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QUALITY CONTROL OF DIAMAGNETIC MATERIALS USING MAGNETIC
LEVITATION

Government Support

[0001] This invention was made with government support under W911NF-08-1-0143
awarded by U.S. Department of Defense. The U.S. government has certain rights in this

invention.

Related Applications

[0002] The present application claims the benefit of the earlier filing date of U.S. Patent
Application No. 61/417,774, filed on November 29, 2010, the contents of which is hereby

incorporated by reference herein.

Field of the Invention

[0003] Quality control of components using magnetic levitation (MagLev) is described. In
particular, quality of control of components using Maglev based on both the levitation position

and orientation 1s described.

Background

[0004] In the last decade, the magnetic levitation of diamagnetic materials has become
more accessible to standard laboratory facilities, as the early experimental setup consisting of
superconducting magnets (>10 T) and a pressurized oxygen atmosphere has been replaced by
small rare-earth magnets and aqueous paramagnetic salt solutions. One of the characteristics of
magnetic levitation is that there is an equilibrium position in a magnetic field in which an
object is stably levitated. When a levitating object in magnetic fields is moved away from a
position of equilibrium, a restoration force on the object returns it to equilibrium position. The
magnetic susceptibility and the density of the object determine this stable point. Therefore,
different substances levitated in the same magnetic field have different equilibrium positions of

levitation and can thus be separated.
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Summary

[0005] In certain embodiments, a method for performing a quality control of a diamagnetic
sample material is described. The method can include any one of the following steps:
levitating a diamagnetic sample material having a non-uniform density profile in a
paramagnetic solution using a magnetic field; measuring the height and orientation of said
sample material in the paramagnetic solution; comparing the height and orientation of said
sample material to the height and orientation of a reference material; and determining whether
differences between height and orientation of the sample material and the height and
orientation of the reference material are within a predetermined range.

[0006] In the certain embodiments, the method further includes: providing a first
paramagnetic solution comprising a paramagnetic material in a solvent; providing a reference
material having a reference density and a reference density profile in said first paramagnetic
solution; applying a magnetic field to the first paramagnetic solution; and measuring the height
and orientation of said reference material in the first paramagnetic solution.

[0007] In certain embodiments, the reference material and the sample material have a non-
spherical geometry.

[0008] In certain embodiments, the reference material and the sample have a spherical
geometry with a visual marker to detect orientation in the first and second paramagnetic
solutions. In certain embodiments, the second paramagnetic solution may have similar
characteristics as the first paramagnetic solution, wherein the measurable characteristics (e.g.,
concentration, density, magnetic susceptibility, and the like) are no different than, up to, 0%,
0.1%, 0.5%, 1%, 5 %, 10%, 15%, 20%, 25%, 30% or even up to 35% from each other in
composition.

[0009] In certain embodiments, the reference density and the reference density profile of
the reference material is known.

[0010] In certain embodiments, the sample material includes components from a
mechanical device.

[0011] In certain embodiments, a plurality of reference materials are provided.

[0012] In certain embodiments, the method further includes identifying sample materials
that have differences that are greater than the predetermined range as failing the quality control.
[0013] In certain embodiments, the method further includes identifying sample materials
that have differences that are equal to or smaller than the predetermined range as passing the

quality control.
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[0014] In certain embodiments, the orientations are measured relative to at least one axis of

a Cartesian coordinate system.

Brief Description of the Drawing

[0015] FIG. 1 shows a schematic diagram of magnetic levitation (MagLev) in accordance
with certain embodiments;

[0016] FIG. 2 shows a flow diagram to carry out quality control using MaglLev in
accordance with certain embodiments;

[0017] FIG. 3 shows a photograph of the MagLev device in accordance with certain
embodiments;

[0018] FIG. 4A and 4B shows photographs of two different nylon hex cap screws
levitating in a paramagnetic solution in accordance with certain embodiments; and

[0019] FIG. 5A and 5B shows photographs of 12 mm-long nylon screws levitating in a
paramagnetic solution where differences in the shape and/or distribution of density are

observed as differences in height and orientation in accordance with certain embodiments.

Detailed Description

[0020] The present disclosure describes various strategies utilizing the levitation height and
orientation of a diamagnetic material supported in a paramagnetic fluid under the influence of a
magnetic field. The magnetic field and its gradient levitate and orient the objects at particular
heights and locations, within a paramagnetic solution, based on the overall density and the local
density profile within the object. The final position of the objects in the paramagnetic solution
and their orientation is directed by a competition between gravitational forces, magnetic forces,
and steric interactions (mechanical forces from physical contact) among and between the

objects and the container.

Principles Underlying MagLev

[0021] FIG. 1 summarizes the principles that underlie MaglLev. The device used includes
two permanent magnets oriented with like poles facing each other (in an anti-Helmholtz
configuration), and are separated by a container containing a paramagnetic medium (e.g., an
aqueous solution of MnCl,). FIG. 1 shows the balance of magnetic (Fy,) and gravitational (F,)
forces that determines the vertical equilibrium position of an object levitating within the

MagLev device. An object whose density is greater than the levitating solution and that would
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otherwise sink to the bottom of the container outside the magnetic field will float or ‘levitate’
in the magnetic solution when placed in a magnetic field. Objects that are of non-uniform
density will orient in the magnetic field based on the local densities within the object.

[0022] The condition of static equilibrium in MagLev for each object can be summarized
as follows: 1) the net force acting on the object equals zero (Eq. A), and i1) the net torque
around any arbitrary pivot point equals zero (Eq. B). In these equations, Fo(N) is the force of
gravity, Fn(N) is the magnetic 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).

F,+F, =0 (A)
Fx(F,+F,)=0 (B)

[0023] To simplify the derivations, an object of heterogeneous density is approximated
with a composite object (subscript ¢) comprising two non-overlapping parts (subscripts a and b)
of homogeneous densities whose centers of mass connect by a massless rod of length L(m).
(The magnetic susceptibilities of the two parts of the composite object are assumed to be
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 magnets), 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. Eq. C
gives h(m), the distance between the top surface of the bottom magnet and the center of volume
of the object (the “levitation height” of the composite object), and Eq. D gives 0, the angle of
tilt of the composite object in the YZ-plane (defined as the angle between the Z-axis and the

link connecting the centers of mass of the two components comprising the object).
d (p c p m ) g /LlO

h=—+
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©
(0, —P.) &M,

. -1
6 =cos (}(C—)(m)(ai—af)L

(D)

[0024] In these equations, p, (kg/m’) and py, (kg/m’) are the densities of the two parts of the
composite object, p. (kg/m’) is the average density of the composite object, pm (kg/m’) is the
density of the paramagnetic medium, y. (unitless) is the magnetic susceptibility of the object,
v (unitless) is the magnetic susceptibility of the paramagnetic medium, g(m/s?) is the

acceleration due to gravity, i, = 41 x 107 (N/A?) is the magnetic permeability of free space,
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d(m) is the distance between the magnets, o, is the gradient of the Z-component of the
magnetic field along the Z-axis, B is the magnitude of the magnetic field (A/m), and V is the
volume of the sample (m”).

[0025] These requirements can be utilized for static equilibrium to organize the
components in 3D. The gravitational force acting on an individual component can be
controlled by controlling the average density of the component and the density of the fluid, and
by patterning the distribution of density within the component. For a particular system with
fixed values of magnetic parameters (magnetic field and magnetic field gradient, magnetic
susceptibilities) and a medium of constant density, the average density of an object of
heterogencous density determines its levitation height at equilibrium (Eq. C); the pattern of
density within the object defines the orientation of the object relative to the axis of gravity (Eq.
D). The gradient of magnetic field and the densities of components can be utilized to control

the vertical and lateral positions of levitating objects, as well as their orientation.

Quality Control Based on Levitation Height and Orientation

[0026] As noted above in Equations (C) and (D), a particular diamagnetic object can
achieve an equilibrium height (h) and orientation (0) in a paramagnetic solution between
magnetic fields. Objects of the same shape and made from the same materials, for example,
cast, machined or molded objects prepared from the same polymer base, are expected to
levitate at the same height and with the same orientation in a magnetic field. It would also be
expected that the manufactured objects would have the same density profile. However,
variations in the manufacturing process can result in variations in both density and/or density
profile. By way of example, air bubbles entrained unintentionally in the polymer base during
processing can alter the overall density. Variable processing conditions, differences in shape,
undesired residual materials from the manufacturing process (e.g., incomplete removal of
release coating during molding) and other events can also lead to variations in the density
profile among manufactured objects.

[0027] Industry is constantly seeking simple, rapid methods for assessing manufacturing
quality and uniformity among manufactured goods and in particular among goods
manufactured from batch to batch or over time during continuous processes. MaglLev can be
used to perform rapid quality control of parts that have been produced.

[0028] As shown in FIG. 2, a method of evaluating density characteristics of samples is
provided. A first paramagnetic solution that includes a paramagnetic material in a solvent is

provided as indicated in step 201. Then, as shown in step 203, a reference material having a
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known density and density profile (or a reference density and a reference density profile) is
introduced into the first paramagnetic solution. In certain embodiments, the reference material
can have a non-uniform density profile. In step 205, a magnetic field is applied to the first
paramagnetic solution. In step 207, the height and orientation of the reference material in the
first paramagnetic solution is measured.

[0029] As used herein, a “non-uniform density profile” is meant to describe materials
having a density profile so that a torque can be applied to the material upon application of the
magnetic field as to induce an observable orientation about at least one axis of the Cartesian
coordinate system (e.g., z-axis that is perpendicular to the faces of magnets). For example, the
density of the material may change abruptly or gradually or regularly throughout the material to
induce an orientation. In certain embodiments, “non-uniform density profile” refers to a
material wherein the density is uniform, but the shape of the object is such that an observable
orientation can be induced upon application of the magnetic field.

[0030] In step 209, a second paramagnetic solution having substantially the same
characteristics as the first paramagnetic solution is provided (or the same paramagnetic solution
as used for the reference material can be used). In certain embodiments, a stock paramagnetic
solution can be used to provide both the first and second paramagnetic solutions. In certain
embodiments, the second paramagnetic solution may have substantially the same
characteristics as the first paramagnetic solution, wherein the measurable characteristics (e.g.,
concentration, density, magnetic susceptibility, and the like) are no different than, up to, 0%,
0.1%, 0.5%, 1%, 5 %, 10%, 15%, 20%, 25%, 30% or even up to 35% from each other in
composition. It should be noted that as described in Equations (C) and (D) above, the
levitation height and orientation may depend on the density of the medium, pm, and/or the
magnetic susceptibility, ym . Hence, differences between the first and second paramagnetic
solutions may require certain adjustments and/or recalculation of the levitation height and
orientation, with larger differences requiring larger adjustments and/or recalculation, as would
be apparent to one of ordinary skill in the art. In step 211, a sample material having an
unknown density and density profile is introduced into the paramagnetic solution. In certain
embodiments, the sample material can have a non-uniform density profile. In step 213,
substantially the same magnetic field as that applied in step 205 is applied to the second
paramagnetic solution. In step 215, the height and orientation of the sample material in the
second paramagnetic solution is measured.

[0031] Thereafter, in step 217, the height and orientation of the sample material measured

in step 215 is compared to the height and orientation of the reference material measured in step
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207. Differences in the material composition (density) of the object are observed as differences in
levitation height. Differences in the shape and/or distribution of density in the object are observed
as differences in orientation. If the height and orientation are substantially similar, the sample
material is accepted as passing a quality control test. If the height and orientation are different,
the sample material is rejected as failing a quality control test.

[0032] In certain embodiments, one or more of steps 201 to 217 can be carried out
sequentially and/or simultaneously. For example, any one of steps 201 and 209; steps 203 and
211; steps 205 and 213; or steps 207 and 215 can be carried out simultaneously. Alternatively,
they can be carried out at different times.

[0033] In certain embodiments, the reference material’s exact density and density profile
may not be known. Nevertheless, it may be possible to carry out quality control by comparing
the height and orientation of the sample and reference materials, based on whether the height
and orientation of the sample and reference materials are substantially similar to each other or
not.

[0034] In certain embodiments, the two separate paramagnetic solutions may not be needed.
For example, in step 207, the height and orientation of the reference material can be recorded
via an appropriate means (e.g., software tracking, photographs, videos, etc.). Subsequently, the
reference material may be removed from the first paramagnetic solution and the sample
material can be introduced into the same first paramagnetic solution to carry out steps 211
through 215. In step 217, the height and orientation recorded in step 207 can be retrieved and
compared to the height and orientation recorded in step 215.

[0035] In certain embodiments, multiple reference materials can be utilized, each of which
may have different heights and/or orientations relative to one another. The multiple reference
materials may be representative materials from different classes of objects. For example, each
reference material can represent a different production batch, or objects to be colored
differently based on density and density profile, unidentified but similarly appearing objects,
and the like. After measuring the sample material’s height and orientation, the measured data
can be compared with those of the multiple reference materials to identify the particular class
of objects (e.g., particular production batch, particular color to be colored, and the like) to
which it belongs.

[0036] Any object of regular shape, such as spherical, cuboidal, tetrahedral, octahedral,
prismatic, and the like, or even any irregular shape may be used, provided that it is diamagnetic
and of a density that permits its levitation in a magnetic field. Moreover, the reference and

sample material need not necessarily be non-spherical. Even spherical objects can have local
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density profile differences. As long as there is a visual marker than can be traced and measured,
the height and orientation of even spherical objects can be determined.

[0037] In some embodiments, the material is a polymer, plastic, wood, paper, fabric, light
ceramic, low-density non-magnetic metals, and the like. In certain embodiments, the material
is a diamagnetic material having a sufficient density to allow levitation in the applied magnetic
field.

[0038] In certain embodiments, the magnetic field distribution can be altered using, for
example, different magnet geometries, magnet-to-magnet distances, magnetic field strength,
and different arrangements of the magnets that can further change the levitation height and
orientation of the sample and reference objects. For example, the magnetic field strengths may
be diffused by separating the magnets further apart. Use of rectangular, circular, square
magnets, or magnets of any shape, can further change the lateral magnetic field distribution.
Non-parallel orientation of the magnet faces can alter the magnetic field distribution further.
All of these changes in the magnetic field can change the height and orientation of the sample
and reference objects as the magnetic field distribution and minimum can affect the objects’
interaction with the gravitational field, thereby altering the levitation height and the torque
applied (i.e., orientation). Complicated magnetic field distributions can be simulated using a
commercial software such as COMSOL. Alternatively, without knowing the precise magnetic
field distribution, experiments can be carried out following certain trends (e.g., increasing
magnet-to-magnet distribution spreads out the magnetic field along the z-axis) to observe the
change in height and orientation of the reference material to compare against the height and
orientation of the sample material.

[0039] In certain embodiments, rather than changing the magnetic field distribution, the
gravitational field relative to the magnetic field distribution can be altered to further affect the
levitation height and orientation of the reference and sample material. For example, by tilting
the MagLev device, the z-axis can become non-parallel to the direction of gravity and the
objects can levitate the materials in entirely different height and orientation. Again, the objects
can levitate and orient according to the principle that the sum of all torque and forces
experienced by the object is zero.

[0040] Such alterations in the magnetic field distribution or gravitational field distribution
can alter the height and orientation of the sample and reference material, providing yet another
level of quality control in addition to the first comparison. For example, if without a tilt of the
Maglev device, the differences in height and orientation of the sample and references materials

are near a predetermined error limit, a second quality control can be carried out after tilting the
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Magl ev device in one or more directions. If all of the differences measured are within a
predetermined error limit, then the sample material may be accepted as passing a quality
control. However, if the differences measured fall outside a predetermined error limit in one or
more of these tests, the sample material may be rejected as failing a quality control.

[0041] In certain embodiments, a plurality of reference materials can be utilized to compare
against the sample material. By obtaining the height and orientation of the sample material
with a particular height and orientation of the reference material, further information can be
obtained, such as product production batch, material composition of the sample material, and
the like.

[0042] In certain embodiments, the choice of paramagnetic solution can be altered to
provide different buoyancy force and/or different magnetic field distributions within the
paramagnetic solution. A paramagnetic salt is added to form the paramagnetic solution.
Aqueous or organic solutions of magnetic inorganic salts may be used. Exemplary salts
include salts based on the lanthanide cations, manganese (II) chloride, manganese (1) sulfate,
iron (IT) chloride, iron (II) sulfate, gadolinium (III) chloride, gadolinium (III) chelate salts and
the like. The magnetic susceptibility of the paramagnetic organic salt solutions is
approximately proportional to concentration. The spatial displacement leading to tilting
depends, in part, on the density of the materials to be separated, the density of the supporting
solution, the magnetic susceptibility of the paramagnetic salt, along with the constant gradient
(¢B./c%) of the magnetic system used. The closer the density of the paramagnetic solution
matches the densities of the materials to be levitated, the smaller the concentration of magnetic
salt that is required for displacement. Similarly, the higher the magnetic susceptibility of the
magnetic salts, the less is required to achieve displacement. In typical embodiments,
concentrations ranging from 0.05 M-2.0 M are suitable.

[0043] In certain embodiments, a gadolinium salt is used. Exemplary Gd’* salts include
GdCl;, gadolinium(IlT)(diethylenetriaminepentaacetic acid) (Gd(DTPA)) and (gadolinium(III)
diethylenetriamine triacetic acid tetradecane (Gd(DTs)). There are at least four characteristics
of Gd** cations that make them useful for detection of density differences: i) they (along with
some of the other lanthanide cations) possess the largest magnetic susceptibilities (y = +0.028
cm’/mol GdCls) of any ionic species; i) they permit straightforward visualization of samples
because their solutions are colorless; iii) they are compatible with proteins and cells when
chelated (e.g., G&*"DTPA complex); and iv) they have acceptable cost (salts of Gd*~ can cost
< $0.34/g salt = < $0.80/g Gd*'= < $125.8/mol Gd*"), and the solutions are reusable.
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[0044] Since y,, 1s negligible for all diamagnetic materials (y, = 0), the magnetic force on a
diamagnetic object is linearly proportional to the magnetic susceptibility of the paramagnetic
solution. Gd’* generates a larger magnetic force for a given concentration of cations and value
of applied magnetic field than other transition metal cations. The large magnetic susceptibility
of Gd** (compared, for example, to the susceptibilities of other lanthanide cations), enables the
system to levitate particles with greater density for an equal concentration of paramagnetic
cations, and/or to levitate a given particle using a lower concentration of paramagnetic ions.
[0045] In certain embodiments, the paramagnetic solution can be provided with suitable
additives, such as diamagnetic salts, soluble polymers, colloidal suspensions, and the like, that
can adjust the density or buoyant force of the paramagnetic solution. Adjustments of the
paramagnetic solution with suitable additives can be selected to match the particular sample
and reference materials to be levitated, based on the object’s density, distribution of density,
distribution of volume, and the like.

[0046] In certain embodiments, the size of the container containing the paramagnetic
solution has sufficient volume so that the object is able to freely move in the applied magnetic
field.

[0047] Other numerous applications will be readily apparent to one of ordinary skill in the

art.

Advantages of MagLev for Quality Control

[0048] MagLev exhibits numerous different characteristics that make it particularly
attractive as a quality control tool.

[0049] First, MagLev is simple. Generating patterns of magnetic field gradient with
permanent magnets and measuring the height and orientation is fast and easy.

[0050] Second, MagLev can measure the height and orientation of a wide range of
materials. For example, even when using a pair of simple, relatively low-field magnets, objects
with densities between 1-3 g/cm’ can easily be manipulated; this range includes most organic
polymers.

[0051] In some other embodiments, MagLev is applicable to soft, fragile, and sticky
objects (e.g., liquids, gels, pastes, etc.); such objects are otherwise very difficult to handle.
Objects that could not be easily mechanically manipulated to perform quality control checks
can now be measured using MagLev in a simple and easy method.

[0052] Robotic arms can readily grab and place the sample material between the magnetic

fields.
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[0053] In certain embodiments, multiple components with different sizes, shapes or
properties can be measured to obtain a quick and easy way to perform quality control using
MagLev.

[0054] Additionally, changing the magnetic field can change the position and orientation of
all components; a number of components can thus be manipulated in parallel.

[0055] In certain embodiments, devices for Maglev can be easily modified to expand the
range of structures and objects that can be self-assembled. Devices that generate higher fields
and field gradients can be used to self-assemble objects that have a higher density or that have
smaller sizes. The magnetic fields can be easily altered, for example, by use of permanent
magnets with different shapes, or using soft ferromagnetic-field concentrators, or addition of
electromagnets, or series of electromagnets, or certain combinations.

[0056] Lastly, external power is not required in many procedures.

EXAMPLES
Experimental Design
[0057] The repulsive force exerted by non-uniform magnetic fields on diamagnetic
materials is typically negligible for most materials, and is insufficient to suspend them against
gravity in air using permanent magnets (bismuth and graphite are exceptions, but the strength
of their repulsion from a region of high field is still small compared to the strength of attraction
of most paramagnetic objects). A simple strategy for achieving MaglLev of diamagnetic objects
with permanent magnets is to suspend these objects in a paramagnetic fluid, and to place that
fluid in a magnetic field gradient generated using two magnets oriented with like poles facing
cach other. In this arrangement, the paramagnetic medium is attracted towards the regions of
high magnetic field, and displaces the diamagnetic object towards regions of lower magnetic
field; this exchange of paramagnetic matter for diamagnetic in regions of high magnetic field
enables magnetic levitation.
[0058] The NdFeB magnets utilized are inexpensive (~$20 when purchased individually
and significantly less in bulk), and generate large magnetic fields (remnant field, Mg=1.1 kA/m
and field at the magnet surface ~0.4T). Their large coercivity (Hc=1.1T) makes them
resistance to demagnetization when multiple magnets are used in an anti-Helmholtz
arrangement. Two rectangular prism-shaped magnets in an anti-Helmholtz configuration
generate a region of low magnetic field between the magnets — an oblate-spheroid-shaped

“magnetic bottle.”
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[0059] This configuration is especially useful for quality control for several reasons. First,
the system centers and aligns levitating diamagnetic objects or clusters along a vertical
centerline between the magnets, because the magnitude of the magnetic field is minimal in that
region of the x-y plane. Second, it levitates objects that are either more dense or less dense
than the paramagnetic solution; objects that are more dense than the medium sink in the
absence of the magnetic field, and their levitation is enabled by the bottom magnet; objects that
are less dense than the medium float in the absence of an applied magnetic field, and their
levitation (or “reverse levitation”) is enabled by the top magnet. Third, the magnetic field
gradient can be easily altered by changing the distance between magnets.

[0060] The paramagnetic solution enables levitation in two ways: 1) it provides a buoyant
force that counteracts gravity, and ii) it controls the magnitude of the magnetic force
experienced by the paramagnetic medium, and thus contributes another force to those

experienced by the diamagnetic objects.

Details of the MagLev Device

[0061] Permanent NdFeB magnets (Grade N50, shaped as rectangular prisms with
dimensions of 2 in X 2 in x 1 in, supplied by K&J Magnetics) with a surface field of ~0.4 T
generated the magnetic field. Some NdFeB magnets (square prisms: grade N50, 2 in X 2 in X 1
in, Model # NB063-N50; rectangular prisms: grade N42, 4 in X 2 in X 1 in, Model# NB079)
were purchased from Applied Magnets (www.magnet4less.com). The magnets were held at a
distance of 20-70 mm (the distance between the magnets could be adjusted) in an anti-
Helmbholtz arrangement within an aluminum casing. The aluminum casing for the magnets was

designed and fabricated by Gaudreau Engineering (West Warwick, RI) for a fee.

Example 1: Quality Control for Plastic Injection-Molded Parts Using Magnetic Levitation

[0062] FIG. 3 shows a Magl ev device utilized for the experiments. Objects to be levitated
are placed within a container of paramagnetic medium and levitate at height h above the
surface of the bottom magnet when positioned in the device. The distance d between the
magnets can be casily adjusted by turning the knob attached to the device.

[0063] Nylon screws of various types were levitated in the MagLev device shown in FIG.
3. Nylon is a hard plastic having a density of 1.15 g/cm’ and was readily available at local
hardware stores. The magnets in the device were separated by d=45mm. Between experiments,
the container with the screw was removed from the device, and the medium and screw were

lightly stirred and agitated by hand using a set of tweezers. In each experiment, the screw
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adopts one of four orientations in which the length of the screw is aligned with the diagonal of
the square face of the magnet.

[0064] FIG. 4 shows five repeat experiments for two different ¥4-20 nylon hex cap screws
(length=1/2"") (top and bottom) of the same size acquired from the same manufacturer,
presumably from the same batch, levitating in 1.3M MnCl,. The magnets in the device were
separated by d=45mm. Each row shows five repeat experiments for a given screw. Between
experiments, the container with the screw was removed from the device, and the medium and
screw were lightly stirred and agitated by hand using a set of tweezers.

[0065] As shown, in each experiment, the screw adopts one of four orientations in which
the length of the screw is aligned with the diagonal of the square face of the magnet. The
screws levitate at the same height in each experiment; the orientation of the screw varies
slightly from experiment-to-experiment, due to the four-fold symmetry of the square prism
magnets. Repeated measurements for a single object shows the reliability of MagLev to
consistently yield the same results for a particular object.

[0066] The similarity in levitation height and orientations for the two screws shown here
suggests that the screws are similar in material composition (they have the same density) and shape.
[0067] FIG. 5 shows several images of 12-mm long individual slotted-head nylon screws
of two different sizes (top = 8-32; bottom = 6-32) levitating in ~1 M MnCl,. Each photograph
shows a different screw. These screws were acquired from a local hardware store, and differed
visibly in coloration, suggesting that they were not from the same batch. Differences across screws
when levitating in the MaglLev device were observed both in their levitation height, and in
orientation, suggesting that these screws had different material properties (different density) and
possibly slight differences in shape. Differences in the material composition (density) of the
screws is observed as differences in levitation height. Differences in the shape and/or distribution
of density in the screw is observed as differences in orientation.

[0068] As shown, for a given set of conditions (e.g., concentration of the paramagnetic
medium, distance between the magnets, shape of the magnets), MagLev reliably and repeatedly
levitates objects at a given height and in a particular orientation. Objects from different packages
can levitate at different heights, denoting differences in batch processing. Observable differences
between the levitation characteristics of different objects may be considered a novel metric for
quality control.

[0069] What is claimed is:

13
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1. A method for performing a quality control of a diamagnetic sample material, comprising:

levitating a diamagnetic sample material having a non-uniform density profile in a

paramagnetic solution using a magnetic field;

measuring the height and orientation of said sample material in the paramagnetic

solution;

comparing the height and orientation of said sample material to the height and

orientation of a reference material; and

determining whether differences between height and orientation of the sample material
and the height and orientation of the reference material are within a predetermined range.
2. The method of claim 1, further comprising:

providing a first paramagnetic solution comprising a paramagnetic material in a solvent;

providing a reference material having a reference density and a reference density profile

in said first paramagnetic solution;
applying a magnetic field to the first paramagnetic solution;
measuring the height and orientation of said reference material in the first paramagnetic

solution.

3. The method of claim 1, wherein the reference material and the sample material have a non-

spherical geometry.

4. The method of claim 1, wherein the reference material and the sample have a spherical
geometry with a visual marker to detect orientation in the first and second paramagnetic

solutions.

5. The method of claim 1, wherein the reference density and the reference density profile of

the reference material is known.

6. The method of claim 1, wherein the sample material comprises components from a

mechanical device.
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7. The method of claim 1, wherein a plurality of reference materials are provided.

8. The method of claim 1, further comprising identifying sample materials that have

differences that are greater than the predetermined range as failing the quality control.

9. The method of claim 1, further comprising identifying sample materials that have
differences that are equal to or smaller than the predetermined range as passing the quality

control.

10. The method of claim 1, wherein the orientations are measured relative to at least one axis

of a Cartesian coordinate system.
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