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Abstract

Glass additive manufacturing (AM) is a developing technology, particularly in compar-
ison to metals and polymers, both of which have had their processes and applications
extensively studied. Its potential lies in fabricating complex, even micrometric, geometries
that are difficult or impossible to achieve via traditional molding, as well as in producing
components with unique optical properties. The diversity of AM techniques, alongside
the challenges associated with the high melting point, rheological control, and fragility of
glass, necessitates a comprehensive analysis of current developments. Accordingly, this
review presents a systematic review, conducted in accordance with the PRISMA protocol,
of recent literature regarding AM technologies that fabricate glass via particle fusion to
form solid components. This review explicitly excludes techniques utilizing glass fibers
as reinforcement, as that constitutes a separate field of inquiry. The results demonstrate
sustained growth within the field, with a predominance of technologies based on pho-
topolymerization and ink extrusion, both of which offer high resolution and microstructural
control. Ultimately, this review establishes the current state of the art, identifying critical
challenges and emerging lines of research to guide future development. It is intended to
serve as a foundational reference for researchers and professionals seeking to initiate or
expand their work in glass AM.
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1. Introduction
Additive manufacturing (AM), historically and popularly referred to as 3D print-

ing, has emerged as a novel industrial method for producing components with complex,
customized geometries while simultaneously minimizing material waste [1,2]. For the
purposes of this review, the standard international term ‘additive manufacturing (AM)’
will be preferentially used to encompass all layer-by-layer fabrication techniques. Although
AM development has predominantly focused on polymeric and metallic materials, glass
AM has emerged as a viable alternative due to the material’s unique refractory, optical, and
thermal properties [3,4]. Furthermore, the capacity of AM to fabricate sophisticated glass
structures enables the development of high-performance components that are difficult or
impossible to produce via conventional molding techniques.

Utilizing glass in these technologies presents unique challenges related to its melting
temperature, rheological behavior, and intrinsic fragility [5–7]. These specific characteristics
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drive the development of various AM techniques, which are broadly classified into direct
and indirect methods. Direct methods involve the localized fusion of the material, whereas
indirect methods require a subsequent post-printing processing stage, such as furnace
sintering, to achieve the final component properties. In glass AM, printability can be defined
as the ability of a given glass feedstock, ink, melt, filament, or photosensitive precursor to
be processed reproducibly into a three-dimensional architecture with sufficient dimensional
fidelity, shape retention, and interlayer cohesion throughout deposition, consolidation, and
immediate post-processing [8].

During the early 2010s, foundational glass AM research primarily focused on bio-
logical applications, demonstrating that Direct Ink Writing and Selective Laser Sintering
could produce bioactive glass scaffolds with controlled interconnected porosity and tailored
mechanical strength after sintering [9,10]. By 2013–2014, the field advanced through more
systematic control of feedstock formulation and processing, including the use of single
organic additives such as carboxymethyl cellulose [11,12]. In parallel, stereolithographic ce-
ramic manufacturing demonstrated the feasibility of producing glass–ceramic components
with homogeneous microstructures and high density [13]. This advancement mapped out
the diverse multi-technology landscape that preceded the rapid expansion of glass AM
after 2015.

The integration of glass fibers into composite materials to enhance mechanical prop-
erties, such as elastic modulus and impact resistance, constitutes a distinct research do-
main [14,15]. Conversely, the fabrication of monolithic parts via glass AM, without reinforc-
ing fibers, opens various application fields, including advanced optics [16], nanostructures
and microfluidics [17], photonic devices, and microtoroidal resonators [18]. In this context,
it is necessary to distinguish the capabilities and characteristics of monolithic glass AM
from those of glass-reinforced composite AM. This review focuses on AM processes that
involve the fusion of vitreous material particles, examining the underlying technological
principles, processing strategies, and relationships between printing parameters. This
scope eliminates the influence of reinforcing elements, enabling a focused analysis of the
intrinsic phenomena governing glass AM, such as viscosity and the structural quality of
the printed components.

The article is structured as follows: Section 2 outlines the methodology employed,
including the use of the PRISMA protocol for systematic reviews. Section 3 presents a
descriptive literature analysis, detailing publication trends and thematic maps of recent
research derived from bibliometric data. Subsequently, Section 4 provides a thematic
analysis of glass AM, examining the materials and printing technologies utilized, as well
as the processing parameters required to produce printed components. Finally, Section 5
discusses the primary challenges, opportunities, and future directions for research.

2. Materials and Methods
The focus of this review is to analyze additive manufacturing technologies applied

to the fabrication of glass components—excluding fiber reinforcement approaches—to
establish their level of technological development, the involved processing parameters, and
their implications for final performance and sustainability. In this context, the following
research questions were posed:

• Which additive manufacturing technologies exhibit the highest potential for the ad-
vancement of glass AM?

• What are the novel applications currently being investigated in the domain of
glass AM?

• What are the critical factors and challenges associated with the implementation of AM
using recycled glass?
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• In what ways does glass AM facilitate sustainable development?

To address these questions, this review is structured according to the PRISMA method-
ology, utilizing a specific checklist designed for systematic analysis to ensure clear, transpar-
ent, and reproducible results. Texts were classified using explicit inclusion and exclusion
criteria to rigorously and precisely prioritize the studies. Additionally, a flow diagram is
provided to clarify the article selection and exclusion process. The implemented steps are
detailed below.

Following the formulation of the research questions, a bibliographic search of the
Scopus database was conducted in July 2025. Regarding the choice of a single reposi-
tory, Scopus was chosen because it offers an extensively broad and practical coverage
for engineering and materials science disciplines. Utilizing this single robust database
ensures a highly consistent metadata structure, which minimizes raw data compatibility
errors during the bibliometric compilation while capturing the core scientific production of
the field.

Strategic search terms were selected to compile the pertinent literature, ensuring a
broad and inclusive search to identify relevant studies. The search strategy utilized the
query (“Glass print*” OR “Print* glass” OR “Additive manufactur* of glass” OR “Glass 3D
print*” OR “Glass-based additive manufacturing” OR “Glass prototyping”). Terms such
as “recycling,” “sustainability,” and their variants were deliberately omitted to facilitate
a broad search and allow for a comprehensive literature analysis. Exploratory searches
showed that adding these restrictive terms directly to the Boolean equation produced very
few records. To mitigate omission bias, they were systematically extracted and assessed
from the final records obtained using the PRISMA methodology. This process identified
241 records published between 2015 and 2025; extending the search prior to 2015 yielded
no additional records.

Figure 1 presents the PRISMA flow diagram illustrating the process stages. Initially,
241 documents were identified via the search query. Subsequently, inclusion criteria were
applied—limiting the selection to English-language texts, journal articles, and review
articles—to prioritize studies with significant results and robust methodologies. To assess
the potential selection bias introduced by the inclusion criteria that restricted the final
selection to English publications, a language distribution analysis was conducted. From
the initial set of 241 records, 229 (95.02%) were published in English. Contributions in other
languages accounted for only 4.98% of the total, consisting of texts in Chinese (9 articles),
German (1), Korean (1), and Turkish (1). Consequently, limiting the review to English-
language documents maintains peer-review consistency while preserving the thematic,
bibliometric, and technological insights of the glass additive manufacturing landscape.

Conference proceedings and editorial letters were excluded from the analysis. While
conference papers frequently present valuable early-stage insights in rapidly advancing
technological fields, full-length articles published in indexed journals were prioritized to
ensure the standard of double-blind peer-review rigor, methodological completeness, and
fully validated experimental data. This screening step resulted in the reduction of the
dataset from the initial 241 records to 91. Although this approach may introduce potential
selection bias, it was deemed appropriate in order to exclude studies that did not meet
predefined standards of methodological rigor.

The final selected publications, designated as “included studies,” were exported and
processed using the Bibliometrix 5.0 package (implemented in the R environment) for data
cleaning, author normalization, scientific performance analysis, and the construction of
bibliometric indicators. Keyword co-occurrence and co-citation networks were analyzed
and visualized using VOSviewer V.1.6.20 to facilitate the identification of thematic clusters.
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These procedures constitute the descriptive analysis, which defines the research patterns
and emerging areas within the studied domain.

Figure 1. PRISMA Flow Diagram of Study.

Following the descriptive analysis, a thematic analysis was conducted to systematically
examine the materials used, compare the different technologies, assess their inherent
limitations, and identify future research opportunities in glass AM.

3. Descriptive Analysis
This section provides a descriptive analysis of recent advances in additive manufac-

turing technologies applied to the fabrication of glass components. VOSviewer was used
to categorize the primary themes of the publications, while Bibliometrix was utilized to
conduct a comprehensive metadata analysis of the included records.

3.1. Primary Information Analysis

Figure 2 illustrates the temporal distribution of the analyzed articles. The trend,
exhibiting an annual growth rate of 20.12%, highlights a rapidly expanding research field
and indicates increasing interest among new researchers. The prevalence of 73 research
articles, compared to five review articles, suggests that this field is in an active production
phase. Notably, the number of publications continues to increase; records spanning up to
mid-July 2025 had already reached the total productivity of the preceding year.

Source analysis reveals that 25% of the publications involve international collaboration.
This cooperative network is vital for knowledge exchange and the global dissemination of
research findings.

The search strategy was specifically tailored to isolate studies on glass additive manu-
facturing via particle fusion or sintering. Although these criteria defined a primary dataset
of 78 core publications, additional reference studies were qualitatively incorporated and
discussed within the Section 4 to complement the quantitative synthesis and mitigate
potential thematic omissions.

https://doi.org/10.3390/jmmp10080289
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Figure 2. Distribution of the 78 Publications Related to Glass Additive Manufacturing.

3.2. Co-Occurrence and Trends

The co-occurrence map (Figure 3) demonstrates that the central term is “glass,” which
exhibits a high correlation with “3D printing.” Three clearly differentiated subthematic clus-
ters are identified. The first cluster (green) forms the core of research activity surrounding
the term “glass” and demonstrates that glass additive manufacturing is directly associated
with silica fusion. The second cluster (red) focuses on the analysis of additives and specific
applications. The third cluster (blue) emphasizes the component sintering process and
resulting mechanical properties. Collectively, these findings indicate that research recur-
rently addresses process development, material studies, and the properties achieved via
glass AM.

Figure 3. Co-Occurrence of All Keywords Related to glass AM Literature.

The exclusion of redundant or equivalent keywords, such as “3d printing” and “3-d
printing,” reveals the general trends shown in Figure 4. These trends suggest a transition
from basic characteristics toward the investigation of specific aspects, such as manufactur-
ing processes and the role of additives, and, more recently, the analysis of the thermal and
optical properties of the printed parts.

https://doi.org/10.3390/jmmp10080289
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Figure 4. Trend Analysis of Consolidated Keywords and Research Themes by Year.

3.3. Interrelation of Themes and Global Overview

An analysis of keywords within the conceptual structure of glass AM research is
presented in Figure 5. “Motor themes” are characterized by a high degree of development
(Density) and high relevance to other themes (Centrality). The map reveals that research on
mechanical properties and additive analysis drive these investigative lines. “Basic themes”
exhibit a transversal character that articulates with numerous developments. These themes
primarily relate to specific component materials, such as alumina and borosilicate glass.

Figure 5. Thematic Map of Glass Additive Manufacturing Literature.

“Niche themes,” including photoluminescence and the development of optical fiber-
based technologies, constitute highly specialized areas of active research. Finally, themes
with a lower degree of development may be interpreted either as losing relevance (e.g., tra-
ditional laser printing techniques) or as opportunities for future research, notably including
microfabrication and addressing the intrinsic problems of printed parts.

Regarding author collaboration, the international cooperation diagram (Figure 6)
demonstrates that the United States and China are the primary hubs of scientific research
production. Western Europe (specifically the United Kingdom, Germany, and France)
serves as another significant nucleus for knowledge generation and research. Furthermore,
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broad international cooperation is observed, which drives and provides opportunities for
nations with limited research productivity, such as countries in Latin America and Africa.

Figure 6. Country Collaboration Map in Glass Additive Manufacturing Research. The Color Scale
Indicates the Number of Publications per Country, Highlighting the United States, China, and
Germany as the Prominent Nodes. The Connecting Blue Arcs Represent Active International Co-
Authorship Pathways, Illustrating the Collaborative Links Between Principal Research Clusters.

The macro-level bibliometric and conceptual mapping presented in this section pro-
vides a structured foundation that directly dictates the trajectory of the subsequent thematic
analysis. This global and collective framework of scientific production highlights the ac-
celerated growth of publications and the consolidation of global co-authorship networks.
Consequently, it establishes the structural baseline required to explore the technical funda-
mentals behind these research trends. Consequently, to understand the research themes
identified within the field’s conceptual structure, it is necessary to move beyond general
metric descriptions toward a detailed qualitative evaluation of materials and fabrication
systems. To this end, the subsequent section develops a thematic analysis focused on
the physical properties of the diverse glass families utilized while classifying additive
manufacturing technologies alongside the processing parameters and intrinsic defects that
govern the ultimate quality of monolithic glass components.

4. Thematic Analysis
4.1. Glass in Additive Manufacturing: Properties and Applications

Glass is an inorganic material characterized by its hardness, transparency, chemical
stability, durability, versatility, and recyclability [19]. Its applications range from optical
components and microstructures for photonics to microfluidic devices and biomedical
tools, where its dimensional accuracy and intrinsic properties offer notable advantages
over conventional materials [20]. However, incorporating glass directly into additive
manufacturing processes presents challenges related to its fragility, elevated melting tem-
perature, and viscous behavior during printing. Research in this area therefore focuses on
establishing printability and post-processing conditions that best preserve the material’s
intrinsic properties.

4.1.1. Types of Glass in AM

The scientific literature primarily classifies glasses by their chemical composition. The
most common are silicate glasses, based on silicon dioxide (SiO2), which account for the
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vast majority of applications. Specialized variants include chalcogenide and phosphate
glasses. The selection of glass type and printing technique depends on the required dosage
form, processing temperature, intended application of the printed components, and desired
resolution, among other characteristics [21]. The primary types of glass used in additive
manufacturing can be differentiated as follows:

Silica Glass: These glasses are characterized by a high silicon dioxide (SiO2), con-
tent, typically exceeding 90%, which provides a highly stable amorphous structure and
outstanding optical properties. They exhibit high transparency across a wide spectral
range, high chemical resistance to most corrosive agents, and notable thermal stability.
Additionally, their low thermal conductivity and reduced thermal expansion coefficient
(approximately 0.5 × 10−6 K−1 for fused silica) confer excellent resistance to thermal
shock [22–25]. Nevertheless, their optical and mechanical properties can be significantly
compromised by impurities (e.g., OH− groups or metallic contaminants) and the specific
processing conditions used during fabrication [23,24].

Within this family, fused silica (or quartz glass) represents the highest-purity form
(SiO2 > 99%) and offers the best functional performance. This material is further distin-
guished by excellent structural homogeneity and high optical transmission ranging from
the ultraviolet to the near-infrared spectra [22,26]. These characteristics make it particularly
suitable for advanced applications, including micro-optics, optical fibers, microfluidic
devices, and high-precision systems.

In the context of additive manufacturing, fused silica is rarely processed directly
because its elevated softening point (exceeding 1500–1700 ◦C) limits its compatibility with
conventional glass AM technologies. Instead, it is processed via Stereolithography (SLA),
Digital Light Processing (DLP), or Direct Ink Writing (DIW) technologies using indirect
approaches, such as colloidal suspensions, photopolymerizable resins loaded with silica
nanoparticles, or sol–gel routes [20,26]. These methods require subsequent debinding and
sintering stages to achieve adequate densification and optical transparency.

Despite its advantages, the additive manufacturing of silica presents significant chal-
lenges. Notable issues include volumetric shrinkage during sintering, residual porosity
generation, and a tendency toward opacity in processes such as Selective Laser Sinter-
ing (SLS) or Selective Laser Melting (SLM) when advanced post-processing strategies are
omitted [20,27–29]. Furthermore, the elevated cost of high-purity raw materials and the
complexity of microstructural control pose additional barriers to its large-scale adoption.

Soda-Lime Glass: With a typical composition of SiO2-Na2O-CaO, soda-lime glass is
the most common commercial variant, typically sourced from bottles, windows, or recycled
cullet. Processed as a filament, powder, or granules [20,30], it is low-cost, widely avail-
able, and includes sustainable recycling. It features the lowest processing temperatures
(∼1000–1200 ◦C) and lower viscosity compared to other silicates [31]. It exhibits favorable
fusion properties and versatility across techniques such as Fused Deposition Modeling
(FDM), Directed Energy Deposition (DED), DIW, and SLA, while also enabling the fabrica-
tion of large-scale, complex structures in varied colors [21]. Its primary drawbacks include
a higher thermal expansion coefficient, the potential for devitrification (crystallization)
during heating, limited optical clarity and surface finish without post-processing, and
lower thermal and chemical resistance compared to borosilicate or pure silica.

Borosilicate Glass: This material is structurally network-modified by alkaline oxides
within a SiO2 and B2O3 matrix and exhibits good chemical stability, high thermal shock re-
sistance, and a low coefficient of thermal expansion (~3–6 × 10−6 K−1) [32]. These intrinsic
physicochemical attributes render it highly advantageous for advanced additive manufac-
turing processing, utilizing either powder or filament feedstocks in laser-directed energy
deposition or glass-loaded photopolymer resins in stereolithography [20,33,34]. While its
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intermediate melt viscosity enables precise kinetic flow control and geometric accuracy
during layer deposition [33,34], the thermal gradients and localized reboil phenomena
characteristic of unconditioned environments induce critical constraints, including residual
stress accumulation, microcracking, and gas bubble entrapment; consequently, large-scale
or high-rate direct printing remains unfeasible without stringent closed-loop thermal
regulation [20,33]. Nevertheless, recent breakthroughs in tailor-made borate-enriched com-
positions have successfully bypassed these thermo-mechanical limitations, expanding the
application paradigm of additively manufactured borosilicate architectures into advanced
biomimetic fibrous matrices tailored for localized ion release and tissue engineering [35].

The distinction between soda-lime and borosilicate glasses is indeed critical for ad-
ditive manufacturing processability. In glass additive manufacturing, borosilicate glass
generally shows better thermal processability than soda-lime glass, especially in laser-based
and filament-fed routes, because its lower coefficient of thermal expansion is associated
with higher thermal-shock resistance and a lower tendency toward fracture during deposi-
tion [36–38]. By contrast, soda-lime glass is more mature as a proof-of-feasibility feedstock
in laser powder bed fusion, but it still commonly exhibits porosity, opacity, and sensitivity
to processing conditions such as laser energy density, scan speed, and substrate preheat-
ing [39,40]. Nevertheless, Laser Powder Bed Fusion (LPBF) of soda-lime glass has already
enabled the fabrication of complex three-dimensional and multilayer geometries, including
parts with potential use in chemically inert, low-pressure functional applications such as
flow reactors and structured catalysts [40,41]. In filament-fed glass AM, borosilicate has
also been positioned as a stronger candidate for transparent and optical parts, provided
that thermal-shock-induced fracture, bubble entrapment, and residual stress are controlled
through temperature management and post-deposition annealing [36,42]. From a com-
mercial perspective, this distinction matters because borosilicate aligns more naturally
with higher-value applications in optics, technical glassware, and thermally demanding
components, whereas soda-lime remains more relevant for scale-up, architecture, and
chemically resistant functional parts due to its widespread industrial use, low cost, and
compatibility with high-volume glass markets [37,41,43–45].

4.1.2. Other Less Common Types of Glass

Phosphate Glasses: Characterized by phosphorus pentoxide (P2O5) as the primary
network former, phosphate glasses constitute a class of vitreous materials with a low
glass transition temperature (Tg) and adjustable chemical stability, thermal expansion,
and optical clarity. These characteristics, alongside their compositional versatility, make
them particularly attractive for advanced AM applications. Compared to silica-based
glasses, phosphate glasses exhibit lower viscosity and greater ease of processing. This
facilitates their implementation in techniques such as FDM, DIW, DLP, SLA, and Binder
Jetting (BJT), enabling the production of dense, high-resolution structures with controlled
functional properties.

In particular, these materials have demonstrated high potential in photonic and
biomedical applications. Their capacity for rare-earth doping allows for the fabrication
of functional optical devices—such as waveguides, sensors, and laser systems—while
conserving luminescent properties post-printing [46]. Furthermore, the ability to adjust
their refractive index and thermal stability by incorporating modifier oxides or fluorinated
species expands their applicability in advanced photonics and luminescent thermome-
try [47]. Their chemical stability also makes them viable candidates for lab-on-a-chip
microfluidic devices.

Germanate and Germania–Silicate Glasses: These glasses have emerged as com-
plementary matrices for the additive manufacturing of optical components due to their
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elevated transparency and properties comparable to those achieved via conventional meth-
ods. Techniques such as DIW have enabled the production of defect-free structures with
high optical quality [48,49]. Nevertheless, both phosphate and germanate glasses face
persistent challenges associated with fragility and the generation of thermal stresses during
sintering, which can adversely affect their final properties. Furthermore, the limited avail-
ability of compositions optimized for glass AM restricts their industrial scalability. Despite
these limitations, current evidence positions these glass families as advanced functional
materials with significant potential in biomedical applications.

Aluminosilicate Glasses: This family of vitreous materials is based on SiO2–Al2O3–
(Na2O, K2O, CaO) systems. Here, aluminum oxide acts as a network former that increases
structural connectivity through Si–O–Al bonds, substantially improving the material’s
mechanical and chemical properties [30,50]. They exhibit a higher elastic modulus, hard-
ness, and fracture resistance compared to conventional glasses such as soda-lime. These
characteristics make them appropriate for applications with high mechanical demands.
Additionally, they exhibit high chemical resistance and processing temperatures that can
exceed 1400–1600 ◦C [50]. While these elevated temperatures provide excellent thermal sta-
bility, they represent a significant limitation for glass AM; the resulting high melt viscosity
and elevated thermal requirements hinder processing via direct techniques. Consequently,
their fabrication typically requires indirect methods and the use of high-power lasers [30].

Chalcogenide Glasses. This family of non-oxide glasses is based on chalcogens (S,
Se, Te) combined with elements such as Ge, Sb, Ga, or As. They are widely studied as
optical materials in the infrared (IR) range due to their low glass transition temperature.
This characteristic allows for processing at moderate temperatures, typically below 400 ◦C
for sulfide and selenide systems [51–53]. They combine three key features advantageous
for additive manufacturing: transparency in the mid-to-far-infrared spectrum, a low soft-
ening temperature, and high viscoplastic fluidity. These properties permit extrusion or
infiltration below 400–450 ◦C, far lower than the temperatures required for conventional
oxide glasses [54–56]. However, many historical compositions incorporate arsenic, which
introduces toxicological concerns. Furthermore, limitations such as sensitivity to crys-
tallization in certain compositions, as well as lower hardness and mechanical resistance
compared to crystalline materials, restrict their widespread integration into demanding
environments [55,57,58].

Bioactive Glasses: Bioactive glasses (BGs) and mesoporous bioactive glasses (MBGs)
have evolved into multicomponent systems doped with metallic oxides (TiO2, Fe2O3, CeO2,
ZnO, Ga2O3) to integrate advanced functionalities into scaffolds produced via additive
manufacturing. These dopants enable the combination of properties such as bioactivity,
controlled drug release, antibacterial activity, angiogenesis, and magnetic or photocatalytic
responses within the same material, all while maintaining the characteristic hydroxyapatite
formation capacity of these systems [59–62]. In this context, glass AM has become a key
tool for fabricating highly porous structures with controlled geometries, facilitating critical
processes such as cellular migration, vascularization, and bone regeneration [63,64].

The primary application of these materials is in bone tissue engineering, where scaf-
folds printed using techniques such as DIW or DLP exhibit elevated osteoconductivity,
cytocompatibility, and the capacity to induce cellular differentiation [65,66]. Additionally,
the development of polymer-bioactive glass composites has improved processability and
mechanical properties, mitigating the intrinsic fragility of the glasses and expanding their
clinical applicability [67].

Nevertheless, precise optimization of the composition, particle size, binder systems,
and printing parameters is required to ensure extrusion stability, geometric fidelity, and ade-
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quate mechanical–biological performance [59,62,67,68]. Furthermore, challenges associated
with shrinkage control during sintering and process scalability persist [63].

Metallic Glasses: Metallic glasses, or bulk metallic glasses (BMGs), are characterized
by a unique disordered, non-crystalline atomic structure lacking long-range translational
symmetry [69]. Due to this amorphous arrangement, which inherently eliminates tradi-
tional dislocation-mediated crystalline slip mechanisms, BMGs possess good mechani-
cal properties—such as ultra-high yield strength, superior hardness, and excellent wear
resistance—compared to conventional crystalline alloys [69,70]. However, their widespread
structural applicability remains critically constrained by localized shear banding under
mechanical loading, which triggers macroscopic catastrophic failure and severely limits
tensile ductility at room temperature [70,71].

Precursors and Inks: Indirect additive manufacturing of high-purity silica glass com-
ponents has undergone major advances driven by the development of highly specialized
nanocomposites and organosilicon-derived precursors. On the one hand, nanocomposites—
typically photocurable resins loaded with SiO2 nanoparticles, such as the commercial
Glassomer formulation—enable high-resolution geometric structuring through Vat Pho-
topolymerization techniques, including SLA and DLP, followed by thermal debinding and
sintering steps to consolidate fully dense and transparent glass bodies [20,27,72–74]. On the
other hand, the use of molecular and polymeric precursors—such as polyhedral oligomeric
silsesquioxanes (POSS), hydrogen silsesquioxanes (HSQ), methylsilsesquioxanes (PSQ),
liquid silicone rubbers (LSR), and silicon alkoxides such as tetramethoxysilane (TMOS) and
tetraethoxysilane (TEOS)—provides an alternative chemical route based on direct polymer-
to-glass conversion under controlled thermal conditions [18,20,75–80]. This molecular
approach enables submicrometer resolution, reduces isotropic volumetric shrinkage, and
supports the fabrication of miniaturized diffractive optical elements, complex microfluidic
networks, and high-precision integrated photonic devices [18,75,80]. Simultaneously, the
development of functional inks and high-viscosity pastes optimized for DIW has sub-
stantially expanded the processability of silica-based, aluminosilicate, and bioactive glass
compositions [19,21,81–84].

A comparison of these materials and their applications is presented in Table 1.

Table 1. Classification and Properties of Glasses Used in Additive Manufacturing.

General Class Subclass Reported
Material/System

Description/Key
Properties Applications References

Oxide glasses

Fused silica
Quartz glass, fused silica,
Corning 7980, Heraeus

F300

High purity (>99% SiO2),
high UV-IR transparency,
low thermal expansion,

high thermal and
chemical stability

Micro-optics, optical
fibers, microfluidics,

photonics
[20,22,26,29,72,85–91]

Soda-lime
Soda-lime glass, recycled
cullet, recycled powder,

microspheres

Low cost, high
availability, recyclable,
low viscosity, moderate
processing temperature

Construction, packaging,
large-scale structures [7,20,21,31,37,40,41,81,92–95]

Borosilicate Borosilicate glass, B-SiO2
7070

Low thermal expansion,
good chemical and
thermal resistance

Chemical and thermal
devices [20,21,32,34,44,96]

Aluminosilicates SiO2–Al2O3–Na2O–K2O

High mechanical
strength and chemical

resistance, high
processing temperature

Electronics, sensors,
advanced structures [30,50,97]

Glass–ceramics Lithium disilicate,
wollastonite, AP40

High mechanical
strength, microstructural

control
— [62,98–101]
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Table 1. Cont.

General Class Subclass Reported
Material/System

Description/Key
Properties Applications References

Non-oxide glasses

Chalcogenides As40S60, Te-As-Se, TAS IR transparency, low Tg,
high fluidity Infrared optics, sensors [19,21,51,52,55,102,103]

Fluorides ZBLAN
Low melting

temperature, IR optical
applications

— [104,105]

Functional glasses

Phosphates CaO–P2O5–TiO2

Low Tg, high bioactivity,
easy processability,

adjustable properties

Microfluidics,
biomaterials, photonics [21,46,106–108]

Bioactive ICIE16, BP1
Bioactivity, bone

regeneration, drug
delivery

Tissue engineering, bone
regeneration, drug

delivery, angiogenesis
[59,60,63,100,109–111]

Germanates GeO2–SiO2

High optical
transparency, photonic

applications

Waveguides, optical
devices [48,49,112]

Doped SiO2 + rare earths,
SiO2–TiO2

Advanced optical
properties, luminescence — [47,113,114]

Composites Polymer-glass PLA + glass fiber, epoxy
+ glass

Mechanical
improvement, fragility

reduction
— [8,20,107,115–117]

Metallic glasses Bulk Metallic Glasses Co47.6B21.9Fe20.4Si5.1Nb5,
FeCrMoBC

High strength, high
hardness, amorphous

structure

Advanced structural
components [21,118,119]

4.1.3. Effects of Glass Viscosity

Glass rheology, particularly the viscosity–temperature relationship (η(T)), is a parame-
ter that enables the glass AM of both molten glass and components intended for sintering.
Glass viscosity varies across multiple orders of magnitude with temperature. Mathematical
models describe this behavior, allowing for the definition of narrow processing windows
where glass flows without losing its structural integrity [120–123]. Figure 7 illustrates the
temperature-dependent dynamic viscosity of soda-lime glass based on the Vogel–Fulcher–
Tammann (VFT) equation. The results demonstrate that the VFT equation can predict glass
viscosity at specific temperatures, allowing for flow estimation and process adaptation. In
molten glass extrusion printing, the simultaneous control of temperature, flow rate, and
advance speed relies on this η(T) curve. Operating within a viscosity range of approxi-
mately 102–103 Pa·s yields a continuous, stable filament with robust interlayer adhesion—a
prerequisite for developing optically transparent glass printers [6].

Figure 7. Dynamic Viscosity of Soda-Lime Glass as a Function of Temperature, Evaluated Using the
VFT Equation, where A = −2.47, B = 3964.8, T0 = 241.5 are data obtained in [6] from Commercial
Soda-Lime Glass Nuggets.

https://doi.org/10.3390/jmmp10080289

https://doi.org/10.3390/jmmp10080289


J. Manuf. Mater. Process. 2026, 10, 289 13 of 35

However, this trend cannot be directly extrapolated to other glass families; in borosil-
icates, aluminosilicates, and chalcogenides, the thermo-viscoelastic response was also
validated over wide temperature intervals but remained constrained within associated lim-
its [124]. Furthermore, in glass AM, not all processing routes operate within a continuous
melt regime. For instance, chalcogenide glasses integrated into inkjet printing are processed
as nanoparticle inks with tailored viscosities—representing a rheological regime entirely
distinct from that of direct molten glass extrusion, yet similarly governed by the strategic
selection of glass composition and organic vehicle [56]. On the other end of the spectrum,
low-temperature phosphate glasses for extrusion-based multi-material printing emerge
as highly attractive candidates due to their Tg, which is significantly lower than that of
conventional silicates, thereby facilitating seamless co-printing with metals, polymers, and
sacrificial materials [108]. This limitation aligns with established glass-science principles,
which demonstrate that VFT parameters exhibit a strong dependency on the specific tem-
perature interval selected for fitting near the Tg. Consequently, both the derived kinetic
fragility index and the specified working range should not be regarded as strictly invariant
material constants; instead, they must be interpreted as phenomenological parameters that
are sensitive to the prior thermal history and to the particular fitting constraints imposed
during data analysis [125].

In techniques such as DLP, the rheology of slurries and inks dictates printability. Vis-
cosity and its dependence on shear stress must facilitate smooth nozzle flow, homogeneous
layer deposition, and rapid stiffness recovery to maintain part geometry [90,126,127]. Silica
suspensions with ~60 wt% solids exhibit viscosities on the order of 103–104 mPa·s at low
shear gradients. Optimizing this mixture reduces viscosity and enhances densification,
yielding sintered glasses with >99% density and high transmittance [90]. Analogous to
hydrogels and aerogels, researchers seek strong shear-thinning behavior and viscoelastic
properties that balance extrudability with structural stability [126,127]. Ultimately, the
ability to predict and adjust glass viscosity as a function of temperature, composition, and
strain rate links rheological design to the optical, dimensional, and mechanical quality of
components fabricated via glass AM.

4.2. Additive Manufacturing Technologies Applied to Glass
4.2.1. Description and Classification

Direct methods produce the final part in a single stage, whereas indirect methods
require post-processing—such as washing, machining, sintering, or curing—to achieve
the desired geometry and properties. The ISO/ASTM 52900 standard classifies additive
manufacturing processes into seven broad categories, five of which are commonly applied
to glass AM [128]. Figure 8 displays representative glass components produced via several
of these additive manufacturing technologies.

• Binder Jetting (BJT): This process involves the successive deposition of a binding
agent onto a thin layer of powder material to form a three-dimensional “green” part.
Since a subsequent sintering process is mandatory to burn off the binder and densify
the glass particles, the processes developed under this category are established as
indirect methods. In glass printing, BJT enables the creation of parts with controlled
porosity and complex shapes featuring internal channels that are difficult to achieve via
conventional methods [101,129]. Because printing occurs at room temperature, thermal
stresses are avoided [130], thereby reducing the risk of cracking and microfissures.

• Directed Energy Deposition (DED): This technology continuously feeds powder or
wire material toward a specific point, where a focused thermal energy source (e.g.,
a laser beam or plasma arc) melts and selectively deposits it onto a surface. Since
the final shape and properties are achieved immediately during the fusion stage
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without requiring subsequent thermal consolidation, the processes developed under
this category are established as direct methods. For glass printing, DED achieves high
density and transparency comparable to conventionally manufactured glass [21,42,86].
Final part quality depends on the interplay between laser power, deposition speed,
and material feed rate [21,42].

• Material Extrusion (MEX): This category encompasses two prevalent glass printing
technologies: FDM and DIW (also known as robocasting). FDM feeds solid material
into a heating system where it melts and is selectively deposited through a moving
nozzle. It enables the creation of complex glass structures with high transmittance
and favorable optical properties [19], and it supports the use of composite materials.
DIW operates similarly to FDM [20], though the process occurs at room tempera-
ture using a paste-like material. Proper paste formulation may affect both printing
and post-processing. DIW yields micrometric parts with high transparency and low
porosity [19]. While FDM typically functions as a direct process, in glass AM, di-
verse DIW approaches do not directly print molten glass, but rather a precursor ink
loaded with particles that necessitates subsequent post-processing steps to achieve
fully consolidated components [68,131].

• Powder Bed Fusion (PBF): In this category, a thin layer of powder is distributed over a
platform, and a controlled thermal energy source selectively fuses particles according
to a digital model. This process repeats cyclically until the three-dimensional part is
complete. The unfused powder acts as a natural support, facilitating the fabrication
of high-precision parts with fine features and complex geometries without requiring
additional support structures [93,118]. PBF encompasses both direct and indirect
processing routes depending on the consolidation mechanism. Technologies such as
SLS, SLM, and LPBF fall within this category; SLS was historically the first PBF process
and differs from SLM/LPBF in its degree of powder consolidation. Generally, SLS
relies on partial melting or sintering, whereas SLM/LPBF achieves complete melting
to yield fully dense parts, thereby functioning as a direct process [132]. Due to the
low fluidity of glass powder, PBF is primarily utilized for applications where high
transparency is not essential [20].

• Vat Photopolymerization (VPP): In this category, a light or laser source selectively
polymerizes a resin to solidify areas corresponding to cross-sections of a 3D model.
VPP is widely regarded as one of the most established and versatile additive manufac-
turing routes for producing glass-related components from resins loaded with glass
particles or ceramic-derived precursors, particularly when high resolution, dimen-
sional accuracy, surface quality, and geometric complexity are required [74,80,133–135].
Across glass-printing implementations, the main differences between VPP subcate-
gories generally concern the light-delivery strategy, the achievable resolution, fabri-
cation speed, and process scalability [136]. For glass fabrication via VPP, three broad
technological groups can be distinguished. First, macroscale component production
utilizes established technologies such as SLA, DLP, Masked Stereolithography (MSLA),
and Liquid Crystal Display (LCD) printing to achieve a practical balance between reso-
lution and productivity. Second, high-precision microfabrication—employing Optical
Micro-Stereolithography (OµSL), Projection Micro-Stereolithography (PµSL), Direct
Laser Writing (DLW), and especially Two-Photon Polymerization (TPP)—enables the
fabrication of micro-optical elements, photonic crystals, and microfluidic devices with
micrometric or sub-micrometric resolution.
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(b)(a) 

(d)(c) (e)

Figure 8. (a) Binder Jetting-Printed Glass Component, Scale in cm (Adapted from [137], under CC BY
4.0 License); (b) 21 mm High Rectangular Structure via DED (Adapted from [138], under CC BY 4.0
License); (c) Multi-Material Printed Glass Structure with Distinct Colored Interfaces Fabricated via
FDM (Adapted from [5], under CC BY 4.0 License); (d) 10 mm Structures with Potential Catalytic
Applications via LPBF (Adapted from [37], under CC BY 4.0 License); and (e) Uncoated 15 mm
Diameter Fused Silica Flower via LCD/VPP (Adapted from [74], under CC BY 4.0 License).

Finally, emerging approaches such as Lithography-based Ceramic Manufacturing
(LCM), Computed Axial Lithography (CAL), and Volumetric Additive Manufacturing
(VAM) are being explored to reduce layer-related defects and shorten manufacturing times.
However, their potential to improve final densification after sintering remains dependent on
the specific material system and processing conditions [136]. These processes are generally
considered indirect methods, because the printed part is typically a photopolymerized
green body that must then undergo pyrolysis, sintering, or related conversion steps to
obtain the final glass component.

Figure 9 outlines five of the seven basic additive manufacturing categories alongside
their respective technological variants for glass processing. This representation highlights
the diversity of existing technologies, encompassing both direct and indirect processing
methods. Based on the literature reviewed, indirect methods account for approximately
78% of the applicable technologies, primarily because they offer superior geometric control
and mitigate the risk of defects during printing. Furthermore, specialized proprietary
technologies have been developed specifically for fabricating vitreous components, includ-
ing Glass 3D Printing Version 2 (G3DP2) [7,139,140] and various CO2 laser implementa-
tions [42,49,83,89,138].

In glass additive manufacturing, hybrid approaches remain an emerging direction
rather than a fully consolidated field, yet relevant demonstrations have already combined
two printing or processing technologies within a single manufacturing route [16,20,141,142].
These strategies aim to merge the geometric freedom of extrusion-based deposition with the
enhanced shape complexity, local densification, print speed, or functional control enabled
by photopolymerization, volumetric printing, and laser-assisted processing [142–144].

• Extrusion plus photopolymerization has already been demonstrated for transpar-
ent silica, enabling more complex geometries, reduced rheological constraints, and
fully dense glass after heat treatment; however, the evidence still centers on process
demonstration rather than broad application validation [141].
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• Paste printing combined with in situ laser melting enabled the fabrication of fused
silica without post-heat-treatment, including thin walls and embedded microfluidic
channels; its main advantage is direct manufacturing without downstream sintering,
although performance depends on careful optimization of both printing and laser
parameters [16].

• DIW combined with laser melting also enabled in-process tuning of transparency
and optical properties, including in situ nanoparticle synthesis and optical gradients;
its main contribution is to couple the material versatility of DIW with the benefits of
direct printing [144].

• Embedded extrusion combined with volumetric additive manufacturing enables
multi-material architectures and microchannels below 120 µm; this is a recent platform
technology and is not limited to dense monolithic glass alone [142].

Figure 9. Classification Scheme of Glass AM Technologies Categorized According to the ISO/ASTM
52900 Standard. The Inner Ring (Light Blue) Groups Direct Processing Routes, Whereas the Outer
Ring (Yellow) Highlights Indirect Methods Relying on Polymer Binders and Post-Processing. Each
Radial Sector Illustrates the Specific Techniques Associated with Its Parent ISO Category.

4.2.2. Characteristics and Limitations

To move beyond isolated technical parameters, a cross-comparative assessment of
glass AM processes is essential to evaluate their specific suitability for distinct applications.
In practice, process selection entails balancing trade-offs among geometric complexity,
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resolution, surface quality, transparency, thermal processing requirements, and volumetric
throughput [18,80].

Optics and Photonics: For micro-optics, such as microlenses, endoscope objectives,
and hyperspectral imaging devices, Vat Photopolymerization techniques—particularly TPP
and DLP—offer distinct advantages over other processes. TPP achieves sub-micrometric
resolutions [7,8,18,72–74,82,97,114]. It also yields high surface quality (roughness < 6 nm),
which translates into reflectance and transmittance values exceeding 92–95% in pre-
condensed liquid silica resins [18,145]. However, the critical drawback of TPP and DLP is
their restricted build volume and isotropic linear shrinkage about 17% during post-printing
sintering [80], which limits their scalability. Conversely, when larger optical components
or multi-material chalcogenide glass fibers are required, Material Extrusion (MEX/FDM)
yields significantly higher throughput [103]. However, this method sacrifices optical qual-
ity due to inherited inter-layer porosity, high roughness, and nozzle crystallization risks,
requiring intensive post-processing to minimize scattering [46]. Layer-by-layer addition
in glass AM techniques can induce a staircase effect, thereby increasing surface rough-
ness and degrading overall optical quality. Recent research highlights that Mask Image
Projection-based Vat Photopolymerization (MIP-VPP) offers a time-efficient and dimension-
ally accurate method for producing optical lenses by utilizing frustum layer stacking. This
approach drastically mitigates the staircase effect, achieving an improved surface roughness
of less than 10 nm with high resolution and without requiring post-curing [146,147].

Biomedical Engineering: In bone tissue engineering and dental restorations, the focus
shifts from optical transparency to achieving controlled porosity and specific bioactivity.
For these applications, BJT utilizing bioceramics exhibits merits compared to both VPP
and PBF. BJT facilitates precise architectural porosity and mass transport channels by
manipulating particle size gradations and binder saturation levels [101]. Nevertheless,
its principal limitation pertains to the mechanical integrity in the green state and the
dimensional shrinkage that occurs during subsequent post-processing. While DIW allows
for complex bioactive glass scaffolds suitable for bone repair [68], it introduces risks of
macro-cracking and clogging during high-viscosity ink extrusion, making BJT more reliable
for high interconnected porous microstructures.

Structural, Functional, and Microfluidic Components: For macro-scale structural
components and microfluidic chips, DED and Powder Bed Fusion PBF/SLM represent
competing direct manufacturing pathways. DED techniques (e.g., LGD or CO2 laser vari-
ants) enable the fabrication of high-density and transparent parts without lengthy thermal
post-processing, making them attractive for aerospace and smart glass components [148].
However, DED is limited by residual thermal stresses and melt pool instability during
multi-layer deposition, leading to cracking [149], and still demands careful optimization of
processing parameters. On the other hand, SLM and LPBF can print functional components
and micro-mechanics using borosilicate and soda-lime silica glass powders [37]; however,
they inherently yield rough surfaces due to fast cooling rates and the balling effect [93]. For
architectural and potentially structural applications at large scale, G3DP2 demonstrates
that molten-glass additive manufacturing can achieve industrially relevant throughput,
reliability, repeatability, and meter-scale fabrication while preserving geometric accuracy
and optical transparency [7].

Table 2 summarizes the approximate resolutions, key characteristics, and limitations of
each technology and its variants, facilitating a direct comparison of the different techniques.
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Table 2. Comparison of Technologies Applied to Glass Printing.

ISO Category Technology Resolution Main Characteristics Limitations References

BJT Slurry Deposition
Process (SDP) >100 µm Low–medium transparency

Adjustable porosity

Shrinkage due to
post-processing

Powder flowability
[101]

DED

Integrated
Additive–Subtractive

Manufacturing (IASM)
~100 µm

High dimensional accuracy
Low transparency

Adjustable porosity

Optical loss
Property changes in

fused silica
[84,88]

Laser Automated
Processing (LAP)

Deposit heights between
200–900 µm

Complex and
semi-transparent parts

Proper adjustment of
parameters such as laser

velocity and power
Susceptibility to thermal

shock.

[149]

Laser Glass Deposition
(LGD) —

High transparency (>90%)
Surface roughness < 0.1 µm

Transmission of 75–89%

Anisotropic behavior
Residual stresses

Cracking
Melt pool instability

[86]

CO2 Laser <196 µm
Avoids interaction between

nozzle and molten glass
Surface roughness < 0.004µm

Complex multilayer
structures

Microbubbles
[49,138]

Laser Powder
Deposition (LPD)

Layer thickness between
600–1000 µm

Bead width between 520–2680 µm

High-density parts similar to
traditional glass

Process suitable for complex
geometries

Complex optimization of
multiple parameters

Pore and bubble
formation due to

incomplete fusion

[150]

MEX

Direct Ink Writing (DIW) ~100–500 µm

Medium–low transparency
Allows modular materials

and glass composition
Refractive index 1.461 × 10−3

at 0.589 µm

Ink formulation
Post-processing can
cause cracking and

shrinkage

[8]

Fused Deposition
Modeling (FDM) ~100–500 µm

Low transparency
Inter-layer porosity

Rough surface

Crystallization in nozzle
High shrinkage

Adhesion between layers
[82,95,103,105]

Glass 3D
Printing—Version 2

(G3DP2)
~1000 µm High transparency

Industrial scale production
Shrinkage
Distortion [7]

Glass 3D
Printing—Version 3

(G3DP3)

Bead width of 9000 to 16,000 µm
Layer height of 3000 to 6000 µm
Parts with height of ~3 × 105 µm

Thick layers, allowing for
unique optics and aesthetics

Variability in
dimensional accuracy

Surface quality
Thermal management
and material behavior

during fabrication

[140]

CO2 Laser Lateral < 200 µm
Height > 500 µm

Low roughness ~0.12 × 10−3

µm
Dense parts without voids

between layers
Does not need thermal

post-processing

Thermally induced
stresses [42]

PBF

Laser Powder Bed
Fusion (LPBF) <200 µm

Low transparency
High porosity

Does not induce
crystallization

Heat distribution
Microcracks

Thermal stresses
[37,40]

Selective Laser Melting
(SLM) >25 µm

Low transparency
Rough surfaces

Fast cooling rates

Balling effect
Stress concentrators

Splatter
Microbubbles

[21,93,118]

Selective Laser Sintering
(SLS) Layer height ~150 µm High dimensional accuracy

Dense parts

Control of thermal and
energetic equilibrium

Porous and fused
morphologies

[33]
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Table 2. Cont.

ISO Category Technology Resolution Main Characteristics Limitations References

VPP

Computed Axial
Lithography (CAL) — High resolution

Surface optical quality Large-scale components [74]

Digital Light Processing
(DLP) ~50 µm

Limited resolution
Low surface roughness
Optical transparency

High precision
Transparency ~90%
Minimal distortion

High transmittance > 95%

Cracking
Linear shrinkage ~30%

Air bubbles
[78,90,97,107,151]

Direct Laser Writing
(DLW) ~0.065 µm Linear shrinkage of ~6.1%

Transparent parts — [18]

Liquid crystal display
(LCD) ~25–100 µm — Microstructures with

high spatial resolution [114]

Lithography-based
Ceramic Manufacturing

(LCM)

Layer height of 25 µm
Pixel size 25 × 25 µm2

Dimensional precision with
maximum deviations of ±80 µm

High densification (>99%)
after sintering

Excellent geometric precision
and surface quality

Light scattering within
the ceramic suspension

reduces resolution
Shrinkage and warping

during sintering

[99]

Optical Micro-
Stereolithography

(OµSL)
~0.8 µm Complex structures — [72]

Projection Micro-
Stereolithography

(PµSL)

Layer height of ~1–5 µm
Lateral of 1–10 µm

Microscale parts with size
below 50 µm

Complex structures

Adequate design and
fabrication of the slurry,

with adequate
rheological properties

[19]

Stereolithography (SLA) ~25–100 µm Good surface quality
High transparency > 90%

Resin formulation
Sintering shrinkage

Void formation
[82]

Two-Photon
Polymerization (TPP) <10 µm

Transmittance >92%
Customized optical

transparency
Reflectance ~100%
Surface roughness

< 6 × 10−3 µm

Reduced volumes
Shrinkage ~20–30%

Large structures
Cracks

[73,75,80,82,145]

Volumetric Additive
Manufacturing (VAM) —

Two-color irradiation
Localized control over the

thickness of the polymerized
region

Increasing the thickness
of the print volume

Lower polymerization
rates due to wavelength

intensity attenuation
within the resin bath

[152]

4.3. Characterization of Printed Parts

Characterization facilitates the evaluation of the structural integrity, functional per-
formance, and optical quality of glass components obtained via AM. It also allows for the
validation of process viability and correlates printing parameters with final properties. Lit-
erature analysis indicates that the final quality of printed parts depends on the interaction
between process parameters, material consolidation mechanisms, and the defects inherent
to specific technologies and materials.

4.3.1. Printing Parameters

Precise control of printing parameters is indispensable for obtaining glass parts with
the desired geometry, minimal defects, and functional properties. The most common
parameters identified in glass AM technologies are detailed below:

• Temperature: In extrusion processes such as FDM and DIW, the nozzle, chamber, and
print bed temperatures directly affect the viscosity of the glass or ink and the adhesion
between layers [8,21]. The temperature must typically be maintained above the glass
transition temperature (Tg) but below the crystallization temperature (Tx) [49,105].
For powder bed and DED technologies, preheating the substrate significantly reduces
thermal gradients and prevents cracking due to residual stresses [40,49]. In indirect
technologies, post-processing temperatures influence the removal of organic binders,
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part shrinkage (typically 17% to 30% linear shrinkage), and the occurrence of unwanted
crystallization [76,79,145].

• Intensity and power: The energy control of laser and UV light is critical; in photopoly-
merization technologies, these parameters dictate curing depth, polymerization speed,
and spatial resolution. For example, in TPP, laser powers between 10 and 15 mW
enable submicrometric resolutions, whereas excessive power generates methanol and
water bubbles [75,145]. In LPBF, laser power determines glass densification: insuffi-
cient values (below 55 W) produce incomplete fusion and porosity, whereas powers
exceeding 250 W induce evaporation, balling, and thermal cracking [37,93]. In hybrid
technologies such as CO2 laser-assisted FDM, the laser trajectory (spiral or zigzag)
affects thermal uniformity and interlayer bonding quality [87].

• Speed: Printing speed and filament feed rate in FDM and DED determine the amount
of material deposited per unit time and the bead morphology. The relationship be-
tween feed and scanning speeds is fundamental for controlling bead width, layer
height, and interfacial fusion [86,138]. In SLA and SLM, laser scanning speed influ-
ences resolution and curing time; high speeds reduce energy density and increase
porosity, whereas low speeds improve consolidation but extend printing time [20]. In
TPP, slow laser scanning speeds increase crosslinking density and mechanical strength;
however, oxygen permeation occurs during pyrolysis, which impedes the complete
removal of organic matter and degrades final transparency [76].

• Layer thickness: This parameter affects vertical resolution, manufacturing time,
and surface roughness. Generally, reduced layer thicknesses (≤50 µm) improve
dimensional accuracy and mitigate the “staircase effect,” but they increase printing
time [97,98]. In powder bed technologies such as LPBF and BJT, the layer thickness
must be adapted to the maximum particle size (typically 50–100 µm) to ensure ade-
quate densification [37,130].

Regarding material composition and formulation, ink rheology and composition in
DIW determine extrudability, shape retention, and subsequent shrinkage [8]. In BJT and
PBF, the morphology of the glass powder (whether spherical or irregular) and its particle
size distribution affect fluidity, packing density, anisotropic shrinkage, and final mechanical
strength. Spherical particles offer superior flow and packing, whereas irregular particles
can yield higher green densities but exhibit lower fluidity [93,130]. In PBF, optimizing
the Particle Size Distribution (PSD) is necessary to balance powder flow and bed density.
While very fine particles (less than 15 microns) improve sintering kinetics, they suffer from
strong cohesive forces that impair flowability, leading to uneven powder layers. Conversely,
larger particles (greater than 45 microns) flow well but reduce the packing density and laser
energy absorption of the bed. Therefore, optimizing PBF processes requires a moderately
wide, tailored PSD that allows smaller particles to fill the spaces between larger ones,
maximizing bed density and preventing defects like porosity and balling [37,153]. In
BJT, PSD optimization directly controls binder capillary action and post-print sintering
shrinkage. A bimodal PSD—combining coarser glass particles with a smaller fraction of
fine particles—maximizes the initial powder packing density. This limits excessive capillary
migration of the liquid binder, which significantly enhances printing accuracy. Furthermore,
the fine particle fraction increases the driving force during the subsequent thermal sintering
step, allowing for high densification without sacrificing the dimensional stability of the
printed part [154,155].

An emerging frontier in the field is Multi-Material Glass Additive Manufacturing
(MMGAM), which is categorized into glass–glass systems featuring compositional gra-
dients and hybrid systems combining glass with polymers, metals, or ceramics. The
primary technical challenge in these architectures lies in interfacial compatibility, where
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discrepancies in the coefficient of thermal expansion, viscosity, and sintering kinetics can
induce delamination or critical residual stresses [156]. Nevertheless, spatially resolved
doping and multicomponent glass networks enable the fabrication of multicolor lumines-
cent elements and graded-index optics within a common silica backbone, positioning VPP
as the most mature platform for fine-scale compositional tuning in multi-material glass
processing [143,157].

In addition to these parameters, certain technologies rely on specific variables, such as:

• Pulse energy: This is a critical parameter in the TPP process that determines the
morphology of the writing voxel and the axial resolution of the fabricated parts. Pulse
energies of 14–18 nJ achieve spot diameters of ~65 nm, whereas higher energies induce
unwanted bubble formation [18,145].

• Grayscale: DLP projectors and devices can represent different levels of brightness
between black and white for each pixel. In DLP technology, this capability allows for
localized adjustments to pore size and crosslinking density within different regions
of the same part [78,107], facilitating the creation of complex shapes with enhanced
precision and surface finishes.

• Binder saturation: This influences the initial green strength and dimensional precision
of parts produced via BJT. Optimal saturation levels (120–140%) minimize deformation
and uncontrolled binder penetration [129,130].

• Nozzle diameter: In MEX technologies, this defines filament width, horizontal resolu-
tion, and extrusion pressure. Fine nozzles (≤400 µm) capture finer details but increase
the risk of obstruction and require higher extrusion pressures [8,158].

4.3.2. Printing Defects

The most commonly reported defects include unwanted porosity, internal bubbles,
cracking, excessive surface roughness, and geometric distortion. To a lesser extent, defects
such as fractures, delamination, and deficient interlayer adhesion also occur.

Porosity and internal bubbles are observed in ~44% of the surveyed studies.
These defects are generated by the incomplete fusion of the material (powder or fil-
ament) [93,118], gas entrapment during processing, boundary layer formation [93]
(Figure 10b), the decomposition of organic compounds in indirect methods [76,159], or
insufficient energy density preventing proper consolidation (Figure 10a,c). The nature
of the material also influences these defects; high-viscosity glasses such as fused quartz
or ZBLAN inhibit bubble formation [93,130], while irregularly shaped powders tend to
generate greater porosity than spherical powders [93,130].

Figure 10. (a) Microbubbles Generated by Low Laser Energy Density in Parts Designed via SLM
(Adapted from [93], under CC BY 4.0 License); (b) Photograph of Surface Bubbles on a Printed
Part Obtained via BJT (Adapted from [94], under CC BY 4.0 License); and (c) Micro-Computed
Tomography of a Glass Cube Fabricated Using Optimal Processing Limits, Revealing Porosities
Obtained during LPBF via Digital Image Processing (Adapted from [37], under CC BY 4.0 License).
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Cracking is the most frequently cited defect, reported by nearly 63% of authors. Cracks
are produced by high residual stresses derived from abrupt thermal gradients during rapid
cooling [21,40,118], thermal shock, or differential shrinkage during the drying and sintering
phases of binder-based techniques [8,110]. Brittle materials, such as cobalt-based metallic
glasses or soda-lime glass, are particularly prone to this defect [37,93,118].

Elevated surface roughness is frequently associated with extrusion, PBF, and BJT tech-
niques. This defect stems from the inherent nature of layer-by-layer processing, nozzle or
particle size constraints [19,21,92,130], deposition system precision limits, and the adhesion
of partially fused powder to the part surface [41,93]. Using materials with fine particles
or high silica loads can improve resolution; additionally, properly controlling material
rheology significantly decreases surface roughness [8,72].

Deformation or warping is common in processes characterized by elevated internal
stresses or anisotropic shrinkage, especially when fabricating large structures [8,78,107,118].
Materials with a high thermal expansion coefficient and low thermal conductivity, such as
certain silicate glasses, exhibit greater susceptibility to warping [88,106].

Finally, delamination or deficient interlayer adhesion occurs when the temperature
of the preceding layer is too low relative to the newly deposited layer [21,82], or when
contamination or differential shrinkage is present. The use of materials with low sintering
capacity or organic additives that decompose prior to complete fusion exacerbates this
problem [101].

Regarding defect mitigation, defect formation in glass additive manufacturing de-
pends not only on the printed geometry but also on the coupled control of thermal history,
feedstock behavior, and post-print densification. In direct glass processing, large thermal
gradients promote residual stresses and thermal cracking, whereas in powder-based or
particle-derived routes, incomplete consolidation and postprocessing shrinkage can further
compromise dimensional fidelity and optical quality [39,41]. Accordingly, defect analy-
sis should be complemented by process-oriented mitigation strategies, particularly those
targeting thermal management, porosity reduction, and densification control [20,39,160].

In molten-glass or laser-assisted deposition routes, geometric stability and build qual-
ity depend strongly on process parameters that govern melt viscosity and deposition
behavior. Small temperature adjustments can determine whether the extrudate retains
its shape or deforms after deposition, and optimization of laser power, feed speed, travel
speed, and defocus improve dimensional uniformity in quartz-glass deposition [21,148].
Advanced thermal control further improves build quality: closed-loop temperature regula-
tion in quartz-glass additive manufacturing produced smoother surfaces, denser structures,
and lower porosity than uncontrolled deposition [160].

In indirect routes based on photopolymerization or silica nanocomposites, porosity
and transparency losses are addressed through carefully designed post-thermal treatment.
These routes require solvent removal, debinding, and sintering to convert the printed pre-
cursor into dense glass [161]. For fused silica, both stereolithographic and nanocomposite-
based fabrication strategies have been shown to yield transparent amorphous components
following thermal conversion. However, dimensional shrinkage, residual stress, crack-
ing, and interfacial delamination persist as significant limitations, necessitating careful
optimization of the chemical formulation of the materials and the associated processing
parameters [5,41].

Mitigation strategies cannot be generalized across all glass AM routes. In stereolitho-
graphic borosilicate glass, the relatively low softening temperature can interfere with ther-
mal post-processing and cause poor fidelity or structural instability if the heat-treatment
program is not carefully tuned [34]. Likewise, in powder-based glass processing, preheating
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is a direct lever for suppressing cracking and reducing residual porosity by promoting
viscous-flow consolidation [39].

4.3.3. Testing and Analysis

The most common tests used to characterize printed parts evaluate microstructure, op-
tical quality, structural integrity, and mechanical properties. Scanning electron microscopy
(SEM) is frequently employed to analyze morphologies, surface defects, porosity, and inter-
layer bonding, while X-ray diffraction (XRD) is utilized to confirm the amorphous structure
of the glass and detect unwanted crystallization. Optical properties are typically analyzed
using UV–Visible spectroscopy to measure transmittance, alongside white light microscopy
and interferometry to assess surface roughness and form deviation. Mechanical properties
are evaluated via three- or four-point bending tests, nanoindentation for hardness and elas-
tic modulus [18,118], and compression tests. Additionally, micro-computed tomography
(micro-CT) is widely used to quantify internal porosity and volumetric defects [41].

Specialized tests are also employed to characterize glass AM components. These
include photoluminescence spectroscopy to study laser-induced optical defects [18]; micro-
Raman spectroscopy to quantify monomer conversion and residual carbon content [18,76];
solid-state nuclear magnetic resonance (NMR) spectroscopy to identify chemical structures
and organic residues [76]; flow-induced birefringence analysis to study polymeric orien-
tation in microfluidic devices [90]; and thermal shock resistance measurements via direct
flame exposure [77]. Less common analyses include long-term thermal stability tests at
elevated temperatures (1000 ◦C) [88] and evaluations of the temperature response in doped
fiber lasers [113].

Numerical analyses are frequently integrated into the characterization process. Finite
element analysis (FEA) models simulate stress distribution, crack propagation, and the
overall mechanical behavior of structures. Computational fluid dynamics (CFD) simula-
tions are utilized to study heat transfer and viscoelastic deformation during deposition [21].
Similarly, thermal models are implemented to predict temperature gradients and consol-
idation behavior in laser fusion processes [40]. Furthermore, some investigations apply
Weibull theory to analyze the reliability and consistency of mechanical properties [29,97],
and employ micromechanical scale models (e.g., Halpin–Tsai, Mori–Tanaka) to predict the
properties of fiber-reinforced composites [162].

5. Discussion
5.1. The Overall Picture and Design

Advances in glass AM reveal a complex design challenge, where the desired func-
tional properties clash directly with the technical feasibility of the process, dimensional
stability, and manufacturing throughput [1,163]. The glass AM landscape demands a
careful balancing act between geometric resolution, optical transparency, and process scal-
ability, as different manufacturing routes offer partial advantages coupled with diverse
limitations [18,163,164].

In this context, VPP technologies—including SLA and DLP—represent the state
of the art in terms of precision and microstructural control for silica and silica-derived
glasses [165–167]. These routes enable the fabrication of high-resolution complex structures
and, upon subsequent heat treatment, yield transparent glasses with optical properties
comparable to commercial fused silica. Indeed, transmittances exceeding 80% in the
400–1200 nm range, optical quality comparable to fused silica, and up to 97% trans-
mittance in the visible spectrum for recent low-temperature formulations have been re-
ported [166,168,169]. However, this pathway remains heavily dependent on debinding
and sintering stages, and conventional formulations with high organic loading exhibit
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significant linear shrinkage—frequently exceeding 20%—which compromises geometric
fidelity and limits integration onto temperature-sensitive substrates [18,168].

Conversely, approaches such as BJT and MEX/FDM emerge as more production-
oriented alternatives due to their shaping simplicity, lower relative equipment costs, and
excellent compatibility with formulations based on powders, pastes, or thermoplastic
compounds [5]. In both cases, part shaping occurs without the need to directly melt the
glass during layer-by-layer deposition, allowing processing at or near room temperature
prior to thermal post-treatment. This broadens the diversity of processable compositions
and facilitates the fabrication of complex geometries at a larger scale [163]. In indirect
fused silica extrusion, the fabrication of high-aspect-ratio vessels, wall thicknesses down to
250 µm, microchannels, and multi-material or multi-color components has already been
demonstrated, confirming its potential for macroscale structures and functionally integrated
designs [5]. Nonetheless, these routes systematically sacrifice optical clarity and, in the case
of BJT, ultimate density. This is because interlayer interfaces, residual porosity, and defects
associated with binder removal increase light scattering and degrade mechanical properties
unless additional treatments—such as infiltration, polishing, or optimized sintering—are
implemented [5,163,169].

Unlike micro-scale optical applications, large-scale glass AM prioritizes structural
integrity and technical aesthetics over absolute optical clarity. Consequently, in archi-
tectural and artistic domains, glass AM has attracted considerable attention by enabling
the exploration of architectural tectonics—the integration of skin, structure, jointing, and
material—which historically evolves alongside available construction processes. Emerg-
ing glass fabrication techniques unlock novel architectural and structural design possi-
bilities that reduce component counts and trade dependencies, enhance building per-
formance, and generate new design potential [21]. Ultimately, three-dimensional print-
ing allows the creation of complex geometries that promote material efficiency through
structural optimization and achieve levels of detail unattainable through standardized
construction methods.

5.2. Physical Mechanisms and Thermomechanical Behavior

When evaluating failure modes in direct additive manufacturing processes that em-
ploy localized energy sources—specifically LPBF applied to glass—the scientific literature
demonstrates that structural defects should not be classified merely as coincidental surface
cracks. Instead, they are direct manifestations of an inherent thermomechanical problem
within the process [37,39,40]. Cracking represents a physical bottleneck associated with low
thermal shock tolerance, highly temperature-dependent viscosity, and the brittle nature of
glass during localized laser heating [39,120]. Due to the combination of highly localized
heating, low absorption efficiency in certain glass systems, and rapid cooling rates, the
laser–glass interaction induces pronounced thermal gradients that drive the accumulation
of both thermal and residual stresses [170–172].

In soda-lime glass, modeling and experimental evidence show that, above the relax-
ation region, the material can flow or relax locally; however, during cooling, this defor-
mation is “frozen in,” developing tensile radial stresses between the relaxed zone and the
surrounding unrelaxed glass [171]. In crack-prone compositions such as soda-lime and
borosilicate glasses, the rapid thermal evolution of the process can prevent sufficiently
gradual stress relaxation within the useful viscous-forming window. Consequently, the
material enters regimes where incomplete consolidation, residual porosity, and cracking
susceptibility coexist [39,40,170]. During solidification and subsequent cooling, residual
stress profiles are induced that can exceed the tensile fracture threshold of the glass, trig-
gering microfissures, crack propagation into the substrate, and the failure of multi-layer
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builds [37,171]. In borosilicate glass, crack-free tracks have been successfully fabricated
with preheating up to 510 ◦C; for soda-lime glass, 350 ◦C proved sufficient to prevent
cracking; and in quartz glass, even higher temperatures reduced porosity by accelerating
viscous coalescence [39,40,170].

5.3. Dimensional Stability

A critical evaluation of the literature reveals unresolved discrepancies regarding
dimensional retention when using indirect glass additive manufacturing technologies,
particularly those dependent on post-print debinding and sintering stages. In these systems,
thermal post-processing not only governs the ultimate densification but also introduces
significant linear shrinkage, geometric distortion, and, in numerous cases, anisotropic
shrinkage. This behavior forces the incorporation of scaling factors, support redesign, or
predictive modeling to compensate for deviations between the nominal CAD geometry and
the final part [99,168,173]. This loss of fidelity is not driven by a single factor, but rather by
the complex interaction among viscous flow during sintering, non-ideal interlayer packing,
anisotropic pore distribution, build orientation, and mechanical constraints imposed by
either the substrate or the consolidation environment itself [99,130,174].

Concurrently, a more recent line of research demonstrates that these effects are not
entirely intractable and can be partially mitigated by controlling powder and sintering
variables. Key factors include PSD, particle morphology, crystallization state, initial packing
density, and material confinement during consolidation. For instance, in BJT-printed
glass, spherical particles exhibited a shrinkage behavior closer to isotropy compared to
milled or frit powders. In other glass or glass–ceramic systems, adjusting particle size and
coalescence kinetics facilitated a reduction in distortion or improved densification at lower
temperatures [94,130,175].

Nonetheless, the literature does not yet offer sufficient consensus to generally assert
that an optimized PSD simultaneously guarantees near-full densification and uncompro-
mised geometric fidelity. Trade-offs persist among powder flowability, packing homogene-
ity, densification kinetics, and dimensional stability. Furthermore, recent critical reviews
underscore that the thermal post-processing of glass AM parts remains scarcely explored
in open literature [21,130,176].

5.4. Glass AM Technologies Versus Conventional Processing

Based on the analysis conducted in this review, comparing glass AM with convention-
ally manufactured glass reveals a heterogeneity that is intrinsically linked to both the nature
of the selected AM technology and the family of the processed material. Conventionally
manufactured glass (via traditional molding or float processing) establishes a homogeneous
and robust baseline characterized by full density, optimal optical transmittance, and high
structural mechanical strength. Within the glass AM field, however, the replication of these
standard properties remains significantly fragmented and varied.

Micro- and nanoscale VPP technologies, such as TPP and DLP, successfully match the
conventional attributes of fused silica glass to an outstanding degree [6,7]. Nonetheless,
the primary source of this heterogeneity lies in the fact that these levels of strength and
transparency are achieved at the expense of limited build volumes and critical linear
shrinkage rates, which pose a risk of part cracking.

On the other hand, DED methods—such as LGD or filament-fed soda-lime and borosil-
icate systems—achieve competitive transmittances alongside macrostructural densities
comparable to conventional glass. These properties are attained directly during the print-
ing process, bypassing the need for prolonged downstream thermal treatments. However,
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heterogeneity in these processes manifests as a highly anisotropic mechanical behavior and
the entrapment of microbubbles caused by viscosity fluctuations within the molten pool.

At the opposite end of the optical performance spectrum, LPBF/SLM and FDM/MEX
yield the poorest transparency values and considerable levels of internal porosity. This is
primarily attributed to balling (spheroidization) effects, the incomplete melting of irregular
particles, and rapid cooling rates that induce structural opacity. Despite these optical
limitations, these technologies exhibit remarkable mechanical and industrial maturity for
the fabrication of low-pressure catalytic reactors, non-optical structural components, or
large-scale architectural elements that prioritize chemical stability and cost-effectiveness.

5.5. Future Perspectives

A distinct trend emerging from the literature indicates a strategic shift toward the
convergence of complementary processes, as individual glass AM technologies present
disparate capabilities and inherent limitations [17,19,20]. To overcome these process-
ing bottlenecks more effectively, hybrid approaches propose the integration of additive
shaping methodologies with thermal conditioning, machining, or precision subtractive
stages [17,20,141].

Following this approach, it is feasible to employ paste extrusion systems based on
MEX or VPP of particle-loaded resins to define the base geometric morphology or the
green body of the component. Subsequently or concurrently, this architecture can be
subjected to precision machining, subtractive laser engraving, or in-situ CO2 laser-assisted
remelting [16]. Such integration enables the immediate mitigation of surface roughness
inherited from layer-by-layer deposition, the dissolution of microbubbles trapped at print-
track interfaces, and the elimination of residual porosity that degrades optical performance.
Ultimately, the viability of these hybrid platforms—such as combining embedded extrusion
with VAM—enables high-efficiency fabrication of macroscale components featuring internal
microfluidic networks and nanometer-scale, optical-grade surface finishes [141,142,173].

The remarkable surge in research surrounding glass AM underscores its transfor-
mative potential across diverse technological domains. In particular, the ability of AM
techniques to rapidly and cost-effectively fabricate optical lenses with complex geometries
and sub-nanometric surface roughness promises to revolutionize optical manufacturing,
opening new avenues in laser processing, machine vision, and optical communications.
Beyond single-material capabilities, a key advantage of glass AM over conventional lens
fabrication lies in multi-material integration, which enables the design and production of
custom-engineered lenses with enhanced optical performance and expanded functional-
ity. Leveraging multi-material feedstocks alongside multi-scale architectures provides a
viable pathway toward next-generation optics tailored to specific operational demands.
Furthermore, the advent of 4D printing—defined as an advanced additive manufacturing
approach utilizing smart materials that alter their shape or functional properties over time
in response to external environmental stimuli, where the fourth dimension represents
time—will allow fabricated structures to dynamically adapt and self-adjust, unlocking
programmable devices with superior operational capabilities [177,178].

5.6. Sustainability and Glass AM

To date, literature directly addressing sustainability within the domain of glass AM
remains notably sparse, presenting a compelling research opportunity as these various addi-
tive manufacturing platforms rapidly transition toward maturity. AM facilitates a transition
toward a circular and resource-efficient manufacturing paradigm by directly addressing
the energy and material inefficiencies inherent to traditional glass production [179–181].
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The transition toward next-generation sustainable glass AM will increasingly rely
on green chemistry and consolidation techniques to eliminate carbon emissions and
toxic byproducts during processing. Future efforts should focus on replacing traditional
petroleum-derived binders with bio-derived, water-soluble biopolymers [62,182]. Addi-
tional studies should prioritize standardized life cycle assessment frameworks to compare
glass AM with conventional glass manufacturing routes, including tooling, mold use,
transportation, and material waste, using metrics such as cumulative carbon emissions,
water consumption, and energy demand [179,183,184].

The implementation of recycled glass in additive manufacturing represents a sus-
tainable alternative, but it faces multiple challenges regarding its technical and produc-
tive viability. These challenges are primarily related to compositional variability and the
presence of impurities, which introduce uncertainty into the material’s optical, thermal,
and mechanical properties, thereby hindering the identification of optimal extrusion or
fusion conditions.

6. Conclusions
This review reveals that glass additive manufacturing is undergoing sustained growth,

predominantly driven by photopolymerization and extrusion-based technologies, which
offer the highest resolution and microstructural control for silica-based components. Fur-
thermore, process viability and the mitigation of intrinsic defects—such as porosity and
cracking—are shown to rely critically on the coupled optimization of chemical formulation,
material rheology, and thermal history control.

The evidence indicates that, to date, no single dominant technology is capable of
entirely and simultaneously replicating all the properties of conventionally manufactured
glass. Instead, diverse developments in glass AM are tailored to address distinct challenges
within specific applications, balancing the trade-offs between geometric resolution, optical
transparency, and process scalability. Nevertheless, the emergence of hybrid technologies
that integrate multiple manufacturing steps represents a promising frontier for producing
finished components with properties comparable to those obtained through conventional
manufacturing routes.

The principal limitation of this review arises from the substantial heterogeneity of
reported outcomes and the absence of standardized methodologies across the existing
literature, coupled with a scarcity of quantitative research on the sustainability and life
cycle analysis of printed glass. In this context, methodologies based on computational
modeling and data analysis are beginning to be employed to optimize process parameters
and improve final component quality. These developing techniques facilitate the modeling
of non-linear relationships and reduce the need for physical experimentation. The integra-
tion of these technologies with advanced simulation and real-time control constitutes a
promising line of research.
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Abbreviations
The following abbreviations are used in this manuscript:

AM Additive Manufacturing
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
SLA Stereolithography
DIW Direct Ink Writing
SLS Selective Laser Sintering
SLM Selective Laser Melting
FDM Fused Deposition Modeling
DED Directed Energy Deposition
Tg Glass Transition
DLP Digital Light Processing
BGs Bioactive Glasses
MBG Mesoporous Bioactive Glasses
BMG Bulk Metallic Glass
BJT Binder Jetting
MEX Material Extrusion
PBF Powder Bed Fusion
VPP Vat Photopolymerization
TPP Two-Photon Polymerization
IASM Integrated Additive and Subtractive Manufacturing
SPD Selective Dust Deposition
LAP Laser-Assisted Printing
LPBF Laser Powder Bed Fusion
LGD Direct Glass Laser Deposition
LPD Laser Powder Deposition
CAL Computed Axial Lithography
LCD Liquid Crystal Display
LCM Lithography-Based Ceramic Manufacturing
Oµsl One-Photon Micro-Stereolithography
PµSL Projection Micro Stereolithography
VAM Volumetric Additive Manufacturing
SEM Scanning Electron Microscopy
XRD X-Ray Diffraction
NMR Nuclear Magnetic Resonance Spectroscopy
FEA Finite Element Analysis
CFD Computational Fluid Dynamics
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