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MAGNETIC LEVITATION

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Patent Application No.
62/738,758, filed on September 28, 2018, and U.S. Provisional Patent Application No.
62/800,796, filed February 4, 2019, the contents of which are hereby incorporated by reference

in their entireties.

INCORPORATION BY REFERENCE

[0002] All patents, patent applications and publications cited herein are hereby incorporated
by reference in their entirety in order to more fully describe the state of the art as known to those

skilled therein as of the date of the invention described herein.

FIELD OF THE INVENTION

[0003] The instant application relates generally to magnetic levitation (MagLev) devices.

STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

[0004] This invention was made with government support under ER45852 awarded by the

Department of Energy. The U.S. Government has certain rights in the invention.

SUMMARY

[0005] In one aspect, a magnetic levitation system is described, including a first cylinder-
shaped magnet; a second cylinder-shaped magnet coaxially aligned with the first cylinder-
shaped magnet; and a first cavity coaxially aligned with and formed in the first cylinder-shaped
magnet; wherein the surfaces of the like-poles of the first and second cylinder-shaped magnets
are parallel to each other and face each other to result in a linear magnetic field between the first
and the second magnets.

[0006] In any one or more of the embodiments disclosed herein, the first cavity is cylinder-
shaped.

[0007] In any one or more of the embodiments disclosed herein, the first cavity spans

through the entire height of the first cylinder-shaped magnet.
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[0008] In any one or more of the embodiments disclosed herein, the linear magnetic field
extends into the first cavity.

[0009] In any one or more of the embodiments disclosed herein, the first and second
cylinder-shaped magnets have different radius or height.

[0010] In any one or more of the embodiments disclosed herein, the first and second
cylinder-shaped magnets have the same radius, height or both.

[0011] In any one or more of the embodiments disclosed herein, the system further includes
a second cavity formed in and coaxially aligned with the second cylinder-shaped magnet.

[0012] In any one or more of the embodiments disclosed herein, the second cavity is
cylinder-shaped.

[0013] In any one or more of the embodiments disclosed herein, the distance between the
surfaces of the like-poles of the first and second cylinder-shaped magnets is d and the heights of
the first and second cylinder-shaped magnets are hi and ha, respectively; and the ratio of at least
one of hi and h to d is from about 0.2 : 1 to about 10 : 1.

[0014] In any one or more of the embodiments disclosed herein, the ratio of at least one of
hi and hz to d is about 1.67 : 1.

[0015] In any one or more of the embodiments disclosed herein, the first cylinder-shaped
magnet’s inner diameter is id1; and the ratio of id1 to d is from about 0.2 : 1 to about 10 : 1.
[0016] In any one or more of the embodiments disclosed herein, the ratio of id1 to d is about
1.67: 1.

[0017] In any one or more of the embodiments disclosed herein, the first cylinder-shaped
magnet’s outer diameter is od1; and the ratio of od1 to d is from about 0.3 : 1 to about 100 : 1.
[0018] In any one or more of the embodiments disclosed herein, the ratio of od: to d is about
5:1.

[0019] In any one or more of the embodiments disclosed herein, the system further includes
a second cylinder-shaped cavity formed in and coaxially aligned with the second cylinder-
shaped magnet; the second cylinder-shaped magnet’s inner diameter is idz; and the ratio of id2 to
d is from about 0.2 : 1 to about 10 : 1.

[0020] In any one or more of the embodiments disclosed herein, the ratio of id2 to d is about
1.67: 1.

[0021] In any one or more of the embodiments disclosed herein, the system further includes

a second cavity formed in and coaxially aligned with the second cylinder-shaped magnet; the
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second cylinder-shaped magnet’s outer diameter is odz; and the ratio of odz to d is from about
0.3 : 1 toabout 100 : 1.

[0022] In any one or more of the embodiments disclosed herein, the ratio of odz to d is about
5:1.

[0023] In any one or more of the embodiments disclosed herein, the first cavity is cylinder-
shaped and the ratio of the first cylinder-shaped magnet’s inner diameter (id1) : outer diameter
(od1) : height (h1): distance between the surfaces of the like-poles of the first and second
cylinder-shaped magnets (d) is about 1.67 : 5:1.67 : 1.

[0024] In any one or more of the embodiments disclosed herein, the system further includes
a second cylinder-shaped cavity formed in and coaxially aligned with the second cylinder-
shaped magnet; and the ratio of the second cylinder-shaped magnet’s inner diameter (idz2) : outer
diameter (0d2) : height (h2): distance between the surfaces of the like-poles of the first and
second cylinder-shaped magnets (d) is about 1.67 : 5:1.67 : 1.

[0025] In any one or more of the embodiments disclosed herein, the system further includes
a container configured to hold a paramagnetic medium and at least partially disposed between
the first and the second cylinder-shaped magnets.

[0026] In any one or more of the embodiments disclosed herein, the container further
includes an inlet configured to allow adding or removing the paramagnetic medium or a
paramagnetic or diamagnetic sample.

[0027] In any one or more of the embodiments disclosed herein, the container includes two
ends, at least one of which extends into or through the first cavity.

[0028] In any one or more of the embodiments disclosed herein, the system further includes
a second cavity formed in and coaxially aligned with the second cylinder-shaped magnet; and
the other end of the container’s two ends extends into or through the second cylinder-shaped
cavity.

[0029] In any one or more of the embodiments disclosed herein, the container is a cuvette.
[0030] In any one or more of the embodiments disclosed herein, the paramagnetic medium
includes an aqueous solution of a paramagnetic compound.

[0031] In any one or more of the embodiments disclosed herein, the paramagnetic
compound is selected from the group consisting of MnClz, MnBr2, CuSO4, GdCls, DyCl3,
HoCls, a Gd chelated compound, and a combination thereof.

[0032] In any one or more of the embodiments disclosed herein, the Gd chelated compound

is gadolinium (III) diethylenetriaminepentaacetic acid.
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[0033] In any one or more of the embodiments disclosed herein, the paramagnetic medium
includes a MnClz aqueous solution.

[0034] In any one or more of the embodiments disclosed herein, the paramagnetic medium
includes a hydrophobic paramagnetic medium or a paramagnetic ionic liquid.

[0035] In any one or more of the embodiments disclosed herein, the maximal magnetic field
along the common axis of the first and second cylinder-shaped magnets is about 0.20-0.50 T.
[0036] In any one or more of the embodiments disclosed herein, the first and second
cylinder-shaped magnets are NdFeB magnets.

[0037] In any one or more of the embodiments disclosed herein, the system optionally
includes a second cylinder-shaped cavity spanning through the entire height of the second
cylinder-shaped magnet and coaxially aligned with the second cylinder-shaped magnet; and the
first or second cylinder-shaped magnet’s inner diameter is from about 15 mm to about 40 mm.
[0038] In any one or more of the embodiments disclosed herein, the first or second cylinder-
shaped magnet’s inner diameter is about 25 mm.

[0039] In any one or more of the embodiments disclosed herein, the system optionally
includes a second cylinder-shaped cavity spanning through the entire height of the second
cylinder-shaped magnet and coaxially aligned with the second cylinder-shaped magnet; and the
first or second cylinder-shaped magnet’s outer diameter is from about 50 mm to about 100 mm.
[0040] In any one or more of the embodiments disclosed herein, the first or second cylinder-
shaped magnet’s outer diameter is about 76 mm.

[0041] In any one or more of the embodiments disclosed herein, the first or second cylinder-
shaped magnet’s height is from about 15 mm to about 50 mm.

[0042] In any one or more of the embodiments disclosed herein, the first or second cylinder-
shaped magnet’s height is about 25 mm.

[0043] In any one or more of the embodiments disclosed herein, the distance between the
surfaces of the like-poles of the first and second cylinder-shaped magnets is from about 5 mm to
about 50 mm.

[0044] In any one or more of the embodiments disclosed herein, the distance between the
surfaces of the like-poles of the first and second cylinder-shaped magnets is about 15 mm.
[0045] In one aspect, a method of analyzing a diamagnetic or paramagnetic sample is
described, including providing the system of any one of the preceding claims; disposing a
container configured to hold a paramagnetic medium between the first and the second cylinder-

shaped magnets; adding a paramagnetic medium and a diamagnetic or paramagnetic sample,
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either separately or together, into the container; and allowing the diamagnetic or paramagnetic
sample levitate under the linear magnetic field between the first and second cylinder-shaped
magnets.

[0046] In any one or more of the embodiments disclosed herein, the paramagnetic medium
or the diamagnetic or paramagnetic sample is added through the first cylinder-shaped cavity.
[0047] In any one or more of the embodiments disclosed herein, the method further includes
removing the paramagnetic medium or the diamagnetic or paramagnetic sample.

[0048] In any one or more of the embodiments disclosed herein, the paramagnetic medium
or the diamagnetic or paramagnetic sample is removed through the first cylinder-shaped cavity.
[0049] In any one or more of the embodiments disclosed herein, the paramagnetic medium
includes an aqueous solution of a paramagnetic compound, a hydrophobic paramagnetic
medium, or a paramagnetic ionic liquid.

[0050] In any one or more of the embodiments disclosed herein, the paramagnetic
compound is selected from the group consisting of MnClz, MnBr2, CuSQO4, GdCls, DyCls,
HoCl3, a Gd chelated compound, and a combination thereof.

[0051] In any one or more of the embodiments disclosed herein, the Gd chelated compound
is gadolinium (III) diethylenetriaminepentaacetic acid.

[0052] In any one or more of the embodiments disclosed herein, the paramagnetic medium
includes a MnCl2 aqueous solution.

[0053] In any one or more of the embodiments disclosed herein, the paramagnetic medium
further includes cetyltrimethylammonium bromide.

[0054] In any one or more of the embodiments disclosed herein, the diamagnetic or
paramagnetic sample includes a crosslinked polymer.

[0055] In any one or more of the embodiments disclosed herein, the method further includes
determining the density of the crosslinked polymer.

[0056] In any one or more of the embodiments disclosed herein, the method further includes
generating a standard curve correlating a sample’s levitation height in the system with its density
and determining the density of the crosslinked polymer using the standard curve and its
levitation height in the system.

[0057] In any one or more of the embodiments disclosed herein, the crosslinked polymer

includes polydimethylsiloxane.
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[0058] Any aspect or embodiment disclosed herein may be combined with another aspect or
embodiment disclosed herein. The combination of one or more embodiments described herein

with other one or more embodiments described herein is expressly contemplated.

DESCRIPTION OF THE DRAWINGS

[0059] The application is described with reference to the following figures, which are
presented for the purpose of illustration only and are not intended to be limiting. In the
Drawings:

[0060] FIG. 1A shows a Maglev device including block magnets positioned coaxially,
according to one or more embodiments described herein.

[0061] FIG. 1B shows an axial MaglLev device including ring magnets positioned coaxially,
according to one or more embodiments described herein.

[0062] FIG. 2A shows a pair of indistinguishable magnets arranged coaxially with the like-
poles facing and a diamagnetic sample levitating in a paramagnetic medium, according to one or
more embodiments described herein.

[0063] FIG. 2B shows the spatial profile of the magnetic field on the vertical cross-section
through the central axis, according to one or more embodiments described herein.

[0064] FIG. 2C shows the magnetic field strength, Bz, along the vertical dotted line in

FIG. 2B, according to one or more embodiments described herein.

[0065] FIG. 3A shows the calibration of a Magl.ev device using a string of drops of water-
insoluble organic liquids levitated in an aqueous solution of a paramagnetic medium, according
to one or more embodiments described herein using aqueous MnClz solutions.

[0066] FIG. 3B shows the calibration curves resulting from the calibration shown in FIG.
3A, according to one or more embodiments described herein.

[0067] FIG. 4 shows the expanded range of densities that can be analyzed using axial
MagLev, according to one or more embodiments described herein.

[0068] FIG. 5A shows a drop of liquid polydimethylsiloxane prepolymer levitated in an
aqueous paramagnetic solution, according to one or more embodiments described herein.
[0069] FIG. 5B shows a plug of Vaseline® gel levitated in an aqueous paramagnetic
solution, according to one or more embodiments described herein.

[0070] FIG. 5C shows the retrieval of a sub-population of density standard beads levitated in

a paramagnetic solution, according to one or more embodiments described herein.
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[0071] FIG. 6A is a schematic showing the four independent physical parameters used to
define the configuration of the Maglev device, according to one or more embodiments
described herein.

[0072] FIG. 6B shows an example of a linear gradient with a max field strength of ~0.4 T
along the central axis between the magnets (dotted line in the inset), according to one or more
embodiments described herein.

[0073] FIG. 6C shows an example of a non-linear gradient with a max field strength of ~0.5
T along the central axis between the magnets (dotted line in the inset), according to one or more
embodiments described herein.

[0074] FIG. 6D shows the fine-tuning of the separation distance between the two magnets
used in a Maglev device, according to one or more embodiments described herein.

[0075] FIG. 6E shows the field strength, Bz, along the central axis between the two magnets
as the distance of separation is varied, according to one or more embodiments described herein.
[0076] FIG. 6F shows a plot of the curve at d=0.6 in FIG. 6E, according to one or more
embodiments described herein.

[0077] FIG. 7A shows the assembly of a Maglev device, according to one or more
embodiments described herein.

[0078] FIG. 7B shows the collapsed view of the MagLev device of FIG. 7A, according to
one or more embodiments described herein.

[0079] FIG. 8A shows a magnetic levitation using a single ring magnet, according to one or
more embodiments described herein.

[0080] FIG. 8B shows the magnetic field of the single ring magnet of FIG. 8A, according to

one or more embodiments described herein.

DETAILED DESCRIPTION

[0081] Magnetic levitation (MagLev) is a simple and useful technique to exploit density—a
universal physical property of all matter—for a range of applications in diverse disciplines, e.g.,
chemistry, biochemistry, and materials science. The MagLev configuration shown in FIG. 1A
has a spatial arrangement of magnets in which the sample container (e.g., a square cuvette with a
height of, e.g., 45 mm) is sandwiched between two block NdFeB permanent magnets. This
configuration does not allow the user (i) to easily add or remove the paramagnetic medium or
the levitating samples (particularly viscous or sticky samples); (ii) to observe the levitating

sample from the top or the bottom; (iii) to move the paramagnetic medium in the container along
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the central axis between the magnets; and (iv) to accommodate sample containers higher than
the distance of separation between the magnets, such as, for example, tall vials and test tubes.
[0082] In some embodiments described herein are MagLev systems using cylinder-shaped
magnets (e.g., ring magnets). These “axial” Magl.ev devices enable access to the sample along
the central axis of the magnetic field, which is not possible using the block-type magnets of
MagLev devices (e.g., the device of FIG. 1A). In some embodiments, axial Maglev enables
simple procedures with which to perform density-based Magneto-Archimedean analyses,
separations, and other manipulations. In some embodiments, density can be used to, for
example, (i) separate or analyze different types of non-biological and biological materials (e.g.,
glass, metals, crystal polymorphs, polymer particles, mammalian cells, yeasts, and bacteria); (ii)
monitor chemical processes that accompany changes in density (e.g., chemical reactions on a
solid support and polymerization); monitor binding events (e.g., binding of ligands with
enzymes, antibodies with antigens, and antibodies with cells); (iii) perform contact-free
orientation of objects and self-assembly in three-dimensions; and (iv) perform quality-control of
injection-molded plastic parts.
[0083] In one aspect, a magnetic levitation system is described, including:

a first cylinder-shaped magnet;

a second cylinder-shaped magnet coaxially aligned with the first cylinder-shaped
magnet; and

a first cavity coaxially aligned with the first cylinder-shaped magnet;

wherein

the surfaces of the like-poles of the first and second cylinder-shaped magnets are parallel
to each other and face each other to result in a linear magnetic field between the first and the
second magnets.
[0084] In some embodiments, the first cavity is cylinder-shaped. In other embodiments, the
cross section of the first cavity is in the shape of a triangle, a square or a hexagon, or any other
symmetrical shape. In some embodiments, Applicants have surprisingly found that when a pair
of cylinder-shaped magnets (e.g., ring magnets) with like-poles facing (analogous to the anti-
Helmholtz configuration using electromagnets), a linear, axially-symmetric magnetic field is
achieved, which can be used to levitate diamagnetic and weakly paramagnetic objects (i.e.,
objects with comparatively weaker paramagnetic properties and a comparatively lower value of
magnetic susceptibility; e.g., aluminum) in a paramagnetic medium (e.g., aqueous solutions of

MnCl: or GdCls) for density-based analyses, separations, and manipulations (see, e.g., FIG. 1B).
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In some embodiments, the use of a linear magnetic field between the ring magnets helps
streamline the procedures to calibrate and carry out density measurements. In some
embodiments, the nonlinear portion of the magnetic field, particularly the field in the cavity of
the ring magnet, could also be used to perform density-based separations and manipulations.
[0085] In some embodiments, the axial Maglev system is described with reference to

FIG. 1B. As shown in FIG. 1B, an axial MagLev system 100 is described, including a first
cylinder-shaped magnet 101, a second cylinder-shaped magnet 103 coaxially aligned with the
first cylinder-shaped magnet 101, and a first cylinder-shaped cavity 105 coaxially aligned with
the first cylinder-shaped magnet 101, according to one or more embodiments. In some
embodiments, the first cylinder-shaped cavity 105 spans through the entire height of the first
cylinder-shaped magnet 101. In other embodiments, the first cylinder-shaped cavity 105 spans
through a portion of the height of the first cylinder-shaped magnet 101. In some embodiments,
the magnetic levitation system 100 includes a second cylinder-shaped cavity 111 coaxially
aligned with the second cylinder-shaped magnet 103. In some embodiments, the second
cylinder-shaped cavity 111 spans through the entire height of the second cylinder-shaped
magnet 103. In other embodiments, the second cylinder-shaped cavity 111 spans through a
portion of the height of the second cylinder-shaped magnet 103. In some embodiments, the first
and second cylinder-shaped magnets 101 and 103 are NdFeB magnets. In some embodiments,
the first and second cavities, 105 and 111, respectively, are cylinder-shaped. In other
embodiments, the cross section of the first and/or second cavities are in the shape of a triangle, a
square, a hexagon, or any other symmetrical shape.

[0086] Applicants have surprisingly found that the axial MaglLev system according to one or
more embodiments disclosed herein (comprising two like-pole-facing cylinder-shaped magnets)
results in a linear magnetic field between the first and the second magnets. In some
embodiments, the size of the magnets, aspect ratios of the magnets, and/or the distance between
the two magnets are further optimized to yield a linear magnetic field. In some embodiments,
the optimized, linear magnetic field generated between the two ring magnets (coaxially aligned
and like-poles facing) enables the levitation of diamagnetic and weakly paramagnetic materials
in a paramagnetic suspending medium, and makes density measurements more straightforward.
[0087] In some embodiments, a linear magnetic field exists at the space 107 between the
first and the second magnets, 101 and 103, respectively. In some embodiments, the linear
magnetic field extends into the first and/or second cylinder-shaped cavities, 105 and 111,

respectively. In some specific embodiments, the linear magnetic field extends into at least about
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half the height of the first and/or second cylinder-shaped cavities, 105 and 111, respectively.
According to one or more embodiments, the term “linear magnetic field” as used herein refers to
the scenario where the vector of the magnetic field varies linearly along the central axis of the
configuration so that the magnetic field has a linear gradient.

[0088] In some embodiments, the cylinder-shaped magnet is also referred to as a “ring
magnet.” In some embodiments, the first and second cylinder-shaped magnets have different
radii and/or heights. In some embodiments, the first and second cylinder-shaped magnets have
the same radius or the same height, or both.

[0089] In some embodiments, the axial Maglev system further includes a container (e.g.,
109 in FIG. 1B) configured to hold a paramagnetic medium and at least partially disposed
between the first and the second cylinder-shaped magnets. In some embodiments, the container
109 further includes an inlet 113 configured to allow adding or removing the paramagnetic
medium or a paramagnetic or diamagnetic sample. As shown in FIG. 1B, the container 109
includes two ends (a top end and a bottom end), and in certain embodiments, at least one of the
ends (e.g., the top end of container 109) extends into or through the first cylinder-shaped cavity
105. In some embodiments, the first cylinder-shaped cavity 105 allows the easy placement of
the container 109 between the two facing magnets 101 and 103 and the easy removal of the
container 109 from the axial MaglLev system 100, both through the first cylinder-shaped cavity
105. In some embodiments, the other end of the container (e.g., the bottom end of container
109) extends into or through the second cylinder-shaped cavity 111 (not shown in FIG. 1B).
Similarly, in some embodiments, the second cylinder-shaped cavity 111 allows the easy
placement of the container 109 between the two facing magnets 101 and 103 and the easy
removal of the container 109 from the axial MagLev system 100, both through the second
cylinder-shaped cavity 111. Non-limiting examples of the container include a cuvette and a test
tube.

[0090] In some embodiments, the size and/or aspect ratios of the first and/or second
cylinder-shaped magnets are described, which result in a linear magnetic field between the two
cylinder-shaped magnets. In some embodiments, the distance between the surfaces of the like-
poles of the first and second cylinder-shaped magnets is d, the heights of the first and second
cylinder-shaped magnets are h1 and ha, respectively, and the ratio of at least one of h1 and hato d
is from about 0.2 : 1 to about 10 : 1. In some embodiments, the ratio of at least one of h1 and h2
todisabout05:1,08:1,1:1,1.5:1,2:1,3:1,4:1,5:1,6:1,7:1,8:1,9:1,0r10:1,

or in a range bounded by any of the two values for the ratio disclosed herein.
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[0091] Thus, in some embodiments, the ratio of h1 to d or hz to d is from about 0.5 : 1 to
about 10 : 1, from about 1 : 1 to about 10 : 1, from about 2 : 1 to about 10 : 1, from about 3 : 1 to
about 10 : 1, from about 4 : 1 to about 10 : 1, from about 5 : 1 to about 10 : 1, from about 6 : 1 to
about 10 : 1, from about 7 : 1 to about 10 : 1, from about 8 : 1 to about 10 : 1, or from about 9 : 1
to about 10 : 1. In some embodiments, the ratio of h1 to d or h2 to d is from about 0.5 : 1 to
about 9 : 1, from about 1 : 1 toabout 9 : 1, from about 2 : 1 to about 9 : 1, from about 3 : 1 to
about 9 : 1, from about 4 : 1 to about 9 : 1, from about 5 : 1 to about 9 : 1, from about 6 : 1 to
about 9 : 1, from about 7 : 1 to about 9 : 1, or from about 8 : 1 to about 9 : 1. In some
embodiments, the ratio of h1 to d or hz to d is from about 0.5 : 1 to about 8 : 1, from about 0.75 :
1 to about 8 : 1, from about 2 : 1 to about 8 : 1, from about 3 : 1 to about 8 : 1, from about 4 : 1
to about 8 : 1, from about 5 : 1 to about 8 : 1, from about 6 : 1 to about 8 : 1, or from about 7 : 1
toabout 8 : 1.

[0092] In some embodiments, the ratio of hi to d or hz to d is from about 0.5 : 1 to about 4 :
1, from about 0.75 : 1 to about 3 : 1, from about 1 : 1 to about 2 : 1, from about 1.5 : 1 to about 2
. 1, or from about 1.6 : 1 to about 1.8.

[0093] In some embodiments, the ratio of at least one of h1 and h2to d is about 1.67 : 1.
[0094] In some embodiments, the first cylinder-shaped magnet’s inner diameter is id1, and
the ratio of id1 to d is from about 0.2 : 1 to about 10 : 1. Thus, in some embodiments, the ratio
of id1 to d is from about 0.5 : 1 to about 10 : 1, from about 1 : 1 to about 10 : 1, from about 2 : 1
to about 10 : 1, from about 3 : 1 to about 10 : 1, from about 4 : 1 to about 10 : 1, from about 5 : 1
to about 10 : 1, from about 6 : 1 to about 10 : 1, from about 7 : 1 to about 10 : 1, from about 8 : 1
to about 10 : 1, or from about 9 : 1 to about 10 : 1. In some embodiments, the ratio of id1 to dis
from about 0.5 : 1 to about 9 : 1, from about 1 : 1 to about 9 : 1, from about 2 : 1 to about 9 : 1,
from about 3 : 1 to about 9 : 1, from about 4 : 1 to about 9 : 1, from about 5 : 1 to about 9 : 1,
from about 6 : 1 to about 9 : 1, from about 7 : 1 to about 9 : 1, or from about 8 : 1 to about 9 : 1.
In some embodiments, the ratio of id1 to d is from about 0.5 : 1 to about 8 : 1, from about 0.75 :
1 to about 8 : 1, from about 2 : 1 to about 8 : 1, from about 3 : 1 to about 8 : 1, from about 4 : 1
to about 8 : 1, from about 5 : 1 to about 8 : 1, from about 6 : 1 to about 8 : 1, or from about 7 : 1
toabout 8 : 1.

[0095] In some embodiments, the ratio of id1 to d is from about 0.5 : 1 to about 4 : 1, from
about 0.75 : 1 to about 3 : 1, from about 1 : 1 to about 2 : 1, from about 1.5 : 1 toabout 2 : 1, or
from about 1.6 : 1 to about 1.8.

[0096] In some embodiments, the ratio of idi to d is about 1.67 : 1.
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[0097] In some embodiments, the first cylinder-shaped magnet’s outer diameter is odi; and
the ratio of odi to d is from about 0.3 : 1 to about 100 : 1. Thus, in some embodiments, the ratio
of od1 to d is from about 0.5 : 1 to about 50 : 1, from about 1 : 1 to about 50 : 1, from about 2 : 1
to about 50 : 1, from about 3 : 1 to about 50 : 1, from about 4 : 1 to about 50 : 1, from about 5 : 1
to about 50 : 1, from about 6 : 1 to about 50 : 1, from about 7 : 1 to about 50 : 1, from about 8 : 1
to about 50 : 1, from about 9 : 1 to about 50 : 1 or from about 10 : 1 to about 50 : 1. In some
embodiments, the ratio of odi1 to dis from about 1 : 1 to about 10 : 1, from about 2 : 1 to about 9
. 1, from about 3 : 1 to about 8 : 1, from about 4 : 1 to about 7 : 1, from about 4 : 1 to about 6 : 1,
or from about 4 : 1 to about 5 : 1.

[0098] In some embodiments, the ratio of odi to d is about 5 : 1.

[0099] In some embodiments, the ratio of the first cylinder-shaped magnet’s inner diameter
(id1) : outer diameter (od1) : height (hi1): distance between the surfaces of the like-poles of the
first and second cylinder-shaped magnets (d) is about 1-5 : 1-10 : 1-5: 1. In some embodiments,
the ratio of the first cylinder-shaped magnet’s inner diameter (id1) : outer diameter (od1) : height
(h1): distance between the surfaces of the like-poles of the first and second cylinder-shaped
magnets (d) is about 1-3 : 2-8 : 1-3 : 1. In some embodiments, the ratio of the first cylinder-
shaped magnet’s inner diameter (id1) : outer diameter (od1) : height (h1): distance between the
surfaces of the like-poles of the first and second cylinder-shaped magnets (d) is about 1-2 : 3-6 :
1-2: 1. In some embodiments, the ratio of the first cylinder-shaped magnet’s inner diameter
(id1) : outer diameter (od1) : height (hi): distance between the surfaces of the like-poles of the
first and second cylinder-shaped magnets (d) is about 1.67 : 5:1.67 : 1.

[0100] In some embodiments, the second cylinder-shaped magnet’s inner diameter is id2,
and the ratio of id2 to d is from about 0.2 : 1 to about 10 : 1. Thus, in some embodiments, the
ratio of idz to d is from about 0.5 : 1 to about 10 : 1, from about 1 : 1 to about 10 : 1, from about
2 :1toabout 10 : 1, from about 3 : 1 to about 10 : 1, from about 4 : 1 to about 10 : 1, from about
5:1to about 10 : 1, from about 6 : 1 to about 10 : 1, from about 7 : 1 to about 10 : 1, from about
8 : 1toabout 10 : 1, or from about 9 : 1 to about 10 : 1. In some embodiments, the ratio of id2 to
dis from about 0.5 : 1 to about 9 : 1, from about 1 : 1 to about 9 : 1, from about 2 : 1 to about 9 :
1, from about 3 : 1 to about 9 : 1, from about 4 : 1 to about 9 : 1, from about 5 : 1 to about 9 : 1,
from about 6 : 1 to about 9 : 1, from about 7 : 1 to about 9 : 1, or from about 8 : 1 to about 9 : 1.
In some embodiments, the ratio of idz to d is from about 0.5 : 1 to about 8 : 1, from about 0.75 :

1 to about 8 : 1, from about 2 : 1 to about 8 : 1, from about 3 : 1 to about 8 : 1, from about 4 : 1
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to about 8 : 1, from about 5 : 1 to about 8 : 1, from about 6 : 1 to about 8 : 1, or from about 7 : 1
toabout 8 : 1.

[0101] In some embodiments, the ratio of ida to d is from about 0.5 : 1 to about 4 : 1, from
about 0.75 : 1 to about 3 : 1, from about 1 : 1 to about 2 : 1, from about 1.5 : 1 to about 2 : 1, or
from about 1.6 : 1 to about 1.8.

[0102] In some embodiments, the ratio of id2 to d is about 1.67 : 1.

[0103] In some embodiments, the second cylinder-shaped magnet’s outer diameter is odz;
and the ratio of odz to d is from about 0.3 : 1 to about 100 : 1. Thus, in some embodiments, the
ratio of odz to d is from about 0.5 : 1 to about 50 : 1, from about 1 : 1 to about 50 : 1, from about
2 :1to about 50 : 1, from about 3 : 1 to about 50 : 1, from about 4 : 1 to about 50 : 1, from about
5:1to about 50 : 1, from about 6 : 1 to about 50 : 1, from about 7 : 1 to about 50 : 1, from about
8 : 1to about 50 : 1, from about 9 : 1 to about 50 : 1 or from about 10 : 1 to about 50 : 1. In
some embodiments, the ratio of odz to dis from about 1 : 1 to about 10 : 1, from about 2 : 1 to
about 9 : 1, from about 3 : 1 to about 8 : 1, from about 4 : 1 to about 7 : 1, from about 4 : 1 to
about 6 : 1, or from about 4 : 1to about 5 : 1.

[0104] In some embodiments, the ratio of odz2 to d is about 5 : 1.

[0105] In some embodiments, the ratio of the second cylinder-shaped magnet’s inner
diameter (id2) : outer diameter (od2) : height (h2): distance between the surfaces of the like-poles
of the first and second cylinder-shaped magnets (d) is about 1-5: 1-10 : 1-5: 1. In some
embodiments, the ratio of the second cylinder-shaped magnet’s inner diameter (id2) : outer
diameter (od2) : height (h2): distance between the surfaces of the like-poles of the first and
second cylinder-shaped magnets (d) is about 1-3 : 2-8 : 1-3 : 1. In some embodiments, the ratio
of the second cylinder-shaped magnet’s inner diameter (id2) : outer diameter (od2) : height (h2):
distance between the surfaces of the like-poles of the first and second cylinder-shaped magnets
(d)isabout 1-2: 3-6 : 1-2 : 1. In some embodiments, the ratio of the second cylinder-shaped
magnet’s inner diameter (id2) : outer diameter (odz2) : height (h2): distance between the surfaces
of the like-poles of the first and second cylinder-shaped magnets (d) is about 1.67 : 5: 1.67 : 1.
[0106] In some embodiments, the second cylinder-shaped cavity 111 spans through the
entire height of the second cylinder-shaped magnet 103 and coaxially aligned with the second
cylinder-shaped magnet 103; and the first and/or second cylinder-shaped magnet’s inner
diameter is from about 15 mm to about 40 mm. In some embodiments, the first or second

cylinder-shaped magnet’s inner diameter is from about 15 mm to about 40 mm, from about 20
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mm to about 30 mm, or from about 22 mm to about 27 mm. In some embodiments, the first
and/or second cylinder-shaped magnet’s inner diameter is about 25 mm.

[0107] In some embodiments, the first and/or second cylinder-shaped magnet’s outer
diameter is from about 50 mm to about 100 mm. In some embodiments, the first and/or second
cylinder-shaped magnet’s outer diameter is from about 60 mm to about 90 mm. In some
embodiments, the first and/or second cylinder-shaped magnet’s outer diameter is from about 70
mm to about 80 mm. In some specific embodiments, the first or second cylinder-shaped
magnet’s outer diameter is about 75, 76, or 77 mm.

[0108] In some embodiments, the first and/or second cylinder-shaped magnet’s height is
from about 15 mm to about 50 mm, from about 15 mm to about 40 mm, from about 20 mm to
about 30 mm, or from about 20 mm to about 25 mm. In some embodiments, the first or second
cylinder-shaped magnet’s height is about 25 mm.

[0109] In some embodiments, the distance between the surfaces of the like-poles of the first
and second cylinder-shaped magnets is from about 5 mm to about 50 mm, from about 10 mm to
about 50 mm, from about 10 mm to about 40 mm, from about 10 mm to about 30 mm, or from
about 10 mm to about 20 mm. In some embodiments, the distance between the surfaces of the
like-poles of the first and second cylinder-shaped magnets is about 15 mm.

[0110] In some embodiments, the maximal magnetic field along the common axis of the first
and second cylinder-shaped magnets is about 0.20-0.50 T. In some specific embodiments, the
maximum Bo along the central axis between the first and second cylinder-shaped magnets is
~0.33 T, and the linear magnetic field extends into the cavities of the ring magnets
(approximately half of the distance of separation between the magnets). Without wishing to be
bound by any particular theory, it is believed that the geometry of the device as described in one
or more embodiments herein facilitates the performance of density-based analyses and
separations of diamagnetic and weakly paramagnetic samples, and to exchange the paramagnetic
medium surrounding the levitating objects (e.g., by moving the sample container relative to the
magnets).

[0111] In some embodiments, the paramagnetic medium includes an aqueous solution of a
paramagnetic compound. In some embodiments, the paramagnetic compound is selected from
the group consisting of MnClz, MnBr2, CuSO4, GdClI3, DyCls, HoCls, a Gd chelated compound,
and a combination thereof. In some specific embodiments, the Gd chelated compound is

gadolinium (IIT) diethylenetriaminepentaacetic acid.
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[0112] In some embodiments, the paramagnetic medium includes an aqueous solution of
MnClz. In some embodiments, the paramagnetic medium includes a hydrophobic paramagnetic
medium or a paramagnetic ionic liquid.
[0113] In another aspect, a method of analyzing a diamagnetic or paramagnetic sample is
described, including:

providing the system of any one of the embodiments described herein;

disposing a container configured to hold a paramagnetic medium between the first and
the second cylinder-shaped magnets;

adding a paramagnetic medium and a diamagnetic or paramagnetic sample, either
separately or together, into the container; and

allowing the diamagnetic or paramagnetic sample to levitate under the linear magnetic
field between the first and second cylinder-shaped magnets.
[0114] In some embodiments, the paramagnetic medium or the diamagnetic or paramagnetic
sample is added through the first cylinder-shaped cavity. In some embodiments, the method
further includes removing the paramagnetic medium or the diamagnetic or paramagnetic sample.
In some embodiments, the paramagnetic medium or the diamagnetic or paramagnetic sample is
removed through the first cylinder-shaped cavity.
[0115] In some embodiments, the paramagnetic medium includes an aqueous solution of a
paramagnetic compound, a hydrophobic paramagnetic medium, or a paramagnetic ionic liquid.
In some embodiments, the paramagnetic compound is selected from the group consisting of
MnClz, MnBr2, CuSO4, GdClIs, DyCls, HoCls, a Gd chelated compound, and a combination
thereof. In some embodiments, the Gd chelated compound is gadolinium (III)
diethylenetriaminepentaacetic acid. In some embodiments, the paramagnetic medium includes
an aqueous solution of MnClz. In some embodiments, the paramagnetic medium further
includes cetyltrimethylammonium bromide. In some specific embodiments, the diamagnetic or
paramagnetic includes a crosslinked polymer.
[0116] In some embodiments, the method further includes determining the density of the
crosslinked polymer. In some embodiments, the method further includes generating a standard
curve correlating a sample’s levitation height in the system with its density and determining the
density of the crosslinked polymer using the standard curve and its levitation height in the
system. In some embodiments, the crosslinked polymer comprises PDMS.
[0117] Although the terms, first, second, third, etc., may be used herein to describe various

elements, these elements are not to be limited by these terms. These terms are simply used to
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distinguish one element from another. Thus, a first element, discussed below, could be termed a
second element without departing from the teachings of the exemplary embodiments. Spatially

2 <

relative terms, such as “above,” “below,” “left,” “right,” “in front,” “behind,” and the like, may
be used herein for ease of description to describe the relationship of one element to another
element, as illustrated in the figures. It will be understood that the spatially relative terms, as
well as the illustrated configurations, are intended to encompass different orientations of the
apparatus in use or operation in addition to the orientations described herein and depicted in the
figures. For example, if the apparatus in the figures is turned over, elements described as
“below” or “beneath” other elements or features would then be oriented “above” the other
elements or features. Thus, the exemplary term, “above,” may encompass both an orientation of

above and below. The apparatus may be otherwise oriented (e.g., rotated 90 degrees or at other

orientations) and the spatially relative descriptors used herein interpreted accordingly. Further

2 < >

still, in this disclosure, when an element is referred to as being “linked to,” “on,” “connected to,’

“coupled to,” “in contact with,” etc., another element, it may be directly linked to, on, connected
to, coupled to, or in contact with the other element or intervening elements may be present
unless otherwise specified.

[0118] The terminology used herein is for the purpose of describing particular embodiments
and is not intended to be limiting of exemplary embodiments. In certain embodiments, singular
forms, such as “a” and “an,” are intended to include the plural forms as well, unless the context

2%

indicates otherwise. Additionally, the terms, “includes,” “including,

2

comprises” and
“comprising,” specify the presence of the stated elements or steps but do not preclude the

presence or addition of one or more other elements or steps.

EXAMPLES

[0119] Certain embodiments will now be described in the following non-limiting examples.
[0120] FIG. 1A exemplifies a Maglev device configuration according to some
embodiments, comprising two like-poles facing, block magnets (e.g., NdFeB permanent
magnets, WxLxH: 50.8 mm x 50.8 mm x 25.4 mm) positioned coaxially with a distance of
separation of 45.0 mm. In some embodiments, a cuvette (e.g., 45 mm in height) is a common
container used to levitate diamagnetic samples (represented by a 3 mm sphere in FIG. 1A)in a
paramagnetic medium (e.g., aqueous solutions of MnCly).

[0121] In some embodiments, an axial Maglev device includes cylinder-shaped magnets,

e.g., ring magnets, which results in a configuration that removes the physical barriers to physical
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sampling in the magnetic field that are present in the MaglLev device of FIG. 1A. Therefore, in
some embodiments, axial Maglev simplifies the procedures used to carry out density-based
analyses, separations, and manipulations. In certain embodiments, the optimized, linear
magnetic field generated between the two ring magnets (coaxially aligned and like-poles facing)
enables the levitation of diamagnetic (and weakly paramagnetic; e.g., aluminum) materials in a
paramagnetic suspending medium, and makes density measurements more straightforward. In
certain embodiments, the axial configuration enables (i) the addition of samples and/or
paramagnetic medium from an open end of the container, and the retrieval of samples from the
container while they are levitating in the magnetic field (e.g., a sub-population of a cluster of
small particles); (ii) the ability to view the samples 360° around the sample container and from
its top and the bottom; and (iii) convenient density measurements of small quantities (as small as
a single sub-millimeter particle, as demonstrated) of samples. The compact design, portability,
affordability, and simplicity in use of the axial MaglLev device will broaden the uses of magnetic
methods in analyzing, separating, and/or manipulating different types of samples (e.g., solids,
liquids, powders, pastes, gels, and biological entities) in areas such as, for example, materials
sciences, chemistry, and biochemistry.

[0122] In some embodiments, a pair of ring magnets were positioned with like-poles facing
(analogous to the anti-Helmholtz configuration using electromagnets) to engineer a linear,
axially-symmetric magnetic field, and this field used to levitate diamagnetic and weakly
paramagnetic (e.g., aluminum) objects in a paramagnetic medium (e.g., aqueous solutions of
MnClz or GdCls) for density-based analyses, separations, and manipulations (FIG. 1B). In some
embodiments, the use of a linear magnetic field between the ring magnets helps simplify the
procedures with which to calibrate and carry out density measurements. In other embodiments,
the nonlinear portion of the magnetic field, particularly the field in the cavity of the ring magnet,
can also be used to perform density-based separations and manipulations.

[0123] FIG. 1B exemplifies an axial MaglLev device, including two like-poles facing ring
magnets (e.g., NdFeB permanent magnets, ODxIDxH: 76.2 mm x 25.4 mm x 25.4 mm)
positioned coaxially with a distance of separation of 15.0 mm, according to one or more
embodiments. In these embodiments, a cuvette containing the sample (represented by a 3 mm
sphere in FIG. 1B) is included to show the size of the devices.

[0124] In some embodiments, the size and aspect ratios of the magnets were optimized to
yield a linear magnetic field. In certain embodiments, the maximum Bo along the central axis

between the magnets is about 0.3 T, 04 T,05T,06 T,0.7T,0.8T,09 T 1.0 T, orin a range
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bounded by any two values disclosed herein. In certain embodiments, the maximum Bo along
the central axis between the magnets is ~0.33 T, and the linear magnetic field extends into the
cavities of the ring magnets (approximately half of the distance of separation between the
magnets). In these embodiments, this geometry made it possible to perform density-based
analyses and separations of diamagnetic and weakly paramagnetic samples, and to exchange the
paramagnetic medium surrounding the levitating objects (e.g., by moving the sample container
relative to the magnets).

[0125] In some embodiments, the axial Maglev configuration using two ring magnets
makes a number of new procedures either accessible, or more convenient than those for
conventional Maglev. Because, in some embodiments, both the top and bottom of the sample
container are easily accessible in this axial configuration, it is straightforward to recover
samples, and to exchange the paramagnetic medium surrounding the levitating objects, without

having to remove the sample container from the magnetic field.

Design of the Device

[0126] In some embodiments, two ring magnets (e.g., NdFeB permanent magnets) were
positioned coaxially with like-poles facing such that the gradient of the magnetic field between
the magnets is linear, and then the central axis aligned with the gravity vector. As shown in
FIG. 2A, the magnetic field was simulated using Comsol® to optimize the geometry of the ring
magnets, including the inner diameter (id), the outer diameter (od), the height of the magnets (h),
and the distance of separation between the magnets (d), to maximize the strength of the linear
magnetic field between them. In some embodiments, the “homothetic” property of the magnetic
field generated by permanent magnet(s) was utilized, i.e., the spatial profile (that is its spatial
distribution) of the magnetic field remains unchanged while the magnet(s) physical size
increases or decreases. In some embodiments, the “aspect-ratio” of the magnets (i.e., id:od:h:d)
was thus optimized to maximize the strength of the field (see FIGS. 6A-6F and Table 2 for
details). The results of these simulations suggest, in some embodiments, that the strength of the
magnetic field between the magnets can be linear for Bo up to about 0.4 T or 0.5 T. While the
linear gradient in the gap between the magnets was focused, the entire range of the linear
gradient, in some embodiments, extends slightly into the cavities of the ring magnets, and is
approximately the size of the inner diameter of the ring magnet for the setup shown in FIG. 1B.
[0127] FIGS. 2A-2C show the design of the axial Maglev device using ring magnets,
according to one or more embodiments. FIG. 2A shows a pair of indistinguishable magnets

arranged coaxially with the like-poles facing (inner diameter : outer diameter : height : distance
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of separation=1:3 : 1:0.6), and a diamagnetic object (sample) levitating in a paramagnetic
medium, according to one or more embodiments. In these embodiments, the z-axis of the setup
was anti-aligned with the vector of gravity. FIG. 2B shows the spatial profile of the magnetic
field on the vertical cross-section through the central axis (the central axis overlaps with the
vertical dotted line), according to one or more embodiments. FIG. 2C shows the magnetic field
strength, Bz, along the vertical dotted line in (FIG. 2B), according to one or more embodiments.
Bo = ~0.33 T for the configuration shown here using two N45-grade NdFeB permanent
magnets. The z-axis is unitless for this plot.

[0128] In some embodiments, two NdFeB ring magnets were used, with the same shape (76
mm in outer diameter, 25 mm in inner diameter, and 25 mm in height) positioned apart by 15
mm. Without wishing to be bound by any particular theory, it is believed that, in some
embodiments, this configuration (i) generates a strong, linear field between the magnets (Bo =
~0.33 T); (i) has a large working distance between the magnets (15 mm); (iii) is compact, and
thus facilitates sample viewing (as opposed to to configurations using magnets with a larger
ratio of od to id); (iv) uses magnets that are commercially available; and (v) uses magnets that
are relatively inexpensive (e.g., ~$50 per magnet). In some embodiments, 3D-printed plastic
housing, metal rods, and screws were used to mechanically secure the magnets in space

(FIGS. 7A-7B). In some embodiments, rings of different sizes, and also in combination with
one or more flux concentrators (e.g., soft iron plate), may also be used to shape the magnetic
field, and thus to levitate diamagnetic objects.

[0129] As shown in FIG. 8A, a single ring magnet with two local minima in its field strength
along its central axis was used to levitate diamagnetic objects in a paramagnetic medium,
according to one or more embodiments. It was found that, in these embodiments, this spatial
profile of the field resulted in nonlinear magnetic field along the central axis on either side,
instead of a linear magnetic field as generated in the axial Maglev system disclosed herein (e.g.,
the axial Maglev system of Figure 1B). In some embodiments, an optimized, linear magnetic
field simplifies the process by which to calibrate and carry out density measurements.
Moreover, in some embodiments, the axial Maglev configuration enables (i) facile addition of
samples and/or paramagnetic medium from an open end of the container, and retrieval of
samples while they levitate in the magnetic field (e.g., a sub-population of a cluster of small
particles); (ii) the ability to view the samples 360° around the sample container and from the top
and the bottom; and (iii) convenient density measurements of small quantities (as small as a

single sub-millimeter particle as demonstrated) of samples.
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Choice of Paramagnetic Medium

[0130] In some embodiments, an aqueous solution of a paramagnetic species (e.g., MnCla,
MnBr;, CuS04, GdCl3, DyCls, HoCls, and Gd chelates (e.g., gadolinium (III)
diethylenetriaminepentaacetic acid) was used to suspend objects. In some embodiments, these
paramagnetic species are inexpensive, transparent in the visible region of the spectrum (even at
high concentrations), and commercially available. In some embodiments, MagLev also works

with hydrophobic paramagnetic media and paramagnetic ionic liquids.

Choice of Crosslinked Polymeric Materials and Solvents to Measure Swelling Ratios

[0131] In some embodiments, axial Maglev was used to measure the swelling ratios of
crosslinked polymer materials, particularly those of irregular shapes and in small quantities, in
hydrophobic solvents by measuring the densities of both the dry and fully swollen samples using
an aqueous MnClz suspension medium.

[0132] In some embodiments, the swelling ratio (the volumetric ratio) of a crosslinked
polymer material may characterize its tendency to swell by adsorption of solvents (that is the
absorption of a solvent into the crosslinked network of the material). In some embodiments, this
ratio reflects, in part, the crosslink density present in the polymeric material and the way in
which the solvent interacts with polymeric chains; it is, therefore, a useful parameter in
characterizing the crosslinked polymer across different fields, such as solid-phase organic
synthesis, development of superabsorbent materials, and use of polymeric materials for drug
releasing applications.

[0133] In some embodiments, a number of techniques can be used to measure the swelling
ratio of crosslinked polymeric materials, including the use of graduated cylinders (to track the
bulk volume, e.g., of a collection of particles), gravimetric techniques (to weigh the sample),
optical microscopy (to measure the dimension of the sample), and specialized instrumentations.
These techniques, however, in some embodiments, can be tedious, require large quantity of
samples (on the scale of grams), and/or have limited compatibility with different types of
samples (e.g., irregularly-shaped samples, powders, and delicate or gel-like materials).

[0134] In some embodiments, axial Maglev was developed as a simple and broadly
compatible tool to measure the swelling ratios of crosslinked polymeric materials in solvents. In
some embodiments, crosslinked PDMS was chosen as a model material for this demonstration.
The swelling behavior of PDMS in a variety of organic solvents (in the context of developing

PDMS-based microfluidic devices) has been characterized.
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[0135] In some embodiments, the axial MagLev technique used an aqueous solution of
MnCl; to levitate samples; the solvents used to swell PDMS samples should not dissolve in the
aqueous solutions. Among the 39 solvents characterized in the previous study, the following
three exemplary hydrophobic solvents are studied here: chloroform, chlorobenzene, and toluene.
In some embodiments, the use of water-miscible solvents can require the same compatibility of
solubility of the sample (PDMS soaked with solvents) and the suspension medium (e.g., using

hydrophobic Gd chelate dissolved in hydrophobic solvents).

Calibration

[0136] In some embodiments, hydrophobic organic liquids were used to calibrate the device
because: (i) they have known densities; (ii) they can be used as small drops (e.g., 1-2 mm in
diameter), a characteristic that facilitates accurate localization of the centroid (in comparison to
the ~4 mm, often irregular-shaped standard glass beads commonly used); and (iii) they are
commercially available. In some embodiments, the solubility of water in the hydrophobic
solvents has a negligible influence on the density of the solvents. For example, in some
embodiments, the solubility of water in chlorobenzene is 0.3 mol% at room temperature, and the
dissolved water only causes a change in its density of less than 0.01%.

[0137] FIGS. 3A-3B show the calibration of the axial Maglev device using water-insoluble
organic liquids, according to one or more embodiments. FIG. 3A shows a string of five drops
(~3 mL) of organic liquids that were sequentially added to a square cuvette via a pipettor and
levitated in an aqueous solution of 0.5 M MnCl,, according to one or more embodiments.

FIG. 3B shows the calibration curves obtained using aqueous MnCl: solutions, according to one
or more embodiments. In these embodiments, a ruler with millimeter graduations was placed
next to the cuvette (read to +0.1 mm), and a digital camera used to take a photo of the drops. In
some embodiments, levitation height h is the distance between the centroid of the drop and the
upper surface of the bottom magnet (see FIG. 2A for an illustration of h). In some
embodiments, the organic liquids used to calibrate the solution of 3.0 M MnCla were
cyclohexane (p = 0.779 g/cm?), fluorobenzene (p = 1.024 g/cm?), dichloromethane (p = 1.325
g/em?), 1,1,2-trichlorotrifluoroethane (p = 1.57 g/cm?), and FC40 (p = 1.85 g/cm?). In these
embodiments, the equations for the linear fits were h=—-61.5p + 71.9 (R?*= 0.9997) for 0.5 M
MnClz and h=—11.4p +21.9 (R* = 0.9999) for 3.0 M MnCla. In these embodiments, all
densities were taken from values reported by Sigma-Aldrich. The data were plotted as mean +

standard deviation (N = 7 for all measurements). The error bars were much smaller than the size
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of the symbols, and thus, are invisible on the plot. In some embodiments, the levitation heights

of the drops did not change over the 30 min period.

Range of Densities That Can Be Measured

[0138] In some embodiments, as shown in FIG. 4, objects were levitated using a
concentrated aqueous solution of 3.0 M DyCls containing 0.01% (v/v) Tween-20, that ranged
from a bubble of air (p = 0 g/cm?) to zirconium silicate (p == 3.7 g/lcm?). In these
embodiments, all samples were spherical except for the aluminum sample, which was irregular
in shape (cut from a sheet of foil, 250 mm thickness). In some embodiments, a square cuvette (1
cm path length) was used to levitate the samples, and the following solvents were used to
calibrate the device: cyclohexane (p = 0.779 g/cm?), dichloromethane (p = 1.325 g/cm?), 1,2-
dibromoethane (p = 2.18 g/cm?), and tribromomethane (p = 2.89 g/cm?®). In these embodiments,
a linear fit of the data gave h=-3.43p + 12.9 (R>=0.9999). In some embodiments, the
reported densities were obtained from the commercial vendors from which the materials were
purchased (e.g., McMaster-Carr and Sigma-Aldrich). N =7 measurements.

[0139] In some embodiments, the combined use of a concentrated paramagnetic salt (e.g.,
DyCls) with a high magnetic susceptibility (DyCls = 5.5 x 10”7 m*/mol vs. MnCl2 = 1.83 x 10”7
m?/mol) and a steep gradient in magnetic field strength (~43 T/m in axial MagLev vs. ~17 T/m
in conventional MagLev) can lead to a wide accessible range of densities (from ~0 g/cm’ to ~3.7
g/cm®). In contrast, earlier work achieved only a range of ~0.8 g/cm? to ~3 g/cm? using an
aqueous solution of MnCl: and the conventional Maglev device. In some embodiments, tilted
Magl.ev—a variant of conventional MaglLev in which the device is tilted with respect to the
vector of gravity and the sample partially rests on the wall of the sample container while
levitating along the central axis of the device—can measure the entire range of densities
observed in matter at ambient conditions (from ~0 g/cm?® to ~23 g/cm?®). In some embodiments,
the axial MagLev system as disclosed herein demonstrated a range of densities that was
expanded beyond that of conventional Maglev, was experimentally much more convenient, and
avoided some of the potential problems of tilted MagLev (e.g., the samples rest on the walls of

the sample container.)

Procedures to Add and/or Retrieve Samples
[0140] In some embodiments, the axial Maglev configuration conveniently enables addition
and/or retrieval of samples from the container. FIGS. SA-5C demonstrate these procedures,

according to one or more embodiments, by levitating “sticky” or viscous samples (a drop of
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PDMS prepolymer and a plug of Vaseline® gel)—the type of samples that are inconveniently
measured using the conventional or tilted Maglev devices as the samples tend to stick to the
walls of the container, and also to the liquid-air interface. The axial MagLev configuration
according to one or more embodiments also readily enables retrieval of a targeted fraction of a
sample (e.g., from a collection of particles).

[0141] In some embodiments, a test tube filled with a paramagnetic medium was placed in
the axial Maglev device, and the “sticky” samples added to the container from its top. In these
embodiments, the sample entered the medium by gravity, and levitated in it (nearly
instantaneously for mm sized samples, FIGS. SA-5C).

[0142] FIGS. 5A-5B show procedures to add or retrieve samples, according to one or more
embodiments. FIG. SA shows a drop of liquid PDMS prepolymer (doped with black graphite
powder for visualization) levitated in an aqueous solution of 0.5 M MnClz, according to one or
more embodiments. In some embodiments, the drop appeared elliptical due to the visual
distortion by the curved wall of the cylindrical test tube. FIG. 5B shows a plug of Vaseline® gel
extruded from a syringe levitated in an aqueous solution of 3.0 M MnCl: containing 0.1% (v/v)
Tween-20, according to one or more embodiments. FIG. 5C shows the retrieval of a sub-
population of density standard beads, according to one or more embodiments. In some
embodiments, the beads that were retrieved levitated at the same height from which they were
originally removed (see third panel). In these embodiments, the suspension solution contained
0.5 M MnClz, 1.4 M NaCl (a diamagnetic co-solute used to match the densities of the particles
and the solution), and 0.1% (v/v) Tween-20. As shown in FIG. 5C, arrows indicate the spread in
density of the particles (unit: g/cm?) according to one or more embodiments.

[0143] In some embodiments, retrieving a sample from the container placed in the MaglLev
device is straightforward due to its axial configuration. Density standards (polyethylene
particles, ~200 um in diameter and 1.13 g/cm?® in nominal density) were used to demonstrate this
in accordance with one or more embodiments. In certain embodiments, a glass Pasteur pipette
with its tip bent ~90° was inserted from the top of the sample container (a test tube with a
diameter of ~25 mm), and a sub-population of particles that levitated in an aqueous MnClz
solution were removed. In certain embodiments, the rest of the sample remained levitated and
undisturbed. In certain embodiments, the removed fraction levitated, expectedly, at the same
height in the same media when placed back to the device (FIG. 5C), but had a ~5-fold narrower

distribution in density (thus improved precision). Axial MagLev as disclosed herein, thus, in
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certain embodiments, provides a straightforward method to prepare high-quality density

standards.

Swelling Ratios of Crosslinked Polymers in Solvents

[0144] In some embodiments, PDMS was chosen as a model crosslinked polymer to
demonstrate the use of axial MagLev in characterizing the swelling behavior of crosslinked
polymers in solvents. In certain embodiments, a small piece of PDMS (1.5 mm in diameter and
~1 mm in thickness, which was prepared by a 1.5 mm biopsy punch) was immersed in solvent
for 24 hours. In certain embodiments, the sample was blotted dry and added to the MagLev
device for density measurement using an 1.5 M aqueous solution of MnClz containing 0.1%
(v/v) cetyltrimethylammonium bromide (a surfactant to help remove air bubbles). In some
embodiments, MagLev enables direct measurement of the density of the sample, irrespective of
its volume (or shape). In some embodiments, the measured densities were converted to the

volumetric swelling ratio (see Table 1) using Equation 1.

Vip  op— s
f=—t=—t_— {1}

Voo Psp—0s
[0145] In Equation 1, in some embodiments, Vsp is the volume of the swollen sample, V is

the volume of the dry sample, pyp is the density of the sample, psp is the density of the swollen
sample, and ps is the density of the solvent.

[0146] In some embodiments, the diameters of the dry and swollen samples from the same
images were measured using the levitation heights, and the swelling ratio estimated. In some
embodiments, the agreement of the results (within 10% deviation) validates the performance of
the Magl ev technique. In some embodiments, the divergence from literature values may have
originated from different sample preparations. In some embodiments, this demonstration also
highlights the simplicity and compatibility of the MagLev technique in measuring small

quantities of samples without requiring more sophisticated tools (e.g., microscopes).

Table 1. Swelling ratios of PDMS samples in certain solvents.

Volumetric Swelling Ratio (f)
Solvent MagLev® | Imaging® | Literature®
Chloroform 2.1 1.9 2.7
Chlorobenzene 2.2 2.1 1.8
Toluene 22 22 22

a. N = 3; average of 3 measurements.

b. The volumetric swelling ratio was calculated using the equation f = (D/Do)?, where D is the diameter of
the swollen PDMS disc and Dy is the diameter of the dry PDMS disc. Isotropic swelling of PDMS
samples in the solvents was assumed. N = 3.
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c¢. Swelling ratios of small pieces of PDMS reported in Lee et al., “Solvent Compatibility of
Poly(dimethylsiloxane)-Based Microfluidic Devices” 2003, Vol. 75, pp. 6544-6554. The following
ratios of the length of a swollen PDMS sample to a dry sample were used: chloroform 1.39,
chlorobenzene 1.22, toluene 1.31. These values were converted to volumetric swelling ratios.

[0147] In some embodiments, axial MaglLev exploits the axially symmetric magnetic field
generated by two like-poles facing ring magnets to carry out density-based analyses, separations,
and manipulations. In some embodiments, this configuration of MagLev removes the physical
barriers along the central axis of conventional Maglev devices in which sample containers (e.g.,
square cuvette or capillary tube) are physically sandwiched between two block magnets. In
some embodiments, axial Maglev has four useful characteristics: (i) It provides ready access to
the levitating sample and the paramagnetic medium, making it straightforward to add or remove
the sample or the suspending medium: (ii) It maintains full clearance (360°) around the sample
container by which to view the levitating samples, and also provides ready access to view the
samples from both the top and the bottom. (iii) It does not impose a limitation on the height of
the sample container, and is broadly compatible with different types of containers (e.g., cuvettes,
vials, test tubes, graduated cylinders, etc.) so long they fit within the inner diameter of the ring
magnets. (iv) It concentrates small and/or dilute particles along a common vertical axis, and
aids in their visualization and manipulations.

[0148] In some embodiments, axial Maglev generates a linear magnetic field between the
magnets. In certain embodiments, non-linear magnetic fields could also be used to carry out
density-based measurements and separation, provided appropriate calibrations. In certain
embodiments, the working distance between the two magnets can be extended at least to ~38
mm, while the monotonically changing the magnetic field gradient (and thus the density).

[0149] FIGS. 6A-F show the selection of the geometry and the distance of separation
between the ring magnets using Comsol® simulation, according to one or more embodiments.
FIG. 6A is a schematic showing the four independent physical parameters used to define the
configuration of the setup (od: out diameter, id: inner diameter, h: height of the magnet, d:
distance of separation), according to one or more embodiments. Combinations of the parameters
explored using Comsol® simulation in these embodiments are given in Table 2. FIG. 6B shows
a specific example of a linear gradient with a max field strength of ~0.4 T along the central axis
between the magnets (dotted line in the inset), according to one or more embodiments. FIG. 6C
shows a non-linear gradient with a max field strength of ~0.5 T along the central axis between
the magnets (dotted line in the inset), according to one or more embodiments. FIG. 6D shows
fine-tuning of the separation distance between the two magnets (od: 3, id: 1, h: 1), according to

one or more embodiments. FIG. 6E shows the field strength, Bz, along the central axis between
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the two magnets as the distance of separation was varied from 0.2 to 2 at a step of 0.2, according
to one or more embodiments. FIG. 6F shows replot of the curve at d = 0.6 in FIG. 6E. In some
embodiments, the aspect ratios of these parameters (d = 1) were focused to optimize the
magnetic field profile, and thus, the parameters are all unitless.

[0150] Density is a universal property of all matter, and a simple, inexpensive, and useful
MagLev device, such as the axial MaglLev device described herein, may expand the utility of
MaglLev-based density analysis in chemistry, biochemistry, and materials science. In some
embodiments, the compact design, portability, affordability, and simplicity of use of the axial
Maglev device may enable characterization of materials (e.g., the swelling behavior of
crosslinked polymeric materials in solvents), separations of samples (particularly small
quantities, such as, e.g., crystals), and in manipulating samples (e.g., hard, soft, and sticky

objects, such as, e.g., gels) without physical contact.

Table 2. Parameters examined using Comsol® simulations.

Parameter Range Description
d 1 Distance of separation of the two magnets
id 025,05,1,2, 4 Inner diameter of the ring magnet

Parameter to define the outer diameter of the ring magnet (od

Kod 05,1,2,4,8,16 —id % (1 + koa)
h 0.25,0.5,1,2,4 Height of the ring magnet
Materials

[0151] In some embodiments, polyamide-imides (Torlon®) and polytetrafluoroethylene
(Teflon®) were obtained from McMaster-Carr. In some embodiments, aluminum foil was
obtained from Sigma-Aldrich. In some embodiments, zirconium silicate was obtained from
Cospheric LLC. In some embodiments, the density of air was obtained from the CRC

Handbook of Chemistry and Physics, 98 Edition.

Correlation of Swelling Ratio and Densities
[0152] In some embodiments, Equation S1 gives the density of a crosslinked polymeric
sample in the dry state, Equation S2 gives the density in the swollen state, and Equation S3 gives

the swelling ratio of the sample:
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pp ==L (S1)
"=,
Poy = 'mp; me (52)
5p
F=st (53)
; v :

[0153] In Equations S1-3, my is the mass of the sample, ms is the mass of the solvent present
in the swollen sample, Vsp is the volume of the swollen sample, V5 is the volume of the dry
sample, pp is the density of the sample, psp is the density of the swollen sample, and ps is the
density of the solvent.

[0154] In some embodiments, for a swollen sample, the mass of the solvent is described by

Equation S4:

mg = ps(&;p — i«;)) {(54)
[0155] In some embodiments, solving Equations S1-S4 gives Equation S5, which describes

the relationship between the swelling ratio and the densities.

- FPp — Ps
f=— (55)
psp — Ps

[0156] It will be appreciated that while one or more particular materials or steps have been
shown and described for purposes of explanation, the materials or steps may be varied in certain
respects, or materials or steps may be combined, while still obtaining the desired outcome.
Additionally, modifications to the disclosed embodiment and the invention as claimed are

possible and within the scope of this disclosed invention.
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CLAIMS

1. A magnetic levitation system comprising;

a first cylinder-shaped magnet;

a second cylinder-shaped magnet coaxially aligned with the first cylinder-shaped
magnet; and

a first cavity coaxially aligned with and formed in the first cylinder-shaped magnet;
wherein the surfaces of the like-poles of the first and second cylinder-shaped magnets are
parallel to each other and face each other to result in a linear magnetic field between the first and

the second magnets.
2. The system of claim 1, wherein the first cavity is cylinder-shaped.

3. The system of claim 1, wherein the first cavity spans through the entire height of the first

cylinder-shaped magnet.

4. The system of any one of the preceding claims, wherein the linear magnetic field extends

into the first cavity.

5. The system of any one of the preceding claims, wherein the first and second cylinder-

shaped magnets have a different radius or height.

6. The system of any one of claims 1-4, wherein the first and second cylinder-shaped

magnets have the same radius, height or both.

7. The system of any one of the preceding claims, wherein the system further comprises a

second cavity formed in and coaxially aligned with the second cylinder-shaped magnet.
8. The system of claim 7, wherein the second cavity is cylinder-shaped.

9. The system of any one of the preceding claims, wherein the distance between the
surfaces of the like-poles of the first and second cylinder-shaped magnets is d and the heights of
the first and second cylinder-shaped magnets are h1 and ha, respectively; and the ratio of at least

one of h1 and h2to d is from about 0.2 : 1 to about 10 : 1.
10.  The system of claim 9, wherein the ratio of at least one of h1 and hato d is about 1.67 : 1.

11. The system of claim 9 or 10, wherein
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the first cylinder-shaped magnet’s inner diameter is id1; and

the ratio of id1 to d is from about 0.2 : 1 to about 10 : 1.
12.  The system of claim 11, wherein the ratio of id1 to d is about 1.67 : 1.

13. The system of any one of claims 9-12, wherein
the first cylinder-shaped magnet’s outer diameter is odi; and

the ratio of od1 to d is from about 0.3 : 1 to about 100 : 1.
14.  The system of claim 13, wherein the ratio of odi to d is about 5 : 1.

15.  The system of any one of claims 9-14, wherein

the system further comprises a second cylinder-shaped cavity formed in and coaxially
aligned with the second cylinder-shaped magnet;

the second cylinder-shaped magnet’s inner diameter is id2; and

the ratio of idz to d is from about 0.2 : 1 to about 10 : 1.
16. The system of claim 15, wherein the ratio of id2 to d is about 1.67 : 1.

17. The system of any one of claims 8-16, wherein

the system further comprises a second cavity formed in and coaxially aligned with the
second cylinder-shaped magnet;

the second cylinder-shaped magnet’s outer diameter is odz; and

the ratio of od2 to d is from about 0.3 : 1 to about 100 : 1.
18.  The system of claim 17, wherein the ratio of odz to d is about 5 : 1.

19.  The system of any one of the preceding claims, wherein the first cavity is cylinder-
shaped and the ratio of the first cylinder-shaped magnet’s inner diameter (id1) : outer diameter
(od1) : height (h1) : distance between the surfaces of the like-poles of the first and second
cylinder-shaped magnets (d) is about 1.67 : 5: 1.67 : 1.

20.  The system of any one of the preceding claims, wherein
the system further comprises a second cylinder-shaped cavity formed in and coaxially

aligned with the second cylinder-shaped magnet; and
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the ratio of the second cylinder-shaped magnet’s inner diameter (id2) : outer diameter
(odz2) : height (h2) : distance between the surfaces of the like-poles of the first and second
cylinder-shaped magnets (d) is about 1.67 : 5: 1.67 : 1.

21.  The system of any one of the preceding claims, further comprising a container
configured to hold a paramagnetic medium and at least partially disposed between the first and

the second cylinder-shaped magnets.

22.  The system of claim 21, wherein the container further comprises an inlet configured to

allow adding or removing the paramagnetic medium or a paramagnetic or diamagnetic sample.

23.  The system of claim 21 or 22, wherein the container comprises two ends, at least one of

which extends into or through the first cavity.

24, The system of claim 23, wherein
the system further comprises a second cavity formed in and coaxially aligned with the
second cylinder-shaped magnet; and

the other end of the container’s two ends extends into or through the second cylinder-

shaped cavity.
25. The system of any one of claims 21-24, wherein the container is a cuvette.
26.  The system of any one of claims 21-25, wherein the paramagnetic medium comprises an

aqueous solution of a paramagnetic compound.

27.  The system of claim 26, wherein the paramagnetic compound is selected from the group
consisting of MnClz, MnBr2, CuSQOs, GdCls, DyCls, HoCls3, a Gd chelated compound, and a

combination thereof.

28.  The system of claim 27, wherein the Gd chelated compound is gadolinium (III)

diethylenetriaminepentaacetic acid.

29.  The system of any one of claims 21-27, wherein the paramagnetic medium comprises a

MnCl: aqueous solution.

30.  The system of any one of claims 21-24, wherein the paramagnetic medium comprises a

hydrophobic paramagnetic medium or a paramagnetic ionic liquid.
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31 The system of any one of the preceding claims, wherein the maximal magnetic field

along the common axis of the first and second cylinder-shaped magnets is about 0.20-0.50 T.

32.  The system of any one of the preceding claims, wherein the first and second cylinder-

shaped magnets are NdFeB magnets.

33.  The system of any one of the preceding claims, wherein the system optionally comprises
a second cylinder-shaped cavity spanning through the entire height of the second cylinder-
shaped magnet and coaxially aligned with the second cylinder-shaped magnet; and the first or

second cylinder-shaped magnet’s inner diameter is from about 15 mm to about 40 mm.

34.  The system of claim 33, wherein the first or second cylinder-shaped magnet’s inner

diameter is about 25 mm.

35. The system of any one of the preceding claims, wherein the system optionally comprises
a second cylinder-shaped cavity spanning through the entire height of the second cylinder-
shaped magnet and coaxially aligned with the second cylinder-shaped magnet; and the first or

second cylinder-shaped magnet’s outer diameter is from about 50 mm to about 100 mm.

36.  The system of claim 35, wherein the first or second cylinder-shaped magnet’s outer

diameter is about 76 mm.

37.  The system of any one of the preceding claims, wherein the first or second cylinder-

shaped magnet’s height is from about 15 mm to about 50 mm.

38.  The system of claim 37, wherein the first or second cylinder-shaped magnet’s height is

about 25 mm.

39.  The system of any one of the preceding claims, wherein the distance between the
surfaces of the like-poles of the first and second cylinder-shaped magnets is from about 5 mm to

about 50 mm.

40.  The system of claim 39, wherein the distance between the surfaces of the like-poles of

the first and second cylinder-shaped magnets is about 15 mm.

41. A method of analyzing a diamagnetic or paramagnetic sample, comprising:

providing the system of any one of the preceding claims;
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disposing a container configured to hold a paramagnetic medium between the first and
the second cylinder-shaped magnets;

adding a paramagnetic medium and a diamagnetic or paramagnetic sample, either
separately or together, into the container; and

allowing the diamagnetic or paramagnetic sample to levitate under the linear magnetic

field between the first and second cylinder-shaped magnets.

42.  The method of claim 41, wherein the paramagnetic medium or the diamagnetic or

paramagnetic sample is added through the first cylinder-shaped cavity.

43, The method of claim 41 or 42, further comprising removing the paramagnetic medium or

the diamagnetic or paramagnetic sample.

44, The method of claim 43, wherein the paramagnetic medium or the diamagnetic or

paramagnetic sample is removed through the first cylinder-shaped cavity.

45. The method of any one of claims 41-44, wherein the paramagnetic medium comprises an
aqueous solution of a paramagnetic compound, a hydrophobic paramagnetic medium, or a

paramagnetic ionic liquid.

46. The method of claim 45, wherein the paramagnetic compound is selected from the group
consisting of MnClz, MnBr2, CuSQOs, GdCls, DyCls, HoCl3, a Gd chelated compound, and a

combination thereof.

47.  The method of claim 46, wherein the Gd chelated compound is gadolinium (III)

diethylenetriaminepentaacetic acid.

48.  The method of any one of claims 41-46, wherein the paramagnetic medium comprises a

MnCl2 aqueous solution.

49. The method of any one of claims 41-48, wherein the paramagnetic medium further

comprises cetyltrimethylammonium bromide.

50. The method of any one of claims 41-48, wherein the diamagnetic or paramagnetic

sample comprises a crosslinked polymer.
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51. The method of claim 50, further comprising determining the density of the crosslinked

polymer.

52. The method of claim 51, further comprising generating a standard curve correlating a
sample’s levitation height in the system with its density and determining the density of the

crosslinked polymer using the standard curve and its levitation height in the system.

53. The method of any one of claims 50-52, wherein the crosslinked polymer comprises

polydimethylsiloxane.
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