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New methods are emerging to combine the self-assembly of matter and additive manufacturing, so that new
devices and constructs can simultaneously harness the unique molecular and nanostructural features afforded by
self-assembly and the macroscale design freedom of additive manufacturing. The aim of this review is to analyse
the body of literature and explore the crossover area where boundaries dissolve and self-assembly meets additive
manufacturing (SAMAM). As a preliminary framework for this new area of research, the different experimental
approaches to SAMAM can be grouped in three main categories, whereby SAMAM can be based on local in-
teractions between molecules or nanoparticles, on 3D-printing induced forces, or on externally applied force
fields. SAMAM offers numerous opportunities, such as the design of new printable materials, the ability to surpass
conventional trade-offs in materials properties, the control of structural features across different length scales,
process intensification and improved eco-sustainability. However, most research so far has been focused on
polymer-based materials, and additional effort is needed to understand how SAMAM can be leveraged in metal-
and ceramic-based additive manufacturing. On account of the weak inter-layer bonding often reported along the
growth direction, it would also be interesting to explore whether SAMAM could effectively remediate undesidered
anisotropic effects in additively manufactured parts.

1. Introduction techniques mentioned in the text and their acronyms are provided in
Table 1). This precision allows devices and hierarchical structures to be
fabricated with features ranging from the nanoscale to the microscale

[4]. However, in spite of their tremendous potential to revolutionise the

The advancement of precision additive manufacturing (AM, a.k.a. 3D
printing), for example in nanoelectronics, optics, energy storage and

harvesting, micromechanical sensing, and medicine, has the potential to
benefit many areas of industry and research. Nanostructuring is key for
decoupling density and structural properties, and is the steppingstone for
producing new materials, such as ultra-lightweight constructs and
damage-tolerant materials [1]. Due to the increasing industrial relevance
of additive nano-manufacturing, 3D printers that work at the nanoscale
are being explored. For example, light-based 3D printing technologies
such as two-photon polymerisation [2] and micro-stereolithography [3]
polymerise photocurable resins with sub-microscale or even nanoscale
resolution (for the sake of clarity, a brief description of the AM
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field of nano- and micro-AM, these new technologies are still a rarity in
industrial settings, and their transferability “from lab to fab” is uncertain
[5,6]. On the other hand, quite often present-day approaches to manip-
ulating the properties of AM parts at the nanoscale rely on the progressive
reduction in size of existing printing hardware. Although these top-down
methods may appear to be intuitive and straightforward as they build up
on well-established printing mechanisms, they are severely impeded in
controlling the material's nanostructure as a consequence of the tech-
nological limits to miniaturisation [7]. Conversely, the bottom-up
approach encourages creation of hierarchical order as a result of the
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Table 1
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Functioning mechanism of AM technologies mentioned in the main text (listed in alphabetical order).

AM Technique

ISO/ASTM 52900 category

Functioning mechanism

Bioprinting
Directed energy deposition (DED)
Digital light processing (DLP)

Direct ink writing (DIW)

(Direct) inkjet printing

Drop on demand (DOD)

Electron beam melting (EBM)

Fused filament fabrication (FFF)

Micro-stereolithography (micro-
SLA or p-SLA)
Selective laser melting (SLM)

Selective laser sintering (SLS)

Stereolithography (SLA)

Various

Directed energy deposition
(DED)

Vat photopolymerisation

(VPP)
Material extrusion (MEX)

Material jetting (MJT)

Material jetting (MJT)

Powder bed fusion (PBF)

Material extrusion (MEX)

Vat photopolymerisation
(VPP)
Powder bed fusion (PBF)

Powder bed fusion (PBF)

Vat photopolymerisation

Any AM technology that allows living cells, growth factors, and extra-cellular matrix (ECM) components to be
incorporated in the printing material.

The feedstock, typically a metal or alloy in powder or wire form, is fed into the melt pool which is being generated
on the surface of the part by a laser or electron beam.

DLP, like stereolithography (SLA), builds up 3D objects through the selective curing of a photosensitive resin. In
DLP, a digital projector flashes the image of the whole layer across the resin vat at once.

DIW is mainly applied in meso- and micro-scale manufacturing. The liquid-phase ink is extruded through a thin
nozzle moving according to a computer-controlled toolpath. Parts can be printed layer-by-layer. Otherwise,
continuous 3D traces can be dispensed in a supporting bath. This may require photocuring to stabilise the
geometry.

(Direct) inkjet printing is conceptually similar to conventional inkjet printing on paper, in that a printhead ejects
fine droplets of material on the substrate to draw the desired layer geometry, then the process is repeated layer-
by-layer. Droplets can be ejected on demand or continuously. Inks are often low-viscosity resins (polymer
solutions, molten polymers, photocurable thermosets) or composites.

DOD is a variant of inkjet printing in which fine droplets of material are ejected where needed. The deposition is
thus discontinuous.

EBM uses an electron beam to locally fuse a thin layer of powder, which must be an electrically conductive
material, typically a metal or alloy. The electron beam draws the desired geometry, then a rack distributes a new
layer of fresh powder on top of the previous one, and the process is repeated until completion of the 3D part. In
principle, the technique is similar to selective laser sintering (SLS) and selective laser melting (SLM).

FFF (a.k.a. fused deposition modeling, FDM) uses a thermoplastic or composite filament as feedstock. The
filament is pushed in the liquefier, heated, melted and extruded on the substrate (or previous layers). For each
layer, the printhead moves in X and Y directions to draw the desired geometry.

Micro-SLA is a form of high-resolution stereolithography achieved through process improvement.

SLM uses a laser to locally melt a thin layer of powder, quite often made of a metal, alloy or composite. The laser
draws the desired geometry, then a rack distributes a new layer of fresh powder on top of the previous one, and
the process is repeated until completion of the 3D part. In principle, the technique is similar to SLS and EBM.
SLS uses a laser to locally sinter a thin layer of powder, quite often made of a thermoplastic or composite material.
The laser draws the desired geometry, then a rack distributes a new layer of fresh powder on top of the previous
one, and the process is repeated until completion of the 3D part. In principle, the technique is similar to SLM and
EBM.

SLA is based on the laser-induced polymerisation of a photosensitive resin. The laser scans the desired geometry

(VPP)
Vat photopolymerisation
(VPP)

Two-photon polymerisation (2PP)

to complete one layer, then the process is repeated layer-by-layer.
2PP (a.k.a. direct laser writing, DLW) consists in the ultra-high resolution photocuring, voxel-by-voxel, of a
photosensitive resin induced by two photon absorption.

spontaneous assembly of matter, thus breaking the dependency on
printing equipment. This is where self-assembly meets additive
manufacturing (SAMAM).

Whilst many definitions have been formulated for “self-assembly”,
the term is employed here according to the intuitive understanding of the
autonomous positioning of pre-existing components (“building blocks” -
for example, living cells in biology, as well as atoms, molecules, and
particles of varying size in chemistry and engineering). This usually
happens through the creation of a bond (quite often, a reversible bond)
between the building blocks once they have moved to the desired mutual
position, and ultimately leads to the appearance of order from disorder
[8,9]. According to this definition, “self-assembly” in SAMAM verges on
the mere spatial arrangement of the constituents - atoms, molecules,
(nano)particles - used for printing. This version of self-assembly is also
consistent with the definition given by Wintzheimer et al. [10], whereby
self-assembly is the ordering of “individual components into organized
structures solely through interactions among the components that
minimize the free energy”. Conversely, self-assembly in biological sys-
tems is inseparably coupled with the genesis of matter. According to the
description proposed by Nguyen et al. [11], cells can be regarded as
nanomaterial factories, since cells are able to source basic molecules from
the environment and to refashion them into new complex biological
materials that match precise context-dependent functional requirements.
In living organisms, compatibly with ageing and major accidents, cells
are also able to repair and maintain these tissues over time. The recent
advancement of synthetic biology has led to the successful development
of engineered living materials (ELMs), which are biohybrid constructs
composed of living cells that form or assemble the material itself, or
modulate its functional performance [11]. A practical example is offered
by self-healing biological concrete, which contains the spores of special
bacteria that are able to “eat” (enzymatically digest) small amounts of

nutrients embedded in the concrete and secrete calcium carbonate. If the
concrete matrix is damaged, water can penetrate through the micro-
cracks and prompt the spores to germinate. The bacteria are then able to
multiply and precipitate minerals, especially calcium carbonate, that heal
the cracks [12]. Engineered living materials are theoretically compatible
with 3D printing, for example through the bioprinting of living cells
embedded in hydrogels [13]. However, the spectrum of materials that
can be biologically engineered through living cells is still very limited.
This justifies the initial assumption of SAMAM as working with sponta-
neous patterning, as opposed to biological creation of new materials and
tissues.

Although the integration of self-assembly and AM is still an emerging
field of research, the body of literature is flourishing, with an exponential
growth starting from 2018. The impetus for SAMAM may have originated
from a combination of factors. On the one hand, the Covid-induced
sanitary emergency has called for leaner fabrication technologies and
for more secure supply chains [14]. In this regard, AM has proved to be a
secure method for producing goods and granting services through
distributed manufacturing, thus largely contributing to sovereign capa-
bility [15-17]. On the other hand, many AM technologies have reached
their technological maturity, but are currently striving for extended
functionality through new printable materials [18-21]. For example, it
has been estimated that the number of materials suitable for selective
laser melting (SLM), which is the most popular metal AM method, sits at
around 50 [22]. If only market-ready materials are considered, this
number narrows down to around 10-12, with stainless steel (e.g., 316L),
tool steel (e.g., 17-4 PH), AlSi10Mg, TiAl6V4, CoCr and Inconel 718
being the most relevant ones [23] This is in stark contrast to the palette of
metals and alloys routinely processed in conventional manufacturing,
which counts more than 5500 options [24].

Whilst describing numerous practical examples of SAMAM, the main
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goal of this review article is to analyse, discuss and, wherever possible,
classify the different strategies that can be deployed in order to conjugate
self-assembly and AM. The state of the art of SAMAM is critically
investigated in order to capture proven results, existing challenges and
emerging opportunities. In the burgeoning field of SAMAM, a clarifying
roadmap is still missing, and urgently needed. Such a roadmap to
SAMAM can inform researchers and developers of the potentiality of this
disruptive technology and drive its future growth.

2. Self-assembly and 2/3/4D printing

As presented in the following paragraphs, a survey of the literature
reveals two major trends that integrate printing technologies and self-
assembly (or directed assembly, as explained below), which consist of
(i) printing of 2D self-assembled patterns (examined in Section 2.1), and
(ii) AM of 3D parts combined with self-assembly of matter (Section 2.2).
Recent studies have also demonstrated the feasibility of (iii) merging self-
assembly with 4D printing (defined in Section 2.3) as an advancement of
self-assembly-assisted 3D printing.

2.1. Printing of self-assembled 2D patterns

As recently reviewed by Zhao et al. [25], there is increasing interest in
producing controlled nanoparticle (NP) patterns through 2D printing.
Largely tapping into the existing knowledge in lithography and contact
printing, NPs are arranged according to a bespoke 2D design using
templates, stamps and screens. Otherwise, direct ink writing (DIW)
through miniaturised nozzles enables the selective deposition of NPs on a
substrate. Dip-pen assembly is an alternative approach to direct writing,
wherein the nozzle is substituted by the tip of an atomic force micro-
scope. The tip is preliminary dip-coated with the NP ink and then moved
to draw the desired pattern according to a computer-controlled toolpath.

Attempts have also been made to scale these technologies up to obtain
3D objects by repeating the deposition layer-upon-layer. For example,
Park et al. [26] built a surface-enhanced Raman spectroscopy (SERS)
substrate by multi-step micro-contact (transfer) printing. The master
mould used for transfer printing was obtained through the combination
of photolithography and directed self-assembly of block copolymers
(BCPs) according to a protocol previously outlined by Yim et al. [27].
Although geometric features could be closely controlled at the nanoscale,
only few nanosheets (specifically, two or four layers [26]) could be
applied, and the lateral size of the printed device was also in the
sub-micrometre range. Otherwise, nozzle-based 2D printing by DIW can
be leveraged to deposit NP inks onto selected areas of a 3D substrate. This
was the target of the research conducted by Siebert et al. [28], who
developed an acetone sensor based on the DIW of iron and copper mi-
croparticles dispersed in an ethanol solution of polyvinylbutyral (PVB).
The ink was extruded on glass slides to produce meandering printed
stripes. After printing, the growth of nanorods and nanospikes required
for bridging the iron and copper particles was induced by thermal
annealing, followed by gold sputtering. In principle, the sensor could be
peeled off from the glass substrate before receiving the thermal anneal-
ing, and then transferred onto a curved geometry. However, in spite of
the capability of producing fully 3D parts by DIW (as further discussed in
the following sections), the protocol developed by Siebert et al. [28]
appears to be still confined to obtaining decorated surfaces.

These printing techniques are poised to produce 2D constructs with a
close control on nanoscale features. However, they are not primarily
intended to complete 3D objects and, for this reason, they are not dis-
cussed in detail in this paper, whose aim is instead to explore the utility of
self-assembly in AM. This is consistent with the definition of AM as being
a group of “technologies that successively join material to create physical
objects as specified by 3D model data”. In other words, AM “applies the
additive shaping principle and thereby builds physical three-dimensional
(3D) geometries by successive addition of material ... usually layer upon
layer” [29]. Ultimately, SAMAM is thus meant to be the conjugation of
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self-assembly with AM, including 3D and 4D printing.
2.2. AM of 3D parts combined with self-assembly

Early research in bottom-up AM of structured materials was based on
chemical vapour deposition (CVD) and physical vapour deposition (PVD)
[30]. Back in 2003, for example, Li et al. [31] demonstrated a bottom-up
approach for producing multilevel interconnects based on CVD. Ordered
arrays of self-standing carbon nanotubes (CNTs) were grown by
plasma-enhanced CVD, embedded in SiO (as the dielectric gap filling) by
CVD using tetraethylorthosilicate (TEOS), and planarised by chemical
mechanical polishing (CMP). However, CVD and PVD are better suited to
producing a thin film deposit on a pre-existing substrate, rather than a
self-standing 3D object. Although the exact processing conditions are
material-dependent, CVD and PVD typically require high temperatures
and high levels of purity, which may be unfeasible with some types of
substrates and materials. Moreover, the significant power consumption
and the extremely long deposition times make these techniques uneco-
nomical [30,32].

Nowadays, the self-assembly of matter in fully 3D parts is harnessed
through three main mechanisms, including (i) the development of new
printable materials and constructs that spontaneously self-arrange
through intermolecular and surface forces, (ii) the spatial ordering of
matter dictated by the forces that are spontaneously generated upon
printing, and (iii) the re-distribution or re-orientation of fillers under the
action of external forces or fields (further detail in Section 3).

In principle, self-assembly should occur naturally under thermody-
namic driving forces, because the system evolves towards its lowest en-
ergy state. However, some systems may require an input of energy or
external forces to evolve and produce a particular structure or assembly
[4,33,34]. Accordingly, “self-assembly” and “directed assembly” (a.k.a.
“engineered assembly” or “self-organisation”) should be kept separate as
two different phenomena, since the former is the aggregation of com-
ponents through local interactions close to equilibrium, whereas the
latter is the achievement of desired patterns of molecules or particles
driven by external fields or forces and usually occurring out of equilib-
rium. Considering this distinction, both the action of inherent forces
caused by the printing process and the implementation of external forces
or fields (corresponding to mechanisms (ii) and (iii) above) should be
labelled as “directed assembly”, rather than “self-assembly” (which
would lead to the alternative acronym “directed assembly meets additive
manufacturing”, DAMAM). Nonetheless, as schematised in Fig. 1, the
following sections account for all of them under the common umbrella of
SAMAM, as they all represent practical means of targeting the nano-
structure in AM through the properties of matter, as opposed to the
miniaturisation of the printing equipment.

In spite of the increasing success of AM for the production of per-
sonalised food, the present review only considers structural and func-
tional materials, but not edible ones, which are designed to meet
different targets such as new textures and increased nutritional value
[35]. Readers interested in SAMAM of food may find examples and a list
of updated references in the contributions by H. Wang et al. [36,37] and
by Pulatsu et al. [38].

2.3. Self-assembly and 4D printing

Inspired by nature, 4D printing is the new frontier in AM, as it is the
combination of 3D printing with time as the fourth dimension to produce
stimuli-responsive parts that change their shape or properties in response
to a specific environmental trigger, such as a variation in temperature,
applied load, light, or pH/acidity [39-44]. 4D printed parts can thus be
regarded as “animate structures”, as they are able to sense changes in
their environment and respond accordingly (i.e., they are “adaptive”). In
doing so, they can change their attributes (i.e., they are “active”) without
being externally controlled (i.e., they are “autonomous™) [45].

As exemplified by relevant examples in the following sections,
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Fig. 1. SAMAM: Different approaches to combining additive manufacturing and
self-assembly or directed assembly of matter.

SAMAM can contribute to the advancement of 4D printing, since hier-
archical architectural modification based on self-assembly can be lever-
aged for programming new adaptive materials that deploy a controlled
morphing ability.

3. SAMAM: A bottom-up approach to 3D and 4D printing

Whilst several approaches to SAMAM have already been experi-
mented in the literature, they can be generally classified as (i) SAMAM
through local interactions between molecules or NPs, (ii) SAMAM
through forces that spontaneously act upon printing, and (iii) SAMAM
through externally applied force fields. While the following sections
provide additional information and numerous examples for each SAMAM
method, Fig. 2 demonstrates some examples as a form of introduction.

3.1. SAMAM through local interactions

Hierarchical order in AM constructs can be based on the spontaneous
arrangement of individual building blocks, which can be either mole-
cules or NPs, through skilfully governed attraction/repulsion forces.

3.1.1. Molecular self-assembly

Direct AM through self-assembly of individual molecules was
demonstrated by Hamoudi et al. [46]. The obtained 3D structures were
hierarchical assemblies whereby dithiol molecules self-assembled into
monolayers at liquid-liquid interfaces, whilst subsequent monolayers
were added on top of each other with metal ions working as mediators for
inter-layer bonding. The layer-wise addition of self-assembled mono-
layers (SAMs) led to the build-up of defect-free materials with
outstanding self-healing properties. However, the liquids containing the
dithiol molecules could only be injected with a flow speed of 650 pL m ™!
and the vertical nozzle speed was adjusted to around 0.2 mm s~! in order
to match the growth rate of the self-assembled structure. As such, the
translation of these periodic stacks of metal-based self-assembled
monolayers to fabricate macroscale devices may still be challenging.

Self-assembly of polymer molecules is a very popular method to
obtain new printable materials, especially for material extrusion AM
(“MEX”) techniques. According to the IUPAC definition, a supramolecule
is “a system of two or more molecular entities held together and orga-
nized by means of intermolecular (noncovalent) binding interactions”
[47]. Intuitively, if the hierarchical structure of matter could be trans-
lated into the mathematical language of proportions, supramolecules
would be to molecules as molecules are to atoms according to the
(theoretical) equation:

supramolecules:molecules = molecules:atoms (@D)]

In other terms, atoms are the building blocks of molecules, much as
molecules are the building blocks of supramolecules, even if the nature
and strength of the chemical bonds and interactions are likely different
within individual molecules and supramolecules.
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Fig. 2. Different experimental approaches to SAMAM. (a) As an example of
SAMAM through local interactions in selective laser sintering (SLS), conven-
tional feedstocks can be replaced by supraparticles, whereby each particle is
actually the result of the self-assembly of primary nanoparticles through spray
drying. (b) As an example of 3D printing-enabled SAMAM in materials extrusion
(MEX), the flow through the print nozzle unavoidably produces shear stresses
that preferentially align the molecular chains of the polymer matrix as well as
the elongated fillers, if present. (c) As an example of field-assisted SAMAM in vat
photopolymerisation (VPP), elongated fillers can be preferentially oriented
under the action of an electric field applied to the resin vat.

Citing Jean-Marie Lehn, supramolecular chemistry is thus “a chem-
istry beyond the molecule”, as it is “the buildup (synthesis!) of discrete or
extended assemblies of chemical objects” [48-50]. Supramolecular
polymers are able to self-assemble through non-covalent interactions,
such as supramolecular hydrogen bonding, m — = stacking, metal
complexation, and ionic interactions. Since these bonds are dynamic and
reversible, supramolecular polymers feature superior characteristics over
conventional polymers, such as enhanced material strength and tough-
ness, self-healing, and stimuli responsiveness. As recently discussed by
Rupp and Binder [51], supramolecular polymers offer additional ad-
vantages in the realm of AM, as the inter-molecular interactions can be
chemically programmed to meet the demanding rheological requisites
for successful printing by different techniques, including MEX, vat pho-
topolymerisation (VPP), direct inkjet printing, and bioprinting. More-
over, supramolecular interactions like hydrogen bonds work as
non-covalent crosslinkers mitigating the inter-layer adhesion issues,
which are one of the main limitations to the structural integrity of AM
parts along the growth direction.

Andriamiseza et al. [52], for example, recently demonstrated the
effectiveness of self-assembled low molecular weight hydrogels for the
AM of scaffolds for cell culture by DIW. Low molecular weight gelators
self-assemble into fibre- or flake-like structures or other anisotropic ag-
gregates thanks to directional non-covalent interactions. The force of
these interactions can be governed through the molecular structure in
order to produce more or less dynamic assemblies. Meanwhile, the
absence of covalent bonds makes these “molecular gels” very delicate,
but also very soft, and thus ideal for receiving vulnerable and flexible
cells like neurons. The range of application for molecular gels can be
increased by mixing different gelators, for example peptide- and
carbohydrate-based gelators. Different gelation mechanisms can also be
pursued. Multi-material DIW of low molecular weight hydrogels having
different solubility in water enables the fabrication of imbricated struc-
tures, wherein a sacrificial ink is printed as a temporary framework to
support the part's geometry until complete consolidation of the persistent
ink occurs [52].

Whilst the research by Andriamiseza et al. [52] harnessed supramo-
lecular self-assembly through cohesive non-covalent forces, Bai et al.
[53] were the first to observe that a ketone homopolymer is able to
self-assemble into nano- and micro-gels through covalent crosslinking,
which represents an instance of covalent supramolecular arrangement.
The size of the hydrogels from below 10 nm to above 100 nm can be
finely tuned through the covalent crosslinking rate. Microgels, in their
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turn, self-organise into granular fibres that are suitable for direct 3D
printing of porous scaffolds. Although the printed geometries are rela-
tively simple, the self-assembled fibrous structures may be useful in drug
delivery and tissue engineering.

Honaryar et al. [54] were able to fabricate soft constructs by means of
the spontaneous separation of amphiphilic materials (such as lipids or
surfactants) at the interface between immiscible liquids. To this aim, a
low-viscosity aqueous solution of a proper surfactant was injected into a
polar oil phase to build up the desired soft object (which is an example of
MEX through liquid-in-liquid printing). The molecules of the surfactant
preferentially migrated to the interface between aqueous solution and oil
medium, where they self-assembled in ordered nanostructures, either
hexagonal or lamellar, and stabilised the printed object. However, since
this scaffolding effect was just temporary, the water-based solution also
contained a prepolymer and an initiator that were photocured under UV
light during and immediately after printing, in order to fix the geometry
permanently.

The complicated interplay of attractive and repulsive forces acting
between miscible and immiscible compounds also underpins the func-
tioning mechanism of BCPs, which can be mixed with resins to improve
the mechanical properties, especially the toughness, of parts produced by
VPP. BCPs consist of two (or more) polymer blocks that have different
chemical features in spite of being covalently bonded to each other. In
more detail, one block is usually miscible, and hence compatible with the
resin, while the other block is immiscible. BCPs naturally tend to segre-
gate in order to minimise the energetically unfavourable interactions
between dissimilar blocks. However, due to the covalent bond, the blocks
cannot separate macroscopically, and phase separation can only occur at
a length scale comparable to the size of the individual blocks. Depending
on the chemistry and the relative amounts of resin and BCPs, different
configurations are possible, ranging from individual roundish BCP par-
ticles to larger aggregates, to worm-like structures. Regardless of the
morphology, achieving a complete microphase separation is crucial,
because otherwise the excess BCPs would disperse into the resin and
work as plasticiser, thus decreasing the stiffness of the resin. In principle,
the self-assembly of BCPs in a photocurable resin may occur prior to or
while curing. However, according to the results reported by Demleitner
et al. [55], completing the network formation before curing would be
preferable in order to minimise the harmful condition of partial micro-
phase separation. In this way, the presence of the BCP domains produces
an effective toughening mechanism via cavitation and shear yielding.

In synthesis solutions, if the concentration is high enough and exceeds
the “critical micelle concentration”, BCPs self-assemble and form mi-
celles that may act as template for nanopores in hierarchical scaffolds
[56]. Z. Wang et al. [57] modified the functionality of F127, a triblock
copolymer composed of a central hydrophobic chain of poly(propylene
oxide) flanked by two hydrophilic chains of poly(ethylene oxide), by the
acryloyl substitution of the terminal hydroxyl groups. Following to the
acryloyl modification, F127 molecules became photocurable, while
preserving their ability to self-assemble. A printable ink was then pro-
duced by mixing the acryloylated F127 in ethanol with a bioactive glass
sol, with the minor addition (0.5%) of photo-initiator. Macroporous
lattice structures were 3D printed by MEX and locked in place by UV
irradiation. After drying off the liquid medium, the green parts were
sintered at 600 °C to obtain the final bioactive glass scaffolds. The
structural characterisation revealed a multi-scale porosity that combined
the extremely regular columnar nanopores (average diameter below 7
nm) originating from the F127 micellar template with the sub-millimetre
grid fabricated by 3D printing. In spite of the substantial shrinkage of
around 33%, the nanoscale-templated tubular pores were not destroyed,
nor clogged after sintering, and the minimal presence of cracks led to a
substantive compressive strength of around 2.5 MPa, thus matching the
properties of trabecular bone.

BCPs can also be leveraged in DIW, as demonstrated by Bowen et al.
[58]. In this research, the ink was a mixture of a preceramic polymer
(polycarbosilane, PCS), with a triblock copolymer composed of
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poly(methyl methacrylate) (PMMA) and poly(n-butyl acrylate) (PnBA)
dispersed in 1-butanol. Since the polycarbosilane and the organic solvent
selectively swell the hydrophobic PnBA segments, the block copolymers
segregated and self-assembled in worm-like micelles. After printing the
desired lattice geometries by DIW, the nanostructure was locked in place
via click chemistry (UV curing). Then, the preceramic polymer was
crosslinked, and finally the polymer compounds were removed via py-
rolysis at 800 °C. The obtained ceramic scaffolds featured a hierarchical
porosity, wherein the microscale pores (lateral size around 400 pm) were
controlled by the AM process, whilst the nanoscale pores were imposed
through self-assembly of matter. Interestingly, the lattices were pliable
and foldable after DIW and curing, and the received shape could be
retained during pyrolysis.

3.1.2. Self-assembly of nanoparticles

Due to their small size and enormous specific surface area, NPs
feature extraordinary properties [4,33]. However, translating the prop-
erties theoretically predicted of nanomaterials into functioning macro-
scale objects and devices may be impractical due to nonuniform
dispersion and lack of alignment [32]. Currently, NPs can be easily
assembled into colloidal structures that are governed by short-range
intermolecular and surface forces. However, this bottom-up approach
mainly results in 1D or 2D structures, whilst large-scale 3D structures are
still difficult to reach [59].

In order to overcome this challenge, Tan et al. [60] defined the
combination of colloidal self-assembly and DIW as “direct-write colloidal
assembly”. This new approach was introduced to simultaneously enable
the local control of NP organisation through evaporative colloidal
self-assembly, and the global control of the part's geometry through DIW.
To this aim, a colloidal suspension is fed in a custom-made DIW appa-
ratus. A small amount of suspension is first dispensed to form a liquid
bridge between the print nozzle and the substrate. This liquid bridge
provides lateral confinement for the NPs to gradually accumulate on the
substrate. As a solid layer appears at the base of the liquid bridge, the
substrate is moved downwards at a rate matching the growth rate of the
solid structure. The evaporation of the liquid carrier brings the NPs in
intimate contact, which favours the establishment of inter-particle van
der Waals forces that are responsible for the growth of well-ordered
polycrystalline regions and, ultimately, for the stability of the part's
geometry.

Tan et al. [60] demonstrated the feasibility of direct-write colloidal
assembly with aqueous suspensions of monodispersed polystyrene (PS)
NPs with radius ranging from 44 nm to 500 nm. Columnar structures
(“towers™) were built at a speed of about 1-5 pm s~ . The height varied
between 1 mm and 10 mm, with an aspect ratio as high as 10. Whilst the
diameter of the colloidal towers was mainly governed by the size of the
print nozzle, it was possible to produce local variations resulting in
hourglass-like structures through the calibrated change of the dispense
rate relative to the vertical rate of motion. Helical towers were also
achieved by implementing a rotating substrate. Interestingly, towers
made from particles of different radius displayed structural coloration at
different wavelength in the visible spectrum due to Bragg reflection. In
order to provide further evidence of the versatility of direct-write
colloidal assembly, towers were also built with other building blocks,
such as silica NPs and gold nanocrystals.

Colloidal nanoinks are also compatible with inkjet printing, in which
the ink is deposited drop-wise. Kullmann et al. [61] were able to grow
micro-wires with an aspect ratio exceeding 50 by the piezoelectric
drop-on-demand (DOD) deposition of a colloidal suspension of gold NPs
(diameter in the 2-4 nm range) in toluene. It was observed that relatively
thick wires were built up at room temperature, with an average diameter
corresponding to around 5 times the diameter of the ejected drops.
However, due to the enhanced evaporation of toluene, the wires became
sensibly thinner, with an average diameter corresponding to around 2
times the diameter of the ejected drops, when the temperature of the
substrate was raised to 60 °C. Increasing the substrate temperature also
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sped up the growth rate of the micro-wires from about 4.4-5.7 pm s ! at
room temperature to about 10.3-12.9 pm s7! at 70 °C. However,
regardless of the substrate temperature, the micro-wires retained a sub-
stantial porosity, which was calculated to be between 91.5% and 93.5%.
A thermal annealing of 10 min at 180 °C was thus required to consolidate
the gold NPs and reduce the specific electric resistivity of the wires to
values compatible with their intended application in micro-electronic
devices.

In order to tackle the structural weakness of colloidal structures held
together by pure van der Waals forces, the technique developed by
Domenech et al. [59] was a customised DIW of a colloidal suspension of
Fe304 NPs in toluene, where the ceramic particles were surface-treated
with oleic acid acting as ligand. After printing, the organic phase was
thermally crosslinked at 325 °C. Obtained geometries were
millimetre-long needle-like structures, with a diameter exceeding 100
pm. Under 3-point bending, the elastic modulus of the crosslinked col-
umns varied between 8 and 58 GPa, and the bending strength between 39
and 110 MPa, thus reaching the elastic modulus and strength of natural
enamel. Coherently with the Griffith theory, the variability observed in
the mechanical properties was attributed to the presence of pores, which
were randomly sized and distributed, corresponding to 0.6% of the entire
part's volume.

Self-assembled NPs dynamically interacting through non-covalent
bonds are ideal candidates for establishing reversible bridges between
larger building blocks. For example, traditional hydrogels are very
common as cell culture substrates. Nonetheless, they are impaired by the
so-called “biofabrication window”, whereby increasing the stiffness (for
example, by increasing the polymer concentration or the degree of
crosslinking) will help improve the printing quality and accuracy, but
will also reduce the porosity. The decreased availability of open and
interconnected pores may have detrimental consequences for cell
viability [62]. Granular microgels, which are made by the packing of
hydrogel microparticles, can partly circumvent this issue, since their
modular architecture allows stiffness and porosity to be decoupled.
Nonetheless, granular microgels only become printable by MEX when
they are in the “jammed” state, i.e., when they are tightly packed, or in
the “embedded” state, i.e., when they are bound by a viscous matrix. In
both cases, inter-granular pores are severely reduced. Ataie et al. [62]
reported on a new nanoengineered granular bioink (NGB) that achieves a
shear thinning behaviour appropriate for MEX thanks to heterogeneously
charged silicate nanoplatelets dynamically gluing together loosely
packed gelatine methacryloyl (gelMA) droplets having a diameter of
around 80 pm. The nanoplatelet surface is decorated with anionic groups,
whilst cationic groups are prevalently located at the nanoplatelet rim.
Due to the electrostatic forces, the nanoplatelets spontaneously
self-assemble into reversible chain-like structures, which are linked to the
functional groups of the polymer chains dangling out from the gelMIA
droplets. Since the micro-gel granules behave cohesively thanks to the
bridging effect of the silicate nanoplatelets, the nanoengineered granular
bioink attains or even exceeds the printability of conventional bulk and
granular hydrogels. Simultaneously, they preserve the rich porosity of
loosely packed microgels, thus optimally supporting cell viability.

Depending on their specific mineral structure and composition, sili-
cate nanoplatelets in the form of clays naturally receive a locally varied
electrical charge when dispersed in aqueous media. This is the case, for
example, with laponite, a synthetic magnesium silicate clay belonging to
the TOT family (namely, each nanoplatelet is composed of an octahe-
drally coordinated magnesium oxide sheet sandwiched between two
tetrahedrally coordinated silica sheets). In water media, sodium and
other alkaline metal ions dissociate from the faces of each nanoplatelet,
thus making them negatively charged. Conversely, hydroxide ions
dissociate from the rim, thus producing a slightly positive charge. Driven
by the electrostatic interactions, clay nanoplatelets in aqueous media
self-assemble to create a so-called “house-of-cards” arrangement. The
resulting colloid exhibits a thixotropic behaviour, because the nano-
platelets disassemble and start to flow easily if the applied shear stress, 7,
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Fig. 3. Laponite nanoplatelets in aqueous media receive a negative charge on
their faces, and a positive charge on their rim. Owing to the electrostatic in-
teractions, in a static condition laponite nanoplatelets self-assemble in a “house-
of-cards” arrangement (shown on the left). However, if the applied shear stress, 7,
exceeds the energy required to overcome the electrostatic interactions, the
“house-of-cards” structure is disassembled, and the nanoplatelets can easily flow
(shown on the right). Once the shear stress is removed, the nanoclay suspension
quickly reverts to the “house-of-cards™ state.

exceeds the electrostatic interactions, as illustrated in Fig. 3. Once the
shear stress is removed, the electrostatic forces are promptly restored, the
“house-of-cards” is reinstated, and the suspension transitions back to the
self-supporting gel condition [63,64]. Jin et al. [65] noticed therefore
that laponite suspensions, on account of their thixotropic (shear-thin-
ning) behaviour, have the potential to be printed by MEX, since the
pressure applied in the print nozzle is enough to outbalance the energy
required to disrupt the “house-of-cards” structure. After flowing through
the nozzle, it takes less than 0.1 s for the “house-of-cards™ arrangement to
be resumed, thus avoiding any post-printing spread and geometric
deformation. Moreover, nanoclays can be mixed with soft hydrogels for
MEX and, provided that only physical interactions are established, the
composite hydrogels still retain the “house-of-cards” assembly. This has
proved to enable the DIW of soft structures that do not need a liquid
supporting bath or a post-printing solidification treatment [65].
Alternatively, NPs can self-assemble onto the surface of larger parti-
cles to be processed as composite feedstock. This principle has been
demonstrated, for example, with graphene oxide [66] and MXenes [67,
68] for obtaining high-performance metal-matrix composites. MXenes
have been receiving great attention in the literature due to their excep-
tional properties and versatility. MXenes are carbides and nitrides of
early transition metals according to the general formula My, ;1 X, Tx. This
means thatn + 1 (where n = 1-3) layers of early transition metals (“M” in
the general formula) are interleaved with n layers of carbon or nitrogen
(“X”). The “Ty” in the formula represents the surface functional groups
bonded to the outer M layers, which can be O, OH, F, and/or CI [69].
Wyatt and Anasori [67] argued that, due to their surface groups,
MXenes exhibit a negative surface charge in water or in polar organic
solvents, such as ethanol. Conversely, if not oxidised, aluminium parti-
cles become ionised and receive a positive charge in water. After ball
milling, the aluminium particles were dispersed in ethanol in order to
expose new (non-oxidised) surfaces and to change the shape from nearly
spherical to flake-like. Wyatt and Anasori [67] used a mixture of water
and ethanol to induce the self-assembly of MXenes (Ti3C2Tx) onto the
surface of the aluminium flakes through electrostatic adsorption. Adding
2 wt% of TigCyTx produced the near-complete decoration of the surface
of the aluminium flakes with single-to-few layer thick MXene deposits. It
was also shown that the fraction of MXene completely adsorbed can be
modulated through the positive surface charge of the aluminium flakes,
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which depends on the ratio between water and ethanol in the processing
solution.

The ability to target the near-complete coverage of aluminium par-
ticles with MXene sheets can be exploited to create a continuous network
for structural reinforcement and electrical conductivity. Meanwhile, the
electrostatic-driven self-assembly process is scalable to form large
batches of composite powders, as required for AM [67]. However, whilst
the idea of unleashing the potential of MXenes in AM is exciting, some
hurdles still remain, such as the conspicuous volumes of
fluoride-containing solutions or molten salts that are required for the
chemical etching of MXenes from their precursors. Moreover, additional
research would be required to ascertain the effect of the MXene
adsorption on the flowability and printability of the original feedstock
powder, as well as to confirm the survival of the surface decoration
through the printing environment and temperature, which are usually
very harsh in most metal AM methods. The printability-related issues
were explored by Zhou et al. [68], who coated aluminium spherical
particles with TizCoTx MXene sheets through electrostatic interactions
and processed the decorated particles by laser-based powder bed fusion
(PBF). With MXene sheets being ultra-thin and flexible, the aluminium
particles preserved their original flowability. Moreover, the laser ab-
sorptivity of aluminium at the wavelength of the PBF system increased
from 49.6% to 67.3% with the addition of 1 wt% of MXene, thus resulting
in improved printability. Thanks to their high laser absorptivity, MXene
sheets increased the local temperature of the aluminium particles and
hence promoted strong Marangoni convection forces. This caused the
amorphous alumina layer originallu present on the aluminium particles
to break and recrystallise as a-alumina. Meanwhile, the
oxygen-containing functionalities of MXene also reacted with aluminium
atoms to form a-alumina particles. Whilst most of the MXene nanosheets
survived into the printed parts, a minor fraction was dissolved in the
molten aluminium matrix, which promoted the nucleation and growth of
TiC nanorods.

Lastly, AM parts can be treated after printing to receive new func-
tionality through self-assembly of active NPs. In order to obtain free-
standing and binder-free hybrid supercapacitors, Rezaei et al. [70]
printed complicated lattice structures by stereolithography (SLA) using a
commercial resin that can be pyrolised when treated at high temperature
in an oxygen-free atmosphere. With the resin being made of acrylated
monomers and methacrylated oligomers, the surface of the AM parts was
already rich in functional groups. However, the surface availability of
oxygen-containing groups was further increased through oxygen plasma
exposure. Next, MnOy nanoflakes and nanoflowers were deposited on the
plasma-treated surfaces via one-step wet chemical reduction of a man-
ganese salt solution (1.25, 2.5, 5, and 10 mM) in HCI. As a result of the
wet chemical bath deposition (WCBD), the manganese salt was reduced
to manganese oxide, which self-assembled into nanoflakes and ultimately
into complicated hierarchical structures resembling carnation flowers
when the precursor concentration reached 2.5 mM. The samples were
finally treated in an inert environment at 900 °C to induce the pyrolysis
of the resin substrates and, simultaneously, to purify, re-orient, and
recrystallise the MnOy nanostructures. The nanoflake and nanoflower
features changed to tetragonal structures, whose size and distribution
density increased with the concentration of the precursor. For high
concentrations, tiny rod-like nanostructures could also be detected on the
pyrolised substrates. The fine architecture of the carbon-based lattices,
combined with the self-assembled MnOy nanostructures, led to appre-
ciable values of capacitance, charge-discharge rate capability, and
cycling life duration, with the additional advantage of the architectural
tailorability enabled by 3D printing.

3.2. 3D printing-enabled SAMAM
The self-assembly of matter may occur through mechanisms that are

inherent in the AM process itself (for example, the flow-induced shear
stresses existing in MEX). This 3D printing-enabled self-assembly sits

Smart Materials in Manufacturing 1 (2023) 100013

therefore at the intersection between spontaneous SAMAM and field-
assisted self-assembly, meaning that no external fields are required, but
the spatial arrangement of molecules and particles is directed by
printing-induced driving forces, and not by pure thermodynamic factors.

In inkjet printing and aerosol jet printing, composite inks consist of
insoluble fillers, such as micro- and nano-particles, polymers and bio-
molecules, suspended in a liquid carrier (often termed “solvent”). Films
and functional devices are deposited through the ejection of fine ink
droplets from a nozzle (or an array of nozzles) onto a substrate. Upon
evaporation of the solvent, the dispersed particles may spontaneously
self-assemble in a ring-like pattern called “coffee ring”. This happens
when the contact line at the substrate-liquid-air interface becomes pin-
ned. The liquid phase, which preferentially evaporates at the outer rim of
the droplet next to the pinned contact line, is continuously replenished by
other liquid coming from the interior of the droplet. The established
outward flow drags more and more particles and solutes towards the
droplet edges, thus generating the characteristic ring. Whilst evaporation
phenomena are essential for inkjet printing with solvent-based inks, the
evaporation-driven self-assembly of solutes and dispersed NPs can be
manipulated or even suppressed to obtain different drying patterns
through the appropriate choice of the composition and concentration of
the ink, the geometry and size of the particles, the temperature, and the
nature and surface properties of the substrate [71,72]. For example, the
coffee-ring effect has been reported to aid in the high-resolution printing
of microscale conductive lines with strongly aligned CNTs [73].
Conversely, homogenous films characterised by a complete alignment of
CNTs can be produced with highly concentrated suspensions, such that
the CNT concentration consistently remains above the critical threshold
needed for the transition from isotropic suspension to liquid crystal [74].

In MEX, the feedstock, either an ink or a molten thermoplastic-based
system, is forced to flow through a nozzle (namely, it is “extruded” -
hence the name of this AM family). Shear stresses unavoidably give rise
to a preferential orientation of matter along the flow direction. For
example, in FFF polymer chain molecules in the molten state and, if
present, elongated fillers and fibres receive a strong directionality while
flowing through the print nozzle. Though marginally disrupted by die
swelling and spreading effects, this preferential alignment along the print
direction is largely retained in the printed object. This, coupled with the
creation of inter-raster interfaces, explains the difference between lon-
gitudinal and transverse direction observed for most FFF parts when
testing mechanical and functional properties [75,76]. Whilst this direc-
tional arrangement is sometimes regarded negatively as one of the main
causes for the in-plane anisotropy of FFF parts, it can be actually lever-
aged to modulate the mechanical properties of neat polymer parts ac-
cording to specific load configurations, or to produce pathways for
thermal and electrical conductivity in composite parts with a relatively
low filler loading [77].

The flow-induced orientation happening in FFF inspired Gantenbein
et al. [78] to print hierarchical liquid-crystal-polymer structures that
leverage the structural anisotropy of FFF parts to achieve exceptional
mechanical properties. Gantenbein et al. [78] observed that, in the
molten state, the rigid molecular segment of aromatic thermotropic
polyesters self-assemble into ordered nematic domains. If the melt is at
rest, the individual domains are randomly oriented. However, when the
melt is forced to flow through the print nozzle of an FFF printer, the
domains become preferentially aligned in the flow direction. Once the
polymer leaves the nozzle, the flow field ceases, and the printed material
starts to cool down to ambient temperature. A radial temperature
gradient is then established within the printed raster of material. The
skin, whose temperature drops down suddenly, retains the preferential
alignment of the nematic domains. Conversely, the core cools down
slowly and therefore the polymer chains have more time to re-orient
randomly due to thermal motion. The printed raster of material ulti-
mately receives a core-shell structure, in which a highly oriented skin
surrounds a less oriented core. The relative thickness of the skin with
respect to the diameter of the raster can be increased by reducing the
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nozzle diameter and the layer thickness. Decreasing the print tempera-
ture has a similar effect, since the raster cools down more rapidly. The
ability to control the relative thickness of the skin has important conse-
quences on the mechanical behaviour, since the axial tensile stiffness and
strength of the raster increase as the skin becomes comparatively thicker
[78]. Normally, having this ordered structure at the surface of the printed
raster would be a potential disadvantage in FFF, because the reptation
mechanisms (namely, the thermally activated motion of polymer mac-
romolecules through an entangled melt) that are responsible for healing
the inter-raster surface would be hindered by the strong molecular
alignment of the skin, and this would undermine the fusion of neigh-
bouring rasters into a solid part [79,80]. However, the aromatic polyester
in the contribution by Gantenbein et al. [78] can be crosslinked via a
simple thermal annealing. The post condensation reaction between the
end groups of the polymer chains not only increases the average mo-
lecular weight, but also promotes crosslinking between adjacent rasters,
as demonstrated by the exceptional flexural strength of transverse (i.e.,
printed by 90° orientation) layers. Interestingly, the hierarchical struc-
tures described by Gantenbein et al. [78] demonstrate that, as often seen
in biological materials, anisotropy can actually be the key to achieving
parts that combine structural strength, lightweight, and (due to the
absence of fibres and fillers) recyclability.

An elegant example of biomimetic hierarchical architecture obtained
by merging molecular self-assembly and processing-induced forces in
MEX is provided by the osteochondral constructs developed by Rajase-
kharan et al. [81]. The base material is a hexagonally ordered and pol-
ymerisable lyotropic liquid crystal (LLC) gel, where di-acrylate modified,
amphiphilic triblock copolymers self-assemble into cylindrical and hex-
agonally ordered nano micellar fibrils (NMFs) having a high aspect ratio
(diameter, d = 10-100 nm and length, I = 100-10 000 nm). Under normal
processing conditions (e.g., in mould casting), such NMFs are randomly
oriented. Conversely, by applying extrusion shear as it happens in MEX,
NMFs become preferentially aligned with the flow direction. Cross-
linking through the acrylate groups under UV stabilises the acquired
directionality. After demonstrating that the nanoscale can be controlled
upon printing through shear-enabled self-arrangement of matter, Raja-
sekharan et al. [81] modified the initial LLC gel by replacing water with a
calcium phosphate (CaP) precursor. After 3D printing, the modified
constructs were treated with ammonia gas to induce the precipitation of
CaP NPss. The highly oriented NMFs acted as a template for the bio-
mineralisation process and tightly wrapped around the newly formed
CaP particles. In spite of the absence of a chemical interaction at the
interface, the elastic deformation of the NMFs around the particles
originated strong contact points. Under compression, the response
(stiffness and strength) and failure mechanisms at the macroscale were
governed by the interplay of intrinsic features (especially the molecular
weight of the starting BCPs and the alignment of the NMFs at the
nanoscale) and extrinsic features (micro- and macroscopic architecture
dictated by the CAD file for printing). Due to the close resemblance be-
tween the 3D printed hierarchical structures and bone tissue, Rajase-
kharan et al. [81] designed and 3D printed a plug that reproduced the
functional gradient of human osteochondral tissue. The device combined
a compositional gradient, which was achieved by selectively soaking
different areas of the plug in CaP precursor solutions having different
concentrations, and a structural gradient, which was produced by
developing a printing toolpath that mimicked the natural structural
alignment of calcified cartilage and the porosity of subchondral bone.
The plug exhibited a graded compressive stiffness that closely matched
the behaviour of natural osteochondral tissue. The plug may thus be
considered an ideal candidate for replacing conventional synthetic
osteochondral devices, since the functional gradient stimulates a local
stress redistribution similar to natural bone tissue, and the absence of
sharp interfaces avoids delamination between areas having heterogenous
mechanical properties [81].

Due to the shear-induced molecular alignment, the ability to absorb
water of polymers processed by MEX methods is anisotropic, with
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swelling being usually stronger in the transverse direction than in the
longitudinal one. If exposed to water or to environmental moisture,
polymer layers printed under different orientations naturally tend to
swell differently, but they are not free to do so because they are mutually
constrained by the inter-layer bonding. This forces the printed part to
bend and change its shape [4]. This kind of responsiveness, called
hygromorphism, mimics the behaviour of flowers and pinecones that are
able to open up as a result of water uptake. The shape change can be
programmed through the stacking sequence (namely, through the rela-
tive orientation of subsequent layers) and the part's geometry. Interest-
ingly, the anisotropy associated with the shear-induced molecular
alignment ultimately promotes a complex actuation ability, even if the
base polymer per se is not a smart material. The shape responsiveness may
be strengthened by introducing fillers, like natural fibres, which are
anisotropic and sensitive to moisture [82].

Shear-induced alignment is spontaneous in most MEX technologies
owing to the laminar flow of fluid that is naturally established while
printing through the nozzle. However, shear-induced patterning can also
be promoted in VPP thanks to the implementation of a sliding or rotating
resin vat. For example, in the contribution by Yunus et al. [83], a linear
harmonic oscillator mechanism (i.e., a linear slide connected to a cam
which is driven by a stepper motor) acts on the resin tank to generate
oscillatory Couette flow.

In the research by Trujillo-De Santiago et al. [84] the laminar flow
between two eccentric counter-rotating cylinders is programmed to
generate “chaotic printing”. As illustrated in Fig. 4, the printing rig,
which is the miniaturisation of an eccentric “journal bearing” flow set-up
[85], consists of a cylindrical reservoir (the external cylinder) filled with
a viscous polymer resin, and an eccentric shaft (the internal cylinder). A
drop of printing ink (which can be a pregel drop, a suspension of fluo-
rescent particles, NPs, or cells) is injected into the resin, and mixed with it
by the relative motion of the reservoir and the shaft. The external cyl-
inder is rotated counter-clockwise by a certain angle, then the system is
paused for a moment, and finally the internal shaft is rotated clockwise
by a certain angle. Applying a low rotation speed for mixing enables the
development of laminar flow, and the protocol can be repeated for a
number of cycles. As the ink drop is drawn by the laminar flow and mixed
into the resin bath, the interface between the ink and the viscous fluid
increases and generates a highly convoluted structure, which can ulti-
mately be locked in place by curing or crosslinking. Interestingly, each
pattern is unique, because it generates from the chaotic mixing of the two
liquids. Nonetheless, this is a controllable chaos, since the length of the
stretched ink drop can be precisely predicted as a function of the rotation
protocol and the properties of the liquids. In this case, SAMAM leads to a
programmable printing of chaos.

Processing-induced self-assembly of matter has also been reported to
occur in metal-based PBF. According to Wang et al. [86], metals in laser
PBF (i.e., selective laser melting, SLM) experience an unusual thermal
history, which is radically different from conventional processing. Metal
particles are rapidly heated and melted, and then quenched down with a
high thermal gradient. This first thermal input is followed by cyclic
heating-cooling during the deposition of additional layers. The
non-equilibrium conditions associated with the interaction between the
metal and the incident beam produce tension-compression cycles in the
solidified part, which are responsible for the nucleation and
self-assembly of dislocations. Driven by these periodical stresses, dislo-
cations glide back and forth, which annihilates unstable dislocation di-
poles and promotes the establishment of Lomer locks (a.k.a.
Lomer-Cottrell junctions [87]). Since Lomer locks are sessile and
immobile in the slip plane, they act as a barrier preventing other dislo-
cations from moving in the plane. The self-organisation of dislocations
into an inter-pinned configuration provides metal parts produced by laser
PBF with exceptional mechanical properties and overcomes the
strength-ductility trade-off generally encountered with conventional
processing methods. Moreover, the dislocation pattern can be manipu-
lated in situ through the printing parameters, thus enabling the
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Fig. 4. In the experiment conducted by Trujillo-De Santiago et al. [84], a drop of ink is injected into a viscous resin bath. Then, the reservoir (external cylinder) is
rotated counter-clockwise by a certain angle o, the system is briefly paused, and finally the eccentric shaft (internal cylinder) is rotated clockwise by a certain angle .
The ink is progressively drawn by the laminar flow and mixed into the resin to create a highly convoluted pattern.

achievement of self-strengthened parts in the as-built state, without any
additional post processing (process intensification) [88].

3.3. Field-assisted SAMAM

In order to locally govern the microstructure of composite systems,
AM can be coupled with external fields (for example, magnetic, electric,
or acoustic fields) that affect the local concentration, distribution and
(mostly for elongated or flat particles) the orientation of the filler in the
matrix [30]. Whilst the action of external fields is an established means of
inducing the directional assembly of fillers in conventional polymer
processing [89], the combination of external fields and AM is a new
concept, presently referred to as “field-assisted” or “field-aided” AM
(FAAM).

3.3.1. Magnetic FAAM

For magnetic FAAM to be effective, the filler must be magnetically
active. In this regard, particles can be entirely made of a magnetically
active material; otherwise, thanks to magnetic labelling techniques,
magnetically active NPs can also be clustered on the surface of larger
nonmagnetic substrate particles.

Materials can exhibit different kinds of magnetic activity. Diamag-
netic materials are repelled, though very weakly, by magnetic fields. The
effect is transitory, as it just persists as long as an external magnetic field
is applied. For example, water is a diamagnetic material [90]. Para-
magnetic materials like aluminium and platinum become magnetised if
subject to a magnetic field, but their magnetism disappears when the
field is removed. In paramagnetic materials, atoms, molecules, or ions
possess a magnetic dipole moment, but in absence of an external mag-
netic field the dipole moments are oriented randomly and therefore there
is not net magnetisation at the macroscale [91,92]. In ferromagnetic
materials, as a consequence of long-range ordering, magnetic dipole
moments are aligned within regions called domains. Each domain gen-
erates a relatively strong magnetic field, but domains are randomly ori-
ented and therefore the net magnetisation at the macroscale is zero.
However, even a relatively small external field is sufficient to line up the
magnetic domains, and the material is then said to be “magnetised”. Due
to a phenomenon called “hysteresis”, ferromagnetic materials can retain
to some extent their magnetisation once the driving field has been
removed [91,92]. Besides iron, cobalt, and nickel, also many spinels (e.g.,
cubic magnetite, Fe;O3-FeO) are ferromagnetic materials [92]. If a
magnetised ferromagnetic material is able to retain most of its magnet-
isation at zero driving field, the material becomes a permanent magnet.
Good examples of permanent magnets with a strong residual magnet-
isation are ternary compounds in the NdFeB family (“neodymium mag-
nets” [93]).

For a given material, magnetic properties are size-dependent, as
demonstrated, for example, by ZnO. Whilst ZnO is a nonmagnetic oxide,
ZnO NPs can be in the ferromagnetic state due to “defect-induced
magnetism” (DIM) as a result of the exchange interactions occurring
between surface defects such as Zn vacancies. Whilst these interactions
are negligible in bulk materials, they are amplified by the huge specific
surface area of NPs [94]. When ferromagnetic NPs are extremely small
and their diameter is below 3-50 nm (depending on the material), each
NP can be assumed to behave like a single magnetic domain. Due to the
effect of temperature, the magnetisation of these single-domain NPs can
flip randomly, with the average time between two flips being called “Néel
relaxation time”. In absence of an external field, if the time required for
measuring the magnetisation of the NPs largely exceeds the Néel relax-
ation time, on average the net magnetisation appears to be zero. This
behaviour is known as super-paramagnetism [95]. Temperature is also
very important. If heated above the Curie point (a.k.a. Curie tempera-
ture), a ferromagnetic material loses its properties and becomes para-
magnetic. This happens because the energy associated with thermal
vibration becomes sufficient to overcome the internal forces that, at low
temperature, keep the magnetic structure ordered within the individual
domains [92].

Magnetic FAAM with paramagnetic fillers or with diamagnetic fillers
decorated with paramagnetic NPs is the preferred choice whenever the
driving magnetic field serves to achieve a complicated structural pattern
while printing, but magnetic activity is not necessary for the final use. For
example, Kokkinis et al. [96] fabricated objects with exquisite micro-
structures using alumina platelets decorated with super-paramagnetic
iron oxide (magnetite) NPs as the magnetically responsive filler. Based
on previous research, the size of the decorated alumina platelets was
accurately chosen in order to minimise the time required for rotating
under the magnetic field, while reducing the detrimental effect of ther-
mal energy (that causes randomisation) and force of gravity (that causes
precipitation). The ultra-high magnetic response (UHMR) corresponded
to an average diameter of 5 pm [97]. The sophisticated experimental
set-up comprised a multi-nozzle DIW printer, a rotating magnetic field
generator and a mask-assisted photocuring unit. For each layer of the
structure, the outer perimeter was printed with a viscoelastic structural
ink to define the contour of the 3D geometry. The interior was filled with
the alumina-functionalised composite ink, whose rheological behaviour
was controlled through the addition of fumed silica. A magnetic rotating
field was first applied to align the platelets in one specific direction, and
the obtained pattern was consolidated in selected areas through
mask-assisted photocuring. The magnetic alignment was then changed
and locally consolidated again. The patterning/photocuring workflow
was repeated until completion of the desired microstructure for that
layer. Compositional gradients, if required, were introduced by changing
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the filler loading in a static mixer just prior to extruding through the DIW
nozzle, and additional geometric complexity was enabled by sacrificial
support materials. Kokkinis et al. [96] also observed that, in composite
layers with ordered alumina platelets, swelling of the polymer matrix ina
liquid medium preferentially occurred in the direction normal to the
platelets. As a proof of concept, this anisotropic absorption of liquids was
harnessed to produce a controlled bending of the matching surfaces of a
3D printed smart key-lock connector.

In the contribution by Martin et al. [98], magnetic FAAM of
diamagnetic particles decorated with magnetically active NPs was also
demonstrated with digital light processing (DLP) photopolymerisation.
Conceptually, the workflow was similar, since printing each layer
required repeating the patterning/photocuring steps area by area. First,
the decorated filler was lined up under the external magnetic field, and
the resin bath was locally photocured in those voxels that should retain
that specific orientation. Then, the magnetic field was shifted to change
the filler alignment, and the areas corresponding to the new orientation
were crosslinked to fix that orientation. After photocuring all areas in a
single layer, DLP printing proceeded with the addition of the subsequent
layer. However, unlike the procedure developed by Kokkinis et al. [96],
the magnetic-assisted DLP system proposed by Martin et al. [98] did not
require printing a structural material to define the part's contour. A
simple composite resin containing magnetically-decorated platelets
enabled the design of complicated hierarchical structures mimicking the
different reinforcement distribution observed in natural heterogenous
materials including the nacre-like shells of abalones, the dactyl club of
the peacock mantis shrimp, and the concentric arrangement of plywood
structures in mammalian cortical bone. Patterning isolated regions hav-
ing a contrasting orientation to the surrounding material made it possible
to control and steer the crack propagation in the printed parts, with
cracks being turned away by islands having 0° orientation in a 90°-ori-
ented material, and being attracted towards islands having 90° orienta-
tion in a 0°-oriented material.

Conversely, ferromagnetic fillers, in addition to their patterning
capability, can provide the printed part with a certain degree of perma-
nent magnetisation, which can be leveraged for liquid-free magnetic-
actuated 4D printing. For example, Nakamoto and Marukado [99]
combined an SLA printer with an array of five electromagnets (one ver-
tical and four horizontal) that generated a tunable magnetic field on the
resin vat. Ferromagnetic fibres were dispersed in a commercial photoc-
urable resin, and then progressively lined up while printing layer by
layer. Once finished, the printed part was magnetised by applying a
driving field parallel to the fibres’ axis. In this way, the residual magnetic
flux density in the direction of the aligned fibres was maximised, and the
part could be easily actuated by a permanent magnet, and induced to
bend remotely without physical contact. Moreover, the shape change was
triggered without swelling the structure in a liquid, as commonly
observed in 4D printed hygromorphs.

The morphing ability is emphasised when ferromagnetic fillers are
dispersed in a soft and flexible polymer matrix, as demonstrated by the
complicated smart structures programmed by Kim et al. [100]. Magnet-
isable microparticles of neodymium alloy as the active filler and fumed
silica NPs as the rheological modifier were embedded in a silicone rubber
matrix to obtain an ink printable by DIW. The neodymium alloy filler was
magnetised, and then oriented upon printing by means of a controllable
magnetic field coupled with the print nozzle. With the guidance of finite
element simulations, planar shapes with extremely complicated patterns
of differently oriented ferromagnetic domains were printed, and then
magnetically actuated to obtain artistic 3D geometries and auxetic met-
astructures. The flexible polymer matrix was key to enabling fast and
fully reversible folding and unfolding under remote magnetic actuation.
More complicated 3D parts were also printed with the aid of a washable
support material. Curiously, the 3D auxetic structure was so responsive as
to “jump” after a sudden reversal of the applied magnetic field, thus
generating a leap forwards of 120 mm on the horizontal plane within 0.7
S.
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Although magnetic FAAM is theoretically feasible with all techniques
capable of printing a composite material with a liquid matrix, magnetic
patterning is most frequently combined with VPP, owing to the relatively
straightforward reorientation of the filler in the resin bath, which is then
retained through the curing stage [30]. However, a potential drawback
may come from the interference between the filler and the incident light,
as the particles may cause shadowing or scattering effects, thus pre-
venting the resin from curing completely, reducing the beam penetration
depth and impairing the print resolution [101].

3.3.2. Electric FAAM

Electric fields are at the core of an emerging area of additive nano-
manufacturing known as electrohydrodynamic (EHD) printing. A
voltage is applied between a nozzle (also serving as electrode) and a
collector (also working as counter-electrode) to induce the ejection of ink
either in the form of a continuous fibre (electrospinning [102,103]) or in
the form of individual sub-micrometre droplets (electrohydrodynamic
inkjet (e-jet) printing [104,105]). Fibres and droplets can then be
assembled into more complicated 3D structures [106,107].

In addition to electrohydrodynamic printing, electric fields, much as
magnetic fields, can be combined with other AM technologies in order to
produce a programmed reinforcement orientation. In electric FAAM the
filler's particles must be sensitive to an electric field. Particles can be
either conductive, in which case they experience charge separation, or
dielectric, in which case they become polarised [108]. Electric fields can
stimulate different patterning mechanisms, for example by changing the
charged state of electrically active NPs, promoting electrostatic in-
teractions, or triggering thermal effects [25]. As a result, fillers in electric
FAAM can thus receive a preferential orientation to affect a controlled
anisotropic response to mechanical loads or, more often, to generate a
percolation pathway for thermal and electrical conduction [108,109].
After electrical stimulation, if the filler concentration is high enough,
smaller particles can be aligned to form larger pseudo-fibres that are
lined up with the direction of the electric field [108].

As already seen for magnetic fields, VPP dominates in the literature
regarding electric FAAM, owing to the relatively fast filler's motion in the
low-viscosity resin. For example, Holmes and Riddick estimated that the
resin's viscosity should be lower than 1000 cP for alignment to take place
in seconds when aluminium particles having an aspect ratio close to 1
and a diameter in the 20-50 pm range are to be actioned [108]. The
rheological properties of the resin should be adjusted to compensate for
the thickening effect of adding a filler. Moreover, the presence of the
filler may prevent the resin from curing completely due to the undesired
interactions with the incident light. An additional complication in elec-
tric FAAM comes from the formulation of the matrix, because the resin
must be non-conductive in its pre-cured state. Whilst the greatest part of
liquid monomers are not conductive, photoinitiators typically are. Since
a relatively high concentration of initiator may be required to outbalance
the impairing effect of the filler on curing, the mixture of the initiator and
the monomer may ultimately become conductive. For this reason,
custom-made resins may be needed for successful electric FAAM [108].

A special instance of electric FAAM is represented by MEX (especially
FFF) printing under an electric field applied between the nozzle and the
base platform to induce the poling of polyvinylidene fluoride (PVDF)
macromolecules. In this case, the action of the electric field is exerted
directly on the polymer chains, and not on the filler. The basic goal of
poling is to favour the development of the (thermodynamically unfav-
ourable) B phase possessing important piezoelectric properties and orient
it [110]. The poling effect and consequent piezoelectric properties can be
emphasised by the addition of fillers [111].

3.3.3. Acoustic FAAM

Unlike magnetic and electric fields, acoustic fields do not require any
specific properties for the filler to be responsive. In other terms, acoustic
forces are “material agnostic”, meaning that, in principle, they can be
applied to any materials, although the specific effects produced by
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acoustic forces do depend on the proprieties of the filler (speed of sound,
acoustic damping, etc.). Acoustic FAAM is particularly advantageous for
bioprinting and other biomedical applications, since it avoids the po-
tential toxicity of magnetic materials and the generation of heat associ-
ated with electric fields due to Joule heating, which may have
detrimental effects on cell viability [112,113]. Meanwhile, acoustic fields
enable a close control over the filler distribution, with the main effect
being the migration (“acoustophoresis™) of the reinforcement to selected
areas of the printed part corresponding to the nodal or antinodal regions
of the wavefield [4,30]. The resulting pattern can be coordinated through
the properties of the constituent phases, most notably through the
“acoustic contrast factor”, which expresses the relationship between the
density and the compressibility (namely, the speed of the sound) of the
fluid and the filler. The sign of the acoustic contrast factor is very
important, as it dictates where the particles will converge. If the acoustic
contrast factor is positive, the solid particles will migrate towards the
pressure nodes (displacement antinodes); conversely, if the acoustic
contrast factor is negative, the particles will migrate towards the pressure
antinodes (displacement nodes) [114].

The accuracy of patterning depends on the applied wavelength and
the average particle size. Typically, bulk acoustic waves (BAWs) have a
relatively low frequency below 10 MHz, as opposed to surface acoustic
waves (SAWs) that oscillate at a frequency in the range of tens to hun-
dreds of megahertz [4]. Acoustic waves at higher frequency have a
shorter wavelength, which is required for attaining tight spatial resolu-
tion [115]. Meanwhile, the acoustic radiation force, which is responsible
for turning the particles away from the acoustic source, is proportional to
the particles' volume [116]. This relationship between driving force and
particle size, together with the stronger Brownian motion (in this regard,
it is worth mentioning that particles larger than 1 pm do not experience a
significant Brownian motion [117]), makes smaller particles more diffi-
cult to direct.

It has been argued that, in spite of being capable of a precise distri-
bution of the solid phase, acoustic waves are less appropriate for rotating
and aligning the filler's particles [30]. For elongated fibre-like particles,
the filler's response depends on the ratio between fibre length and
applied wavelength. For example, Yamabhira et al. [118] mathematically
and experimentally proved that polystyrene fibres dispersed in an
aqueous sugar solution are pinned at the pressure node and oriented
normal to the direction of wave propagation if they are shorter than
one-fourth of the wavelength. Conversely, fibres ranging from one-fourth
to one-half of the wavelength can be either parallel to the direction of
wave propagation at the pressure loop, or perpendicular to the direction
of wave propagation at the pressure node depending on their initial po-
sitions and directions. In VPP, if two acoustic tweezers are mounted
normal to each other by the sides of the resin tank, the orientation of the
fibres can thus be changed mid-print, such that orthogonally aligned
layers can be sequentially stacked in the printed part [119]. Spherical
particles can also be brought to spin under the action of two standing
acoustic waves arranged perpendicularly [120].

Quite often, acoustic FAAM is applied to bulk volumes of liquid resin,
mainly in VPP. Nonetheless, the effectiveness of acoustic FAAM has also
been demonstrated in DIW. Printing through an “acoustic nozzle” allows
the shear-flow induced alignment of the filler to be combined with multi-
node acoustic focusing, whereby particles converge to acoustically
focused lines [121].

Owing to the low attenuation of acoustic (especially ultrasound)
waves in liquid media, acoustic fields are effective over a wide range of
resins, regardless of their viscosity. Nonetheless, the drag force that op-
poses the particles travelling under the action of the wavefield is linearly
proportional to the dynamic viscosity of the fluid, which may hamper the
migration through highly viscous liquids [122].

4. Discussion

Demoly and André [123] recently discussed the thought-provoking
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question: “Is order creation through disorder in additive manufacturing
possible?*. The contribution by Demoly and André [123] investigates
whether it is interesting (and reasonably feasible) to exploit available
knowledge in spontaneous self-assembly of matter in order to create an
object of desired shape, as opposed to AM meant as the “determinist
principle of spatially localized material transformation”. According to the
authors, the reproducible fabrication of macroscale objects merely
through spontaneous self-organisation of matter still appears to be un-
feasible, “as we are dealing with an insufficient mastery of systems” and
“we find [that] the dream of having the universal assembler that could
make any object (or organism) from atoms/molecules/voxels taken from
the environment” is presently unattainable [123]. However, according to
Demoly and André [123], the morphogenetic approach to programmable
matter can already be successfully combined with AM, since
self-assembly of matter can be locally induced for the realisation of voxels
(namely, of transformed elementary volumes) that are the building
blocks for AM. In other words, whereas replacing AM with self-assembly
of matter for the fabrication of real-life objects is still a visionary goal,
merging top-down and bottom-up approaches through SAMAM is a
reality.

The perspective article published in 2011 by Crane et al. [8] already
delineated some key challenges in SAMAM that are still current. Firstly,
the likelihood that a successful bond is spontaneously established be-
tween the building blocks in self-assembly becomes very low when
multiple elements have to be combined simultaneously. Likely, this is the
reason why SAMAM is mainly limited to mono-material systems, or to
multi-material systems in which only one type of building block is
actually involved in self-assembly. Secondly, when self-assembly occurs
at the nano- and micro-scale, a major obstacle comes for the extremely
low yield for the fabrication of large assemblies. This issue is most clearly
seen when the AM process itself is completed through the self-assembly
of individual molecules or NPs (namely, when SAMAM verges on pure
self-assembly of real-life devices) as reported, for example, by Tan et al.
[60], by Domenech et al. [59] and by Hamoudi et al. [46]. This is why
nanoscale functional particles like graphene oxide and MXenes are
preferentially decorated on the surface of larger particles that are used as
the real building blocks (feedstock) for the AM of macroscale structures
[66-68].

Another point to consider is that, in self-assembled functional devices
(for example, a hypothetical thermoelectric device in the contribution by
Crane et al. [8]), errors in the assembly process can undermine the per-
formance of the assembled system as a whole. Provided that the
misplacement of an individual molecule or particle does not trigger a
domino effect leading to major printing faults, the correct positioning of
each nano- or micro-scale building block seems less critical in SAMAM
than it is in purely self-assembled functional components. However,
partitioning the assembly into smaller sub-assemblies may help mitigate
the impact of assembly errors on the part's performance, in addition to
increasing the fabrication yield. The action of external fields may also be
leveraged to guide and speed up the migration of matter, driving the
building blocks or the functional fillers to the right location within the
AM part and increasing the assembly rate.

Crane et al. [8] also identified the difficulty of designing a
self-assembly system to reproduce an arbitrary geometry as a possible
impediment to SAMAM. This may likely depend on the AM method and
the self-assembly mechanism in play. For example, in the contribution by
Domenech et al. [59], free-standing millimetre-sized columns were suc-
cessfully obtained through the direct-write colloidal assembly of indi-
vidual NPs. However, this required a very fine adjustment of the printing
set-up, as the substrate had to be moved downward at a rate perfectly
corresponding to the vertical growth rate of the self-assembled needle--
like part. As such, the achievement of more complicated, non-columnar
geometries or larger scale objects may represent a challenge.
Conversely, the design of granular bioinks with reversible interfacial NP
self-assembly in the research by Ataie et al. [62] was the turnkey to
enabling the bioprinting of scaffolds with interconnected microporosity
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Fig. 5. A Bouligand structure features a layered hierarchical architecture in which reinforcing fibres are rotated by a certain angle, «°, layer by layer. Field-assisted
additive manufacturing (FAAM) can mimic Bouligand structures if the applied field is progressively rotated upon printing the individual layers.

and high printing accuracy, which otherwise would be unfeasible with
standard bioinks. Coherently with the arguments presented by Demoly
and André [123], the geometric feasibility likely becomes more limited
as SAMAM approaches pure self-assembly of macroscale objects. Inter-
estingly, in this regard Elder et al. [4] reasoned that the geometric
complexity of AM parts, if aided by nano-patterning, is actually funda-
mental for achieving hierarchical multiscale constructs mimicking those
observed in nature. For example, the tightly controlled porosity of AM
lattices can be programmed to reproduce the spongy structure of
trabecular bone, but this would be impossible with conventional fabri-
cation methods [124]. Likewise, AM can fabricate articulated modular
constructs in a single step, thus avoiding the need for joining the indi-
vidual components after producing them, which often poses cumbersome
design constraints in traditional technologies [125]. Self-assembly adds
the exquisite features of nanoscale-patterning to this macroscale geo-
metric complexity.

Research in SAMAM predominantly concentrates on polymer-based
systems, whilst the contributions targeting metal-based AM are still
extremely rare. This discrepancy has historical reasons, since polymer-
based SAMAM may tap into the extensive knowledge garnered in the
past in regard to the self-assembly of polymers, including the develop-
ment of supramolecular polymers and the manipulation of covalent
crosslinking. Moreover, there appear to be technical motivations for this
gap, since the extremely turbulent conditions occurring locally in most
metal-based AM procedures are not suitable for accommodating and
retaining the self-assembly of matter.

Preliminary research has demonstrated that the printing parameters
in metal-based AM can be finely tuned to govern the spatial distribution
of nanostructural features such as dislocations [88]. Nanofillers can be
added ex situ or grown in situ to promote grain refinement while printing
[126]. Similarly, FAAM has been successfully implemented to modify the
grain morphology, refine the grain size and displace potential entrapped
gas bubbles in neat metal and alloy parts [127-130]. However, much
attention has been paid so far to field-assisted directed energy deposition
(DED), whilst the integration of external fields with powder bed fusion
technologies still remains very challenging because the closed build
chamber drastically limits the room available for installing supplemen-
tary equipment [112].

Otherwise, self-assembly can help produce composite powders for
metal-based AM. The self-assembly of nanofillers on the surface of larger
metal particles mitigates the agglomeration issues that are commonly
encountered with conventional hybrid methods for producing metal-
based nanocomposite powders, such as high energy ball milling. More-
over, loose NPs may easily become airborne. Their prior adhesion to
larger particles acting as carrier may thus help prevent process in-
stabilities [131]. Besides introducing new functionality, uniformly
dispersed nanofillers can selectively promote nucleation events, stimu-
late the columnar-to-equiaxed structure transition and favour grain
refinement [22,24,67,68]. NPs have also been reported to mitigate the

Patterning effect at
the microscale
Patterning effect at = = - - — In-plane
—_ T —_—— T - orientation
the macroscale - . — =
51| A== T 7
g — [ 17
3 | | —
< l
H = B | | [ [ | |
5 [ |
(G} | | I
l l l ! l | Out-of-plane
| [ I orientation
| | i |
LR

Fig. 6. Field-assisted additive manufacturing (FAAM) can produce parts that
feature a preferential alignment of the filler parallel to the growth direction.
However, fillers are patterned and fixed in place within individual layers, and
therefore they cannot bridge the layer interface.

formation of keyhole pores in laser-based metal AM [132].

According to the broad definition of self-assembly as the “sponta-
neous arrangement of matter to create an ordered pattern”, a wide range
of opportunities for SAMAM with metal AM may open up through the
design of new alloys and multi-elemental systems. For example, eutectic
high entropy alloys combine the exceptional ductility and resistance to
hot cracking of high entropy alloys (HEAs) with the ability to quickly
solidify upon cooling and naturally generate a periodic lamellar structure
in which the inter-lamellar spacing can be programmed through the
temperature profile [133].

As compared to metal 3D printing, polymer-based AM is more flex-
ible, and offers a spectrum of opportunities for SAMAM beyond the
formulation of new self-assembly-assisted feedstock materials. For
example, VPP techniques are ideal for supporting self-organisation
(directed assembly) through the straightforward transport of matter in
a liquid medium under the action of external fields. In MEX, shear forces
naturally produce a preferential orientation along the flow direction,
which can be leveraged to control the alignment of polymer chains and
fillers. Although often regarded as a disadvantage because of its aniso-
tropic effects [134,135], this directionality reproduces natural constructs
like brick-and-mortar nacre and thus discloses new functionality like
exceptional toughness through crack deflection [136,137].

Among all MEX methods, DIW has received special attention in the
literature. On the one hand, DIW, a. k.a. “micro-extrusion”, is capable of
working at the sub-millimetre scale, and hence naturally lends itself to
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Fig. 7. In a simplifies demonstration of surface patchiness, surface areas of the same NP possess different functionality (i.e., functionality “A” and functionality “B”).
NPs can thus self-assemble in different structures if dissimilar areas attract mutually (this is the case, for example, of surface areas having different electrostatic
charges) or if similar areas attract mutually (this is the case, instead, of surface areas having hydrophobic and hydrophilic behaviour).

micro-structuring [138]. On the other hand, DIW is extremely versatile,
such that it has been ranked as the most flexible AM technique, being
able to process the broadest range of materials. This makes DIW the ideal
testbed for experimenting with new feedstock materials [139].
Meanwhile, there is an urgent need for improving already existing
materials for DIW, especially for producing soft and flexible structures,

Conventional composites

Self-assembled composites

which are in demand for soft robotics [140] and tissue engineering
scaffolds [141]. In order to avoid sagging, the printed structure must be
rapidly solidified. For example, thermally sensitive materials can be
heated upon printing and then rapidly cooled down after printing in
order to trigger their re-solidification. Otherwise, ion-reactive hydrogels
can be exposed to ionic solutions, and photocurable resins can be

Fig. 8. Schematic representation of the percolation
threshold for electrical conductivity in polymer-
matrix composites. The volume fraction of filler

(" —_— A (o — — ) required to establish a conductive path is higher in
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/ \/ A side) than in self-assembled ones (shown on the
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example, of shear stresses (top right), or arranged in a
segregated network (bottom right). In this example of
segregated network, the filler is segregated in the
continuous phase of a sea-island immiscible blend of
polymers.

Shear-induced alignment

7/

-

)
/

\

/)

13

Segregated network



A. Sola et al.

Smart Materials in Manufacturing 1 (2023) 100013

Sustainability

No functional
trade-offs

T~

&y
I

Process

New printable asta 4\[ Opportunities ],_.
\ 4

NI

Ve

materials —2=a%

@

intensification

SAMAM ]

0

Limitations

Few results ,— / l

=

about metals(\
(S

<

L

(S Few results about
ceramics

Fig. 9. Graphical outline of the main opportunities and limitations related to SAMAM.

crosslinked under UV light exposure. However, this approach narrows
down the selection of available materials for printing, and also limits the
geometric freedom due to the absence of supporting structures. As an
alternative, soft structures can be printed in a supporting bath. However,
the interface between extruded material and supporting bath may be
weak, thus compromising the structural integrity of the construct. Quite
often, the post-printing removal from the supporting bath is unpractical.
This explains the attention being paid in the literature to the formulation
of new printable soft inks [65].

In future, it would be interesting to understand if the numerous re-
sults reported on SAMAM with DIW can be somehow translated to other
MEX techniques. For example, the standard diameter of the print nozzle
in FFF is 400 pm. Even if smaller nozzles have been implemented for
research purposes, it is currently impossible to target any features smaller
than 150-180 pm through hardware-based solutions [142]. As such, a
material-based approach to nano- and micro-structuring can be the
game-changer for extending the capability of this technology.

If SAMAM is achieved through the spontaneous self-assembly of
feedstock materials and through forces inherent in AM, the self-assembly
of matter and the part's build-up are coupled. Conversely, FAAM makes it
possible to separate the printing process and the microstructural design.
In principle, this would endow materials developers with more freedom
in controlling the spatial composition of the system and the selective
distribution of the filler, and would also ensure that the printing process
is not hampered by the presence and self-organisation of the new
microstructure [119,143]. Kokkinis et al. [96] defined the FAAM of
multi-material (composite) materials as a multi-dimensional design
space, where the ability to locally determine the composition (+1D) and
to independently vary the filler distribution and alignment (+1D) add on
two extra dimensions to the 3D space of AM geometries.

On the other hand, one of the main limitations with FAAM is that, due
to the layer-wise build-up of 3D parts, manipulating the orientation of the
filler's particles within individual layers in the X-Y plane is relatively
simple, but triggering the self-organisation along the third direction is
still technically challenging [25,30,32]. The build platform can be
rotated by 90° upon printing each new layer. This induces the filler's
particles to group along straight lines with a 0°/90° alternating stacking
sequence, and the obtained printed part can be regarded as an
interpenetrating-phase composite (IPC) even if, strictly speaking, the
reinforcement is not continuous. This ultimately results in a so-called
“discontinuous IPC” [122]. The orientation of the reinforcement can
also be changed layer-by-layer by a smaller angle [144], thus mimicking
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the hierarchical 3D architecture of Bouligand structures most often seen
in crack-resistant biological materials [145,146], which is illustrated in
Fig. 5. Nonetheless, the fibres still lay down flat within each single layer.

Tests have been conducted to encourage an out-of-plane through-
thickness orientation in VPP thanks to electrical fields acting parallel to
the growth direction. To this aim, the build platform itself works as
electrode, and aligns the filler's particles vertically within selected areas
of each layer. The coordinated repetition of the process layer-upon-layer
results in through-thickness alignment at the macroscale [108]. Simi-
larly, elongated fillers can be oriented out-of-plane (i.e., parallel to the
growth direction) in magnetic FAAM, in order to produce 3D islands
having a different orientation with respect to the surrounding material
[98]. Nonetheless, despite fillers being oriented parallel to the growth
direction, they remain confined within the individual layers, and there-
fore they are unable to provide structural continuity across the layer
interface, as explained in Fig. 6.

Remediating the relatively weak interlayer bonding, which is often
acknowledged as the main cause of the structural deficiency along the
growth direction, represents a major challenge in order to enable the safe
adoption of AM parts in load bearing applications. This justifies the
increasing attention being dedicated in the literature to new printable
materials that provide an efficient inter-layer healing, such as the
crosslinking polymers proposed by Gantenbein et al. [78]. New fabrica-
tion protocols are also emerging, such as the combination of AM and
freeze-drying developed by Zhang et al. [147]. In this case,
multi-material structures consisting of a water-based graphene oxide ink
as the structural material and neat water as the support material are 3D
printed by DOD on a cold sink at —25 °C. Every time a new layer is added
on top of the previous one, the frozen surface largely remelts. The new
material mixes with the previous one, and quickly solidifies under the
extremely low temperature of the substrate. In this way, the layer-layer
interface disappears. After printing, the object is immersed in liquid ni-
trogen, freeze dried to remove the water, and thermally annealed to
reduced graphene oxide. During the freeze-casting step in liquid nitro-
gen, the graphene oxide sheets are pushed back and concentrated at the
ice crystal boundaries, where they orderly stack through n-n interaction.
Since ice crystals grow across the whole architecture, grouping and
cross-linking of graphene oxide sheets occur within layers and between
layers, thus greatly contributing to structural continuity.

According to Whitesides and Grzybowski [9], self-assembly can be
either static or dynamic. In static self-assembly, systems spontaneously
evolve to reach and then stay at global or local equilibrium. As such, the
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Table 2
Examples of experimental research in SAMAM through local interaction mechanisms (listed according to the in-text reference number as shown in the last column).
Technique Material Printed objects Outcomes Applications Reference No.
Selective laser melting (3-aminopropyl) triethoxysilane Millimetre-scale Increased tensile strength Extending the Fan et al., [22]
(APTES)-modified AlSi10Mg specimens and Vickers hardness from capability of metal AM [2021]
microparticles electrostatically grain refinement, grain
decorated with boundary strengthening, and
tetramethylammonium hydroxide dispersion strengthening
(TMAH) modified TiC nanoparticles
Selective laser melting Aluminium alloy (7075, 6061) Macroscale testing Increased tensile strength Extending the Martin et al., [24]
micro-particles electrostatically specimens from equiaxed and refined capability of metal AM [2017]

Material extrusion
(injection through
contact angle nozzle)

Direct ink writing

Material extrusion
through microfluidic
device

Injection-based liquid-in-
liquid printing
combined with UV
curing

Stereolithography
(prospective)

Material extrusion
combined with UV
curing + drying and
sintering

Direct ink writing
combined with UV
curing + thermal
crosslinking + pyrolysis

Direct ink writing +
thermal crosslinking

Direct ink writing (direct-
write colloidal
assembly)

Piezoelectric drop-on-
demand

Material extrusion
(syringe) bioprinting

Material extrusion (direct
writing)

Selective laser melting

Metal AM (prospective)

Laser-based powder bed
fusion

decorated with hydrogen-stabilised
zirconium

Dithiol molecules self-assembled
into monolayers with metal ions
working as mediators for inter-layer
bonding

Low molecular weight gels
(supramolecular polymers)

Ketone homopolymer self-
assembled into nano- and micro-gels
and fibres through covalent
crosslinking

Water solution containing
amphiphilic molecules (surfactant),
pre-polymer and photoinitiator,
injected into polar oil medium
Methacrylate photocurable resin +
block copolymers

Bioactive glass sol + acryloylated
triblock copolymer + photo-
initiator

Polymer ceramic precursor + block
copolymers

Colloidal suspension of Fe304 NPs,
surface treated with oleic acid,
dispersed in toluene and crosslinked
post-printing

Colloidal suspensions of
monodispersed polystyrene
nanoparticles (also, silica
nanoparticles and gold
nanocrystals)

Colloidal suspension of gold
nanoparticles in toluene

Gelatin methacryloyl (gelMA)
droplets dynamically bridged by
charged silicate nanoplatelets

Laponite (nanoclay)-hydrogel
composite suspensions

Graphene oxide electrostatically
attracted onto AlSi10Mg spherical
microparticles through hetero-
agglomeration process

Ti3CoTx MXene electrostatically
adsorbed onto aluminium micro-
flakes

TizCoTx MXene electrostatically
attracted onto aluminium spherical
microparticles

Nanosheets and rods

Comb-like parts bi-
layered scaffolds
Basic porous
geometries

Soft helicoid
structures, planar
constructs, 3-layered
scaffolds

No printing

Millimetre-scale
lattices

Ceramic scaffolds
with hierarchical
porosity

Needle-like
structures, diameter
exceeding 100 pm,
length in the mm
scale

Needle-like
structures, diameter
exceeding 100 pm,
length in the mm
scale

Needle-like
structures, diameter
exceeding 100 pm,
length in the mm
scale

Grids;helicoid parts

Millimetre-scale
geometries

Millimetre-scale
cylinders

Compressed billets,
with and without
annealing

Millimetre-scale
cuboids
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grain structure

Self-healing through the
mediation of metal ions at the
interface between self-
assembled monolayers

Soft scaffolds through non-
covalent bonds

Size of hydrogels tuned
through crosslinking rate

Tensile properties increasing
with crosslinking density

Toughness depending on
crosslinking and on block
copolymer content
Compressive strength
corresponding to trabecular
bone

Excellent bioactivity

High resistance to
flame;pliable structures after
printing and curing

Bending properties governed
by structural defects (pores),
not by ligand forces

Structural colours through
Bragg reflection

Clean bottom-up growth of
micro-wires with tunable
diameter and pocketed
structure

Shear-yielding behaviour

Direct writing of soft
hydrogels not requiring
supporting bath

Fine grains with Al,03
nanoparticles aggregated at
the grain boundaries
Graphene oxide absent in
finished parts, as dissolved
and resolidified in surface
carbon layer

Increased Vickers hardness of
compressed billets,
depending on MXene
concentration and exfoliation

Improved printability due to
laser absorptivity of MXene

Revision of
lithographic
technology through
molecular-level
printing: AM parts with
self-healing properties
Soft cell culture, e.g.
neurons

Drug delivery and
tissue engineering

Synthetic biomaterials
that mimic living tissue

Dentistry

Bone implants

Flame-resistant
structures;high
temperature insulation

Multifunctional devices

Optical devices, new
materials in photonics
and electronics

New connectors for
micro-electronic
devices

In situ tissue
engineering,
regeneration, and
modeling

Enabling of bioprinting
of soft hydrogel
structures

Extending the
capability of metal AM
(easing the laser
processing of
aluminium alloys)

Continuous composite
network for multi-
functional structural
and/or conductive
purposes

Extending the
capability of metal AM

Hamoudi et al., [46]
[2022]

Andriamiseza [52]
et al., [2022]

Bai et al., [53]
[2022]

Honaryar et al., [54]
[2021]

Demleitner [55]
et al., [2022]

Z. Wang et al., [571
[2022]

Bowen et al., [58]
[2022]
Doménech [59]

et al., [2020]

Tan et al., [60]
[2018]

Kullmann et al., [61]
[2012]

Ataie et al., [62]
[2022]
Jin et al., [65]
[2017]
Dong et al., [66]
[2020]
Wyatt and [67]

Anasori [2022]

W. Zhou et al., [68]
[2022]

(continued on next page)
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Technique Material Printed objects Outcomes Applications Reference No.
Stereolithography + wet Pyrolysable commercial resin, Supercapacitors Nanostructures and Hybrid supercapacitors Rezaei et al., [70]
chemical bath pyrolysed + manganese oxide having complicated distribution density [2022]
deposition of coating lattice architecture tailorable through precursor
manganese oxide + concentration
pyrolysis
Drop-on-demand on cold Water-based ink of graphene oxide Macroscale Exceptional mechanical and Scalable fabrication of Zhang et al., [147]
sink (—25°) + soaking (structural material) prototypes functional properties advanced [2016]
in liquid nitrogen + Neat water (support material) multifunctional
freeze drying + thermal graphene monoliths
annealing/reduction
Selective laser sintering Polystyrene and polystyrene/SiO, Millimetre-scale Even distribution of Extending the Canziani et al., [151]
composite supraparticles from single-layer squares nanosilica capability of SLS [2020]
spray-drying of primary colloidal through new printable
nanoparticles materials
Selective laser sintering Polymethyl methacrylate and Millimetre-scale two-  Even distribution of Extending the Canziani et al., [152]
polymethyl methacrylate/SiO, layered squares nanosilica capability of SLS [2021]
composite supraparticles from through new printable
spray-drying of primary colloidal materials
nanoparticles
Selective laser sintering Poly(i-lactide), poly(i-lactide)/SiO5, Millimetre-scale Bioactive and biocompatible Extending the Canziani et al., [153]
and poly(i-lactide)/hydroxyapatite squares printed samples capability of SLS [2022]
composite supraparticles from through new printable
spray-drying of primary colloidal materials
nanoparticles
Fused filament fabrication  Self-assembled lignin nanospheres Macroscale testing Around 0.5% of ligning is Sustainable materials Long et al., [155]
used as filler in PLA specimens enough for reinforcing PLA for fused filament [2022]
fabrication
Bioprinting Self-assembled peptide to provide Millimetre-scale Cells were more likely to Tissue engineering Hernandez- [156]
alginate-microcrystalline cellulose lattices promote adhesive Sosa et al.,
inks with biological features interactions with the material [2022]
rather than with the other
cells
Bioprinting + thermal Self-assembled granulate hydrogel Millimetre-scale Annealing above the melting  Soft and electrically Park et al., [157]
annealing obtained from layer-by-layer lattices temperature of agarose (60 conductive biomedical [2022]
graphene oxide-coated agarose °C) changes graphene oxide devices (biosensors,
microbeads to reduced graphene oxide scaffolds)
and promotes a structural
reorganisation of agarose to a
monolithic hydrogel with
hollow micropores
Bioprinting + layer-by- HDPE + multi-layer coating with Millimetre-scale Self-assembled coating Scaffolds for auricle Yin et al,, [158]
layer coating deposition  polydopamine, e-polylysine, and lattices providing bio-activity and reconstruction [2022]

fibrin Ear prototypes

antibacterial properties

arrangement of ordered structures may initially require energy (for
example, in the form of stirring). However, once the equilibrium is
reached, the system becomes stable and does not dissipate energy
anymore. Conversely, in dynamic self-assembly the interactions that are
responsible for the arrangement of matter only proceed if the system is
dissipating energy. This is the case with biological cells, for example, as
opposed to molecular crystals that are the result of static self-assembly
[9]. As such, most occurrences of SAMAM in the literature harness the
static self-assembly of molecules and particles, whilst the study of dy-
namic self-assembly is still in its infancy. However, the integration of
biologically-inspired organisation of matter in AM closely resonates with
the basic concepts of bionics [148], and this opens up new exciting op-
portunities to translate designs and solutions inspired by nature to
advanced technology systems. Historically, a discrepancy has been rec-
ognised between the “fabrication” of artificial devices, whereby engi-
neers and developers start from conceiving the part's design and then
select the material that best corresponds to the realisation of that design,
and the “growth” of biological constructs, whereby nature grows both the
material and the whole organism at the same time through self-assembly
mechanisms that are directed by the genetic code like an algorithm.
Incorporating AM and self-assembly will hopefully contribute to closing
the gap between the “fabrication” and “growth” paradigms [149].

As seen before, the majority of the literature explores the utility of
self-assembly to advance AM through the development of new printable
materials, multi-scale hierarchical structures and embedded function-
ality. The limited availability of printable materials is currently perceived
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as a major obstacle to the industrial uptake of AM [150]. A clear
demonstration is provided by selective laser sintering (SLS) that, in spite
of being a relatively popular polymer-based AM technique, mainly works
with polyamide 12 and polyamide 11 powders, whilst a few other
polymers like polyethylene (PE), polypropylene (PP), and polyether
ether ketone (PEEK) remain niche products. Self-assembled supra-
particles produced by spray drying of colloidal suspensions of primary
NPs have the potential to widen the palette of printable materials for SLS,
including new polymers and composite systems [151-153]. The advent
of anisotropic NPs that feature exotic shapes (for example, cubes, ico-
sahedra, triangles, tetrahedra, tripods, stars, just to name a few) or
possess areas with different surface functionality (“interaction patchi-
ness”, as demonstrated in Fig. 7: for example, surface regions having
distinct charges, or having different chemical affinity, like hydrophobic
and hydrophilic segments, ) can further expand the range of attainable
structures with respect to conventional isotropic spherical NPs [154].
Self-assembly can also serve to produce novel fillers that endow AM
parts with superior mechanical performance (for example, the self-
assembled lignin nanospheres developed by Long et al. [155]) and
with ancillary properties (for example, the self-assembled peptide that
promotes cell adhesion to bioprinted scaffolds in the contribution by
Hernandez-Sosa et al. [156]). Traditional trade-offs in materials prop-
erties can be surpassed. For example, as shown in Fig. 8 most electrically
conductive fillers (including metals and carbonaceous particles) are
extremely stiff, and their incorporation unavoidably increases the
Young's modulus of the polymer matrix. However, thanks to the
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Table 3
Examples of experimental research in SAMAM through 3D printing-enabled mechanisms (listed according to the in-text reference number as shown in the last column).
Technique Material Printed objects Outcomes Applications Reference No.
Inkjet printing (prospective) Water suspensions of single- Sessile droplets Study of evaporation dynamics ~ Advancement of 3D printed Goh et al., [71]
walled carbon-nanotubes electronics [2019]
Inkjet printing Graphene/terpineol Thin films and Achievement of printed Enabling the inkjet printing Li et al., [2013] [72]
dispersion with ethanol sub-millimetre graphene (not graphene oxide)  of graphene for organic and
(rheology) electronic printed electronics
devices
Inkjet printing Water suspension of multi- Millimetre- Coffee ring-enabled printing of =~ Micrometre-wide Dinh et al,, [73]
walled carbon-nanotubes scale tracks tracks with width of 5-15 pm conductive electrodes [2016]
with high
lateral
resolution
Inkjet printing Water suspension of single- Millimetre- Control of the filler alignment Large-area electronics and Beyer and [74]
walled carbon-nanotubes scale films through ink concentration sensors Walus [2012]
Fused filament fabrication ABS-matrix composites with Macroscale Anisotropy in mechanical and Electronic devices Dorigato et al., [77]
graphene or carbon testing functional properties coming [2017]
nanotubes oriented after flow  specimens from flow-induced orientation
forces
Fused filament fabrication + Aromatic thermotropic Layers Rasters receiving core-shell Increasing mechanical Gantenbein [78]
crosslinking via thermal (liquid crystal) polyesters (laminae); structure due to flow strength without fibres, thus et al., [2018]
annealing macroscale orientation and subsequent retaining shaping freedom
prototypes cooling
Stiffness and strength
increasing with skin thickness
Flow-induced structural Di-acrylate modified, Bone fixture Compressive response Bone implants Rajasekharan [81]
ordering in material amphiphilic triblock controlled by intrinsic features et al., [2018]
extrusion AM + selective copolymers (BCPs) self- (molecular weight of the
biomimetic crystallisation of assembled into nano micellar starting BCPs and alignment of
calcium phosphate fibrils (NMFs) with the NMFs at the nanoscale) and
biomimetic crystallisation of by extrinsic features (micro-
calcium phosphate and macroscopic architecture
governed by CAD file)
Digital light processing with Acrylate based photocurable Macroscale Improved tensile properties Achievement of Yunus et al., [83]
linear oscillator polymer + surface-treated (tensile) testing  only after surface treatment to  conceptually new composite ~ [2016]
alumina nanofibres specimens the filler materials
Vat photopolymerisation Ink drop (a pregel drop, a Millimetre- Chaotic printing, but Systems with high surface Trujillo-De [84]
combined with journal suspension of fluorescent scale discs predictable length of the area per unit volume Santiago et al.,
bearing laminar flow set-up particles, nanoparticles, or stretched drop (densely packed) for [2018]
cells) injected into a viscous catalytic surfaces and tissue-
polymer resin like structures in biomedical
and electronics applications
Laser-based powder bed fusion ~ Copper: dislocation Testing Self-arrangement of Manipulation of the Li et al., [2021] [88]
manipulation specimens dislocations breaking mechanical behaviour of
conventional strength-ductility =~ metal parts by PBF
trade off
Selective laser melting Eutectic high entropy alloy Testing Improved mechanical Improved materials for SLM  F. Yang et al., [133]
specimens properties through refined [2022]

lamellar eutectic structure

alignment of elongated conductive fillers, or thanks to the spontaneous
arrangement of conductive fillers to create a segregated network, the
percolation threshold in soft polymer-matrix composites can be attained
with a relatively low filler loading, thus sidestepping any disadvanta-
geous compromise between conductivity and flexibility in 3D printed
wearable sensors and soft tissue scaffolds (as demonstrated, for example,
by Park et al. [157]). Many 4D printed systems owe their actuation ability
and stimuli responsiveness to the self-ordered arrangement of matter [4,
32,96,99,100]. Self-assembled coatings may impart new functionality to
AM parts after printing [70,158].

As such, self-assembly appears to be a precious aid to enlarging the
capability of AM. However, in principle also the opposite may apply, and
AM may become an important aid to enabling the self-assembly of
multiscale structures. For example, Zhou et al. [159] and Yang et al.
[160] 3D printed complicated lattice structures having hollow struts by
DLP and used them as templates for the self-assembly of various func-
tional NPs. MXene or graphene oxide inks were injected into the hollow
struts, and then converted to self-assembled self-standing hydrogels.
Finally, the resin templates were removed through selective chemical
etching to reveal the additive-free NP-based lattices. Whilst the efficient
self-assembly of NPs can be difficult in long-range ordered structures, the
3D printed hollow frames offer a confined space, which is ideal for the
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spontaneous arrangement of matter. In this way, the lattice architecture
can be controlled at the meso- to macro-scale through the AM design, and
at the nano- to micro-scale through the self-assembly process [159,160].
Owing to the difficulty of formulating printable inks, this AM-enabled
self-assembly of graphene-based materials appears particularly advan-
tageous [161]. As proved by Zhou et al. [159], the polymer
template-mediated procedure can also be extended to other NP inks,
including various ceramics such as titania and alumina. This may thus be
the starting point for a new area of research, where AM meets
self-assembly (AMMSA).

Finally, it should also be mentioned that, sometimes, accurate
investigation is required to prevent the self-assembly of matter, as this
may be detrimental to printability. Collagen type 1, for example, has
been identified as the most abundant collagen in the human cornea.
However, 3D printing a bioengineered cornea starting from a collagen-
based bio-ink can be extremely difficult, due to the natural tendency of
collagen type 1 to self-assemble/self-gel in vitro at physiological pH. The
identification of buffer solutions impairing the self-assembly is thus
crucial for extending the applicability of collagen type 1-based bio-inks in
corneal printing [162]. This example suggests that additional knowledge
is still necessary to understand when self-assembly can assist AM, when
AM can assist self-assembly, and when AM and self-assembly should not
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Examples of experimental research in SAMAM through field-assisted mechanisms (listed according to the in-text reference number as shown in the last column).

Technique

Material

Printed objects

Magnetic field-assisted direct
ink writing + mask-assisted
photocuring

Magnetic field-assisted direct
light processing

Magnetic field-assisted
stereolithography

Magnetic field-assisted direct
ink writing

Electric field-assisted vat
photopolymerisation

Electric field-assisted fused
filament fabrication +
corona poling

Acoustic-assisted bioprinting
(syringe material extrusion)

Acoustic-assisted custom-made
stereolithography

Acoustic field-assisted direct
ink writing

Acoustic-assisted digital light
processing with rotating base
platform

Magnetic field-assisted
directed energy deposition

Magnetic field-assisted
selective laser melting

Acoustic field-assisted directed
energy deposition

Magnetic field-assisted
selective laser melting

Electric field-assisted mask-
image-projection-based
stereolithography with
rotating electric field

Alumina platelets decorated
with iron-oxide nanoparticles
in photocurable resin + fumed
silica to adjust rheology for
DIW

Alumina platelets decorated
with iron-oxide nanoparticles
in photocurable resin
Ferromagnetic y-Fe;0O3 short
fibres in photocurable resin

Neodymium alloy as the active
filler in a silicone rubber
matrix + fumed silica to adjust
rheology for DIW

Aluminium micro-particles in
acrylated photopolymer

Polyvinylidene fluoride (PVDF)

Mixture of C2C12 cells or
human umbilical vein
endothelial cells (HUVECs)-
embedded gelatin methacryloyl
(GelMA)

Chopped glass fibres in low
viscosity photocurable resin

Various composite materials
(review)

Yttria particles in photocurable
resin arranged in discontinuous
interpenetrating-phase
composite

Inconel IN718

Commercially pure titanium
(CP-Ti)

Ti-6Al-4V

Stainless steel SS316L

Epoxy di-acrylated resin +
surface-treated multi-wall
carbon nanotubes

Macroscale
prototypes

Macroscale
prototypes

Millimetre-scale
specimens

Macroscale
prototypes

Macroscale
prototypes

Macroscale (thin)
testing specimens

Millimetre-scale
specimens

Millimetre-scale
geometries

Millimetre-scale
geometries

Millimetre-scale
cuboids

Millimetre-scale
cuboids

Millimetre-scale
cuboids

Millimetre-scale
cuboids

Millimetre-scale
cuboids

Millimetre-scale
Menger sponges
with Bouligand
structure.
Centimetre-scale
meniscus model

Outcomes Applications Reference No.
Composition and alignment New dimensionality in Kokkinis et al., [96]
controlled independently 3D printing design space [2015]
Hygromorphism
Composition and alignment Bioinspired structures Martin et al., [98]
controlled independently with increased [2015]
Crack steering mechanical resistance
4D printed structures actuated 4D printing Nakamoto and ~ [99]
remotely by magnetic field Marukado

[2016]
Exceptional morphing ability Next generation of smart ~ Kim et al., [100]
enable by soft matrix and actuators [2018]
programmed through finite
element simulations
Build-up of continuous fibre- Devices with tunable Holmes and [108]
like reinforcement through properties Riddick
self-assembled chains of Military applications [2014]
discrete particles
<beta> phase depending on New piezoelectric sensors ~ Porter et al., [110]
printing parameters and devices [2017]
Efficient accumulation of cells Spatially controlled Sriphutkiat [113]
at the middle of the printed bioprinting to simulate etal., [2019]
construct and significant cell complex and highly
elongation in the printing organized native tissues
direction
Orthogonally oriented fibresin ~ Achievement of Llewellyn [119]
subsequent layers, but only conceptually new et al., [2016]
demonstrated with few layers composite materials
Combination of shear-induced Achievement of Johnson et al., [121]
alignment and acoustic conceptually new [2021]
focusing composite materials

Decreasing percolation
threshold

Increased energy absorption Achievement of Lietal, [122]
under compressive load due to  conceptually new [2022]
progressive localized failure composite materials
Dendrite spacing increased and ~ Extending the capability Du et al., [127]
epitaxial growth governed of metal AM [2020]
through altered Marangoni
convection
Higher tensile strength and Extending the capability Kang et al., [128]
ductility owing to of metal AM [2017]
microstructure refining and
homogenising, and elimination
of texture
Improved yield and tensile Extending the capability Todaro et al., [129]
strength owing to transition of metal AM [2020]
from columnar grains to fine
equiaxed grains
Higher ductility owing to Extending the capability H. Zhou et al., [130]
inhibition of epitaxial growth of metal AM [2022]
and texture
Smaller rotation angle leading Bioinspired structures Yang et al., [144]
to greater energy dissipation with increased [2017]

and impact resistance

mechanical resistance
Biomedical application

interact at all.

5. Challenges and outlook

Fig. 9 provides a graphical summary of the main opportunities and
limitations associated with SAMAM.

As already discussed in Section 5, one of the main advantages affor-
ded by SAMAM is the development of new printable materials. Although
AM is already an enabling technology of the Industry 4.0 revolution,
many industries, such as aerospace and aviation, biomedicine, and
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defence are craving for the ability to 3D print new functional materials
with customisable advanced features, such as biocompatibility and
bioactivity, radiation shielding, thermal and electrical conductivity, high
strength, self-sensing and self-repair, stimuli responsiveness, flexibility
and softness [21]. SAMAM can certainly contribute to expanding the
palette of printable materials and thus facilitate the advancement of AM
in industrial settings.

Additionally, conventional trade-offs in materials properties can be
worked out through SAMAM. For example, in MEX the amount of filler
required to establish a conductive percolation pathway can be minimised
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Examples of experimental research in AMMSA, wherein AM is leveraged to assist in self-assembly of matter (listed according to the in-text reference number as shown in

the last column).

Technique Material Printed Outcomes Applications Reference No.
objects
Digital light processing  Injection of graphene oxide ink into hollow Millimetre- Tunable mechanical Scalable fabrication of advanced J. Zhou [159]
lattice structure, self-assembly through scale lattices properties multifunctional graphene monoliths et al.,
hydrothermal reduction or through freeze (compression) Approach applicable to other [2022]
casting, and chemical etching of polymer High adsorption materials
template capacity for
chloroform
Digital light processing  Injection of TizC;Tx MXene ink into hollow Millimetre- High areal Electrodes in microsupercapacitors C. Yang [160]
lattice structure, self-assembly through cation- scale lattices capacitance and et al.,
induced gelation process, and chemical energy density [2022]
etching of polymer template
Mask-image- Injection of GO/ethylenediamine (EDA) ink Millimetre- Exceptional Scalable fabrication of advanced Zhang [161]
projection-based into the hollow polymer template, scale lattices mechanical and multifunctional graphene monoliths et al.,
stereolithography hydrothermal assembly in autoclave, freeze- functional [2018]
drying, thermal etching of polymer template properties

through the self-assembly of matter, thus preserving the flexibility and
softness of the polymer matrix [157].

Although less obvious, the design of new functional materials and
more efficient devices may offer important advantages in terms of eco-
sustainability [163]. A significant example comes from electrically
conductive materials. According to numbers cited by Baker et al. [164],
conventional technologies for producing metal-based printed circuit
boards (PCBs) are responsible for substantial amounts of waste, to the
point that the etching step alone is deemed responsible for 1 x 102 L of
chemical waste per year worldwide. As recently argued by Pejak Simunec
and Sola [109], polymer-based composite materials and blends with
self-assembled microstructure through shear-induced alignment or
segregated networks have the potential to replace conventional
metal-based materials in the fabrication of electronic devices, with sub-
stantial benefits for the environment.

Another key strength of SAMAM is the ability to manipulate structural
features across multiple length scales as demonstrated, for instance, by
the hierarchical lattices in the research conducted by Z. Wang et al. [57].
AM technologies are currently unable to target nanoscale properties in
macroscale objects and this represents a serious impediment to the up-
take of AM in many industrial sectors such as the production of mem-
branes for water treatment and filtration [165-167].

SAMAM can also result in process intensification. Owing to the
bottom-up approach, new or increased functionality can be achieved
upon printing. As proved by Li et al. [88], for example, in laser-based PBF
the self-organisation of dislocations into an inter-pinned configuration
produces self-strengthened parts in the as-built state, without any addi-
tional heat treatment. This eliminates the need for lengthy
post-processing steps, which are incompatible with the industrial
expectation for shorter lead times through the adoption of AM.

Although the self-assembly of matter has occasionally been reported
to curb the printability of certain materials [162], SAMAM per se does not
have true disadvantages, as it is meant to be the intentional adoption of
self-assembly to aid in AM. Rather, SAMAM still has some limitations. As
previously observed, research has mainly been addressed to polymers,
whilst metals are still relatively rare in the literature and additional ef-
forts are certainly needed to bridge this gap. It is worth noting that even
less attention has been paid to ceramics and glasses. Broadly speaking,
ceramics and glasses represent a challenge because their exceptional
thermal stability is an obstacle to inter-layer bonding and consolidation
in AM. Moreover, they are often brittle and particularly sensitive to
thermal-stress induced cracking [168]. In future, it would be interesting
to explore the effectiveness of SAMAM to facilitate AM of ceramics and
glasses.

Although encouraging results have recently been published in this
regard (for example, in the contribution by Zhang et al. [147]), at present
itis not clear yet if SAMAM can actually be instrumental in mitigating the
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weak interlayer adhesion often observed in AM constructs. In particular,
most approaches to field-assisted SAMAM control the microstructure
within individual layers, thus minimally contributing to the achievement
of a continuous distribution of fillers across the print layers.

Whilst knowledge progresses, it would be useful to adopt a standard
nomenclature and to outline a general roadmap to SAMAM. To this aim,
as a starting point, Tables 2-4 classify the literature discussed in the
present review according to the proposed categories of “SAMAM through
local interactions”, “3D printing-enabled SAMAM”, and “Field-assisted
SAMAM?”, respectively. For the reader's convenience, the contributions
are listed according to their in-text reference number as shown in the last
column. For each research article, Tables 2-4 summarise experimental
conditions, main outcomes and intended applications. For the sake of
completeness, Table 5 records the same information for AMMSA-related
works (i.e, for contributions that harness AM as an aid to self-assembly of
matter). These tables will hopefully provide a reference for developers
and scientists engaged in SAMAM and a general framework for future
research.

6. Conclusions

Conventional additive manufacturing methods are ideal for custom-
ising a part's geometry at the macroscale, typically in the sub-millimetre
to centimetre range. However, apart from few exceptions, they do not
allow the material's composition and structure to be tuned in the nano-
metre to micrometre range. Since the material's behaviour is dictated by
its structure, the lack of control of nano- and micro-scale features un-
dermines the achievement of the desired functional and mechanical
properties. The combination of self-assembly and additive manufacturing
(“self-assembly meets additive manufacturing”, SAMAM) is a promising
avenue of overcoming present-day hurdles to enable the construction of
“spontaneously nanostructured” parts with customised features over a
variety of length scales. SAMAM can be accomplished through numerous
methods, which can be classified in three main categories. Self-assembly
can occur locally, owing to attractive or repulsive forces between mole-
cules or nanoparticles, such as electrostatic forces or chemical in-
teractions governed by functional groups. Otherwise, self-assembly can
be triggered by forces that spontaneously generate upon printing, such as
the flow-induced shear stresses in material extrusion technologies.
Finally, molecules and fillers can be oriented and patterned through
externally applied forces in field-assisted AM (directed assembly). Be-
sides enabling the achievement of hierarchical structures, SAMAM can be
leveraged to develop new printable materials and overcome conventional
trade-offs in materials properties. Given the limited range of printable
feedstocks currently available in the marketplace, the design of new
materials is crucial for the uptake of additive manufacturing in numerous
industries, from the biomedical field to aviation and aerospace, from
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defence to electronics. Assisted by SAMAM, more efficient products can
be obtained in a single step upon printing without additional post-
processing. This is expected to reduce the lead time (process intensifi-
cation) and the environmental footprint of additive manufacturing.
However, in order to take full advantage of the opportunities afforded by
SAMAM, additional research is needed in metal- and ceramic-based
systems. Special attention should be paid to new avenues of mitigating
the weak inter-layer adhesion that is often blamed on the layer-by-layer
build-up mechanisms in additive manufacturing.
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