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Abstract
As demand for customized specialty fibers grows, standardized production
methods face challenges. This article reviews industry standards and discusses
potentially disruptive techniques that enable rapid prototyping and fabrication
of optical fiber devices. Furthermore, we showcase laser powder deposition’s
(LPD) potential for additive manufacturing (AM) of customized glass structures.
In the case of, for example, fiber preforms, although the feasible size is smaller
than the industry standard, utilizing laser-based manufacturing techniques for a
small batch production presents an attractive avenue for rapid prototyping and
expedites material and design optimization. In the realm of AM of glass, LPD
offers numerous benefits, including minimal shrinkage, high densification, and
the ability to tailor glass composition to achieve desired optical properties. The
article reviews the latest achievements and highlights future directions in this
technology.
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1 INTRODUCTION

In the constant demand for high-speed data transfer
and seamless communication around the globe, optical
fibers have been revolutionizing the field of telecom-
munications since the 1970s.1 Telecom, however, is not
the only field where fibers have proven to be disrup-
tive. Countless areas, including fiber sensors,2–5 medical
and diagnostic devices,6–8 and nonlinear optics9–11 have
shown the remarkable diversity and functional capabil-
ities achievable with optical fibers. In the fast-evolving
landscape of optical fiber technology, specialty fibers
aimed at specific challenges or novel applications have
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gained significant attention.12,13 Unlike conventional tele-
com fiber, which is primarily designed for low-loss and
high-speed data transmission, specialty fibers are intended
to leverage other optical properties. Customization of
the glass composition, fiber geometry, and manufac-
turing approach allows fibers to encompass a broad
spectrum of performance, from directed energy deliv-
ery, discrete or distributed sensors, gas spectroscopy, and
more.14–16
Although optical fibers can be made using various

novel materials,17–23 traditional silica fibers are still
highly desired due to their robustness, which stems from
strong covalent Si-O bonds forming this type of glass. An
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ultra-pure silica is characterized by high mechanical and
chemical stability and a broad transmission window.24
Therefore, silica-based fibers and fiber components are
highly suitable for, for example, harsh environments.25–27
Doping other substances into glass can further enhance
and modify these properties. For instance, dopants can
change thermal expansion,28,29 melting temperature and
viscosity,30–32 photosensitivity,33–35 and refractive index
(RI) of the glass.36–38 The latter can raise the RI of the
fiber core, facilitating fiber waveguiding when combined
with pure silica cladding. Furthermore, co-doping with
rare-earth (RE) ions as well as multi-layered cladding
is common in active optical devices.11 Countless doping
schemes and layouts containing, among others, Er, Yb, Nd,
Ho, Tm39–44 in various applications include, for example,
telecom erbium-doped fiber amplifiers and lasers45,46 or
high-power ytterbium-doped fiber lasers widely used in
laser-based machining.47
Themodern fiber optics industry produces cost-effective

telecom fiber at scale. However, smaller batches of highly
customized fiber designed for a specific application can
pose challenges to commercial manufacturing, given the
sector’s emphasis on standardized fiber designs and high
volumes. New disruptive manufacturing techniques can
thus play a pivotal role in fiber manufacturing and enable
rapid prototyping and fabrication of fiber devices with
less infrastructure requirement. This article reviews what
can be considered established standards in specialty fiber
manufacturing and showcases our work toward rapid
prototyping of silica-based optical fibers. In our exper-
iments, we utilized laser powder deposition (LPD) for
additive manufacturing (AM) of customized glass struc-
tures. In LPD, a mid-infrared CO2 laser is used to melt a
solid glass substrate locally. Into this so-called melt pool,
sub-micron powders are delivered through powder jets.
Subsequently, a designed spatial geometry can be printed
by continuously traversing the melt pool and the powder
jets. Laser-aided manufacturing offers several advantages
over traditional glass manufacturing methods. First, it
enables the creation of shapes and structures that are
challenging to obtain using conventional techniques. Sec-
ond, LPD offers high densification and homogeneity of
glass objects, low build-in stress, and a feasible way of
tailoring the glass composition in comparison to other
glass AM techniques. By combining mid-IR CO2 laser
with sub-micrometer oxide powders, undesired shadow-
ing effects are mitigated.48 As a result, in contrast to
the industry’s most common AM technique—powder-
bed fusion, LPD can produce glass objects fulfilling the
desired optical properties. This article outlines our recent
achievements and discusses future directions for this
technology.

2 FIBERMANUFACTURING

Thematerials and fabricationmethodsmustmeet rigorous
standards regarding purity, composition, or dimensional
tolerance for achieving the desired functionality and high
performance of optical fibers. To attain these require-
ments, the traditional production cycle of optical fiber can
be complex; however, it can be subdivided into two main
stages: (1) preform assembly and (2) fiber drawing.

2.1 Preform assembly

The optical fiber preform is a scaled version of the ulti-
mately desired fiber. The structure of silica preforms
typically includes a doped core and cladding of a spe-
cific diameter and RI ratio and/or voids as desired in
the resultant fiber. Commonly, the core-cladding lay-
out of the fiber preforms is obtained using vapor-based
methods. Otherwise, the hollow-core fiber preforms are
typically assembled using prefabricated tubes and canes
(i.e., stack-and-draw49,50). Although such components can
be obtained through vapor-based methods, the design
and assembly of HFC are not primarily considered in
this work. In outside vapor deposition (OVD)31,48,49 and
vapor axial deposition (VAD)51 methods, an oxyhydrogen
torch is used to heat up the substrate rod. A silicon tetra-
chloride precursor (SiCl4) is added to this flame-induced
hot zone. Subsequently, silica soot (SiO2) is obtained
through oxidation of the precursor. The undesired byprod-
uct linked to the use of oxyhydrogen torches is high
amounts of hydroxyl groups (OH−) retained within the
soot. The hydroxyl groups can increase the UV transmis-
sion of the fiber; however, they result in high attenuation
at telecom wavelengths.52 To mitigate higher loss in the
near-infrared, chlorination is often used.53 Drying of the
soot before consolidating the preform can be performed,
for instance, in chlorination furnaces (e.g., Tsuchiya
et al.54).
To readily obtain lower OH− content in the preform,

modified chemical vapor deposition (MCVD) can be used.
This fabrication approach is arguably most common for
specialty fiber preforms.55 To obtain the preform via
MCVD, oxygen gas and chloride precursors are fed inter-
nally into a rotating glass tube. On the contrary to OVD
and VAD, during deposition, the tube is heated externally
using oxyhydrogen or plasma torches. On a molecular
level, the dominant chemical reaction is between the sili-
con tetrachloride vapor and oxygen (Equation 1). Similarly,
common dopants, shown in Figure 1A, can be introduced
to adjust the RI of the glass (Equation 2). In MCVD, the
initially obtained OH− concentration can be relatively low
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MANIEWSKI et al. 5145

F IGURE 1 Refractive index (RI) change (A) for common dopants used in silica fibers (adapted from Murata56), and approximate
spectral coverage (B) for common rare-earth (RE) dopants used in active silica fibers (adapted from Digonnet11).

due to the external heating, while the tube acts as a phys-
ical barrier between the oxyhydrogen heat source and the
obtained soot. Moreover, drying agents can be applied to
further reduce OH− that originated from, for example,
precursor contamination or thermally driven through the
tube.

SiCl4 + O2

𝑇>1500◦

−−−−→ SiO2 + 2Cl2, (1)

GeCl4 + O2

𝑇>1500◦

−−−−→GeO2 + 2Cl2. (2)

Alternatively, other dopants, particularly RE (see
Figure 1B), can be added using a combination of MCVD
and solution doping. For solution doping, a layer of porous
silica soot is first formed inside a silica tube. Subsequently,
the soot can be impregnated with an aqueous RE and
solvent solution, which is allowed to soak for a few hours,
and then the tube is drained and dried. Next, the solid
preform is made by successive collapsing and tapering of
the tube11 as shown in Figure 2. This fabrication method
may lead to composition discrepancies at the center of
the preform.42,57 These discrepancies can originate from
the difference in volatility or reaction rates for different
precursors, which could lead, for example, to so-called
burn-out or incomplete oxidation of the precursors.58,59
Although process optimization, which includes reac-
tion temperature, oxygen, and precursor flow rates, can
help reduce the discrepancies, unattained significant
axial inhomogeneities may be a clear drawback for
core-pumped gain fibers, as this inhomogeneity typically
overlaps with the peak power of the pump, thus potentially
lowering device efficiency.
These traditional fabrication techniques produce high-

purity silica preforms, including a range of functional
dopants. However, they also generate a large amount
of gaseous chlorine, utilize toxic chlorides, and have

a large flame-defined hot zone, thus limiting possibil-
ities for spatial tailoring along the length of the pre-
form. The deposition rates in methods such as VAD
or MCVD typically range from 0.4 to 1.8 g/min in the
case of OVD, while the efficiencies reaching 50% are
common.53 While further improvements and variations
of these methods can enhance these rates, conventional
fabrication may prove cumbersome for activities that
require shorter sections of specialized fiber. The tradi-
tional way requires a large system footprint, vented enclo-
sures, sophisticated exhaust filtering, and high energy
consumption.
Alternatively, preforms can be assembled using prefab-

ricated components. In the so-called rod-in-tube process,
a fiber preform can be obtained by sleeving a glass rod
with a glass tube to obtain a core-cladding structure of
the assembly, where the prefabricated rod of the desired
composition is used as the core. The tube acts as cladding
and thus needs to have a lower RI than the core. Tube
collapse and final preform assembly can be accomplished
in glass lathes equipped with H2-O2 torches. This fabri-
cation approach can be advantageous when special glass
compositions are desired.60–62 Furthermore, it can be uti-
lized in combination with, for example, MCVD to increase
fiber yield by embedding the MCVD-fabricated assembly
into another tube. This approach shortens the production
cycle and also enables the use of significantly cheaper,
lower-quality glass for the outer layers of the cladding.62,63
In the rod-in-tube approach, however, separate fabrication
of the rod and tube can pose significant challenges for
obtaining a high-quality core-cladding interface. Here,
any defects can potentially lead to scattering and high
transmission losses. To circumvent this challenge, a
molten core method (MCM) can be used.64 Examples of
all-glass fibers produced with MCM include, for example,
Tb2O3 – Al2O3 – SiO2

65 or alumina-rich sapphire-derived
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5146 MANIEWSKI et al.

F IGURE 2 Schematic illustrating the fabrication of specialty fiber optic preforms via modified chemical vapor deposition (MCVD) and
solution doping (left to right) soot deposition, RE solution impregnation, and drying followed by tube collapse. RI-controlling dopants are not
included for clarity. As shown by the inserted cross-sectional composition profiles graph, MCVDmay induce composition discrepancies at the
center of the preform, and thus in the resultant RE-doped fiber (right-bottom).

fibers66 representing compositions that would be difficult
to achieve otherwise.

2.2 Fiber drawing

In the process of fiber drawing, the preform is elongated
into a thin fiberwhile preserving its aspect ratio anddoping
profiles. The low-loss optical fibers are commonly obtained
by softening and drawing out the end of the prefabricated
preform. This can be performed in a draw tower, where a
cylindrical furnace is used to heat up the preform to a soft-
ening point. In the case of silica fibers, a temperature of
1900◦C ormore is required. Inmost cases, fibers are drawn
vertically. At the top of the tower, a preform-feedmodule is
used to move the preform into an induction or conductive-
based furnace. Initially, the procedure involves softening
the end section of the preform, to create a teardrop-shaped
drop defined by the surface tension. Due to vertical align-
ment, the drop pulls the fiber and then is extracted through
the bottom of the furnace. Upon exiting from the furnace,
the fiber diameter is measured. During drawing, the thick-
ness of the fiber ismaintained by the ratio between the feed
speed of the preform into the furnace and the fiberwinding
speed. The optimal, equilibrium conditions are obtained
when the entire cross-section of the preform reaches the
desired temperature, allowing for an even flow of themate-
rial and maintaining the core-cladding aspect ratio. Last,
polymer coatings are applied to the fiber to improve its
robustness and permit it to be wounded. Furthermore,
the coating protects the fragile glass from physical dam-
age, for example, surface microcracks. For this purpose,
UV-curable acrylates are commonly used.

The above-mentioned systems can then be addition-
ally modified and expanded when other fiber variants are
desired. For example, the fibers featuring air channels and
fabricated preforms containing capillary assemblies would
require additional pressure systems to be used during col-
lapsing or reshaping of each capillary in the preform and
during the draw process.67–69
For some applications, circumventing cumbersome pre-

form making can be considered. The double crucible
method offers a route to obtain the core-cladding fiber
structure by using coaxial extrusion for two feedstocks.
Here, glass powders, cullet, or rods can commonly be used.
The cladding feedstock is placed into an outer crucible,
while the core feedstock is placed into the inner crucible.
The crucibles are then placed in a furnace and heated up
to glass softening temperature as depicted in Figure 3. Sub-
sequently, themoltenmaterial can be extruded through an
opening at the bottom. The two melts combine in the so-
called interaction zone and upon cooling, form the desired
fiber. Although the double crucible method is relatively
feasible (geometry and timewise), certain challenges are
difficult to attain, for example, the cross-contamination
between the feedstocks and the crucible.70 The double cru-
cible method is thus preferred only for specific materials,
for example, soft glass fibers, drawn at low temperatures.
On the one hand, fiber drawing has been heavily opti-

mized over the years to yield kilometers of continuous,
high-quality fiber at high volumes. On the other hand,
commonly used furnaces consume significant amounts
of power and require additional cooling systems. Addi-
tionally, continuous purging is often necessary to avoid
degradation of the heating element and contamination of
the fiber.71 Considering the substantial size of commercial
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F IGURE 3 Sketch of the double crucible method
(cross-section) for fiber production.

draw towers, their alignment and rigidity are also critical
for the results. For example, large draw towers should
typically be isolated from vibration; therefore, special
foundations and fixtures must be used.

3 NOVEL TECHNIQUES FOR SILICA
FIBER PROTOTYPING AND
MANUFACTURING

3.1 AM: Silica nanocomposites,
powder-bed techniques

AM has proved to be a very attractive approach for short-
ening production cycles, while the fabricated parts can
have a “cast-like” appearance and a sought-after perfor-
mance. Additionally, AM enables geometries and designs
that are not feasible when using traditional, subtractive
methods. The combination of AM to create the bulk with
subsequent, optional machining for increased accuracy
and surface finish is a common way to lower the costs
of low-volume product series. Many research groups have
investigated the AM of optical components. The main
techniques explored today for AM of glass optical compo-
nents include either deposition of fiber or rod feedstock
by laser melting.67–69 Alternatively, silica nanocomposites
can be used as a feedstock.72–79 The latter consists of silica
nanoparticles dispersed in an organic compound. During
printing, the compound is used for the initial bonding
of silica particles and then removed by heat treatment.
The use of silica nanocomposites enables commercial 3D
printers to print so-called green bodies of the desired com-
ponents. However, the subsequent compound removal and
the sintering step cause a significant decrease in volume,
which needs to be accounted for in the initial design of

the green body. Chu et al. used a silica nanocomposite
to print preforms of passive step-index silica single-mode
fibers (SMF) as well as multi-mode fibers (MMF). To
obtain these preforms, the authors first 3D-printed a green-
body cylindrical vessel to define the cladding, into which
a nanocomposite doped with GeO2 and TiO2 was inserted
to form the core. This assembly was then thermally pro-
cessed to form a glass cylinder, which was then drawn
to fiber. The reported transmission loss was relatively
high, at 13.4–114 dB/m and 5–17 dB/m for SMF and MMF,
respectively.80 Furthermore, preforms with active, fluores-
cent dopants, using Bi/Er and Yb, and more complicated
cladding structures were also demonstrated.81,82
To circumvent time-consuming post-processing asso-

ciated with silica-nanocomposites, laser sintering of dry
powders can be considered as an alternative. The most
common method of dry powder-based AM uses so-called
powder beds. To obtain the powder bed, a uniform layer
of powder is spread by the roller onto a build plate, layer
by layer. Scanning the laser beam across each layer allows
the powder to be locally sintered and fused with underly-
ing areas. Subsequently, by removing unsintered powder,
a solid object can be revealed.83 Although powder beds are
highly regarded for flexibility and used for a wide palette
of materials,84 they have not been shown to be suitable for
making optical-quality glass. The glass test objects printed
with powder beds are typically highly porous, with incom-
plete sintering throughout the volume.85–87 The porosity of
printed glass likely originates from a significant decrease
in volume as the top layer of powder is sintered. More-
over, in contrast to other materials, the highly viscous flow
of the glass entraps the air bubbles in the melt. Ther-
mal post-processing, which leads to volume decrease, is
often necessary to obtain higher density. The powder-bed
printed fiber preforms can be brittle, while the fibers drawn
from such preforms have shown high transmission losses
of 10–100 dB/m88 and thus found no practical use thus
far.

3.2 AM: Laser cladding (LC) and LPD

An alternative approach for delivering feedstock powder
is using narrow, localized powder jets.89 This technique
is interchangeably named LC, directed energy deposition,
LPD, laser-engineered net shaping, and more.89–91 Prin-
cipally, a high-power laser is used to locally melt the
solid workpiece, that is, the substrate, creating a so-called
melt pool. A dry powder feedstock is then blown directly
onto the melt pool. A typical arrangement of an LC print
head consists of a centrally positioned laser beam and
one to several angled powder nozzles placed around it as
shown in Figure 4. The simplest LC print heads utilize
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5148 MANIEWSKI et al.

F IGURE 4 Sketch of laser cladding (LC) print heads: (A) with single off-axis powder nozzle, (B) discrete coaxial print head,
and (C) continuous coaxial print head.

a focused laser beam that irradiates the substrate normally
and an angled, single powder delivery nozzle positioned
to the side as shown in Figure 4A. However, a single
nozzle print head can perform differently depending on
the scanning direction. This behavior is often referred
to as the quill effect. To mitigate the quill effect, several
discrete (Figure 4B) or one continuous coaxial powder
delivery nozzles (Figure 4C) can be used.89,92,93 Due to
the proximity of the laser-induced hot zone, the print
heads are often equipped with additional cooling sys-
tems. For oxidizing materials, a shielding gas, such as
Ar or N2, can be used.89 Comesana et al. studied glass
LC to manufacture bioactive coatings94 and implants and
scaffolds.95 It has also been used for glass-ceramic sealings
of solid oxide fuel cells.96 Powder-fed methods have also
been investigated for soda-lime glass deposition.97 Further-
more, the blown powder feedstock’s laser sintering can be
used to fabricate all-glass fiber arrays as demonstrated in
Maniewski et al.26 Here, a low-power CO2 laser pulse com-
bined with blown fumed silica powder was used to create
a permanent and highly robust bond between the quartz
substrate and the silica fiber. The transparent, pure fused
silica coatings and highly densified three-dimensional
structures obtained via LC were demonstrated in our
earlier work.98 The hot-zone dynamics that enabled depo-
sition of highly densified silica-based glass are discussed
below.
In LC, high-power CO2 (λ= 9.3 and 10.6 µm) or Nd: YAG

(λ = 1.064 µm) lasers are typically used. For this applica-
tion, the lasers operating at wavelengths that are highly
absorbed in silica can be advantageous. In Figure 5, the
spectrumof the absorption index of silica24 is shown along-
side the typical operating wavelengths of the commonly
used lasers in glass processing.
For high reproducibility of LC, a precise and stable

powder feeding system is crucial to obtain stable thermo-
dynamics within the deposition area. Spherical-particle
powders are common as the shape minimizes the risk of
mechanical interlocking and typically ensures good pow-

der flowability. Commonly used powder feedstocks have a
diameter in the range of 10–100 µm.89 During LC, the pow-
der feedstock is fed into the work chamber using powder
nozzles using a carrier gas. Subsequently, the powder is
then melted and fused together with the substrate by the
scanning laser beam. Finally, the excess of the powder can
be continuously exhausted from the work chamber and
recycled.
During LC, the thermodynamic characteristics of the

hot zone play a significant role in both the deposition
dynamics and the achieved results. Next to the substrate-
related factors such as laser beam absorbance and thermal
conductivity, the interaction between the powders and the
laser beam is another major factor. Generally, the inter-
action between the airborne powder jet and the laser
beam includes absorption, reflection, and scattering, the
main factors influencing the thermodynamics of LC.89
When considering the LC of oxide glasses, the CO2 laser
is highly suitable due to high absorption in the con-
stituents (see Figure 5). At its typical operating wavelength
of λ= 10.6 µm, the reflection contribution can be neglected
due to the very low reflectivity of silica at this wavelength.
For scattering, the size (i.e., diameter d) and dielec-
tric constant define the angular scattering distribution as
described by Mie scattering theory99 (see Figure 6). In the
case of the typically used powders, the small angular diver-
gence of the beam caused by angular scattering can lead
to the marginal deformation of the melt pool.98,99 Absorp-
tion is, hence, the main factor that majorly influences the
printing process. The absorption in LC is a function of
absorption cross-section (Ca) and the absorption coeffi-
cient for each powder (𝛽𝑝) and substrate target material
(𝛽𝑡). The generic LC scenario, depicted in Figure 6, was
modeled by Picasso et al. (Equations 3–5).100

𝑃𝑡 = 𝑃1 + 𝑃2, (3)

𝑃1 = 𝑃𝑜𝑢𝑡 𝛽𝑡 (𝜃)

(
1 −

𝑃𝑝

𝑃𝑜𝑢𝑡

)
, (4)
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MANIEWSKI et al. 5149

F IGURE 5 Spectral absorption index in silica (adapted from Kitamura et al.24). The arrows mark the wavelengths of the lasers typically
used for the thermal processing of glass.

F IGURE 6 Sketch of thermodynamics of LC (Equations 3–6).

𝑃2 = 𝑃𝑜𝑢𝑡 𝜂𝑝𝛽𝑝
𝑃𝑝

𝑃𝑜𝑢𝑡

[
1 + (1 − 𝛽𝑡 (𝜃))

(
1 −

𝑃𝑝

𝑃𝑜𝑢𝑡

)]
. (5)

The overall thermal power of the melt pool, Pt, is a sum
of P1: the laser beam power, which is absorbed by the sub-
strate, and P2, which is the power delivered via the powder
jet. P1 is a function of (i) the initial laser power output Pout;
(ii) the absorption factor of the substrate, 𝛽𝑡(𝜃), while 𝜃
is the angle with respect to the normal to the substrate
surface (𝜃 = 0◦ as depicted in Figure 6); and (iii) the so-
called shadowing effect, 𝑃𝑝∕𝑃𝑜𝑢𝑡. The power delivered to
the melt-pool P2 via the powder jet depends on the absorp-
tivity of the jet, 𝛽𝑝, and the catchment efficiency (𝜂𝑝 =
𝐴
𝑚𝑝

𝑝𝑗
∕𝐴𝑝𝑗, where 𝐴

𝑚𝑝

𝑝𝑗
is the area of intersection between

the melt pool and the powder jet, and 𝐴𝑝𝑗 is the area
of the projection of the powder jet on the target). In other
words, the catchment efficiency defines what portion of
the jet is directed and thus can be fused within the melt
pool. Last, the shadowing effect 𝑃𝑝 can be derived using

Beer–Lambert law (Equation 6).

𝑃𝑝 = −𝑃𝑜𝑢𝑡 (𝑒
−𝜀𝑒𝐿 + 1) = −𝑃𝑜𝑢𝑡(𝑒

−𝑁𝐿(𝐶𝑠+𝐶𝑎) + 1), (6)

where L is the optical interaction path, and (𝜀𝑒) is the
extinction coefficient for a given number of absorbing
and scattering particles per volume (N); 𝜀𝑒 = 𝑁 (𝐶𝑠 + 𝐶𝑎),
𝐶𝑠—scattering cross-section, 𝐶𝑎 absorption cross-section.
For simplicity, a homogenous powder distribution across
the jet is assumed. Therefore, the amount of shadowing
depends not only on the size of the jet and particle concen-
tration but also on the size of the particles. Figure 7 shows
𝑃𝑝∕𝑃𝑜𝑢𝑡 to further highlight importance of the silica pow-
der size in the reduction of shadowing. Dimensionless size
parameter (𝑥 = 𝜋𝑑∕𝜆) was used.
For the large particles, that is, x > 1, one can notice

complete shadowing. Therefore, the particles are heated
up as the beam penetrates the powder jet. In extreme
conditions, the temperature might reach the material’s
melting temperature. Subsequently, the particles, upon
stochastic collisions, can fuse into larger agglomerates (see
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5150 MANIEWSKI et al.

F IGURE 7 𝑃𝑝∕𝑃𝑜𝑢𝑡 as a function of size parameter, x for several different values of concentration and size of the jet. The powders used in
LC and the fumed silica used in our work are displayed.

inset Absorption contribution in Figure 6), which further
increases the shadowing as the absorption cross-section
scales with the volume of the particle.
In LC of metals and alloys, the shadowing results in

partly melted airborne clusters, but it typically has aminor
effect on the final quality of the printed parts or coatings,
mostly due to the relatively low viscosity of the melt. For
glass, however, the high viscosity of the molten glass can
trap air bubbles in the partly melted agglomerates and
subsequently retain them in the printed body. Due to the
shadowing effect, the printed glass objects become porous,
similar to the powder bed systems discussed earlier.102
In our earlier study,98 we showed that it is possible

to mitigate the shadowing effects and thus improve the
quality of printed glass by using powders much smaller
than the laser wavelength. In our system, a CO2 laser
(λ = 10.6 µm) was used in combination with commercial
fumed silica powder (x < 0.01). The laser was used to melt
locally a solid quartz plate. The powder was delivered into
this melt pool using three discrete coaxial nozzles. The
typical feed rates used were in the range of 0.1–1 g/min.
The powder nozzles were also equipped with an outer
coaxial tube, which was used for shaping the powder jet
(see Figure 8A). Introducing this shaping gas reduced the
powder cone divergence, and a larger separation between
the melt pool and the nozzle was achieved without sac-
rificing powder delivery efficiency. The larger separation
mitigates the thermal expansion-related deformations and
increases the lifespan of the nozzle. The performance of
such a coaxial powder nozzle was discussed in detail in
Maniewski et al.98 The typical, continuous printing rate
demonstrated in our work was as high as 1.3 mm3/s when
using a discrete coaxial nozzle.92 Importantly, these rates
were achieved using lab-scale setup, and they can be
readily improved, for example, by employing more pow-
erful laser enabling operating with larger spot sizes and
higher scanning speeds. Although the as-printed objects

have a rough, non-transparent appearance due to partly
sintered powder, the internal volume is typically fully den-
sified (see Figure 8B). The partly sintered regions are the
effect of lower temperature, insufficient for completemelt-
ing, at the perimeter of the laser-induced hot zone. The
partly sintered surface can be removed with mechanical
polishing as shown in Maniewski et al.98 or by CO2 laser
post-processing, as demonstrated in Maniewski et al.92 By
mixing different powders, one can achieve a customizable
composition of the printed glass. For example, the obtained
Al-doped silica transparent coating on a pure quartz sub-
strate is depicted in Figure 8C, and an ongoing printing
of a Ti-doped glass rod is shown in Figure 8D. In the
case of the sample presented in Figure 8C, in-line “polish-
ing” was obtained by remelting the porous surface using
the defocused CO2 laser beam. In Figure 8C, the sam-
ple has been placed on a patterned background to show
the transparency of the Al-doped coating. Furthermore,
unlike other AM techniques, the open architecture of
the work chamber used in LPD enables real-time process
monitoring (see Figure 8D).

3.3 Laser-based fiber drawing

In addition to additive and subtractive manufacturing of
glass components, laser processing can be used to draw
optical fibers. The following section reviews this approach,
which can be combined with laser-based preform manu-
facture.
In most cases, CO2 lasers operating at 9.3 or 10.6 µm

are used for the processing of silica glass due to the high
absorption at these wavelengths in oxides.101–106 Nonethe-
less, too high absorption can also be detrimental. The
CO2 laser beam is absorbed within a depth of approx-
imately 5–15 µm from the irradiated surface, increasing
its temperature locally.101,107,108 Heat reaches deeper into

 15512916, 2024, 8, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.19838 by Southam
pton U

niversity H
artley L

ibrary, W
iley O

nline L
ibrary on [04/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



MANIEWSKI et al. 5151

F IGURE 8 Sketch of (A) LC printing followed by immediate in-line laser polishing, (B) a typical cross-section of an as-printed
single-layer coating (adapted with permission from Maniewski et al.,98 © Optical Society of America), and (C) optical imaging through a
section of Al-doped coating after in-line laser polishing. The sample was placed on a patterned background with a line spacing of 0.4 mm. The
chaotically undulating surface of the perimeter is visible in the middle of the micrograph. Photograph (D) of the work chamber and ongoing
laser powder deposition (LPD) of a 40 mm long Ti-doped glass rod.

the underlying regions via thermal conductivity and radi-
ation. As a result, when using a CO2 laser as the heat
source, drawing larger preformsmay be challenging due to
rapid surface evaporation.107,109 As a consequence of these
challenges, it becomes feasible to draw relatively small pre-
forms with diameters below 1 cm. For larger preforms, the
attainment of a uniform temperature profile across the pre-
formnecessitates extendedhot zones, thereby disregarding
the advantageous aspects of CO2 laser heating.
Recent technology development toward high-power

lasers operating in 4–7 µm wavelength regime has intro-
duced new avenues in laser-based drawing. In comparison
to CO2 lasers, operating within this range demonstrates
lower absorption in silica, thereby facilitating larger pen-
etration depths (see Figure 5). Consequently, this charac-
teristic enables more uniform heating across thicker pre-
forms. With these advantages in consideration, a CO laser
(λ ≈ 5.5 µm) represents a suitable source. It was success-
fully utilized byOriekhov et al. andHarvey et al. in preform
making110 and lab-scale draw tower, respectively.71 In the
2-m tall draw tower described in detail in Harvey et al.,71
the laser-based furnace consisted of four beams obtained
by splitting the primary beam with a diffraction grating.
The four beams (from the first and the second diffrac-
tion orders) were then redirected by gold-coated mirrors
onto a centrally positioned preform.Careful alignment and
precise positioning of the preform’s end were then used
to compensate for the intensity difference between the
two diffraction orders. Furthermore, the dry-air purging
of the laser beam path is necessary to avoid absorption
in ambient water vapor, which results in the deteriora-
tion of the laser beam quality. To maintain and control the
drawing, two feedback loops were used: firstly, the desired

fiber diameter, which was measured using a non-contact
diameter gauge, was attained by adjusting the draw speed.
Second, the fiber tension during the drawing was adjusted
by fine adjustments of the laser power.71 By leveraging the
CO-laser-based furnace, combined with other commer-
cially available fiber drawing components, drawing silica
glass and multi-component fibers with a draw speed of up
to 20 m/min, the typical preforms used were 50-cm long,
up to 10 mm in diameter. In our research, although pre-
forms exceeding a diameter of 10 mm were achievable,
we focused on utilizing shorter segments of experimental
fibers. Additionally, the laser-based furnace enables a fast
start-up time, and a draw can be accomplishedwithin a few
hours. In comparison to traditional heating, the ability of
rapid start and “on-demand” stop facilitates the drawing
of a single preform into multiple sections or enables the
draw parameters rapid modulation to obtain sought-after
results. In summary, the use of CO-laser enables the draw-
ing of thicker preforms (thus longer fibers) than CO2 laser
heating; however, the careful alignment of the furnace and
subsequent dry-air purging are the primary operational
bottlenecks.
Despite the fact that the preforms that are feasible for

laser-based drawing are significantly smaller than the
commercial standard, using lasers as heat sources can be
considered an attractive alternative to commercial systems
for fabricating shorter lengths of highly specialized fibers.
Not only is the footprint of such systems much smaller,
but the thermodynamics of more tailorable laser-induced
hot zones may also be advantageous in some applications,
such as the development non-circular fibers.111 Steeper
heating and cooling rates and very confined heating can
minimize undesired effects such as diffusion or oxidation.
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5152 MANIEWSKI et al.

F IGURE 9 Schematic illustrating the laser-aided fabrication of specialty fibers: (left to right) LPD of X-doped rod printing, preform
making, and fiber drawing. As shown by the inserted cross-sectional composition profiles graph, by adapting the rod-in-tube technique,
composition discrepancies at the center of the preform can be mitigated (see Figure 2 and e.g., Sharif et al.59; adapted fromManiewski et al.120).

Mitigating these effects is sought after in fiber designs
based on heterogenous materials, for example, semi-
conductor core fibers.112 Moreover, the rapid temperature
control and open architecture of laser-based furnace
allow for faster process monitoring and feedback. Due to
these benefits, laser-based heating is broadly used in fiber
fabrication and post-processing.110,113–119

3.4 Rapid manufacturing of specialty
fibers through laser-based techniques

Conventional fibermanufacturing requires relatively large
infrastructure and lengthy production cycles, with an asso-
ciated need for significant upfront investment, which
might be difficult to justify in the research environment.
We have demonstrated fast turn-up techniques using laser-
assisted manufacturing for rapid prototyping and much
smaller initial costs as detailed in Maniewski et al.120 This
approach, depicted in Figure 9, combines three relatively
compact glass processing systems: LPD was used for AM
of glass rods,92 which were then used in CO laser-based
preform making system,121 and last for laser-based fiber
drawing tower.71 By applying these three steps, several
meters of silica-based fiber with custom core structure and
composition could be fabricated within a few hours.
First, LPD was used to print glass rods. To obtain the

rod, a CO2 laser beam was used to create a melt pool in
a quartz plate. Into this, approximately 1 mm in diame-
ter melt-pool, a powder mixture was delivered via discrete
coaxial print head (see Figure 4B). Subsequently, print-
ing was performed by vertical translation of the print
head while injecting the powders.92 The above-mentioned
process allowed us to obtain a cylindrical rod measuring
approximately 1 mm in diameter and 20 mm in length
within 20 s of printing time.120 The printing rates can
be further increased as mentioned in Section 3.2. The

powders used in our experiments include several types
of fumed silica (SiO2) as a silica host. Alumina (Al2O3)
and titania (TiO2) were used to control the RI of the
printed glass (see Figure 1). Additionally, erbia (Er2O3)
was used for active doping in proof-of-concept active gain
fibers. Before printing, each powder was weighed and
mixed using a stainless-steel ball mill until a homogenous
mixture was obtained. Initial tests were performed using
pure SiO2 to 3D print freestanding glass objects, as shown
in Maniewski et al.92 and to establish suitable printing
parameters. Next, TiO2 powder was used in combination
with SiO2 as it shows the most significant RI change (see
Figure 1, also Dylla-Spears et al.72). The printability of
titania-silica rods with TiO2 doping levels as high as 15 wt%
demonstrated a remarkable degree of flexibility of LPD.
In our fibers, the LPD printed rods were sleeved with

a commercial quartz tube to obtain and maintain the
core-cladding profile as consistent as possible. The typical
preform used in our experiments had an outer diameter
of 6 mm with a core diameter of approximately 200 µm.
The preforms were drawn using the CO-laser-based draw
tower (see Section 3.3) with a draw speed of up to 20m/min
and low tension (0.3 N). The fibers produced in our
experiments had 125-µm diameter with a core of approx-
imately 4 µm to ensure easy integration with commercial
fiber components.120 Details of the Ti-doped, passive fibers
studied in Maniewski et al.120 are gathered in Table 1.
The average loss was estimated using a cut-back tech-

nique. Here, a white light source (Whitelase SC480, Fian-
ium) and power meters were used to measure transmitted
light in the range of 400–1800 nm. The power measure-
ments obtained for 7 to 12 consecutive cut-backs were used
to calculate the loss using an exponential fit. The relatively
high loss of the fibers listed in Table 1 is likely linked to Ti3+
color centers, stemming from the reduction of Ti4+ under
high temperatures. Tomitigate this effect and achieve low-
loss Ti-doped fiber, oxygen-rich atmosphere can be used
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TABLE 1 Overview of laser powder deposition (LPD)-made
passive fibers.120

Composition
Outer diameter
(OD)/core (µm) NA

Avg. loss
(dB/m)

TiO2 (1 wt%)/SiO2 125/4 0.020 ≈ 3.2
(λ 400–1800 nm)

TiO2 (5 wt%)/SiO2 125/4 0.024 ≈ 4.3
(λ 400–1800 nm)

TiO2 (15 wt%)/SiO2 125/4 0.065 high–loss

TABLE 2 Overview of LPD-made active fibers.120

Composition
OD/core
(µm) NA Loss (dB/m)

ER1 Er2O3/Al2O3/SiO2
(0.3/3.4/96.3 wt%)

125/4 0.056 4.5 - 13
(λ 400–1800 nm)

ER2 Er2O3/Al2O3/SiO2
(0.7/5.7/93.6 wt%)

125/4.4 0.103 17.3 (λp = 976 nm)
< 1 (λb = 1342 nm)
23.9 (λs ≈ 1530 nm)

F IGURE 10 Photographs of (A) the printed and
laser-polished rod used in the core, (B) cross-section, and (C) ASE
spectrum obtained in ER1 fiber (adapted from Maniewski et al.120).

during fabrication.122 Nonetheless, LPD-made, Ti-doped
fibers have demonstrated the feasibility of this fabrication
route for highly doped fibers. Subsequently, in our work,
to mitigate the high loss linked to high concentrations
of Ti3+ color centers, in our further experiments, Al2O3
nanopowder was used to increase the RI of the printed
glass.
Typically, in commercial fibers, Al3+ doping is used

in combination with RE doping. Doping with aluminum
increases the solubility of RE in silica and prevents ion
clustering.45,123 To study this type of doping in LPD and to
demonstrate the functionality of RE-doped fibers made via
LPD, we used Er3+ and Al3+ co-doping for fibers, which
we denominate as ER1 and ER2. Table 2 shows the com-
position of powder mixtures used in LPD. The geometries
of the ER1 and ER2 fibers are shown in Figures 10 and 11,

F IGURE 11 ER2 fiber: (A) a micrograph of the cross-section
and (B) an output mode pattern for λs imaged ca. 3 cm from the
fiber’s end face, using a thermal camera (adapted with permission
from Maniewski et al.124 © Optical Society of America). The visible
fringes are the effect of a low pass filter used to block unabsorbed
pump. (C) Laser emission spectrum; the laser employed cavity
feedback by Fresnel reflection at the end of the ER2 fiber
(inset: a photograph of approximately 40-cm long section ER2;
adapted from Maniewski et al.124).

respectively. Figure 10C shows the amplified spontaneous
emission spectrummeasured at the output of the ER1 fiber.
The ER2 fiber was used to realize lasing with the out-
put spectrum displayed in Figure 11C. Both fibers were
pumped by a laser diode operating at the wavelength of
λp = 976 nm. The characteristic up-conversion from the
pumping level, typical for Er-doped fibers, can be seen as
the green glow of the fiber shown in the inset in Figure 11C.
Homogeneous glow further highlights the high quality of
the LPD-printed material used in the core.
Although amplified spontanous emission (ASE) signals

were obtained in both fibers, ER1 showed a lower NA than
expected and a significant bend sensitivity. The composi-
tion of the core was adjusted for the fiber ER2, in order
to increase the NA, therefore reducing bending sensitiv-
ity. This also enabled a higher concentration of Er3+ and
higher optical gain per unit length. The gain ER2 fiber
was used to obtain lasing operation using a Fresnel cav-
ity formed by the reflections at the air-glass interface of the
cleaved ends of the fiber. The 30-cm long fiber was pumped
at λp = 976 nmwith a diode laser and lasing at λs = 1532 nm
was obtained. The laser threshold was reached at 47 mW
of incident pump power, and the Fresnel-coupled cavity
showed a slope efficiency of 9.4%.
Lasing at 1532 nm corresponds to the highest gain in a

quasi-three-level Er3+ system. Obtaining gain in this spec-
tral region requires high population inversion. Therefore,
when using small feedback in the Fresnel cavity lasing
at this wavelength indicates low Er3+ ion clustering. The
latter was additionally confirmedwhen an upper-state life-
time of 8.4ms wasmeasured. Themaximum output power
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5154 MANIEWSKI et al.

of 4.5 mW was achieved, limited by the available pump
power. Furthermore, ER2 showed a low transmission loss
(outside of Er3+ absorption peaks). At λb = 1342 nm, it
was estimated to be significantly less than 1 dB/m, indi-
cating relatively low scattering loss. Further details on the
LPD-obtained material as well as performance of the fiber
can be found in Maniewski et al.124 Subsequent improve-
ment of the overall performance of the fiber laser, that is,
length optimization or spectral control elements, such as
fiber Bragg gratings, could be added. This optimization is
well-knownand thus outside of the immediate scope of our
study presented in Maniewski et al.124

4 CONCLUSION

By leveraging innovative manufacturing techniques, sig-
nificant strides can bemade in circumventing long produc-
tion cycles for optical fiber prototyping. Although most of
these techniques are still in the research phase, they may
have a pivotal role in further optimization and fast devel-
opment of new photonic platforms and devices. Examples
include fiber arrays,26 novel glass compositions,21 hollow
and multicore fibers,81,119 or high doping levels.124
Our recent development of LPD using a CO2 laser com-

binedwith sub-micron powders enabled us to demonstrate
various proofs-of-concept, such as coatings, fiber arrays,
freestanding 3D printed structures, and customized glass
rods. Our results discussed in this article showcase the
high flexibility of this technology. Importantly, due to
limited shadowing effects, the unsintered powders can
potentially be collected and reused, improving the cur-
rently achieved powder usage efficiency. This should be an
important consideration in the future commercialization
of the technique.
In the case of laser-made fibers, the typical, small-scale

production allows to investigate custom compositions
before resorting to traditional production methods. This
flexibility likely fosters innovation and experimentation in
fiber development. Our work regarding the rapid prototyp-
ing of specialty fibers has focused so far on binary printed
core compositions as well as Er-Al co-doping in silica. As a
proof-of-principle, the erbium-doped fiber laser described
in Maniewski et al.124 shows the high potential of LPD
as a novel way to fabricate high-quality specialty fibers.
Although demonstrated for erbium, this additive approach
can be readily applied to other RE oxides. Furthermore,
the small and localized hot zone using the CO2 laser pro-
vides a versatile regime for glass making. For instance,
the composition of ER2 fiber in Table 2 and shown in
Figure 11 would normally lead to an expectation of a
significant concentration quenching and ion clustering,
which was not seen in experiments.45,124 This discrepancy

between our results and results obtained when using tradi-
tional manufacturing systems might be linked to different
thermodynamics and ion kinetics in the laser-induced
hot zones. Further studies of these effects are currently
undergoing. Additionally, the current activities investi-
gate various spatial matrices of materials. Here, functional
waveguides, gradients, multi-material sandwiches, or grat-
ings could potentially be imprinted using a highly flexible,
single-step process.
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