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Although self-assembly (SA) in two dimensions (2D) is highly developed (especially using surfaces as
a templates), SA in three dimensions (3D) has been more difficult. This paper describes a strategy for
SA in 3D of diamagnetic plastic objects (mm- to cm-sized in this work, but in principle in sizes from

~10 um to m) supported in a paramagnetic fluid by a non-uniform magnetic field. The magnetic field
and its gradient levitate the objects, template their self-assembly, and influence the shape of the
assembled cluster. The structure of the 3D assembling objects can be further directed using hard
mechanical templates—either the walls of the container or co-levitating components—which coincide
spatially with the soft template of the magnetic field gradient. Mechanical agitation anneals the
levitating clusters; the addition of photocurable adhesive, followed by UV illumination, can

permanently fuse components together.

Introduction

The problem of how best to use self-assembly (SA) to organize
mesoscale components (from sizes less than mm to greater than
cm) into three-dimensional (3D) assemblies is unsolved: struc-
tures tend to be dominated by gravitational forces, rather than by
interaction between the components. In fact, there are no general
strategies for assembly in 3D, other than those involving
mechanical processes, such as the use of machines! directed or
programmed by humans. Self-assembly in 3D at the molecular
scale is, of course, ubiquitous, but these processes operate under
different constraints than those for larger objects: the molecular
forces experienced by thermal collisions—Brownian motion—
are larger than forces due to gravity, and molecules remain
suspended in solution indefinitely.

In the laboratory, processes based on SA,? are most successful,
and highly developed, at surfaces (i.e., in 2D). Examples at
different scales include the assembly of ordered monolayers of
alkanethiolates (SAMs) on gold,? of colloid particles into crystals
and photonic band-gap structures,* of bubbles into crystalline
bubble rafts,? of microspheres into ordered arrays® and of chips
onto credit cards.” The presence of a templating surface both
simplifies and limits SA. In general, the most successful labora-
tory demonstrations of self-assembly use a single kind of a simple
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component (e.g., uniform spheres); crystals of spheres that have
been explored actively for use in photonics,® optics,® and elec-
tronics® provide examples. There are, of course many elegant
examples of self-assembled molecules and molecular aggregates
(for example, molecular crystals, liquid crystals,'® phase-sepa-
rated block copolymers,! proteins,'? and protein segregates'?).
The processes that generate these structures are, however, not
easily subject to design or adapted to non-molecular compo-
nents, and the most “elementary” of them (e.g., crystallization of
simple organic molecules from non-polar solvents) still seem
intractably difficult to model or simulate.

The objective of this work is to explore the potential of an
unfamiliar approach to 3D self-assembly: magnetic levitation
(MagLev). In Maglev, the gravitational forces that make 3D SA
so difficult to accomplish using mesoscopic components in
a gravitational field are reduced or cancelled using magnetic
forces.

Magnetic levitation (MaglLev) has previously been used to
separate materials based on differences in density*2* and for
measuring density, but the only examples in the literature
pointed toward SA have produced only disordered aggre-
gates.>*?” This paper expands on a strategy we have recently
described®® that makes it possible to suspend objects in 3D,
without requiring contact with solids, and ordered according to
density and the relative influence of magnetic and gravitational
forces.

Maglev has eight characteristics that make it particularly
attractive as a strategy for 3D SA of mm-scale objects. (i) It is not
limited to surfaces, and avoids some of the limitations imposed
by gravity in conventional SA. (ii) SA based on Maglev can be
made reversible—a necessary requirement for minimizing the
density of defects in the assembled clusters.?-*! (iii) MagLev SA
can use components from a wide range of materials. Using the
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simple, relatively low-field magnets we employ here, objects with
densities between 1-3 g cm™ can easily be manipulated; this
range includes most organic polymers. (iv) MagLev is applicable
to soft, fragile, and sticky objects; such objects are otherwise very
difficult to handle. (v) Composite objects can be assembled from
several different materials. (vi) Multiple components with
different sizes, shapes or properties can self-assemble into
asymmetrical, ordered structures using MagLev. (vii) MagLev
can be adapted to a wide range of problems in SA because it is
influenced by a number of independently controllable parameters
(the densities and shape of the objects, the density and magnetic
susceptibility of the paramagnetic liquid, the shape of the
magnetic field, the shape of the container, and other readily
controlled parameters such as temperature and pressure). (Vviii)
MagLev induces SA over convenient time-scales (the time it
takes to form well-ordered structures using mm-scale objects
MagLev is on the order of seconds to minutes). The ability to
anneal the self-assembled structures by mechanical agitation is
also useful.

This paper describes the 3D SA of mm-sized diamagnetic
objects, suspended in a paramagnetic liquid, in a non-uniform
magnetic field. Using this system, we studied the effects of soft
templates (produced by the magnetic field), and hard templates
(both levitating objects and the walls of the container), on the
packing and shaping of magnetically levitating clusters of both
spherical and non-spherical objects. The device we used for
MagLev consists of two inexpensive NdFeB permanent magnets
oriented with like poles facing each other (anti-Helmholtz
configuration), and a container containing a paramagnetic
medium (an aqueous solution of Mn*?). Objects suspended in the
paramagnetic medium and positioned between the two magnets
assemble and orient spontaneously. The final position of the
objects in the liquid, and their self-assembly, is directed by
a competition between gravitational forces, magnetic forces, and
steric interactions (mechanical forces from physical contact)
among and between the objects and the container.

Experimental design

The repulsive force exerted by non-uniform magnetic fields on
diamagnetic materials is typically negligible for most materials,
and is insufficient to suspend them against gravity in air using
permanent magnets (bismuth and graphite are exceptions, but
the strength of their repulsion from a region of high field is still
small compared to the strength of attraction of most para-
magnetic objects). A simple strategy for achieving MaglLev of
diamagnetic objects with permanent magnets is to suspend these
objects in a paramagnetic fluid, and to place that fluid in
a magnetic field gradient generated using two magnets oriented
with like poles facing each other. In this arrangement, the
paramagnetic medium is attracted towards the regions of high
magnetic field, and displaces the diamagnetic object towards
regions of lower magnetic field; this exchange of paramagnetic
matter for diamagnetic in regions of high magnetic field enables
magnetic levitation.

The levitating objects come to rest at the location where the
gravitational (ﬁ ¢) and magnetic (ﬁ mag) forces balance (eqn (1)).
In this equation, p. and p,, are the density of the levitating
component and the paramagnetic medium, respectively [kg m~?],

xs and x,,, are the magnetic susceptibilities of the sample and the
medium [unitless in SI], B is the magnitude of the magnetic field
[A m™], Vis the volume of the sample [m?], u, is the permeability
of free space [=1.26 x 10° m kg s™> A~?] and g is the gravita-
tional constant [=9.81 m s7.

(Xm — X.r)

V(BV)B=0 (1)
Mo

Fg+ﬁmﬂg = (ps _pn1)V§+
The NdFeB magnets we used here are inexpensive (~$20 when
purchased individually and significantly less in bulk), and
generate large magnetic fields (remanent field, Mg = 1.1 kKA m™!
and field at the magnet surface ~0.4 T). Their large coercivity
(Hc = 1.1 T) makes them resistant to demagnetization when
multiple magnets are used in an anti-Helmholtz arrangement.
Two rectangular prism-shaped magnets in an anti-Helmholtz
configuration generate a region of low magnetic field between the
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Fig. 1 (a) Schematic of the device used for Maglev overlaid with
a cross-section of the calculated magnetic field in the y-z plane centered
on the magnets, and with a cross-section of the magnetic field in the x-y
plane between the magnets; (b) Photographs of clusters of levitating
PMMA spheres (5/32 in/4 mm diameter) levitating in 1.3 M aq. MnCl,.
The left column shows examples of clusters that form as-placed in the
device, and the right column shows the same cluster after mechanical
agitation for two minutes. As-placed clusters form sheets that, for fewer
than eight spheres, are generally, but not always close-packed (contrast
the cluster with five spheres to the clusters of six and seven spheres). The
sixth sphere in the agitated column lies above the plane of the other five
and is shown shaded in the schematic.
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magnets (Fig. la)—an oblate-spheroid-shaped “magnetic
bottle”; this configuration is especially useful for 3D SA for three
reasons. (i) The system centers and aligns levitating diamagnetic
objects or clusters along a vertical centerline between the
magnets (dotted line in Fig. 1a), because the magnitude of the
magnetic field is minimal in that region of the x-y plane. (ii) It
levitates objects that are either more dense or less dense than the
paramagnetic solution: objects that are more dense than the
medium sink in the absence of the magnetic field, and their
levitation is enabled by the bottom magnet; objects that are less
dense than the medium float in the absence of an applied
magnetic field, and their levitation (or “reverse levitation”) is
enabled by the top magnet. (iii) The magnetic field gradient can
be easily altered by changing the distance between magnets.

The paramagnetic solution enables levitation in two ways: (i) it
provides a buoyant force that counteracts gravity, and (ii) it
controls the magnitude of the magnetic force experienced by the
paramagnetic medium, and thus contributes another force to
those experienced by the diamagnetic objects.’* We used 1.0-1.5M
MnCl, (x,,, = 7 x 107*) solutions in water (p = 1.10-1.15 g cm3)
for levitation, and we added non-ionic surfactant (0.1% v/v
Triton X-100 or Tween20) to reduce friction and hydrophobic
interactions between objects and thus to reduce defects in
assembly. Solutions of MnCl, in water have high magnetic
susceptibility (x,, = 107* for solutions = 4 M and decreases
linearly with concentration), and low cost (<$0.05/g for quanti-
ties used in a lab experiment, and significantly less in bulk). They
enable levitation of objects that range in density from 1-2 g cm™?
(and up to 3 g cm® with MnBr, and/or addition of other
diamagnetic co-solutes, such as CaCl, or ZnCly; the added Ca*?
or Zn*? diamagnetic ions do not significantly change the
susceptibility, but the dissolved salt changes the density of the
solution). This range of densities is well-suited for levitating most
organic polymers.

In most of these studies we used spherical objects as compo-
nents. Spherical objects are well-suited for initial experiments
because surface interactions between two spheres are minimal;
strong surface interactions may inhibit sliding of objects towards
the equilibrium structures, and can lead to the formation of
kinetically trapped, metastable structures.

We selected polymethylmethacrylate (PMMA, density =
1.19 g cm™®) for most of the diamagnetic components; this
polymer is homogeneous, inexpensive, commercially available in
many shapes and sizes, and easily machined. Laser cutting
generated non-spherical objects from sheets of PMMA.

The assembly of multiple components into ordered, equilib-
rium structures usually requires agitation. We annealed the less
stable aggregates formed initially into more stable structures by
mechanically agitating the container (various prism-shaped
boxes, 2-8 ¢cm in length), using an attached, unbalanced micro-
motor (the kind that produces vibrations in a cell phone). This
rotor produces vibration at 250 Hz; the vibrations are trans-
mitted through the liquid and agitate the cluster.

Results
Self-assembly of spheres in the absence of rigid templates

The magnetic field gradient creates a “magnetic bottle” that traps
levitating objects; the shape of this bottle (or “magnetic

template”) determines how multiple levitating objects pack
within it. Fig. 1b illustrates the self-assembly of clusters of
spheres within a magnetic template produced by the Maglev
device. We compare non-agitated clusters to those annealed with
mechanical agitation. The left column of Fig. 1b shows examples
of clusters of spheres that formed spontaneously after placing the
spheres in the container filled with the paramagnetic medium,
allowing them to sink, and positioning the container between the
magnets within the Maglev device. Horizontal sheets formed
without agitation for clusters consisting of up to seven spheres
(Fig. 1D, left column) for all sphere sizes we used in our experi-
ments (0.06 in —0.25 in/1.6 mm —6.4 mm in diameter). In this
case, the magnetic field essentially provides a very shallow bowl
with a slight magnetic “rim” around the region where the spheres
are levitating, and permits the formation of the flat horizontal
sheets shown in Fig. 1b. Agitation, either manually (by tapping)
or by vibrating the container promotes the formation of ordered
clusters (Fig. 1b, right column).

Sheets comprising eight or more spheres experience lateral
magnetic forces from the “rim” that push spheres (1.6 mm-6.4 mm
in diameter) at the margins toward the center and prevent the
expansion of the ordered sheets upon addition of spheres; these
clusters remain disordered even after 10 min of mechanical
agitation. To increase the size of a stable flat cluster, we increased
the magnet-to-magnet distance to 70 mm, and thereby extended
the template laterally and flattened it (the local curvature
around the centerline was reduced; compare the COMSOL
simulations of the magnetic field shape in Fig. 2). In this
configuration, planar close-packed sheets of up to nine spheres
(0.06 in —0.25 in/1.6 mm —6.4 mm in diameter) form.
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Fig. 2 Photographs showing the progressive formation of a SA cluster

d =40 mm
as spheres are added from above. The center of mass of the crystal levi-
tates at constant height. Magnet-to-magnet separation is denoted on the
right. The shape of the clusters follows the shape of the magnetic trap,
with the flattening of the cluster apparent as the distance between the
magnets is increased (COMSOL calculations are shown on the left).
Bottom row: the addition of a narrow container (standard cuvette,
10 mm wall-to-wall distance) induces FCC packing in the clusters, in
contrast with the less-ordered clusters induced by the magnetic template
alone. Numbers given as column headings denote the number of spheres
in the cluster. Arrows point to the center of mass of the levitating clusters.
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Freely-levitating clusters comprising ten or more spheres
(1.6 mm—6.4 mm in diameter) did not form a well-ordered cluster
when mechanically agitated in this Maglev device, even at the
larger magnet separation; the cluster, however, levitated such
that its center of mass remained at constant height, and addi-
tional spheres increased the thickness and lateral extent of the
cluster (Fig. 2).

Self-assembly of spheres in the presence of rigid templates

Templates that promote ordered structures by self assembly need
to have well-defined edges (either physical or energetic); the
magnetic gradient is smooth and lacks such features, and may
not promote the formation of multilayer crystalline clusters with
well-defined edges. The formation of well-ordered clusters of
more than seven spheres thus required the use of a rigid physical
template (or the use of larger magnets at larger separations); we
used physical templates to order larger clusters into a close-
packed arrangement and to induce alternate (non-close-packed)
ordering. Solid objects act as templates for the SA of levitating
spheres by providing a surface along which the spheres can pack.
Contact between a flat surface and aggregates of spheres leads to
the hexagonal packing of those spheres in direct contact with the
template; agitating these levitating objects extends this order
through the cluster (including to those spheres not in contact
with the template; for example, bringing a cluster of 60 spheres
into contact with the wall of the container, with agitation,
promotes the formation of a face-center cubic packed multi-layer
cluster (Fig. S1, ESIY). The angle of the flat surface relative to the
x-y plane does not affect the ability to induce ordering; it,
however, determines the orientation of the close-packed planes
of the ordered cluster. We demonstrate two types of templates: (i)
the flat walls of a container, and (ii) co-levitating objects.

Packing of levitating spheres in narrow containers (bottom
row of Fig. 2) follows rules outlined previously,**>* and is dis-
cussed in the ESIL.¥

Addition of rigid objects that levitate in contact with the
cluster induces ordering in otherwise disordered clusters
(Fig. 3a), and, by properly designing the levitating template, we
are able to form different lattices and structures. We used two
types of co-levitating templates: (i) ‘enveloping templates’ induce
order by wrapping around the cluster; (ii) ‘displacing templates,’
displace spheres occupying the lowest regions of magnetic field
within the magnetic trap. For example, co-levitating flat plates
induce crystallization in aggregates of 70 spheres (Fig. 3a). A co-
levitating rectangular frame with the same density as the spheres
templated the square packing of spheres (Fig. 3b). The surfaces
and edges of levitating objects can also induce ordered packing of
other objects around them (Fig. 3c). To generate the structures
shown in Fig. 3, we simply placed both the spheres and the
templates simultaneously into a container filled with a para-
magnetic medium, and positioned the container in the magnetic
field.

Levitating templates provide a degree of control and freedom
in designing self-assembling structures not available to other
methods of SA. Enveloping and displacing templates can be co-
levitated simultaneously to create complex multi-component
structures.

Fig. 3 Pictures of levitating spheres ordered by co-levitating templates
(a top view of the shape of the template, in gray, is shown schematically
along with the placement of spheres). (a) fcc ordering in the freely levi-
tating cluster can be promoted by the addition of a flat, rigid co-levitating
template (PMMA disks in the image). Right, two disks were first designed
and fabricated to levitate at different heights by applying polytetra-
fluoroethylene tape (bottom disk) and polyvinyl chloride tape (top disk);
all components were placed in the container simultaneously and the
container was placed in the magnetic field. Agitation produced the
ordered cluster. The structures obtained were reproducible: the exact
location of the spheres varied, but the packing and the general shape of
the cluster always remained the same; future work will address maxi-
mizing the yield of the self-assembly. (b) Enveloping templates: laser-cut
PMMA templates ordering 1/8 in/3 mm diameter spheres. (¢) Displacing
templates: the top image shows a 1/4 in/6.4 mm diameter PMMA sphere
templating the assembly of 1/16 in/1.6 mm diameter spheres, the middle is
a notched template that locks the position of twelve 5/32 in/4 mm
diameter spheres with respect to one another, and the bottom is the same
template with four spheres. The scale bars are 1/4 in/6.3 mm in all
photographs. Detailed drawings of the templates, as well as a video
showing the self-assembly are available in the supporting material.

Self-assembly of complex structures from components with
different densities

By using components with different average densities, we can
control the vertical placement of the levitating objects with
respect to one another. This control enables the self-assembly of
more complex structures by a process analogous to a layer-by-
layer assembly. Fig. 4 illustrates multiple levitating objects with
different densities that have self-assembled into layered struc-
tures according to their density. In the absence of additional
mechanical templates that restrict the positions of components,
the shape of the magnetic template controls the structure of each
layer. The introduction of a physical template, in the form of
a wall or co-levitating object, induces order in the separated
clusters (Fig. S1, Fig. S2, ESI}). By patterning the density
distribution of each object (in addition to the average density),
we can also control the orientation and placement of the indi-
vidual objects in the final, self-assembled structure (see video S1
in the ESIt). To achieve these structures, no special layering of
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Fig. 4 Photographs demonstrating the concept of density-based sepa-
ration and self assembly of multiple objects. (a) Non-templated spheres
assemble into separate layers based on density: (from bottom to top)
black is neoprene, gray is Torlon and lighter gray is polyvinylchloride,
spheres are 1/4 in/6.3 mm in diameter. (b) A 1/4 in/6.3 mm diameter
Delrin sphere simultaneously templates 1/16 in/1.6 mm diameter Delrin
spheres around its equator (white) and Torlon spheres (gray) below them,
and 5/64 in/2 mm-diameter rubber spheres (black) at its bottom pole.
Scale bar is 1/4 in/6.3 mm.

the objects was necessary—all objects were placed in the
container at the same time, and, upon agitation, separated at
different heights according to their average density.

Fig. 5 demonstrates several uses of this method to program the
assembly of complex structures. We prepared several complex
objects by gluing together spheres of different densities to sheets
of acrylic before placing them in containers of paramagnetic
solution. The objects self-assembled into layered structures

Y 4

Fig. 5 The self-assembly of complex objects can be programmed by
patterning the density of the levitating objects. Here, interlocking pieces
were prepared by gluing polymer spheres to prepared 13 x 8 mm acrylic
sheets (red). White layers are adhesive-backed Teflon. Each object is
programmed to levitate at a different levitation height when placed in the
same container together; after the objects self-aligned by placing the
container in the magnetic field, the magnet-to-magnet distance was
reduced from 60 mm to 30 mm to bring them into contact. The different
spheres are: A — acrylic (PMMA), P — polystyrene and T — Torlon. The
magnets were 3.5 x 2.5 x 11in (89 x 64 x 25 mm).

Fig. 6 Self assembled clusters of spheres can be glued permanently by
introducing an emulsion of optical adhesive to the paramagnetic solution,
allowing for the adhesive to coat the surface and curing it under UV-light.
The left figure shows a levitating cluster of seven 5/32 in/4 mm diameter
spheres; the cluster was subsequently glued and removed from the solu-
tion, shown center. Right is a SA cluster of 40 spheres that have been
glued together. Scale-bars are 6.3 mm.

directed by MagLev. Reducing the separation between magnets
makes it possible to bring separate layers into contact.

Joining components in clusters of self-assembled structures

Practical applications usually require that structures be stable
once self-assembled. To fix the SA structures we describe here
permanently, we applied a photocurable adhesive after self-
assembly was complete. A portion of the paramagnetic solution
(typically one-sixth to one-fifth of the volume) was removed and
an emulsion containing photocurable adhesive (1 : 100 v/v of
Norland Optical Adhesive 72 in the MnCl, solution used for
levitating) was added slowly (over the course of 2 min) so as not
to disturb the SA cluster. We permitted the adhesive to coat the
cluster for five minutes, and then exposed the solution to UV
light to crosslink it. The objects were then removed and rinsed
(Fig. 6).

Conclusion

This paper demonstrates the use of MagLev to guide the self-
assembly of components in 3D. A stationary magnetic field
suspends objects against gravity, and the shape of the magnetic
field gradient guides them into contact with one another, and
determines the initial shape of the levitating clusters. To induce
order in the levitating cluster, or to influence the shape of the
cluster (i.e., to make non-close-packed based cluster), we posi-
tioned surfaces of rigid, mechanical templates (e.g., walls of
a container or co-levitating objects) in contact with the cluster.
Tailoring the size and shape of the rigid templates promotes the
formation of alternate packing of spheres to the typical hexa-
gonal-packed structures. Manipulating the density of the objects
easily controls the vertical position of levitating objects in
Maglev; introducing patterns of density into individual
components controls their orientation. The simultaneous levi-
tation of multiple components with different densities enables the
assembly of multilayered structures, and freely-levitating clusters
can be permanently joined by the addition of photocurable
adhesive in the paramagnetic solution and subsequently removed
from the container.

MagLev has several useful features as a method for 3D SA: (i)
it is compatible with a wide range of materials (plastics, liquids,
gels, pastes); (ii) it is conveniently rapid (the time it takes to form
well-ordered structures using mm-scale objects MagLev is on the
order of seconds to minutes); (iii) it is applicable to a wide range
of shapes and sizes of objects; (iv) it generates assemblies
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reversibly: these assemblies can be disassembled by the removal
of the magnetic field. Devices for MagLev can be easily modified
to expand the range of structures and objects that can be self-
assembled. Devices that generate higher fields and field gradients
can be used to self-assemble objects that have a higher density
than what we explore here, or that have smaller sizes than
demonstrated here. To generate differently shaped magnetic
holes, the magnetic fields and magnetic field gradients can be
shaped by (i) use of permanent magnets with different shapes, (ii)
soft ferromagnetic-field-concentrators, (iii) addition of electro-
magnets, or series of electromagnets.

MagLev also has a number of limitations: (i) for our device,
Brownian motion impedes the assembly of objects with diame-
ters less than 5 um, a shortcoming that can be addressed by using
a device with a larger magnetic gradient; (ii) levitation of large
objects is limited by the sizes of the magnets and container; this
limit could be, in principle, overcome by using large magnets.

MaglLev is a flexible and versatile new technique for 3D SA.
The freedom to program the SA of multiple complex objects
should lead to improved processes for assembly of small objects,
and provide an alternative to processes currently addressed by
serial pick-and-place assembly by humans or robots.
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