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ABSTRACT: Micro-/nano additive manufacturing (unAM) is
enabling three-dimensional architected structures with sub-
micrometer features. Yet, a coherent view that links process
platforms, multi-material design strategies, scale-dependent
properties, and device performance is still emerging. This
review consolidates recent progress in ynAM with an emphasis
on its multi-material capabilities. We first outline the main
technology families, spanning transformation-based assembly,
micro powder-bed fusion, extrusion, jetting, and
photopolymerization, and highlight their characteristic length
scales, material windows, and throughput. We then compare
strategies for combining polymers, metals, and inorganic non-
metals, including template- and precursor-mediated routes as
well as the directed assembly of nanoparticles and
nanocrystals toward “any-material” voxel design. Building on
this, we analyze how micro-/nanoscale architecture and
interfaces govern mechanical, optical, interfacial, electrical,
piezoelectric properties, and collective robotic behaviors, and
map these structure—processing—property relationships onto
emerging applications in optical devices, micro-/nano sensors,
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and micro-/nanorobots. Finally, we outline key challenges and research directions toward high-throughput, robust, and

industrially relevant multi-material unAM.

KEYWORDS: additive manufacturing, three-dimensional (3D) printing, micro-/nano scale, multi-materials, two-photon

polymerization

1 Introduction

Additive manufacturing (AM), commonly known as three-
dimensional (3D) printing, has advanced rapidly since its first
commercialization in the 1980s [1], drawing sustained global
interest from researchers. By building objects layer-by-layer directly
from digital models [2], AM eliminates the dependence on
conventional molds, cutting tools, and high-precision computer
numerical control (CNC) machinery, dramatically expanding
design freedom and enabling the fabrication of highly complex
structures [3]. More recently, voxel-scale AM has shifted the
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paradigm from “layers” to “volumes,” allowing material to be
deposited precisely throughout 3D space and greatly improving
both manufacturing efficiency and process controllability [4, 5].

As demand grows for miniaturized, multifunctional, high-
performance devices, more requirements are imposed on micro-/
nano-scale manufacturing [6, 7]. Conventional approaches rely
heavily on photolithography, including ultraviolet, electron-beam,
and ion-beam lithography [8], which remain unrivaled for high-
throughput production of two-dimensional (2D) integrated-circuit
patterns. However, these methods struggle with fully 3D, non-
planar architectures and heterogeneous multi-material assemblies
because of their reliance on masks, complex multi-step workflows,
and strict clean-room conditions [9, 10].

Micro-/nano  additive manufacturing (unAM) provides a
compelling alternative. Free from masks, it enables rapid,
customizable 3D fabrication of multi-material structures, making it
especially attractive for agile prototyping of complex geometries,
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functionally graded materials, and micro-devices. Consequently,
unAM has emerged as a vibrant frontier of current research.

Building on conventional AM technology [11], unAM has
progressed through optical-system refinements, miniaturized
motion stages, and increasingly diverse material chemistries.
According to their material-delivery mechanisms and forming
principles, ynAM techniques can be grouped into transformation-
based (2D-to-3D) assembly, powder-bed fusion, material extrusion,
material jetting, and photopolymerization. Each category exhibits
distinct characteristics and unique advantages in specific application
scenarios [12].

Concurrently, the material palette for ynAM has expanded far
beyond early single-polymer systems to encompass metals,
inorganic ceramics, and hybrid multi-material combinations [13].
As 3D architectures miniaturize to micro- and nanoscales, they
exhibit properties not observed in macroscopic counterparts,
including enhanced mechanical performance, tailored optical
responses, engineered surface interactions, high electrical
conductivity, piezoelectric coupling, and collective behaviors in
micro-/nanorobots. Advances in materials and the deliberate

exploitation of these scale-dependent effects have broadened the
application space of unAM, enabling progress in photonic and
optical devices, micro-/nano sensors, and micro-/nanorobots. The
schematic illustration of the unAM process is shown in Fig. 1.

Despite these advances, some key challenges remain: achieving
micro-/nano dimensional accuracy, ensuring physicochemical
compatibility at multi-material interfaces, and enhancing the
interfacial bonding strength across disparate materials. Therefore,
this review provides a systematic overview of current pnAM
technologies and multi-material assembly strategies, representative
properties, highlights representative advanced applications, analyzes
persisting technical bottlenecks, and outlines future research
directions toward translating pnAM from laboratory developments
to industrial deployment.

2 unAM technologies

2.1 Transformation-based technologies
Conventional 2D lithography offers unmatched advantages in
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Figure1 Schematic illustration of unAM process: technologies, materials, properties, and applications. Micro-LPBF: micro laser powder bed fusion; Micro-DIW: micro

direct ink writing; AJP: aerosol jet printing; 2PP: two-photon polymerization.
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resolution, parallel fabrication, and wafer-scale throughput, making
it a powerful platform for defining complex planar micro- and
nano-architectures. By coupling such planar patterning with
controlled deformation, transformation-based assembly provides an
efficient route to 3D structures: Lithographically defined 2D
precursors are converted into stereoscopic architectures through
carefully designed templates and deformation pathways. In this
section, we highlight deformation-guided strategies that leverage
mature 2D lithographic processes to generate 3D micro- and nano-
architectures across a broad range of length scales. The features of
this method are listed in Table 1.

Using a lithography-based approach, Oliver G. et al. [14] showed
that selective etching of an underlying sacrificial layer can release
built-in strain, causing the overlying film to bend upward and roll
into tubular 3D structures, particularly when the lattice constant of
the top film exceeds that of the bottom layer (Fig. 2(a)). This
method produced SiGe-based nanotubes with a minimum
diameter of only 50 nm. In a mechanically induced strategy,
Junseong Ahn et al. [15] patterned 2D structures on a pre-strained
elastomeric substrate and subsequently released the pre-strain to
trigger compressive buckling, transforming suspended regions into
targeted 3D forms, as shown in Fig. 2(b). Recently, kirigami-
inspired structures have become increasingly popular, transforming
rigid thin sheets into highly flexible and stretchable structures
through slit patterns [16]. Through geometric design, thin films can
be reconfigured into complex out-of-plane 3D structures exhibiting
tailored mechanical response [17].

Despite these advances, transformation-based methods remain
largely limited to shrinking, rolling, folding, curving, and buckling
[18, 19]. The routine fabrication of fully freeform, truly 3D
nanostructures still require further breakthroughs in material
design, process control, and multi-physics coupling.

Table 1 Comparison of representative unAM technologies

2.2 Powder-bed-based technologies

While transformation-based strategies rely on pre-patterned planar
films and subsequent mechanical transformation to achieve 3D
geometries, powder-bed-based techniques build the architecture
directly in three dimensions. They eliminate the 2D precursor
entirely and instead consolidate discrete particles layer by layer. In
particular, powder-bed fusion enables true additive consolidation of
metals, and increasingly ceramics and composites, although its
ultimate resolution is constrained by thermal transport, melt-pool
dynamics, and powder statistics. The features of powder-bed-based
technologies are listed in Table 1.

Powder-bed-based techniques involve first laying a thin layer of
powder on a substrate, then sticking, sintering, or melting the
powder together in a selected area to form a layer of cross-section,
followed by repeated spreading and consolidation of subsequent
powder layers to obtain a 3D solid [20, 21]. Among powder-bed
processes, laser powder bed fusion (LPBF) is the only technique
that routinely achieves micro-scale precision. Other techniques like
binder jetting (BJ) are optimized for high throughput and large
parts, so they are generally unsuitable for micro-scale precision.

LPBEF, also called selective laser melting, is a principal metal AM
process. A laser scans and melts a thin layer of metal powder to
form each cross-section, and successive layers are fused to build the
solid part, as shown in Fig. 2(c). Conventional LPBF typically uses a
Gaussian laser beam with a spot diameter of about 80 um [22],
powder particles of 25-50 um, and a layer thickness of 30 um. In
contrast, micro-LPBF reduces the beam diameter to less than
40 pm, the layer thickness to less than 10 pm, and the powder size
to less than 10 pum [23], enabling the fabrication of micro-scale
structures. However, miniaturization introduces several challenges,
including increased surface roughness caused by particle adhesion
at small spot sizes, strong van der Waals—driven agglomeration of

Minimum

Classification Techniques resolution Throughput Compatible materials Key advantages Main limitations
Lithographic and . .
Transformation- mechanically . Thin ﬁl“.“s (S.I/SIGe’ High resolution and easy to Limited to folding, rolling, and
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methods
. .., Fine powders agglomerate and
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gh density capability
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Interlayer bonding is weak and
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s solvents write sensitive to temperature
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Photopolymerization- _ . Good balance of resolution, . . .o
based PuSL = 0.6 um [61] High Photopolymers throughput, and build size artifacts andrlel;gihntsscatterlng in
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Figure2 Schematic illustrations of pnAM technologies. (a) Transformation-based lithographic methods. (b) Transformation-based mechanically guided assembly
methods. () Micro laser powder bed fusion (Micro-LPBF). (d) Micro-DIW. (e) Micro-FDM. (f) AJP. (g) EJP. (h) SPPW. (i) PuSL. (j) 2PP.

fine powders, microstructural instabilities, and elevated residual
stress. Recent studies to address these issues include the use of
continuous-wave lasers [23], improved powder-spreading strategies
[24], and rigorous process-parameter optimization [25, 26].

State-of-the-art micro-LPBF has reported a minimum feature
size of 15 pm, surface roughness as low as 1 um, and part density
up to 99.3% [27]. Nevertheless, the routine fabrication of arbitrary
micrometer-scale and especially nanometer-scale thin-walled metal
structures remains an open challenge.

2.3 Extrusion-based technologies
In contrast to powder-bed fusion, which relies on the spreading and
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selective consolidation of discrete particles, extrusion-based
methods deliver material in a continuous manner through a nozzle.
These methods broaden the accessible material palette and simplify
tooling compared to powder-bed fusion. Nonetheless, filament
diameter, nozzle wear, and thermal or rheological limits still
constrain the achievable resolution. The features of extrusion-based
technologies are listed in Table 1.

2.3.1 Micro direct ink writing (Micro-DIW)

DIW is a comparatively accessible AM method. In DIW, an ink
with tailored rheology is extruded from a syringe barrel, forms a
continuous filament at the nozzle, and is deposited layer by layer

(B 7% 2 | Sci@pen
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along a prescribed toolpath to build a 3D structure [28]. DIW
extrusion methods are mainly classified into pneumatic, piston-
based, and screw-based, as shown in Fig. 2(d). The approach is low-
cost and compatible with a wide range of materials [29, 30].
However, its resolution and dimensional accuracy are typically
limited to a few hundred micrometers to several millimeters. In
recent years, advances in nozzle miniaturization, high-precision
flow control, and ink formulation have reduced line widths below
100 pm [31], enabling micro-DIW.

However, shrinking the nozzle introduces many new challenges.
Accurate volumetric flow control becomes difficult at small scales;
ink compressibility and non-uniformity can degrade print stability;
transient extrusion dynamics deviate from ideal behavior; complex,
frequently non-Newtonian ink rheology complicates process
tuning; and ink properties are highly sensitive to temperature [32].
These factors collectively limit reliable micro-/nanoscale patterning,
indicating that further progress will require co-optimization of
hardware, control strategies, and ink chemistries.

2.3.2  Micro fused deposition modeling (Micro-FDM)

FDM is a widely adopted AM method that typically processes
thermoplastics such as acrylonitrile-butadiene-styrene (ABS) and
polylactic acid (PLA) [33]. During printing, the filament is heated
and melted at the nozzle, extruded, and deposited layer by layer
onto a cooler build platform to form a 3D object [34], as shown in
Fig. 2(e). Commercial systems generally achieve only about 250 to
300 um in dimensional accuracy [35], which is insufficient for
micro-scale fabrication.

Several studies have addressed these limits by refining hardware
and process parameters. Quero et al. [36] reported a lateral accuracy
of 70 + 11 um via optimizing nozzle geometry, machine frame,
platform rigidity, layer height, and extrusion width. They
emphasized that nozzle shape strongly influences thermal radiation
and, in turn, the attainable feature size. Despite this progress,
advancing FDM into micrometer-scale fabrication remains difficult.
Micro nozzles are more susceptible to wear and clogging, which
narrows the usable material library. Thermal management becomes
more challenging; rapid filament cooling reduces interlayer welding
strength and lowers throughput [37].

24 Jetting-based technologies

To further push feature sizes below those typically achievable by
extrusion, material delivery can shift from continuous filaments to
discrete droplets. Jetting-based methods dispense picoliter-to-
nanoliter droplets through nozzles, enabling finer lines than
conventional extrusion while retaining considerable material
versatility. Environmental sensitivity and modest printing speed,
however, restrict their role in building larger-volume 3D structures.
The features of jetting-based technologies are listed in Table 1.

2.4.1 Aerosol jet printing (AJP)

AJP is an advanced direct-write AM technique for micro- and nano-
scale fabrication. The process atomizes functional inks into aerosol
droplets and aerodynamically focuses them onto a substrate,
enabling nanometer-thick deposits and micrometer-scale features
with resolutions down to about 10 um [38]. A schematic of the
process is shown in Fig. 2(f). AJP is highly materials-versatile,
accommodating metallic nanoparticle inks, polymers, biomaterials,
and semiconducting oxides [39-41], with almost no restrictions
imposed by ink viscosity.
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The method also has limitations. Throughput is relatively low,
and printing accuracy is sensitive to airflow stability and ink
rheology, so the attainable resolution can degrade under suboptimal
conditions [42]. Even so, AJP has been widely applied to biosensors,
microdevices, and flexible electronics, and it supports direct
printing of interconnects and other circuit elements [43]. Its
combination of fine resolution, non-contact deposition, and broad
materials compatibility underscores strong potential for micro-/
nano-scale manufacturing.

2.4.2  Electrohydrodynamic jet printing (EJP)

EJP applies a high electric field, typically from a few hundred to
several thousand volts, between a nozzle and a substrate. This field
shapes the meniscus into a Taylor cone and draws out a fine jet,
producing minute liquid columns or droplets for direct writing
[44], as shown in Fig. 2(g). Using this mechanism, EJP routinely
achieves line widths and patterned features below 10 pm and, under
favorable conditions, below 1 um [45]. Resolution can be tuned by
adjusting ink rheology and conductivity, voltage and waveform,
nozzle diameter, electrode spacing, and ambient conditions such as
humidity and temperature.

EJP printing offers very high resolution and broad ink
compatibility. Relative to aerosol jet printing, it is well suited to
flexible substrates and does not require stencils [46-48]. Its
limitations include modest throughput, strong sensitivity to
environmental fluctuations, and generally limited compatibility
with biological substrates due to high electric fields and solvent
requirements. Current applications span flexible electronics,
sensors, biomedical interfaces, and the fabrication of microdevices
and microstructures [49, 50].

2.5 Photopolymerization-based technologies

Jetting thus occupies a niche where fine features and multi-material
capability are prioritized over build speed and volume. To further
decouple resolution from nozzle diameter and ink rheology,
material delivery can be shifted from physical extrusion or jetting to
optically ~ defined  solidification. ~ Photopolymerization-based
techniques use patterned light to localize curing within liquid
photoresists: Self-propagating photopolymer wave (SPPW) and
projection micro-stereolithography (PuSL) extend lithography into
3D but remain fundamentally layer-defined or mask-constrained,
whereas two-photon polymerization (2PP) writes directly inside the
volume with sub-diffraction voxels, enabling true 3D free-form
control at the nanoscale. The features of photopolymerization-
based technologies are listed in Table 1.

2.5.1 Self-propagating photopolymer wave

SPPW lithography illuminates a patterned photomask with one or
more collimated ultraviolet (UV) beams. The resulting light field
forms a self-guided optical wave inside the photoresist, which
locally cross-links the material along the waveguide path [51, 52].
The schematic diagram of SPPW is shown in Fig. 2(h).

This approach elevates photolithography from a planar 2D
process to a volumetric 3D process and enables rapid fabrication of
3D microarchitectures. SPPW is not regarded as a full 3D-printing
technique because it cannot easily produce smoothly curved
surfaces. However, careful mask design together with precise
control of the incident-beam angle allows the construction of
complex unit cells and truss-based lattices [53] in less than one
minute [54]. Feature sizes are highly tunable, unit-cell dimensions
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range from 0.1 mm to more than 10 mm [55], and individual truss
diameters can be adjusted between 0.01 and 1 mm [56].

2.5.2  Projection micro-stereolithography

PuSL evolved from traditional stereolithography (SLA) technology
[57]. A typical PuSL system uses a digital micromirror device
(DMD) to project 2D patterns onto a photosensitive resin [58].
Each layer is solidified in a single exposure, and successive layers are
stacked to build the complete structure. This layer-wide exposure
greatly increases fabrication speed and throughput compared with
conventional point-by-point SLA laser scanning [59, 60]. A
schematic illustration of PuSL is provided in Fig. 2(i).

In addition to the DMD system, a spatial light modulator (SLM)
can dynamically modulate the phase and amplitude of the light field
to realize advanced beam shaping, focus control, and adaptive
exposure patterns. This variant is often termed large-area projection
micro-stereolithography (LAPUSL) [59, 61]. Combined with high-
resolution optics and micro-/nano-scale motion stages, feature size
can be precisely controlled by adjusting exposure time, light
intensity, pixel grayscale value, and resin absorbance [62]. Ongoing
development and commercialization have improved performance
and lowered costs, making PpSL well-suited for complex
geometries and establishing it as a core technique in micro-scale
AM technology [61].

2.5.3 Two-photon polymerization

2PP represents a breakthrough in pnAM, fundamentally distinct
from single-photon methods such as SLA and PuSL. The process
relies on a nonlinear optical effect: A tightly focused femtosecond
laser induces two-photon absorption within a photosensitive resin
(Fig. 2(j)) [63]. Only at the focal point is the photon flux high
enough for two-photon absorption to occur: only when two
photons are absorbed almost simultaneously at this focus are free
radicals generated, initiating polymer chain growth and cross-
linking that are thus confined to the focal volume [64, 65]. This
mechanism allows 2PP to break the diffraction limit [66], enabling
theoretical feature sizes below 100 nm and even manufacturing
objects with structural dimensions of tens of nanometers [67]. In
practice, the smallest voxel size and feature fidelity are jointly
governed by the resist’s threshold behavior (initiator efficiency,
radical diffusion, and monomer reactivity), shrinkage and cross-
linking density, as well as optical and processing parameters such as
numerical aperture, wavelength, pulse energy, scan speed, and
repetition rate.

Nanoscribe GmbH was the first company to commercialize 2PP,
offering high-resolution printers and tailor-made photoresists (IP-
Dip, IP-L 780, IP-S, etc.) [68]. True nanoscale 3D printing opens
new avenues for nanotechnology, giving researchers unprecedented
design freedom. As a result, 2PP is rapidly gaining traction in areas
such as micro-robotics, biomedical microdevices, and micro-
optoelectronics, where ultra-fine, complex freeform architectures
are essential [69, 70].

3 Multi-materials and process strategies
3.1 Polymers
Polymers are exceptionally well-suited for unAM because many can

be processed at room or modest temperatures, feature highly
tunable chemical structures, and exhibit rheological properties that
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can be engineered for specific printing platforms. They can be
rapidly cured and patterned, and their properties are readily
modulated by external stimuli, such as light, heat, electric fields, or
solvent environments. These attributes make polymers ideal
candidates for pnAM, where they serve not only as lightweight
structural scaffolds but also as versatile functional matrices in multi-
material architectures.

Thermoplastics constitute an important class of unAM
feedstocks owing to their melt-processability, mechanical
robustness, and broad availability in biocompatible and
biodegradable formulations [71]. They are particularly compatible
with extrusion-based techniques. Figure 3(a) shows the
microstructure of PLA produced by Yamada et al. [72] using micro-
FDM, with lateral and depth resolutions of 40 and 45 um,
respectively. Although this accuracy is lower than that achievable
with photopolymers, thermoplastics offer important advantages:
They are generally non-toxic, biodegradable (in the case of PLA),
and easy to process, with melt viscosity and crystallinity that can be
tailored through molecular weight and copolymer composition.
Their good mechanical stability, thermal resistance, and widespread
availability also make thermoplastics attractive as structural
materials or bulk supports in pnAM, especially where cost,
biocompatibility, and recyclability are prioritized over sub-micron
resolution.

In contrast to melt-processable thermoplastics which are shaped
by heating and cooling, photopolymers are solidified directly by
light. Photopolymers undergo light-induced chain growth, most
commonly via free-radical photopolymerization, in which
irradiation generates reactive species that drive monomers to form
cross-linked polymer networks [73]. Representative systems are
based on acrylate or methacrylate esters, such as poly(ethylene
glycol) diacrylate (PEGDA), ethoxylated bisphenol A
dimethacrylate  (Bis-EMA),  trimethylolpropane triacrylate
(TMPTA), and ethoxylated trimethylolpropane triacrylate (ETPTA)
[74], used in combination with photoinitiators including ethyl
(2,4,6-trimethylbenzoyl)phenylphosphinate  (TPO-L), phenylbis
(2,4,6-trimethylbenzoyl)phosphine oxide (Irgacure 819), and
bis(2,4,6-trimethylbenzoyl)phenylphosphine oxide (BAPO) [75].
Solidification occurs within the laser-irradiated region, which
makes these resins suitable for SPPW, PuSL, and 2PP. For example,
Liu et al. [76] used 2PP to fabricate a Merlion lattice with lattice
constants of 0.9-1.5 um that exhibited structural color even slightly
above the subwavelength regime (Fig. 3(b)), demonstrating the
strong potential of photopolymers for micro-/nano-scale
fabrication. It is also worth noting that Fischer et al. [66]
emphasized that achieving nanoscale resolution in 3D resolution
depends strongly on the photopolymer chemistry rather than
optical system alone, underscoring the need for continued materials
development.

Beyond conventional, often hydrophobic, photopolymers, water-
swollen polymer networks represent another important sub-class of
light-processable materials. Hydrogels possess good hydrophilicity
and biocompatibility, which have led to widespread use in soft
robotics, implantable devices, and biomedical applications [77].
Torgersen et al. [78] employed 2PP to fabricate a micron-scale
hydrogel scaffold (Fig. 3(c)), which supported the attachment of C.
elegans, highlighting their excellent biocompatibility.

Beyond passive structural networks, stimuli-responsive
functional polymers offer active control over shape and properties.
Functional polymers, such as liquid-crystal elastomers (LCEs),
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Figure3 Representative unAM examples across material classes. (a) Thermoplastic part fabricated by micro-FDM. Reproduced with permission with Ref. [72], © IOP
Publishing Ltd 2008. (b) Photopolymer Merlion printed by 2PP, exhibiting structural color. Reproduced with permission with Ref. [76], © American Chemical Society
2022. (c) Microscale hydrogel network produced by 2PP with Caenorhabditis elegans (C. elegans) positioned on the scaffold. Reproduced with permission with Ref. [78], ©
SPIE 2012. (d) Functional shape-memory polymer structures fabricated by PuSL. Reproduced with permission with Ref. [80], © Ge, Q. et al. 2016. (¢) Ni microstructures
obtained by 2PP followed by pyrolysis. Reproduced with permission with Ref. [83], © Vyatskikh, A. et al. 2018. (f) Cu architectures printed by high-precision DLP and
exhibiting annealed twin microstructures. Reproduced with permission with Ref. [88], © Saccone, M. A. et al. 2022. (g) Mo-Co-W features formed by in situ capture and
deposition using 2PP. Reproduced with permission with Ref. [89], © Wang, Y. Y. et al. 2024. (h) Ceramic coating deposited by ALD on a 2PP-printed scaffold.
Reproduced with permission with Ref. [92], © American Association for the Advancement of Science 2014. (i) Silica glass structures printed by 2PP and subsequently
sintered. Reproduced with permission with Ref. [96], © Kotz, F. et al. 2021. (j) Cathodoluminescent QD architectures formed by 2PP-induced in situ crosslinking.

Reproduced with permission with Ref. [100], © Liu, S. F. et al. 2022.

shape-memory polymers (SMPs), and photochromic or
thermochromic systems [79], allow programmable deformation,
photothermal response, and electro-optic control at the micro-
/nanoscale, providing a foundation for micro-actuators and tunable
optical components. For example, Fig. 3(d) shows SMP structures
fabricated by Ge et al. [80] using PuSL that achieve complete shape
recovery upon heating.

3.2 Metals

While polymers currently dominate punAM owing to their
processability and functional tunability, many target applications,
such as high-strength micro-lattices, electrically conductive
interconnects, and thermally stable components, ultimately demand
metallic architectures. Direct fabrication of metals at the micro-
/nanoscale remains challenging [81]. Despite substantial progress in
micro-PBF, a significant gap persists between current capabilities
and the routine production of defect-free micro-/nano-metal
architectures [82].
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Existing strategies for micro-/nanoscale metallic architectures
generally fall into two categories. The first is precursor-loaded
printing. Metal salt precursors are mixed with a photoresist,
followed by printing the composite and subsequent pyrolysis and
reduction of the organic matrix to yield a metal framework. For
example, Vyatskikh et al. [83] produced Ni microstructures by this
route (Fig. 3(e)). However, this strategy typically suffers from
pronounced volumetric shrinkage, pore formation, and cracking
during pyrolysis and reduction, which complicate dimensional
control and defect-free fabrication.

The second is template-assisted metallization. A polymer
template is fabricated by a photopolymerization-based technique,
then conformally coated with a nanometric metal layer via chemical
vapor deposition [84], electroless plating [55, 59, 60, 85, 86], or
magnetron sputtering [81, 87]. Subsequent removal of the polymer
by high-temperature calcination or O, plasma leaves a thin-walled
metallic shell. However, this approach intrinsically yields hollow
structures with limited wall thickness, which can suffer from
mechanical fragility, non-uniform shell growth on complex

Nano Research, 2026, 19, 94908451
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geometries, and collapse or distortion during template removal and
thermal treatment. To overcome these limitations, several strategies
aim to directly convert the template that has reacted with metal
precursors into a dense metallic architecture. One representative
approach uses hydrogel templates: Saccone et al. [88] first printed
hydrogel scaffolds, then immersed them in metal-ion precursor
solutions so that the ions chelate with functional groups in the
hydrogel network, followed by calcination and reduction to obtain
a dense Cu structure. The grains’ microstructures can also be clearly
observed (Fig. 3(f)), and this approach mitigates issues associated
with hollow shells and shrinkage-induced collapse, providing a
mechanically more robust metallic framework.

In parallel, several in situ metallization methods have emerged.
Wang et al. [89] exploited optical trapping within the 2PP focus to
locally decompose metal precursors and capture metal
nanoclusters, directly forming Mo-Co-W  microstructures
(Fig. 3(g)). Cao et al. [90] achieved Ag features with minimum sizes
near 180 nm by laser-induced reduction in solution. Jung et al. [91]
printed Ag structures with hundreds of nanometers feature sizes
directly using AJP. Although such in situ growth strategies are
promising, their applicability is tightly constrained by precursor
chemistry, reduction kinetics, and mass transport, and they are
therefore currently limited to a relatively narrow set of metals.

3.3 Inorganic non-metallic materials

Beyond metals, many functional pnAM applications, such as high-
temperature microdevices, optical components, and chemically
robust scaffolds, require ceramics, glasses, and other inorganic non-
metallic materials with superior hardness, thermal stability, and
dielectric, piezoelectric, or optical performance. The fabrication of
inorganic non-metallic materials can likewise be categorized into
polymer-template routes and sintering-based routes. Ceramics
represent a major class of inorganic non-metallic materials and
have been studied extensively. Meza et al. [92] first printed a
polymer scaffold by 2PP, then deposited tens of nanometers of
AlL,O; by atomic layer deposition (ALD), and finally removed the
polymer by O, plasma to obtain a thin-walled ceramic lattice
(Fig. 3(h)). Vyatskikh et al. [93] synthesized titanium-containing
monomers via ligand exchange between a titanium alkoxide and an
acrylic acid framework, printed the composite, and then sintered
and oxidized it to yield TiO, ceramic microstructures with
promising photocatalytic performance. Zheng et al. [60] dispersed
150 nm ALO; nanoparticles (NPs) into a resin and printed the
composite by PuSL, followed by sintering to obtain dense AlLO;
lattices. Singer et al. [94] reported a similar strategy using yttria-
stabilized zirconia (YSZ) particles. Printing by 2PP and subsequent
sintering produced ceramic features with resolutions down to 500
nm, and the compressive strength exceeded that of bulk YSZ.

Silica glass (SiO,) is another important inorganic material,
especially for micro-optics [95]. Kotz et al. [96] dispersed
amorphous silica NPs with a diameter of about 40 nm into a resin
and selected a crosslinker to match the refractive index of the
binder to that of fused silica. Printing by 2PP followed by sintering
produced glass structures with feature sizes of tens of micrometers
and surface roughness R, = 6 nm (Fig. 3(i)). Wen et al. [97]
formulated inks from PEG-functionalized, well-dispersed colloidal
silica NPs and two small-molecule acrylates, then printed by 2PP to
obtain silica glass with sub-200 um resolution. Through doping and
co-doping, rare-earth ions, Er*, Tm*, Yb*, Eu*, and Nd*, were
incorporated directly into the printed SiO,, yielding strong
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photoluminescence at target wavelengths. Cooperstein et al. [98]
similarly demonstrated microscale yttrium aluminum garnet
(YAG) doped with Nd*.

In parallel, the integration of quantum dots (QDs) into micro-
and nano-devices has become an active research area [99]. Liu et al.
[100] reported a method to pattern QD frameworks in their native
composition. Photoexcitation generated electron-hole pairs that
modified surface chemistry and promoted direct interparticle
bonding, which enabled the printing of arbitrary 3D QD
architectures with resolution beyond the diffraction limit.
Cathodoluminescence images of the printed QDs structures are
shown in Fig. 3(j).

3.4 Multi-materials

Although a wide range of individual materials, such as polymers,
metals, and inorganic non-metallic materials, can be fabricated
using the methods outlined above, most techniques remain largely
material-specific and often introduce defects such as hollow shells
or shrinkage-induced collapse, which hinder truly direct, 3D
volumetric, “any-material” unAM. Consequently, recent efforts
have shifted towards more universally compatible approaches that
exploit physical and chemical interactions to organize NPs or
nanocrystals (NCs) [101] with high precision, thereby enabling
arbitrary multi-material unAM.

For example, Issa et al. [102] demonstrated electrostatic assembly
of NPs. Acrylic monomers in a photoresist were functionalized with
amine groups and cross-linked by 2PP to form positively charged
microstructures. Carboxyl-terminated, negatively charged NPs then
assembled onto the polymer surface via electrostatic attraction
(Fig. 4(a)), permitting multi-material integration of Au, Fe,O;, and
QDs (Figs. 4(b)-4(d)). Oran et al. [103] and Han et al. [104]
leveraged hydrogen bonding. The 2PP process locally modified
poly(acrylate-co-acrylamide) hydrogel networks in pure water to
expose hydrogen-bonding sites at designated locations (Fig. 4(e)),
after which diverse NPs were deposited (Figs. 4(f)—4(g)). They
further introduced a hydrogel-shrink strategy that reduced linear
dimensions by about tenfold, achieving effective feature sizes near
20 nm (Fig. 4(h)), below the limits of commercial 2PP systems.

Another route is to modify the surfaces of NCs by grafting cross-
linkable ligands. Li et al. [105] reported direct covalent linking of
NCs under 2PP. A small amount of a diazonium compound (BTO)
was added to NC dispersions. Femtosecond laser irradiation
generated nitro radicals at both ends of BTO, which formed
covalent bonds with NC surfaces (Fig. 4(i)), enabling solid
structures to be written directly along the laser path. This chemistry
is broadly material-agnostic and was used to pattern metals,
inorganics, and QDs at nanoscale resolution (Figs. 4(j) and 4(k)).

Exploiting the physical interaction of NPs can provide more
universally compatible strategies. Lyu et al. [106] utilized non-
specific capillary forces for NP capture. Substrates were selectively
silanized to render them hydrophobic, while 3D templates remain
hydrophilic. When these templates were repeatedly infiltrated into
and withdrawn from NP dispersions (Fig. 4(1)), capillary forces at
the receding meniscus drove NPs into and onto the hydrophilic
templates. After solvent evaporation, the NPs were deposited layer
by layer onto the templates (Figs. 4(m)—4(0)). Using this universal,
physical-field-based approach, Au, Fe;O,, Pt, and BaTiO; were
assembled onto polymer scaffolds.

Collectively, these studies underscore a growing shift toward
“any-material” pnAM enabled by field-guided NP/NC assembly.
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Figure4 Representative examples of multi-material inAM. (a) Schematic of electrostatic assembly of NPs. (b) Assembly of Au NPs. (c) Assembly of Fe,O; NPs. (d)
Assembly of QD NPs. Reproduced with permission with Ref. [102], © American Chemical Society 2021. (¢) Schematic of hydrogen-bond-mediated NP assembly. (f)
Assembly of NaYREF, (RE = Yb, Er, Tm, Gd, Mn, Lu) NPs. (g) Energy-dispersive X-ray spectroscopy maps of NaYREF, NP assembly. (h) Structures after hydrogel
shrinking. Reproduced with permission with Ref. [104], © Han, F. et al. 2022. (i) Schematic of direct covalent linking of NCs. (j) Hybrid pyramidal framework printed
from CdSe/ZnS, PbS, In,0;, and TiO, NCs. (k) EDS maps of the hybrid pyramidal framework. Reproduced with permission with Ref. [105], © Li, F. et al. 2023. (I)
Schematic of capillary-force-driven NP capture. (m) Structure after sequential deposition of four materials. (n) Cross-section of a beam showing Au, Fe;O,, Pt, and BaTiO,
from inner to outer layers. (0) EDS maps of the four elements. Reproduced with permission with Ref. [106], © Lyu, X. et al. 2024.

Although a number of promising chemistries and physical
interactions have been demonstrated, truly broad and universally
applicable interaction frameworks are still lacking and remain an
important target for future research.

4 Micro-/nanoscale-specific properties

3D architectures at the micro-/nanoscale do more than alter
geometry; they endow materials with physical responses that are
difficult or impossible to realize in bulk form. Through pnAM and
multi-material processing strategies, structural size, composition,
and morphology can be precisely programmed, enabling new
classes of materials and devices with enhanced mechanical
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performance, tailored photonic response, extreme wettability, high
conductivity, and even emergent, swarm-like behaviors. These
miniaturization-enabled properties substantially expand the design
space for microsystems, biomimetic devices, flexible electronics, and
intelligent robotics.

4.1 Mechanical properties

unAM enables micro-/nano lattice materials in which reduced flaw
sizes and densities push strength toward ideal limits. As a result,
these lattices can surpass the conventional trade-offs that constrain
bulk materials [107]. By tailoring unit-cell topology, wall thickness,
and hierarchical organization, unAM micro-/nano-lattices can also
be engineered for energy absorption, damage tolerance, and
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recoverable deformation, offering mechanically robust architectures
that are inaccessible in monolithic bulk solids.

Zheng et al. [60] fabricated polymer (Fig. 5(b)), hollow Ni-P
(Fig. 5(c)), hollow ALO; (Fig. 5(d)), and solid AL,O; (Fig. 5(e))
lattices. The mechanical response differed markedly from that of
monolithic counterparts: as density dropped by orders of
magnitude, the stiffness-to-mass ratio remained comparatively high
(Fig. 5(a)). Meza et al. [92] reported hollow ceramic microlattices
that are ultralight, strong, and energy-absorbing, with recoverable
deformation exceeding 50% compressive strain, thereby
overcoming the brittleness and defect sensitivity of traditional
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ceramics. Bauer et al. [108] analyzed polymer-ceramic microlattices
and found compressive strengths up to 280 MPa at densities well
below 1000 kg:m™. These advances highlight unAM lattices as
candidates for application spaces that demand high specific stiffness
and energy absorption.

4.2 Optical properties

unAM opens routes to micro-/nano photonics, notably enabling
the direct or indirect fabrication of photonic crystals that exhibit
band gaps and structural color determined by lattice periodicity
[109]. When feature sizes are miniaturized to sub-micrometer and
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Figure5 Micro-/nano-scale specific properties enabled by unAM. (a) Comparison of mechanical properties of the lattice architectures. (b) Polymer lattice. (c) Ni-P
lattice. (d) Hollow AlO; lattice. (e) Solid ALOj; lattice. (f) Reflectance spectra of pnAM photonic crystals. Reproduced with permission with Ref. [60], © American
Association for the Advancement of Science 2014. (g) Microstructure of a photonic crystal stack. (h) Photonic microstructure exhibiting structural color. Reproduced with
permission with Ref. [113], © Liu, Y. J. et al. 2019. (i) Biomimetic microarray. (j) Static contact angle of the biomimetic surface. Reproduced with permission with Ref.
[117], © American Chemical Society 2015. (k) Microarray fabricated by unAM. (1) Static contact angle demonstrating superhydrophobicity. Reproduced with permission
with Ref. [118], © Bunea, A. L et al. 2023. (m) Electrical resistance as a function of processing or geometric parameters. (n) High-resolution conductive microstructure. (0)
Microstructure subjected to cyclic mechanical testing. (p) Electrical resistance after cyclic testing. Reproduced with permission with Ref. [122], © Skylar-Scott, M. A. et al.
2016. (q) Piezoelectric device. (r) Piezoelectric microstructure. (s) Pressure-voltage response. Reproduced with permission with Ref. [126], © American Chemical Society
2017. (t) Schematic of microrobot design. (u) Collective behaviors under magnetic actuation. (v) Cargo transport. Reproduced with permission with Ref. [130], © Gardi,

G. etal. 2022.
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even deep-subwavelength scales, the printed architectures support
complex light-matter interactions, including Bragg scattering, Mie
resonances, and guided-mode coupling, which can be engineered
through geometry rather than composition alone [110]. This
enables precise control over reflection, transmission, and dispersion,
giving rise to structural coloration, angle-dependent iridescence,
and custom-designed photonic band structures. By leveraging multi-
material pnAM, high-index dielectrics, plasmonic metals, and low-
loss polymers can be combined within a single architecture, further
expanding the design space for waveguides, filters, metasurfaces,
and reconfigurable optical elements [111].

Fully 3D photonic crystals demand stringent dimensional
control, making practical implementation challenging. Direct
printing typically requires features sizes near 100 nm and lattice
periodicities around 300 nm [112], pushing even state-of-the-art
2PP systems to their limits. Indirect approaches can bridge this gap.
For instance, Liu et al. [113] printed polymer scaffolds by 2PP and
then isotropically shrank them to achieve =~ 280 nm features,
comparable to the substructures found in butterfly wing scales,
yielding vivid structural colors (Figs. 5(g) and 5(h)). The
corresponding reflection spectra for varying hatch distances are
shown in Fig. 5(f). Such pnAM-derived photonic crystals enable
tunable optical responses for 3D microdisplays, anti-counterfeiting,
and compact photonic components.

4.3 Interfacial properties

Conventional surface engineering relies on planar lithography to
pattern large-area arrays [114]. unAM surpasses this limitation by
directly writing 3D microtextures that govern wetting, adhesion,
and drag at will. By tailoring feature shape, spacing, and hierarchy
at micro-/nanoscale, pnAM surfaces can access Cassie-Baxter,
Wenzel, or hybrid wetting states on demand, enabling
superhydrophobic, superhydrophilic, or anisotropic liquid transport
behaviors [115]. Similarly, controlled asperity geometry and multi-
material patterning allow switching between strong, gecko-inspired
adhesion and low-adhesion release, while carefully designed riblets
or porous textures can reduce viscous drag and manipulate
boundary layers in fluid flow [116]. These capabilities transform
interfaces from passive boundaries into actively engineered,
function-bearing surfaces.

Tricinci et al. [117] used 2PP to fabricate artificial hair arrays
inspired by Salvinia molesta leaves (Fig. 5(i)). The structures
exhibited a static contact angle of 122° (Fig. 5(j)) and retained
trapped air, indicating robust hydrophobicity. Bunea et al. [118]
directly wrote polydimethylsiloxane (PDMS) microarrays using
2PP (Fig. 5(k)) and achieved superhydrophobic Cassie-Baxter
states with maximum static contact angles near 158° (Fig. 5(1)).
unAM thus enables coating-free, durable water repellency and
customizable interface properties for self-cleaning layers,
microfluidics, and biomimetic surfaces.

44 Electrical properties

Conductive microstructures produced by tnAM combine complex
geometry with high conductivity [119], allowing free-form 3D
interconnects that are impractical with planar processes. By routing
conductors through the volume rather than along a plane, unAM
enables compact, low-inductance wiring, vertical vias, and
conformal electrodes that wrap around or penetrate 3D
architectures. At the micro-/nanoscale, carefully designed cross-
sections and pathway topologies can minimize resistive losses,
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control current density hotspots, and integrate sensing or heating
elements directly into structural components [120]. When paired
with multi-material capabilities, insulating, semiconducting, and
metallic phases can be co-patterned within a single print, laying the
groundwork for fully 3D integrated circuits, stretchable electronics,
and embedded electrodes for electrochemical or biointerfacing
applications [121].

Skylar-Scott et al. [122] fabricated Ag conductors via DIW with
in situ laser-induced sintering and annealing. By tuning laser
parameters, they achieved a minimum resistivity of 5.4 x 10 Q-cm,
approaching bulk silver (Fig. 5(m)), while maintaining high
geometric fidelity (Fig. 5(n)). Cyclic compression tests showed
stable conductivity after 1000 cycles (Figs. 5(0) and 5(p)). Such
microstructured conductors are promising for flexible electronics,
3D antennas, and novel interconnect architectures.

4.5 Piezoelectric properties

Piezoelectric materials convert mechanical vibrations into electrical
signals and are central to miniature energy harvesters and sensors.
unAM enhances piezoelectric performance by tailoring
composition, crystal fraction, and microarchitecture during printing
[123]. By defining the orientation and connectivity of piezoelectric
phases within lightweight lattices or composite matrices, inAM can
concentrate strain in active regions, optimize poling pathways, and
decouple stiffness from electromechanical coupling [124]. These
design freedoms enable compact piezoelectric devices with higher
sensitivity, improved energy conversion efficiency, and customized
mode shapes for applications ranging from structural health
monitoring to self-powered microsystems [125].

Bodkhe et al. [126] used DIW to incorporate BaTiO; NPs into
polyvinylidene fluoride (PVDF), aided by solvent engineering,
creating miniaturized piezoelectric elements (Fig. 5(q)) with fine
feature control (Fig. 5(r)). With 10 wt.% BaTiOs, the device
produced = 2.5 V under a 1.5 N load (Fig. 5(s)) and exhibited a
piezoelectric coefficient of = 18 pC/N, comparable to stretched and
poled PVDF films. Spatially patterned 3D piezoelectric networks
can thereby improve electromechanical coupling and directional
strain sensitivity in compact systems.

4.6 Collective behavior of micro-/nanorobots

unAM facilitates large populations of nearly identical microrobots
with complex, repeatable features, enabling studies of collective
dynamics reminiscent of living systems [127]. By precisely encoding
body geometry, mass distribution, and local responsiveness (e.g., to
light, magnetic fields, or chemical gradients) into each unit, ypnAM
allows robots to share the same “hardware genome” while
exhibiting rich emergent behaviors at the swarm level. Micro-
/nanorobots can be designed to interact through hydrodynamic,
capillary, magnetic, or contact forces, giving rise to self-
organization, clustering, phase separation, and flocking-like
motions that are difficult to realize with macroscale platforms [128].
Multi-material architectures further allow heterogeneous task
allocation within a swarm, combining cargo carriers, leaders, and
environmental sensors, thus opening pathways toward
programmable, physically intelligent collectives for targeted
delivery,  environmental  remediation, and  adaptive
micromanipulation [129].

Gardi et al. [130] fabricated = 300 um microrobots by 2PP
(Fig. 5(t)). When actuated by a dynamic magnetic field at an air-
water interface, the swarms displayed coordinated rotation, chain
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formation, aggregation, and gas-like dispersion (Fig. 5(u)). By
tuning the field parameters, the swarm transported a 1 mm ball and
navigated obstacles (Fig. 5(v)). These results show how pnAM-built
microrobots can function as reconfigurable, programmable matter.
Future applications may include targeted operations in biomedical
and other complex environments.

5 Advanced applications

5.1 Optical devices

At micro-/nanoscales, optical phenomena become particularly
prominent, as discussed in Section 4.2. In optical micro-/nano
devices, unAM is therefore not only about pushing printing
resolution; instead, it leverages precisely defined 3D geometries and
interfaces so that the structures themselves perform the optical
function. By tailoring lattice periodicity, surface relief, and refractive-
index distributions in three dimensions, pnAM-enabled
architectures can realize high numerical aperture, chromatic
aberration correction, structural color, and other advanced optical
responses that are difficult to achieve with conventional planar
fabrication.

Firstly, pnAM enables the miniaturization of traditional, large-
volume optical components to micrometer scales, expanding the
use of highly demanding compact optical devices. Richards et al.
[131] employed 2PP to print hybrid achromatic microlens arrays
within porous substrates (Fig. 6(a)). By exploiting intra-band
dispersion compensation among the constituent elements, these
devices maintain accuracy and performance in extremely small
form factors. Marini et al. [132] fabricated microlens arrays that
provide high-contrast, high-spatial-resolution imaging at very short

Optical devices

-
o
o

working distances (Fig. 6(b)). The authors noted that such
miniaturized lenses can be implanted for in vivo tissue imaging,
substantially reducing patient discomfort.

Secondly, pnAM also enables complex optical structures that are
infeasible with conventional fabrication. Webber et al. [133] directly
wrote continuous refractive-index distributions and free-form
surface geometries within a resin matrix, producing microlenses
with negligible layer striations and low surface roughness. They
demonstrated a double-sided biconvex microlens array with
complex geometry that can be overprinted onto an optical fiber
(Fig. 6(c)). In parallel, Hsu et al. [134] used 2PP to create flower-like
liquid-crystal elastomer architectures that guide liquid-crystal
alignment into intricate patterns, yielding optical responses difficult
to achieve with traditional methods (Fig. 6(d)).

In addition, structural color produced by pnAM offers a
promising alternative to chemical dyes. Kim et al. [135] directly
wrote complex structural-color patterns on planar substrates and
then applied isotropic shrinkage to reduce the lattice constant,
achieving intense Bragg reflection while preserving high resolution
(Fig. 6(e)). Demirérs et al. [136] reported 3D printing of
photopolymerizable photonic colloidal glasses, whose short-range
order and long-range disorder yield angle-insensitive, isotropic
structural colors that extend from planar films to arbitrary 3D
geometries (Fig. 6(f)). Overall, pnAM provides a high degree of
structural programmability in optics and is advancing toward
increasingly fine and sophisticated applications.

5.2 Micro-/nano sensors

Microsystems are becoming indispensable in modern life. To
operate reliably in complex environments, however, they require
precise, continuous, and multidimensional sensing. Owing to the
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Figure 6 Applications in optical devices. (a) Diagram of compact hybrid achromatic microlenses. Reproduced with permission with Ref. [131], © Richards, C. A. et al.
2023. (b) Schematic diagram and scanning electron microscope images of the micro-lens manufacturing process for precise curvature. Reproduced with permission with
Ref. [132], © Marini, M. et al. 2023. (c) Overprinting complex structured ball lenses onto an optical fiber. Reproduced with permission with Ref. [133], © Optica
Publishing Group 2024. (d) Liquid crystal structure (red) printed in PDMS micro scaffold (blue) and optical effect images. Reproduced with permission with Ref. [134], ©
Hsu, L. Y. et al. 2024. (e) Temporal evolutions of the reflectance spectrum and optical texture for a face drawn using an ethoxylate acrylate ink, and double helix patterns
with different colors. Reproduced with permission with Ref. [135], © Kim, J. B. et al. 2021. (f) Reflectance spectra of 3D printed and heat-treated specimens prepared using
different silica particle sizes and carbon black (CB), and 3D structures with different colors. Reproduced with permission with Ref. [136], © Demirdrs, A. F. et al. 2022.
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programmable architectures and material distributions enabled by
unAM, miniature devices can be engineered to detect pressure,
temperature, gases, bodily fluids, and biochemical signals via
microneedle or implanted interfaces, allowing tightly integrated
sensing at the micro-/nano-scale dimensions.

unAM supports a broad range of physical-signal sensors. Xu et
al. [137] used electric-field-assisted FDM to create grid structures
with strain-concentrating geometries, thereby tuning piezoelectric
and piezoresistive responses and markedly improving sensitivity
over conventional cast designs (Fig. 7(a)). Xu et al. [138] patterned
liquid-metal strain sensors by AJP, achieving minimum line widths
of 12 ym on multiple substrates (Fig. 7(b)) and ultralow strain-
detection limits suitable for comprehensive motion monitoring.
Roy et al. [139] employed high-precision DIW to integrate
conductive networks with soft encapsulation layers, yielding skin-
conformal devices that maintain sensing stability while providing
robust bio-adhesion and mechanical compliance, with tunable
electronic and thermal biosensing capabilities (Fig. 7(c)).

Beyond physical signals, ynAM also enables chemical and
biochemical sensing. Ahmadipour et al. [140] used EJP printing to

Micro-/nano sensors

(@ (b) Glass

—— 3D printed grid-sensor

deposit an ion-liquid-functionalized Cu;(HHTP), metal organic
framework (MOF) onto electrospun PLA for NO-gas detection
(Fig. 7(d)), achieving nearly sixfold higher response accuracy than
conventional MOF sensors. Chen et al. [141] used DIW to fabricate
microchannels and conductive elements for a sweat-analysis patch
that monitors sweat rate, glucose, lactate, and uric acid in situ
during exercise (Fig. 7(e)). Song et al. [142] realized fully 3D-
printed systems via semi-solid extrusion, co-fabricating
electrochemical and physiological sensors, microfluidics, and
miniature supercapacitors, thereby enabling electrochemical sweat
biosensing (glucose, alcohol, pH) alongside biophysical sensing
(temperature, pulse) within a single device (Fig. 7(f)). Dadras-
Toussi et al. [143] used multiphoton direct writing, similar to 2PP,
to print organic-semiconductor microcircuits (Fig. 7(g)); with
integrated glucose oxidase, the resulting sensors achieved nearly
tenfold higher glucose sensitivity compared with prior designs.
However, above patch-type sensors typically probe only
superficial biomarkers. inAM-fabricated microneedles that traverse
the skin barrier help overcome this limitation. By precisely defining
tip geometry and overall architecture, these devices enable
minimally invasive penetration and localized, accurate detection
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Figure7 Applications in micro-/nano sensors. (a) Comparison of piezoelectric properties for 3D printed sensor and casting sensor. Reproduced with permission from
Ref. [137], © American Chemical Society 2025. (b) AJP printing of various sensor patterns on different substrates. Reproduced with permission from Ref. [138], © Xu, B.
Y. et al. 2025. (c) Real-time monitoring of body temperature using electronic skin as a flexible thermometer. Reproduced with permission from Ref. [139], © Roy, S. et al.
2024. (d) Chemiresistive response of EJP printed IL-functionalized Cuy(HHTP), MOF sensor to various NO gas concentrations. Reproduced with permission from Ref.
[140], © Ahmadipour, M. et al. 2025. (e) In situ monitoring of the correlation between sweating rate and time in two positions of the left arm. Reproduced with
permission from Ref. [141], © American Chemical Society 2024. (f) 3D-printed e*-skin worn on a human subject. Reproduced with permission from Ref. [142], © Song,
Y. et al. 2023. (g) Optical microscopy image of a micro printed circuit board comprised of various electrical elements. Reproduced with permission from Ref. [143], ©
Wiley-VCH GmbH 2022. (h) SEM images of electrode arrays and cross-section (the shell is polymeric lattice, and inside is Au). Reproduced with permission from Ref.
[145], © Wiley-VCH GmbH 2024. (i) SEM images of 3D printing microneedle and representative histology images of local skin after glucose/metformin sensor
implantation for 24 and 72 h. Reproduced with permission from Ref. [146], © Dervisevic, M. et al. 2025.
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[144]. Dervisevic et al. [145] used 2PP and soft lithography to print
microneedle arrays with lightweight lattice shell and Au cores
(Fig. 7(h)), providing sufficient mechanical strength for insertion
while reducing pain perception. The functional layers embedded
within the needle body enabled in situ sensing of glucose and
insulin. In addition, Yang et al. [146] fabricated implantable
structures with multi-column supports and anchoring features
(Fig. 7(1)), achieving accurate monitoring of glucose and metformin
in the body.

5.3 Micro-/nanorobots

Micro-/nanorobots can achieve directional motion, precise
manipulation, and diverse task execution across varied
environments through external field actuation [147]. unAM
integrates mechanical, optical, and interfacial effects into individual
or collective robotic systems, enabling their extensive applications in

Micro-/Nanorobots
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complex scenarios such as precision medicine, tissue engineering,
and environmental conservation.

By constructing complex 3D architectures with programmed
asymmetry in shape, stiffness, and material distribution, unAM
allows micro-/nanorobots to exhibit tailored propulsion modes,
steering capabilities, and task-specific responses under a given
actuation field. For example, ynAM can print intricate structures
such as helices for directionally propelled microrobots. Tottori et al.
[148] used 3D direct laser writing to fabricate magnetic helical
robots 4-60 um in size, where helix geometry governed propulsion
efficiency; they also demonstrated microgrippers for coordinated
grasping, transport, and release (Fig. 8(a)). Mahkam et al. [149]
fabricated microrobots actuated by ultrasonic fields, incorporating
bubbles within microcavities and nozzle-like structures (Fig. 8(b)).
These designs fully exploit unAM’s capability to build 3D cavity

geometries.
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Figure8 Applications in micro-/nanorobots. (a) Helical micromachine with a microholder; time-lapse image of the pick-and-place micromanipulation of a magnetic

microparticle. Reproduced with permission from Ref. [148], © WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim 2012. (b) Schematics of the bubble-driven

microrobot and its sliding under the action of the sound wave. Reproduced with permission from Ref. [149], © Mahkam, N. et al. 2023. (c) Schematic diagram of the
double-helix robots releasing drugs and the 2PP manufacturing process. Reproduced with permission from Ref. [150], © American Chemical Society 2019. (d) Schematic
diagram of the interaction of the macrophage and the stealth microrobot, and optical microscopy images of the immune escape process. Reproduced with permission
from Ref. [151], © Cabanach, P. et al. 2020. (e) Compression of the microrobot under different uniform magnetic field magnitudes and diffraction images. (f) Appearance
of Moiré fringes as the robot walks over to 800-nm-wide resolution markers. Reproduced with permission from Ref. [152], © Smart, C. L. et al. 2024. (g) Schematic

diagram of the assembly and disassembly process in different pH environments.

Reproduced with permission from Ref. [153], © Su, L. et al. 2023. (h) Reconfigurable,

reversible, and active self-assembly of robots under light stimulation, and SEM images of the collective behavior of the robots. Reproduced with permission from Ref.

[154], © Urso, M. et al. 2023.
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Multi-material fabrication further broadens micro-/nanorobots’
capabilities by allowing control over biodegradability, mechanical
compliance, and immune interactions. Ceylan et al. [150] printed
helical robots via 2PP using a gelatin methacryloyl (GelMA)
network loaded with iron-oxide NPs (Fig. 8(c)). These robots
released drugs through localized hydrogel swelling and, owing to
the introduction of target-specific cleavage sites, exhibited rapid
degradability. Cabanach et al. [151] fabricated magnetic stealth
microrobots by 2PP and achieved immune evasion through surface
functionalization using fully zwitterionic photoresists during
printing (Fig. 8(d)).

Beyond field-driven locomotion, pnAM enables intelligent self-
assembly in response to external stimuli Smart et al. [152]
combined nanometer-thick mechanical films, programmable
nanomagnets, and diffractive optical elements to build microrobots
that reconfigure in millitesla magnetic fields (Fig. 8(e)) and operate
at the visible-light diffraction limit, which makes them viable as
tunable diffractive optics for beam control and focusing (Fig. 8(f)).
Su et al. [153] printed pH-responsive magnetoactuator modules
and biocompatible cell-scaffold modules that lock in acidic
environments and unlock under neutral conditions (Fig. 8(g));
these systems support image-guided navigation, in situ cell release,
and magnetic component recovery.

Collective behavior emerges naturally from such self-assembly.
As discussed in Section 4.6, coordinated swarms can express
functions that exceed a simple sum of single-robot actions. Urso et
al. [154] demonstrated dual-mode regulation that couples light-
driven autodiffusive swimming with magnetic dipole-dipole
interactions, enabling reversible reconfiguration of microrobot
swarms among chain-like, cluster-like, and ribbon-like states

(Fig. 8(h)).

6 Summaries and outlook

unAM is rapidly evolving from a set of niche techniques into a
versatile platform for architecting matter in 3D across polymers,
metals, ceramics, and their combinations. In this review, we have
mapped the field from process fundamentals (transformation-
assisted, powder-bed, extrusion, jetting, and photopolymerization)
to material strategies (template- and precursor-based routes,
NP/NC assembly) and scale-specific properties (mechanical, optical,
interfacial, electrical, piezoelectric, properties, and collective
behaviors), and further to applications in optical devices, sensors,
and micro-/nanorobots. A key emerging theme is the transition
from “printable resins” to “any-material voxels”, where unAM
provides the scaffold and spatial precision, and subsequent
chemical, thermal, or field-driven transformations define the final
functional composition.

Despite substantial progress has been made, several challenges
must be addressed before unAM can mature into an industry-ready
manufacturing paradigm. Long writing times and cumulative 3D
stitching can introduce dimensional errors, where even small
inaccuracies can compound into significant deviations. In multi-
material fabrication, persistent issues include cross-contamination,
inter-material registration, interfacial defects, and residual stress.
Moreover, design and modelling capabilities lag behind fabrication:
fully exploiting micro-/nano-scale effects will require multiphysics
and multiscale design frameworks, robust inverse-design tools, and
open datasets tailored to unAM, rather than simple downscaling of
macroscale concepts.

Looking ahead, progress on multiple fronts can collectively
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mitigate these obstacles. Hybrid and parallel workflows that
integrate pnAM with photolithography, self-assembly, and
conventional AM can relax constraints on resolution and
throughput. Beyond layerwise fabrication, volumetric additive
manufacturing (VAM) offers a potential route to significantly
higher throughput by forming 3D structures through volumetric
exposure, although micro-/nano-scale implementation is still
limited by optical scattering/absorption, and voxel cross-talk.
Meanwhile, in situ multi-material synthesis is emerging as another
frontier, where reactive precursors are locally converted during or
immediately after writing to directly encode composition and
interfaces. However, its practical adoption remains constrained by
precursor/material compatibility and reliable in situ methodology.
In parallel, AI- and data-driven design frameworks can close the
gap between fabrication and modelling: By learning
process—structure-property relationships from pnAM-specific
datasets, generative and inverse-design algorithms can propose
architected geometries and multi-material compositions that
optimally exploit micro-/nano-scale effects under given constraints.
Coupled with in situ metrology and closed-loop process control,
such Al-enabled pipelines could autonomously refine voxel-level
composition, topology, and printing parameters, accelerating the
discovery of unAM architectures beyond what is accessible by
manual, trial-and-error design. At the application level, tighter
coupling among device design, reliability testing, and standards
specific to target use cases will accelerate translation in optical
devices, sensors, and micro-/nanorobotics.

Overall, unAM is poised to remain a central driver at the
intersection of micro-/nano-engineering, advanced manufacturing,
and functional materials [155]. With continued developments in
processes, materials, and Al-enhanced design methodologies, we
anticipate broad application prospects and significant growth
potential for multi-material pnAM in the coming decade.
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