was Newtonian, this would mean that the viscosity profile, u, could
also be known directly. However, as shown in Equation this is not the case for
non-Newtonian materials, as the viscosity depends on the temperature and the shear
rate. The shear rate, v from equation is defined as:

V
7:7
T
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Where V is the velocity difference between two points and = the distance between the
same two points. In the coupled equations and the speed causing the

shear stress comes from the change in diameter, and thus speed h; changes at.

This means that to solve the coupled equations need to be solved for hi, he, u and % .
In the next subsection I will discuss how these equations can be solved.
h;

Pol — th

>,

LY

}Ys

 —

Final dimensions

FIGURE 4.4: Schematic drawing of model and parameters used to calculate tube 1D
and OD during drawing process.

4.3.1.2 Shooting method to solve Boundary Value Problems

Differential equations as shown in Equations and [4.9] can be solved in dif-
ferent ways, depending on the constraints given to solve them. Differential equations
can be used to describe an Initial Value Problem (IVP), in which case all initial val-
ues that need to be solved for are known and the equations can be used to calculate
how the described problem will evolve from the known values. IVPs have one unique
solution. In the problem described in the previous section, initial values for hy, ho and
u are known. The missing initial value g—; means these equations can not be solved
directly, and therefore these equations describe a Boundary Value Problem (BVP). A
BVP consists of a set of differential equations, where the solution also has to satisfy the
given boundary conditions. In this case, the boundary conditions are given by the initial

speed and capillary dimensions, which are given at « = 0, the beginning of the capillary
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drawing. The speed at the end of the fibre drawing (the draw speed), is also a boundary

condition. BVPs can have multiple (or even zero) solutions.

As the problem can’t be solved directly due to the missing initial parameter, I use the
shooting method to turn the problem into an IVP. Using the shooting method, a ’guess
value’ is used for the initial value for 4 [142]. The equations will be solved using this
guess value, and a solution for the final inner and outer diameter as well as the final speed
will be found. As the final speed is known from the boundary conditions, the solution
can be compared to the boundary condition, and if it does not satisfy this boundary con-
dition, a new guess value is chosen. This process repeats until the guess value results in a

solution for the final value of u that matches the drawing speed within a tolerance of 1%.

To solve the IVP using a guess value, I used a python model based on Finite Differences
(FD). The x-domain of interest is divided into small differences, dz. For example, if

f(z) and % are known, f(z + dx) can be calculated using:

f(a;—l—éx):f(x)—l—g—i*éa: (4.11)
The behaviour of hy, hs, T and u along the x-domain between the boundary conditions
can be calculated using FD when the differentials are isolated from Equations [4.6], [4.7]
and The FD method is used to calculate what the final dimensions of the cap-
illary would be, but also to calculate the final speed. The final speed is then compared
with the boundary condition for the drawing speed. If the difference is within the set
tolerance of 1%, the solution is accepted as valid. If the difference is outside of the

du

set tolerance, a new guess value for 7 is chosen based on the previous value and the

difference between the expected boundary and calculated boundary value [142].

I developed a Python model to solve this IVP, see Appendix [A] Python is an open-
source programming language that supports object orientated programming [143; [144].
Although Python was not initially developed for scientific programming, has become
widely popular as a scientific computing tool, with hundreds of specific libraries and
algorithms developed and made available via openSource [I144]. Numpy is one of the li-
braries which is used to solve the BVP described in this chapter [145]. The visualisation
of the results is done using Matplotlib [146].

To validate my python code, I compared its predictions to published results from Fitt
et al for silica glass [73]. As silica is Newtonian, the shear rate and its effect on the

viscosity do not have to be considered for these calculations. Fitt et all did six different
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sets of experiments, using three different temperatures (1900, 1950 and 2000°C) and
three different feeding speeds (2, 4 and 8mm/min). For each set, three different drawing
speeds are used and the final ID and OD of the silica capillaries is measured. I used these
same values to calculate the expected ID and OD and compared my calculations with
the results as shown in the original paper, to make sure the model is set up correctly
and the results are reliable. In Figure these results are shown and it can be seen that
the models are in agreement. The error margins in the calculated value are due to the
tolerance of 1% in the model. Now the model is validated, the next step is to include
the Non-Newtonian effects and tailor the model to fit the capillary drawing experiment

as closely as possible.
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FIGURE 4.5: Silica drawing numerical results compared with the results from Fitt et
all [73]. Tubes are drawn at three different temperatures using three different feeding
speeds, leading to six different data sets.

There are two main uncertainties in this model: the exact viscosity of the material and
the temperature profile. Instead of calculating the temperature using Equation |[4.9] a
temperature profile is imposed on the preform, which is the temperature profile of the
furnace. As the capillary would be heated using a coil, a tapered increase and decrease
in the temperature is used, from just over the softening point to the temperature of the
furnace. I used a Gaussian to approximate the temperature, and the Power-Law model

to approximate the viscosity.

4.3.1.3 Experimental results compared to calculated results

To verify the modelling predictions and the correct implementation of the Non-Newtonian
model, we draw capillaries from two different Non-Newtonian materials, PMMA and PC,
at three different speeds and compare the drawn tube sizes to the calculated dimensions

of the capillaries. The material properties used to model the capillary drawing for
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PMMA and PC are shown in Table The first material to be drawn and modelled
is PC which has an N-index of 0.8 i.e. fairly close to 1. In contrast, PMMA has a much
lower N-index of 0.25 [140]. As the N-index for PC is closer to 1, PC behaves more
Newtonian and thus more glass-like than PMMA.

TABLE 4.2: Overview of material constants used for PMMA and PC in Non-Newtonian
capillary drawing model

PMMA PC
n 0.25 0.8
Density 1150 kg/m3 1200 kg/m3
Specific heat 1450 J/kg/K 1200 J/kg/K
Surface tension 0.035 N/m 0.038 N/m
Emissivity constant 0.94 0.9
Glass transition temperature | 170°C 147°C

A PC tube was extruded for this experiment by my colleague N. White, with and inner
diameter (ID) of 2.5 millimetres and an outer diameter (OD) of 11 millimetres. The
tube was then drawn in the tower, where the feed speed was set to 1 mm/min and three
different drawing speeds were used: 1, 3 and 6 m/min. The temperature, 260 °C, stayed
the same throughout the process. These values are then used in the model with the
parameters for PC, and the results compared. No pressure was used during the drawing
of these tubes.

Measurements of x and y for the drawn capillary are taken at three different points in
the tube for each drawing speed and an average is taken from these measurements to
account for instabilities during the drawing process. The error margins for the experi-
mental values are calculated from the variation in these measurements. For the thinner
capillary, where the cleaving may have compressed the capillary into an oval shape, the
minor and major axis are used to calculate the original ID and OD for a circular tube.
The error margins for the calculated value come from the tolerance in the result, the so-

lution is accepted when the tolerance is less than 1%. The results are shown in Figure 4.6

To study the shear-thinning effect in the PC drawing, the calculated values are also
plotted for the model where the Non-Newtonian shear-thinning effects are neglected. In
this case, the softened polymer is treated as a Newtonian material and the viscosity is
calculated based only on the temperature dependence. It can be seen that the differences
between the Newtonian and the Non-Newtonian calculation are relatively small for PC,
and both results overlap with the error margin in the experimental results. This shows
that when using a polymer like PC where the N-index is close to 1, the shear-thinning
effect only plays a minor role in determining the final dimensions and approximating the

material as Newtonian gives adequate predictions for the final ID and OD for capillary



64 Chapter 4 Polymer fibre fabrication

@@ Non Newtonian @ @ Experimental
€@ Newtonian
70
E 60
=
5 50 T
g8 30
5 != 1
E 20
10
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Ratio between Feeding and Drawing Speed le-3
400
té\
Z 300
§ /
E 200 —
=
§ 100
=
o
0
0.0 0.5 1.0

Ratio between Feeding and Drawing Speed le=3
FIGURE 4.6: Comparison between calculated measured final diameter for PC tube.

drawing.

Although the differences between the Newtonian and Non-Newtonian calculation are
small, it can be seen from Figure that the shear-thinning effect leads to a smaller
tube compared to a tube where no Non-Newtonian effects are present, and this is to
be expected since the polymer has lower viscosity under the drawing stress as a re-
sult of its shear-thinning properties. In the experiment performed by Fitt et al, silica
tubes were drawn at three different temperatures. Increasing the temperature lowers the

viscosity, and the tube dimensions for the draws at higher temperature were also smaller.

The same experiment was repeated with PMMA tubes for which shear-thinning effects
are expected to play a significant role. The initial dimensions of these tubes were slightly
larger, with an OD of 13 millimetres and ID of 2.5 millimetres. The drawing speed in
PMMA was slower than used for PC, as the aim was to create larger, cane-sized tubes
to minimise measurement uncertainty. Due to the visco-elasticity in PMMA and to
the larger Non-Newtonian effects, the polymer proved difficult to draw to smaller sizes
whilst obtaining a stable outer diameter in previous tests. However, using a smaller

draw-down ratio between, the shear rate is reduced and the drawing process is easier.
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In Figure [4.7] a cross-section of one of the measurements taken for the drawn PMMA
capillary is shown. In Figure[4.8|the experimental results are compared to the calculated
results. In Figure [£.9] the temperature profile and viscosity for the PMMA drawing are
also shown. It can be seen that at the beginning of the neck-down, the difference in
the viscosity is the most significant, this is explained by the higher shear-rate at the
beginning of the draw. There also appears to be a sudden drop, as the drawing in the
simulation does not start until a low enough viscosity is reached for the material to be
drawn. At this point, the shear stress is high, causing a significant decrease compared

to the ’Newtonian’ profile.

FIGURE 4.7: PMMA tube sample after drawing down from 13mm OD to 2mm OD.

It can be seen that the model is in excellent agreement with the experimental results,
and it can also be seen that the difference between the Newtonian and Non-Newtonian
calculations is more significant, especially for the ID of the tube. This shows that it is
important to take the shear-thinning effect into account to get accurate prediction of
the hole size for capillary drawing when using polymer where the N-index is much lower
than 1.

The model demonstrated in this chapter so far only focuses on capillary drawing. How-
ever, this model could be expanded to more complex structures for ARF fabrication in
polymers where the shear-thinning effect is significant. It can also be concluded that
some polymers could be treated as Newtonian without a significant change in the final
result, whilst simplifying the calculations [147]. More complex models for fibre structures

are already available for Silica [74], and would need adapting for some Non-Newtonian
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FIGURE 4.9: Viscosity and temperature profile for PMMA capillary drawing calcula-
tions.

materials where the effect of shear-stress is large.
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Another important conclusion to draw from this model is that PC behaves more glass-like
than PMMA and the Non-Newtonian behaviour in this material is therefore significantly
lower during the drawing process. As the experience within our research group lies in
drawing glasses, I therefore decide to continue the fibre fabrication process with PC
instead of PMMA.

4.4 'Wagonwheel fibre

For the first trial of a fibre drawing from a printed preform with holes, I decided to keep
the geometry as simple as possible and use a wagon wheel fibre design. This design is
suitable for a first trial due to the fact that all air holes are similar in size. As a result,
only one pressure is needed for the whole preform , instead of multiple pressure regions
as would be required for a HC ARF. The preform has four spokes and a solid core. The

idea was to use this design as a simple test, and to move on to ARF designs as a next step.

The Solidworks preform design I produced to 3D print the preform for the wagon wheel
fibre is shown in Figure It can be seen that all air holes are equal in size, and the
core is solid. To fabricate the fibre, a two-stage fibre draw is planned. The first step of
this process is to draw the fibre down to a cane with a diameter of a few millimetres.
This cane is then jacketed using a commercially sourced tube, and the resulting preform

is drawn down to a fibre.

For the first try the PC preform is printed using the ’solid’ setting on the UP printer.
As shown in the previous section, PC behaves more like glass than PMMA, and as the
expertise of our group lies in drawing glass, the wagon wheel preform is printed using
PC. This preform was successfully drawn into a cane with a diameter of 1.5 mm. The
cross-section of this cane is shown in Figure However, the cross-section revealed
multiple holes in the core of the preform as well as slight deformations in the fibre struc-
ture as seen in Figure It should also be noted that the cleaving process for large
HC polymer fibres can lead to imperfections on the cane/fibre end. A diagram of the
cleaving tool used is shown in Figure The cane is held in the circular hole in the
metal block, and to cut it a knife blade is pushed straight down. For solid fibres, the
hole in the cleaving tool can be used to maintain the circular shape. As our cane has

hollow regions, deformations can arise from the pressure of the blade pressing down.

To overcome the problem of the holes in the cane, I decided to print the next preform us-
ing the surface setting. Using this setting, only the outline of the CAD model is printed.
The model I made for this structure is shown in Figure The gap between the core
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FIGURE 4.10: CAD model for wagon wheel fibre with four equal air holes and solid
core.

F1GURE 4.11: Cross-section of drawn PC wagon wheel preform into a cane with a
diameter of 1.5 mm

FIGURE 4.12: Diagram for cleaving tool used for cleaving of polymer canes and fibres.
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outline and the outline of the cladding structure creating the spokes in the wagon wheel
is filled when printing as the width of the printed filament is not taken into account in
the model. To achieve a solid core without the air holes that result from the 3D printing
process, a piece of all solid filament is inserted in the core. The core is made of the
same commercially sourced filament as is used for the 3D printing of the preform. The
produced preform is shown in Figure Although this method reduces the number of
air holes in the core, it also leads to less flexibility in the design. The core size is limited
to the available solid rods, in this case the filament, and the thickness of the spokes in
the wagon wheel is limited to the extruded filament’s size. This design was nonetheless

extremely useful for testing and calibrating the drawing process.

FIGURE 4.13: CAD design for wagon wheel preform to print using the surface setting.

FIGURE 4.14: Cross-section of drawn PC wagon wheel preform printed using surface
setting with filament inserted into the core to create a solid core.
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This preform was also drawn into a cane. The first trial with this preform uses no pres-
sure in the preform and draws the preform down to a cane with a diameter of 1.1 mm,
as shown in Figure [£.16] There are less holes in the core of this cane compared to the
first trial shown in Figure The holes in the core of this cane are caused by the
imperfect fit of the filament and the printed structure, since they form a circle in the
core, instead of the air holes in the printed preform. We also found that such small
air-holes were present in the cladding of the cane. Further examination of the cane also
revealed non-uniformities along its length, which may contribute to higher attenuation
in the resulting fibre. It can also be appreciated that using this process, the spokes of
the wagon wheel are significantly thicker than in the previous method. If drawn to fibre,
this too may result in increased attenuation since they will deteriorate the confinement
of the mode-field to the central core area. To study the effect of the thickness of the
spokes, I performed a study in COMSOL to analyse the loss dependence on the thickness
of the spokes. For this study I use a fibre with a core radius of 1pm, a spoke length
of 4pm and varying spoke thickness. The loss is calculated at a wavelength of 632 nm.
Figure shows the results of these calculations which demonstrate stronger leakage

and thus higher loss when the thickness of the spokes is increased.
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FIGURE 4.15: Leakage loss of wagon wheel design dependant on the spoke thickness.
Two mode profiles for a spoke thickness 0f0.025 pm (top) and 0.6 pm (bottom) show
that leakage through the spokes increases for increasing thickness.

In an attempt to reduce the thickness of the spokes in the structure, I printed an iden-
tical preform to repeat the drawing process, using 0.3mBar pressure within the four
cladding holes to expand them and thus reduce the thickness of the spokes. The draw-
ing temperature remained 260 °C A cane of approximately 30 cm length was fabricated.
In Figure microscope images of the cross-section of this cane are shown. It can be
seen that the spoke thickness is reduced compared to the first trial. In a part of the cane,
approximately 10 cm, the cane has burst due to one of the holes being over pressurised,

this can be seen in Figure |4.17p. However, most of the cane is in a good condition with



Chapter 4 Polymer fibre fabrication 71

0.25 mm

FIGURE 4.16: Cross-section of PC wagon wheel preform drawn into a cane with a
diameter of 1.1 millimetres at two different points in the cane.

equal lobes in the wagon wheel, so to have a complete idea of the polymer drawing, this

part was jacketed using a PC tube and drawn into a fibre.

FIGURE 4.17: Wagonwheel preform cane drawn using 0.3 mBar pressure. (a) Area of
drawn preform where pressure caused cane to burst. (b) Successfully drawn preform
into cane for fibre fabrication.

To jacket the cane for the second step of the drawing process, a PC tube is required. To
achieve the right dimensions to fit the cane in the jacket tube, it was decided to source
a PC rod that could be extruded. Although PC is commercially widely available, we

found that the thermal properties of the material could vary between samples.

The first rod used in extrusion had an outer diameter of 20 mm, and was extruded us-
ing a die temperature of 179°C into a tube with an inner diameter of 2mm and an
outer diameter of 10 mm. However, the tube was not straight and there were bubbles
entrapped in the extruded tube. To improve the quality of the extruded tubes, the next

rod is degassed and annealed before the extrusion process. When a material is annealed,
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the temperature is slowly increased so that the internal stresses in the material can be
released. When using pressure during this process, the material can also be degassed,
which can hopefully be used to reduce the bubbles in the sample. The degassing and
annealing process uses about 10 mBar pressure and a temperature of 90 °C. The rod is
degassed for 42 hours. This rod is subsequently extruded into tube with a die tempera-
ture of 189 °C. This tube is clearer than the first attempt, but there were still entrapped

bubbles in the tube. There was also a rippling effect on the surface.

As there is little information about the thermal and optical properties of the material
bought, we decided to source rods from a different supplier. The rods for all the next
tests have been made by Ensinger [I48]. The rod has a diameter of 40mm. As the
degassing previously showed an improved, the same procedure is repeated for this rod,
but for a longer time: 171 hours. Two different samples from the same batch have been
used to extrude tubes with an inner diameter of 2.5 mm and an outer diameter of 10 mm.
Surprisingly, the results are very different. The first sample is successfully extruded into
a straight, clear and smooth tube. The second sample had many bubbles of different

sizes and the surface shows some ripples. Both samples were clear.

The third test with the Ensinger rod used the same parameters, and resulted in a clear,
straight, smooth and bubble-free tube. In the next test, the temperature for the anneal-
ing process is increased to 95°C with the aim to improve the degassing process. The
tube drawn from this sample showed small bubbles near the inner bore of the tube, and
the number of bubbles seemed to increase towards the end of the tube. In an attempt
to improve the surface quality of the tubes, the next rod is extruded at a higher tem-
perature of 208 °C. This tube was clear and smooth, but due to the higher temperature

the tube was slightly tapered.

The variation between the different samples could be due to different factors, for exam-
ple, the time elapsed between degassing the samples and their extrusion. It could also be
that the material properties vary along the length of the bought stock-rod, meaning that
the viscosity characteristics vary between the different samples. To aid in understanding
these differences, more tests were performed using subsequent pieces of the rod bought
from Ensinger using the same extrusion parameters: a degassing temperature of 95°C
and a die heater temperature of 195°C. In Figure the resulting tubes for these tests
are shown. It can be seen that the quality of the tube is different for each tube, and it
appears that the quality of the tube is more dependent on the initial sample than the

parameters used to degas and extrude the rod.
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FI1GURE 4.18: Four different Polycarbonate tubes all extruded from the same rod under
the same conditions.

As we have smooth, clear and bubble-free jacket tubes available from the extrusion
test, we decided to use the clearest part of the jacket tubes available to draw the cane.
Using the jacket tube, the cane and jacket were drawn successfully into a fibre. The
cross-section of this fibre is shown in Figure One of the four holes significantly
over-expanded, which shows the pressure was not equally distributed over the cane.
Studying the printed preform and the cane, we concluded that the problem with the

pressure may have been due to the air holes in the cane from the 3D printing.

L3

Length: 36.81 um)|
L2
Length: 28.58 um

1
Length: 205.26 um|

L4
Length: 5.01 um)|

FIGURE 4.19: Wagonwheel fibre drawn from jacketed cane.

From these initial experiments it is concluded that the fabrication process of polymer
fibres from 3D printed preforms poses several challenges, some of them stemming from
the inherent properties of the polymer materials, but more importantly from the limited

quality of the printed preforms achieved with the device available to us. Indeed, we
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noticed the air holes appearing in the printed preform, which along with their rough
surface dictated by the printing filament pose new challenges during the draw. One of
the problems is caused by the layered structure of the printed preform and the air holes
that exists in these layers. One potential solution to improve the surface quality of the
printed preforms would be annealing. As described in this section, annealing can be
used to reduce internal stresses in a material. It could be that the air holes within the
printed preform could be reduced by annealing, if the material would soften enough to
reduce the holes without losing its structure. Therefore we decide to test if annealing is

effective in improving the surface quality of printed preforms.

4.5 Annealing

Annealing is a heat treatment often used to reduce stress and toughen the material that
is annealed. When a material is annealed it is heated up slowly to the annealing temper-
ature and cooled down slowly to room temperature [I49]. The annealing temperature
is at a temperature where the material softens enough to relax internal stresses but is
not soft enough to deform the structure [149]. Cook et al report improvement in their
3D printed preforms as a result of annealing [82 I50]. In Figure this preform is
shown where a change in the material’s transparency was observed after annealing [82].
This preform however was fabricated using a polystyrene mixture containing styrene-
butadienecopolymer and polystyrene instead of PC, and also had a different structure.
The fibre design of their preform is a solid core surrounded by a single-layer of circular
air holes. In the annealing test shown in this section, I used thin tubes which are closer

to the ARF preform that I would be printing for this project.

In an attempt to reduce the bubbles, holes and surface roughness in the 3D printed
preforms fabricated using the UP printer, I performed several annealing experiments
on printed PC tubes. The tubes are all the same length, 5c¢m. The tubes used are
all printed using the same batch of PC filament and using the surface setting. For an
initial test, the tubes are heated to 4 different temperatures, 125°C , 150°C, 175°C
and 200°C. The tubes are initially kept at these temperatures for 30 minutes. In the
annealing process, the tubes are heated up (using an increase in temperature of 5°C per
minute), kept at high temperature and then cooled down slowly (in this case 1°C per
minute). In Figure the results are shown for each tube. Careful analysis of the
samples before and after treatment indicated that for these four tests no change is seen
in the tube. At 200°C the tube has deformed, as it collapsed due to the heat, though

there is no reduction in holes, bubbles or surface roughness.
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PC tube after annealing for 30 minutes at PC tube after annealing for 30 minutes at
125°C . 150°C .

PC tube after annealing for 30 minutes at PC tube after annealing for 30 minutes at
175°C . 200°C .

FIGURE 4.20: PC tubes annealed for 30 minutes at four different temperatures.

From this first set of experiments, it can be concluded that 200°C is not a suitable
temperature to anneal the PC tube, as it deforms before any of the surface roughness
and bubbles is resolved. To see whether the material can be made smoother with less
bubbles as a result of annealing, I printed another tube and annealed it at 175°C for
72 hours, using the same temperature ramp up and down as in the previous experi-
ments. In Figure [£.21] it can be seen that although the tube is clearly collapsed during

the process, the surface is smoother and clearer than it was before the annealing process.

FIGURE 4.21: PC tube after annealing FIGURE 4.22: PC tube after annealing
for 72 hours at 175°C . for 6 hours at 175°C .

The next step to test whether annealing can be used to help the thin 3D printed tubes
become smoother was again conducted at 175°C , as an improvement was seen previ-

ously, but for a shorter time. It could be that the material doesn’t become smoother
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and more clear before it collapses, so I performed more tests to see at which stage the
tube collapses. In Figure the result after 6 hours at 175°C is seen. In this case, the
tube has collapsed, but is not smoother and does not appear to have less bubbles than

before the treatment.

I attempted one more annealing test in order to achieve a smoother surface and annealed
a printed tube at 125 °C, for an extended period of time, 72 hours. No change was seen
in the tube. A summary of all the annealing tests performed on the 3D printed PC
tubes and the results are shown in Table These results did not allow me to identify
processing conditions that would improve the surface quality without the structure col-

lapsing.

4.6 Conclusions and Future work

This chapter reports the progress towards drawing fibres from low-cost preforms with
readily available materials and fabrication facilities. The first trials on the printed poly-
mer preform drawing quickly showed that there were more factors to be taken into
account than initially considered. In order to improve our understanding of the drawing
process of polymer-based thin tubes, a model is used to study the fluid dynamics for
capillary drawing with Non-Newtonian capillaries. This model was tested and proved to
be a reliable method to predict the capillary dimensions after drawing at a certain speed
and temperature profile. It has also been shown that depending on the polymer the
Non-Newtonian effects like shear-thinning can be ignored, simplifying the calculation by

avoiding the need to work out the shear rate to be able to calculate the effective viscosity.

The air holes in the 3D printed structured posed a problem during the drawing process,
but also the polymers itself proved more complex to draw into fibres than expected. Al-

though some printed preforms were drawn into fibres, there were many variations along

TABLE 4.3: Overview of results for annealing of 3D printed PC tube

Temperature 30 minutes 6 hours 72 hours

125°C No change No change

150°C No change

175°C No change Deformed Collapsed and
clearer material

200°C Deformed
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the fibre, both in the structure inside as well as in the fibre’s outer diameter, leading to

an unreliable fibre.

To model the behaviour of polymers with significant shear-thinning in fibre drawing
with complex fibre profiles, models that are already able to calculate the final profile
for different fibre profiles would have to be adapted to include the effective viscosity
depending on the temperature and shear-rate. The Power Law, as used in this model,
has been shown to be an accurate approximation for the viscosity, and could be used to

adapt other fluid-dynamics models to include shear-thinning/shear-thickening too.

As our experiments show that commercially sourced polymers have different material
properties for different batches, it would be useful to analyse the raw materials before
fibre drawing. To characterise the polymers Fourier Transform Infrared Spectroscopy
analysis and Raman Spectroscopy could be used to compare the different batches. The
viscoelastic properties of the polymers could be measured using thermal analysis [I51].
It could also be helpful to characterise the viscosity as a function of temperature and
stress, as this could improve the accuracy of the model used to predict the capillary

drawing experiment.

Despite the various complications we experienced in drawing 3D printed preforms pro-
duced with our consumer-grade printer, we believe that future improvements could lead
to 3D printed optical fibre preforms. Indeed, adopting a printing technique like SLS (de-
scribed in Chapter 2] would produce preforms with smoother surfaces and no bubbles.
The simulations have shown that the shear-thinning effect in PC is limited and should

not affect the structure significantly.

As discussed in Chapter [2] the properties of HC fibres simply scale with the size of the
waveguide. This inspired me to explore the use of 3D-printed antiresonant waveguides in
regions of the spectrum where the wavelength is long and eliminates the requirement of a
second drawing step on the fibre tower.Terahertz waveguides, for example, typically have
larger dimensions and therefore can be directly printed without the need for further fibre
drawing. In the next chapter I present my work in designing, fabricating a characterising

waveguides for use in the terahertz regime.






Chapter 5

3D Printed antiresonant terahertz

waveguide

5.1 Introduction

In this chapter, I develop and test polymer HC waveguides with half elliptical cladding
elements which I studied and described in Chapter [3| for the guidance of terahertz ra-
diation. Terahertz waveguides allow for a terahertz pulse to be delivered to remote
locations in environments which may be hostile or hazardous, and for efficient coupling
between components such as emitters and detectors. Terahertz waveguides have been
demonstrated for industrial monitoring of chemical reactions by measuring ammonium
chloride aerosol by-products [152] as well as for probing pharmaceuticals such as aspirin
[153].

Due to longer wavelengths in the terahertz regime compared to the visible/near infrared
which has been the focus of previous chapters, there is no need for a drawing process in
the draw tower and the printed waveguides can be used directly from the 3D printer.
The waveguide described in this chapter is printed using PC, which has been shown to
have low-losses in the terahertz spectral range (as seen in Figure [2.14 The transmission
loss is characterized and a comparison between the numerically expected loss and the
measurements is conducted. Since the loss through the waveguides was found to be
higher than expected from models, a more detailed study into the effect of the ribbed
structure on the transmission is performed. From this study, it became clear that the
waveguide’s performance could be improved by finding ways to remove or reduce the

ribbed pattern on the 3D printed waveguides.

79
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5.2 3D printed waveguide

5.2.1 Design and Material choices

As discussed in Chapter [2, using the FDM printer to fabricate waveguides can signifi-
cantly reduce the production time and costs and since FDM printers are commercially
available this fabrication method is easily accessibly to any lab at very accessible cost.
The low-cost and ease of fabrication makes it possible to design multiple waveguides to
test and compare their behaviour with the predictions from simulations. From the differ-
ent polymers discussed in Chapter [2] I chose PC for the fabrication for these waveguides

as it has the lowest loss compared to the other available polymers for 3D printing.

As the smallest feature size of the particular FDM printer I used is 0.6 millimetre, this
thickness is chosen for the cladding elements in the initial design, using 6 half ellipses.
The waveguide is optimised using a core radius of 5 millimetres. To minimise the loss a
major-axis of the ellipse of 5 millimetres is found to give the lowest loss, with a curvature
of 2.2.

To test the behaviour of the designed waveguide, two additional waveguides are fabri-
cated, with the designs shown in Figure Waveguide A has an identical design as
the optimised waveguide described above, but smaller dimensions. The core size is 3
millimetres and the major-axis of the ellipse is also 3 millimetres. This should result
in increased attenuation, as loss in these waveguides is dominated by the leakage con-
tribution which scales with the core size approximately as i‘—: [41; 105]. The optimum
design mentioned above is waveguide B, as it has the largest core size and the thinnest
membrane size. Waveguide C is the same size as waveguide B, but the thickness of the
membranes in the cladding is double the thickness of the membrane in waveguide B,
which increases the number of resonances in the same spectral range, see Equation |3.21
Six half-ellipses are used in each hollow-core waveguide, with a single layer thickness of
0.6 millimetre for waveguide A and B, and 1.2 millimetre for waveguide C. In Table

an overview of the design parameters is shown for each waveguide.

TABLE 5.1: Parameters for designed waveguides as shown in Figure [5.1
Thickness (t) ‘ Core size (r) ‘ Ellipse length (1)
A 0.6mm 3mm 3mm

B 0.6mm Smm Smm
C 1.2mm 5mm Smm
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F1cUre 5.1: All three waveguide designs shown on scale. Left to right: waveguide A,
waveguide B and waveguide C.

As discussed in Chapter [2, there are different polymers to choose from when fabrication
a terahertz waveguide. However, in antiresonant waveguides, the bulk loss of the mate-
rial is less important for the design, as only a small fraction of the power propagates into
the polymer cladding. It is thus more important to take into account the feasibility of
printing the design in a specific material, and for this reason I chose PC to fabricate the
waveguides [90; 20]. For PC the refractive index in the terahertz range is 1.6 [I54] and
the loss is 17 dB/cm at 0.3 THz as shown in Figure The loss in each waveguide is
calculated for frequencies between 0.05 and 0.6 terahertz using the same model described
in Chapter [3] The results for these simulations are shown in Figure [5.2] In waveguide
B it can be seen that in the antiresonance regions the loss reaches minima that are over
2500 times lower than the material loss [90], showing that this type of waveguide could
be suitable for terahertz guidance. The antiresonance frequencies could be shifted by
changing the thickness of the membranes depending on the specific requirements of the
waveguide and its application. A different nozzle for the FDM printer (or a different
printing method) would need to be used in order to achieve this, as the UP printer only
has one printing nozzle. The thickness of the extruded filament varies slightly depending

on the material, temperature and printing speed used.

The production time of waveguide B is less than an hour for a waveguide length of 9
centimetres. Waveguide A is produced even quicker, but waveguide C takes nearly two
hours due to the double layer in the cladding element. The material cost for each waveg-
uide is also low. The PC filament can be bought from different suppliers, but on average
a spool with 300 grams of PC can be bought for less than £20. Waveguide B weighs just
under 15 grams (including the printed support layers that are removed before using the
waveguide), bringing the total material cost for the waveguide to less than £1, therefore
this is an extremely cost-effective method to replace expensive terahertz components,

such as the 3D printed components described in Chapter
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FIGURE 5.2: Simulation results for transmission loss for all three waveguides compared
to the bulk loss of Polycarbonate.

5.2.2 Measurement set-up experimental results

To measure the transmission through the waveguide, a suitable terahertz spectroscopy
set-up has to be found. I identified a terahertz group in the physics department, the
Terahertz Laboratories, who were very keen to collaborate, and instigated a collabora-
tion. The measurements for the transmission and loss calculation in this chapter are
performed by J. Gorecki. The terahertz spectroscopy set-up used for the transmission
measurements was initially developed for material characterization. The original ter-
ahertz time domain spectrometer (THz-TDS) set-up is shown in Figure . In this
spectroscopy set-up, the electromagnetic radiation is measured as a function of time
instead of as a function of frequency. As a result, a Fast Fourier Transform (FFT) has
to be used to obtain the frequency domain spectrum. The terahertz emitter is Tera-SED
from Laser Quantum GMBH, a GaAs photo-conductive emitter that emits broadband
terahertz waves up to 2.5 THz [I55]. The detector used is a Menlo GMBH TERAS8-1
photo-conductive antenna [I56] that has a bandwidth of up to 4 THz. Although the
emitter and detector are active up to 2.5 THz and 4 THz respectively the spectroscopic
bandwidth is limited by ambient noise and component alignment, the latter having
greater effect at higher frequencies. The resultant effective bandwidth over which useful
spectroscopic data can be obtained is in the range of 0.1 THz to 1.0 THz. The object
to test is put in the focus of the terahertz beam and the output is collected on the de-
tector. Two measurements are taken, one with the testing object in the set-up and one
reference scan without an object present. The transmission spectrum is then calculated

by normalising the scan with the testing object using the reference scan.
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We performed this same measurement by inserting the 3D printed waveguide as the
object in the set-up. The 3D printed waveguides A, B and C are printed to a length
of 8.7 centimetres in length and the measurement is repeated three times. The results
for this measurement is shown in Figure Each measurement is normalised by divid-
ing the measured transmission by the reference transmission. For each measurement,
the waveguide is placed into the set-up separately, which I believe is the cause of the
differences between the different measurements as the alignment of the waveguide can
be difficult. It can also be seen that there are no distinct antiresonance peaks in the

transmission spectrum, which were expected from the calculations as shown in [5.2
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F1cURE 5.3: Original and adapted THz-TDS set-up used for characterisation of waveg-
uides in this chapter.
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FIGURE 5.4: (top) FFT of measured signals for reference and three different scans for
waveguide B using original THz-TDS set-up as shown in Figure . (bottom) Three
different transmission measurements for waveguide B normalised using reference scan.
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One potential cause of this problem could be the alignment between the waveguide,
terahertz source and lenses system used to couple the focused beam into the waveguide.
As the waveguide is placed into the set-up, its position depends on the quality of the
alignment. If the waveguide is tilted slightly, this leads to changes in the coupling be-
tween the beam and waveguide. A small deviation of 1 degree would lead to a shift of
1.6 millimetres in the position of the core of the waveguide. To negotiate the difficulty
in aligning the waveguides, metal disks to hold the waveguide in place on the optical rail
are fabricated and held in clamps. Using these clamps and disks stabilises the position
of the core of the waveguide with respect to the incoming beam, with less changes in the
waveguide’s position when the waveguide is placed in the set-up repeatedly. The metal
disks also function as an aperture to only allow the beam into the core of the waveguide.
An image of the clamps used is shown in Figure[5.5] The waveguide is glued onto the
metal disk with the core overlapping with the aperture. However, using this method
did not improve the reliability of the results when the measurement was repeated using
the same set-up. As the spectroscopy set-up is not usually used for transmission mea-
surements, we decided to modify the set-up in order to simplify the coupling into the

waveguide, as will be described in the next section.

5.2.2.1 Characterisation of waveguide guidance

To facilitate alignment and improve the reliability of the measurements, we explore two
other methods of measuring the waveguides transmission. The first was to put the
waveguide into a collimated beam, with an aperture blocking the part of the beam that

does not overlap with the core. The second was to use no lenses at either side. This

FiGURE 5.5: Metal disks fabricated to hold waveguides aligned in THz spectroscopy
set-up, with the aperture the same size of the core of the waveguide.
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arrangement facilitates the characterisation of the waveguides ability to guide THz ra-

diation without the complex and difficult procedure to align lens systems.

In Figure the normalised transmission results when using a collimated beam are
shown. The results are normalised using a reference scan, where the waveguide is not
present in the set-up. It can be seen that in this case the waveguide is not very effective,
as almost all the frequencies transmitted show a relative transmission of less than one,
which means the transmission is lower when the waveguide is present in the set-up. We
therefore repeated the experiment without input and output lenses. The set-up for this
experiment is shown in Figure [5.3p. In this set-up we tried to minimise the distance
between the waveguide and detector/emitter, so that at both ends of the waveguide we
had about a 6 mm gap. As can be seen in Figure we could now see spectral regions
with a transmission higher than 1, showing that the waveguide is more effective than
free space guiding, without the need for complex lenses systems. The antiresonances are
also clearly visible for waveguide A and B, though they are less clear for waveguide C.
This is potentially due to the way the double layer in the waveguide is printed, as from
what we have seen in Chapter [4] there are air-gaps between the two layers which can
cause the waveguide to behave differently than expected from the calculations. Another
potential cause is that the air gaps might be affecting the thickness of the membranes
in the cladding and thus shifting the antiresonant regions. A direct conclusion from
this experimental study is therefore that when designing a antiresonant waveguide for
different frequency ranges, one will need to alter the nozzle size in order to tailor the

position of the antiresonance frequencies.

Waveguide A
Waveguide B
Waveguide C

Transmission compared to reference scan

0 0.1 0.2 0.3 0.4 0.5 0.6
Frequency (THz)

FIGURE 5.6: Transmission results for all three waveguides with collimated beam as
input.
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FIGURE 5.7: Transmission measured for each waveguide. The transmission is nor-
malised using a reference scan without a waveguide in the set-up as shown in Figure
. Red vertical lines indicate expected resonances (high loss, transmission dips) for
all three waveguides, green lines indicate additional expected resonances for waveguide

C.

5.2.2.2 Loss measurement

Although transmission measurements are commonly used to characterise materials in
THz-TDS, a more conventional way of characterizing a waveguide is a loss measurement.
In fibre optics, a loss measurement is usually performed using the cut-back method. In
this approach a long length of the fibre is used in the set-up and the output power is
measured. The fibre does not get removed from the set-up, and the input coupling end
in the set-up does not change. A long piece of fibre is cut-off, and the output power
is then measured on the remaining short piece of fibre. The difference between these
two measurements provides the transmission loss. When this method was used for the
waveguides described in this chapter, it became clear the cutting of the waveguide would
be a problem. The only way of cutting the waveguide would be to use a saw, which
would create a rough surface that could lead to scattering. Debris from such a cutting
process in the waveguide after the cutting could also effect the measurement. To work
around these challenges, three different lengths of waveguide are fabricated and studied.
Multiple scans for each waveguide length are taken to average out discrepancies due to

coupling differences.

As waveguide B has the best performance, this waveguide is used for the loss charac-
terization. Three different lengths of waveguide B are printed: 8.6, 6.6 and 3.9 cm.
The waveguides are all aligned using the clamps as shown in Figure [5.5] and five scans
are taken for each waveguide. The comparison between the calculated and measured

average loss can be seen in Figure

It can be seen that there are two antiresonance windows near the expected spectral
position at 0.3 THz and 0.45 THz, where the loss is up to ten times lower than the bulk
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loss. This is a good result in itself, however, the measured loss is still considerably higher
than predicted from the simulations. The most likely explanation in my view is that
the incoming beam suffers from scattering from the rough surfaces in the 3D printed
waveguide [I57], which was not taken into account in the simulations. The surfaces of
the tubes are considerably rougher in FDM printed samples than for other 3D print-
ing methods, due to the layer thickness of 0.1-0.4 millimetre, as already explained in
Chapter 4l The extruded filament is circular and gets distributed on top of a previously
printed layer of filament, which is also circular. As a result, the vertical surface along the
printed object has a ribbed effect and is not smooth. The impact of this ribbed surface
needs to be studied in more detail to determine whether it can be an explanation for

the discrepancy between the calculated and measured loss.

To use the waveguide for terahertz spectroscopy, it is also useful to know the spot radius
of the output beam from the waveguide. To determine the output beam of the waveg-
uide, a free space simulation is performed for the mode at the end of the waveguide [I5§].
The result of this simulation is compared with the beam profile measured 6 mm behind
the waveguide using a knife-edge measurement. The knife-edge measurement is done
with the same emitter and detector, but the beam after the knife-edge is focussed on
the detector using two lenses. The beamwidth is extracted from the measurements and
a corresponding Gaussian for the beam profile is calculated. It can be seen in Figure
that the calculated and measured beams are very similar, with 15% deviation in
the beamwidth. The discrepancy can be explained by the fitting of the Gaussian beam
and the error function to the data. An error of roughly 10% existed in the calculation
of the beamwidth, corresponding to a beam diameter of 9.2 + 0.9 mm. Although the
beam is assumed to be Gaussian, there is probably a small deviation between a Gaussian
beam and the output beam from the waveguide. Using this beam profile to calculate
the mode propagation in free space, it can be seen from Figure that the beam is
divergent. However, the simulated divergence angle is 3.4°, which is small enough to
allow experiments to be conducted in the proximity of the waveguide tip without need
of any further lenses. To obtain a collimated beam, a combination of lenses needs to be

used. However, due to the increase in transmission compared to free space propagation,
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FI1GURE 5.8: Calculated loss and measured loss for waveguide B compared.
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the 3D printed AR waveguide could be beneficial to use for terahertz transmission.

5.3 Wave propagation simulations

It can be seen from Figure[5.8|the loss in the waveguide is higher than expected from the
simulations. In the simulations, the structure of the surface of the 3D printed waveguide
was not taken into account. As the FDM printer layers the filament on top of each
previous layer, the surface that results from this is not smooth, but ribbed as described
in Chapter [4] If the layer height setting of the printer is set to a higher setting, it leads

to a more pronounced ribbed pattern on the printed waveguide.

Farfield at 0.1cm, Scm, 10cm
A
B
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w-axis in far field (m)
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FIGURE 5.9: (a) Calculated THz mode profile at different positions in the far field. (b)
Mode profile propagating in free space at 0.32 THz. (c) Measured beam shape at 0.32
THz compared to calculated beam shape at 0.32 THz 6 mm behind the waveguide.
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To study the impact of this ribbed pattern on the propagation in more detail, I simu-
lated the propagation in a 2D waveguide using the wave optics package of COMSOL.
For simplicity, I study a simple 2D structure where the core consists of air and the
cladding is made of two thin rectangles. I compare this with a similar sized waveguide
where the cladding has a ribbed pattern on the boundary as if it was 3D printed. In
Figure the two waveguide structures are shown. The waveguides studied using this
simulation are tubes with a diameter of 1cm and a wall thickness of 1 mm. The diam-
eter of the waveguide studied are similar to the core dimensions of the waveguide from
the previous section. To study the effect of the ribbed pattern, I simulate a worst case
scenario. The ribbed pattern from the 3D printer used in this project has a variation
of 0.6 mm, so I rounded this to 1 mm to study the effect of the ribbed pattern. In the
terahertz regime, wavelengths of 0.6 mm-1 mm correspond with frequencies between 0.3
and 0.5THz, which is the part of the spectrum used to analyse the waveguides. The

pattern of the ribbed structure of the waveguide used for the simulation is sinusoidal.

To propagate light through both of these waveguides, a port is added on each end of the
waveguide. One port functions to couple the light into the waveguide, the other port
can be used to read the output power. In Figure the transmission at 0.3THz is
shown. This frequency corresponds to a wavelength of 1 mm, the same as the variation
on the boundary. It can easily be seen that the ribbed pattern leads to more reflections
and scattering in the structure, thereby increasing its attenuation. In Figure the
normalised amplitude of the power along the length of the two waveguides is shown.
It can be seen that the power in both waveguides decays with an increasing waveguide
length, but for the ribbed waveguide the decay is faster, which shows that there is an

increase in the attenuation as a result of the ribbed pattern.

The increase in loss can also be seen when studying the transmission through the waveg-
uides over a range of frequencies. Using the output port of the waveguide in COMSOL,
the transmission can be calculated by evaluating the S21 parameter [118; [I59]. The
frequency domain studied is 0.1-0.6THz, the same as the experimentally studied domain

in the previous section. In Figure the transmission through each waveguide is shown.

It can be seen from these transmission spectra that the transmission is reduced due to
the ribbed surface, even in a short waveguide of only 4.5cm. Although the reduced
transmission through the 3D printed waveguide can not quantitatively be compared to
the transmission penalty shown in Figure due to the ribbed pattern, these results
indicate that the ribbed pattern on the boundary of the waveguide has a negative impact
on the transmission. The 3D printed waveguide for the terahertz regime could be im-
proved if a method was found to avoid the ribbed pattern on the surface. In Chapter [4I

described how I attempted to use annealing as a way of smoothing the surface, however
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FIGURE 5.10: The geometric model for the two waveguides to study the effect of the
ribbed pattern on the waveguide.

this unfortunately did not work on the 3D printed PC tubes. As discussed in Chapter
other 3D printing methods could be used to achieve smoother surfaces, although the cost
of the printer and material will likely be higher. Other options to achieve a smoother

surface could include chemical treatment to the polymer waveguide.

5.4 Conclusions

In this chapter I have shown the design and fabrication process of a 3D printed an-

tiresonant waveguide for the terahertz regime. The waveguide, made of commercially
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available PC, can be used to guide in the antiresonant regions without the need for

complicated lens systems to focus and collimate the beam. The guiding of the short

AR waveguide (up to 10cm) could be used in a variety of different table-top terahertz

spectroscopy set-ups instead of the lens system which is currently needed to collimate

and focus the terahertz beam. Because the waveguides are hollow they could also be

used for gas spectroscopy with a species introduced in the fibre.

Although the fabrication time depends on the 3D printer used, 3D printing is a rapid

and cost-effective way to fabricate a short-range terahertz waveguide. A different thick-

ness of the cladding elements could be used to change the antiresonance frequencies to
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FIGURE 5.13: Calculated transmission through smooth waveguide and ribbed waveg-
uide.

cater for different applications for the waveguides, though a different 3D printer with
adjustable nozzle sizes would be required to achieve this. Different HC waveguide de-
signs could also be produced using the FDM printer, as long as the minimum feature

size does not exceed the nozzle size used.

The waveguide fabricated in this chapter could further be improved by looking into ways
of smoothing the surfaces of the waveguide, as the ribbing on the surface of the waveg-
uide leads to higher losses compared to a smooth surface. Potential options to achieve
this include chemical treatment, or using a different printer that can achieve smoother
surfaces. Other polymers with lower transmission loss in the terahertz regime like Topas
could also be used. Although improvements could certainly be made, this inexpensive

waveguide has already improved the transmission compared to the bulk loss and could
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be used for transmission in the antiresonance regions.






Chapter 6

Conclusions

6.1 Overview

Hollow core optical fibres are an exciting technology that offers many benefits over con-
ventional fibres due to the fact that more than 99.9% of the light is being guided in air.
In one of the most promising types of HC fibres, called antiresonant hollow core fibre
(ARF), light is guided in the core of the fibre thanks to antiresonances from thin mem-
branes disposed around it. Current ARFs are typically fabricated by stacking cylindrical
capillaries, which restricts considerably the range and topology of transverse HC fibres
that one can achieve. A considerably greater degree of freedom would be achieved if
preforms could be fabricated by 3D printing or additive manufacturing. 3D printing is a
fast expanding manufacturing technique to produce three dimensional objects of various
materials from CAD computer models. In this project, I have investigated the feasibility
of using 3D printing as a technique to produce hollow core fibre preforms of arbitrary
inner shape. Given the fact that 3D printing of ceramic/glass materials is still in its
infancy, I have focused my project on polymer based materials. The rationale was that
a large number of polymers can already be 3D printed using widely available consumer
grade machines, and the findings of this work could be applied to 3D printing of glass

preforms, once glass 3D printing technology will become available.

At the beginning of the project, I have explored different ARF types in order to find
a design that was 1) suitable for manufacturing via 3D printing and 2) that provided
a low propagation loss. After assessing many possible alternatives, I have decided to
focus my study on ARFs with half-elliptical cladding elements. This particular design
was chosen not only for its ease of fabrication with 3D printing methods, but because it
also enabled the study of the effect of the curvature of the ellipses on the propagation
loss in the fibre. It was thus important to find a way of varying the curvature whilst

affecting as little as possible the other parameters. In order to do this, I chose to vary

95
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the number of semi-elliptical elements, while keeping constant the distance between the
half ellipses, the core size and fibre size. As a result, the curvature is lower when fewer
cladding elements are present and it increases when the number of cladding elements is

increased.

A large number of finite element method simulations have been performed to compare
different fibres with half-elliptical cladding elements. One of the main conclusions of this
study was that an optimum curvature of these core surrounding membranes appears to
exist at which the loss is at its minimum. The loss of a fibre can be reduced by utilising
this optimum curvature in the design. At curvatures above the optimum value, total in-
ternal reflection occurs in the cladding membranes; below the optimum curvature value
I found evidence of more leakage through the elliptical elements, leading to a fibre with
a higher total leakage loss than the optimum curvature would have. Several different
fibre designs were tested for this project, showing that the optimum curvature was in

the range of 2-2.5 for each of these cases.

A similar dependence of loss on the curvature of the thin membranes is also seen in ARF's
with full rather than half ellipses. Full ellipses however would take up more space in the
fibre, and as a result this would lead to a smaller core size in a fibre with the same outer
diameter, or in a fibre with a larger outer diameter if the core size is kept unchanged.
A preform with full ellipses in the cladding could potentially also be more complex to
draw into a fibre, as the cladding elements can easily tilt during the stretching process,

which would not happen with half ellipses due to the presence of two anchoring points.

I then moved on to study the feasibility of using 3D printing techniques to manufacture
the optimum designs I had developed. Different types of printers have been compared
and based on costs and availability an FDM printer was chosen. FDM printers are
commercially widely available, and there are several polymers that can be commercially
sourced and printed using this technique. The printer used in this project, the UP!
printer, had a fixed nozzle size, and therefore the layer thickness it could produce was
limited to a multiple number of the nozzle size. For the ARF preforms designed, this
meant that the preform size would have to be chosen such that the final thickness of
the cladding elements would correspond to the calculated thickness needed to achieve

antiresonance at the wavelengths the fibre is supposed to operate best.

Throughout the project, I have experimented with different polymers for the production
of preforms and fibres. ABS and PLA, the most commonly printed polymers using FDM
printers, are not the best option available for the fabrication of optical grade fibres or

waveguides as they are totally opaque to light. Therefore, after an initial set of tests
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with these two materials, I focused on more transparent polymers, like the commercially
available PMMA and PC, the transparency of which is much better than that of ABS
and PLA in both the visible and the terahertz regime.

Several preforms were 3D printed from various polymers and according to different de-
signs. After the first few fibre drawing trials of these printed preforms however, it
became clear that the preform quality directly affected the effectiveness and reliability
of the fibre drawing process. Due to the inherent layered structure of FDM printing
and the imperfections in the printing process, gaps and bubbles ended up being incorpo-
rated in the preform, leading to problems during the fibre drawing process. We therefore
momentarily stepped back and tested the drawing process of commercially purchased
rods. These tests indicated evident differences in drawing behaviour between polymer
and glass. The known Non-Newtonian behaviour of polymers seemed to play a non-

negligible role in the fibre drawing dynamics.

To understand the differences between the draw of non-Newtonian polymers as com-
pared to Newtonian glasses, a fluids dynamics model was developed to study the Non-
Newtonian shear-thinning effect when drawing PC and PMMA. The model I developed
is an extension of Fitt’s original model that studies the fluid’s behaviour for the draw of
Newtonian capillary tubes. Here I added a numerical routine to take into account the
effective viscosity, which for Non-Newtonian shear thinning or thickening materials is a
function of the shear stress applied locally. To calculate the effective viscosity for poly-
mers during the stretching process I used a simple but adequately accurate Power-law
equation. The model, which I fully coded in Python, was used to study the effect of
variation in speed and temperature when drawing PC and PMMA tubes. It was tested
and validated through comparison with experimentally drawn tubes, and found to be
a reliable method to predict the behaviour of a polymer tube in the drawing tower.
This study indicated that shear thinning effects in polymers are non-negligible and in
general tend to make the fabrication of fibres with thin membranes more complicated
than in glass. It was also found that some polymers have stronger shear-thinning effects
than others. For example, in the tube drawing experiment as shown in Chapter [4] the
shear-thinning effect in PC was not as significant as for PMMA, and therefore that PC

would be a preferable material for ARF fabrication.

Further analysis of the fabrication process indicated that gaps present between the
printed layers caused difficulties with effective pressurisation during the fibre draw. As
these gaps cannot be avoided with the FDM printer, I studied extensively ways to remove
them after the 3D print phase, for example by heating-based annealing and out-gassing

phases. The conclusion was unfortunately that in order for these bubbles to be removed,
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the polymer had to be heated at temperatures well above its glass transition temper-
ature, typically too high for the structure to be retained. I therefore decided that it
would be too challenging to try and achieve good quality ARF polymer fibres from a 3D
printed preform fabricated with the UP! Printer. Despite a somewhat negative conclu-
sion on this part of the project, the investigation has produced valuable knowledge that
can be used, in future works, to improve the 3D printing of drawable optical quality

fibre preforms.

At this point, I decided to explore ways of utilising the FDM printer for optical devices
that did not need a subsequent fibre drawing process. Hollow core waveguides for the
terahertz regime, for example, require a larger core size due to the longer wavelength,
and therefore can be directly 3D printed. To be able to test the design with half ellipses
in the cladding, a waveguide with a design optimised for guidance in the terahertz regime

was printed using the FDM printer in PC.

To test the performance of this device, I initiated a collaboration with a terahertz re-
search group in the Physics Department. The PC-based hollow waveguide with half
ellipses showed experimentally an effective guidance at terahertz frequencies, and proved
to be a useful tool in my colleagues set-up. The waveguide had up to ten times higher
transmission compared to free space and a loss ten times lower than in the bulk mate-
rial. Although there is clearly still scope to improve on these initial results, these values
already make the waveguide a worthy addition in many terahertz experimental set-ups.
I then studied in more detail the loss of this 3D printed hollow core waveguide. This was
found to be higher than expected from the numerical studies. Modelling indicated that
the most likely causes for this discrepancy were the longitudinal imperfections in the
waveguide and the ribbed structure arising from the 3D printer. To improve the surface
quality, I attempted annealing the waveguide, but this was not found to be effective
at removing the ribbed structure from the surface. If the performance obtained in this
work are already adequate for a particular terahertz experiment, this work opens up the
possibility any THz group to quickly and cheaply fabricate useful terahertz waveguides
with antiresonant designs to improve their own set-ups, using commercially available
materials and equipment. For improved waveguide performance, different types of 3D

printers will need to be investigated in future works.
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6.2 Future work

Several improvements to the work presented in this thesis could be made to enable the
use of 3D printers to fabricate ARF preforms for fibre production, as well as improve-

ments that could enhance the performance of the 3D printed terahertz waveguides.

To improve the terahertz waveguide, other printer types could be used to achieve a
smoother surface, which should lead to lower leakage loss through the waveguide as
the ribbed structure on the surface of the waveguide should be reduced. Some of the
alternative printing techniques discussed in Chapter [2] such as SLS printing might be
able to achieve this, although this would come at a somewhat higher purchasing and
running cost. The resin and powders used are generally speaking more expensive than
the filament used in this project, however this might also mean the material purity is
improved and the printed objects could therefore have a better optical performance as
a result. Alternatively, chemical post-treatment of the preform could be another route

towards reducing the surface roughness.

Different printing methods should also be considered for the fabrication of printed pre-
forms for fibre drawing. The FDM printer used in this project appears unsuitable due
to the many holes and air gaps it creates in the printed object, which caused problems
during the drawing process. Other 3D different printing methods could create a solid

preform without these imperfections that potentially could be drawn into fibre.

To aid the fibre drawing of these preforms, the model discussed in Chapter [d, which
simulates the behaviour of polymer capillary drawing would have to be extended to in-
clude more complex structures. This type of simulations have already been performed
for Newtonian materials [74], which could likely be used as an approximation for PC
as the shear-thinning effects in this polymer are minor, but would not be adequate for

polymers such as PMMA where the shear-thinning is more significant.

To improve the fabrication, it could also be helpful to study the polymers’ properties in
more detail for each polymer used for fabrication. For example, Fourier Transform In-
frared spectroscopy analysis and Raman spectroscopy could be used to compare the com-
position of different polymer samples. Thermal analysis experiments could be utilised to
measure a range of properties in polymers, such as the viscoelastic properties [I51]. To
aid improvements in both the fabrication as well as the fluid dynamics model’s accuracy
viscosity measurements would also be beneficial, as a function of temperature and as a

function of stress. The material properties found in these tests could potentially help
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identify the difficulties found with drawing these polymers after 3D printing.

Besides improvements that could be made on the fabrication of polymer preforms, there
is also a possibility to take 3D printing further and print optically clear glasses, as al-
ready demonstrated in a very preliminary study [12]. Improvements in the size of the 3D
printed objects would be needed, but if successful this would open up a very interesting

opportunity to reproducibly fabricate ARF preforms of arbitrary topology.
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Appendix A

Python model for Non-Newtonian

Capillary drawing

A.1 Model

Python model used for PC and PMMA with parameters as shown in Table

Models

from matplotlib import pyplot as plt

from numpy import linspace, sqrt, exp, log, isnan

class Fitt_solver:
def __init__(self):
self .size = #number of data points
self .xmax= #length of fibre studied (in hotzone)
self.dx = self.xmax/(self.size-1)
self . fidg=0.01

self.count=0

self .ID #initial ID of tubdbe
self . 0D #inittal 0D of tube
self .mu = #wiscosity at room T
self.g = 9.8

103
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self.sig = #boltzman constant
self.gam = #surface tension
self.a = #emisstvity constant

self .rho = #density
self .cp = #spectific heat
self .Tglass= #Tg for material (in K)

self .Ta= #mazimum temperature of furnace (in K)
self.Troom= #room temperature (in K)

self .p0O= #pressure

self .Uf= #Feeding speed (m/s)

self.Ud= #Drawing speed (m/s)

self .dmudz=[0]

self .max=0.006

self .guess= #guess value for dudz
self .shootpart=10**-8
self.guess2=self.guess+0.0003
self .du=self.guess

self.dy = [self.guess]

self .Tstart=273+180

self .T=[self.Tstart]
self.Tgaus=[self.Tstart]

self .mu_cold=4*10**13*xexp(-0.046*self.Tstart)
self .mu=[self.mu_cold]

self .mu_newt=[self.mu_cold]

self.hil=[self.ID]

self .h2=[self.0D]

self .maxit =10000
self.criterion=0.01
self.counter=0

self .m=[]

self .x=linspace (0,self.xmax,self.size)
self.y = [self.Uf]
self.fi=[]
self.currentX=0
self.Adu=[self.guess]
self.shears=[0,0,0,0,0,0]
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self .step ()

def step(self):
self .du=self . gue

Ss

self.dy = [self.guess]

for j in range(self.maxit):

if len(self.x)!=len(self.y):
range (self.size-1):
.d2udx2 ()
.tempX=self .x[i]

for i im
self
self
self

self .dy[-1]+self.dx*\

self.d2udx22))

dhldx*self.dx)

dh2dx*self.dx)

[-21> /

[-21)))

else

if len(self.

.Tgauss ()
if self.T[-1]1>self.Tglass:

self

self

self

self

self
self
self
self

.y.append (self.y[-1]+self.dxx*(

.hl.append(self.hl1[-1]+self.

.h2.append(self.h2[-1]+self.

.dy.append (((self.y[-1] - self.y

(self.x[-1]-self.x

.y.append(self.y[-1])

.h1.append(self.h1[-1])
.h2.append(self.h2[-1])
.dy.append(self.dy[-1])

x)==len(self.y):

if self.checkifdone():
print (len(self.shears))
self.plot ()
self .muplot ()

print (’Solution found’)

print (self.hi1[-1],self.h2[-1])
print (self.Adul-1])

break



106 Appendix A Python model for Non-Newtonian Capillary drawing

print (self.y[-1]-self.Ud, self.Adul[-1])

self .shoot ()

if isnan(self.y[-1])==True:
self .Adu.append(self.Adul[-2]%1.01)
print (’NaN element - the solution does

not converge’)

self.du = self.Adul[-1]

self .dy=[self.dul

self .y=self.y[:1]

self .hl=self.h1[:1]

self.h2=self.h2[:1]

self .mu_cold=4*10*x*x13*exp (-0.046*self.Tstart

self .mu=[self.mu_cold]
self .T=[self.Tstart]
self .mu_newt=[self.mu_cold]
self.shears=[0,0,0,0,0,0]
self.count=0
if j==self .maxit-1:
print (self.du)
print (’no solution for tested range of

dudx0 guesses’)

def autostep(self ,n=1):
while self.auto:
for i in range (10**(n-1)):
self.step ()
if not self.auto:
break
self.draw ()
plt.pause(self.delay)

self.auto = False

def plot(self):
plt.rcdefaults ()
plt.ion()
plt.interactive (False)

self.fig = plt.figure("Solution")



Appendix A Python model for Non-Newtonian Capillary drawing 107

self . fig.clf ()

axl = self.fig.add_subplot(3,1,1)
ax2 = self.fig.add_subplot(3,1,2)
ax3 = self.fig.add_subplot(3,1,3)

axl.set_ylabel(’u (m/s)’,fontsize=14)

axl.set_title(’Velocity along preform x-axis’,

fontsize=14)

ax2.set_title(’Inner and outer radius of tube along

x—-axis’,

h1°)

h2°)

fontsize=14)
ax2.set_ylabel(’h (m)’,fontsize=14)
ax2.set_xlabel(’x (m)’,fontsize=14)
plt.tight_layout ()
axl.plot(self.x,self.y,lw=5,1label="u’)

ax2.plot(self.x,self.hl,color=[0,.5,0],1w=5,1label="

ax2.plot(self.x,self.h2,color=[1,.5,1],1w=5,1label="

ax3.set_title(’Temperature along preform x-axis’,

fontsize=14)

def

ax3.set_ylabel (°’T (K)’,fontsize=14)
ax3.set_xlabel(’x (m)’,fontsize=14)

ax3.plot(self.x,self.Tgaus,lw=>5)

plt.savefig(’solution.png’)
plt.show ()

muplot (self):

plt.plot(self.x,self .mu,lw=5,label="Non-Newtonian’)
plt.plot(self.x,self.mu_newt,lw=5,label=’Newtonian’)
plt.plot(self.x,self.shears)

plt.ylabel (’Viscosity’)

plt.xlabel(’x (m)’)

plt.title(’Viscosity difference Newtonian and non-

Newtonian’)

plt.yscale(’log’)
plt.legend ()
plt.show ()
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def checkifdone(self):
self .fi.append(self.y[-1]-self.Ud)
return (abs(self.y[-1]-self.Ud) < 0.01*self.Ud)

def shoot(self):
self .fidg=self.fi[-1]*self.shootpart
self .Adu.append(self.Adul[-1]-self.fidg)

return self.Adu

def d2udx2(self):

g=self.g

gam=self.gam

a=self.a

rho=self .rho

cp=self.cp

Ta=self .Ta

pO=self.p0

sig=self.sig

mu = self.mul[-1]

dmudz=self.dmudz [-1]

hi=self.h1[-1]

h2=self .h2

u=self.y

T=self.T[-1]

dh1dx2=(((pO*hl**x2xh2[-1]**2-gam*h1\

*h2[-1]*(h1+h2[-1]1))/(mu*(h2
[-11\
**x2-h1%%2)))-hl**2*xself.

dy[-11)/(ul-11)

dh2dx2=(((pO0*(h1**2) *(h2[-1]**2) ~gam*h1\
*h2 [-1]*(h1+h2[-1]))/(mu*(h2
[-11\
*%¥2-h1%%2)))-h2 [-1]**2x%
self.dy[-1]1)/(ul-1]1)
self.dhldx=dh1dx2/(h1%*2)
self.dh2dx=dh2dx2/(h2[-1]%2)
At=(3*xmu*(h2[-1]**x2-h1%*2))
Bt=rho*(h2[-1]**x2-h1**2)x(u[-1]*self.dy[-1]-g)
Ct=3*dmudz*(h2 [-1]**2-h1**2) *xself.dy[-1]
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Dt=3*mu*(dh2dx2-dh1dx2) *self.dy[-1]
Et=gam*(self.dhldx+self.dh2dx)

self .mucalc ()

self

.d2udx22=(Bt-Et-Ct-Dt) /At

return self.d2udx22

def Tgauss(self):

self

.currentX=self.currentX+1

ml=75

m2=800

t1=30

t2=70

Ta=self .Ta-self.Tstart
Tb=self .Ta-self.Tglass
self.T.append(self.Ta-Ta/(1l+exp((self.currentX-ml1)/

t1))-Tb/\

if self.currentX==999:

self

(1+exp((-self.currentX+m2)/t2)))

.Tgaus=self.T

return self.T

def mucalc(self):

n =
a:
b

0.82
4%x10%%13
-0.046
if self.count >4:
mu_newt = a * exp(b * self

else

shears = (self.h2[-2]-self
if shears <= O:
shears=self.shears[-1]
self .mu.append (mu_newt
else:
self .mu.append (mu_newt
self.shears.append(shears)
mu_newt = a * exp(b * self

self .mu.append (mu_newt)

self.currentX=0

L.TL[-11)
.h2[-1]) / self.dx*x*2

* (shears **x (n-1)))

* (shears **x (n-1)))

LT[-11)

self.count = self.count + 1

self .mu_newt.append(a * exp(b * self.T[-1]))
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graph = Fitt_solver ()




Appendix B

Datasheets for ABS, PC, PLA,
PMMA

B.1 ABS

The data in Table shows material properties for ABS 3D printing filament. This is
not the datasheet from the exact material used for this project, as only limited data was
available for the material used. The properties given are therefore an average range as

given by an online database for material properties.

TABLE B.1: Material properties for ABS, data taken from [160} [161].

Mechanical
Modulus of Elasticity 1000 — 2650M Pa
Tensile Strength at yield 13 — 65M Pa

Notched impact strength at 23°C | 10.5k.J/m?

Thermal

Glass transition temperature 108-109°C

Thermal Conductivity 0.15 — 0.2W/(K *m)
Optical

Refractive index Not applicable

B.2 PC

The data in Table shows the material properties of the PC purchased from Ensinger,

used for the capillary drawing experiments and extrusion of jacket tubes in Chapter
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TABLE B.2: Material properties for PC, data taken from [162].

Mechanical
Modulus of Elasticity 2300M Pa
Tensile Strength at yield > 60M Pa

Notched impact strength at 23°C | 50k.J/m?

Thermal

Thermal Expansion (23-60°C) 6.8 %10 K1
Thermal Conductivity 0.2W/(K % m)
Optical

Refractive index 1.586

B.3 PLA

The data in Table [B.3| shows material properties for ABS 3D printing filament. This is
not the datasheet from the exact material used for this project, as only limited data was
available for the material used. The properties given are therefore an average as given

by an online database for material properties.

TABLE B.3: Material properties for PLA, data taken from [I60].

Mechanical

Modulus of Elasticity 2790M Pa

Tensile Strength at yield 36.3M Pa

Notched impact strength at 23°C | 1.39.J/cm?

Thermal

Glass transition temperature 51.4°C

Optical

Refractive index Not applicable
B.4 PMMA

The data in Table shows the material properties for the PMMA rods purchased from
RS components that were drawn into filament that was used for 3D printing. The tubes

for the capillary drawing experiment in Chapter [4] were also bought from RS components.
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TABLE B.4: Material properties for PMMA, data taken from [163; 164} [78].

Mechanical

Modulus of Elasticity 3200M Pa
Tensile Strength 65M Pa
Notched impact strength at 23°C | 2k.J/m?
Thermal

Thermal Expansion (23-60°C) 9% 10°K !

Thermal Conductivity

Optical

0.19W/(K % m)

Refractive index

1.491
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