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We present the fabrication and characterization of large arrays of
(SPMPC)
hemispherical microstructures. SPMPCs are appealing for applications
in microsystems and nanorobotics due to the added functionality of
polymers and the significant magnetic attributes of embedded
nanostructures. SPMPC-based microarchitectures can be used to

inkjet-printed superparamagnetic polymer composite

perform different functions wirelessly in various media (e.g. water,
solvents) using external magnetic fields: handling and assembling
small objects, delivering drugs or biomass, or sensing specific physical
or chemical changes. In this work superparamagnetic magnetite
nanoparticles are dispersed in SU-8 to form magnetic hemispheres.
Magnetically anisotropic hemispheres as well as standard SPMPC
hemispheres are fabricated. Magnetic anisotropy is programmed by
applying a magnetic field during curing. The distribution of nano-
particles inside the polymer matrix and magnetic characteristics of the
SPMPC are investigated. Magnetic manipulation of hemispheres is
demonstrated at liquid—liquid interfaces. Different assembly strategies
to form lines or geometric shapes from hemispheres as well as their
independent dynamic control are demonstrated. Finally, a two-inter-
face assembly strategy is demonstrated to assemble hemispheres into
complete spheres for advanced self-assembly tasks.

The trend of device miniaturization is one of the most signifi-
cant concerns faced by process engineering and industry. As the
systems are further miniaturized, machining of their parts
becomes more complicated, requiring multidisciplinary
knowledge and advanced manufacturing and assembly tech-
nologies.”” New approaches in fabrication have allowed
machining more complex micro- and nanoarchitectures. The
use of template-assisted fabrication (TAF) processes is one
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widely used strategy. In this approach, patterns or arrays made
of inorganic or organic material serve as molds for the
production of micro- and nanofeatures. This approach has
already been proven for producing nanowires,® nanotubes,
honeycombs;* and more complex geometries such as micro-
and nanohelices.” Anodic alumina and polycarbonate porous
membranes, or patterns generated by photon, electron-beam
and colloidal lithography are among the most widely utilized
templates. However, there are some drawbacks in the use of TAF
methods such as their limited resolution, the chemical stability
of the patterns or the limited availability of achievable shapes.
In contrast, template-free fabrication (TFF) processes are gain-
ing importance due to their ability to form three-dimensional
components. These methods do not require vacuum technology
and the material waste during processing is significantly
reduced. Some of the TFF methods include localized electro-
chemical deposition,® electrohydrodynamic liquid ejection,’
dip-pen nanolithography, and inkjet printing.®

Inkjet printing is a promising technology to shape a wide
variety of materials such as polymers, hydrogels, graphene or
metal oxides.? Some of the key benefits of this method are the
rapid prototyping, non-contact multimaterial deposition, and
low waste. Inkjet printing also allows machining a wide variety
of shapes including pillar arrays, helices, zigzag patterns or
microbridges.” Recently, Jacot-Descombes et al. have reported
the fabrication of well-defined hollow microspherical shapes®
on pre-patterned substrates and with microchip embedding.™
With suitable ink formulations, complex composite micro-
structures consisting of a matrix containing functional nano-
particles can also be manufactured.*” For example, Wood et al.*
showed the fabrication of inkjet-printed quantum dot-polymer
composites for AC electroluminescent displays. Small and
Panhuis reported the fabrication of electrically conductive
composite patterns containing single-walled carbon nanotubes
by inkjet printing for chemical sensing applications.”* In
general, the main challenges of producing nanoparticle
composites are controlling the dispersion of nanoparticles in
the matrices and finding processing techniques for large
volume manufacturing. Several methods allow patterning of
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nanocomposites such as photolithography, electrodeposition,
and screen-printing."*** However, photosensitive fabrication
methods are limited by the high UV absorption of the
embedded nanoparticles.'®** Electrodeposition requires always
an electrochemically active matrix and a conductive substrate;
and screen-printing exhibits low resolution. Solving these
issues, inkjet printing can be a more advantageous fabrication
route.

Magnetic polymer composites (MPCs) are appealing for
applications in microsystems and nanorobotics due to the
processability of the polymers and the enhanced magnetic
attributes of embedded nanostructures.’>**** MPC-based
microarchitectures can be used to perform several functions
wirelessly using external magnetic fields: handling and assem-
bling small objects,” carrying and delivering drugs or
biomass,** or sensing specific physical or chemical changes.>® In
addition, they can be actuated in different environments
(i.e. air, solvents or electrolytes) provided they are magnetically
transparent. Nevertheless, most reported magnetic micro- and
nanocomponents are limited to simple actuation motions.'® In
order to attain complex magnetic actuation, researchers have
been working on several fabrication strategies. For example,
Kim et al. showed the fabrication of superparamagnetic poly-
meric microcomponents with programmable magnetic anisot-
ropy and they demonstrated actuation mechanisms that were
not possible before. The embedded nanoparticles are aligned by
applying magnetic fields to set a preferred magnetic direction
(i.e. easy axis). Furthermore, Peters et al. showed that by
applying magnetic fields during the fabrication of MPC-based
helical swimmers by two-photon polymerization, the corkscrew
propulsion of the microhelices could be significantly
enhanced."”

In this paper, we present the fabrication of large arrays of
inkjet-printed superparamagnetic polymer composite (SPMPC)
hemispherical microstructures (Fig. 1). Details of the fabrica-
tion can be found in the ESIf Briefly, a dispersion of super-
paramagnetic nanoparticles of magnetite (Fe;O,, average
diameter d = 11 nm) and the epoxy SU-8§ monomer are mixed in
appropriate ratios to obtain a stable ink. Hemispheres are
printed on a substrate by controlled deposition of micro-
droplets. The curvature and the size of the hemispheres are
adjusted by controlling the surface properties of the substrate
and the number of drops printed as described in ref. 24 and 25.
The 2 vol% particle concentration SU-8 composite is then
thermally cured for cross-linking the polymer beyond the
optical limit." This step allows fabrication of relatively thick
structures. It is also shown that the magnetic axis of the
hemispheres can be programmed during the synthesis by
carrying out all the fabrication steps in the presence of a
homogeneous magnetic field of 300 Oe. A normal and a
magnetically anisotropic (MA) microhemisphere are shown in
Fig. 1(b and d vs. ¢ and e). The forced alignment of nano-
particles in the MA hemisphere and, hence, the preferred
magnetization direction can be already recognized with the
optical microscope (Fig. 1(e)).

In order to explore the particle distribution across the poly-
meric hemispheres, focused ion beam (FIB) milling is

10496 | Nanoscale, 2014, 6, 10495-10499

View Article Online

Communication

performed. From the FIB cross-sections (Fig. 1(c)), one can
observe that the distribution of particles in SPMPCs obtained
without the magnetic fields is homogeneous,* and only a few
agglomerations are observed. In contrast, the cross-sections of
MA hemispheres reveal that the lines of particles are parallel
and separated by an approximate distance of 2 um (Fig. 1(d)).
These parallel patterns are also observed in other studies. For
example, Sheparovych et al. showed that magnetite super-
paramagnetic nanoparticles stabilized in polyelectrolytes can
form patterns of parallel wires when applying magnetic fields.*®
This chain-like arrangement of nanoparticles is due to magnetic
dipole-dipole interactions among them. Briefly, the application
of a magnetic field overcomes the thermal motion that would
otherwise annihilate the aggregation of the particles in an
ordered manner. The magnetic properties of the hemispheres
are also investigated by means of vibrating sample magne-
tometry (VSM). The normalized M-H curves for both samples
are measured along two directions perpendicular to each other
(Fig. 2). The curves labeled as 0° and 90° correspond to the
magnetization of the hemispheres obtained when the field is
applied parallel and perpendicular to the alignment direction of
the nanoparticles, respectively. In all cases, the hemispheres
exhibit a superparamagnetic behavior with no hysteresis. In
principle, when the particles assemble into clusters with sizes
higher than 15 nm, their single-domain character should
vanish, thus becoming ferromagnetic.?” However, it is reported
that big clusters also preserve their superparamagnetic attri-
butes.”® The hemispheres obtained without the presence of a
magnetic field show identical characteristics in both directions.
By comparing the behavior of normal hemispheres with MA
hemispheres, one can see that magnetization increases more
rapidly with the field for MA hemispheres. This is in agreement
with other studies® in which it is observed that one-dimen-
sional chains of magnetic nanoparticles react more sensitively
to magnetic fields, because they perform as single-elongated
particles or exhibit shape anisotropy due to interaction with
each other.

To demonstrate their magnetic functionality, we show that
self-assembly of the microfabricated hemispheres can be initi-
ated and directed by magnetic fields and gradients. An easy and
controlled way to manipulate these microhemispheres consists
of performing the manipulation at liquid interfaces. Since the
hemispheres are trapped at the interface, their motion is
restricted to two dimensions. Moreover, the particles can be
confined at the center of the liquid-liquid interface benefiting
from the liquid menisci at the container walls. In our study, the
hemispheres were manipulated in a water-decane interface in a
cylindrical glass beaker with a diameter of 13 mm. A custom-
made magnetic manipulation setup consisting of three
orthogonal Helmholtz pairs was utilized (for details refer the
ESIT). When the particles are trapped at the interface they tend
to assemble due to strong capillary attraction, the so-called
Cheerios effect.* Lumay et al.*" studied the mechanisms of this
phenomenon using ferromagnetic beads suspended in the air-
water interface. By applying magnetic fields perpendicular to
the interface, dipole-dipole repulsions between the beads are
generated. By modulating the magnetic fields, the authors
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Fig.1 The MPC hemispheres are fabricated by inkjet printing (a) (scale bar of the inlet is 50 pm). The photo of an array of MPC hemispheres is
shown (b). The cross-sectional SEM image of the normal MPC (c) and anisotropic MPC (d) obtained by an FIB cut (scale bar is 2 pm). In a normal
MPC (c) the nanoparticles are homogeneously distributed in the polymer matrix. In an MA MPC (d) the formed lines are approximately 2 um apart
from each other. The microscope image of the normal hemisphere is shown in (e) and the MA hemisphere in (f) (scale bar is 50 pm). The
nanoparticles cannot be seen normally, but the lines of nanoparticles in the MA hemisphere can be seen easily by an optical microscope.
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Fig. 2 Normalized M-H characteristics of the normal (left) and
magnetically programmed (right) samples over two in-plane directions
taken by VSM. The first has the same magnetization characteristics
over all directions. For the latter 0° shows the direction of the lines and
90° shows the direction perpendicular to the lines.

demonstrated that the interdistance between beads could be
readily tuned.

Fig. 3 shows two MA hemispheres under magnetic fields of
different intensities and orientations. When two hemispheres
are close to each other and a uniform field is applied perpen-
dicular to the line connecting the centers of two hemispheres,
the dipoles repel each other as captured in the first row. When
the magnetic field is applied in line with the connecting line,
the dipoles attract each other forcing particles to come together.
This is shown in the second row of Fig. 3 (see SP1 videot). By
applying gradients, the hemispheres or clusters of hemispheres
can be moved around the workspace. By moving clusters and
applying in-line magnetic fields, long chains of particles can be
obtained as shown in Fig. 4 (see SP2 videot). These chains can
be broken any time by suddenly changing the magnetic field
direction of 90° causing magnetization of parts in parallel that

This journal is © The Royal Society of Chemistry 2014

Fig. 3 When two samples have parallel magnetization the dipoles
repel each other (top image sequence). When they have in-line
magnetization the dipoles attract each other (bottom image
sequence).

Fig. 4 By applying in-plane magnetic fields the hemispheres can be
grouped in lines. Small groups join others to form long chains of parts.
Two manipulation experiments are shown as image sequences (top
and bottom).

induces a repulsive force. If the magnetic field direction is
changed slowly the line of hemispheres will have time to follow
the magnetic field rotating the assembly with the field. These
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manipulations can be observed in both normal and MA hemi-
spheres with more effective results with the latter due to the
stronger magnetic anisotropy.

By applying out-of-plane magnetic fields the hemispheres
can be magnetized in the applied field direction. The dipoles
formed by the hemispheres will be parallel to each other and
thus repel each other. An equilibrium can be found between
the attractive capillary forces and the repulsive magnetic
dipole forces as demonstrated by Lumay with ferromagnetic
beads,*' and ordered structures can be obtained as shown in
Fig. 5. Geometric patterns with controlled hemisphere
interdistances can be obtained. Rotating magnetic fields
cause dynamic movements of the hemispheres and they aid
to break bonds when two hemispheres get together. This
greatly helps their manipulation and high magnetic torques
are only possible with MA hemispheres. They can be also
utilized in functional machines. The normal hemispheres
also exhibit a weak magnetic anisotropy due to agglomera-
tions of nanoparticles or variations in their geometrical
shape. To compare the two types of hemispheres, they are
rotated with magnetic fields with increasing frequency of
rotation. At step-out frequency the hemispheres cannot
follow the magnetic field, because the rotational drag
balances the magnetic torque. The MA hemispheres had a
considerably higher step-out frequency of 125 Hz compared
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Fig. 5 By applying out-of-plane magnetic fields the samples can be
magnetized out-of-plane. The dipoles repel each other as they are
forced to stay at the interface. A triangle obtained by three samples and
a tetragon obtained by five moving parts (4 individual and one couple
acting as one).
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to normal ones which showed 65 Hz (repeated with >5
samples SD = 1 Hz). If these hemispheres are utilized in a
microsystem where they perform a rotational movement, they
can be addressed individually by the applied frequency. For
example when a rotating field is applied at 100 Hz, the normal
parts will stop while the MA hemispheres are rotating. SP37
shows the videos of the two types and their behavior under
increasing frequencies.

Assembly of two hemispheres into a full sphere was also
investigated. The two hemispheres can be made by different
fabrication methods or carry different parts of a device. Two
hollow hemispheres can also be assembled to encapsulate
liquids.**** For this purpose, a two-interface system is
designed with a decane-water-perfluorodecalin trilayer. First
the perfluorodecalin-water interface is formed and a mono-
layer of hemispheres with their flat sides up is organized at
this interface. Later, decane is added forming the second
interface and another monolayer of hemispheres is assem-
bled with their flat sides down this time. By applying
magnetic fields assemblies are formed and centered with
respect to each other. Using a micropipette, the intermediate
phase (i.e. water) is slowly removed making the two layers
come together. Fig. 6 shows the illustration of the two-
interface assembly method and examples of assembled
hemispheres (top right) and misaligned assemblies (bottom
right). This process is a stochastic process and without any
functionalization on hemispheres the yield is limited.
However, this experiment demonstrates successful assem-
blies of hemispheres. By hydrophobic/hydrophilic function-
alization the yield of this process can be significantly
enhanced.**?

In summary, SPMPC hemispherical microstructures with
programmed anisotropy have been successfully fabricated
using inkjet printing. This simple processing approach opens
new avenues to manufacture components for micro-
electromechanical systems and nanorobotic tools. Magnetic
microhemispheres can be successfully manipulated at liquid
interfaces. Taking advantage of the magnetic interactions
between the hemispheres, self-assembly of the hemispheres can
be controlled in a wireless fashion using external magnetic

fields. Patterns with more complex geometries can be
fabricated.

b‘
i

Fig. 6 Hemispheres can be placed in an order at two liquid—liquid interfaces (left). By removing the liquid in the middle, the top and bottom
hemispheres can be brought in contact (middle). Due to surface forces self-assembly can be achieved. Photos of fully assembled (top) and
misaligned assembled (bottom) hemispheres are shown on the right. The hemispheres have a diameter of 230 pm.
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