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This paper reviews the topic of microstructured polymer fibres in the fields in which these have been utilised: microstructured
optical fibres, terahertz waveguides, and fibre-drawn metamaterials. Microstructured polymer optical fibres were initially
investigated in the context of photonic crystal fibre research, and several unique features arising from the combination of polymer
and microstructure were identified. This lead to investigations in sensing, particularly strain sensing based on gratings, and
short-distance data transmission. The same principles have been extended to waveguides at longer wavelengths, for terahertz
frequencies, where microstructured polymer waveguides offer the possibility for low-loss flexible waveguides for this frequency
region. Furthermore, the combination of microstructured polymer fibres and metals is being investigated in the fabrication of
metamaterials, as a scalable method for their manufacture.This paper will review thematerials and fabricationmethods developed,
past and current research in these three areas, and future directions of this fabrication platform.

1. Introduction

Polymers have been investigated as a platform for the fabrica-
tion of microstructured optical fibres (MOFs) since 2001 [1–
5] in the context of the photonic crystal fibre (PCF) research
that had begun five years earlier [6–9]. The original work on
PCFwas based on silica fibres and the key innovation of using
holes running the length of an optical fibre to control light in
unprecedented ways [9].The interest in using polymers arose
from the difference in material properties between polymers
and silica and the possibilities this entailed [1]. This initial
work on microstructured polymer optical fibres (mPOFs)
aimed to investigate the implications of these differences in
material properties on the fabricationmethods, fibre designs,
optical properties, and potential applications of these fibres.
These new fibres would be compared to the two related estab-
lished areas of silica-based PCF, having the microstructure
in common, and conventional polymer optical fibres (POFs)
[10], having the material in common. The underlying theme
was to identify situations where the combination of these
two elements, the polymer and microstructure, was more
beneficial than either element alone.

Over the next decade, the work on mPOF matured, as
withwork on PCF in general.The fabrication techniqueswere
formalised, and performance matching and exceeding those
of commercial POF was achieved in comparable cases [11–
13]. The limitations and possible applications were identified,
analysed, and understood to a great extent.Whilst this shifted
thework onmPOF to the realmof technological development
rather than scientific research, new areas were continually
being identified in which the knowledge developed in the
context of the optical fibre work could be applied to conduct
new research. Two such areas are the emerging fields of tera-
hertz frequency radiation and experimental investigations of
metamaterials.

Work at terahertz frequencies, generally considered to
cover the range of 0.1–10 THz or wavelengths between 3mm
and 30 𝜇m, has been increasing due to the relatively recent
availability of affordable and practical terahertz sources and
detectors, bridging the so-called “terahertz gap” which had
previously resulted in this part of the spectrum being under-
utilised. Interest in terahertz radiation arises from many
potential spectroscopy and imaging applications for medical
imaging and security [14–18]. It is nonionising radiation
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that can easily penetrate ordinary packaging materials like
plastics, leather, and cardboard. Whilst the availability of
sources and detectors has enabled recent work in this area,
other optical components remain primitive in comparison to
optics (i.e., for the visible and infrared).

Polymers were identified as amaterial of interest for work
at terahertz frequencies [19], and particularly in work relating
to waveguides [20].The connection to microstructured poly-
mer optical fibres was obvious, both in terms of the physics
of waveguides and in terms of the material processing and
fabrication techniques that had been developed. This is an
area of active research aiming to deliver optical fibre-like
waveguides for use at terahertz frequencies, as currently no
such equivalent exists. This is a challenging prospect due
to the differences between common material properties at
terahertz frequencies as compared to the visible and infrared,
and the broader spectral range and larger wavelengths of
terahertz radiation.

The connection to metamaterials research was made
by identifying that microstructured fibres produce large
volumes of material with micron-sized features (the holes
inside the fibre).Metamaterials,meaning “beyond”materials,
areman-made composites with structure on a subwavelength
scale that derive their properties from this structure rather
than the materials from which that structure is constructed
[21–25]. These composites are considered to consist of arti-
ficial “meta-atoms,” and just as the individual atoms or
molecules of an ordinary material determine its bulk prop-
erties, so these meta-atoms determine the bulk properties
of metamaterials. As a result, unprecedented control of the
relevant properties can be achieved through appropriate
control of the structure of these meta-atoms.

For electromagnetic metamaterials, the properties of
interest are the response to electric and magnetic fields,
quantified by the permittivity and permeability, respectively.
Hence, control over the permittivity and permeability is
achieved through the structure, and a variety of properties
not observed in naturally occurring materials have been
demonstrated as a result. These include a magnetic response
from nonmagnetic materials, and at high frequencies [22],
and a negative refractive index [21, 23]. Electromagnetic
metamaterials can in principle produce any combination of
permittivity and permeability, and hence refractive index,
potentially leading to other important applications such as
lenses with resolution beyond the Rayleigh limit [26–28], and
cloaking [29, 30], although the feasibility of some extreme
applications remains unclear.

Electromagneticmetamaterials typically consist ofmetal-
dielectric composites. The subwavelength requirement on
the size of the structure poses a practical problem, as
metamaterials for the visible, infrared, or terahertz parts
of the electromagnetic spectrum require structure on the
scale of approximately 100 nm to 100 𝜇m. Although fabri-
cation methods capable of such resolutions exist, such as
lithography techniques at the 100 nm scale [31], or inkjet
printing on the 100 𝜇m scale [32], they produce planar (2D)
metamaterials and are not capable of the inexpensive large-
volume fabrication that may be required in the future for
any practical applications. The extension of mPOF research

to metamaterials aims to address this by combining metals
with the large volumes of microstructure that is produced
by drawing fibre. This allows metamaterials to be explored
through a fabricationmethod that is intrinsically scalable and
can lead to 3D bulk metamaterials.

This paper aims to present a review of the progression
of microstructured polymer fibres, through the essentially
mature field of PCF to the current areas of interest in terahertz
waveguides and metamaterials fabrication. The paper is
organised as follows. Section 2 will outline the materials used
and highlight the properties that make their use appropriate.
Section 3 will outline the fabrication methods; the materials
and fabrication methods are mostly common to the three
areas of research. Sections 4, 5, and 6 will then focus on the
individual research areas of microstructured polymer optical
fibres, terahertz waveguides, and drawn metamaterials, giv-
ing an overview of the research to date in each area. This will
be followed by a conclusion in Section 7, where the future
directions of this work will be outlined.

2. Materials

Conventional (step-index or graded-index) plastic opti-
cal fibres (POFs) are based on polymethylmethacrylate
(PMMA). It is widely available, inexpensive and has a low loss
in the visible, typically quoted as 0.15 dB/m at 650 nm [10];
a summary of the properties of PMMA and other selected
polymers is presented in Table 1 and Figure 1. Commer-
cially available POF products are typically highly multimode
optical fibres with a 1mm core diameter, targeting short
distance data transmission, and illumination applications.
Several suppliers of such fibres exist including Mitsubishi
Rayon (ESKA product line) [33], Optimedia (GigaOptics)
[34], and Luceat (LiteWire) [35]. Given PMMA’s established
use in optical fibres and the consequent availability of optical
grade material, the first microstructured polymer optical
fibres were also made from PMMA [1]. The first mPOF
demonstrated single-mode operation in the visible using the
endlessly single-mode PCF design [36] and was the first such
demonstration of a single-mode PCF in a material other than
silica.

PMMA remains in extensive use for work in microstruc-
tured polymer fibres, but as the scope of the work broadened,
other commercially available polymers began to be used so as
to take advantage of their specific properties (Table 1). Poly-
carbonate (PC), polystyrene (PS), and polyvinyl difluoride
(PVDF) have been used for their refractive index. PC and
PS have higher indices approaching 1.6 [10], and PVDF has
a lower index of 1.4 [37] compared to PMMA which has
an index of 1.49 [10]. PC also has a higher glass transition
temperature (𝑇𝑔) than that of PMMA [38], 150∘C compared
to 115∘C. PMMA, PC, and PS also have comparable material
absorption in the visible as shown in Figure 1(a) [5, 39, 40],
although PC is known to degrade in high temperature humid
environments [10, 38].The cyclo-olefin polymers/copolymers
Zeonex [41, 42] and Topas [43, 44] have also been used,
presenting an index between that of PMMA and PC/PS of
around 1.53 and virtually no moisture absorption [42, 44].
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Table 1: Summary of selected polymers used in microstructured polymer fibre fabrication.

Polymer Refractive index Absorption 𝑇
𝑔
(∘C) Comments

Polymethylmethacrylate (PMMA) 1.49 (650 nm) [10]
1.60 (1 THz) [19]

0.15 dB/m (650 nm) [5]
60 dB/cm or 14 cm−1 (1 THz) [19] 115 [38]

Most widespread
optical polymer

Polycarbonate (PC) 1.58 (650 nm) [10]
1.65 (1 THz) [19]

∼0.5 dB/m (650 nm) [39]
50 dB/cm or 12 cm−1 (1 THz) [19] 150 [38]

High index and high
𝑇
𝑔

Polystyrene (PS) 1.59 (650 nm) [10] 0.11 dB/m (670 nm) [40] 100 [10] High index

Polyvinyl difluoride (PVDF) 1.40 (1050 nm) [37] −30
[37]

Low index

Cyclo-olefin polymer
Zeonex 480R

1.53 (650 nm) [42]
1.52 (1 THz) [47] 0.9 dB/cm or 0.2 cm−1 (1 THz) [47] 138 [42]

Transparent for THz,
low water absorption

Cyclo-olefin copolymer
Topas

1.53 (650 nm) [44]
1.52 (1 THz) [48] 0.9 dB/cm or 0.2 cm−1 (1 THz) [48] 80 [44]

Transparent for THz,
low water absorption

Polytetrafluoroethylene (PTFE) 1.38 (visible) [19]
1.45 (1 THz) [19]

9 dB/cm or 2 cm−1 [19], also
∼1.3 dB/cm or ∼0.3 cm−1 [18, 45] (1 THz)∗ 160–240

For use at THz
frequencies

High density polyethylene (HDPE) 1.54 (visible) [19]
1.53 (1 THz) [19]

9 dB/cm or 2 cm−1 [19], also ∼1.3 dB/cm
or ∼0.3 cm−1 [18, 46] (1 THz)∗ −135

For use at THz
frequencies

Deuterated PMMA (PMMA-d8) 60 dB/km (650 nm) [53] Deuterated material

Cyclic transparent optical polymer
(CYTOP)

1.34 (visible) [51]
1.35 (1 THz) [52]

40 dB/km (650 nm), 16 dB/km (850 nm),
20 dB/km (1300 nm) [49]

4 dB/cm or 1 cm−1 (1 THz) [52]
108 [51] Fluorinated material

∗Different values reported to PTFE and HDPE are possibly attributed to different grades of the materials.

At terahertz frequencies, PMMA has a rather low trans-
parency and is outperformed by many other polymers.
Polytetrafluoroethylene (PTFE/Teflon) [19, 45], high density
polyethylene (HDPE) [19, 46], Zeonex [47], and Topas [48]
have losses of one to two orders of magnitude lower than
PMMA, as shown in Figure 1(c). In some cases such as PTFE
and HDPE, widely varying values of loss have been reported
in the literature as is seen in Table 1, most likely attributed to
different grades of the polymer, but also possibly influenced
by the details of the measurement.

In addition to the commercially available polymers men-
tioned previously, other proprietary, customised, or novel
polymers have also been investigated. The use of cyclic
transparent optical polymer (CYTOP) was demonstrated in
an optical fibre context [10, 49–51] and also at terahertz fre-
quencies in a photonic crystal planar waveguide [52]. CYTOP
is a perfluorinated polymer, meaning all the hydrogen in
the polymer is replaced by fluorine. The heavier fluorine
atoms reduce the frequency of molecular vibrations and
shift the associated absorption lines to longer wavelengths,
increasing the transparency in the visible and near infrared
[49]. A similar increase in transparency can be achieved
by replacing the hydrogen atoms with deuterium, as in
deuterated PMMA (PMMA-d8) [10, 53]. A comparison of
PMMA, PMMA-d8, and CYTOP is presented in Figure 1(b).
Whilst PMMA-d8 and CYTOP offer an advantage at 650 nm,
the improvement in the infrared is far more striking, with
the loss of CYTOP being three orders of magnitude lower
than PMMA. This allows CYTOP fibres to operate at the
850 nm and 1300 nm telecommunications windows, and thus

be compatible with components developed for silica-based
systems [49].Theoretical loss values for fluorinated polymers
are an order of magnitude lower than shown in Figure 1(b)
and are comparable to the loss of silica glass; however, such
low values have never been achieved for a variety of reasons,
including difficulties in ensuring an amorphous structure
[10] (e.g., PTFE is polycrystalline, resulting in high scattering
losses in the visible and a white opaque appearance). The
performance of CYTOP at terahertz frequencies is also good,
as seen in Figure 1(c).

Despite the real and potential advantages, fluorinated
and deuterated polymers are proprietary and/or expensive
and difficult to manufacture, so their use has been limited.
Materials such as CYTOP have the potential to make the
use of mPOF much more widespread through reducing the
loss to allow longer lengths of fibre to be used and through
allowing operation in the infrared and compatibility with
telecommunications components.

Several demonstrations with novel polymers have also
been reported.These include chiral polymers using a copoly-
mer of methyl methacrylate, from which PMMA is derived,
and (−)-menthyl methacrylate derived from (−)-menthol,
a chiral compound [54]. The availability of chiral material,
and hence optical activity (circular birefringence), adds an
interesting new dimension to optical waveguides [55]. The
use of cellulose for a biodegradable fibre [56] was also
demonstrated with potential biomedical applications.

Doping offers an additional route to modifying the
polymer. Doping can be achieved by using solvents to swell
the polymer and allow the dopant to diffuse into it [57].
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Figure 1: Loss of common polymers used for microstructured polymer fibres in the (a) visible, (b) near infrared, and (c) THz frequency
parts of the spectrum; data were extracted from references as shown. The different values given for HDPE and PTFE in (c) are attributed to
different grades of polymer. The standard POF operation wavelength of 650 nm is indicated in (a) and (b). The low loss of PMMA at short
wavelengths in (a) may be misleading, as those wavelengths are susceptible to scattering losses, as seen in Figure 8.

Alternatively, the dopantmay be added at themonomer phase
prior to polymerisation [58, 59]. Particulate dopants such
as doped nanoparticles [60], magnetic nanoparticles [61],
and quantum dots [60, 62, 63] can be incorporated by dry
mixing of the dopants and the polymer in powder form,

and then consolidation under pressure at higher temperature
(e.g., as would occur in an extrusion process). The lower
processing temperature of polymers allows dopants such as
quantum dots and organic molecules to survive the draw
process without degrading.
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(a) (b) (c)

(d) (e)

Figure 2: Fabrication methods for microstructured polymer preforms, showing: (a) drilling, (b) extrusion from resin, billets, or monomer,
(c) casting/molding, (d) stacking, and (e) rolling of a planar stack constructed using solvent deposition.

As a final note on the materials, it should be explicitly
stated that the criterion any polymer must satisfy for use
in microstructured fibres is compatibility with the fibre
drawing process. This places constraints on the molecular
weight, polydispersity, degree of cross-linking, and level of
impurities. Too high degree of cross-linking or molecular
weights that are too large will prevent the polymer chains
from sliding past each other and will make the polymer
rubbery upon heating, preventing it from being stretched
to fibre. Any volatile impurities such as remnant monomer,
initiator, or absorbed moisture may evaporate during the
draw process and create bubbles. For PMMA, molecular
weights in the range of 50,000 to 100,000 are required, and
the polydispersity of material used ranged between 2.0 and
2.3. Volatile impurities may be extracted by annealing the
polymers (heating below 𝑇𝑔, e.g., at 90

∘C for PMMA and
Zeonex, or 110∘C for PC) for a sufficient time of between a
few days and a month, depending on size, prior to processing
or drawing. Polymers that have already been processed by
extrusion are generally compatible with the draw process
given the similarity between the two; however, polymers
prepared by casting are not always able to be drawn.

3. Fabrication Methods

The common element of the work under review here is
the fabrication of microstructured polymer fibres by fibre

drawing methods. Fibre drawing entails at least two stages
of fabrication, beginning with the construction of a preform
which is a scaled-up (larger in diameter, shorter in length)
version of the fibre that contains its essential features such
as the necessary structure and material. The second stage is
drawing this preform to fibre using a draw tower. The basic
draw process involves heating the preform to a temperature
sufficiently larger than 𝑇𝑔 to reduce its viscosity such that
it can be drawn to fibre (e.g., at around 200∘C for PMMA).
The process may also involve intermediate stages, such as
drawing the initial preform to an intermediate size called
“cane,” sleeving to increase diameter, or combining several
canes to form a new preform [5, 64].

Polymers lend themselves to a wider range of fabrication
techniques than silica glass owing to the lower processing
temperatures and ease of machining; as a result, a variety of
methods have been demonstrated as summarised in Figure 2.
The first mPOF was made from a preform formed by drilling
the desired hole structure into a PMMA cylinder 8 cm in
diameter (Figure 2(a)) [1, 65]. Extrusion (Figure 2(b)) [66]
and polymerisation/casting of preforms (Figure 2(c)) [59]
have also been demonstrated and in common with drilling
produce monolithic preforms. The extrusion (and to a lesser
extent, casting) may begin with the monomer, resin or a
polymer billet. Stacking is shown in Figure 2(d) in which the
preform is assembled from rods, tubes or capillaries [67];
incidentally, this is the method used most commonly for
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Figure 3: (a) A single-mode mPOF made of PMMA for the visible
using the hexagonal hole array. The original cane was sleeved twice,
firstly with a PMMA jacket and finally with a PC outer jacket. (b)
An all-solid single-mode mPOF using a composite core consisting
of Zeonex rods in a PMMA background. The right image shows the
far field at 650 nm, showing single-mode operation. Figures adapted
from (a) [11] and (b) [41].

producing silica PCF [9]. The necessary prefabricated tubes,
and rods are assembled into the desired arrangement and
placed into a consolidating tube to hold the arrangement
securely in place. The advantage of this method, although
prone to contamination from the larger surface area of the
constituent pieces, is that very large air fractions can be
achieved by using very thin-walled tubes. Such air fractions
cannot be achieved by the other methods and may be
necessary for some fibre designs, such as hollow-core optical
fibres [67–69].

These methods (or combinations thereof) are generally
versatile, allowing many fibre geometries to be achieved.
Their use in isolation (except for stacking) is mostly limited
to single-material fibres. Multimaterial fibres are also of
interest, requiring these methods to be modified and/or new
methods to be employed. Multimaterial optical fibres were
initially demonstrated for guiding radiation from CO2 lasers
(10.6 𝜇m wavelength), resulting in commercial products for
laser surgery called OmniGuide fibres [70]. These consist of
a hollow core surrounded by a dielectric stack (a Bragg fibre)
made of polyethersulfone and arsenic triselenide. The dielec-
tric stack is initially made in planar form and then rolled
into a cylinder to make the preform. This method was also
used tomake similar Bragg fibres using solvent deposition, as
shown in Figure 2(e), and a combinations of PMMA/PS and
PVDF/PCwere used tomaximise the index contrast between
the layers of the Bragg reflector [37, 71]. The OmniGuide
work was extended to include semiconductors and metals
in the fibres, demonstrating fibres (and materials woven

from these fibres) that were photosensitive, as well as having
other functionalities [72, 73]. Multimaterial microstructured
polymer fibres can similarly be made through combinations
of the methods noted previously, such as drilling a structure
and inserting another material into the holes (Figure 2(a))
[41], stacking different materials or stacking tubes containing
different materials (Figure 2(d)) [74]. In particular, this has
been used for includingmetals in the fibres for work in drawn
metamaterials [75–77]. In fact, the principle of drawing
metals in a dielectric fibre dates back to the Taylor wire
process [78].

Once the initial preform is constructed using any of these
methods or combinations thereof, the preform can be drawn
to fibre, possibly through the intermediate cane stage. Addi-
tional processing such as filling holes or increasing the overall
diameter through sleeving may be done at this cane stage. An
example of sleeving to increase the fibre diameter can be seen
in Figure 3(a), where two additional layers of polymer can be
seen. During the fibre draw, the microstructure may change
due to the interplay between surface tension and viscosity.
This can be controlled through the draw temperature, and the
speeds with which the preform is fed into the furnace and the
fibre is drawn. Variation of these parameters can encourage
hole collapse (e.g., hotter draw) or relative hole expansion
(e.g., colder draw).Thedetails of the draw process and roles of
thematerial parameters have been well understood through a
series of numerical and experimental studies on PMMA (and
silica) fibres [79–83]. Pressure and/or vacuum may also be
used to control the microstructure during drawing.

4. Microstructured Polymer Optical Fibres

A large fraction of the work on silica PCF focused on
nonlinear optics. The unprecedented control of dispersion
and the high degree of confinement that could be achieved
led to a very successful study of nonlinear optics in fibres
with enhanced nonlinearity [9, 84]. On the other hand,
the ability to fabricate large mode area single-mode fibres
with very low nonlinearity allowed higher power operation
without encountering nonlinear effects or damaging the
fibres [85–87]. These investigations led to two commercial
outcomes of PCF—supercontinuum sources and fibre lasers.
The initial interest in mPOF was inspired by the work in
silica PCF, and the investigations into mPOF began with the
aim of seeing what could be achieved from the combination
of microstructure and polymers. Similar work into fibre
dispersion, nonlinear optics, or high power fibre lasers was
not possible owing to the lower damage threshold of PMMA
and the higher loss, which prevented the use of high powers
and long interaction lengths. The only exceptions to this
were demonstrations of mPOF fibre lasers based on organic
dyes and the observation of stimulated Raman scattering in
PMMA fibres [58, 88, 89]. This section will focus on three
main outcomes ofmPOF research, namely the ability tomake
single-mode fibres for the visible and the gratings-based
sensing approaches that enables, high-bandwidthmultimode
fibres, and mPOF used for liquid-based sensing. Finally,



ISRN Optics 7

other novel fibres directed in part towards understanding the
physics of microstructured fibres will also be discussed.

4.1. Single-Mode Polymer Fibres and Gratings-Based Sensing.
Although single-mode fibres are ubiquitous when dealing
with silica, the POF world is dominated by large 1mm core
multimode fibres estimated to support of order 107 modes at
650 nm [10, 33–35]. Single-mode mPOF have been reported
since the first mPOF paper of 2001 [1], using the familiar
hexagonal array of holes that is almost synonymouswith PCF.
More recently, an all-solid version was reported in which the
core consisted of a sparse array of subwavelength Zeonex
rods (index of 1.53), giving the core an average index slightly
above the PMMA background (index of 1.49) [41]. Examples
of these single-mode fibres are shown in Figure 3.

A single-mode plastic fibre is of no interest for com-
munications, given the relatively high attenuation of PMMA
and the resulting short-distance data links it implies. Having
single-mode (and also few-moded) fibres does have impor-
tant outcomes, however, including the possibility of inscrib-
ing gratings [90, 91]. It is in this context of gratings that the
different material properties found in polymers can be most
effectively utilised. A summary of the relevant properties of
PMMA compared to silica is presented in Table 2. Gratings
turn single-modemPOF into sensors with thermal, humidity,
and strain responses. PMMA has an elastic limit of 4%–10%,
a breaking strain beyond 20%, and a thermo-optic coefficient
of −1.1 × 10−4 [4]. The most striking advantage over silica
fibres is the ability to achieve large strains (see inset of
Figure 4(a)).

Work into long period gratings (LPG) in PMMA single-
mode mPOF has resulted from these differences in material
properties. LPGs can be easily inscribed by physical imprint-
ing with a pitch of order 1mm [91], to give resonance features
in the 500–750 nm rangewhere PMMA-basedmPOFs are the
most transparent, allowing up to 10 m of fibre to be used. An
example of such an LPG spectrum is shown in Figure 4(a).
Demonstrations of strain [92–96], humidity [94, 97, 98],
temperature [94] and pressure [99] sensing, and biosensing
[100] with these LPGs, have been reported. Typical responses
observed were −11 nm/% strain, 0.5 nm/10% relative humid-
ity, and 0.2 nm/∘C [92–98], as shown in Table 3.

One particularly interesting use of mPOF LPG is the
demonstration of a heart rate sensor [101]; the response of
the LPG is sensitive enough to detect a person’s heart beat
when the fibre is placed around the torso. This has potential
applications in personal protective equipment and medical
settings in which metallic components cannot be used. The
biocompatibility of PMMA is an additional advantage in this
case.

In addition to LPG, fibre Bragg gratings (FBGs) have
also been demonstrated in single-mode and smaller core
multimode mPOF [90]. This work has been carried out at
telecommunications wavelengths (dictated by silica-oriented
FBG inscription techniques), using PMMA [90, 102–106] and
Topas fibres [106–108]. Such wavelengths are not particularly
favourable due to the material loss restricting fibre lengths to
approximately 10 cm (see Figure 1(b)), requiring interfacing

Table 2: Comparison of PMMA and silica material properties.

Property PMMA Silica
Young’s modulus 3.2 GPa 72GPa
Elastic limit <10% ∼1%
Thermal expansion coefficient 9 × 10−5 5.5 × 10−7

Thermo-optic coefficient −1.1 × 10−4 9.2 × 10−6

Data were taken from [4].

with silica fibres for characterisation. More recently, FBGs
with wavelengths approaching 800 nm have been reported
[102, 107], aiming tomove towards the transparency windows
of those polymers. An example of such an FBG inscribed in a
multimode PMMA fibre is shown in Figure 4(b). These grat-
ings have similarly been characterised for strain, humidity,
and temperature sensing, with typical responses as shown in
Table 3. In particular, Topas FBGs were demonstrated to be
insensitive to humidity, given the negligible water absorption
of Topas [107], shown in Figure 4(d).

The comparison between FBG and LPG and polymer
and silica combinations in Table 3 shows that mPOF LPGs
have the largest response to all three stimuli considered, in
addition to the advantage of operating in the visible in the
transparency window of the polymers. The loss of the fibres
is <2 dB/m (discussed in Section 4.5 and Figure 8), the tem-
perature response is 2.5 to 5 larger than all the other options,
and the humidity response is larger compared to PMMA
POF FBG, but can be eliminated with the use of Topas.
Furthermore, the strain response for FBG is proportional to
the wavelength of the grating. Scaling the FBG results to the
visible gives an estimated response of 5 nm/%, which is less
than half of reported values for LPG.

A comparison reported in [109] showed that the strain
response of mPOF FBG is identical to step-index POF FBG,
as seen in Figure 4(c). This is to be expected given PMMA
was used in both cases. An important difference, however,
is that the few-moded step-index POF in [109] had losses
approaching 550 dB/m at 700 nm, compared of <2 dB/m for
the single-modemPOF. Compared to silica FBG [110, 111], the
polymer FBGshave the same strain response, butwith amuch
larger elastic limit of ∼4% and maximum strain exceeding
20%. Polymer FBGs also have a temperature response that
is 3-4 times larger and in the opposite direction compared
to silica. This is attributed to a larger and negative thermo-
optic coefficient (Table 2). It should be noted that the strain
response is dominated by changes to the grating pitch,
whereas temperature response is dominated by the thermo-
optic coefficient, and humidity response by the material
absorbing water and changing refractive index as a result.
Silica fibres nominally have no humidity response.

The potential sensing applications of mPOF gratings are
still being investigated, whether for FBG or LPG. The large
strains possible, larger temperature and humidity responses,
and the biocompatibility of polymers will be important
advantages in any future applications. Requirements of any
particular deployment will also contribute to the choice
between characterisations of the fibre in transmission, which
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Table 3: Comparison of mPOF, POF, and silica LPG and FBG responses.

Grating type Strain response
(nm/%)

Temperature
response
(nm/∘C)

Humidity
response
(nm/10%)

mPOF LPG PMMA
(vis)

−11 [92–94]
−5.4 [95] 0.2 [96] 0.5 [97]

mPOF FBG PMMA
(∼1550 nm) 13 [105, 109] −0.08∗ [102]

−0.05# [102]
mPOF FBG PMMA
(∼800 nm) 7.1 [103, 109]

mPOF FBG Topas
(∼1550 nm) −0.04 [108] 0.006 [107]

mPOF FBG Topas
(∼800 nm) 6.4 [107] −0.08 [107] <0.007∧ [107]

POF FBG PMMA
(∼1550 nm) 13 [109] −0.055 [110] 0.35 [110]

POF FBG PMMA
(∼800 nm) 7.1 [109]

Silica FBG
(∼1550 nm) 13 [111] 0.014 [110, 111] 0.0028∼ [110]

Data taken or inferred from references as indicated. ∗For unannealed fibre. #For annealed fibre. ∧Worst case scenario, real value likely to bemuch lower. ∼Likely
due to the polymer coating on the silica fibre, not the silica itself. Note that the response may also depend on the details of the fibre structure.

is compatible with both FBG and LPG, or in reflection which
is compatible with FBG only.

4.2. High-Bandwidth Fibres. Another outcome of mPOF
researchwas high-bandwidthmPOF,which arose from initial
investigations into the main application of conventional
POF: short-range data transmission using 650 nm light over
lengths up to 100m [10]. Although complex structures were
initially sought to achieve an azimuthally averaged graded
profile (e.g., hole radii and/or filling fraction increasing
outwards from the centre of the core) [112], it was eventually
realised that a single ring of holes was all that was required
to achieve high data rates [12, 13]. This has produced multi-
mode mPOF with approximately 150𝜇m core diameters and
500𝜇mouter diameters that have achieved 9.5Gb/s data rates
using on-off keying and a relatively complex light source
based on telecommunications sources in the infrared and
four-wave mixing to convert the signal to the visible [12], as
well as 7.3 Gb/s using inexpensive laser diodes in combination
with a more complex modulation format (discrete multitone
modulation,DMT) [13], both over 50m. Examples of the fibre
structure and data transmission measurements are shown in
Figure 5. These data rates are compared to the 100Mb/s to
1 Gb/s data rates typical of conventional polymer step- and
graded-index fibres targeting fibre-to-the-premises and fibre-
in-the-premises applications. Comparable data rates have
been achieved over conventional fibres but have required
additional complexity in the system. For example, 10Gb/s
was achieved only over 35m using a graded-index POF using
DMT and a specialised receiver [113], whilst measurements

over 50m were limited to 6Gb/s and required complex
equalisation circuits [114].

The fact that these fibres are multimode and yet achieve
such high data rates indicates that the microstructure is
responsible for reducing themodal dispersion. Earlier studies
into these fibres observed that the bandwidth-length product
was not constant, indicating that the modal dispersion was
not resulting in pulse spreading as expected, but in fact,
the width of pulses propagating in the fibre approached a
constant value after certain propagation lengths, about 40m
in that case [115]. This suggests the presence of a small group
of modes with low modal dispersion and low loss that are
observed after long lengths of fibre and a second group of
higher order, higher loss modes that result in pulse spreading
over shorter length scales, but do not survive to the longer
lengths. Such a description in terms of two mode groups is
consistent with observed bending loss behaviour for similar
fibres [116]. Higher bend loss was observed for short bent
lengths of fibre (when the higher order modes are being
lost), with the bend loss reducing for longer bent lengths
(where the lower order, lower loss modes remain).The use of
polymer allows the large diameters to be achieved in a flexible
fibre, which are important for the targeted applications
such as fibre-in-the-premises, where easy handling and low
connector costs are essential [10].

4.3. Liquid-Based Sensing. Apart from the grating-based
sensing discussed previously, another body of work onmPOF
has focused on liquid-based sensing. In many of these cases,
the compatibility of the polymer with various fabrication
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Figure 4: (a) Transmission spectrum of an LPG in a single-mode mPOF similar to Figure 3(a). Inset shows strain response up to strains
exceeding 20%. (b) Reflection spectrum of an FBG in a multimode mPOF with a 50𝜇m core diameter, with fibre cross-section in inset. (c)
Comparison of strain response for FBG inscribed in mPOF and step-index POF. (d) Humidity response of a FBG inscribed in a Topas mPOF,
with fibre cross-section in inset. Adapted from (a) [93, 96], (b) [103], (c) [109], and (d) [107].

methods and/or chemical processes has enabled this work.
The theme here (and of optical fibre sensors in general) is to
increase the overlap between the guidedmode of the fibre and
the material to be sensed. This has been approached through
various fibre geometries, creating structures where both the
light andmaterial are in the sameplace, and through chemical
approaches that result in an increased interaction.

A notable example of using the chemical approach is
coating the holes of a Topas mPOF with a binding agent
to selectively bind a particular antibody to the hole surface
[43]. Although the light is confined to the core, there are
evanescent fields in the holes, and these are the strongest at
the hole surface at the edge of the core, where the antibodies
would now be bound. This enhances the interaction of only
that particular antibody with the evanescent field of the
guided mode and results in enhanced selective detection as
seen in Figure 6(a). Other examples include modifying the
inner surface of PMMA mPOF with a titanium oxide film
to sensitise the fibres to hydrogen peroxide [117], and with
cellulose to sensitise them to nitrites [118]. A structure-based
approachedwas to add holes to the core itself and createmore

opportunities for overlap of the light and material filling the
holes, as seen in Figure 6(b) [119].

The previous examples required the holes of the fibre to
be filled in order for the sensor to work. Side trenches in
the fibre and an exposed core, as in Figure 6(c), remove this
requirement and allow the fibre to sense the environment
in which it is immersed [120]. The exposed core could also
be coated with gold to allow for sensing through surface
plasmons [121]. Metallic coatings on the inside of the holes
have also been reported, to increase the interaction between
themetal and the light and anymaterial filling the holes [122].
Such coatings can increase phenomena like surface-enhanced
Raman scattering. (Interest in using metal in the fibre for the
fabrication of metamaterials is a separate topic covered in
Section 6.)

Finally, the possibility of making hollow-core mPOF
(HC-mPOF) allows the material to be placed in the core
itself, completely overlapping with the propagating light.
Demonstrations of filling the core with a chiral solution and
measuring the resulting optical rotation have been reported
[123]. Filling the core with a suspension of nanoparticles
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Figure 5: (a) Cross section of a PMMAmultimode high-bandwidth mPOF. (b) Bit error rate for 9.5 Gb/s signal at 636 nm with on-off keying
as a function of received power over a 50m length of fibre, with inset showing eye diagrams. (c) Bit and power allocation using a 650 nm laser
diode and discrete multitone (DMT) modulation, and also over 50m of fibre. (d) Constellation diagram of the demodulated signals from (c)
showing 32 level quadrature amplitude modulation (QAM) from subcarriers 20–29, and 8-QAM from subcarriers 125–135. Adapted from (a)
and (b) [12], (c) and (d) [13].

allowed spectroscopy based on surface-enhanced Raman
scattering to be conducted inside the fibre [124]. In this case,
the fibre contains the sample and guides both the pump and
signal wavelengths to and from the laser source/detector.
Finally, individual microparticles were trapped inside the
core of a HC-mPOF using an optical trapping beam incident
transversely through the fibre cladding. These individual
particles could be held in place and interrogated through

fluorescence spectroscopy [125]. In this demonstration, the
pump beam was incident on the particles transversely
through the cladding, and the fluorescence was collected by
the fibre core and guided to a detector. The results are shown
in Figure 6(d).

In many of these cases, the chemistry and ability to
machine the polymer made the investigations possible. The
exposed core fibres could be fabricated bymachining a trench
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Figure 6: Examples of mPOF used in liquid-based sensing. (a)
Selective detection of 𝛼-CRP antibody through binding to the fibre,
compared to 𝛼-streptavidin antibodies which do not bind, and to a
clean fibre to which neither bind. (b) Additional microstructure in
the core increases overlap between the evanescent field of the light
and the liquid. (c) Exposed core fibre that does not require filling.
(d) Fluorescence spectroscopy of single particles trapped using an
optical trap inside the core of an HC-mPOF. The fluorescence at
different times indicated photobleaching. Lower panels show the
fibre cross-section and an example of a trapped particle inside
the core. The arrow (coincidentally) indicates the direction of the
trapping beam. Adapted from (a) [43], (b) [119], (c) [120], and (d)
[125].

at the preform or cane stage, and the anti-body-specific
sensing relied on a chemical process involving the polymer.
In other cases, particularly involving HC-mPOF, the use of
polymer was incidental, but, nevertheless, these demonstra-
tions were first made using microstructured polymer fibres.

4.4. Other Novel Fibres. Other work on mPOF focused on
understanding the guidance mechanisms that occur in PCF
due to the presence of the holes or high-index inclusions
in the fibre cross-section. The use of polymer in many such
cases served to make the investigation possible through
easier fabrication or through material availability and/or
compatibility.

This work focused on studying the guidance mechanisms
in low-index core fibres, such as hollow-core fibres. The
initial idea behind PCF was that the photonic crystal and
resulting photonic bandgap (absence of propagating modes
in the cladding of the fibre for particular wavevectors) would
prevent light from propagating in the cladding and confine
it to the core—the core being a defect in the crystal. This
removed the condition that the core has a higher index
than the cladding, required for total internal reflection as
in conventional fibres. This type of PCF (hollow core, HC-
PCF) was developed and understood using silica as the base
material and can achieve low-loss guidance in a hollow core
but over a narrow wavelength range [126, 127] corresponding
to the photonic bandgap.

It was eventually realised that a second mechanism
existed by which light could be confined to a hollow core,
without the cladding supporting a photonic bandgap. This
was first noted in cladding structures consisting of a web
of thin solid struts, called a kagome lattice, with the char-
acteristic of wider transmission windows but with higher
loss compared to bandgap fibres [67, 69, 128–130]; the fibre
in Figure 6(d) is such an example. Qualitatively identical
results were also obtained for a square lattice fibre [68,
131]. This work in the context of polymer fibres contributed
to the understanding of this “inhibited coupling” guidance
mechanism. The observed guidance was attributed to light
inefficiently coupling to the cladding modes (rather than
there being no cladding modes to couple to as in the case of
a bandgap) [67–69, 130–133]. A solid version of an inhibited
coupling fibre consisting of isolated thin high-index rings
(made of PC) in a lower-index background (PMMA) is
shown in Figure 7 and was studied to explore the limits of
this guidance mechanism [74]. The availability of compatible
polymers with such an index contrast (of 0.09) made this
work possible.

A final point worth noting on hollow-core fibres is that
the light propagates in air and not in the solidmaterial, which
at first glance indicates that material loss can be eliminated.
This was investigated as a means of using PMMA and PC
fibres in the infrared [38, 67], and indeed losses of 2 to
10 dB/m were achieved for wavelengths where the material
loss was 3000 dB/m. However, this does not offer a better
option than using a simple multimode fibre at 650 nm, which
will have a loss <0.2 dB/m.The reason is that scattering losses
play a larger role in hollow-core fibres [126]. As a result,
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used to study the inhibited coupling mechanism. (a) Transmission
showing a wide transmission window (wavelengths labelled “𝑝” and
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showing the PC layers. Adapted from [74].

single-mode hollow-core photonic bandgap fibres will have
losses of order 1 dB/m in the visible and will guide over
a narrow wavelength range. Inhibited coupling fibres will
guide over a larger wavelength range, but losses of 0.18 dB/m
have only recently been reported for silica fibres [134].
Furthermore, defects in the microstructure are detrimental
in both hollow-core fibre types. These types of fibres are of
particular interest for use at terahertz frequencies, and this
comparison will be discussed in more detail in Section 5.

4.5. Limitations. The limitations of mPOF arise ultimately
from loss and temperature stability (which both compare
unfavourably to silica). For the larger core multimode fibres,
such as the high-bandwidth fibres, the loss and temperature
stability specifications of commercially available conven-
tional POF have been matched [11]. The lowest loss achieved
in this case is 0.16 dB/m at 650 nm, shown in Figure 8,
and the loss is generally <0.2 dB/m at 650 nm. Operation
up to 90∘C can be achieved with losses <0.24 dB/m. These
limits are determined by the material itself, PMMA, and
other loss mechanisms such as microbending, defects, and
surface roughness on the inner surface of the holes appear to
make negligible contributions in these cases [11]. In addition,
bending losses can be greatly reduced [116].

As the core diameter is reduced, the light increasingly
interacts with the surface of the holes, and roughness thereon

begins to become problematic as it increases the loss through
scattering. A very clear dependence of loss on core diameter
is seen in Figure 8(a). This results in the loss of the single-
mode fibres increasing to 1.6 dB/m at 650 nm and limits the
use of such fibre to lengths of around 10m as noted earlier. As
the diameter of the entire fibre is reduced, the lower Young’s
modulus of the polymer (Table 2) means that microbending
becomes a problem, seen in Figure 8(b). To minimise this,
the diameter of fibres must be kept above 250 𝜇m, whilst
microbending is eliminated at 500 𝜇m diameters. The silica
fibre standard of 125 𝜇m is thus highly impractical [11].

There is no clear way to overcome these limitations,
especially all of them simultaneously. As noted previously,
a material like CYTOP has a significantly lower loss than
PMMA, particularly in the infrared, and would result in
reducing the loss of the fibres. However, CYTOP has lower
temperature stability than PMMA, and materials with higher
𝑇𝑔 such as PC have a higher loss (see Table 1 and Figure 1).
Hollow-core fibres can reduce material loss in the infrared
where it is very high, but offer no real advantage in the
visible as other loss mechanisms like scattering dominate,
as discussed in Section 4.4. It is unclear if the surface
roughness problem on the internal surface of the holes is
a fabrication issue or an intrinsic property of the polymer
(studies of roughness in silica HC-PCF found roughness to
have thermodynamic origins in surface capillary waves on
the molten glass and thus could not be eliminated [126]).
A suitable jacketing material may help with microbending
losses, although they are eliminated with a sufficiently thick
fibre [11].

5. THz Waveguides

The guidance of THz radiation with a waveguide equivalent
to an optical fibre remains an unsolved problem. Several
challenges must be managed, beginning with the broader
spectrum of THz radiation that one would want to guide,
ideally ∼6.5 octaves of frequency to cover the nominal range
of 0.1 to 10 THz compared to ∼2.5 octaves through the
visible and near infrared.The larger wavelengths lead towards
equivalently larger waveguides which become impractically
thick and inflexible. Finally, there has been no sufficiently
transparent material identified, meaning absorption losses
would also need to be managed. As seen in Table 1 and
Figure 1(c), Zeonex and Topas have amongst the lowest
losses, but these are nevertheless at the level of ∼1 dB/cm
or 0.2 cm−1 at 1 THz. Other transparent materials like high-
resistivity siliconwould be rigid andnot compatiblewith fibre
fabrication.

There have been many demonstrations of THz
waveguides based on both metallic microwave waveguides
(approaching the problem from lower frequencies) and
on dielectric waveguides (optical fibres, approaching from
higher frequencies). Metal-based waveguides include metal
wires [135], parallel metal plates [136], and metal or metal-
coated tubes [137, 138] and have reported losses of order
0.01 to 1 cm−1. Dielectric-based waveguides initially relied
on total internal reflection at the interface between the
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waveguide itself and the surrounding air, for example, using
plastic (HDPE) ribbons to obtain losses of 1 cm−1 [20].
Most of this work to date has been limited to demonstrating
appropriately scaled waveguides that are known to work at
other frequency ranges, without specifically addressing the
requirements of working with terahertz frequency radiation.

The role of polymers here begins with identifying that
polymers will remain flexible at relatively large diameters (on
the mm scale), and the polymers with higher transparency
have indices in the range commonly used in optics, meaning
known waveguide designs could be easily adapted, as a start.
This has led to investigations into solid-core, porous-core,
and hollow-core terahertz waveguides based on microstruc-
tured polymer fibres.

5.1. Solid-Core Waveguides. HDPE and PTFE with losses
as discussed in Section 2 and Table 1 were amongst the

0.4

0.3

0.2

0.1

0
0.2 0.4 0.6 0.8 1 1.2

Frequency (THz)

Lo
ss

 (
cm

−1
)

(a)

(b)

(c)

(d)

(e)

Fibre
Material

Figure 9: Solid-coremicrostructured polymer terahertzwaveguides
made of (a) Topas and (b) Zeonex. (c) A porous waveguide made
of Topas. (d) A hollow-core waveguide made of PMMA. (e) Loss
spectrum of the Zeonex waveguide shown in (b). Adapted from (a)
[48], (b) and (e) [47], (c) [144], and (d) [145].

first polymers to be used in the context of microstructured
polymer terahertz waveguides. Solid-core microstructured
waveguides based on these polymers and the common hexag-
onal hole array were reported with losses of order 0.1 cm−1
and propagation lengths of 10 cm for the PTFE case [45],
and losses of 0.5 cm−1 and propagation over 2 cm for the
HDPE case [46]. More recently, Zeonex and Topas polymers
which have lower loss were used. The Topas waveguide used
the common hexagonal hole array as shown in Figure 9(a)
and demonstrated propagation lengths of 9 cm [48]. The
Zeonex waveguide used a suspended core design with five
holes surrounding the core as shown in Figure 9(b) and
demonstrated propagation lengths of 7 cm [47]. The Zeonex
waveguide loss spectrum is shown in Figure 9(e), showing
losses of order 0.1 cm−1, essentially matching the material
loss. Indeed, the material loss ultimately determines the loss
of such solid core waveguides and limits their use to short
lengths.
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Figure 10: (a) Polymer Bragg fibres using PTFE and TiO
2
-loaded HDPE. Graph shows normalised transmission theoretical values (black

curve) and experimental values (blue curve) for the upper fibre of the inset. (b) Hollow-core kagome structure inhibited coupling waveguide
made of PMMA. Graph shows theoretical loss values (red curve) and experimentally measured loss (blue circles). Inset shows fibre cross-
section and mode profile, showing that these waveguides are single moded. Adapted from (a) [146] and (b) [150].

5.2. Porous Waveguides. The first approach to managing
the material loss resulted in the use of so-called porous
fibres, which consisted of a structured (porous) core with
the surrounding air as the cladding [139–144]; an example
is shown in Figure 9(c). The benefit arises from reducing the
amount of solid material in the core, owing to the presence of
the holes, and hence reducing the material absorption (and
also affecting the average refractive index of the core and
group velocity of the guided modes). Such an approach can
potentially lead to a reduction in material loss by an order of
magnitude, with predicted losses of order 0.01 cm−1 for cyclo-
olefin-based waveguides at low frequencies [144].

The limitation here is that the waveguide consists of
a bare core, and an exposed core is sensitive to external
perturbations. However, this would be an advantage in some
sensing applications, as discussed previously in the context of
exposed core mPOF in the visible.

5.3. Hollow-Core Waveguides. The second approach to man-
aging the material loss is to use a hollow core fibre and
thus remove the material from the core altogether. This
was discussed previously in Section 4.4 in the context of
visible and infrared transmission. Unlike at higher frequen-
cies, scattering losses are negligible for terahertz frequencies
and material losses are sufficiently high that hollow-core
waveguides offer a real advantage. The first such HC-mPOF
for terahertz was made of PMMA with a Bragg fibre-like
structure consisting of concentric rings of holes around the
core [145] as shown in Figure 9(d), fabricated by drilling.The
reported loss was 1-2 dB/cm (approximately 0.25–0.5 cm−1) at
around 1–1.3 THz, a factor of 30–60 times below the PMMA
material loss at those frequencies [145]. The design of this
waveguide was not optimised, and the total diameter was
approximately 6mm. Other Bragg fibres were subsequently
reported using TiO2-loaded HDPE for the high-index layers,
and PTFE for the low-index layers, and the rolling fabrication
technique of Figure 2(e) [146, 147]. An example of such fibres

is shown in Figure 10(a).These had a total diameter of around
12mm, and estimated losses were of order 0.1 cm−1 within the
transmission windows [147].

There are two further options for hollow-coremicrostruc-
tured waveguides beyond the Bragg fibres [145, 147] dis-
cussed previously: to use photonic bandgap guidance or the
inhibited coupling mechanism. As discussed in Section 4.4,
hollow-core bandgap waveguides will have a narrow spectral
width of approximately 20% of the centre frequency (30% of
an octave) [148], but can achieve a lower loss of <20 dB/km
in the infrared. Inhibited coupling based guidance in hollow-
cores has been demonstrated over a wider spectrum of 70%
of the centre frequency (approximately 1 octave) with higher
losses of 180 dB/km [134]. The limits of this mechanism
explored in a solid-core arrangement are shown in Figure 7
and predict transmission windows exceeding an octave [74].
The wider transmission bandwidth makes inhibited coupling
waveguides an appealing option, and with their hollow core,
they appear promising for two of the three criteria noted
earlier.The “higher” loss is already orders of magnitude lower
than any terahertz waveguide demonstrations.

The third criterion is the diameter of the waveguide,
and inhibited coupling waveguides offer more flexibility to
reduce the overall diameter for two important reasons. Firstly,
inhibited coupling waveguides demonstrated thus far have
consisted of a lattice of thin struts with a large pitch compared
to the guided wavelength (and also to the lattice pitch
of bandgap fibres operating at the same wavelength) [67–
69, 128–134]. However, the critical parameter of the lattice
that contributes to the inhibited coupling mechanism is the
thickness of the struts and not the pitch. It is resonances
across this thickness, rather than along the length of the
struts, that determine the transmission windows of the fibre
to a first approximation [68, 130, 133]. This means that the
thickness of the waveguide can be reduced by reducing the
pitch, whilst keeping the strut thickness constant. However,
this may come at the cost of reducing the core size and
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increasing the loss as a result, and a study of this trade-off
was reported in [149].

Secondly, it is not necessary to have a very thick cladding
(i.e., many rings of holes surrounding the core) as the
dominant loss mechanism in inhibited coupling fibres is
coupling to cladding modes, and not tunnelling through the
cladding as in bandgap fibres. Tunnelling can be reduced by
extending the cladding outwards from the core, however, as
this is not relevant to inhibited coupling fibres, the overall
thickness of the cladding can beminimised to just a few rings
of holes [67, 149].

An experimental demonstration of such an inhibited
coupling waveguide using PMMA was also reported [150].
This was of a kagome lattice waveguide with a relatively short
lattice pitch and thick struts, a core diameter of 2.2mm and
an overall diameter of 6.8mm. A transmission loss below
0.6 cm−1 was measured between 0.65 and 1 THz, which was
approximately 20 times below thematerial loss of the PMMA.
The near field of the output was also characterised to show
single-mode operation.

Another approach utilising the inhibited coupling mech-
anism is to move away from a connected lattice, as in the
original kagome fibre demonstrations [128], and towards a
lattice of touching but disconnected circular tubes (such a
design would be similar to the isolated PC tubes in a PMMA
background shown in Figure 7 [74]). These fibres are called
tube lattice fibres (TLFs) and have been demonstrated using
silica for guidance in the infrared [151, 152]. The impor-
tant characteristic here is the potentially wide transmission
windows; transmission over two octaves of frequency was
reported across several transmission windows in the near
and mid-infrared [151]. A thorough theoretical investigation
of these fibres for terahertz frequencies has shown them
to be potentially low loss with wide transmission windows,
one octave or greater, whilst larger bandwidths may again
be guided across multiple transmission windows [153–155].
This has been accompanied by a study of the guidance
mechanisms specific to TLF to increase understanding of
their operation, and hence aid with future designs [156, 157].
The circular individual tubes also contribute to lower the
loss as compared to a usual kagome lattice, which consists
of straight segments in the cladding [134, 151, 158]. Predicted
dimensions for suchwaveguide designs are of order 1 cm, thus
they also remain promising in terms of flexibility.

5.4. Outlook. Work on microstructured polymer terahertz
waveguides continues, and progress has been made towards
overcoming the material losses, broadening transmission
windows, and reducing the diameter of the waveguides to
achieve flexibility. The combination of Zeonex or Topas with
hollow-core TLF waveguides seems like a promising avenue
to achieve low-loss flexible waveguides. The limitations in
this work are the material loss, large frequency range, and
large wavelengths; the field is still new, and whilst work has
aimed at overcoming these latter three limitations, the limi-
tations of the approaches taken remain unclear at this early
stage. Research into terahertz waveguides in general is still
ongoing, and any work using the options discussed heremust

ultimately be compared to other approaches not confined to
microstructured polymer waveguides, such as hollow metal-
coated tube waveguides, for example. Currently, there is no
single approach that clearly outperforms others.

6. Drawn Metamaterials

Metamaterials are man-made composites that obtain their
properties from their structure. This structure can be com-
posed of individual meta-atoms, metal-dielectric structures
that are designed to have specific properties. In particular, a
metamaterial will have electromagnetic properties (permit-
tivity and permeability) that arise from the properties of these
meta-atoms, such as their resonances, in the same way as
regular materials derive their properties from the resonances
of real atoms [22, 24, 25]. This allows metamaterials to
have engineered electric and magnetic responses, and most
interestingly, this allows responses not found in nature to
be achieved. Naturally occurring materials are generally
summarised as having large negative relative permittivity
for metals, small positive relative permittivity for dielectrics,
and a relative permeability of 1 in the frequency range
concerning this paper. The properties of metamaterials can
deviate significantly from these values.

This paper does not in any way seek to cover the vast field
of metamaterials in its entirety. One aspect of metamaterials
is that the meta-atoms and the structures within them are
subwavelength. This requires fabrication on a small scale
(100 nm and below for the visible, to 100 𝜇m scales for
THz), which is usually incompatible with fabrication in large
volumes. The area that will be addressed in this paper is the
use of fibre drawing techniques based on microstructured
polymer fibres, to fabricate metamaterials. Fibre drawing (as
inmPOF) producesmicron-scaled features in large quantities
and offers a potentially scalable method for the fabrication of
metamaterials when the microstructure is filled with metal.
There are two basic meta-atoms which are easily understood:
wire arrays which control the permittivity [159], and res-
onators which are similar to LC circuits with a magnetic
resonance, and control permeability [22]. Both wire arrays
and resonators are compatible with fibre drawing and the
resulting longitudinally invariant geometry.

6.1. Wire Arrays: Electric Metamaterials. The electromag-
netic properties of metals can be described by a Drude
model and characterised by a plasma frequency in the UV.
Below this plasma frequency, metallic behaviour is observed,
characterised by negative permittivity, 𝜀 < 0, and strong
reflection. Above it, dielectric behaviour is observed with
𝜀 > 0 and transmission. The plasma frequency corresponds
to 𝜀 = 0 and depends on the electrons’ effective mass in
the metal and the electron density. If a metal is broken up
into subwavelength wires, self and mutual inductance of the
wires results in a change to the electrons’ effective mass,
and the average electron density (averaged on the scale of
a wavelength) is reduced in comparison to the bulk metal.
These effects (predominantly the former) result in the plasma
frequency shifting to lower frequencies.This approach allows
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the permittivity at a particular frequency to be adjusted by
adjusting the size and spacing between the wires in such
a subwavelength wire array [159, 160]. Furthermore, such a
wire array will have a highly anisotropic permittivity tensor,
with only 𝜀𝑧𝑧 being described by such a modified Drude
model (electric field parallel to the wires). For electric field
oriented transverse to the wires, the permittivity will be very
close to that of the dielectric medium in which the wires are
embedded.

Wire arrays are obviously compatible with fibre drawing
and are intrinsically longitudinally invariant. Fibre drawing
to fabricate wires was investigated since the 1920s in the
Taylor wire process [78], and more recently optical fibres
with wires were investigated in the study of surface plasmons
[161, 162]. In terms of wire array metamaterials, wire arrays
have been made using PMMA as the base material and the
general methods described in Section 3 [75]. Indium metal
was used in this work as it melts at 156.6∘C and is thus
liquid at the fibre drawing temperatures of approximately
200∘C. Indium wire was inserted into PMMA tubes, which
were drawn to a smaller diameter. The resulting wires were
stacked together inside a larger tube to form the array and
drawn a second time to achieve the desired dimensions. The
final fibres were assembled into an array and characterised.
The reported case in [75] had wires of approximately 8 𝜇m
diameter at 100 𝜇m spacing, which resulted in a plasma
frequency in the vicinity of 0.2–0.3 THz, depending on the
exact dimensions of the fibre. An example of this wire array
fibre and its transmittance are shown in Figure 11.The plasma
frequency is inferred from the transition from dielectric
behaviour observed at higher frequencies indicated by high
transmittance, to metallic behaviour at low frequencies,
indicated by poor transmittance. Excellent agreement with
simulations was noted [75, 159, 160].

6.2. Resonators: Magnetic Metamaterials. To achieve a mag-
netic response, an open loop of wire in the shape of a
“C” (a split ring resonator, SRR) or two such concentric
loops rotated 180∘ relative to each other (a double split ring
resonator, DSSR) can be used, as seen in Figure 12. The gap
in the open ring of the SRR or between the two rings in a
DSRR creates a capacitance, and the curved shape creates
an inductance. As a result, these structures have an LC
resonance and will result in a magnetic response at high
frequencies and from nonmagnetic materials [22, 163]. This
resonance will be driven by a magnetic field perpendicular
to the plane of the resonator (and also electric fields parallel
to the gap in a SRR). Such resonators will continue to
work in the longitudinally invariant case that would result
from fibre drawing. The resulting metamaterial will also be
anisotropic, having a permeability 𝜇 described by a resonance
in the 𝜇𝑧𝑧 component (magnetic field parallel to the fibre
axis), whilst 𝜇 will correspond to the free space value for
transverse magnetic field components. Interestingly, apart
from achieving a magnetic response at high frequencies, if
the resonance is strong enough, it will result in a negative
permeability and a magnetic plasma frequency, where 𝜇 = 0.
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Figure 11: Wire array metamaterial composed of indium wires in
a PMMA fibre, resulting in a tailored permittivity, described by a
plasma frequency at approximately 0.2–0.3 THz for radiation with
the electric field parallel to the wires. The reduction in transmission
at higher frequencies arises from dielectric resonances. The three
coloured curves represent fibres of slightly different sizes, with green
being the largest and blue the smallest. Adapted from [75].

Such resonators were also fabricated using drawingmeth-
ods and combinations of PMMA, PC, and Zeonex [76, 77].
The preforms were assembled by rolling indium sheet around
a PMMA tube, with a PMMA rod filling a gap in the sheet to
create the split in the ring (twice for DSRRs). This assembly
was then inserted inside a PC tube to form the preform and
drawn to fibre in several stages. A PMMA tube was used in
the inner sections of the resonator as the inner sections are
shielded by the metal and remain slightly colder compared to
the outer part of the preform. Hence, using a PMMA tube
(hollow, and with a lower 𝑇𝑔) inside and PC (higher 𝑇𝑔)
outside helped to ensure that the viscosity of the polymer was
uniform across the preform [76].

In the SRR case, the resonators were further stacked
inside a rectangular Zeonex slab [76]. Zeonex was used for its
transparency in the THz as discussed in Sections 2 and 5.This
created “sheets” of resonator arrays that could be assembled,
a first step towards forming bulk 3D metamaterials from
this method, as shown in Figure 12(b). The final resonators
were 100–350 𝜇m in diameter and had magnetic resonances
between 0.1 and 0.4 THz. The resonances were characterised
by a reduction in the transmittance; an example is shown in
Figure 12(d).

In the DSRR case, sleeving was required to increase
the outer diameter and help preserve the structure of the
two rings. The sleeve was later removed by etching. PMMA
and Zeonex sleeves were reported, but the Zeonex here
was used not for its transparency but because it could be
removed with cyclohexane, a solvent that does not affect
the PMMA and PC in the resonators themselves [77]. An
example of an etched fibre is shown in Figure 12(c). Such
fibres once etched were also assembled into arrays and
characterised in terms of transmittance. The final resonator
sizes were approximately 100 𝜇m in diameter, and resonances
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Figure 12: Magnetic resonator fibres containing indium metal. (a)
A split ring resonator fibre with PMMA in the inner part of the
indium resonator and PC on the outer. (b) A layered array of such
fibres consolidated in Zeonex slabs. (c) A double split ring resonator
fibre. (d) The transmittance of arrays as in (b) consisting of 1, 2, or
3 layers, characterised by the magnetic field of the radiation parallel
to the fibre axis. The magnetic resonance is indicated by the drop in
transmittance at 0.3 THz. Adapted from (a), (b), and (d) [76] and (c)
[77].

at 0.25 THzwere observed.These resonators were smaller rel-
ative to the resonant wavelength compared to SRR, meaning
a homogenous material would be more easily achieved. This
work also showed that fibre drawing could be extended to
more complex meta-atoms.

6.3. Future Directions and Limitations. The work on drawn
metamaterials is still in its early days. Basic control over the
electric and magnetic response has been demonstrated with

the wire array and magnetic resonator fibres, within the con-
straints of the longitudinally invariant fibre geometry. Poten-
tial extensions of this work include more complex structures
in fibres and combinations of fibres to producemetamaterials
composed of multiple meta-atoms. For example, woven
metamaterial structures could be realised with magnetic
resonator fibres woven perpendicular to wire array fibres. If a
negative permeability and permittivity are combined in such
a way, a negative refractive index [21] drawn metamaterial
fabric could be achieved.The smaller resonator to wavelength
ratio observed for DSRR would be advantageous in such
cases that require multiple components to be assembled.This
work also has the potential to be extended to the various
metamaterial devices that are currently being investigated,
such as metamaterial lenses and cloaking [26–28, 30].

In addition to metamaterials themselves, recent theoret-
ical work into metamaterial-based waveguides has reported
on many designs that would be compatible with the fibre
drawing process [164–166]. These offer the potential for
relatively small and even subwavelength confinement of
radiation.This is particularly relevant to terahertzwaveguides
discussed in Section 5, where the size of the wavelength is
an issue, and provide an alternative approach to investigating
thin waveguides.

The limitations of drawn metamaterials have not fully
been explored. Investigations thus far have been on the scale
of 10 to 100 𝜇m and at terahertz frequencies. Whether the
extension to smaller sizes and higher frequencies into the
infrared and visible is possible remains unclear. Work in the
visible would require 10 to 100 nm scales, which have been
fabricated in other material fibre systems [167]. Furthermore,
losses due tometals and the potential for introducing gain are
a concern for metamaterials research in general. At higher
frequencies, gold and silver are known to have preferable
optical properties, but their high melting points (∼1000∘C)
make them incompatible with any polymer.

The use of polymer has been a key in this work as it
built on the existing fabrication techniques developed for
mPOF described in Section 3 and allowed these fabrication
methods and metamaterials to be investigated on a short
time scale using an inexpensive fabrication and material
system. In the case of terahertz metamaterials, polymers offer
the additional advantage in the transparency of Zeonex and
Topas. Ultimately,metamaterials obtain their properties from
their structure; however, one important way in which the
constituent materials contribute is through their absorption.
At higher frequencies, other material systems with lower loss,
particularly metals, may be preferred.

7. Conclusion

The work on microstructured polymer fibres, as outlined
previously, has progressed through the three distinct areas
of optical fibres, terahertz waveguides, and drawn metama-
terials. The optical fibre work, mPOF, is the most developed,
having begun the earliest, and has reached the point where
specific applications are being pursued. These applications
are in sensing, particularly through the use of gratings,
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and short-distance data transmission. In these cases, the
use of microstructure and polymer offers distinct quantified
advantages, such as larger elastic limits, versatile fabrication
techniques, higher data rates, and significantly lower loss
in the simple case of a polymer single-mode fibre for the
visible, which in turn enables much of the work on gratings.
As a technology, its operation and limitations are largely
understood, and other than any possible technological devel-
opments, no significant change in this field is expected. Such
changes are of course possible, but would need to be triggered
by a new research effort and a qualitatively different approach
to what has been demonstrated thus far, a good example
being the potential widespread use of (currently unavailable)
fluorinated materials. These could significantly reduce the
loss of mPOF and allow their use at telecommunications
wavelengths, as discussed in Section 4.5.

The work on terahertz waveguides and drawn meta-
materials is still in its infancy in comparison. Waveguide
designs are in the process of being developed and refined for
use at terahertz frequencies, and polymers are an excellent
material in which to fabricate them. The terahertz field
itself is still emerging, and components taken for granted
in the visible and infrared, low-loss flexible waveguides in
this context, would find immediate uses in research and
eventually possibly in real applications.

The drawn metamaterials work has also barely reached
beyond the proof of concept stage, with only the basic electric
and magnetic metamaterial fibres having been reported.
Extensions of this work to more complex fibre geometries,
higher frequencies, and to metamaterial devices containing
these fibres will surely follow. The potential of the fibre
drawing technique is its inherent scalability to large volumes,
and this may prove advantageous when metamaterials such
as these begin finding applications.
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