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Abstract

Optical waveguides play an important role in both scientific research and
industrial applications. Additive manufacturing (AM) or three-dimensional
(3D)-printing technology has great potential to revolutionize manufacturing of
optical waveguides. AM offers a great opportunity in developing optical waveguides
demanding new material compositions and structure designs for functionalities
needed in fast-evolving modern applications such as Internet of things (IoT). These
demands have become so diverse and sophisticated that the traditional waveguide
manufacturing cannot meet. In this chapter, we briefly introduce optical fibers one of
the most common typical optical waveguides and present the process and perspective
of optical fiber fabrication by AM technology.
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1. Introduction

Optical waveguides have achieved great success in information transmission in the
past decades, mainly due to the ultralow loss, large capacity, high power, and excellent
mechanical robustness. Optical fiber as one of the most useful optical waveguides
plays an essential role in telecommunications and forms today’s Internet backbone.

In this chapter, optical fiber is briefly presented in Introduction part, then some AM
technologies are focused, and finally, the fabrications of optical fibers based on AM
technology are introduced including the fabrication process and perspective.

Optical fiber is a flexible, transparent fiber made of glass or plastic that acts as
a light-transmitting tool. Optical fiber usually consists of a core surrounded by a
transparent cladding and a coating in order, shown in Figure 1a. The refractive index
of the core is higher than cladding, creating the waveguide structure to transmit light
by total internal reflection (TIR) as demonstrated in Figure 1b. Charles K. Kao firstly
promoted that the loss of optical fiber could be reduced by removed impurities and
applied as the communication medium when he worked at ITTT Standard Telephones
and Cables in 1966. This pioneering work made him earn the Nobel Prize in Physics in
2009 [1-3]. However, it was impossible to fabricate ultrapure silica as Kao mentioned
due to the technical limitation at that time. Fortunately, the first low-loss (20 dB/km
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Figure 1.
(a) Diagram of typical optical fiber; (b) TIR in optical fiber.

at 632.8 nm) silica fiber was achieved by Robert D. Maurer from Corning in 1970 [4],
and the modified chemical vapor deposition (MCVD) technology was invented by

J. B. MacChesney from Bell Labs in 1974 [5]. Then, the optical fibers have developed
rapidly and formed today’s internet backbone. In 1999, Kao, Maurer, and MacChesney
received the Charles Stark Draper Prize because of making the communication
revolution possible [6].

Nowadays, there are some specialty optical fibers except the optical fiber for infor-
mation transmission. The most representative ones are active fiber and microstructure
optical fiber. For the active fiber, rare earth (RE) ions or metal ions are doped into
optical fibers, generating luminescence under excitation, such as ytterbium (Yb) [7],
erbium (Er) [8], thulium (Tm) [9], holmium (Ho) [10], and bismuth (Bi) [11]. Specific
functions can also be achieved by codoping of two or more ions, for example, an ultra-
broadband emission covering O-L telecommunication band was obtained from Bi/Er
codoped optical fiber under 830-nm pumping, shown in Figure 2a [12, 13]. For the
microstructure optical fiber, it usually consisted of one or more materials arranged peri-
odically along the fiber length, realizing the refractive index modulation. The principles
of light transmission are photonic bandgap effect and anti-resonance effect besides the
TIR mentioned above. Microstructure optical fiber has many unique and novel physical
properties, such as controllable nonlinearity, endless single-mode behavior, adjustable
singular dispersion, low bending loss, and large mode field. Figure 2b—e shows the
structures of typical PCFs [14-16].

The fabrication of optical fiber usually consists of two steps of preform manufacturing
and fiber drawing, shown in Figure 3. The fiber drawing process is usually operated on
a fiber drawing tower. The silica preform is heated to around 2000°C and becomes soft,
then a thin bare fiber can be pulled out and cooled to solid, and finally, the bare fiber is
coated and rolled into a coil, demonstrated in Figure 3c. For preform fabrication, chemi-
cal vapor deposition (CVD) is usually used for regular optical fiber, and microstructure
optical fiber preform is manufactured by the stacking method. CVD utilizes SiCl, and
GeCl, to oxidize into SiO, and GeO, at high temperature, which are deposited layer by
layer onto the inner side of the quartz tube and sintered to form an optical fiber preform.
According to the different deposition ways and heating source, CVD technologies can be
divided into plasma chemical vapor deposition (PCVD) [17], outside vapor deposi-
tion (OVD) [18], vapor axial deposition (VAD) [19], and also MCVD [5] mentioned
above. Figure 3a shows the schematic view of the four preform fabrication pro-
cesses. Stack-and-draw method is usually used for PCF fabrication; glass capillaries
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Figure 2.
(a) Emission spectra of Bi/Er codoped optical fibers [12]; (b)-(e) structures of large mode area fibers, hollow core
fiber, Bragg fiber, and anti-resonance fiber.

and rods of a specific size are stacked according to the designed structure as shown
in Figure 3b and then drawn into PCF [20].

However, as the Internet has evolved into the ubiquitous Internet of things (IoT),
the role of optical fibers is expanding from passive telecommunications transmis-
sion medium to lasers, sensors, devices, and beyond. This is creating the demand for

Quartz substrate  Dust deposition PCVD furnace
\ SiCl+0.

Plasma

Precision
preform feed
mechanism

L X.Y stage

= Preform

Graphite resistance
™ furnace (2000°C)

———Local clean air hood

Glass ﬁlm v Oxyhydrogen

flame Magnetron  (Quartz substrate tube
MCVD PCVD

H,#0,—— ——SiCly+dopant L. | Laser di
e L Flame Glass PC"fU“"‘i| measurement
4 N J| 5
Soot perform | | =] — Cool tube (optional)
Vs || = 1 ™~ Bare fiber
o . “Targetrod  Sintering —=l | |_ | )
r i furnace 4 r ‘ Coating statiol A —Coating die (primary)
1 Soot perform- § #1 primary 5 UV cure
3 , B Sintering | buffer | Ll
Y ‘ I fimnce Flam_c-_— (A K C‘:;Lms die (secondary)
| b’ ) . cure
J Coating statio
igh pure gas = i .
o Coating concentricit
ovD #2 secondary g ¥

coating monitor

Coated fiber “‘"ﬂp spool

Capstan
o

Pipe stick stacking

(b) (c)

Figure 3.
Optical fiber fabrication process, (a) preform fabrication-based CVD technology, (b) preform fabrication-based
stack technology, (c) fiber drawing process.
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increasingly sophisticated optical fibers. Unfortunately, the traditional fabrication
technologies, for example, the CVD mentioned above, have limited capability in both
material and structure flexibility for diverse and custom-designed functionalities.
AM technology provides a solution to this problem.

2. Additive manufacturing technology

AM technology is a kind of rapid prototyping technology, also known as 3D-printing
technology. It is a technique of constructing objects by layer-by-layer printing using
bondable materials such as metal powder or plastic, based on a 3D digital model.
Compared with traditional manufacturing methods, AM technology has outstanding
performance in terms of economic cost, time efficiency, and customized design and has
been successfully applied to various materials such as metals, polymers, metamaterials,
and composite materials. These materials are shaped using different principles such as
sintering, melting, extrusion, and laser/ultraviolet light curing, exhibiting different
manufacturing accuracies, printing speeds, and resolutions. According to different
materials, AM technology can be divided into solid-based AM technology and liquid-
based AM technology, shown in Figure 4. For the solid-based AM technology, powder
and filament are manufactured to objects by laser sintering/melting (selective laser
sintering, SLS; selective laser melting, SLM) and nozzle extrusion (fused deposition
modeling, FDM). For liquid-based AM technology, ink or photosensitive resin is shaped
by gelation (direct ink writing, DIW) and light polymerization (stereolithography, SLA;
digital light processing, DLP; and polymer jet, Polyjet). The above technologies have
made great contributions to AM technology waveguides, providing new possibilities for
the diversity of waveguide structures and functions.
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Figure 4.
Classification and schematic diagram of AM technology, (a) SLS/SLM, (b) FDM, (c) DIW, (d) SLA, (e) DLE,
and (f) Polyjet.
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2.1 Powder-based additive manufacturing technology

SLS/SLM technology is a solid powder-based AM technology that uses a laser to
selectively scan the powder bed and utilizes the interaction of the laser with the solid
powder to sinter/melt loose powders together as shown in Figure 4a [21]. The basic
bonding mechanisms of SLS/SLM include solid-state sintering, chemically induced
bonding, liquid-phase sintering-partial melting, and full melting [22]. The essence
of solid-state sintering is the thermal diffusion of the melting temperature of the
material between the particles through heat transfer, which can realize the processing
and combination of a variety of materials. When the laser-powder interaction time
is short and no binder is present, a chemically induced bonding mechanism occurs,
forming a new binder phase that helps facilitate the post-curing process. Liquid-phase
sintering-partial melting occurs when insufficient laser heat is provided and only par-
tial melting is achieved to obtain the bonding of structural particles. Full melting is
mainly used in metal materials, which can directly produce nearly full dense materials
without post-processing.

Compared with other AM technologies, the main advantage of SLS/SLM is the
flexibility of material selection. Single-component powder particles, composite
powder particles, mixtures of different powder particles, and different binder materi-
als are all suitable for SLS/SLM. The size and shape of the particles directly determine
the shrinkage, precision, and density of the constructed object [23, 24]. There are van
der Waals forces between particles of smaller size, and it is easy to form agglomerates,
which may directly lead to uneven dispersion of powder particles; while larger-sized
particles directly affect the porosity, showing poor surface roughness, even significant
cracking or delamination effects may form [25]. The quality of the constructed object
is highly dependent on the correct choice of the processing parameter setting, such as
laser power, layer thickness, scan speed, as well as hatch spacing [26]. Uniform par-
ticle size distribution and optimized processing parameters can effectively reduce the
occurrence of “step effect” and shrinkage deformation and finally obtain a satisfac-
tory SLS/SLM construction object [27].

2.2 Filament-based additive manufacturing technology

FDM—the most famous AM technology, belongs to filament-based technology,
which is also one of the most widely used technologies in rapid prototyping technol-
ogy. FDM uses a form similar to squeezing toothpaste to extrude material to build
a layered structure. By heating the filamentous thermoplastic material, the nozzle
extrudes the material along the printing path under computer control and deposits it
on the hotbed. After one layer, the hotbed moves up the distance of one layer of mate-
rial thickness and then prints the second layer; layer-by-layer deposition finally real-
izes the overall printing, shown in Figure 4b [21]. The key to FDM is the temperature
at which the nozzle is heated. At higher temperatures, the viscosity of the filamentous
material decreases, resulting in reduced accuracy and even collapse and deformation
during the printing process; the filamentous material does not melt completely at
lower temperatures, which is prone to delamination and even blocks the nozzle [28].

FDM has the characteristics of simple process flow, low cost, and low environ-
mental requirements. It can also realize multi-material printing by switching nozzles.
However, FDM also has disadvantages, such as low-printing accuracy, poor mechani-
cal strength, and being prone to the “step effect” [28]. When using FDM to build an
object with a certain degree of complexity, the support of supporting materials is
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required to ensure the stability of the built part; otherwise, there may be collapse,
which directly affects the manufacturing accuracy. In the actual construction process,
the support structure can be printed with water-soluble filaments and then removed
after post-processing, and the related problems caused by the support structure can
be effectively reduced by optimizing the topology structure [29], optimizing the
printing direction [30], and decomposing the printing structure to reduce the use of
support materials [31].

2.3 Ink-based additive manufacturing technology

DIW technology is fabricated by layer-by-layer deposition, using an ink with
shear-thinning properties that is extruded from a nozzle, shown in Figure 4c. The
ink needs good viscoelasticity and fluidity to ensure smooth extrusion and maintain a
good shape without clogging the nozzles. Because of the high accommodating capac-
ity of ink materials, multi-component printing can be realized under the condition
of meeting the basic requirements of ink, which can be widely used in many fields.
Usually, the resolution of DIW technology is directly limited by the diameter and path
of the nozzle. Latest studies have found that by adjusting the printing-related param-
eter set, it can successfully break through the constraints of line width and shape to
achieve higher-resolution printing.

DIW technology has the advantages of simple process and multi-material printing,
but there is also a disadvantage. Green bodies printed with DIW usually require long-
term low-temperature drying to remove unnecessary solvents, so this step is critical to
avoid cracks formed by drying.

2.4 Photosensitive resin-based additive manufacturing technology

SLA technology uses a laser with a specific wavelength to scan the photosensitive
resin from point to line and to the surface according to the set path. After the layer
is cured, move the worktable and apply a new layer of liquid resin on the surface of
the original cured resin, so as to scan and cure the next layer, so that the newly cured
layer can be firmly bonded to the previous layer. Repeating until the entire object has
been fabricated, shown in Figure 4d. The key process parameters for SLA technology
include initiator concentration, laser intensity, and scan rate. The initiator concentra-
tion and laser intensity directly determine the speed of the photopolymerization
reaction, which in turn affects the processing efficiency. The spot size of the laser
directly determines the resolution of the SLA [32]. Compared with FDM and SLS/
SLM technologies, SLA shows better surface finish (nanoscale) and precision (micron
scale), but the materials used are limited and it is difficult to achieve multi-material
printing.

DLP technology is another AM technology that uses UV lamp curing. Its working
principle is similar to SLA. The light source is changed from laser to UV lamp, and
the introduction of digital micromirror devices (DMD) significantly shortens the
construction time. The working principle of DLP technology is that the UV lamp
is used as the light source, the three-dimensional CAD model is sliced through the
software to form a two-dimensional dynamic mask pattern, and the sliced image
is projected onto the surface of the photosensitive resin by DMD and cured, and
the curing of one layer is completed, demonstrated in Figure 4e. The build plate is
coated with a new layer of photosensitive resin, and the process is repeated layer by
layer until the overall build is complete. DLP technology is one of the most widely
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used rapid prototyping technologies [33]. Compared with SLA technology, DLP
technology has the characteristics of fast printing speed, high printing accuracy, and
uniform mechanical strength [34]. The curing depth is the key to the success of the
layer connection. The setting of the layer thickness should be appropriately smaller
than the curing depth to ensure the connection between each layer while avoiding
the shrinkage and deformation problems caused by excessive curing and eliminating
anisotropy [35].

Polyjet technology also uses UV lamp curing. Its working principle is that the
nozzle controlled by the X-/Y-axis sprays photosensitive resin on the printing
platform, and each layer of material is sprayed and irradiated with UV light for
photocuring. After each layer is cured, the printing platform drops along the Z-axis
direction, and the previous process is repeated until the printing is finished, exhib-
ited in Figure 4f. Like the FDM technology, a support structure is usually required.
The support material and the structural material are sprayed at the same time to
achieve stable support for complex or overhanging structures. The support materials
are generally water-soluble materials, which are easy to remove later [36]. Polyjet
technology has many advantages of rapid prototyping manufacturing, providing
good surface finish, high precision and layer resolution, high printing efficiency, and
also enabling multi-material printing.

3. Optical fiber fabrication by additive manufacturing technology

With the rapid development of modern technology and application fields, the
requirements for optical fibers in terms of structure and materials are more com-
plex and diverse, striving to achieve the customized structural design and free and
flexible material combinations. However, traditional optical fiber manufacturing
methods such as CVD or stack-and-draw are difficult to meet this demand. Optical
fiber manufacturing based on CVD processes is limited by the lathe itself, which has
limited structural flexibility, and it is difficult to realize the manufacture of complex
optical fiber structures, and it is necessary to maintain a highly uniform radially sym-
metrical temperature and pressure during the manufacturing process [37]. Although
the stack-and-draw can achieve a certain degree of structural complexity, the flexibil-
ity of materials is limited, and it is very time-consuming and labor-intensive [38]. AM
technology provides huge opportunities for the development of new cylindrical fibers
such as new structural fibers.

3.1 Polymer optical fiber fabricated by additive manufacturing technology

Polymer optical fibers (POFs) are ideal materials for short-range communica-
tions and are increasingly used due to their low cost and high elastic strain limit.
POF is usually fabricated by extrusion or drilling method, until Cook et al. reported
that POFs were fabricated using FDM 3D-printing technology in 2015 [39]. The
commercially available 3D-printing filament consisting of a propriety polystyrene
mixture containing styrene-butadiene-copolymer and polystyrene was used as the
raw materials. An optical fiber geometry consisting of a solid core surrounded by
six air holes was chosen as an example and shaped to preform by FDM 3D printer, as
shown in Figure 5a. The preform was then annealed and drawn to fibers. The light-
guiding images of fiber end faces at 630 nm and 515 nm, white-light output projected
onto a screen, and the relative schematic setup are demonstrated in Figure 5b. The
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loss of the as-made POF was ~1.5 dB/cm, ~0.75 dB/cm, and ~ 1.51 dB/cm at 632 nm,
1064 nm, and 1550 nm, respectively.

Compared with the traditional POF manufacturing technology, the optical fiber
preform manufactured by AM technology greatly simplifies the manufacturing
process and saves a lot of time and labor costs. In addition, due to the integrated
manufacturing, the waste of materials caused by drilling and other methods in the
traditional manufacturing process is avoided. Despite the great advantages of using
AM technology to manufacture preforms, the loss of manufacturing optical fibers is
still high. These losses mainly come from the scattering caused by the gap between
layers during the printing process, which can be reduced by an additional annealing
process or optimized fiber drawing process [39].

After the first demonstration of POF by AM technology, various types of POFs
fabricated by AM technology were reported, such as terahertz (THz) fiber, photonic
bandgap fibers, anti-resonant fibers, Bragg fibers, step index fiber with two materials,
and magnetically doped fiber with multi-materials by FMD, DLP, STL, and Polyjet
methods [40-46].

3.2 Silica optical fiber fabricated by additive manufacturing technology

Although POFs realize low-cost AM technology and are widely used in short-
distance communication, silica fiber plays an irreplaceable role in the long-distance
transmission process. Besides, silica material has unparalleled optical transparency,
excellent electrical insulation, chemical resistance, and thermal stability. How to break
through the traditional silica fiber manufacturing method and realize the AM of silica
fiber has become a problem worthy of further study. In 2016, F. Kotz et al. proposed
a soft lithography method and successfully mixed silica nanoparticles with monomer
solution, combined with light curing to prepare “liquid glass,” which provided a
new way for silica glass fabricated by AM technology [47]. After that, the combina-
tion of organic matter and silica has been widely used in the AM of silica glass. For
example, in order to bridge the gap between fused silica glass and polymer processing,
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Figure 5.

(a) Illustration of POF preform design, photos of annealed preform and preform after fiber draw. (b) The light-
guiding images of fiber end faces at 630 nm and 515 nm, white-light output projected onto a screen, and relative
schematic setup.
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“Glassomer” was introduced, which successfully combined the advantages of polymer
processing with the excellent material properties of fused silica glass, which was heat
treated to form the same optical properties as commercial fused silica glass [48].
Based on the previous two methods, the organic-inorganic hybrid photosensitive resin
was prepared, and optical glass was successfully printed by DLP technology [49].

In addition, the use of DLP technology to induce the phase separation of the photo-
sensitive resin provides the possibility for the fabrication of complex structures, and
multi-component glass [50]. Lawrence Livermore National Laboratory (LLNL) has
also developed a similar organic-inorganic hybrid silica material with sol-gel ink, silica
glass printed by DIW technology, and optical glass doped with Ti and Ge [51-53].

3.2.1 Silica fiber fabrication based on DLP technology

The above-mentioned technologies for AM of silica glass lay the foundation for
the AM of silica optical fibers. However, the size of silica glasses produced by AM was
small, usually only 10 millimeters, which was far from the size of the optical fiber
preforms. The main reason may be that the size of the preform is large, impurities are
likely to remain in the preform after debinding, and the cooling rate after sintering is
too slow, resulting in crystallization or ceramicization, and the overall devitrification
of the preform. In response to this problem, Chu. Y et al. optimized the method and
successfully used DLP AM technology to manufacture traditional single-mode fiber
and multimode fiber in 2019 [54]. Then, the research group continued their work
and fabricated multi-component and multicore optical fibers using DLP 3D-printing
technology [55]. The process of bismuth and erbium codoped optical fiber (BEDF)
manufactured by AM technology is shown in Figure 6.

Firstly, silica nanoparticles were dispersed into a UV photosensitive monomer
forming a stable photosensitive resin. Secondly, the pre-designed optical fiber pre-
form was printed by DLP printer, and functional materials such as Ge**, Er’*, and Bi**
were doped into the core. Ge** was used to adjust the refractive index to realize the
waveguide structure, but Er’* and Bi’** were utilized to achieve the broadband near-
infrared luminescence, presented in Figure 6a—c. Thirdly, the printed preform was
moved to a furnace to remove the organic components and achieves densification. The
temperature setting is shown in Figure 6d, the mass and size change clearly pointed
out that the organics were removed before 600°C and the preform started to densify
after 600°C. Finally, the preform was drawn to the fiber at 1855°C. Before draw-
ing, the preform was heated to 810°C and kept for 3 hrs for removing the moisture
absorbed by the preform due to the porous structure during storage.

The drawn fiber was characterized by X-ray diffraction (XRD) using the pow-
dered BEDF without coating, and the pattern pointed out that the fiber was amor-
phous, shown in Figure 6e inset. The cross-sectional microscopy images and electron
probe micro-analysis (EPMA) of BEDF are shown in Figure 6f and Figure 6g, respec-
tively. Although the crack and shrinkage were noticed, multicore structures were
kept. Elements distribution of BEDFs was as excepted, resulting in a refractive index
difference between the core and cladding to form the waveguide structure, shown in
Figure 6g-i. The loss and emission spectra of BEDF are demonstrated in Figure 6j—k.
Typical characteristic peaks of bismuth and erbium were clearly identified.

DLP additive preform manufacturing has received attention from peers. In
2021, Zheng et al. have made progress in the AM of microstructured optical fibers;

a ytterbium-doped microstructured optical fiber preform with a diameter of about
12 mm and a length of 20 mm was fabricated. The preform was then drawn to fibers,
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Figure 6.

(a) Dispersion of silica nanoparticle into ultraviolet curable resin, (b) preform cured by DLP 3D printing with

UV light at 385 nm, (c) preforms before and after cove filling, the scale bar is 10 mm, (d) temperature setting of the
preform debinding process, inset is the remaining ratio of mass and size during the debinding process, (e) temperature
change of the fiber drawing process. Insets ave the XRD pattern of the drawn fiber and the photo of the drawing
tower, (f) fiber cross-sectional images vecorded by a microscope with a 50-pm scale bay, (g) cross-sectional view of
seven-cove BEDE, and EPMA-WDS mappings of different elements from the cross section (scale bar: 10 ym,),

(h)- (i) three-dimensional refractive index profiles of single- and seven-cove BEDEF, (j) loss spectrum of the single-
core BEDEF, (k) emission spectra of a single-core BEDF excited by the 830-nm and 980-nm lasers [54, 55].

the core was doped with 0.1 wt% ytterbium oxide, and six air holes were evenly
distributed in the cladding [56]. The relevant information is shown in Table 1.

However, there are several difficulties in the process of printing silica fiber with
DLP technology:

1. Due to the small particle size distribution of silica nanoparticles, clusters are
prone to occur. It is necessary to ensure that the silica nanoparticles are evenly
dispersed in the UV photosensitive resin to avoid scattering caused by particle
accumulation; at the same time, it is necessary to ensure the stable suspension of
silica nanoparticles for several weeks, to avoid the sedimentation of silica due to
long-term placement under the influence of gravity, especially in the case of high
solid content.

2. The correct selection of the printing parameter is the key to the AM process.
The determination of layer thickness is closely related to the irradiation dose,
Cq = DpIn(E/E.), where Cy is the depth of cure, E is the exposure energy, E. is
the critical exposure energy, and D, is the depth of penetration [60]. A semi-
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empirical formula suggests that the layer thickness should be slightly lower than
the cure depth to ensure a close connection between the layers. In addition, atten-
tion should be paid to the balance between printing efficiency and layer thickness

exposure time parameter selection while ensuring successful printing.

3.In the heat treatment process, the choice of heating rate and temperature is
decisive. High transparency and compactness are guaranteed with all organ-
ics removed, and cracks during debinding and anisotropy due to non-uniform
shrinkage are avoided as much as possible.

4. Controlling the fiber drawing parameters during the fiber drawing process can
effectively avoid collapse and deformation, for example, the fiber drawing tem-
perature directly determines the surface tension and viscosity of the fiber.

AM Year Preform Fiber References
Type Size Type Size Materials Loss
(mm) (pm) (dB/m)
DLP 2019 Solid D: 25 SM d: 131 Mclag: SiO, 13.4@532 [54]
L: d. 4 Mcore: SiO5- 13.9@660
50-100 Ge0,-TiO, 114@1550
D: 25 MM d: 242 Mclag: SiO, 11@1300
L: d:14  McoeSiOr  58@1550
50-100 Ge0,-TiO,
2021 Micro- D:12 — d: 110 Mclag: SiO, 11@800 [56]
Stru. L:20 de - Mcore: Si05: 14@1100
Yb
2022 Solid D:22 SM d: 80 Mclag: SiO, 9.6@1300 [55]
L: de: 3.5 Mcore: Si05- 6@1550
40-100 GeO,-TiOy:
Al/Bi/Er
D:22 7 cores d: 150 Mcpag: SiO, 10.7@633
L: de: Mcore: SiO5-
40-100 3-11 GeO,-TiOy:
Al/Bi/Er
DIW 2020 Solid D:2 MM d: 100 Mclaa: 63@980 [57]
L:7 d.: 40 Fluoride 152@1535
Mcore: Si05:
Er
SLS 2019 Solid D:12 MM d: 200 Mclag: SiO, 23@800 [58]
L:- de: - Mcore: SiO, 28@1100
Micro- D: 40 — — — —
Stru. L:-
2020 Solid D: 18 — d: 150 Mclag: SiO, 8.32@800 [59]
L:- d:11 Mcore: 24@1100
SiOz—GeOz
Micro- D: 38 — — — —
Stru. L:-
Table 1.

Additive manufacturing on silica optical fibers (Micro-Stru.: micro-structure, D: outer diameter of preform,
L: length of preform, SM: single mode, MM: multimode, d: diameter of optical fiber, d.: diameter of fiber core,
M, material of fiber cladding, Mc,y.: material of fiber cove).
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3.2.2 Silica fiber fabrication based on DIW technology

At present, silica fiber preforms can also be made by DIW AM technology using
inks mixed with silica and organics besides the DLP method. Erbium-doped optical
fiber (EDF) was reported by the University of Southampton using DIW method
[57]. Hydrophobic fumed silica and erbium chloride were doped in organics, such
as tetraethylene glycol dimethyl ether and polydimethylsiloxane, to form the ink.
Then, the ink was printed layer by layer with a printing speed of 40 mm/s at room
temperature, and each layer was fixed at 500 pm. The printed rod was debinded
and consolidated to glass. Finally, the glass rod was inserted into a fluorinated tube
and drawn to EDF, and the fluorinated tube was used to provide the refractive
index contrast, resulting in the waveguide structure. The typical absorption peaks
of erbium were clearly observed at 980 nm and 1535 nm with the absorption of
62.98 dB/m and 151.49 dB/m, respectively. In addition, the overall absorption was
still notable mainly due to the residual OH, PDMS, and impurities from the starting
materials.

3.2.3 Silica fiber fabrication based on SLS technology

The use of SLS technology to print silica optical fibers fully utilizes the advantages
of SLS technology in producing complex geometric shapes and multi-component
printing. Optical fiber preforms with various structures and multi-components are
formed by selectively scanning powder layers layer by layer with a CO, laser beam
[58]. Microstructured fibers and anti-resonant fibers were printed by SLS technology.
In order to evaluate the performance of the printed silica, a solid preform with 12 mm
diameter was printed and inserted into a glass tube and drawn to fiber. A refractive
index difference of 4x10~* was achieved between the printed preform and glass tube.
The attenuation of the optical fiber was measured in the range of 600-1150 nm, and
the lowest attenuation was 23 dB/m around 800 nm. The high attenuation was mainly
induced by the purity of the starting silica powder and parameters setting during the
3D-printing process.

After a series of SLS manufacturing technology optimization, photonic crystal
fiber, anti-resonance fiber, and multicore Ge-doped optical fiber preforms were suc-
cessfully fabricated by the same research group. The multicore Ge-doped optical fiber
realizes a waveguide structure with a step index of refraction, and the lowest loss after
the drawing reduced to 8.32 dB/m around 800 nm. Experiments have proved that the
transmission loss can be effectively reduced by optimizing the powder characteristics
and printing parameters [59].

4, Conclusions

In this chapter, we mainly introduced the fabrication of optical fibers using addi-
tive manufacturing technology and briefly presented the basic concepts of optical
fibers and typical additive manufacturing techniques. Compared with traditional
waveguide manufacturing techniques, such as CVD, additive manufacturing technol-
ogy has higher manufacturing precision and manufacturing efficiency and lower
manufacturing costs. At the same time, additive manufacturing technology exhibits
unparalleled flexibility in structural and material designs that is essential to the
realization of new and multifunctional optical fibers and devices.
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At present, the additive manufacturing of polymer optical fiber preform mainly
includes melt extrusion and light curing. Although the melt extrusion method has
relatively low cost, the resolution of the manufacturing preform is low. While the
light-curing technology is just the opposite. The manufacturing cost is higher than
that of melt extrusion, and the resolution is also high, which is suitable for manufac-
turing preform with complex structures, such as bandgap optical fiber preform.

For the silica optical fiber preform, there are two main additive manufacturing
methods. The first method is to combine silica and organic matter to form the resin,
then use additive manufacturing technologies, such as light or heat curing, to shape,
and finally obtain the optical fiber through debinding, sintering, and fiber drawing.
This manufacturing method has a very high fabricating resolution and becomes the
main way of additive manufacturing of silica optical fiber preform. However, due to
the introduction of organic matter, an additional debinding process is required in the
later stage, even if a small amount of organic matter remains, it will cause high loss.
The second method is to directly sinter or melt the silica powder by laser. This method
can effectively avoid the organic matter, but its development is also restricted by the
problems of manufacturing accuracy and ceramics caused by phase transformation.
The technologies above make full use of the advantages of additive manufacturing
technology in molding, such as short time, low labor cost, and low material cost, and
fully reflect its potential in the manufacturing of complex geometry silica optical
fiber.

Although optical fiber fabricated by additive manufacturing has so many advan-
tages, loss, manufacturing size, and multi-materials are still the factors limiting its
development, and it is also the research direction in future. For the loss of additive
manufacturing optical fiber, especially for the silica optical fiber, the loss mainly
comes from microbubbles, microcracks, stripes between layers during printing,
organic matter not removed during debinding process, and the purity of raw materi-
als. For the manufacturing size, the main problems rise from the loss caused by
incomplete removal of internal organic matter during debinding due to the large size
of preform, and the cracking caused by uneven stress distribution during debind-
ing, sintering, or cooling process. For the additive manufacturing of multi-material
optical fiber, the integration of glass, semiconductor, crystal, metal, or polymer into
the so-called hybrid fiber is also another research focus of additive manufacturing
of fibers, and the key point is how to balance the relationship between melting point
and thermal expansion coefficient of each material. At present, a large number of
researchers have carried out systematic research on the above problems. We have
reason to believe that just like the development trend of traditional optical fiber, the
optical fiber fabricated by additive manufacturing will also experience the develop-
ment trend of reducing loss, multi-structure, and multi-material and bring revo-
lutionary changes to the optical fiber manufacturing industry with its unparalleled
advantages.
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