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Additive Manufacturing (AM) is an emerging fabrication method for terahertz-frequency (THz) quasi-optical
components, allowing for the creation of complex geometries at an unprecedented short lead time whilst
being a cost-effective production method. However, many 3D-printable materials have sub-optimal material
properties at THz frequencies, while several AM processes lack the resolution required to produce optical
components suitable for operation above 1 THz.

This work reviews the THz response of a range of AM materials, analysing their optical properties. Addi-
tionally, relevant AM process factors for manufacturing THz optics are evaluated, including the achievable
minimum feature size, surface roughness and build rates, across AM process categories.

Studies demonstrate that AM processes capable of fabricating sub-100 um features, including vat photo-
polymerization, have the spatial resolution necessary for optics operating at frequencies above 1 THz. However,
they have a limited material choice of absorptive photopolymer resins. In contrast, material extrusion enables
access to a wider range of materials, including non-polar polymers that are highly transparent at THz fre-
quencies. However, it offers poor resolution and produces rough surfaces relative to the wavelength of the THz

region.

This review has identified several areas for future investigation, including the THz characterisation of AM-
manufactured ceramics and composites, which could offer desirable properties for THz optics.

1. Introduction

The terahertz-frequency (THz) band of the electromagnetic spectrum
includes frequencies ranging from approximately 0.1-10 THz and cor-
responding wavelengths (1) from around 3000-30 ym, encompassing
the millimetre and sub-millimetre bands [1]. Radiation in the THz re-
gion has a wide range of potential applications, including communica-
tion, spectroscopic and imaging applications. Due to their high
frequency, THz waves can act as carriers for high-bandwidth wireless
communications [2]. THz radiation also has the potential for material
characterisation [3] and, being non-ionising, has desirable properties for
both medical imaging and diagnostics [4].

However, the development of THz systems has, to date, been limited
by a lack of manufacturing capability for quasi-optical components.
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Typical infrared/visible optical materials are opaque at THz frequencies,
and as such, the range of commercial off-the-shelf optical components is
limited. Conversely, reflective quasi-optics and polymer-based lenses
have an order-of-magnitude stricter dimensional tolerances in the THz
band, compared with mm-wave, leading to higher scattering losses [5].
As such, new materials, and manufacturing techniques for optics in this
range are highly desirable.

Additive Manufacturing (AM) offers a potential solution to these
challenges and can produce complex, lightweight, and low-cost THz
components. AM is already being used to produce THz quasi-optical
components including, lenses, filters, waveguides, polarizers and
phase plates [5-8]. AM technologies can produce complex geometric
features including thin walls, hollow structures with internal cavities,
lattice geometries and helical structures [9]. These complex features
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allow for greater flexibility to create a range of quasi-optical designs
which would be challenging or impossible to produce using conven-
tional manufacturing techniques. Examples include freeform lenses and
waveguides with internal features [6,10]. This added manufacturing
capability could drive further advancements in the development of
quasi-optics.

However, several factors typically restrict 3D-printed components
from operating at frequencies above 1 THz. One such aspect is that the
most readily accessible AM processes do not have the necessary spatial
resolution to produce microfeatures with smooth surfaces, required to
reduce the attenuation of THz waves [11]. As the size of an optical
component is typically proportional to the desired wavelength, THz
optics require feature sizes on the ~ 10 um scale, which push the limits
of AM [12]. Lower-resolution AM processes also have high levels of
surface roughness which increases scattering losses at THz frequencies
[13].

Another limitation of using AM is a lack of available materials with
suitable properties at THz frequencies. The optical properties of mate-
rials have often been compared in literature [14,15]. However, existing
studies typically limit the comparisons to one AM process category or
material type and can be limited in the frequency range they cover.

Therefore, the focus of this review will be to examine the potential of
AM for the fabrication of THz quasi-optical components. Firstly, the
characteristics of a range of AM materials will be discussed, with a focus
on their refractive and absorptive properties at THz frequencies. Sec-
ondly, the process limits of AM technologies will be examined by
investigating the minimum feature size, surface roughness and build
rate. The review will culminate with a discussion indicating which AM
technologies and materials are the most appropriate for the manufacture
of exemplar optical components such as THz lenses. The review will aim
to provide clarity on AM’s potential in the field and provide focus to
future research.

2. AM material types & properties at THz frequencies

Due to the design restrictions and costs of conventional and high-
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resolution manufacturing techniques, research into using additive
manufacturing (AM) to manufacture quasi-optical THz components is a
rapidly expanding research area [11,16].

AM is a broad group of manufacturing processes with the general
principle being that a 3D geometry is created by layering material. ISO/
ASTM 52,900 defines seven AM process categories, with Material
Extrusion (ME), Powder Bed Fusion (PBF) and Vat Photopolymerization
(VP) being the most widely used [17]. Research has demonstrated that
ME, VP, PBF and Material Jetting (MJ) are capable of fabricating THz
waveguides, optics, substrates, and filters [5]. Examples of these com-
ponents are shown in Fig. 1. The majority of these are passive dielectric
devices for THz systems [7].

Quasi-optical devices are essential components for THz systems,
being required to direct and shape THz radiation [21]. The material
properties required for various quasi-optical devices are dependent on
the wave-guiding mechanism. Mirrors are composed of highly reflective
materials to ensure THz radiation is efficiently reflected. Whereas lenses
often require low-loss materials that exhibit high levels of transparency,
alongside a suitable refractive index for the chosen application.

Terahertz Time Domain Spectroscopy (THz-TDS) is commonly used
to investigate the properties of materials at THz frequencies. This
technique involves directing broadband THz pulses onto a material
followed by ultrafast sampling of the transmitted THz field in the time-
domain. The complex permittivity can then be determined from these
measurements [22], in addition to the layer thickness of multi-layer
samples [23]. Several studies have used this method to characterise
the properties of AM materials at THz frequencies [14,24].

Existing research has focused on investigating the properties of 3D
printed polymers at THz frequencies, largely because many non-polar
materials are highly transparent to THz radiation and have the poten-
tial to be used for THz lenses and windows [24,25]. Non-polar polymers
are used for THz applications due to their low absorption coefficients
with high-density polyethylene (HDPE), polytetrafluoroethylene (PTFE)
and polymethylpentene (PMP or TPX™) being popular material choices
for moulded components such as optics [26]. In contrast, polar polymers
such as polyvinyl chloride (PVC), polyethylene terephthalate (PET) and

Spiral phaseplate

Fig. 1. (A). 3D printed THz domain aspherical lenses. Reproduced with permission [18]. Copyright 2015, Springer Nature. (B). SLA printed 15 cm long fibre.
Reproduced under terms of the CC-BY licence [19]. Copyright 2021, Yang et al., Published by IEEE. (C). Polyjet printed THz phase plate. Reproduced under terms of
the CC-BY licence [8]. Copyright 2017, Liu et al., Published by Scientific Reports. (D). FDM printed Cyclic Olefin Copolymer THz waveplates. Reproduced with

permission [20]. Copyright 2021, Optica Publishing Group.



L. Phillips et al.

nylon have higher levels of THz absorption owing to larger dipole mo-
ments in the materials [27].

As THz radiation is unable to penetrate metals and highly polar
materials, metals including gold, silver and aluminium are used for THz
mirrors owing to their high reflectivity [28,29]. Studies have demon-
strated that metal AM techniques including selective laser melting (SLM)
can be used to manufacture reflective optics and devices designed to
guide and focus THz radiation. However, SLM produced devices have
significant losses owing to their high surface roughness compared to
more traditional manufacturing techniques [30]. The refractive and
absorptive properties of AM metal powders in the THz band are an
under-researched area, likely owing to metal AM systems being a costly
and less accessible AM technology [31].

The review will compare the properties of AM-printed polymers,
photopolymers, and composites at THz frequencies, highlighting the
properties achievable with different AM processes and the influence of
parameter optimisation on material properties.

2.1. The refractive index of am materials at THz frequencies

The real refractive index (n) is a key property for THz optics,
determining the amount THz waves refract when transmitting through a
material. Polymers with high transparency in the THz region typically
have a low refractive index (n ~ 1.5), as this minimises reflection loss
from surfaces [32].

The refractive index often correlates with a materials density with
more dense materials having a higher refractive index, for example,
Al,03 with a density of 3.99 g/cm® has a refractive index > 3 at 1 THz
[33]. However, the refractive index is also influenced by the materials
structure and composition and the relationship between density and
refractive index is not directly proportional for dense materials [34,35].

A moderate to high refractive index (n = >1.55) is typically required
to effectively direct and bend THz waves, a higher refractive index al-
lows for thinner lenses to be produced with shorter focal lengths [36].
For thin lenses this is demonstrated by the lens maker’s Eq. (1) with the
focal distance of the lens (f) being determined by both the refractive
index (n) of the material and the radius of the curvature of the first
surface (R;) and second surface (Ry) of the lens [37].

1 1 1
f—(nfl){Ri*Rfj @

A material with a higher refractive index allows for a reduced radius
of curvature and thickness. However, a material with a higher refractive
index suffers from larger reflection losses owing to the change in the
refractive index of air and the material when interfacing. Anti-reflective
coatings can be applied to materials with a high refractive index to
reduce these losses.

Conventional polymer moulded THz lenses typically have refractive
indices between n = 1.4 — 1.5 [38] comparable to the refractive indices
used for visible optics. Higher n values would allow thinner refractive
lens geometries to be achieved, and hence a potential reduction in
transmission loss. However, this is typically at the expense of higher
surface Fresnel reflectance and greater chromatic aberration.

Polar polymers are typically dispersive in the THz region, meaning
their refractive index varies with frequency [39]. However, non-polar
polymers such as polystyrene (PS) show weaker dispersion, having a
relatively constant refractive index, desirable for broadband optical
components [25,27]. Additionally, studies have shown that the refrac-
tive index of polymers at THz frequencies is temperature-dependent,
decreasing as temperature rises [40]. For example, a polypropylene
(PP) sample was shown to have a refractive index of approximately 1.56
at 1.2 THz and 298 K, decreasing to around 1.55 at the same frequency
when heated to 373 K [41].

Several studies have used THz-TDS to identify the refractive indices
of a range of AM materials including polymer filaments [7,14],
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photopolymers [15] and more recently ceramics [26] and composites
[24]. However, the refractive index of the same material can vary for
each THz-TDS measurement owing to differences in both the method of
sample preparation and the measurement technique used to characterise
the sample [42,43].

To investigate the refractive index of various AM materials data was
gathered from studies investigating the optical properties of AM-
produced samples. Fig. 2 showcases the collected result set for poly-
mer filaments compatible with the ME process. As shown, the recorded
refractive index of filaments has a large range from 1.48 to 1.79, with
polyvinyl alcohol (PVA) having the highest value. These results compare
with existing research showing that non-polar polymers typically have a
refractive index lower than or around 1.55. Whereas polar polymers are
in the region of 1.60 at 1 THz [27].

To compare different AM processes, the refractive index of photo-
polymers compatible with VP and MJ were also examined over the same
frequency range (Fig. 3). All photopolymer samples were fabricated
using AM systems, except for Phrozen Clear, which was cured in a mould
under UV light. Most photopolymers are shown to have a similar
refractive index between 1.61 and 1.72 with RC-90 having the highest
recorded value at 1.72.

Fig. 4 shows the range of refractive indices categorised by the pro-
cess. ME filaments have the widest range with recorded refractive
indices between 1.48 and 1.79. VP has a smaller range than ME, ranging
between 1.61 and 1.72 and MJ has the smallest range: between 1.66 and
1.69. MJ is generally a less accessible technology compared to ME and
VP and has a limited number of compatible materials.

The larger refractive index range of filaments would allow for greater
flexibility when designing THz optics, allowing for more compact and
efficient components. However, a refractive index range of 1.48-1.79 is
still relatively low, with higher refractive indices being desirable for
certain THz optics to refract radiation at more extreme angles [45,50].
Therefore, research is ongoing to discover AM materials with higher
refractive indices.

2.2. The absorption coefficient of AM materials at THz frequencies

The absorption coefficient () is another key property for THz optics,
determining the amount of THz radiation absorbed per unit length as it
passes through a material. It is typically measured in units of inverse
length, (i.e. cm torm™h).
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Fig. 2. The refractive index of 3D-printable materials compatible with ME at 1
THz, data obtained from references cited in [7,14,24,44-46].
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Fig. 4. The refractive index of AM materials at 1 THz, categorised by process,
data obtained from references cited in [7,14,15,24,47].

A low absorption coefficient is essential for THz lenses, ensuring that
there is minimal loss as the THz beam transmits through the optic.
Therefore, materials are often chosen for these applications with low
absorption coefficients at THz frequencies, typically below 10 cm™!
[45]. However, commercially available moulded lenses produced from
TPX™, Cyclic Olefin Copolymer (COC) and PTFE have an absorption
coefficient < 1 cm ™! at 1 THz.

The absorption coefficient of polymers is determined by their mo-
lecular structure. Differences in crystallinity, branching and the number
of polar bonds influence the types of vibrational modes and the energy
required to excite them, affecting the amount of THz radiation absorbed
[51]. Polar polymers, including PVC, polymethyl methacrylate (PMMA)
and PET exhibit higher absorption of THz due to them having an uneven
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charge distribution and large changes in dipole moments during the
molecular vibrations that correspond to the THz region [39,52].
Although non-polar polymers still have vibrational modes at THz fre-
quencies, the changes in dipole moment during these vibrations are
generally much weaker, resulting in fewer absorption peaks in their
spectra and a lower absorption coefficient than polar polymers [39].

Over the past decade research has been ongoing to record the ab-
sorption coefficient of several AM materials using THz-TDS [14,24].
However, just like the refractive index the absorption coefficient of the
same material can vary depending on sample preparation, or measure-
ment technique.

To examine the absorption coefficient of AM materials at 1 THz, data
was collected from a range of studies. Fig. 5 highlights the absorption
coefficients of AM-produced samples produced from various filaments at
1 THz. As shown, the absorption coefficients of these polymers range
significantly with more established AM materials, including polylactic
acid (PLA), PVA and Nylon being presented as highly absorptive mate-
rials with absorption coefficients ranging from 27 — 32cm L. These re-
sults also compare with existing research comparing polar and non-polar
polymers at THz frequencies, with polar polymers having a higher ab-
sorption coefficient [39].

Less commonly used filaments are shown to be highly transparent
with HDPE, Topas/COC and PS having recorded absorption coefficients
under 3 cm ! at 1 THz. Although these materials are less absorptive to
THz radiation they can be challenging to print for example, HDPE is
significantly more difficult to manufacture using Fused Filament
Fabrication (FFF) owing to its high-temperature expansion coefficient
[14].

Fig. 6 presents the absorption coefficient values of 3D printed sam-
ples made from a variety of photopolymers, except for Phrozen Clear,
which was UV-cured in a mould. As shown photopolymers have a high
absorption coefficient at 1 THz between 19 — 27 cm™". Studies have also
demonstrated that the absorption coefficient of photopolymers beyond 1
THz rapidly increases [15], limiting their potential to be used for
quasi-optical components at frequencies higher than 0.3 THz [47].

The properties of polymer powders compatible with PBF were also
searched for however, no relevant data could be found. This is likely due
to the powders typically used in PBF having high absorption coefficients.
For example, Selective Laser Sintering (SLS) typically prints using nylon
powder [54]. As previously highlighted nylon is an absorptive material
at THz frequencies and is unsuited for optical devices which could
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Fig. 5. The absorption coefficient of 3D printable materials compatible with
ME at 1 THz, data obtained from references cited in [7,45,46,53].
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explain the lack of research.

Fig. 7 shows a comparison of the recorded absorption coefficient
values of AM materials categorised by the process. As shown ME offers
the greatest range of properties being suitable for absorptive compo-
nents including filters and low-loss elements such as lenses.

Photopolymers produced using MJ and VP are shown to be generally
absorptive and would not be suitable for low-loss THz applications.
However, the composition of photopolymer resins can vary signifi-
cantly, with the choice of monomer and photoinitiator significantly
altering the polymer’s composition. Most AM photopolymer resins are
acrylic/methacrylate-based, as this composition allows for fast printing
speeds owing to its free radical polymerization mechanism [55]. How-
ever, vinyl ether and epoxy resins are also available but less commonly
used [56].

As many commercially available resins are acrylic-based, including
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Fig. 7. The absorption coefficient of AM materials at 1 THz categorised by
process, data obtained from references cited in [7,15,47,53].
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many of the Vero and Formlabs material family [57,58], studies have
primarily focused on these. The characterisation of a broader range of
photopolymer resin formulations with varying compositions of mono-
mers and photoinitiators could identify resins with an increased range of
spectral properties.

2.3. The influence of AM process parameters on THz properties

Although it is useful to compare the properties of AM materials at
THz frequencies, the properties of a material can be influenced by the
printing parameters chosen. For FFF parameters including the nozzle
diameter, printing pattern and layer thickness are shown to affect the
refractive index and absorption coefficient of AM samples [59]. This is
largely owing to these parameters affecting the porosity of the printed
material [60]. Research shows that adjustment of the layer height and
print direction can reduce the porosity of FFF-printed components from
around 7 % to 2 % [61].

Higher amounts of porosity in 3D printed components can increase
the amount of scattering loss owing to the interaction of the THz waves
with air voids within the material. However, increased porosity can also
reduce absorption as it reduces the density of the printed material, with
air having a lower absorption coefficient and refractive index. To reduce
the porosity of FFF-printed components caused by print defects, ma-
chine learning and process monitoring systems could be integrated.
Studies have demonstrated that voids and defects within printed com-
ponents can be detected using in situ thermal and optical cameras [62,
63]. Therefore, process monitoring systems could help to certify
FFF-printed quasi-optical components, reducing variability between
batches.

Fig. 8(A) demonstrates how optimising the parameters of FFF sys-
tems altered the optical properties of printed COC samples. Reducing the
nozzle size from 600 to 150 um and changing the printing temperatures
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Fig. 8. (A). The absorption coefficient of FFF printed COC samples at 1 THZ
before & after parameter optimization, data obtained from [44]. (B). The
refractive index of FFF printed COC samples at 1 THz before & after parameter
optimization, data obtained from [44].
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between a range of 190—260 °C reduced the absorption coefficient from
10 cm ™! to around 0.7 cm ™! at 1 THz. Fig. 8(B) shows that the changes
also increased the refractive index of the sample from 1.42 to 1.51 [44].
These results show how changes to FFF printing parameters can alter the
THz properties of AM materials, with optimised parameters allowing for
the fabrication of 3D printed THz lenses with increased transparency
and a higher refractive index.

Existing research has primarily investigated the influence of FFF
build parameters and the resulting change in spectral properties at THz
frequencies. However, a recent study fabricated photopolymer samples
via Stereolithography (SLA) with ranging UV exposure settings. The
results showed that the refractive index of the printed samples at 1 THz
increased from approximately 1.71 with 1 mJ/cm? exposure to 1.76
with 10 mJ/cm? of exposure [64]. This work demonstrates that the build
parameters for both VP and MJ, particularly the exposure level, can
influence the optical properties of printed components at THz fre-
quencies. However, the influence of various build parameters on VP, MJ
and PBF systems is largely unknown.

®
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2.4. THz optical properties of AM composites

Another consideration is that the spectral properties of materials at
THz frequencies can be modified with filler materials, allowing the
rational design of bespoke composites with desirable optical properties.

Fig. 9 showcases existing work characterising the properties of
polymer composites at 1 THz. This research demonstrates that increased
weight ratios of filler materials can influence both the refractive index
and absorption coefficient of materials. As shown, the addition of quartz,
a low-loss material, significantly decreased the absorption coefficient of
a resin, whilst the addition of Titanium dioxide, a highly absorptive
material, increased the absorption of the polyethylene (PE) composite.
However, the examples in this figure were not processed using AM
systems, polymers were compressed, moulded, or doped with filler
materials to form composite samples suitable for THz characterisation.

Recent studies have recognised the potential of AM composite ma-
terials for THz applications, with recent work using THz-TDS systems to
characterise materials which could be compatible with ME systems,
including PLA composites [24], PP composites [29] and acrylonitrile
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Fig. 9. Spectral properties of polymer composite materials produced via moulding, compression or doping, with varying weight ratios of filler materials (A)
Refractive index of polymer composites at 1 THz, data obtained from references cited in [29,48,65-67]. (B) The absorption coefficient of polymer composites at 1
THz, data obtained from references cited in [29,48,65-68].
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butadiene styrene (ABS) composites [68].

Fig. 10 shows the recorded refractive index of polymer composites
compared to the base polymer. It shows the refractive index of PLA
embedded with metal flakes increased from 1.64 to 2.10, with the
composite material having a significantly higher refractive index.

Research characterising the absorption of polymer composites at THz
frequencies also found that the absorption coefficient could increase or
decrease depending on the properties of the filler material. As shown in
Fig. 11, the addition of a highly absorptive metal, for example, Copper to
PLA increased the absorption coefficient from 27 to 38.4 cm™ . Whereas,
adding materials with lower absorption coefficients can decrease it, with
an ABS composite consisting of 40 % Rice Husk Ash having a coefficient
of 8.14 cm"l, significantly lower than ABS (16 cm ™).

Although VP offers higher resolution than ME, only a handful of
studies have investigated the properties of photopolymer composites
[69]. A 2023 study characterised the properties of GP-silica, a photo-
polymer embedded with silica nanoparticles. It found that a 3D printed
sample had an absorption coefficient of around 1.1 cm™, far lower than
any recorded photopolymer [70]. Previous research has also shown that
the addition of high purity alumina samples to a photopolymer
increased the index of refraction to around 3.09 at 1 THz [26]. However,
both studies post-processed the materials, firing the samples to debind
the photopolymer and sinter the ceramic particles and did not examine
the properties of the printed (green state) composite.

There are also several challenges associated with printing photo-
polymer composites containing ceramic fillers using stereolithography,
with extensive post-processing often being required to produce com-
ponents with smooth surfaces [71], which is crucial for THz optical
components. The addition of ceramic particles to photopolymer resins
can also increase the viscosity of resins and reduce the penetration depth
of UV light due to scattering effects, reducing the geometric accuracy of
the printed component [72].

Overall, these studies demonstrate that the addition of a filler ma-
terial can alter the absorption coefficient and refractive index of the
resulting composite. Adding highly transparent filler materials with a
high refractive index at THz frequencies to AM feedstock materials could
enable the production of more efficient THz optics to be fabricated using
3D printing. However, further investigation of the properties of AM
composites is required with current research being limited.
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Fig. 10. The refractive index of polymers and polymer composites at 1THz,
data obtained from references cited in [14,24,29,68].

Applied Materials Today 42 (2025) 102619

PP
- Composites

ABS
Composites

PLA
Composites
[45]

= w w AN
o o GO g O O
T

Absorption Coefficient (cm'1) at1THz
N N

(=

b§>\° I Polymer Filament
Q;-o" [ Composite Polymer

Fig. 11. The absorption coefficient of polymers and polymer composites at 1
THz, data obtained from references cited in [7,29,45,53,68].

3. The process characteristics of AM for quasi-optics production
3.1. The minimum feature size of AM processes

As a THz device size is proportional to the desired wavelength [73].
This can rule out several AM technologies from producing quasi-optical
components operational at frequencies above 1 THz, with AM-produced
devices often being restricted to operating at frequencies between 0.1—1
THz [11].

This is owing to the wavelength of 0.1—1 THz corresponding to 3 mm
- 300 um, with quasi-optical components requiring feature sizes an order
of magnitude smaller than the wavelength, to ensure features on optical
components do not scatter or distort THz waves [5,74]. As most AM
processes can create minimum feature sizes below 100 um the tech-
nology is well suited to this frequency range [20].

At the higher end up to 10 THz the wavelength can range as low as 30
um [75]. At these higher sub-mm frequencies, the required minimum
feature sizes can be in the region of or below 10-20 pm [12]. These
smaller feature sizes not being achievable with all AM processes.

Therefore, it is important to consider the process limits of different
AM technologies to assess their suitability to produce THz devices. The
recorded printable minimum feature sizes of six AM technologies were
collected from multiple studies. This data was plotted to show the range
of printable minimum feature sizes for each technology see Fig. 12.

As shown, many of these processes have the necessary resolution to
create devices operational at sub-mm frequencies. VP has been shown to
produce minimum feature sizes between 15 and 154 pm. This positions
it well for THz applications to be able to produce features at scales equal
to or below THz wavelengths. MJ and PBF had similar levels of resolu-
tion being able to achieve minimum feature sizes under 50 um. ME
produced the largest feature sizes with the smallest recorded feature
being 200 um. This would be suitable for devices operational around 1
THz. However, lenses produced using ME with key features aimed at
shorter wavelengths (>1 THz) may attenuate and distort THz waves,
reducing the effectiveness of the 3D-printed optical component.

3.2. The surface roughness of additive manufacturing processes

The surface roughness of AM-produced THz optics is a key consid-
eration when selecting an AM technology, as the roughness value can
directly influence the performance of the optical device.
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Fig. 12. Range of recorded feature sizes of AM processes, data obtained from
references cited in [76-80].

Studies have demonstrated that a surface roughness value consid-
erably below the operational frequency of optical components is
required to ensure optimal transmission of THz. A recent study exam-
ined the transmission of PTFE samples sanded with 40, 60, 80 and 220
grit sandpaper, resulting in surfaces with Root Mean Square (RMS)
roughness values of 222 um, 164.5 um, 105.5 um and 56.6 pm respec-
tively. At 1 THz (A = 300 um), the PTFE sample with an RMS roughness
of 105.5 um exhibited a significant decrease in transmission, despite the
roughness being approximately one-third of the wavelength. In contrast,
the PTFE sample with an RMS roughness of 56.6 um showed a minimal
drop in transmission. Highlighting the requirement for THz optical
surfaces to have a surface roughness considerably below the target
wavelength [81].

High surface roughness in THz optics or substrates can result in
diffuse scattering, as the interaction of the THz wave with a rough sur-
face causes the wave to scatter, resulting in a loss of transmission. This
attenuation reduces the performance of optical components. Therefore,
manufacturing processes need to be selected based on their ability to
produce smooth surfaces with roughness values considerably below the
target wavelength.

The Rayleigh Criterion (2) helps to determine whether a surface is
considered rough relative to the target wavelength of the incident ra-
diation. The Rayleigh Criterion considers a surface as rough if the
maximum height difference of the surface hy, exceeds the critical height
hc, which is determined by the wavelength 4 of the incident beam and
the angle of incidence 6i. The critical height is given by:

A
he = 8cosbi 2

If the maximum height difference of the surface hy, exceeds hc, the
surface is considered rough, with surface irregularities being large
enough to scatter incident radiation affecting the performance of optical
components [82].

A surface roughness of < 4/10 is typically acceptable for optical
components [83]. However, high-quality optical components and sub-
strates aim for a surface roughness equivalent to 1/20, to minimize
scattering and ensure enhanced performance [84]. The corresponding
wavelength and indicative surface roughness benchmarks of /10 and
/20 in the THz region (1—10 THz) are presented in Table 1. As shown
the surface roughness benchmark of A/20 ranges from approximately 15
um at 1 THz to 1.5 um at 10 THz, reflecting the shortening of the
wavelength with increasing frequency.

As previously highlighted AM technologies vary significantly in print
resolution, influencing the level of surface roughness of printed com-
ponents. A recent 2023 review by Golhin et al. examined the surface
roughness of 3D-printed polymers, comparing the roughness values of
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Table 1
Guideline surface roughness benchmarks for 1—10 THz.

Frequency \ Wavelength (1) Surface Roughness Surface Roughness

THz \ pm (2/10) \ pm (2/20) \ pm
1 THz ~300 30 15
2 THz ~150 15 7.5
3 THz ~100 10 5

4 THz ~75 7.5 3.75
5 THz ~60 6 3

6 THz ~50 5 2.5
7 THz ~43 4.3 2.15
8 THz ~37 3.7 1.85
9 THz ~33 3.3 1.65
10 THz ~30 3 1.5

printed surfaces when printed using different AM process categories
[85].

To assess whether AM processes are capable of manufacturing sur-
faces with roughness values comparable to the indicative benchmarks
(A/10, A/20), the average roughness values (Ra) of surfaces produced
using VP, MJ, PBF and ME were plotted using data obtained from the
recent review by Golhin et al., see Fig. 13. Due to the high variation in
surface roughness between side and top surfaces produced using ME
both were plotted.

As shown both VP and MJ can manufacture smooth surfaces with Ra
values < 15 um, with VP achieving Ra values ranging from 0.025—2.86,
meeting the requirements for high quality optics (1/20) in the THz re-
gion (1—10 THz).

ME and PBF were shown to produce surfaces with roughness values
comparable to or below (A/20) at 1 THz. However, at frequencies above
3 THz, optical components produced using these processes would likely
suffer from some level of attenuation owing to their higher surface
roughness.

Both ME and PBF produce rougher surfaces than VP and MJ because
they use thicker layer heights. The use of thicker printing layers and the
layer-by-layer printing approach leads to a staircase effect, where new
layers are deposited onto existing layers with differences in alignment
producing visible ridges and steps [88,92]. The staircase effect is less
pronounced with MJ and VP as they use thinner layer heights, resulting
in smoother surfaces [93,94]. Side and top surfaces produced using ME
have a high degree of variation in surface roughness, with side surfaces
being typically rougher owing to the staircase effect, top surfaces are
generally smoother as they are printed in a single path with the paths
overlapping to reduce roughness.

Studies have demonstrated that the surface roughness of components
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Fig. 13. Surface Roughness (Ra) of various AM process categories [86-91].
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fabricated using ME and PBF is influenced by the chosen process pa-
rameters. For ME the most influential parameters are the layer height,
infill density, part orientation, print speed and print temperature [95,
96]. The laser scan strategy is shown to impact the surface roughness of
SLS-produced components as it influences the melting behaviour of
powders and can lead to partially sintered powders adhering to sintered
geometry, increasing surface roughness.

However, there are a range of post-processing options for 3D-printed
components that can significantly improve the surface roughness of AM-
produced surfaces. 3D-printed polymers are typically post-processed
using mechanical abrasion (sanding or bead blasting), chemical treat-
ments, or applied with a coating to smooth surfaces [97,98].

Although ME and PBF have been shown to produce rougher surfaces
than MJ and VP, it has been demonstrated that the surface roughness of
both can be improved through various post-processing methods. For ME,
studies have shown that vapour smoothing can significantly improve the
surface finish, reducing the Ra of a printed ABS surface from around 9.5
to 4.5 um [99]. Turek also found that both mechanical and chemical
surface treatment could reduce the Ra of PBF-produced surfaces. Glass
bead blasting was shown to reduce the Ra value of a printed PA12
sample to a Ra range of 9.5-13.3 um. Vapour smoothing further reduced
this to a Ra range of 2-3.4 um [100]. Although post-processing can
reduce surface roughness, it can be labour intensive and increase the
overall cost of the 3D printed component. The dimensional accuracy of
components can also be reduced, which is critical for quasi-optical
components [101].

As demonstrated ME, PBF, VP and MJ can produce surfaces with
roughness values comparable to or below the wavelength scale of the
THz region (1-10 THz). Both VP and MJ are shown to be viable pro-
cesses to produce THz optics, capable of fabricating smooth surfaces
with roughness values comparable to (A/20) at 10 THz, meeting the
indicative benchmark for high quality optics without the need for post-
processing. Studies have shown that surfaces produced using PBF and
ME have higher levels of surface roughness. However, these processes
may be suitable for producing optical components operating around 1
THz owing to the longer wavelength, or could be post-processed to
achieve smoother surfaces, to reduce potential THz loss.

3.3. The build rate of AM processes

The build rate is a key consideration when choosing an AM process to
manufacture THz components. Although the resolution of processes is
key to a device’s achievable operational frequency for many applica-
tions, it needs to be balanced against the processing rate of the tech-
nology. As THz applications grow the number of components required
will increase substantially, for AM to be able to fulfil these
manufacturing demands suitable processes will need to be chosen with
high build rates for AM to be commercially viable.

To analyse this the build rates of several AM processes were
collected. This data was then plotted to show the range of recorded build
rates for five AM technologies see Fig. 14.

VP and PBF are shown to have relatively slow production rates in the
region of 10 s of cm®/h. ME can achieve fast build rates of up to 100
em®/h but has a large range with speeds as low as 4.2 cm®. This is likely
due to the number of print parameters which can be altered to increase
or decrease the printing rate including using different diameter nozzles.
MJ is shown to have the fastest build rate achieving a build rate as high
as 147 cm>/h.

MJ is well suited for small to medium-sized batch production of
quasi-optical components owing to its high processing rate and capa-
bility to produce multiple parts simultaneously. Although VP offers high
resolution its relatively slow processing rate is better suited for
prototyping.

Although the processing rate of AM systems can be adjusted, higher
print speeds on ME systems can impact the optical properties of samples,
with faster printing speeds reducing the refractive index and increasing
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Fig. 14. Range of recorded build rates for AM processes, data obtained from
references cited in [102-106].

the absorption coefficient of FFF-printed samples [107]. Variation of the
build rate would also likely impact the spectral properties of samples
printed using VP and MJ, as the exposure time is a key factor deter-
mining their throughput. Shorter exposure times would increase
throughput but could reduce the degree of polymerisation, altering the
microstructure of cured photopolymers and impacting their optical
properties at THz frequencies [64].

3.4. Limits to improving the resolution of AM technologies

New AM processes and materials are continuously being developed
and improving in resolution. The resolution of more widely available
systems may evolve to produce minimum features consistently in the
tens of microns scale. Several novel high-resolution AM technologies
have emerged which build upon existing AM processes allowing for the
manufacture of micro/nanoscale devices [108]. Therefore, it is impor-
tant to understand the restrictions of conventional AM technologies that
prevent them from producing smaller feature sizes. The hardware limits

Powder Bed Fusion

Laser Spot Size

Masked Stereolithography

Fig. 15. The hardware limits of AM technologies.
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of AM processes are presented in Fig. 15.

The resolution of both ME and MJ is limited by the nozzle diameter
used in the process. A smaller diameter allows for thinner layer thick-
nesses and line widths see Fig. 16(A). FFF is typically limited to a min-
imum nozzle size of 0.1-0.2 mm with studies showing that diameters
below this size have a negative effect on print quality [109]. This occurs
as smaller apertures lead to pressure build-ups which result in blockages
and reduces flow rates which cause changes in the rheological behaviour
of the filament, limiting the achievable resolution of FFF systems [110].

MJ systems use low-viscosity acrylate-based resins, these resins are
also often heated further reducing their viscosity [114]. Therefore,
reducing the nozzle size has less of an impact allowing the use of nozzles
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with apertures of 50 pm [115], allowing MJ to achieve smaller minimum
feature sizes than FFF.

Laser-based AM processes including SLS, SLM and SLA are limited in
terms of resolution by the size of the laser spot. A reduction in the laser
spot size allows for the creation of smaller minimum feature sizes and
increases the x and y resolution of printed parts [116].

The resolution of Masked Stereolithography (MSLA) and Digital
Light Processing (DLP) systems is determined by the pixel resolution of
the screen/projector installed. Replacing a 2 K screen with a 4 K screen
can increase the x/y printing resolution of an MSLA system by up to 10
um [117]. The resolution of these processes has continually improved
with each new model, MSLA screen resolutions have improved from 2 K

= 200 ym
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=400 ym
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Fig. 16. (A) Comparison of different nozzle diameters showing microscopy images of the nozzle orifices and the microchannel obtained with each nozzle diameter.
Reproduced with permission [111]. Copyright 2021, Royal Society of Chemistry. (B) MSLA line width adjustment by pixel length. Reproduced under terms of the
CC-BY license [112]. Copyright 2022, Zuchowicz et al., published by MDPI. (C). L-PBF laser spot size comparison. Reproduced with permission [113]. Copyright

2020, Elsevier.

10



L. Phillips et al.

to 4 K with more recent models having 8 K screens [112].

VP processes including laser and screen-based processes are shown to
be less restricted in achieving higher resolutions, with manufacturers
improving the resolution of these processes with each new model. In
future MSLA systems may be installed with higher resolution screens.
Nozzle based processes are more restricted owing to the complications of
using smaller nozzle orifices and the effect it can have on the printing
process. Future advancements in AM technologies increasing their res-
olution could enable the fabrication of high-value THz optical compo-
nents on low-cost desktop AM systems, improving the surface finish and
geometric accuracy of 3D printed optics.

3.5. Advanced AM processes capable of producing THz devices

Although the review has identified some commercially available AM
technologies which can create minimum feature sizes compatible with
THz wavelengths, these systems would struggle to produce quasi-optical
components operational at the upper end of the THz spectrum. These
frequencies require minimum feature sizes in the scale of tens of microns
[118]. Therefore, it is important to consider the potential of more
advanced AM technologies for the manufacture of high-frequency THz
devices.

Conventional micro and nano-fabrication processes, such as micro-
machining, lithography, and microforming are highly precise, yet they
are limited in their ability to manufacture complex 3D geometries. These
techniques struggle to produce high-aspect-ratio structures and complex
geometric features such as conical spirals and polyhedral shapes [119].
Additionally, they have a limited material library and processing ca-
pacity [120]. These restrictions limit the types of quasi-optical designs
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that can produced with conventional techniques, with advanced AM
techniques providing a potential solution to manufacture complex 3D
geometries at the nano and micro scale.

Aerosol Jet Printing (AJP), Direct Ink Writing (DIW), Two-Photon
Polymerization (TPP) and forms of Electrohydrodynamic (EHD) 3D
printing have all been identified as high-precision AM processes well
suited to produce micro and nanoelectronics [121]. Diagrams of the
EHD, AJP and TPP processes are shown in Fig. 17.

Although AJP, DIW and EHD propel material through a nozzle they
can achieve higher resolutions than other nozzle-based AM technologies
such as ME and MJ. Typically, these advanced processes use low-
viscosity materials typically inks/gels which allows for nozzles with
smaller apertures to be used [122]. There are examples of DIW using
nozzle sizes as low as 50 pm [123]. Both AJP and EHD printing tech-
niques propel material through a nozzle at a smaller diameter than the
nozzles orifice achieving a higher print resolution.

AJP does this by using a carrier and sheath gas to transport droplets
of a material. The sheath gas focuses the droplets into a beam with a
diameter below the size of the nozzle’s orifice [124].

EHD printing processes require high voltages to generate powerful
electric fields which control depositions from a nozzle. The electric field
draws material from the nozzle creating a Taylors cone with extruded
material having a diameter smaller than the nozzle size [125]. The EHD
technique is often hybridised with another AM process for example EHD
FFF (E-FFF) to improve the resolution of the technology [126].

TPP is an advanced form of VP and is well-established as a method
for micro/nanofabrication [127]. Unlike SLA, which is limited in terms
of resolution by the laser spot size, TPP uses a femtosecond laser. This
laser creates short pulses which penetrate the resin bath with the pulses
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Fig. 17. (A) Electrohydrodynamic 3D printing diagram. (B) Aerosol Jet printing diagram. (C) Two-Photon Polymerization instrumentation. (D) Two-Photon

Polymerization process.
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working to excite the photopolymer, triggering polymerization in an
extremely localized volume [128].

To indicate the resolution of these advanced processes several studies
were analysed to investigate the record printable line widths see Fig. 18.

As shown TPP can print extremely small line widths as low as 80 nm,
surpassing the resolution of other more common VP technologies.
However, this level of resolution is considerably below the wavelength
scale of the THz band, being better suited for producing meta surfaces
which feature unique optical properties [129].

Electrohydrodynamic FFF far exceeds the resolution of standard FFF
systems being able to print line widths as low as 20 pm. AJP and DIW
also printed at high resolutions producing line widths of 20 pm and 50
pm, respectively.

Although the minimum feature size and line width have different
meanings they are related, these line widths values are far below what is
achievable with more common forms of AM showing their potential to
fabricate high-resolution structures needed for high-frequency
applications.

The applications for these technologies exploit their high resolution,
with their being example applications in the biomedical field [133] and
increasingly in the electronics industry for micro and nanoelectronics
[121]. A comprehensive literature search revealed that there are few
examples of their use to produce components for THz applications, with
AJP being used as a method to coat 3D printed components operating at
THz frequencies [134]. This is likely owing to these processes being
more experimental and highly specialised. The capital equipment costs
of some of these processes also limit access to them with TPP systems
costing over $100,000 in 2017 [135]. VP and ME systems are more
affordable as patents for these technologies have expired decreasing the
price significantly.

Recent studies have identified TPP’s potential for producing THz
components due to its sub-micron resolution however, compatible
photopolymers are shown to be absorptive at high frequencies [70].

4. Evaluation of AM processes to produce THz optics

The review has investigated the optical properties of AM materials at
THz frequencies. It has also analysed the process characteristics of a
range of AM technologies and assessed their suitability to produce quasi-
optical components.

Although several advanced technologies were investigated, this was
to show the upper limits AM can achieve in terms of resolution. These
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highly precise technologies are typically suited to high-value or large-
scale manufacturing and are less accessible and expensive to purchase.
They also have their own drawbacks which rule them out, for example,
TPP is shown to have a slow build rate and therefore would not be
suitable for mass or even medium-sized batch manufacturing. Therefore,
the focus of the discussion will be on more accessible AM technologies.

An evaluation of ME, VP, MJ and PBF was undertaken using data
obtained throughout the review to assess their suitability to fabricate
THz optics, see Fig. 19. To classify the technologies, they were scored
against five factors, see Table 2. Midpoints of data ranges were used to
calculate the mean.

The following criteria were used to score processes based on their
suitability to produce quasi-optical components:

1. Mean minimum feature size: Processes capable of producing smaller
feature sizes received higher scores.

Hl Material Extrusion
Bl Material Jetting
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Bl Powder Bed Fusion
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Fig. 19. Suitability of different AM-processes
optical components.

to manufacture quasi-

50 80 100

160 200 pm

Fig. 18. (A). Electrohydrodynamic jet FFF printed sample. Adapted with permission, scale indicator added [126]. Copyright 2016, IOP Science. (B). SEM Images of
80 nm polymer lines made using TPP. Reproduced with permission [130]. Copyright 2007, AIP Publishing. (C). Aerosol Jet printed line array 20 um linewidth.
Reproduced with permission [131]. Copyright 2018, IOP Science. (D). DIW-printed silver line array. Reproduced with permission [132]. Copyright 2023, ACS

Publications.
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Table 2
Scoring of AM processes based on suitability to manufacture THz devices.
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Process Refractive Indices (Range Absorption Coefficients (Lowest Mean Minimum Feature = Mean Surface Mean Build Rate
Value at 1 THz) Value at 1 THz) Size (um) Roughness (um) (cm®/h)
Material Extrusion 31 1 415.17 12.09 28.74
Material Jetting .03 24 182.42 5.67 87.45
Vat 11 19 80.75 1.42 24.03
Photopolymerization
Powder Bed Fusion N/A N/A 270.67 14.76 29.82

2. Mean build rate: A higher processing rate was scored more
favourably.

3. Mean Surface Roughness: Processes that produced smoother surfaces
received higher scores.

4. Minimum absorption coefficient at 1 THz: Higher scores were
awarded based on the ability to print transparent materials.

5. Refractive index range at 1 THz: High scores were awarded based on
the ability to print materials with a larger range of refractive indices.

To reduce loss, optical components require highly transparent ma-
terials. Therefore, materials are chosen with a low absorption coefficient
for the target frequency of the optic. VP, MJ and PBF were shown to have
a material library primarily consisting of materials with a high absorp-
tion coefficient >15 cm™ at 1 THz. Alternatively, ME can print using a
range of filaments, including some non-polar polymers (HDPE and PS)
which are highly transparent in the THz region.

A moderate to high refractive index (n = >1.55) is also desirable for
THz lenses allowing for more efficient manipulation of THz waves, with
higher refractive indices allowing for lenses which are thinner and have
a shorter focal length. ME has been shown to print materials with
refractive indices ranging from 1.48 to 1.70. However, although both
Nylon and PVA filaments have a high refractive index and are compat-
ible with ME, they are both polar polymers which are highly absorptive
in the THz region. The refractive index of photopolymers compatible
with MJ and VP were more limited, ranging from 1.61 to 1.72 at 1 THz.

Smooth surfaces comparable to the operational wavelength of the
lens are also required to reduce loss through diffuse scattering. ME and
PBF were shown to produce surfaces with roughness average values
comparable to 1/20 for 1 THz (15 pm). However, optics manufactured
using PBF or ME operational beyond >1 THz would be more likely to
experience loss due to the shortening of the wavelength. Both VP and MJ
were shown to be capable of producing smoother surfaces than ME and
PBF, with roughness averages comparable to the /20 for 10 THz (1.5
um).

The build rates of AM processes were also investigated, although the
build rate is not a critical factor in the production of quasi-optical
components, a faster build rate allows for more scalable production.
MJ was shown to highest processing rate, with a mean build rate of 87.5
cm®/h, being well suited for small to medium-sized batch production.
ME, PBF and VP were shown to have a lower processing rate and would
be better suited for the manufacture of small batches or individual
components.

As shown, there are trade-offs between the various process categories
with advantages and disadvantages to producing THz optical compo-
nents with each. The choice of AM process will be highly dependent on
the requirements of the quasi-optical component and its desired
properties.

5. Potential areas for future investigation

The review has uncovered several areas that would be fruitful to
explore through new research.
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5.1. THz characterisation with standardised AM parameters

One avenue would be to repeat some of the identified experiments
investigating the properties of AM materials at THz frequencies. The
review collected results from multiple sources with materials samples
being manufactured using different AM systems and models. As dis-
cussed, any adjustments to the build parameters on an AM system can
alter the material’s properties, another consideration is that different
systems have varying levels of build quality. Repeating the experiments
with a set of standardised parameters on the same printer would provide
a more accurate comparison of the properties of AM materials at THz
frequencies.

Additionally, research has demonstrated that optimisation of AM
parameters can lead to a significant change in the properties of AM
materials at THz frequencies. Further research should expand on this
showcasing what is achievable and investigating the limits of this
relationship.

Further characterization of AM materials would also be beneficial to
the field. As the number of materials available for AM systems is
continuously growing further investigation of new materials with wider-
ranging properties could enhance the appeal of 3D printing for THz
applications. Promising materials are shown to be ceramics as they have
desirable properties for optical devices.

The spectral properties of AM materials beyond 1 THz are largely
unknown, with few studies conducting material characterisation at
these higher frequencies. Characterisation of materials above 1 THz
could identify the vibrational modes and the unique spectral features of
AM materials at higher frequencies, determining their suitability to be
used for quasi-optical components across an extended bandwidth.

5.2. THz characterisation of photopolymer composites

Although the properties of 3D-printed composites have been inves-
tigated, the focus of this work has been on filaments compatible with
ME. Although filaments have wide-ranging properties ME does not have
the required resolution for fabricating THz optics with a target fre-
quency >1 THz. Further investigation of the properties of composite
resins compatible with VP could be valuable as this technology offers the
resolution needed but is limited by the properties of photopolymer
materials with them being absorptive, with composites potentially of-
fering a wider range of material properties.

5.3. THz characterisation of absorptive AM materials

The review identified a lack of research on the properties of materials
compatible with PBF and other metal AM technologies. These materials
would likely be unsuitable for refractive lenses and other low-loss THz
components due to metals and polar polymers being absorptive to THz
radiation. However, they may possess desirable properties, including a
high refractive index and a high degree of reflectivity, suitable for THz
mirrors.

5.4. Comparison of AM and conventionally manufactured quasi-optics

As discussed throughout the review, research primarily focuses on
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the THz characterisation of AM materials and the demonstration of 3D-
printed quasi-optical components. However, it would be beneficial to
compare the performance of 3D-printed components against conven-
tionally manufactured optics to assess their potential. As highlighted in
the review, 3D-printed components can contain voids and pores within
their structure, and their surfaces can also have high levels of roughness.
These imperfections may reduce the performance of 3D printed optics,
unlike moulded alternatives which have smooth surfaces and signifi-
cantly lower porosity. There may also be variations between batches of
3D-printed components, requiring a robust quality control process to
validate printed quasi-optics.

6. Conclusion

The review investigated the potential of additive manufacturing to
produce the next generation of THz quasi-optical components. It has
been shown that several additive processes can print minimum feature
sizes under 100 ym and can produce surfaces smooth in relation to the
wavelength of the THz region (1-10 THz). Some of these technologies
have also developed to now be low-cost and easily accessible.

However, a trade-off between resolution and material properties has
been identified. High-resolution additive processes, such as vat photo-
polymerization, have a limited material choice owing to photopolymer
resins being absorptive and having a relatively low refractive index at
THz frequencies. In contrast, lower-resolution processes, including ma-
terial extrusion, have a wider material library which includes non-polar
polymers which are highly transparent in the THz region. However, the
process does not have the necessary resolution to produce feature sizes
and surface finishes comparable to the wavelengths in the THz region,
which are required for THz optics.

Optics fabricated using high-resolution techniques may be inefficient
owing to the use of absorptive materials. Whereas low-resolution tech-
niques may produce optics which experience attenuation losses due to
poor geometric accuracy and high surface roughness.

3D printed composites and ceramics are a possible solution to widen
the range of material properties. These materials could allow for the
production of THz lenses which absorb less THz radiation, are thinner
and have a shorter focal distance.

Further characterisation of the optical properties of AM materials at
THz frequencies is required to showcase which processes would be more
suitable for various quasi-optical designs. A better understanding of the
properties of AM materials beyond 1 THz is also needed, with most
examples characterising the properties around or below 1 THz.

Appendix A. Collected data of the refractive indices of AM materials
(Table 3).

Table 3
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The recorded refractive index (n) of 3D printed samples made from various AM materials at 1 THz.

Material Name AM Material Group nat 1 THz References
PP Filament (FFF) 1.48 [24]
HIPS Filament (FFF) 1.49 [7]
HDPE Filament (FFF) 1.53 [14]
Cyclic Olefin Copolymer (TOPAS) Filament (FFF) 1.53 [44]
ASA Filament (FFF) 1.54 [45]
PS Filament (FFF) 1.56 [14]
ABS Filament (FFF) 1.57 [14]
PLA Wood Composite Filament (FFF) 1.59 [24]
PET-G Filament (FFF) 1.6 [7]
HTM140 V2 Photopolymer (VP) 1.61 [15]
Peopoly Grey UV Resin Photopolymer (VP) 1.61 [45]
TPU Filament (FFF) 1.62 [45]
Formlabs Gray Resin Photopolymer (VP) 1.62 [15]
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(continued on next page)
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Table 3 (continued)

Material Name AM Material Group nat1 THz References

Formlabs Clear Resin Photopolymer (VP) 1.635 [471

PLA Filament (FFF) 1.64 [24]

PC Filament (FFF) 1.64 [24]

BVOH Filament (FFF) 1.64 [24]

ABS Flex Black Photopolymer (VP) 1.64 [15]

RGD450 Photopolymer (MJ) 1.66 [15]

ABS Tough Photopolymer (VP) 1.66 [15]

Phrozen Clear Photopolymer (VP) 1.66 [48]

Co-Polyester Filament (FFF) 1.67 [46]

VeroBlue RGD240 Photopolymer (MJ) 1.69 [47]

Photosilver Photopolymer (VP) 1.69 [15]

Unspecified UV Resin Photopolymer (VP) 1.70 [49]

Nylon Filament (FFF) 1.71 [14]

RC-90 Photopolymer (VP) 1.72 [15]

PVA Filament (FFF) 1.79 [71

PLA Cu Composite Filament (FFF) 1.79 [45]

PLA Stone Composite Filament (FFF) 1.8 [24]

PLA Metal Composite Filament (FFF) 2.1 [24]

PLA Conductive Composite Filament (FFF) 2.38 [45]

Alumina Ceramic Composite (VP) 3.9 [26]

Appendix B. Collected data of the absorption coefficients of AM materials
(Table 4)
Table 4
The recorded absorption coefficient (o) of 3D printed samples made from various AM materials at 1 THz.

Material Name AM Material Group Absorption Coefficient (cm™!) at 1 THz References
COC (TOPAS) Filament (FFF) 1 [53]
HDPE Filament (FFF) 1.20 [45]
PS Filament (FFF) 3 [53]
HIPS Filament (FFF) 5 [7]
Co-Polyester Filament (FFF) 8 [46]
PC Filament (FFF) 10 [71
ABS Filament (FFF) 16 [53]
PP Filament (FFF) 18 [71
Gray Resin Photopolymer (VP) 19 [15]
ASA Filament (FFF) 20.2 [45]
ABS Tough Photopolymer (VP) 20.5 [15]
HTM140 V V2 Photopolymer (VP) 21 [15]
Phrozen Clear Photopolymer (VP) 21.1 [48]
RC-70 Photopolymer (VP) 21.75 [15]
Photosilver Photopolymer (VP) 22.5 [15]
ABS Flex Black Photopolymer (VP) 22.6 [15]
PET-G Filament (FFF) 23 [7]
Peopoly Grey Photopolymer (VP) 23.3 [45]
RGD450 Photopolymer (MJ) 24 [15]
VeroBlue RGD240 Photopolymer (MJ) (Converted value) 25 [471
Formlabs Clear Photopolymer (VP) (Converted value) 27 [47]
PLA Filament (FFF) 27 [53]
TPU Filament (FFF) 29.3 [45]
PVA Filament (FFF) 30.6 [45]
Nylon Filament (FFF) 32 [71
PLA Cu Composite Filament (FFF) 38.4 [45]
PLA Conductive Composite Filament (FFF) 255 [45]

Appendix C. Existing research characterising composites at THz frequencies

(Tables 5, 6)

Table 5

Refractive indices of various composite materials at 1 THz.
Composite nat1 THz References
PDMS + PTFE wt% PDMS = 1.501 [66]

10 % PTFE = 1.515
20 % PTFE = 1.512
40 % PTFE = 1.498

(continued on next page)
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Composite

nat1 THz

References

PDMS + Alumina wt%

PVC + PS wt%

PLA + Quartz

PA + Quartz

UV Resin + Quartz

PS + Wood Powder

PP + Wood Powder

ABS + Rice Husk Ash (Si02)

PE + TiO2

PDMS = 1.501

10 % Alumina = 1.557
20 % Alumina = 1.6
40 % Alumina = 1.681
100 % PVC = 1.663
25 % PS = 1.652
50 % PS = 1.634
75 % PS = 1.617
100 % PS = 1.592
(1THz)

PLA =1.58

Quartz =1.96

10 % Quartz = 1.59
20 % Quartz = 1.61
30 % Quartz = 1.63
40 % Quartz = 1.65
50 % Quartz = 1.67
(1THz)

PA =1.60

Quartz =1.96

10 % Quartz = 1.60
20 % Quartz = 1.62
30 % Quartz = 1.62
40 % Quartz = 1.64
50 % Quartz =1.65
(1THz)

Resin=1.66

Quartz =1.96

10 % Quartz =1.64
20 % Quartz = 1.61
30 % Quartz = 1.57
40 % Quartz = 1.61
50 % Quartz = 1.66
(1THz)

PS=1.56

10 % WP=1.59

20 % WP=1.6

30 % WP=1.627

40 % WP=1.656

50 % WP=1.676
(1THz)

PP=1.48

10 %=1.50

20 %=1.53

30 %=1.55

40 %=1.57

50 %=1.60

(1THz)

ABS=1.56

10 %RHA=1.578
40 %RHA=1.605
50 %RHA=1.601
(1THz)

PE=1.6

20% =17

40 % = 1.81

60 % = 2.12

80 % = 2.96

[66]

[67]

[48]

[48]

[48]

[29]

[29]

[68]

[65]

Table 6

Absorption coefficients of various composite materials at 1 THz.

Composite

Absorption Coefficient (cm™!) at 1THz

References

PDMS + PTFE wt%

PDMS + Alumina wt%

0% =17.63

10 % =17.55
20 % =16.05
40 % = 15.23
0 % = 18.69

20 % =18.31
40 % =17.59
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Table 6 (continued)

Applied Materials Today 42 (2025) 102619

Composite

Absorption Coefficient (cm™!) at 1THz

References

PS + PVC wt%

PLA + Quartz wt%

PA + Quartz wt%

UV Resin + Quartz wt%

PS + Wood Powder wt%

PP + Wood Powder wt%

ABS + Rice Husk Ash (Si02)

PE + TiO2

0% =10.4

50 % =14.9

75 % = 17.72

PLA =19.27
Quartz=5

10 % Quartz = 18.65
20 % Quartz = 16.94
30 % Quartz = 15.50
40 % Quartz = 14.58
50 % Quartz = 12.30
PA =20.41
Quartz=5

10 % Quartz = 17.13
20 % Quartz = 16.75
30 % Quartz = 15.53
40 % Quartz = 15.19
50 % Quartz = 12.42
Resin=21.09
Quartz=5

10 % Quartz =19.37
20 % Quartz = 19.92
30 % Quartz = 17.99
40 % Quartz = 14.28
50 % Quartz = 12.18
PS=4.6

10 % WP=8.7

20 % WP=10.9

30 % WP=13.58

40 % WP=16.3

50 % WP=19

10 % WP=5.11

20 % WP=8.21

30 % WP=10.7

40 % WP=12.72

50 % WP=15

60 % WP =17

ABS =12.72

10 %RHA=9.79

20 %RHA=8.57

30 %RHA=8.94

40 %RHA=8.14

50 %RHA=7.96

PE =0.18

40 %=3.15

80 %=11.5

[671

[48]

[48]

[48]

[29]

[29]

[68]

[65]

Appendix D. Collected data of the minimum feature size of AM processes

(Table 7)

Table 7

Recorded feature sizes of AM processes.

Process

Recorded Minimum Feature Size in Microns

References

ME

ME

ME

MJ

MJ

MJ

MJ

MJ

MJ (Polyjet)
PBF (DMLS)
PBF (SLM)
PBF (SLS)
PBF (DMLS)
PBF (DMLS)
PBF (SLS)
VP (SLA)
VP

TPP

TPP

600
321-370
200-400
100
340
50-100
42

300
205-270
381

140
500

153
380
40-100
94-154
15-60
0.018
0.1

[80]
[771
[79]
[136]
[80]
[137]
[79]
[138]
[771
[139]
[139]
[80]
[78]
[78]
[78]
[771
[76]
[140]
[141]
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Appendix E. Surface roughness measurements of AM-produced surfaces

(Table 8)

Table 8
Surface roughness measurements of AM-produced surfaces made with various AM process categories.

Process Roughness Average (Ra) Material System References
Material Extrusion (Top Surface) 0.7-10.5 PLA Ultimaker 2 + [86]
Material Extrusion (Side Surface) 4.7-12.8 PLA Ultimaker 2 + [86]
Material Extrusion (Top Surface) 2-7 ABS & TPU Creality CR10 [87]
Material Extrusion (Side Surface) 21-38 ABS & TPU Creality CR10 [871
Selective Laser Sintering 13-17 PA12 EOS Formiga P110 [88]
Selective Laser Sintering 14.40-14.62 PA12 EOS Formiga P110 [142]
Material Jetting 0.8-12.99 FullCure 720 Objet 250 [89]
Material Jetting 0.338-8.532 Visijet M2R-WT MJP2500 [90]
Stereolithography 0.025-2.86 Gray Resin V3 Form 2 [91]
Stereolithography 0.995-1.815 Dental LT Clear Form 2 [143]
Appendix F. Collected data of the build rates of AM processes
(Table 9)
Table 9
Recorded build rates of AM processes.
Process & Category Build Rate (cm®/h) References
FFF 10-100 [105]
FFF 4.2-13.2 [102]
FFF 10-80 [144]
FFF 15 [103]
FFF 20 [145]
VP (SLA) 6.6-11.4 [102]
VP (DLP CLIP Carbon 1) 13.8 [146]
VP (DLP CLIP Carbon 2) 41.3 [146]
VP (SLA) 42 [103]
TPP 0.01-0.1 [147]
PBF (SLS) 60 [103]
PBF (SLM) 1-35 [104]
PBF (SLM) 5-50 [104]
PBF (SLM) 1.62-25.92 [148]
MJ 54-69.6 [102]
MJ 69-147 [106]
MJ 75-147 [149]
MJ 69 [150]
Appendix G. Collected data of the recorded line widths of high-end AM processes
(Table 10)
Table 10
Recorded line widths of high-end AM processes.
AM Process Recorded Line Width Compatible Materials References
Two Photon Polymerization (2PP) 100 nano meters Photopolymers, Photopolymer Composites [151]
Two Photon Polymerization (2PP) 80 nano meters Photopolymers, Photopolymer Composites [130]
Electrohydrodynamic FFF (EFFF) 10 um Polymers, Composites [126]
Aerosol Jet Printing 20-35 pm Various Inks, Nano particle composite inks [124]
[131]
Direct Ink Writing 50 - 200 Polymers, Ceramics, Glass, Metals, Composites [132]
[122]

Data availability

No new data are associated with this article. All data presented in this
review are reproduced from their respective references.
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