Silica optical fibre drawn from 3D printed preforms
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Silica optical fibre was drawn from a three-dimensional
(3D) printed preform. Both single mode and multimode
fibres are reported. The results demonstrate additive
manufacturing of glass optical fibres and its potential to
disrupt traditional optical fibre fabrication. It opens up
fibre designs for novel applications hitherto not possible.
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Silica optical fibres are the backbone of both the global
telecommunications and internet-of things (IoT) networks [1-2].
Other fibre materials fill niche gaps, such as low-cost multimode
polymer fibres for data networks. These have recently experienced
a major fabrication disruption arising from the proposal and
subsequent introduction of optical preforms fabricated using
additive manufacturing methods [3-4]. Such methods use bottom-
up 3D printing that can circumvent traditional assembly with lathe-
based or manual stack-and-draw approaches [5-10]. These
conventional methods often share the significant limitation of being
centre-derived assembly methods, shaped by a central axis in a
spinning lathe. Additive manufacture, or 3D printing, by contrast
promises to disrupt this space. Further, beyond preform fabrication,
the idea of entirely drawing fibre from a 3D printer has been
proposed and demonstrated [11], capitalized upon by others [12].
However, despite these and other innovations that followed, silica
remains the holy grail of 3D printing optical fibre because of is
ubiquity and low loss against which no niche alternative can
compete. This is a grand challenge that needs to be met. Here, we
report the first demonstration of additive manufacturing of a silica
based preform using both 3D printing and thermal processing,

One of the challenges with 3D printing silica fibres is the ultra-
high temperatures required, often exceeding T = 1900 °C. The
practical issue of developing technology that can handle such
temperatures when melting the glass and moving it around on an

xyz stage has impeded development in this area. Nonetheless, glass
printing has been reported, including a brute force approach using
fused deposition modelling (FDM) with high temperature zirconate
nozzles to pump through molten silica [13]. Unfortunately, this
approach was also stymied by the high viscosity of the glass, limiting
practical printing at this stage to a resolution of ~ 4 mm, ten times
worse than common plastic based FDM. To circumvent the
extraordinarily high temperatures required, hybrid or composite
material using a lower melting polymer with either organic
encapsulated silica [14-15] or nano or micro particles of glass has
been reported [16]. The first 3D printed transparent fused silica
glass extending several millimeters but with micron resolution, was
achieved using ultraviolet (UV) sensitive monomer suspended with
silica and direct light project (DLP) 3D printing or direct laser
writing [17-18]. Similar methods were used based on direct ink
writing (DIW) to obtain several centimeter long samples with sub-
millimeter resolution [19-20]. These latter methods used sol-gel
silica suspended in an aqueous organic solution. Overall the main
processes are similar involving material formulation to reduce
thermal temperatures, photo- or thermal-polymerization to solidify
the liquid state and subsequent polymer annealing. This was
followed by debinding and removal of the polymer and impurities
before fusing the silica through sintering at higher temperatures.

Here, in this letter, we extend the work on hybrid polymer-glass
mix and DLP printing. By controlling the silica nanoparticle size and
homogeneity, we can produce glass samples with dimensions
exceeding 10 cm, necessary for optical preform work.

A summary of the printing method used for step-index optical
fibres is shown in Figure 1. The steps involve photocurable resin
preparation, 3D printing of preforms, core fabrication, thermal
debinding and final fibre drawing. Amorphous silica nanoparticles
(® ~ 40 nm, Aerosil 0X50, Supplier: Evonik, Australia) were
dispersed in photocurable resin, shown in Fig. 1(a). The
photocurable resin was fabricated by mixing 2-hydroxyethyl
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Fig. 1. Fabrication of the step-index silica optical fibre using 3D printing: (a) dispersion of silica nanoparticle into ultraviolet curable resin; (b) DLP 3D
printing with UV light at 385 nm; (c) core material was poured into printed preform and undertaken a further thermal curing; (d) debinding process
to remove organic binder; and finally (e) fibre drawing. All scale bars shown are 10 mm.

methacrylate (HEMA), 2-phenoxyethanol (POE),
tetra(ethylenglycol)  diacrylate  (TEGDA), diphenyl(2,4,6-
trimethylbenzoyl) phosphine oxide (DPO) and hydroquinone
(Hyd), all of which were purchased from Sigma-Aldrich, Australia.
The composition of the combined printing resin was 37.4 wt% SiOo,
36.9 wt % HEMA, 19.0 wt % POE, 6.36 wt% TEGDA, 0.2 wt% DPO,
and 0.1 wt% Hyd. This mixed resin was polymerized with the DLP
3D printer using A = 385 nm (Asiga Freeform Pro 2 75 UV; xy pixel
resolution ~ 75 pm). By avoiding traditional optical fibre preform
fabrication using a centre-spun lathe, it is possible to produce
arbitrary structures. However, the aim of this Letter is to
demonstrate the first 3D printed silica optical fibres, choosing to
focus on the step-index silica fibre as proof of concept and as
reference.

The preform structure was designed on Inventor CAD
(inner/outer diameter ratio, ginner/ @outer = 3/25 mm and length, L =
20 - 100 mm). The preform was printed layer-by-layer using UV
light traversed in the vertical direction - see Fig. 1(b) (Iov= 5.8
mW /cm?, taring = 3.5 s, layer thickness 7 = 75 um).

The step-index core was fabricated by inserting a prepared resin
into the centre hole of the printed cladding preform, illustrated in
Fig. 1(c). GeOz, TiOz and 2,2-azobis(2-methylpropionitrile) or AIBN
(allfrom Sigma-Aldrich) were added to increase the refractive index.
The final core resin composition contained 32.6 wt% SiO2, 38.6 wt%
HEMA, 19.9 wt% POE, 6.65 wt% TEGDA, 0.2 wt% DPO, 0.1 wt%
Hyd, 0.5 wt% AIBN, 1.2 wt% GeO2, and 0.84 wt% TiO2. The core
resin was poured into the cladding hole and cured at T= 60 °C for ¢
=2hrsand T=90 °C for t = 0.5hrs, similar to [21-22].

The fabricated preform was subsequently subjected to thermal
debinding, where the polymer and other impurities are removed,
illustrated in Fig. 1(d). During debinding, the organic components
were removed. Five temperature stages were employed: 150, 300,
600, 800 and 1200 °C for 2, 4, 4, 1.5 and 2 h respectively, with
heating rate dT/dt = 0.5 °C/min up to T = 600 °C and dT/dt = 3
°C/min after 600 °C. The corresponding shrinkage and weight loss
with polymer removal leaves behind an inorganic solid glass held
together primarily by van der Waals force and perhaps some partial
sintering. The size of preforms reduced predictably after debinding,
consistent with their concentrations: the outer diameter, inner
diameter and height decreased 30%, 34% and 23% respectively.
These are important parameters for integrating this shrinkage into
the fibre design of single and multicore fibres generally.

After debinding, the preform was inserted into a Heraeus F300
quartz tube for support and drawn directly into fibre on a
commercial drawing tower (Fig. 1(e)). The drawing temperature (T
~ 1855 °C) was slightly lower than normal MCVD processing to help
remove air, water and residual polymer gradually. The inner
pressure of the preform was kept as low as possible (P ~ 50 mbar).
Finally, fibres of length L ~ 2.3 km were readily drawn, shown in
Figure 1(e). During this process, the changes in the silica
nanoparticles is illustrated by the dashed ellipses shown in Fig. 1(c),
(d) and (e). Those enlarged white dots represented silica
nanoparticles whilst the blue background represents the polymer
binder. As the temperature gradually increased, the polymer is
ablated leaving behind the silica nanoparticles, which come closer
together leading to preform shrinkage. Sintering at higher
temperatures fuses them together.

0.0100 : Core I
| |
| |
0.0075 |- | I
| |
| I
£ 0.0050 |- !
< : |
| |
3D Printed ]
| 3D Printed
0.0025 - | Inner Clad inner Clad I Outar
| | | Clad
| *
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
r [mm]

Fig. 2. Refractive index difference profile (An vs r) of the 3D printed and
sintered preform. The stars identify possible air/polymer bubbles that
were not able to get out, suggesting the sintering process is incomplete
and that scattering loss may be present.

Figure 2 shows the refractive index profile of the sintered
preform from the drop of the draw start, measured with a preform
index analyzer (Photon Kinetics PK2600). Three layers are seen:
the outer cladding (F300 quartz tube, ¢p = 2.80 mm), the 3D printed
inner cladding ¢ = 1.81 mm) and the thermally cured core (¢ ~ 0.17
mm). The index difference between outer and inner cladding is An
~ 2.3 x 10*. Some sporadic features attributed to air channels are



marked with purple stars. The effective index difference of the core
is about Angr ~ 0.0066, sufficiently low to allow single mode
propagation for 125 pm fibre. This value is less than the predicted
value (Angr ~ 0.0214, assuming no loss of core material) from the
starting composition, suggesting material loss and diffusion during
the debinding and drawing processes. At this stage just as drawing
begins, it is clear the preform has not fully fused.
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Fig. 3. (a) Fibre cross-section image of 3D printed single mode fibre; (b)
transmission of A = 532 nm through drawn fibre; and (c) photographic
image of the transmission setup used. Strong scattering is observed.

Table 1. Loss of 3D printed single mode fibres at A = 532 nm (diode
pumped solid-state laser) and 632.8 nm (HeNe laser) and A = 1550 nm
(Er3* fibre laser).

A[nm] 532 633 1550

a [dB/m] 134 13.9 114

The fibre quality has been checked using an optical microscope.
Fig. 3(a) and Fig 4 (a) shows the cross-section image of a typical 3D
printed single mode (sm) fibre and multi-mode (mm). The fibre
outer diameters are ¢sm = 131 um and ¢sm = 242 um respectively.
The mm core is ¢ = 14 pm and circular whilst the sm core is
elliptical with minimum and maximum ellipse diameters gsm-min =
3.6 um and ¢snme = 4.8 pm. This indicates a higher and more
uniform tension is required during drawing. The experimental
cutoff wavelength is Ac = 780 nm, falling in between the estimated
range from refractive index and core diameters. Launching green
light (A = 532 nm) through 2 m of fibre is shown in Fig. 3(c). The
cutback loss at different wavelengths for the sm fibre is shown in
Table 1. The near IR loss at 1550 nm arises from being above A =
780 nm.

Fig. 4. (a) Fibre cross-section image of 3D printed multimode fibre; (b)
transmission of A = 532 nm light through drawn fibre; and (c)
photographic image of the transmission setup used.

Losses in the green for the mm fibre, illustrated in Figure 4, are
about twice as high arising from higher order mode coupling and
leakage: o ~ 24 dB/m @ A = 532 nm, measured by cutback. On the
other hand, propagation at 1550 nm is lower, ~ 5.5 dB/m, shown in
the broadband measurements of Figure 5(b). This increased loss in
the visible with the higher order modes indicates possible
interfacial scattering from the observed air bubbles as the main
source of loss. There also appears to be a significant contribution
from water (Apeak = 1380 nm where o = 20.9 dB/m) suggesting the
bubbles may contain trapped water consistent with incomplete
sintering. This could be addressed by using both higher purity, drier
starting chemicals and extending sintering and debinding. Removal
of the outer silica tube, which can trap these impurities, may also
improve these results, the subject of ongoing work.
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Fig. 5. (a) Experimental configuration of loss measurement by cutback
technique; and (b) loss spectrum of the 3D printed multimode (mm)
fibre.

In conclusion, whilst there remains considerable scope to
improve the transmission properties of this fibre, the first single
mode and multimode silica optical fibres have been drawn from a
3D printed preform. The relative ease in which this was achieved,
suggests additive manufacturing will disrupt optical fibre
fabrication. Unlike conventional labour intensive lathe-based
methods, the design and fabrication is not limited by a centrally
spun or finely stacked preform, enabling configurations such as
improved multicore and complex optical fibres [6, 23-26], such as
optimized Fresnel fibres, to be made. More broadly, painstakingly
difficult complex patterns, multicore and multi-size and shaped
fibres can be made that are otherwise not possible. This work,
building off the original polymer versions, marks a new and exciting
time for fibre fabrication and application.
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