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Strategies for vat photopolymerization additive
manufacturing of metals and ceramics

Jie Zeng a and Max A. Saccone *b

Vat photopolymerization (VP) additive manufacturing (AM) enables the fabrication of complex 3D metal

and ceramic objects by using light to selectively cure liquid resins, followed by post-processing to

convert precursors to inorganic materials. This technique has been applied across diverse practical

applications and can produce metals and ceramics with unique and tailored properties. In this

perspective, we discuss VP-based AM within the broader context of the AM field, with a focus on the

recent advances in fabrication of metals and ceramics, including approaches where precursors are

incorporated prior to printing and those where they are introduced post-printing. We also evaluate

polymer thermal decomposition processes, a critical step in VP-based AM of metals and ceramics.

Finally, we discuss current challenges, future opportunities, and emerging technological directions

including multi-material printing and high-entropy alloy manufacturing.

1. Introduction
1.1 Overview of metal additive manufacturing

Additive manufacturing (AM), also known as 3D printing, is a
technique in which a computer aided design (CAD) file is
processed layer-by-layer to manufacture various customized
products, such as metals, ceramics, polymers and composites.1–3

AM can fabricate complex geometries with customized properties
without the need for assembly, which otherwise could not be made
using conventional manufacturing methods. Furthermore, AM
offers additional advantages such as high material utilization,
low-cost rapid prototyping, a simplified supply chain for effi-
cient low-volume production, and often lower fixed costs rela-
tive to conventional manufacturing approaches.4 AM processes
are classified into seven broad categories based on the feed-
stock format and the energy source:5 powder bed fusion (PBF),
directed energy deposition (DED), binder jetting (BJ), material
extrusion (ME), material jetting (MJ), sheet lamination (SL), and
vat polymerization (VP). An in-depth discussion of these
processes can be found in a textbook written by Gibson et al.6

Metal AM has been widely adopted in various industries
including aerospace,7 automobile,8 medical9 and construction.10

PBF, DED, and BJ are the most commonly used technologies for
metal AM due to their ability to produce metallic parts with higher
mechanical performance than those processes that use wires or
metallic sheets as feedstock materials, and they have received

extensive investigation.11,12 Commonly processed materials
include titanium alloys, aluminum alloys, nickel-based alloys,
high entropy alloys, and steels, among others. However, these
powder-based methods have challenges when fabricating mate-
rials with high thermal conductivity due to difficulties in main-
taining a localized melting zone, and a propensity for high
porosity and thermal distortions, typically requiring intensive
optimization of processing parameters.13 These limitations have
motivated growing interest in indirect metal AM strategies that
decouple geometric definition from metal densification by lever-
aging polymeric intermediates or scaffolds.

Vat photopolymerization combined with post-processing
conversion reactions is a promising example of such an indirect
approach, enabling the fabrication of 3D metallic and ceramic
structures by using printed polymer parts as scaffolds for
subsequent materials processing. VP offers the advantages of
high dimensional resolution, precision, and speed, making it a
powerful tool for fabricating high-quality, complex inorganic
structures. VP has been extensively studied for fabrication of
polymeric materials and has seen wide applications in recent
years. According to an independent market report, the VP
photopolymer market reached a size of $3.14 billion in 2024
and is expected to grow at a compound annual growth rate of
11.3% from 2025 to 2033.14 While this market is mainly
dedicated to fabrication of polymeric parts and is dominated
by dental applications, which accounted for 32.38% of
the market share in 2024, there is an opportunity to expand
the capabilities of VP printing more broadly to inorganic
materials.14 However, several challenges remain, including
the need for high precursor loadings that lead to excessive
resin viscosity, limited precursor-resin compatibility that can
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compromise printability, and complex post-processing steps
that influence the final structural and mechanical properties.
Here, we discuss recent progress towards addressing these
challenges in VP-based metal AM to support continued devel-
opment in this field and to identify areas with opportunities for
future impactful research.

1.2 Overview of vat photopolymerization

Depending on the light source and polymerization mechanism,
VP technologies can be classified into different categories
including scanning stereolithography (SLA), digital light pro-
cessing (DLP), two-photon lithography (TPL), and volumetric
additive manufacturing (VAM).

Scanning stereolithography (SLA) was the first commercially
available AM system introduced to the market in 1980s.15 It
operates using either the ‘‘top-down’’ or ‘‘bottom-up’’ approach
combined with a point-to-point tracing strategy, as shown
schematically in Fig. 1A. Since SLA techniques expose one voxel
at a time, they make use of high-intensity laser spots but
require high linear translation speeds to achieve efficient
throughput. In contrast, digital light processing (DLP), uses a
digital micromirror device (DMD) or a liquid crystal display
(LCD) as a dynamic mask to project sequential 2D sliced images
within a vat to fully cure the entire resin layer at a time, shown
schematically in Fig. 1B. Compared to SLA techniques, DLP
techniques tend to expose each voxel with a lower intensity, but
for a longer duration. Continuous liquid interface production
(CLIP) is a variation of DLP printing, projecting a sequence of
2D images through an oxygen-permeable, UV-transparent win-
dow below a liquid resin bath to continuously fabricate a
3D object,16 shown schematically in Fig. 1C. The continuous
nature of CLIP enables faster fabrication (exceeding 50 cm h�1)
with smoother surface finishes. Two-photon lithography (TPL)
is the most common and well-developed multiphoton

lithography (MPL), in which the local photopolymerization of
photoresins can be carried out by absorption of two photons
stimulated by focused and pulsed femtosecond laser radiation,
shown schematically in Fig. 1D. TPL allows for the fabrication
of structures with feature sizes as small as 65 nm, and even
reaching 9 nm when a secondary inhibition laser is employed.17–19

Volumetric additive manufacturing (VAM) techniques (Fig. 1E)
create a 3D light intensity distribution that enables polymerization
and crosslinking to occur in a controlled, contactless manner
within the volume of a liquid photoresin, leading to the formation
of the desired object.20,21 VAM techniques enable the use of highly
viscous resins and the fabrication of centimeter-scale geometries
within tens of seconds, significantly faster than traditional layer-
by-layer 3D printing methods.

Understanding the polymerization chemistries involved
in VP printing enables modifications to printing parameters
such as UV wavelength, exposure time, and printing speed to
optimize the final product. In typical free-radical VP systems,
photoresins consist of monomers/oligomers (30–99+ wt%),
photoinitiators (less than 5 wt%), and UV blockers (less than
0.5 wt%), with representative molecules illustrated in Fig. 2.
Monomers/oligomers generally contain one or more functional
groups that can participate in the polymerization reaction, with
(meth)acrylate-based and thiol–ene-based chemistries being
the most commonly used.23 Monofunctional monomers often
serve as reactive diluents to reduce resin viscosity, whereas
multifunctional oligomers can lead to increased viscosity and
crosslinking. Photoinitiators play an important role in the photo-
polymerization reaction, as they undergo a series of complex
physical or chemical changes during the initiation process.23

In free-radical photopolymerizations, photoinitiators that undergo
homolytic bond cleavage to generate free radicals are known as
Norrish type I initiators, such as benzil ketals and acyl phosphine
oxides.24 Photoinitiators that undergo photoexcitation and then

Fig. 1 Schematics of common VP techniques including (A) scanning stereolithography, (B) digital light processing, (C) continuous liquid interface
production, (D) two-photon lithography, and (E) volumetric additive manufacturing. Adapted from ref. 20 and 22 with permission.
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abstract hydrogen or electrons from co-initiator species (e.g.,
tertiary amines) to produce radicals are classified as Norrish type

II initiators, with benzophenones and thioxanthones being com-
mon examples.25 UV blockers, such as tartrazine, are incorporated

Fig. 2 Molecular structures of representative components used in VP-based photoresins.
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to regulate light penetration depth by attenuating incident radia-
tion and quenching propagating radicals.26 This enables precise
control over curing depth and prevents premature gelation of
resins. Beyond free-radical systems, cationic polymerization is an
alternative polymerization method that is widely used and well-
studied in VP processes. It typically involves cations generated
from the decomposition of onium or diazonium salts, which react
with monomers via ring-opening reactions, leading to chain-
growth through ion pair propagation.27

2. VP preparation methods for metals
and ceramics

Vat photopolymerization techniques fundamentally enable
fabrication of polymeric materials. To use VP methods to
prepare metals and ceramics, these materials or their precur-
sors must be introduced into the processing chain, either
before, during, or after the printing step.

2.1 Precursors introduced prior to printing

In VP-based AM of inorganic materials, one of the most widely
adopted strategies for fabricating metal or ceramic components
involves incorporating functional precursors directly into the
photoresin before printing. This category includes both hetero-
geneous resins, such as particle-loaded slurries, and homogeneous
resins, where metal salts or organometallics are molecularly
dispersed within the photopolymer matrix, or where inorganic
precursors comprise the polymer chain.

2.1.1 Heterogeneous resins. Dispersing metal or ceramic
powders, typically with particle sizes ranging from 0.05 mm to
10 mm, in a liquid photoresin is a common VP-based approach
for fabricating metals and ceramics.28 This heterogeneous resin
is patterned to form a composite polymer structure, often
referred to as a ‘‘green body’’. The green body is then thermally
treated in an appropriate atmosphere to remove the organic
matrix and yield the desired metal or ceramic structure.
To improve the structural integrity of the final printed metal
product during post-processing, a high filler content, typically
larger than 40 vol%, is necessary to ensure stable thermal
decomposition.29 However, incorporating particles into the
resin inevitably increases resin viscosity and can lead to the
formation of a jammed suspension upon shearing, which
reduces the printing speed due to the increased Stefan adhesion
and requires the use of mechanical recoating tools (e.g., blades or
wipers) to spread and level the resin during printing.30 Also,
particle agglomeration and setting can cause inhomogeneous
distribution of particles in the vat, resulting in non-uniform
curing and inconsistent material properties in the printed
parts. Another drawback of heterogeneous resin techniques is
that dispersed particles can cause light scattering, which
reduces the cure depth and limits the resolution achievable
by lithography techniques compared to that of conventional
transparent photoresins.31 In general, smaller particle sizes and
higher solid loadings increase viscosity and light scattering,
thereby reducing printing resolution, although they improve

densification and structural integrity of the fabricated parts.
While the use of optically transparent particles can help mitigate
scattering effects, increased viscosity remains a fundamental
challenge.

To mitigate the challenges related to increased viscosity, and
particle agglomeration and setting, dispersants or surfactants
are commonly used to minimize particle interactions and
improve suspension stability. In general, ceramic particles
typically possess a high density of surface hydroxyl groups,
rendering them hydrophilic and prone to agglomeration due to
the strong interparticle interactions.32 In contrast, most UV-
curable resins used in VP are non-aqueous and hydrophobic.
By adding dispersants with hydrophobic anchoring head
groups and hydrophilic end chains, the surfaces of ceramic
particles can be converted from hydrophilic to hydrophobic.33

For metal particles, the surfaces are usually covered by thin
oxide layers, which exhibit a lower hydroxyl group density and
stronger van der Waals attractions compared to ceramic parti-
cles. Consequently, stabilization of metal particles in VP resins
relies on dispersants that exhibit strong affinity toward oxide-
covered metallic surfaces while maintaining compatibility with
the photopolymer matrix. Such surface modification results
in the formation of a core–shell structure that provides steric
hindrance and/or enhanced electrostatic repulsion, thereby
ensuring homogeneous dispersion of particles within the sus-
pension. Commonly used dispersants for metal/ceramic parti-
cles include stearic acid (SA),29,34 oleic acid (OA),29,35 Disperbyk
(BYK),36,37 and silane coupling agent KH560.34 An optimal dis-
persant concentration can substantially enhance the rheologi-
cal properties of slurries, resulting in lower viscosity, reduced
sedimentation rates, and improved dispersion stability.38

In addition to mitigating interparticle interactions, dispersants
also influence the photopolymerization behavior of the slurry.
Studies have shown that as the absorption coefficient of
dispersants increases, the light transmittance of the slurry
decreases significantly.39 Fig. 3 shows a typical VP-based het-
erogeneous resin method with ceramic particles coated with
dispersant molecules. Its SEM results show that the fabricated
Al2O3 ceramic structures with controllable micro-sized features
could be printed by using different dispersants.

Table 1 compares the target material, VP technique, resin
composition including photoinitiators (PIs) and metal precur-
sors (MPs), resin viscosity at different shear rate (SR), relative
density, mechanical properties, and feature dimensions of the
final printed objects of recently reported heterogeneous resin
methods employing various dispersants. Here, the relative
density is defined as the ratio of the measured bulk density
to the theoretical density of corresponding material, in which
bulk density is typically determined using the Archimedes
method. As summarized in Table 1, VP-based heterogeneous
resin methods can achieve near-full densification in ceramic
systems, but this generally requires high solid loadings accom-
panied by high resin viscosities, typically greater than the low-
viscosity range of 0.1–1 Pa s and up to approximately 35 Pa s.40

When high densification is achieved, the resulting mechanical
properties approach bulk values.41,42 Such highly loaded
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systems exhibit large and anisotropic linear shrinkage, com-
monly around 19–26% in X–Y plane and about 21–28% along
the Z direction, with extreme cases reported in copper-based
systems showing Z-direction shrinkage of up to 63%.

2.1.2 Homogeneous resins. To address the challenges
associated with heterogeneous resins, such as particle agglom-
eration and setting, and light scattering during the photocuring
process, many studies have reported the development of
particle-free metal-precursor-containing homogeneous resins.
These photoresins typically consist of metal ions dispersed
within a polymer matrix or metal heteroatoms incorporated
into the polymer backbone.49,50 The ability to design and
control homogeneous resins with well-defined compositions
and functionalities is critical to tailoring their properties for VP-
based metal AM.

Various metal precursors can be incorporated into homo-
geneous resins either as inorganic salts (e.g., nitrates, chlorides,
acetates) or as organometallic compounds (e.g., acetylaceto-
nates, alkoxides, amino complexes). Metal salts are an inexpen-
sive precursor that can achieve high metal content and
favorable rheological properties when dissolved in aqueous
solution. However, they are generally difficult to dissolve in
organic polymers, and typically require a hydrophilic polymer
scaffold. The development of metal-ion-rich, water-based binder
matrices, such as acrylate-based hydrogels is well-established.
In this system, metal ions are effectively entrapped and homo-
geneously distributed within the polymeric network. For example,
Luitz et al. demonstrated the preparation of a platinum-
containing organic–inorganic photoresin by dissolving K2PtCl4
in polyethylene glycol diacrylate and the water-soluble mono-
mer Genomer 7311.51 By replacing the metal precursor with
Na6(H2W12O40), they also fabricated tungsten ion photoresin for

the tungsten and tungsten carbide manufacturing.52 Similarly,
Cai et al. formulated a water-based photoresin containing
(NH4)6[H2W12O40]�xH2O as the tungsten source, Ni(NO3)2�6H2O
as a sintering aid, acrylic acid-2-hydroxyethyl as an active diluent,
polyethylene glycol diacrylate as a cross-linker.53 Yee et al. reported
a method involving the dissolution of zinc nitrate hexahydrate
in water, followed by mixing with polyethylene glycol diacrylate
and a two-photon initiator, 7-diethylamino-3-thenoylcourmarin,
to produce a homogeneous zinc-ion photoresin for two-photon
lithography.49 Beyond this work, Yee et al. further developed a
DLP printing route using lithium and cobalt nitrate containing
hydrogels to fabricate lithium cobalt oxide architectures, one of
the most widely used cathode materials for lithium-ion bat-
teries, shown in Fig. 4A.54 In general, these studies demonstrate
that water-based, metal-ion-containing hydrogel systems pro-
vide a versatile platform for achieving homogeneous precursor
distribution.

Another approach to fabricate homogeneous photoresins for
metal AM involves the use of organic metal precursors. These
precursors may directly react with the polymer, often leading to
cross-linking, or be incorporated via complexation to ensure
bonding of the metal to the polymer backbone. For instance,
Vyatskikh et al. reported a ligand exchange reaction between
nickel alkoxide and acrylic acid to synthesize nickel acrylate,
which was subsequently combined with pentaerythritol triacry-
late and a photoinitiator (7-diethylamino-3-thenoylcoumarin)
to form a nickel-ion-containing homogeneous photoresin.55

The resulting metal-containing polymer structures were then
pyrolyzed to remove the organic components and convert the
polymer into metallic nickel. Using complexing agents to
incorporate metals into polysiloxane matrices for the fabrica-
tion of metal doped, polymer-derived ceramic is another key

Fig. 3 (A) Schematic illustrations of a VP-based heterogeneous resin method, showing the propagation of incident light within the suspension and
ceramic particles coated with dispersant molecules. (B)–(D) SEM images of Al2O3 ceramic green bodies 3D printed with different dispersants.
(B) Containing KOS110. (C) Containing BYK111. (D) Containing BYK180. Adapted from ref. 39 with permission.
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application of this approach, as illustrated in Fig. 4B. Fu et al.
demonstrated the fabrication of multiple metal doped polymer-
derived SiOC ceramics by using methacrylic acid to incorporate
Zr and Ti into methyl-silsesquioxane photoresin through a
complexation reaction.56 Similarly, Essmeister et al. reported
the development of polymer-derived Ni/SiOC materials with
catalytic activity in CO2 methanation, using methacrylic acid to
incorporate Ni into methyl-silsesquioxane photoresin.57 Hu
et al. formulated an Al-doped SiOC photoresin by combining
methyl-silsesquioxane resin with aluminum acetylacetonate as
the raw material.58 Overall, these approaches demonstrate that
molecular-level incorporation of metal species into polymer
backbones offers enhanced control over composition.

Table 2 compares the target material, VP technique, resin
composition, product composition, chemical and mechanical
properties, and feature dimensions of recently reported VP-
based homogeneous resin methods. As summarized in Table 2,
homogeneous resin methods enable molecular-scale metal ion

distribution and can achieve excellent printing resolution (250–
400 nm), particularly when hydrophilic, metal ion-rich polymer
matrices are combined with TPL technique. However, these
advantages are often accompanied with extreme linear shrink-
age (40–80%) and limited bulk densification. Approaches based
on organic metal precursor can partially mitigate shrinkage
(35–41%) but typically operate at low metal contents (below
5 wt%) and yield only modest mechanical strength. Notably,
VP-based homogeneous resin methods target highly diverse
end applications-including micro-mechanical metamaterials,
electronics, and catalysis, leading to substantial variation in
product compositions, architectures, and testing protocols.
Consequently, reported chemical and mechanical properties
span a wide range, which makes direct cross-comparison
between studies inherently difficult.

The use of homogeneous resins effectively addresses the
viscosity challenges caused by high particle loadings and reduces
light scattering compared to heterogeneous resins. However, a

Fig. 4 Schematic illustrations of VP-based homogeneous resin methods for metal AM. (A) Resin formulation and schematic of DLP printing of a Li+/Co2+

hydrogel 3D structure. The printed Li+/Co2+ hydrogel (left optical image) is then calcined to form a self-similar LCO structure (right optical image).
(B) SiAlOC precursor solution molecular structure and schematic of DLP printing of SiAlOC. Adapted from ref. 54 and 58 with permission.
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major drawback of this approach is that these photoresins are
often not commercially available, due to the diverse chemical
properties of metal ions and the need for a complex multi-step
synthesis. Developing resins with both high metal content and
appropriate optical properties remains a significant challenge, as
the maximum loading of metal precursors is constrained by a
combination of precursor solubility, molecular compatibility,
viscosity, and photopolymerization kinetics. Moreover, the speci-
fic requirements of the polymerization process narrow the range
of compatible polymeric materials, as certain metal precursors
(e.g., Cu2+) can inhibit polymerization, making compositional
tuning more challenging due to their interactions with the curing
chemistry.59 In particular, transition metal ions could introduce
additional light absorption through ligand-to-metal charge trans-
fer, reducing light penetration depth, while also acting as radical
scavengers that increase the critical exposure dose.60 These effects
are generally less pronounced than those introduced by dedicated
UV blockers (e.g., tartrazine), but still require quantitative evalua-
tion and re-optimization of printing parameters, such as exposure
dose and layer thickness to ensure reliable printing performance.

2.2 Precursors introduced in post-printing

Unlike heterogeneous or homogeneous resin-based approaches
that require the incorporation of metals into photoresins
prior to printing, infusion-reaction methods introduce metal

precursors after printing, thereby reducing the complexity
associated with resin formulation and printing parameter
optimization, shown schematically in Fig. 5. These approaches
offer distinct advantages in kinetic control by decoupling the
material’s solid-state transformation from the geometric defi-
nition of the printed architecture, presenting a promising
route for the fabrication of metal and ceramic micro/nano
architectures.

2.2.1 Hydrogel infusion additive manufacturing. Hydrogel
infusion additive manufacturing (HIAM) is a simple and versa-
tile metal AM technique based on infusion-reaction methods.
Developed by Saccone & Gallivan et al. in 2022, HIAM enables
the fabrication of various metals (e.g., copper, nickel, tungsten,
and high-entropy alloys) from a single photoresin, without the
need for pre-loading metal precursors, as shown schematically
in Fig. 6.61 The process involves first printing organogels (which
is typically composed of poly(ethylene glycol) diacrylate
(PEGda)) into the desired 3D shapes, followed by a solvent
exchange step that converts the organogels into hydrogels.
These hydrogel scaffolds are then infused with metal precursor
solutions, calcined and reduced to yield corresponding metal
replicas. This novel approach to metal structure fabrication
enables quick iteration, compositional tuning, parallelization
and multimaterial integration, offering significant advantages
in spatial resolution and geometric complexity. For example,

Fig. 5 Schematic of infusion-reaction methods. Precursors are introduced into a printed scaffold (gel) during an infusion step after printing, then
undergo a reaction to form final products.

Fig. 6 Schematic of HIAM process and optical images of the HIAM process for Cu metal. Adapted from ref. 61 with permission.
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printing copper at the sub-millimeter scale is particularly
challenging using conventional laser-based sintering techni-
ques due to its high thermal conductivity.62 HIAM overcomes
this limitation and enables the fabrication of copper structures
with feature sizes below 50 mm.

Nanoindentation experiments performed on HIAM-derived
Cu and Cu55Ni45 revealed hardness values of 1.81 � 0.37 GPa
and 2.15 � 0.22 GPa, respectively.61 To investigate the mecha-
nisms underlying this enhanced hardness in HIAM-derived
alloys, Tran et al. recently conducted a systematic study on
the reduction processes and microstructural evolution of the
HIAM-derived CuxNi1�x alloy system.63 Their findings indicated
substantial growth of metallic nuclei into microscale grains
during reduction, which facilitated the formation of low energy
interfaces and numerous annealing twins. These microstruc-
tural features entrapped unreduced oxide grains, resulting
in hierarchical nanocomposite structures that contributed to
hardness values up to four times greater than those of bulk
annealed CuxNi1�x. Uniaxial compression experiments on both
Cu-rich and near-equiatomic micropillars further revealed
composition-dependent nanomechanical behaviors. The pri-
mary sources of defects were likely to be internal pores formed
by H2O generation during reduction and dispersed unreduced
oxides resulting from incomplete reduction. The extent and
distribution of these defects varied with alloy composition,
influencing the density of inclusions and voids in the final
material. These microstructural heterogeneities likely played a
significant role in the elevated nanoindentation hardness
observed in HIAM-derived alloys.

Within the HIAM processes, the solvent-exchange step is
essential to remove residual organic solvent in the structure,
which can lead to formation of porosity upon calcination and
reduction. The presence of organic solvent can also cause
precipitation of the metal salt during the swelling process,
leading to an inhomogeneous distribution of the metal pre-
cursors. An investigation of the impact of both inorganic and
organic precursors on the final printed structures was con-
ducted by Yaw et al.64 The study demonstrates that the concen-
tration of hydrogel formulations and the choice of inorganic
salts with different decomposition events can significantly
influence the resulting morphology and porosity of the printed
structures.

However, the exact mechanisms of metal ion diffusion
within hydrogels remain unclear due to the highly disordered
nature of polymer chains, the high concentration of metal ions
in solution, and the large excess of water molecules.64 From a
thermodynamic perspective, diffusion in hydrogels is generally
entropy-driven and governed by gradients in Gibbs free energy
or chemical potential, which dictate the direction of mass
transport.65 Ion diffusion mechanisms can be classified into
three main types: physical adsorption, chemical adsorption,
and ion exchange.66 The dominant metal ion adsorption
mechanism varies significantly depending on the type of metal
ion, the ionic composition of the solution, and the surface
properties of the hydrogel. In the HIAM process, physical
adsorption plays a role, in which metal ions are loosely bound

to the hydrogel via weak forces such as electrostatic attractions.
Electrostatic attractions occur between oppositely charged
metal ions and functionalized hydrogels. Functional groups
such as carboxyl, hydroxyl, amide, and amine play a crucial role
in inducing surface charge and mediating ion adsorption.66

The strength of electrostatic interactions depends heavily on
the surface charge density of the hydrogel, which is governed by
the ionization of these groups, a pH-dependent process. Elec-
trostatic interactions also influence the solubility of solutes
within the hydrogel.65 For instance, hydrophilic solutes with
polar groups can form hydrogen bonds with the matrix,
increasing retention and reducing diffusion rates.

Table 3 compares the target material, VP technique, resin
composition, product composition, mechanical properties, and
feature dimensions of recently reported VP-based HIAM and
HIAM-variant methods. As summarized in Table 3, HIAM
and its variants combine infusion-reaction strategies to achieve
high metal content (around 85–95 wt%), while maintaining
mechanically robust micro-architectures. Compared with other
VP-based metal AM approaches, HIAM and HIAM-variant
methods exhibit moderate shrinkage (20–70%), and nano-to-
microscale feature resolution. It provides a unique balance
among compositional flexibility, mechanical integrity, and
scalability, making it particularly attractive for the fabrication
of multifunctional metal micro-structures.

2.2.2 Infusion-reaction approaches and HIAM variants.
Beyond the HIAM method, several variants have been developed
to expand their capabilities. For example, similar infusion-
reaction approaches have been used in conjunction with
polymer-based 3D scaffold templates for direct metal ion infu-
sion, eliminating the need for hydrogel transformation.67,70,76

Some researchers reported the use of printed hydrogel as
scaffold for direct metal ion infusion, eliminating the organo-
gel to hydrogel transformation step.68,69 These extensions
broaden HIAM’s applications, enabling the fabrication of func-
tional components such as electrodes for water splitting or
current collectors for batteries. Tiwari et al. reported the
fabrication of 3D Cu/CuOx/C transition catalysts with maximized
active sites and improved mass transport for electrocatalytic water
splitting.76 Similarly, Martinez et al. demonstrated the fabrication
of complex 3D-printed copper current collector structures with
integrated loadbearing and energy storage functionalities.67

Several strategies have been proposed to address the weak
interactions between hydrogel scaffolds and metal ions in
HIAM, which limit ion loading capacity and can lead to defects
such as cracks in the sintered structures. These approaches
include complexation scaffold additive manufacturing,72,73 ion-
exchangeable hydrogel additive manufacturing,71 and capillary
force additive manufacturing.74

Complexation scaffold additive manufacturing utilizes
surface complexation, where coordination bonds are formed
between metal ions and functional groups on the hydrogel. For
example, printed hydrogels with abundant carboxyl groups can
dissociate in aqueous metal salt solutions, forming negatively
charged carboxylate ions that coordinate with metal ions
through lone pair electrons on oxygen atoms. Two main types
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of surface complexation occur at the hydrogel-water interface:
inner-sphere and outer-sphere complexation.77 Inner-sphere
complexation refers to the direct bonding between the ligands
and metal ions, while outer-sphere complexation involves a
thin layer of water molecules between the metal ions and
ligands. For many transition metals, inner-sphere complexa-
tion is less favorable entropically, and tends to occur at higher
metal concentrations.66 Solution pH is another important
parameter that affects not only metal speciation but also the
surface charge of hydrogels and the coordination behavior of
functional groups. For example, increasing the pH leads to
deprotonating of carboxyl groups into carboxylate anions,
expanding the hydrogel and creating more coordination
sites.66 Therefore, identifying the optimal pH is crucial for
maximizing metal adsorption capacity and enhancing struc-
tural integrity by promoting pore collapse, which helps preserve
the morphology of the final metal/ceramic parts. Following
sintering and reduction, metal-complexed scaffolds are con-
verted into 3D metal or alloy nanoarchitectures. Using this
approach, Han et al. demonstrated the fabrication of various
metal-alloy nanoarchitectures, including metals (Ni, Fe, Co, Cr,
Cu, Au, and Ag) and alloys (NiCo and NiCoCu) by incorporating
metal ions into acrylic acid (AAc)-based polymer scaffolds,
shown schematically in Fig. 7A.72 They further investigated
the complexation efficiency of different resin systems and
showed that the AAc-based scaffold exhibits significantly higher
complexation efficiency, enabling the formation of metal/alloy
nanoarchitectures with exceptional shape fidelity and struc-
tural integrity. FTIR spectra of the AAc-based polymer revealed
the largest red shift in absorption peaks associated with
oxygen-containing functional groups, while XPS O 1s spectra
confirmed the formation of new metal–oxygen bonds after
complexation. Similarly, Sun et al. developed a technique to
fabricate iron structures with three-level hierarchical porosity.73

In this process, a poly(N-isopropylacrylamide-co-acrylic acid)
hydrogel lattice is first printed and then lyophilized to form a
3D porous scaffold. Metal ions are then introduced into the
scaffold to form Fe3+ coordination with carboxyl groups, fol-
lowed by sintering and reduction.

Printed hydrogel structures in ion-exchangeable hydrogel
additive manufacturing are immersed in metal precursor solu-
tions to facilitate metal ion exchange. This reversible chemical
reaction occurs between free mobile ions in the hydrogel and
metal ions of like charge presenting in the precursor solution.
Ion-exchangeable hydrogels can absorb metal ions by replacing
exchangeable protons released from oxygen-containing groups
such as hydroxyl, carboxyl, sulfonate, and amino moieties. The
efficiency and capacity of metal ion adsorption by ion exchange
mainly depend on the ionic radius of the target ions and the
number of available exchangeable sites, which are determined
by the surface chemistry of the hydrogel.66 The ion-exchanged
hydrogel is subsequently calcined and reduced to yield the
desired metal structures. It is well recognized that the concen-
tration of metal precursors, immersion temperature, and dura-
tion are crucial factors influencing the ion exchange process.
Optimizing these conditions can accelerate ion exchange rates,T
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Fig. 7 Schematic illustrations of HIAM variants. (A) Schematic illustration of the complexation scaffold additive manufacturing of 3D metal/alloy
nanoarchitectures and the complexation principle between metal ions and carboxyl groups within the polymer network. (B) Schematic of the ion-
exchangeable hydrogel additive manufacturing of micro-architected copper that Na+ ions in the hydrogel scaffolds are replaced by Cu2+ ions.
(C) Schematic of the capillary force additive manufacturing of various nanomaterials, illustrating the key steps of capillary accumulation and deposition of
nanomaterials. Adapted from ref. 71, 72 and 74 with permission.
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enhance metal permeability, and ensure sufficient ion incor-
poration. Ma et al. reported the fabrication of ion-exchangeable
hydrogels comprised of sodium acrylate as an ion-exchangeable
monomer to produce complex and dense 3D micro-architected
conductive copper structures (resistivity: 4.91 mO cm).71 In this
process, Na+ ions in the hydrogel scaffolds are replaced by Cu2+

ions during soaking due to their strong coordination, shown
schematically in Fig. 7B. Beyond metal AM, the ion-exchange
approach is also widely used for removing pollutants such as
heavy metal ions and organic dyes from water.78

Capillary force additive manufacturing utilizes non-specific
physical interaction capillary force to adsorb metal nanoparticles
onto 3D VP-printed polymer scaffolds, followed by sintering and
reduction to produce 3D metallic architectures. These microscaf-
folds exhibit strong pinning capability at solid–liquid–gas three-
phase interfaces, effectively trapping precursor solution within the
scaffold and guiding the steady assembly of metal nanomaterials
during evaporation, shown schematically in Fig. 7C. To ensure
uniform and abundant nanomaterial deposition, the surface
charge of metal nanoparticles is minimized via the salting out
effect, reducing electrostatic repulsion. A representative example of
this method is the work done by Lyu et al., who reported the
formation of 3D micro-/nanostructures composed of metal (e.g.,
Au, Ag, Pt), and metal oxides (e.g., Fe3O4, BaTiO3) with high
uniformity and nanoparticle mass loading on the microscaffold.74

Compared to heterogeneous and homogeneous resin appro-
aches, the infusion-reaction approaches offer two key advan-
tages. First, particle-free resins exhibit low viscosities and
minimal light scattering, enabling high-resolution printing.
Second, a wide range of commercially available metal salts
can be used, allowing metal materials to be synthesized by
simply dissolving metal salts or infusing metal nanoparticles in
appropriate ratios after printing. While versatile and accessible,
the utility of infusion-reaction approaches is limited by significant
shrinkage during the polymer-to-metal/ceramic conversion pro-
cess. This shrinkage often leads to low density, warping, cracking,
and porosity in the final parts, negatively impacting their shape
fidelity and structural integrity. Since shrinkage is inversely
proportional to the amount of metal precursors in the organo-
gel/hydrogel, recent research in this area has largely focused on
the development of strategies that enhance precursor loading. Yee
et al. used a repeated infusion-precipitation process where ammo-
nia was used to chemically induce in situ formation of iron-oxide
nanoparticles from infused precursors within a gel, followed by
infusion of additional precursors to achieve high metal loadings,
shown schematically in Fig. 8.68,69 This approach enabled the
fabrication of dense architected iron oxide and iron structures
with conversion linear shrinkages of approximately 20% and 38%
respectively.

3. Thermal decomposition of polymers
in VP-based metal AM

Thermal decomposition of scaffolds is a critical step in VP-
based metal AM processes, which typically involves two main

stages: polymer degradation, and precursor conversion to
target materials. A thorough understanding of these thermal
decomposition mechanisms is essential for rational resin
design and for optimizing both polymer processing and the
synthesis of metal/ceramic components. Effective control of
polymer decomposition requires insight into a variety of inter-
related factors, including chemical reactions and property
changes during heat treatment, as well as process parameters
such as furnace ramp rates and atmosphere.

3.1 Chemical reactions during heat treatment

During thermal degradation of polymers, a series of chemical
reactions occur through chain scission of macromolecules,
which may proceed via radical, ionic, or mixed pathways.
A typical multi-step free radical polymer degradation route is
comprised of three steps: initiation, propagation and termi-
nation.79 In the initiation step, free radicals are generated as
the polymer backbone breaks into smaller fragments. This
scission may occur either randomly within the main chain, at
weak side groups, or at the chain ends. Chain-end degradation
results in a high yield of monomers, while random scission
primarily produces oligomers with only a small fraction of
monomers. When oxygen is present, free radicals formed
during initiation react with oxygen to produce highly reactive
peroxide or hydroperoxide intermediates, which accelerate the
degradation reactions.79,80 In the propagation step, further
chain scission could lead to volatile product formation, and
adjacent degraded chains may undergo cross-linking reactions
to form a char layer which can serve as a physical barrier to heat
and oxygen, thereby slowing further decomposition.81 The
termination step involves free radical coupling or disproportio-
nation, often resulting in byproducts such as ethers and
carbonyl compounds. Volatile byproducts generated during
polymer degradation can be identified in real time using mass
spectroscopy and Fourier transform infrared spectrometry.

Alongside polymer degradation, a combination of polymer
combustion and precursor decomposition, analogous to a
solution combustion process, can occur in the condensed phase,
gas phase, or mesophase.82 Volatile intermediates serve as fuel,
accumulating and mixing with oxygen in the furnace atmosphere.
Upon reaching a critical ignition temperature, combustion begins,
producing flue gases such as CO2, H2O, and NO2. The heat
generated from this exothermic combustion can lead to a self-
propagating combustion reaction. Simultaneously, metal precur-
sors embedded within the printed resin, for example in the form
of crystallohydrates, undergo decomposition during heating.
Common solutions used for solution combustion include metal
nitrates (e.g., Cu(NO3)2, Ni(NO3)2, Al(NO3)3) as oxidizers and
organic fuels (e.g., urea, citric acid, glycine).83 If metal nitrates
are used as precursors, this leads to the stepwise formation of low-
water crystallohydrates, oxynitrates, and finally metal oxides.84

Depending on the fuel-to-oxidizer ratio, solution combustion can
proceed in three regimes: smoldering combustion synthesis,
volume combustion synthesis, and self-propagating high-tem-
perature synthesis.85 A complexation analysis by Khaliullin et al.
demonstrated that metal ions can alter the strength of internal
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bonds in organic ligands by forming coordination complexes, and
thus different fuel-to-oxidizer ratios can result in varying com-
bustion temperatures.84 Notably, when the fuel-to-oxidizer ratio
equals one, the mixture does not require atmospheric oxygen for
complete oxidation.86 A representative reaction pathway for metal
nitrates and glycine, as reported by Kumar et al., includes the
decomposition of glycine to yield NH3, and of nitrates to form
HNO3, and metal oxides. NH3 and HNO3 then react exothermi-
cally to sustain combustion, generating hydrogen that further
reduces the metal oxides to metallic products.86

To the best of our knowledge, no studies have quantitatively
reported the fuel-to-oxidizer ratio in polymer-derived metal/
ceramic synthesis process. Although the chemistry of combustion
involves complex chain reactions, the calculation can be reason-
ably simplified under fuel/oxygen-rich conditions. In such cases,
self-propagating high-temperature synthesis becomes the domi-
nant mechanism, in which reactions follow a wave-like propaga-
tion through the medium.85 It primarily includes four reactions:
(1) complete oxidation of carbon to carbon dioxide, (2) complete
oxidation of hydrogen to water, (3) complete oxidation of nitrogen
to nitrogen oxides, and (4) complete formation of metal oxides.

3.2 Property changes during heat treatment

During thermal processing for VP-based metal AM, polymeric
scaffolds undergo significant and irreversible changes in their
physical and chemical properties. Analytical techniques such as
thermogravimetry (TG) and differential scanning calorimetry
(DSC) are widely employed to monitor property changes during
the polymer decomposition process, which are correlated
with the quality of the resulting metal/ceramic components.
TG continuously measures the mass of a polymer sample as
it is subjected to a controlled temperature program, tracking
mass changes as a function of temperature and/or time. DSC

measures the amount of heat adsorbed or released by a sample
during heating, cooling, or isothermal hold. As the heating
temperature approaches the decomposition point, decomposition
reactions begin, and the glass transition temperature (Tg) of the
polymer may change due to decreasing molecular weight and
increasing formation of monomers.79 In general, the decomposi-
tion begins at relatively low temperatures, particularly for hydro-
gels or other polymer matrices containing water. For example,
around 100 1C, PEGda-based Cu ion infused hydrogels exhibit an
early and sharp mass loss, indicated by the endothermic heat flow
of approximately 0.25 W g�1 present in the DSC profiles, primarily
due to the evaporation of excess water.61,87 From approximately
100 1C to 500 1C, polymer gels often undergo a prolonged phase of
mass loss, typically ending with a hold at certain temperature for
sufficient time to ensure the total combustion of organic matrix.

The type of metal or ceramic precursors embedded within
polymer scaffolds can significantly influence the thermal profile
and final material quality.88 For instance, nitrate salt-infused
hydrogels show a sharp mass loss and a large exothermic event
and at low temperatures (below 150 1C), generating large amounts
of gas. The nitrated-derived gases are highly reactive and can
further oxidize at elevated temperatures, promoting additional
energetic reactions with the metal species.89 These reactions can
lead to the formation of open foamlike ceramic structures that are
often crumbly and mechanically unstable. In contrast, Yaw et al.
found that chloride salt-infused PEGda-based hydrogel systems
with later decomposition events exhibit a smaller mass loss and a
more moderate exothermic response, resulting in ceramic pro-
ducts of consistently higher quality.64

3.3 Heating processes and conditions

Post-process annealing plays a crucial role in enhancing the
mechanical properties of parts produced via VP-based metal

Fig. 8 Schematic of the hydrogel infusion and precipitation process for the VP of ceramics and metals. Adapted from ref. 68 with permission.
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AM by inducing changes in microstructure and crystallinity.90

Structural shrinkage and deformation during annealing are
governed by coupled thermal and diffusion processes, which
are influenced by parameters, such as heating temperature,
environmental pressure, surface-to-volume ratio, and cross-
linking density.91

Due to the layer-by-layer fabrication process inherent to
most AM methods and the nonuniform heat transfer between
layers during photopolymerization, VP-based metal AM can
develop uneven residual stress distributions within the fab-
ricated parts, which leads to porosity manifested as voids,
cracks, or inclusions, thereby reducing its mechanical proper-
ties, as shown in Fig. 9.64,90 Annealing at high temperature
helps mitigate these issues by relieving residual stresses and
healing microstructural defects. When combined with high
pressure, the process can force trapped gases out of the
material, thereby eliminating porosity and leading to a denser
and more uniform microstructure with improved fatigue
and creep resistances.92 Additionally, annealing promotes
recrystallization, refining the grain structure and improving
toughness and structural integrity of the printed parts.
However, overheating or excessive exposure time to high
temperatures can cause material microstructural coarsening
or even melting, negatively impacting properties such as
tensile strength.93

The atmosphere used during annealing is a crucial factor
that influences the quality and performance of the final parts in
VP-based metal AM. In addition to air, various process gases are
commonly employed in heat treatment furnaces, including
oxygen, hydrogen, nitrogen, helium, argon, carbon monoxide,
carbon dioxide, ammonia, propane, methane, and butane.
Among these, air and oxygen are the most reactive and are
widely used in the fabrication of metal oxides. In contrast, inert
or protective atmospheres such as those composed of nitrogen,
helium, or argon are used to minimize undesired chemical
reactions by providing a highly controlled environment. It has
been reported that fewer cracks form in fabricated ceramics

when the binder burnout is carried out in an inert atmosphere
rather than in air, regardless of the heating rate.94 This
improvement is attributed to the reduction of internal gas
pressure and the elimination of exothermic heat generated
during binder oxidation.95

Table 4 compares the target material, VP technique, and
heating process and conditions of recently reported VP-based
metal AM methods. As summarized in Table 4, the specific
thermal processing approaches used vary based on resin type
and target material. Ceramic systems generally require a two-
step debinding and sintering process, while metal fabrication
often involves a three-step debinding, sintering, and reduc-
tion sequence. From these studies, several practical design
rules for achieving robust metallic structures can be identi-
fied. First, slow heating rates, typically less than 1 1C min�1

during debinding, are critical for minimizing internal gas
evolution and crack formation. Second, the incorporation of
intermediate isothermal holds, guided by TG data, particu-
larly at temperatures corresponding to high mass loss rates, is
essential for gradual polymer decomposition. Third, high
sintering temperatures, typically 900–1600 1C, should be
selected based on intrinsic material properties, including
melting point, diffusion kinetics, and phase stability. Fourth,
extended dwelling times, typically longer than 3 h, are impor-
tant for achieving sufficient densification and maintaining
structural integrity. Fifth, the processing atmosphere should
be tailored to the desired product: oxidizing environments
(e.g., air) for oxide formation, and reducing atmospheres (e.g.,
5% H2) for the production of pure metals or alloys, as
discussed previously.

The pyrolysis behavior of polymeric materials during con-
version to disordered carbon materials has been extensively
investigated, and while the target material is different, insights
from these systems are relevant to polymer-derived inorganic
materials, since in some cases, disordered carbon exists as an
intermediate. Specifically, the thermal decomposition path-
ways and residual carbon structure established during pyrolysis
govern the chemical environment and microstructural template
for subsequent annealing, where metal salts or oxides are
reduced and crystallized into metallic architectures. A systema-
tic investigation into the structural evolution of 3D-printed
nanoarchitectures during isothermal pyrolysis in vacuum
and inert atmosphere was conducted by Sun et al.91 Analysis
of pyrolysis-induced size reduction revealed that shrinkage
occurred more rapidly with increasing temperatures (450,
500, and 550 1C), decreasing partial pressures (from 3 to
B10�5 mbar), and higher surface-to-volume ratios. The results
indicate that the effective activation energy for pyrolysis-
induced morphological shrinkage is approximately four times
higher under vacuum conditions than under a nitrogen atmo-
sphere. Cross-sectional microstructural analysis further revealed
oxygen accumulation at the edges of samples pyrolyzed under
low vacuum, supporting the hypothesis that second-order reac-
tions govern the desorption of volatile gases, primarily CO
and CO2, thereby lowering the effective activation energy during
low-vacuum heating.

Fig. 9 X-ray computed tomography reconstruction slices of ceramics
derived from gels infused with (A) Cu(NO3)2 and (B) CuCl2, along with their
corresponding vertical cross-sections (C) and (D), highlighting regions with
large cracks and voids. Adapted from ref. 64 with permission.
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4. Challenges and opportunities for
VP-based metal AM

VP-based metal AM offers several advantages over conventional
and other metal AM processes, including high precision, high
resolution, rapid printing speed, and the ability to fabricate
complex internal and external geometries. However, several chal-
lenges remain, which must be addressed in future research.

4.1 Multimaterials and high-entropy alloys

Metallic multimaterials, which incorporate different metallic
constituents together within one object, exhibit a wide range
of unique mechanical, electrical, chemical, and optical proper-
ties.96 These characteristics make them highly promising for
applications such as batteries, turbine blades, soft robotics,
and flexible sensors.97,98 However, their widespread imple-
mentation remains constrained due to the lack of advanced

Table 4 Comparison of heating process and conditions of VP-based metal AM methods

Method Target material VP technique Heating process and conditions Ref.

Heterogeneous
resin methods

Alumina DLP Debinding: B0.9 1C min�1 to 600 1C for B200 min under vacuum,
then reheated at B4 1C min�1 to 1000 1C for B60 min under aira

35

Sintering: 5 1C min�1 to 1650 1C for 2 h under aira

Alumina DLP Debinding: 0.2 1C min�1 to 600 1C under N2 39
Sintering: 1600 1C for 2 h

Alumina DLP Debinding: 1 1C min�1 to 600 1C for 2 h under N2
a 43

Sintering: Not reported
Aluminum alloy DLP Debinding: 1 1C min�1 to 450 1C for 2 h under Ar 44

Sintering: 10 1C min�1 to 600 1C for 2 h under Ar
Zirconia DLP Debinding: 0.2 1C min�1 to 500 1C for 30 min under vacuuma 45

Sintering: B5 1C min�1 to 1600 1C for 2 h under vacuum
Zirconia SLA Debinding: 0.1 1C min�1 to 530 1C under air 46

Sintering: 2 1C min�1 to 1200 1C for 30 min under air
Zirconia DLP Debinding: 0.5 1C min�1 to 450 1C for 1 ha 37

Sintering: 3 1C min�1 to 1500 1C for 2 ha

Copper CLIP Debinding: 1 1C min�1 to 600 1C for B2 h under N2
a 36

Sintering: 3 1C min�1 to 1000 1C for B3 h under aira

Reduction: 3 1C min�1 to 800 1C for 10 h under 5% H2/Ar
Copper CLIP Debinding: 1 1C min�1 to 600 1C for 2 h under N2

a 47
Sintering: 1 1C min�1 to 1000 1C for 5 h under aira

Reduction: 3 1C min�1 to 800 1C for 10 h under 5% H2/Ar
WC–Co hardmetals SLA Debinding: 5 1C min�1 to 850 1C for 40 min under H2 or N2

a 48
Sintering: 2.5 1C min�1 to 1440 1C for 2 h under vacuuma

Homogeneous
resin methods

Zinc oxide TPL Sintering: 0.5 1C min�1 to 500 1C under air 49
Platinum TPL Sintering: 1 1C min�1 to 600 1C for 1 h 51
Tungsten, tungsten carbide TPL Sintering: 1 1C min�1 to 600 1C for 2 ha 52

Reduction: 3 1C min�1 to 900 1C for 3 h under 5% H2/Ara

Carbothermal reduction: 3 1C min�1 to 1000 1C for 3 h under 5% H2/Ar
Tungsten DLP Debinding: 1 1C min�1 to 600 1C for B200 min under Ar,

then reheated at 0.5 1C min�1 to 600 1C for B120 min under aira
53

Sintering: B2 1C min�1 to 1200 1C for 5 h under 10% H2/Ara

Nickel TPL Debinding: 2 1C min�1 to 1000 1C for 1 h under Ar 55
Sintering: 2 1C min�1 to 600 1C for 1 h under 5% H2/Ar

Zr/Ti/SiOC DLP Sintering: 2 1C min�1 to 1200 1C for 1 h under N2 56
Ni/SiOC Masked-SLA Sintering: 1 1C min�1 to 600 1C for 2 h under Ara 57
Al/SiOC DLP Debinding: 1 1C min�1 to 900 1C for 2 h under Ar 58

Sintering: 5 1C min�1 to 1100 1C for 2 h under air
Copper etc. DLP Sintering: 0.25 1C min�1 to 700 1C for 3 h under air 61

Reduction: 3 1C min�1 to 900 1C for 6 h under 5% H2/Ar
HIAM and HIAM
variants

Copper DLP Debinding: 0.2 1C min�1 to 450 1C for 2 h under aira 67
Sintering: 2 1C min�1 to 750 1C for 6 h under air
Reduction: 4 1C min�1 to 900 1C for 5 h under 5% H2/Ar

Iron, copper etc. DLP Debinding: 2 1C min�1 to 1000 1C for 30 min under N2
a 68

Sintering: 2 1C min�1 to 1000 1C for 30 min under aira

Reduction: under 5% H2/N2

Nickel, nickel oxide TPL Sintering: 1 1C min�1 to 500 1C under air 70
Reduction: 3 1C min�1 to 590 1C for 3 min under 5% H2/N2

Copper DLP Sintering: 0.5 1C min�1 to 420 1C for 200 min under aira 71
Reduction: 3 1C min�1 to 900 1C for 1000 min under 10% H2/Ara

Nickel cobalt alloy etc. TPL Sintering: 1 1C min�1 to 600 1C for 2 h under aira 72
Reduction: 2 1C min�1 to 800 1C under 5% H2/N2

Iron DLP Sintering: 5 1C min�1 to 1500 1C for 1 h under aira 73
Reduction: 5 1C min�1 to 900 1C for 3 h under 10% H2/Ar

Gold, iron oxide etc. TPL Sintering: 2 1C min�1 to 600 1C for 2 h under air 74
g-Alumina DLP Sintering: 1 1C min�1 to 850 1C for 2 h under aira 75

a Heating profile involves stepwise heating with several intermediate isothermal hold, which are not individually specified in the table.
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fabrication techniques capable of constructing well-designed
3D microarchitectures with coded material properties. VP-
based metal AM offers a compelling solution as it eliminates
the need for extensive assembly procedures such as gluing,
aligning, fitting, and welding.99 By integrating advanced hard-
ware and programmable optical systems, VP techniques, such
as material switching stereolithography, enable spatial control
over the deposition of multiple metallic material during poly-
merization. This capability to fabricate metallic architectures
with spatially varying mechanical properties is particularly
attractive in contexts where conventional metallic multimater-
ial fabrication remains unattainable. However, they typically
rely on manual or mechanical vat switching, or on dynamic
fluid delivery within a single vat, which poses challenges
due to hardware complexity, slower print speeds, cross-contami-
nation, and significant material waste.98 In contrast, dual-
wavelength or multi-color printing, which employs photoresins
with wavelength-selective behavior, presents a promising alter-
native for fabricating metallic multimaterials.100,101 This
approach enables spatially controlled polymerization of multi-
ple material components within a single resin vat, simplifying
hardware requirements while expanding design flexibility.
It opens new opportunities for the fabrication of metallic
multimaterials architectures with enhanced structural com-
plexity, compositionally graded alloys, and programmable
multifunctional materials.

A related class of materials that is of interest for VP-based
processes is high-entropy alloys (HEAs), defined as alloys
composed of four or more elements, typically in equimolar
or nearly equimolar compositions that are stabilized by con-
figurational mixing entropy.102,103 HEAs have demonstrated
superior mechanical and physical properties compared to
traditional alloys, including outstanding specific strength,
excellent high-temperature mechanical performance, excep-
tional ductility and fracture toughness at cryogenic tempera-
tures, as well as superparamagnetism and superconductivity.104

Recent innovations in HEAs have focused on developing novel
alloy compositions or processing methods to tailor the micro-
structure and mechanical properties of bulk or monolithic
components. However, only a small fraction of alloys in the
vast number of possible HEAs compositions are likely to be
practically useful. Identifying optimal compositions through
conventional trial-and-error approach is resource-intensive,
underscoring the need for high-throughput screening methods.
VP-based metal AM methods, particularly those such as HIAM
which rely on an infusion-reaction approach, present an attrac-
tive technique for fabricating HEAs because they require design
and optimization of only a single photoresin composition,
and enable facile compositional tuning during the infusion
step. However, several fundamental challenges persist, such as
limited understanding of mechanisms governing phase for-
mation and phase stability in HEAs. Additionally, understanding
the effects of interstitial elements, such as carbon, nitrogen,
phosphorus, and oxygen on phase composition, microstructure,
and mechanical properties of HEAs is essential for the successful
implementation of VP-based AM of HEAs.

4.2 Future technological outlook

To address global environmental concerns, sustainable resin
design using bio-based feedstocks has gained increasing atten-
tion. Feedstocks such as vegetable oils, polypeptides, and
proteins offer chemical versatility and broad availability, pro-
viding a greener route to degradable, complex 3D network
structures.105–107 Beyond sustainable feedstocks, greener cross-
linking chemistries are also needed, as current approaches
largely rely on (meth)acrylation and epoxidation of bio-based
feedstocks, limiting the formation of controlled network archi-
tectures. Moreover, conventional photoinitiators can be toxic to
biological systems and the environment, prompting growing
interest in photoinitiator-free polymerization strategies. For
processes that make use of thermal polymer decomposition,
there is opportunity to develop methods for recovering and
valorizing pyrolysis byproducts in order to increase process
efficiency.

In addition to advances in chemistry, the development and
implementation of new processing strategies are essential
to expand the capabilities of VP-based metal AM. A holistic
understanding of mass transport and chemical transformation
processes, supported by real-time characterization of conver-
sion processes, will be important for understanding exactly
what happens inside the ‘‘black box’’ of the furnace. As VP-
based metal and ceramic AM transitions toward commercial-
scale production, it must contend with the high throughput of
conventional manufacturing methods such as injection mold-
ing. Many applications, such as architected energy materials,
demand centimeter-scale devices with microscale feature reso-
lution, a combination that remains challenging for VP due to
the intrinsic trade-off between print resolution and build size.
A high-throughput TPL approach recently reported by Gu et al.
offers a promising pathway to overcome this limitation.108

In this method, a metalens array produces more than 120 000
cooperative focal spots from a single incident beam, enabling
simultaneous voxel writing while preserving the nanoscale
resolution characteristic of TPL. Besides, a spatially adaptive
illumination strategy compensates for optical nonuniformities
to ensure consistent polymerization across the printing field.
This approach enables parallel printing of replicated micro-
structures (more than 50 million microparticles per day)
and centimeter-scale 3D architectures with feature sizes down
to 113 nm.

5. Conclusion

VP-based additive manufacturing of metals and ceramics has
emerged as a powerful platform for fabricating complex 3D
functional materials with excellent geometric precision and
design freedom. By combining digital light control, tailored
photoresin chemistry, and post-polymerization thermal conver-
sion, VP enables access to micro- and nano-architected metal
and ceramic structures that are difficult or impossible to achieve
using conventional manufacturing routes, with potential applica-
tion spaces ranging from biomedical devices to energy materials
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to aerospace components. Continued progress in VP-based addi-
tive manufacturing of metals and ceramics will require a combi-
nation of new materials synthesis pathways, expanding the range
of post-processing conditions and modalities, and identifying
applications that will maximally benefit from the geometric free-
dom and material selection available to these processes. Looking
forward, we envision a future in which micro- and nano-scale
objects formed from an unrestricted palette of inorganic materi-
als can be fabricated with easily accessible tools and precursors,
allowing VP-based AM of metals and ceramics to be a go-to tool
for researchers across a wide breadth of fields.
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