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14.1 Introduction
Due to their unique properties, the applications of magnetic nanoparticles 
(MNPs) cover a broad spectrum, which has been evolving in the last two 
decades to meet the changing societal demands. The enormous flexibility 
in the obtention of different sizes, shapes and compositions, together with 
their superparamagnetic behaviour, catalytic properties, etc., makes them 
good candidates for their integration into devices of different natures. In 
particular, the interest to position MNPs in ordered templates sparked two 
decades ago as a response to building high-density data storage devices, 
and many studies addressed their self-assembly (SA) on surfaces. Later, 
their integration into devices such as sensors or their use in catalysis leads 
to the need to print them into 2D architectures and the development of 
lithographic techniques towards this aim. Currently, further development
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of printing technologies has pushed the creation of smart microrobots,
often taking inspiration from multifunctional micromachines in nature,
which drive the trend to exploit MNPs as functional elements integra-
ted into 3D-printed architectures. In this chapter, we review advances in
the controlled, digital generation of patterns and structures from MNPs.
Nevertheless, as many of the later described approaches heavily rely on SA,
we will first briefly discuss some key concepts relevant to the described
techniques.

14.2 Concepts in MNP Self-assembly
During the past years, much effort has been devoted to the fundamental
study and synthesis methods of MNPs.1,2 Less attention has been paid to
their SA onto surfaces, a process driven by an energy minimization trend
from a disordered state to an ordered state, despite the relevance of the
implications that this might have on the design of theranostic1 or data
storage devices.3,4 For the present chapter, we limit our discussion specif-
ically to the concepts used in MNP self-assembly to form surface-bound
structures (in particular, excluding self-assembly synthesis of dispersed
MNPs itself or the build-up of superstructures of MNPs by self-assembly
in a solution without controlled transfer to a surface, thus not forming
regular long-range surface patterns). In general, two main classes of MNP
SA can be defined: (1) template-free SA, which nevertheless leads to long-
range ordered regular surface patterns, and (2) SA on pre-patterns, which
can be of chemical, topographical or magnetic nature. Both categories are
often assisted by an external magnetic field.5 A schematic overview of these
categories is depicted in Figure 14.1.

Template-free SA relies on inter-particle interactions, e.g. by magnetic
forces, or chemical interactions between MNP ligands and/or external
driving in the form of magnetic or electrical fields. SA on templates gen-
erally involves specific interactions between the MNPs and certain areas
of a surface that were rendered either attractive or repulsive towards the
MNPs, by e.g. chemical modification or magnetic orientation. In the case of
topographical templates, either pinning effects caused by surface geometry
or subsequent mechanical removal of exposed areas of the template is
utilized to obtain MNP surface patterns.

Later in the chapter, we will discuss the generation of MNP surface
structures by digital printing techniques (being the focus of our review);
however, we will briefly highlight a few examples of template-free SA and SA
on non-printed pre-patterns in the following sections.

14.2.1 Template-free Self-assembly
Template-free SA can generate highly ordered surface patterns over large
areas. Here, Wen and Majetich8 demonstrated the coating of square



centimetre range surface areas with densely packed Fe3O4 MNPs (~12 nm).
This was achieved by the controlled evaporation of an MNP solution in
a binary solvent system (hexane/toluene) on a water subphase with subse-
quent Langmuir–Schaefer transfer of the formed film to a solid substrate.
The approach allows for the creation of double layers with varying rotation
angles, giving rise to Moiré patterns.8

In a different approach, Ye et al.6 showed the formation of long-ranged-
ordered binary nanocrystal superlattices of different monodisperse Au (3.8–
7.6 nm) and 13.4 nm Fe3O4 NPs with polystyrene brush coating (Figure
14.1e). These lattices formed at the interface of a toluene solution contain-
ing the NPs and an immiscible diethylene glycol (DEG) subphase but could
be transferred onto solid supports. Careful tuning of the NP interaction
potential can be achieved by varying the molecular weight of the grafted
polymer brushes on the NP surface, which yields the formation of 10
different 2D and 3D superlattices.6

Template-free methods can also result in even more complex structures
by additional forcing. Singh et al. reported the formation of belt-like
and helical superstructures crystalizing from Fe3O4 MNPs, driven by the

Figure 14.1  (a–d) Categories of MNP self-assembly. Examples of structures
obtained via (e) template-free self-assembly. Reproduced from ref. 6,
https://doi.org/10.1038/ncomms10052, under the terms of the CC BY
4.0 license, https://creativecommons.org/licenses/by/4.0/; and
(f) assembly on a magnetic pre-pattern. Reproduced from ref. 7 with
permission from IOP Publishing, Copyright 2012.

https://doi.org/10.1038/ncomms10052
https://creativecommons.org/licenses/by/4.0/


interplay between magnetic interactions (shape and magnetocrystalline
anisotropy plus Zeeman coupling) and short-range interactions (van der
Waals and entropic forces). The importance of magnetocrystalline aniso-
tropy is proved by the use of NPs with different geometries (truncated
octahedra, rounded cubes or cubic heterodimers with round Ag NPs),
which form superstructures with varying shapes that have been transferred
to solids, forming regular arrays of superstructures.9 In addition, combina-
tions of electric and magnetic fields were used to assist SA. For instance,
Preger et al. used this approach to guide the SA of aerosolized charged
MNPs. Here, they could produce different structures, ranging from one-
dimensional nanochains to macroscopic three-dimensional networks, and
can tune the alignment by changing the orientation of the external fields.10

Interesting information on the self-assembled layer formation of MNPs
on surfaces was studied via neutron reflectometry (NR) on several occa-
sions.11 Theis-Bröhl et al. explored the SA of oleic acid (OA)-coated Fe3O4
MNPs (11 nm) on silicon surfaces with a native oxide layer. The authors
compared the influence of a magnetic field as well as shear forces applied
by a flow cell to free SA of the MNPs. For the free assembly under static
conditions, they found a densely packed wetting layer on the sample
surface consisting of an OA double layer with embedded ligand shell of
the MNPs in a hexagonal order. Additionally, less dense layers formed on
top of this wetting layer. For both, a magnetic field parallel to the surface,
or under shear force, of the wetting layer was observed, indicating its high
stability, although it was slightly compressed under the magnetic field
(attributed to the alignment of the long axis of slightly elliptical NPs with
the direction of the torque) and slightly thickened under shear force. The
additional layers were not stable under shear force, with a depletion zone
forming over the wetting layer.12 Later, Theis-Bröhl et al.13 studied the SA of
25 nm COOH-terminated Fe3O4 MNPs on (3-aminopropyl)triethoxysilane
(APTES)-functionalized silicon surfaces from a water-based ferrofluid in a
high and low (100 mT vs. 6 mT) magnetic field. They observed the emer-
gence of a closely packed wetting layer of MNPs, with additional layers
initially forming with close packing as well, but subsequently become
less dense. Interestingly, these less dense layers (with the concentration
comparable to the free ferrofluid) eventually dominate the overall magneti-
zation, as the MNPs are free to rotate and, thus, decide the magnetization
orientation. The additional freedom for rotation also results – though both
wetting and free layer magnetizations align with the external in-plane field
direction – in an anti-parallel alignment of the intermediate bound layers.
In the high-field case, the intermediate region breaks into two layers with
magnetization now pointing into different directions, attributed to possible
in-plane quasi-domain formation by dipolar coupling, to minimize the free
energy reducing the overall magnetization.13 Saini et al. showed different
surface-dependent outcomes for the assembly of N-hydroxysuccinimide
ester (NHS)-coated MNPs of different sizes (5–25 nm) from water-based



ferrofluids onto functionalized silicon wafers. They found no layer built up
on octadecyltrichlorosilane (OTS)-functionalized surfaces, as hydrophobic
repulsion hinders the attachment of the MNPs. On piranha-treated and
thus strongly hydrophilic surfaces, a wetting layer of MNPs can attach by
physisorption, but chemisorption of the MNPs on an APTES-functionalized
surface results in a denser layer. Overall, layers obtained from larger MNPs
resulted in denser assemblies, which is observed for larger NPs with a
ferrimagnetic behaviour, which can align their magnetization with the
applied field via Brownian relaxation. Introducing an external magnetic
field then allows for the build-up of additional layers and additional
densification.14

14.2.2 Self-assembly on Pre-patterns
In most MNP SA approaches involving chemical pre-patterns, they are
created with different types of printing techniques and will be discussed
later in the chapter, together with the specific techniques. Here, we briefly
exemplify the non-chemical, non-printed pre-pattern-based SA of MNPs
(Figure 14.1c and d). Mechanical templates were used e.g. by Chen et
al. in the form of regular nanopit arrays generated by electron- and ion-
beam lithography. Regular arrays of different MNPs (Fe3O4, ~50 nm; FeO/
CoFe2O4 with ~18 nm) could be achieved by drop-casting and drying a
colloid solution of the MNPs (allowing SA into a densely packed monolayer)
with subsequent removal of the MNPs in between the nanopits by polish-
ing (similar to the Damascene process in semiconductor manufacturing).
The approach can work independently of MNP size or ligand chemistry,
allowing for even single MNP arrays by tuning the cavity size.15 The use of
magnetic pre-patterns as templates evolved out of the longstanding method
to explore inhomogeneities in the magnetic field of materials by MNP SA,
as the resulting assemblies could be observed even by optical microscopy.16

With the advances in surface patterning techniques, this approach was
then used for building up arbitrary MNP patterns. In 1993, Porthun et al.
used this to visualize bit tracks written on Co–Cr data-recording media.
Although their focus lay on imaging magnetic properties, this could also
seen as an early MNP pattern generation with sub-100 nm features.17 Saini
et al. observed the SA of superparamagnetic (5 nm) and single-domain,
ferromagnetic spherical Fe3O4 MNPs (15 nm and 25 nm) on a ferromag-
netic Tb15Co85 substrate with an out-of-plane anisotropy. The combined
NR and scanning electron microscopy (SEM) measurements reveal patchy
areas of dense MNP layers that are probably pinned at the domain walls.
The larger MNPs showed the most pronounced layering at the substrate
surface, owing to their larger magnetic moment. The 5 nm MNPs show
less pronounced layering as here – as of the smaller magnetic moment –
Brownian motion is playing a more crucial role over the magnetic order-
ing by Néel relaxation. Still all self-assembled layers are well attached
and stable against rinsing, sonication and even wiping.18 With advancing



technology in the field of magnetic data storage, Henderson et al. demon-
strated the use of commercial hard disk drive media for the self-assembly
of 10 nm Fe3O4 MNPs from a ferrofluid. Furthermore, they transferred
the resulting MNP patterns into a polymer film that can be peeled off
the template. This results in a free-standing MNP pattern within the film,
exemplified by the authors by the refraction of light (Figure 14.1f). As the
template pattern can be digitally induced with ~10 nm spatial resolution by
conventional hard disk drive data writing, this opens up an interesting way
of high-resolution, large-area patterning of MNPs.7

14.3 2D-printed Structures
Two decades ago, the development of soft lithography and scanning probe
lithography (SPL) tools introduced a new paradigm in the creation of 2D
nanostructures, which was soon leveraged to organize MNPs in custom
shapes for their integration into devices.19 In comparison to physical
synthesis methods,20 which have proven to produce highly ordered NP
arrays,21 printing technologies brought additional flexibility in patterning
and choice of NPs. In the following section, we focus on two 2D printing
techniques with particular relevance in the field: microcontact printing
(µCP) and dip-pen nanolithography (DPN).

14.3.1 Microcontact Printing
Amongst the family of soft lithography techniques, microcontact printing
has often been used to produce structures of MNPs.22–30 The technique was
initially conceived as an elastomeric stamp [usually polydimethylsiloxane
(PDMS)] for the transfer of molecular inks upon contact between the stamp
and substrate, forming custom-shaped self-assembled monolayers.31,32 Its
development and extension to print different inks33,34 led to a variety of
applications that range from microelectronics, surface chemistry and cell
biology. The very first publications related to MNP structuring with µCP
were related to SA on pre-patterned substrates. Some pioneering work
published in 1996 already showed 50–150 nm-big magnetite (Fe3O4) NPs
forming micron-sized square patterns via selective wetting on pre-coated
substrates.23 By using PDMS stamps to pattern hydrophobic self-assembled
thiol monolayers (hexadecanethiol) followed by incubation with hydro-
philic nature thiols (e.g. 2-aminoethanethiol) to fill the bare substrate parts,
two areas with different wettability properties were created. Dipping the
prepared substrate on colloidal NP suspensions led to the formation of
droplets in the hydrophilic areas upon drying of the samples.22,23 The same
work reports some results achieved using capillary filling,23 a complemen-
tary strategy, where the substrate is covered with an elastomeric stamp,



while a droplet of colloidal NP ink flows to the grooves driven by capillary
forces.26

Other indirect MNP patterning methods tackle the surface modification
of designated substrate regions to create a template that selectively binds
NPs through various interactions, such as covalent binding27 or ligand
exchange reactions24,28 between the substrate and the NP surface terminal
groups.

Conversely, on direct patterning techniques, NPs are adsorbed on
microcontact printing stamps and then transferred to the desired substrate
upon contact. Prior to magnetic NPs, gold NPs were transferred to the
PDMS stamps through the Langmuir–Blodgett (LB) method.35,36 MNPs can
be transferred from the liquid–gas interface to the PDMS stamp during
their immersion in an MNP colloidal suspension while controlling some
suspension-related parameters, such as the surface pressure and pH or
the substrate-lifting rate.25,37–39 Park et al. optimized the LB parameters to
obtain a homogeneous Co NP film forming a hexagonal closely packed
structure on the stamps that were then carefully micropatterned on an
electronic circuit and achieved ohmic conductivity after annealing with
similar resistance values to others reported previously.40

A variation of this technique, termed overpressure contact printing
(oCP), was used to pattern FePt magnetic rings by adsorbing Pt@Fe2O3 NPs
through the LB method and transferring them to the substrate, leverag-
ing the deformation of low aspect-ratio feature elastomeric stamps.29 The
subsequent annealing treatment for the reduction of the core–shell NPs25,38

yielded FePt alloy structures grown in a tetragonal phase, which were later
studied with magnetic force microscopy (MFM) imaging. Due to the soft
magnetic nature of FePt, all cases revealed attractive interaction between
the MFM tip and the fabricated structures.25,29,38

Ding et al. discuss the convenience of using hydrophobic PDMS stamps,
which not only avoid exposure to an oxygen plasma procedure to ren-
der the stamp hydrophilic but also improve the transfer of NPs to the
desired substrate due to the low affinity between the PDMS stamp and
the nanoparticle surface.30 In their work, Fe2O3 NPs are patterned and
used as a catalyser to grow carbon nanotubes through chemical vapour
deposition (CVD), concluding that higher MNP concentration promotes
agglomerations and leads to less efficient catalysis. An alternative approach
to improve NP adhesion on substrates was presented by Kinge et al.,41

where click chemistry reactions between alkyne-functionalized FePt NPs
and amide-terminated self-assembled monolayers (SAMs) on silicon oxide
resulted in irreversible attachment of the NPs to the surface via triazole
linkers.



14.3.2 Dip-pen Nanolithography
In 1999, Mirkin et al. introduced a new SPL tool called dip-pen nano-
lithography, where an atomic force microscopy (AFM) probe was used
as a quill-pen to transfer thiol molecules to a gold substrate, forming
self-assembled monolayers.42 In the following decade, the capabilities of
DPN quickly expanded to structure/pattern different types of species from
biomolecules43 to metal ions,44 sols,45 polymers46 or NPs,47 many of which
were developed by Mirkin et al. themselves.

Different approaches were developed to achieve controlled patterning
of MNPs, which can be grouped into three main categories, related to the
driving physical/chemical phenomena behind, as summarized in Figure
14.2: (1) digital generation of chemical templates, (2) direct writing of
MNPs and (3) in-situ synthesis of MNPs.

14.3.2.1 Digital Generation of Chemical Templates for MNP SA
The capability to pattern SAMs on substrates was soon leveraged to
immobilize different species through chemical binding on templates

Figure 14.2  (a), (b) and (c) Scheme of different approaches to MNP writing via
DPN. (d) AFM image of nanorings made via dewetting of a polymer-
coated MNP solution on patterned self-assembled monolayers.
(e) Direct-written MNP line, before and after O2 plasma exposure.
(f) Polyelemental MNPs synthesized through SPBCL. (d)  Reproduced
from ref. 22 with permission from Elsevier, Copyright 2005; (e) adap-
ted from ref. 48 with permission from American Chemical Society,
Copyright 2010; (f) reproduced from ref. 49 with permission from
AAAS, Copyright 2019.



generated by DPN (Figure 14.2a).50 Fe3O4 and MnFe2O4 MNPs were
used with a tetramethylammonium hydroxide coating, which served as a
surfactant to avoid MNP agglomeration and increased their affinity for the
negatively charged 16-mercaptohexadecanoic acid (MHA) pre-patterned on
the surface.50 A similar strategy was followed by Wang et al.51 to pattern
carbon-coated sub-5 nm Fe MNPs, with improved magnetic properties
(higher blocking temperature and coercivity) compared to their Fe3O4
counterparts. The NPs were dispersed in a 1,2-dichlorobenzene solution,
which only wets the hydrophilic regions, i.e. MHA, making the MNPs flow
and immobilize exclusively on the DPN pre-patterned parts. They correlated
the size of the MHA patterns with the number of MNPs deposited and
proved that MNPs can be individually lined up (Figure 14.2b).51

Other examples of chemical template generation through DPN include
the use of biomolecular conjugation with inorganic NPs.52,53 Polymeric
patterns of poly(sodium-4-styrenesulfonate) (PSS) can be created with DPN
and used to immobilize DNA molecules that have been coupled to the
Fe3O4 NP surface in a site-specific manner.52 Pre-patterning has also been
conducted by other SPL methods, such as local anodization,53,54 to obtain
carboxylic acid-terminated patterns on C18 monolayer-functionalized Si
surfaces.54 This is followed by two steps, such as covalent linking of
tyramine to the generated carboxylic acid end-groups and subsequent
tyrosinase-induced conversion of the hydroxyphenyl end-group into a
catechol, which act as specific binding sites for Fe3O4 NPs linked through
surface Fe3+ ions.

14.3.2.2 Direct Writing of MNPs
After the direct patterning of molecules, the extension of this method to
other species, such as the direct delivery of NPs from the AFM tip to a
desired substrate (Figure 14.2b), constituted the next milestone.47,55 This
is, however, not a diffusive process and requires the presence of a surfac-
tant to keep the NP ink in a liquid-like state or alternatively a polymer
matrix to enable the flow of the ink. Citrate-capped g-Fe2O3 nanocrystals of
11 nm prepared by wet-chemical means were successfully patterned, after
immersing the AFM probes in a dispersion for 5–10 min followed by drying,
and studied by magnetic imaging techniques.56 A similar approach was
followed by Roy et al., who patterned citrate-capped CoFe2O4 additionally to
CdSe/ZnS core–shell quantum dots and proved their optical and magnetic
functionality.57

Long-chain ligands, such as trioctylphosphine oxide (TOPO) and oleic
acid, are used due to their capability to trap solvent molecules and keep
the inks in a liquid-like state to achieve MNP printability and used as
catalysts to grow single-walled carbon nanotubes (SWCNT) with controlled
alignment on ST-cut quartz.58

Inorganic NPs can mix well with many polymers due to the adhesion
of their side chains to the hydroxyl groups of their external native oxide



layer. Several authors have leveraged this property to produce a polymer–NP
ink that can controllably flow from tip to surface.48,59,60 Lee et al. deposited
different NPs, ranging from Au, Ag or Fe3O4, on a poly(methyl methacry-
late) (PMMA) matrix, which were from a heated AFM probe.48 The exposure
to oxygen plasma of the patterned composite lines leads to an alignment
of the NPs (Figure 14.2e), which, according to the authors, is driven by a
polymer matrix shearing mechanism during deposition. Interestingly, the
degree of alignment can be improved by (1) enhancing the NP coating–poly-
mer interaction or (2) local viscosity of the composite.

In turn, Mirkin et al. proposed the encapsulation of NPs within a
polyethylene glycol (PEG) matrix as a way to achieve control over pattern-
ing feature diameters with the dwell time, independently on the chosen
surface or NPs.59 Kandemir et al. went one step further and explored the
conditions to achieve polymer composites with evenly distributed CoFe2O4
and BaTiO3 NPs. They also shed light on the importance of the ink volume,
physisorption and surface diffusion in the patterning process by studying
cross-sectional SEM imaging of focused ion beam (FIB)-milled patterns.60

14.3.2.3 In-situ Synthesis of MNPs
In 2003, Mirkin et al. proposed a local sol–gel-based method combined
with DPN, where a BaFe precursor in ethylene glycol solution was used
to generate sub-100 nm resolution patterns, which were subsequently
annealed to create barium ferrite features. Similarly, Shin et al. fabrica-
ted arbitrary-shaped magnetic nanopatterns using an AFM probe coated
with an iron nitrate Fe(NO3)3·9H2O solution and studied the magnetic
domain configurations of the formed Fe2O3 structures with MFM.61

Amongst the in-situ NP synthesis techniques, the scanning probe block
copolymer lithography (SPBCL) deserves some special mention.62 Attoliter
volume block co-polymer nanoreactors (poly(ethylene oxide)-b-poly(2-vinyl-
pyridine)) concentrate nanomaterial precursors to later create individual
NPs with great spatial control, achieving diverse structural and chemical
features. After the first publication in 2010, a polyelemental NP library
creation followed in 2016, showing control over composition and size
independently for a combination of five metallic elements (Au, Ag, Co,
Cu and Ni) through the polymer nanoreactor-mediated synthesis.63 A last
contribution to this research line was recently published, and particle
libraries were extended to the preparation of NPs with seven elements and
four phases with complex tailored interfacial chemistries (Figure 14.2f).49

14.4 3D Printing of Magnetic Microstructures
The emergence of  new 3D printing technologies together with the
development of  miniaturization techniques holds promise to start  a
new industrial  and technological  era through the incorporation of



complex-shaped multifunctional  microstructures.64–66  From the Internet-
of-things (IoF)  environments67,68  to  the integration of  theranostic  in-vivo
devices,69  many technological  fields will  benefit from the development
of  stimuli-responsive microstructures.  In particular,  the capability  to
respond to external  magnetic  fields possesses some inherent advan-
tages in comparison to other stimuli  (thermal,  chemical,  electrical,
etc.),  such as the possibility  for  remote control  or  high controllabil-
ity.68  Towards this  aim, MNPs incorporated as active elements to
polymeric matrices play a  central  role.69–74  Despite the rapid devel-
opment of  3D printing of  magnetoresponsive materials  on the mac-
roscale,  fabrication of  micron-sized structures (resolution below 100
µm) is  still  an emerging field,  which will  be the focus of  this  part
of  the chapter.  Amongst  the different technologies available for  3D
printing,  most  of  the published research has been tackled through the
family  of  vat  polymerization (VP)  techniques,  which comprises several
techniques,  such as stereolithography (SLA),75,76  digital  light  processing
(DLP),77  continuous liquid interface production (CLIP)74  and two-pho-
ton lithography (2PL)69,78–80  (see Figure 14.3).  Work related to inkjet
printing (IJP)  with MNPs66,81–84  or  extrusion-based 3D printing85  can be
found,  although the 3D printing capabilities  of  this  have not  yet  been

Figure 14.3  Schematics of 3D printing methods relevant for printing magnetic
microstructures: (a) Stereolithography (SLA), (b) digital light process-
ing (DLP), (c) two-photon lithography (2PL), (d) continuous liquid
interface production (CLIP), (e) inkjet printing (IJP) and (f) FluidFM.



explored or  aimed at  bigger structures.  In the following section,  we
describe the techniques to fabricate 3D magnetic  microstructures and
describe some examples.

14.4.1 VP Techniques
In vat polymerization techniques, radiation selectively polymerizes liquid-
photosensitive resins in a vat to form 3D structures. Amongst the most
widespread, SLA is an additive manufacturing process86 that uses a ultra-
violet (UV) laser to subsequently cure layers of liquid resin into the desired
shape. The laser beam traces out the cross-section of the object being
printed, curing the resin into a solid form (Figure 14.3a). The platform
then lowers by a small increment, and the process is repeated, building
up the entire structure layer by layer. The incorporation of NPs into the
photopolymer has frequently been exploited to build macroscopic struc-
tures.65,87,88 Few reports address the fabrication of SLA-built magnetorespon-
sive structures with sub-100 µm resolution. Martin et al. developed the
idea of magnetic-field-assisted 3D printing through SLA.76 In their work,
dense ceramic/polymer composites were printed, with embedded microme-
tre-sized alumina particles and electrostatically adsorbed iron oxide NPs
on their surface. A magnetic field is coupled to the SLA platform ena-
bling specific alignments of functional fillers, greatly increasing strength,
stiffness and toughness. Selective curing of desired parts of the resin while
changing the magnetic field orientation allows the integrating of parts
with custom mechanical robustness. Such magnetically aligned composite
proved to be advantageous for biomedical applications in terms of mechan-
ical reinforcement; thus, the same concept was used to fabricate bioins-
pired painless microneedles (MNs).75 The assembly of magnetic iron oxide
particles during printing into a hierarchical structure allowed to build a
robust microneedle, taking inspiration from a limpet tooth. Magnetic field
intensity, MNP size and concentration in printable composites affect the
mechanical reinforcement of magnetic field-assisted 3D-printed MNs.

In DLP, a digital light projector is used to cure a photopolymer resin by
illuminating it with a 2D pixel pattern (Figure 14.3b). Zhu et al. reported
a higher-resolution variant of this technique, coined microscale continu-
ous optical printing (µCOP), and used it to print hydrogel-based [poly(eth-
ylene glycol) diacrylate (PEGDA), a biocompatible hydrogel] swimming
microfish structures with detoxification capability. The selective incorpo-
ration of MNPs endowed different functionalities: catalytic Pt NPs pro-
pel the microfish through H2O2 decomposition and Fe2O3 NPs direct
its movement.73 One of the most promising 3D printing techniques in
terms of fabrication speed, CLIP89 deserves some mention, as it is still in
development and authors recently reported significant improvement in its
resolution.90 It sequences UV images that are projected through an oxygen-
permeable, UV-transparent window beneath a liquid resin bath using a



digital light processing imaging unit. To maintain a liquid interface below
the advancing part, a dead zone above the window is created, while a
constant suction force continuously renews the reactive liquid resin above
the dead zone (Figure 14.3d). Shao et al. addressed the problem of the
incorporation of higher amounts of NPs into the resin for a bigger magnetic
response through this technique and achieved (30 wt% solid loading of
Fe2O3 NPs) overcoming the problems related to ink viscosity and lower
polymerization rates.74

In terms of resolution, two-photon lithography (2PL) is the best candi-
date amongst the aforementioned techniques, as a number of applications,
including nano-sensing and nano-electronics or biological applications at
a single-cell scale, require sub-micrometre-resolution features. 2PL involves
the polymerization of a photosensitive material (a blend of a radical-gener-
ating component or photoinitiator and a bulk of unsaturated monomers)
by means of a focused pulsed laser, almost 100 nm resolution.91 The
high density of photons at the laser focal spot induces the simultaneous
absorption of two photons by the photoinitiator molecules to start a radical
polymerization reaction, which remains confined in the focal spot volume,
called voxel. By moving the photoresist relative to the focal spot, it is
possible to compose lines in three dimensions and, in turn, 3D microstruc-
tures of significant complexity (see Figure 14.3c). Despite the palette of
applications covered by 2PL structures, including scaffolds for cell biol-
ogy,92–94 metamaterials,95,96 micro-optics97 and micro- and nano-actuators,98

the number of magnetically driven devices realized via 2PL referred in
the literature is relatively low,78,99 and the main approach used to build
magnetic micro-devices still consists of post-processing 2PL polymeric
scaffolds via physical vapour deposition (PVD) of magnetic alloys.100–104

However, the use of PVD methods hinders the realization of complex
geometries due to shadowing of parts of the structures on the other areas
of the same device, and selective functionalization is also missing.105 An
alternative deposition strategy was proposed by Dong et al., requiring the
physisorption of magnetic NPs in water, which led to a uniform magnetic
layer.106 A more complex method was developed via electroless deposition
of an Ni-based layer107,108: through immersion of a sample in a solution
containing metal ions, a complexing agent and a reductant. A redox
reaction results in the homogeneous deposition of a metallic layer on the
structure.

The used photoresist can also include a number of other chemicals, e.g.
co-monomers,98 reactive molecules for post-polymerization processing,109,110

thickeners,111 organic–inorganic monomers112 and MNPs. The first exam-
ples of monomer/magnetic material mixtures were proposed by Sun et al.
a decade ago,80,113 who fabricated a microturbine with a mixture of acrylate
monomers and Fe3O4 NPs. The microdevice was realized inside a microflui-
dic channel and was capable of rotatingaround a central shaft. The same
principle was exploited to realize swimmers similar to the ones previously



described.114 In particular, a mixture of methacrylated chitosan, a suitable
photoinitiator and MNPs was polymerized via 2PL in a helicoidal shape,
and its remotely controlled motion in liquid was demonstrated. Research-
ers also exploited the capability of chitosan to be degraded enzymatically
and release biomolecules (i.e. doxorubicin) in the surrounding environ-
ment. Indeed, they created a magnetic carrier of doxorubicin, which at once
fulfilled the functions of (1) drug transporter and (2) drug deliverer. The
same group further improved this approach proposing a multifunctional,
theranostic device,69 where anti-ErbB-2 antibody-tagged Fe3O4 NPs were
magnetically driven to tumour-like environments in vitro. The abnormal
concentration of matrix metalloproteinases (MMP2) induced the complete
degradation of the swimmers, and MNPs were released to selectively target
cells presenting the antigens to the anti-ErbB-2 antibody.

The major drawback of this approach is that the transparency of the ink
is severely affected,115 as even when the concentration of MNP is low, the
transmittance of the laser radiation through the resists is strongly reduced,
lowering the available photon density below the polymerization threshold.

A smart approach to circumvent the challenges posed by the opaque-
ness of magnetically loaded materials was suggested by Lee et al.,116

which involves polymerizing the negative photoresist in arbitrary shapes
and then inducing a surface functionalization reaction between structures
and chemically modified magnetic NPs. This strategy was pursued, where
aminated magnetic NPs were covalently bound to 2PL-fabricated micro-
helices made of aminated PEGDA, via 2-sulfo-NHS disulfide. The efficiency
of this functionalization was demonstrated by migration tests in liquid
under magnetic fields of 15–25 mT. Despite representing a significant
advancement in the landscape of magnetically modified microstructures
fabricated via 2PL, this technique is still not mature yet, as the function-
alization must be carried out on the whole structure. As post-processing
approaches to modify 2PL device surfaces are available, the strategies
mentioned so far should converge towards a novel class of magnetically
modified structures, where only those parts of the device that are functional
for propulsion, swimming, deflection, etc., can be decorated with magnetic
NPs. This would strikingly increase the degree of freedom in the fabrication
of arbitrarily complex 3D micro-machines.

14.4.2 Direct Writing and Other Approaches
A promising 3D printing method based on direct ink writing, namely IJP,
is a non-contact method of additive manufacturing that has often been
used to create 2D patterns. Using micrometre-sized printhead nozzles,
the IJP process dispenses liquid-phase materials in a controlled manner.
A thin layer of ink residue is formed when the liquid phase material,
known as ink, is dispensed from droplets in a specified pattern onto
a surface. Small-sized droplets and high positioning accuracy make IJP



ideal for 3D printing, whereby the 3D structure is created by layering new
layers on top of one another (also called material jetting).117,118 Despite its
potential, not many reports can be found on the use of this technology to
create magnetic microstructures. Jacot-Descombes et al. demonstrated that
SU-8-based superparamagnetic NP (Fe3O4) polymer composite (SPMPC)
microstructures can be fabricated via IJP followed by thermal curing.82 An
external magnetic field is used to obtain preferential magnetic directions
composed of dense NP lines before thermally crosslinking the composite.
A recent development of other direct-writing techniques based on SPL
towards 3D printing, using either DPN119,120 or FluidFM,121–123 has been
achieved. FluidFM is an SPL technique where a microsized closed-channel
patterned inside an AFM cantilever dispenses an ink locally, while the
applied force with the tip is controlled through a standard AFM laser
detection system (Figure 14.3f). Similar to IJP, a UV-curable polymeric ink
can be written layer-by-layer, until a sub-micron-resolution 3D prototype
is created. So far, no magnetic functionality has been added to these 3D
polymeric structures, although in the case of the FluidFM technology,
purely metallic 3D structures (including magnetic alloys) have recently
been achieved through electroplating at a micrometre scale.124,125

An entirely different approach consists of using pre-design templates,
a technique particularly relevant to build magnetic actuated flexible

Figure 14.4  (a) Limpet tooth-inspired 3D-printed microneedle array with Fe3O4
fillers and (b) magnification of one of them.75 Helical microrobots
fabricated through 2PL with (c) and (d) 2% and (e) 4 vol% NP
filling.115 (f) and (g) PEGDA microfish body printed with functional Pt
and Fe3O4 NPs shown in (h).73 (i, j) Hybrid flexible micropillars with
different magnetic responsivities depending on the NP location
within the micropillar geometry.70 Panels (a, b) Reproduced from ref.
75 with permission from John Wiley & Sons, Copyright © 2020 Wiley-
VCH GmbH, (c–e) reproduced from ref. 115 with permission from
Springer Nature, Copyright 2013, (f–h) reproduced from ref. 73 with
permission from John Wiley & Sons, Copyright © 2015 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim, (i, j) reproduced from ref. 70
with permission from John Wiley & Sons, Copyright © 2020 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.



micropillars, which allows creating smart surfaces with on-demand
wettability properties120–123 or controlled fluid behaviour and droplet/object
manipulation. Despite the widespread use of microparticles for this type
of actuation,126–128 more sophisticated approaches rely on MNPs,70–72 where
downsizing the particle size makes control over the spatial distribution
of MNPs within the polymeric matrix possible. Interestingly, selective
covering of the desired micropillars while curing yields heterogeneous,
bending actuations, as particles can be oriented in different directions
during this process70 (Figure 14.4i and j). This site-selective MNP distri-
bution leads to selective bending and can be used for droplet transporta-
tion.129 As UV-cured structures generally lack reprogrammability, Ni et al.
have recently reported an original method, where they fabricated elasto-
meric hollow micropillars that were filled with liquid Fe3O4 NP-carrying
resins, to allow the rearrangement of MNP distribution dynamically.71

Different patterns were written after applying a global magnetic field to
homogenize and leave all the pillars with the same NP distribution (or
state) and then approaching a magnetic needle to selectively modify the
state of some pillars, where the patterned structure will appear upon
actuation.

14.5 Challenges and Future Directions
The combination of magnetic materials with high-resolution 3D printing
technologies is significantly expanding the range of feasible devices and
addressable scientific questions. Nevertheless, the integration of nanocom-
posites, and more specifically MNPs, into 3D elastomeric architectures is
still very limited. Some of the challenges faced by the printing commun-
ity are related to the resolution of the techniques, which will foreseeably
improve in the coming years. The concentration of MNPs in most of
the aforementioned examples is still limited, as the addition of nanoele-
ments changes the light scattering in VP techniques, as well as changes
in the rheological properties in direct ink printing techniques, such as
IJP or FluidFM. Additionally, high MNP concentration can lead to aggrega-
tion problems. From this viewpoint, new ink formulations with enhanced
magnetic performance need to be engineered. Therefore, we envisage that a
joint interdisciplinary effort will be needed to alleviate these challenges and
allocate the existing 3D printing technologies to build magnetoresponsive
structures.
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