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 Using Magnetic Levitation for Three Dimensional 
Self-Assembly 
 The development of practical strategies for the assembly of 
objects into 3D arrays is an unsolved problem. This paper 
describes the use of magnetic levitation (MagLev) to guide the 
self-assembly of millimeter- to centimeter-scale dia magnetic 
objects, which we call “components”, each programmed by 
shape and distribution of density, into 3D assemblies and 
structures in a paramagnetic fl uid medium positioned in the 
magnetic fi eld gradient generated by NdFeB magnets. When 
the components are not in contact, their equilibrium confi gu-
ration depends on the balance of magnetic and gravitational 
forces they experience. This technique provides a convenient 
method to position components in 3D without mechanical con-
tact; we demonstrate its unique capabilities using components 
with optical functions, and with components that form ordered, 
assembled structures when transferred into contact with solid 
supports. 

 Most functional devices are assembled from components 
(by either humans or machines) and connected mechanically. 
The ability to carry out any part of these processes automati-
cally, or even to preposition or preorient the components reli-
ably, would simplify them. Self-assembly is a useful technique 
for generating ordered assemblies, [  1–3  ]  and although there are 
exceptions, it has been most highly developed when the com-
ponents are all the same, and when there is a (quasi) 2D tem-
plate (e.g., surface) to guide the process. [  3–5  ]  We and others have 
demonstrated self-assembly across a range of sizes, [  6–14  ]  and 
have also generated self-assembled functional structures, [  3  ,  15–25  ]  
albeit with limited practical utility. Here, we introduce a very 
fl exible strategy that uses magnetic and gravitational forces for 
arranging components in 3D. 

 The use of the magnetic force is a versatile strategy for 
guiding self-assembly. [  7  ,  26–28  ]  Approaches towards self-assembly 
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based on magnetic interactions are particularly convenient 
because: i) magnetic forces act at a distance and, therefore, 
enable contactless manipulation of objects; ii) the spatial dis-
tribution of the magnetic forces is straightforward to program 
and to vary using arrays of magnets and electromagnets; and 
iii) a globally applied magnetic fi eld is capable of addressing a 
large number of components in parallel. 

 Current approaches that use the magnetic force for self-
assembly can be subdivided into two categories. The fi rst, more 
common, approach relies on the use of permanent magnets 
and electromagnets to control, manipulate, align, actuate, and 
assemble components containing embedded ferromagnetic ele-
ments. [  7  ,  26–28  ]  Although this approach is common, it is limited 
to components capable of strong magnetic interactions, i.e., 
components typically containing the elements Ni, Co, and/or 
Fe. The second, less common, approach is based on MagLev, 
a method that suspends diamagnetic objects, i.e., objects that 
lack permanent magnetic moments and unpaired electrons, 
against gravity using a counterbalancing magnetic force. Since 
diamagnets encompass a much wider variety of materials than 
ferromagnets, including most organic substances, water, and 
plastics, MagLev represents an underexploited, but potentially 
very versatile and widely applicable strategy for contactless 
manipulation and assembly of objects in 3D. 

 Examples of MagLev exist in vacuum, [  29  ,  30  ]  air, [  31–36  ]  in 
liquid [  37  ]  and pressurized [  38–40  ]  oxygen, in solutions of paramag-
netic ions, [  41–48  ]  and in suspensions of ferromagnetic particles 
in a carrier fl uid [  49  ]  using various sources of the magnetic fi eld, 
e.g., permanent magnets, simple electromagnets, and super-
conducting magnets. Initial demonstrations of MagLev were 
limited to the levitation of strongly diamagnetic materials, such 
as pyrolytic graphite and bismuth, using permanent magnets or 
electromagnets in air or under vacuum. [  29  ,  30  ,  34  ,  36  ,  50  ]  Despite its 
limitation, this concept found a number of applications during 
the 1960s, including a frictionless rotor, [  36  ]  accelerometer, [  51  ]  a 
tiltmeter/seismometer, [  34  ]  and a pressure gauge. [  29  ]  During the 
1960s and 1970s applications of MagLev extended to density-
based analyses and the separation of minerals, metals, and plas-
tics suspended in paramagnetic fl uids using permanent mag-
nets and electromagnets. [  41  ]  Subsequent use of superconducting 
and Bitter-type magnets in the 1990s and 2000s expanded the 
range of materials that could be suspended against gravity to 
include wood, glass, gold, water, ethanol, living organisms, and 
many other samples. [  31  ,  32  ,  35  ,  37–40  ,  52–59  ]  The discovery of NdFeB 
magnets, followed by their widespread commercial availability, 
enabled many of the most recent applications of MagLev in 
density-based chemical analysis, [  44–46  ,  48  ]  separation, [  48  ]  and 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 4134–4140
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    Figure  1 .     Experimental design for MagLev. A) The balance of magnetic 
( F  m ) and gravitational ( F  g ) forces determines the vertical equilibrium posi-
tion of an object levitating within the MagLev device. B) The distribution 
of densities within an object can be used to program its tilt angle during 
magnetic levitation. C) Schematic of a complex assembly with designed 
function where each component levitates in a specifi c 3D confi guration 
determined by the magnetic and gravitational forces acting on it.  
contactless manipulation and trapping of diamagnetic objects 
in 3D. [  33  ,  43  ,  48  ,  49  ,  60  ,  61  ]  This paper uses the established principles 
of MagLev to develop an approach for self-assembly of dia-
magnetic objects in 3D with unprecedented control over many 
aspects of position and orientation of components. 

   Figure 1   summarizes the principles that underlie 
MagLev. [  31  ,  37–39  ,  41  ,  44–46  ,  48  ,  49  ]  The device used is simple: two per-
manent magnets oriented with like poles facing each other (in 
an anti-Helmholtz confi guration) and separated by a container 
containing a paramagnetic medium (here an aqueous solu-
tion of MnCl 2 ). [  44–46  ,  48  ,  62  ]  The conditions for static equilibrium 
© 2011 WILEY-VCH Verlag GAdv. Mater. 2011, 23, 4134–4140
in MagLev require that for each object: i) the net force acting 
on the object equals zero ( Equation 1 ) and ii) the net torque 
around any arbitrary pivot point equals zero ( Equation 2 ). In 
these equations,  �Fg   (N) is the force of gravity,  �Fm   (N) is the mag-
netic force acting on the object, and  �r    is the lever arm vector (a 
vector from the pivot point to the point of application of force).

 
�Fg + �Fm = �0   (1)   

 �r × ( �Fg + �Fm) = �0   (2)   

   To simplify the derivations, we approximate an object of 
heterogeneous density as a composite object (subscript c) com-
prising two non-overlapping parts (subscripts a and b) of homo-
geneous densities whose centers of mass connect by a massless 
rod of length  L (m). We assume that the magnetic susceptibili-
ties of the two parts of the composite object are identical. In a 
3D Cartesian coordinate system in which the  Z -axis is aligned 
with the direction of the vector of gravity and coincides with 
the centerline (the line connecting the centers of the two mag-
nets), the origin is in the center of the top surface of the bottom 
magnet, and the  YZ -plane contains the centers of mass of both 
parts of the composite object.  Equation 3  gives  h (m)  , the dis-
tance between the top surface of the bottom magnet and the 
center of volume of the object (the “levitation height” of the 
composite object), and  Equation 4  gives  2  , the angle of tilt of 
the composite object in the  YZ -plane, defi ned as the angle 
between the  Z -axis and the link connecting the centers of mass 
of the two components comprising the object.
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 (4)   

  In these equations,  aρ    (kg m  − 3 ) and  
b

ρ    (kg m  − 3 ) are the densi-
ties of the two parts of the composite object,  cρ    (kg m  − 3 ) is the 
average density of the composite object,  mρ    (kg m  − 3 ) is the den-
sity of the paramagnetic medium,  χc   (unitless) is the magnetic 
susceptibility of the object,  χm   (unitless) is the magnetic sus-
ceptibility of the paramagnetic medium,  g   (m s  − 2 ) is the accel-
eration due to gravity,   μ   0   =  4 π   ×   10−2   (N A  − 2 ) is the magnetic 
permeability of free space,  d (m) is the distance between the 
magnets,  yα    is the gradient of the  Y -component of the magnetic 
fi eld along the Y-axis, and   α   z  is the gradient of the  Z -component 
of the magnetic fi eld along the  Z -axis. The Supporting Informa-
tion provides a derivation and a detailed account of the assump-
tions and simplifi cations associated with these equations. 

 We use these requirements for static equilibrium to organize 
the components in 3D. We control the gravitational force 
acting on an individual component by controlling the average 
density of the component and the density of the fl uid and by 
patterning the distribution of density within the component. 
For a particular system with fi xed values of magnetic para-
meters (magnetic fi eld and magnetic fi eld gradient, magnetic 
susceptibilities) and a medium of constant density, the average 
density of an object of heterogeneous density determines its 
4135mbH & Co. KGaA, Weinheim wileyonlinelibrary.com
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    Figure  2 .     Programming the vertical position and orientation of compo-
nents using patterns of density. A) A method for patterning density using 
stacked layers of polymer sheets and tape cut by a laser. B) Photographs 
of three squares of different densities levitating in 1  M  MnCl 2  (left panel). 
The squares were fabricated from planar layers of polystyrene (PS) and 
polyvinyl chloride (PVC) tape with an adhesive backing. C) Schematic 
representations and photographs showing side views of two squares pro-
grammed to levitate in different confi gurations in 1 M  MnCl 2  (i.e., tilted 
(45 ° ) and vertical (0 ° )) using specifi c density patterns of PS and PVC tape. 
Each square is 10 mm  ×  10 mm.  
levitation height at equilibrium ( Equation 3 ); the pattern of 
density within the object defi nes the orientation of the object 
relative to the axis of gravity ( Equation 4 ). We use the gradient 
of magnetic fi eld, and the densities of the components, to con-
trol the vertical and lateral position of levitating objects, as well 
as their orientation. 

   Figure 2  A sketches the method we used to fabricate millimeter-
sized components with preprogrammed densities. For our dem-
onstrations, we used stacked layers of different polymers (e.g., 
commercially available tapes and polymeric sheets) bonded 
with thin layers of adhesive to pattern the density of the com-
ponents. We then used a laser cutter to fabricate the shapes. 
Figure  2 B demonstrates control over the vertical position of 
square slabs (10 mm on a side). Tape (polyvinyl chloride, PVC, 
  ρ    =  1.40 g cm  − 3 ) introduced dense regions onto the surface of 
polystyrene (PS,   ρ    =  1.05 g cm  − 3 ). The number of layers of tape 
(Figure  2 B, right panel) determined the mean density and the 
height of levitation of each square.

   Patterning the density of a slab controls its orientation rela-
tive to the gravitational vector (Figure  2 B,C). Flat squares with 
a uniform pattern of density along their square face orient per-
pendicular to the vector of gravity (Figure  2 B). Figure  2 C shows 
that patterning the square with PVC tape controls its orienta-
tion relative to the gravitational vector. The average density of 
the square determines its vertical position above the bottom 
magnet, and the distribution of densities on the square deter-
mines its tilt angle. 

 Gravitational force is uniform over the entire volume of 
the container. Magnetic force directs the diamagnetic objects 
suspended in a paramagnetic medium away from regions 
of higher magnetic fi eld towards regions of lower magnetic 
fi eld; the direction of the magnetic force is along the gradient 
of magnetic fi eld. Gradients of the magnetic fi eld, therefore, 
allow diamagnetic objects to be positioned and aligned. Two 
easily manipulated parameters affect the gradient of the mag-
netic fi eld: i) the shape of the magnets and ii) the distance ( d ) 
between them. 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
 Using magnets of different shapes controls the alignment 
of levitating objects in the  XY -plane.  Figure    3  A simulates the 
distribution of magnetic fi eld in the  YZ - and the  XY -planes for 
magnets that are square and rectangular prisms. Figure  3 B 
shows the centering and alignment of several components of 
different shapes above the bottom magnet. The schematic 
shown to the left of each pair of photographs is a view of the 
simulated magnetic fi eld from above the bottom magnet over-
laid with an outline of the levitating shape. In each case, the 
experimentally observed position in the  XY -plane qualitatively 
overlaps with the shape of the energetic minima suggested by 
the patterns of the magnetic fi eld. Figure S2 in the Supporting 
Information demonstrates additional control over the vertical 
position, orientation, and spacing between levitating objects 
obtained by varying the distance between the magnets.  

   Figure 4   illustrates the alignment and positioning of com-
ponents using common optical elements (mirrors and fi lters). 
The components in this fi gure all levitate independently (i.e., 
each one was programmed to levitate at a specifi c position; 
there are no mechanical connections between them). This type 
of self-assembly has the useful feature that it also occurs in a 
completely closed container (see Figure S3 in the Supporting 
Information).  

 We fabricated the levitating mirrors in Figure  4 A by lay-
ering refl ective Mylar tape onto the surface of polymethylmeth-
acrylate (PMMA). We then used labeling tape (top mirror in 
Figure  4 A) and aluminum tape (bottom mirror in Figure  4 A) 
to program the levitation height and tilt angle of each mirror 
(the Supporting Information details the fabrication). Because 
the magnets used here for MagLev were square, tilted mirrors 
in Figure  4 A can have four equivalent confi gurations during 
levitation and do not necessarily spontaneously face with the 
refl ective side towards the light source. Tilting the MagLev 
device breaks the symmetry of the system and makes it pos-
sible to rotate the levitating mirrors, so that the heaviest part of 
the mirrors faces the direction of tilt. Gentle releveling of the 
MagLev device then traps the mirrors in a specifi c orientation 
(see Figure S4 and Movie S1 in the Supporting Information for 
details). 

 We used colored (green, red, and black) PMMA to fabri-
cate light fi lters (Figure  4 B). Green PMMA transmits the light 
emitted by a green laser pointer, but absorbs the light from a red 
laser pointer; red PMMA transmits red light and absorbs green. 
A PMMA-based IR fi lter absorbs light emitted by both red and 
green laser pointers. Figure S5 in the Supporting Information 
gives additional examples of MagLev for arranging objects in 
3D (mirrors, commercial lenses, and diffraction gratings). 

 The ability of MagLev to suspend objects without contact 
with solid surfaces is a useful characteristic for manipulating 
fragile and soft components.  Figure    5   demonstrates several 
examples of levitation of components made from soft polymers, 
wet papers, and even liquids. Figure  5 A shows the levitation of 
droplets of benzyl alcohol of three different sizes (5, 25, 250  μ L). 
The difference in refractive index between the aqueous para-
magnetic medium ( n  D   ≈  1.33) and benzyl alcohol ( n  D   =  1.54) 
and the smooth curved fl uidic interface between the two liquids 
enable these droplets to act as ball lenses and focus light. The 
volume of the droplet determines the focal length of the lens. 
MagLev makes it possible to orient and suspend soft sheets 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 4134–4140
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    Figure  3 .     Controlling the position and orientation of objects with magnetic fi eld gradients. A) COMSOL Multiphysics simulation of the magnetic 
fi eld in the  YZ - and  XY -planes for two shapes of magnets (square prisms with dimensions of 50 mm  ×  50 mm  ×  25 mm, and rectangular prisms with 
dimensions of 100 mm  ×  50 mm  ×  25 mm) separated by  d   =  35 mm. The magnitude of the magnetic fi eld in the simulations is constrained between 
0 T and 0.4 T. B) Schematic representations (left), and photographs (center and right) demonstrating alignment and positioning in the  XY -plane of 
shapes with different densities (fabricated from layers of PMMA and PVC; 10 mm in length or diameter; color-coded by density) levitating in 1.5  M  
aqueous MnCl 2 . The schematic representation shown on the left demonstrates the top view (above the face of the bottom magnet) of the observed 
alignment of each shape in the magnetic fi eld gradient of the  XY -plane. The distribution of forces in the  XY -plane determines the orientation of these 
objects with respect to the face of the bottom magnet. The photographs show an oblique view (center) and side view (right) of three levitating objects 
with indistinguishable shape but different density.  
of wet paper on top of one another (Figure  5 B); it also enables 
levitation of cotton thread in a linear conformation (Figure  5 C). 
Figure  5 D illustrates the ability to combine soft and rigid com-
ponents during levitation and shows a droplet of 2-nitrotoluene 
levitating between two rigid PMMA-based disks. Draining of 
paramagnetic fl uid from the container collapses the two disks 
onto the droplet.  

 By positioning and aligning components in 3D, MagLev 
makes it possible to assemble multicomponent structures. The 
process involves two stages: i) the balance of magnetic and grav-
itational forces acting on each of the components orders them 
into layered structures that are freely suspended in the para-
magnetic liquid and ii) draining the liquid from the container 
stacks the components.  Figure    6   shows two demonstrations: 
© 2011 WILEY-VCH Verlag GAdv. Mater. 2011, 23, 4134–4140
the assembly of concentric circles on top of a supporting base 
(Figure  6 A and Movie S2) and the assembly of four interlocking 
components (Figure  6 B). In each demonstration, the individual 
components were programmed based on their densities to 
levitate at specifi c heights and to assemble into specifi c con-
fi gurations based on shape. The shapes of the structures were 
designed using vector drawing software and fabricated by laser 
cutting from layers of PMMA and tape (see Supporting Infor-
mation for details).  

 MagLev makes it possible to align, position, and assemble 
millimeter-scale components with heterogeneous density into 
functional 3D structures without physical contact. It is also pos-
sible to assemble and bring levitating components into contact by 
draining away the paramagnetic medium that suspends them. 
4137mbH & Co. KGaA, Weinheim wileyonlinelibrary.com



4138

www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TI

O
N

    Figure  4 .     Photographs demonstrating alignment and positioning of 
optical components levitating in aqueous 1.5  M  MnCl 2 . Functionality of 
the optical system is illustrated by directing a laser at the assemblies. 
The scale bar in each photograph is 5 mm. A) Levitating mirrors guide 
the laser beam by refl ection. B) A levitating mirror guides light through a 
fi lter. A green fi lter transmits the green light (left) and absorbs red; a red 
fi lter absorbs the green light and transmits red (middle); a PMMA-based 
IR fi lter absorbs both green and red light (right).  

    Figure  5 .     Photographs of levitating soft components. All scale bars are 
5 mm in length. A) Three levitating droplets of various volumes of benzyl 
alcohol suspended in aqueous 0.35  M  MnCl 2  (top: 5  μ L, middle: 25  μ L, 
and bottom: 250  μ L) act as lenses and focus green light; the volume 
of the droplet controls the focal length (f) of the lens. B) Three layers 
of fl at square cellulose-based sheets (top: nitrocellulose, middle: cel-
lulose acetate, bottom: pure cellulose) levitating in aq. 3  M  MnCl 2 ; the 
sheets maintain fl at shape during levitation. C) A cotton thread assumes 
extended conformation during levitation in aq. 3  M  MnCl 2 . D) A droplet 
of 2-nitrotoluene sandwiched between two rigid polymeric disks. Draining 
of the paramagnetic fl uid (aq. 1.5  M  MnCl 2 ) from the container facilitates 
the collapse of the droplet between the two disks. The arrows indicate 
the air-liquid interface.  
 The technique has eight characteristics that make it espe-
cially suited for 3D self-assembly: i) It is rapid (millimeter-scale 
components reach their equilibrium confi gurations within 
seconds). ii) It is simple. Generating patterns of magnetic fi eld 
gradient with permanent magnets and patterns of density with 
layers of polymers and adhesive is easy and inexpensive. iii) 
An easily tuned parameter, the density, directs objects into 
specifi c regions of 3D assemblies and controls their position 
and orientation in 3D space. iv) Changing the magnetic fi eld 
changes the position and orientation of all components; a 
number of components can thus be manipulated in parallel. 
v) Because self-assembly takes place in a fl uid, the compo-
nents do not need to contact solid surfaces; moreover, fl uidic 
suspension eliminates dry friction, stiction, contact adhesion, 
and static charging. vi) Self-assembly can proceed inside an 
entirely closed container. vii) Fragile or soft components (e.g., 
components made of gels, foams, soft plastics, or fl uids) are 
compatible with MagLev. viii) External power is not required in 
many procedures. 

 The experimental approach described here also has three lim-
itations: i) With the confi guration of magnets used here, it is not 
possible to control the position of one component, independ-
ently of the others. The magnetic fi eld acts on all components 
and perturbations tend to be non-local. ii) The objects that levi-
tate in the current system using aqueous solutions of paramag-
netic ions should have a density of 0.9  <    ρ    <  3 g cm  − 3  (MagLev 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
is, thus, not applicable to many solid metals, such as copper 
and gold) because the combined magnetic forces generated by 
the simple permanent magnets we have used are insuffi cient to 
balance the gravitational force on objects of density greater than 
 ≈ 3 g cm  − 3 . [  63  ]  iii) It does not enable control over the positions of 
objects smaller than  ≈ 5 micrometers in dia meter because the 
magnetic and gravitational forces acting on these objects are 
insuffi cient to overcome Brownian motion for the confi gura-
tion and type of magnets used in this study. [  44  ,  64  ]  

 MagLev offers an attractive approach for self-assembly in 
3D for the orientation and assembly of components in an envi-
ronment in which there is no solid-solid contact, for the pro-
tection of delicate components against shock and for the self-
assembly of soft or fragile components. Strategies for program-
mable assembly using MagLev may be useful for aligning soft 
or deformable optical components, optical beam steering, and 
sensing applications. 

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 4134–4140



www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TIO

N

    Figure  6 .     The assembly of multilayered structures by stacking in aq. 1.8  M  
MnCl 2 . All scale bars are 5 mm in length. A) Photographs of four circles 
and a circular base before (top left), after (top right), and during (bottom) 
the assembly by MagLev. Draining the paramagnetic medium from the 
container while the system remained in the applied magnetic fi eld low-
ered the air-liquid meniscus and deposited the centered, correctly sized 
concentric circles on top of the base. B) Photographs of four components 
designed to interlock upon assembly (top left: before assembly, top right: 
after assembly, bottom: during assembly). Draining of the paramagnetic 
fl uid promotes stacking of the components into a layered structure. The 
arrows indicate the air-liquid interface.  
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