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ABSTRACT: This work describes the development of magnetic
levitation (MagLev) using ring magnets and a conﬁguration (which we
call “axial MagLev”) to remove the physical barriers to physical sampling
in the magnetic ﬁeld present in “standard MagLev” and to simplify the
procedures used to carry out density-based analyses, separations, and
manipulations. 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. This “axial” conﬁguration enables
(i) simple procedures to add samples and paramagnetic medium from an
open end and to retrieve samples while levitating in the magnetic ﬁeld (e.g., a subpopulation of a cluster of small particles); (ii)
simple accesses and the abilities to view the samples 360° around the sample container and from the top and bottom; and (iii)
convenient density measurements of small quantities (as small as a single submillimeter particle as demonstrated) of samples.
The compact design, portability, aﬀordability, and simplicity in use of the “axial MagLev” device will broaden the uses of
magnetic methods in analyzing, separating, and manipulating diﬀerent types of samples (solids, liquids, powders, pastes, gels,
and also biological entities) in areas such as materials sciences, chemistry, and biochemistry.
his work describes the development of “axial magnetic
levitation (MagLev)” using ring magnets to remove the
physical barriers to access the sample along the central axis of
the magnetic ﬁeld that can limit the commonly used “standard
MagLev” device. Axial MagLev enables simple procedures with
which to perform density-based (Magneto-Archimedean)
analyses, separations, and manipulations. For example, density
could be used to (i) separate and analyze diﬀerent types of
nonbiological and biological materials (e.g., glass, metals,
crystal polymorphs, polymer particles, mammalian cells, yeasts,
and bacteria);1−3 (ii) monitor chemical processes that
accompany changes in density, such as chemical reactions
(e.g., chemical reactions on a solid support and polymerization) and binding events (e.g., ligands/enzymes, antibodies/
antigens, and antibodies/cells);4−9 (iii) perform contact-free
orientation of objects and also self-assembly in 3D;10,11 and
(iv) quality-control injection-molded plastic parts.12
We and others1,3,8,13−19 have been developing MagLev as a
simple and useful technique to exploit density, a simple and
universal physical property of all matter, for a range of
applications in diverse areas, such as chemistry, biochemistry,
and materials science. The “standard” conﬁguration of MagLev
as we and others commonly use it has a particular spatial
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arrangement of magnets in which the sample container
(typically a standard square cuvette with a height of 45 mm)
is sandwiched between two block NdFeB permanent magnets
(Figure 1A).3,13 This conﬁguration makes it inconvenient (i)
to add and remove the paramagnetic medium or the levitating
samples (particularly those viscous or sticky samples), (ii) to
observe the levitating sample from the top and bottom, (iii) to
move the paramagnetic medium in the container along the
central axis between the magnets, and (iv) to accommodate
sample containers higher than the distance of separation
between the magnets, such as tall vials and test tubes. During
the preparation of this manuscript, Fu et al. reported a
conﬁguration of MagLev device using a single ring magnet and
described a beautiful set of experiments that exploited the
resulting axial, nonlinear magnetic ﬁeld to carry out densitybased manipulations and measurements.20
We positioned a pair of ring magnets with like-poles facing
(analogous to the anti-Helmholtz conﬁguration using electromagnets21,22) to engineer a linear, axially symmetric magnetic
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■

EXPERIMENTAL DESIGN
Design of the Device. The general working principle of
MagLev (Magneto-Archimedes levitation) is described elsewhere in detail.13 Generally, a diamagnetic object levitates
stably in a paramagnetic medium in an applied magnetic ﬁeld
when the buoyancy-corrected gravitational force and magnetic
force acting on the object balance each other (Figure 2A).

Figure 1. Overview of MagLev. (A) The “standard MagLev” device
comprises two like-poles facing, block magnets (NdFeB permanent
magnets, W × L × H: 50.8 mm × 50.8 mm × 25.4 mm) positioned
coaxially with a distance of separation of 45.0 mm. A standard cuvette
(45 mm in height) is a common container used to levitate
diamagnetic samples (represented by a 3 mm sphere) in a
paramagnetic medium (e.g., aqueous solutions of MnCl2). The
strength of the magnetic ﬁeld is ∼0.38 T at the center of the top face
of the bottom magnet (N52 grade). (B) The “axial MagLev” device
uses two like-poles facing ring magnets (NdFeB permanent magnets,
OD × ID × H: 76.2 mm × 25.4 mm × 25.4 mm) positioned coaxially
with a distance of separation of 15.0 mm. The same cuvette
containing the 3 mm sphere in (A) is included to show the size of the
devices. The strength of the magnetic ﬁeld is ∼0.33 T at the center of
the top face of the bottom magnet (N45 grade).

ﬁeld, and used it to levitate diamagnetic and weakly
paramagnetic (e.g., aluminum) objects in a paramagnetic
medium (e.g., aqueous solutions of MnCl2 or GdCl3) for
density-based analyses, separations, and manipulations (Figure
1B). The use of a linear magnetic ﬁeld between the ring
magnets helps simplify the procedures with which to calibrate
and carry out density measurements; 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, as we (Figure S4) and others
have demonstrated using permanent magnets or electromagnets.20,23−26
We optimized the size and aspect ratios of the magnets to
yield a linear magnetic ﬁeld. 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). This geometry made it possible to perform densitybased 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).
This conﬁguration using two ring magnets makes a number
of new procedures either accessible or more convenient than
those described previously.13,14 Because of the fact that both
the top and bottom of the sample container are easily
accessible in this “axial” conﬁguration, it is, in particular,
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.

Figure 2. Design of the axial MagLev device using ring magnets: (A)
Schematic shows a pair of indistinguishable magnets arranged
coaxially with the like-poles facing (inner diameter/outer diameter/
height/distance of separation = 1:3:1:0.6), and a diamagnetic object
(sample) levitates in a paramagnetic medium. The z-axis of the setup
is antialigned with the vector of gravity. (B) Spatial proﬁle of the
magnetic ﬁeld on the vertical cross-section through the central axis
(the central axis overlaps with the vertical dotted line). (C) Magnetic
ﬁeld strength, Bz, along the vertical dotted line in (B). Bo = ∼0.33 T
for the conﬁguration shown here using two N45-grade NdFeB
permanent magnets. The z-axis is unitless for this plot.

Equation 1 describes the two types of physical forces the object
experiences, and the sum of the forces is zero when the object
reaches the equilibrium position.
⃗ = (ρ − ρ )Vg ⃗ +
Fg⃗ + Fmag
s
m

(χs − χm )
μo

V (B⃗ ·∇⃗)B⃗ = 0
(1)

In eq 1, F ⃗ g is the buoyancy-corrected gravitational force, F ⃗ mag
is the magnetic force, ρs (kg/m3) is the density of the
suspended object, ρm (kg/m3) is the density of the para12240
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magnetic medium, g ⃗ (−9.810 m/s2) is the acceleration due to
gravity, χm (unitless) is the magnetic susceptibility of the
paramagnetic medium, χs (unitless) is the magnetic susceptibility of the suspended object, V (m3) is the volume of the
object, μo (4π × 10−7 N/A−2) is the magnetic permeability of
free space, B ⃗ (T) is the magnetic ﬁeld, and ∇⃗ is the gradient
operator.
When the magnetic ﬁeld is linear and the z-component of
the ﬁeld dominates the contribution to the magnetic force, eq
1 can be simpliﬁed to give eqs 2 and 3. These equations form
the theoretical basis of density-based separations, analyses, and
manipulations (on which this work also rests).13 Bo is the
maximum strength of the linear magnetic ﬁeld.
Bz =

2Bo
z − Bo
d

ρs = αz + β
α=

large working distance between the magnets (15 mm); (iii) the
setup is compact and, thus, facilitates sample viewing
(comparing to conﬁgurations using magnets with a larger
ratio of od to id); (iv) the magnets are commercially available;
and (v) the magnets are relatively inexpensive (∼$50 per
magnet). A 3D-printed plastic housing, metal rods, and screws
were used to secure the magnets mechanically in space (Figure
S2). (Caution: magnets of this size generate strong forces when
placed close to one another with the opposite-poles facing or close
to other magnetizable objects (e.g., iron plate) and, thus, are a
safety hazard and require careful handling. In particular, magnets
should be handled at a suf ficiently large distance f rom medical
devices, such as pacemakers, that there are no risks. Videos
demonstrating the strong forces generated by NdFeB magnets
are easily accessible from sources, such as https://www.
youtube.com/watch?v=0t8yDnyOaQ8.)
A single ring magnet has two local minima in its ﬁeld
strength along its central axis (Figure S3), and this spatial
proﬁle of the ﬁeld, albeit nonlinear along the central axis on
either side, could also be used to levitate diamagnetic objects in
a paramagnetic medium (Figure S4). 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.
Choice of Paramagnetic Medium. We typically use an
aqueous solution of a paramagnetic species (e.g., MnCl2,
MnBr2, CuSO4, GdCl3, DyCl3, HoCl3, and Gd chelates such as
gadolinium(III) diethylenetriaminepentaacetic acid) to suspend objects.13 These paramagnetic species are inexpensive,
transparent in the visible region of the spectrum (even at high
concentrations), and commercially available. MagLev also
works with hydrophobic paramagnetic medium and paramagnetic ionic liquids.28,29
Choice of Cross-Linked Polymeric Materials and
Solvents to Measure the Swelling Ratios. We used
“axial MagLev” as a simple analytical tool to measure the
swelling ratios of cross-linked polymer materials, particularly
those in irregular shapes and small quantities, in hydrophobic
solvents by measuring the densities of both the dry and fully
swollen samples using an aqueous MnCl2 suspension medium.
The swelling ratio (the volumetric ratio) of a cross-linked
polymer material characterizes its tendency to swell by
absorption of solvents (that is, the absorption of a solvent
into the cross-linked network of the material). This ratio
reﬂects, in part, the cross-link 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 cross-linked polymer in diﬀerent ﬁelds,30,31
such as solid-phase organic synthesis, development of superabsorbent materials, and use of polymeric materials for drug
releasing applications.
A number of techniques to measure the swelling ratio of
cross-linked polymeric materials include 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.32 These techniques, however, are generally tedious, require large quantity of samples
(on the scale of grams), and have limited compatibility with
diﬀerent types of samples (e.g., irregularly shaped samples,
powders, and delicate or gel-like materials).
We developed MagLev using the “axial” conﬁguration as a
simple and broadly compatible tool to measure the swelling

(2)
(3a)

4(χs − χm )Bo2
μo gd 2

β = ρm −

(3b)

2(χs − χm )Bo2
μo gd

(3c)

For the great majority of the diamagnetic objects (e.g.,
common organic solids, liquids, and gels) and weakly
paramagnetic materials (e.g., aluminum) suspended in a
concentrated paramagnetic medium (e.g., 1 M MnCl2), we
can safely assume that χm ≫ χs in eq 3 because χs is generally
close to zero and, thus, is negligible. (A quantitative calculation
is also available.13)
We positioned two ring magnets (NdFeB permanent
magnets) coaxially with the like-poles facing such that the
gradient of the magnetic ﬁeld between the magnets is linear,
and then aligned its central axis with the vector of gravity. We
simulated the magnetic ﬁeld using Comsol (see SI for detailed
information, including parameter space examined) 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 (Figure 2). We took advantage of the “homothetic”
property of the magnetic ﬁeld generated by permanent
magnet(s), that is, the spatial proﬁle (that is its spatial
distribution) of the magnet ﬁeld remains unchanged, while the
magnet(s) scale in physical size;27 we thus focused ﬁrst on
optimizing the “aspect-ratio” of the magnets (i.e., id/od/h/d)
to maximize the strength of the ﬁeld (see Figure S1 and Table
S1 for details). The results of these simulations suggest that the
strength of the magnetic ﬁeld between the magnets can be
linear for Bo up to ∼0.4 T (the highest achievable Bo is ∼0.5 T
for the parameter space examined). While we focused primarily
on the linear gradient in the gap between the magnets, the
entire range of the linear gradient, in fact, 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
Figure 1).
This study used two NdFeB ring magnets with the same
shape (76 mm in outer diameter, 25 mm in inner diameter,
and 25 mm in height) positioned apart by 15 mm. We made
this choice because (i) this conﬁguration generates a strong,
linear ﬁeld between the magnets (Bo = ∼ 0.33T); (ii) it has a
12241
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ratios of cross-linked polymeric materials in solvents. We chose
cross-linked polydimethylsiloxane as a model material for this
demonstration. In a previous study, we characterized the
swelling behavior of PDMS in a variety of organic solvents (in
the context of developing PDMS-based microﬂuidic devices).33
Because the MagLev technique (as we describe in this
study) uses an aqueous MnCl2 solution to levitate samples; the
solvents used to swell PDMS samples should not dissolve in
the aqueous solutions. Among the 39 solvents we characterized
in the previous study,33 we chose in this study the following
three hydrophobic solvents for a demonstration: chloroform,
chlorobenzene, and toluene. The use of water-miscible solvents
will 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) for which we did not demonstrate in this study.

■

RESULTS AND DISCUSSION
Calibration. We used hydrophobic organic liquids to
calibrate the device: (i) They have known densities. Solubility
of water in hydrophobic solvents we used in this study has a
negligible inﬂuence on the density of the solvents. For instance,
the solubility of water in chlorobenzene is 0.3 mol % at room
temperature,34 and the dissolved water only causes a change in
its density less than 0.01%. We have previously evaluated the
stability in levitation height of ﬁve hydrophobic solvents in an
aqueous MnCl2 solution, and found no apparent change in h
over at least 30 min.13 (ii) They can be used as small drops
(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 that we have
commonly used in previous studies13). (iii) They are
commercially available. Figure 3 shows the levitation of ﬁve
drops (added sequentially using a pipettor) of known densities
in the same cuvette containing an aqueous solution of 0.5 M
MnCl2. The levitation heights of the drops did not change over
30 min we tested the stability of these levitating drops. We
obtained, as expected, linear calibration curves (R2 > 0.999).
Range of Densities That Can Be Measured. We
levitated objects (Figure 4) using a concentrated aqueous
solution of 3.0 M DyCl3 that ranged from a bubble of air (ρ ≈
0 g/cm3) to zirconium silicate (ρ ≈ 3.7 g/cm3). The combined
use of a concentrated paramagnetic salt DyCl3 with a high
magnetic susceptibility (DyCl3 5.5 × 10−7 m3/mol vs MnCl2
1.83 × 10−7 m3/mol)35 and a steep gradient in magnetic ﬁeld
strength (∼43 T/m in “axial MagLev” vs ∼17 T/m in
“standard MagLev”) led to a wider accessible range of densities
(from ∼0 to ∼3.7 g/cm3) than the range reported previously
(∼0.8 to ∼3 g/cm3) using aqueous media of MnCl2 and the
“standard MagLev” device.13 “Tilted MagLev”, a variant of
“standard MagLev” 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 to ∼23 g/
cm3);14 this study, however, demonstrated a range that was
expanded beyond that of previous studies using the “standard
MagLev” device, but 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).
Simple Procedures To Add and Retrieve Samples.
The “axial” conﬁguration conveniently enables simple exper-

Figure 3. Calibration of the device using water-insoluble organic
liquids. (A) A string of drops (∼3 μL) of organic liquids were
sequentially added and levitated in an aqueous solution of 0.5 M
MnCl2 in a square cuvette. (B) Calibration curves using aqueous
MnCl2 solutions. We placed a ruler with millimeter marks next to the
cuvette (we read to ±0.1 mm), and used a digital camera to take a
photo of the drops. Levitation height h is the distance between the
centroid of the drop and the upper surface of the bottom magnet (see
Figure 2A for an illustration of h). Organic liquids used to calibrate
the solution of 3.0 M MnCl2 are cyclohexane (ρ = 0.779 g/cm3),
ﬂuorobenzene (ρ = 1.024 g/cm3), dichloromethane (ρ = 1.325 g/
cm3), 1,1,2-trichlorotriﬂuoroethane (ρ = 1.57 g/cm3), and FC40 (ρ =
1.85 g/cm3). The equations for the linear ﬁts are h = −61.5ρ + 71.9
(R2 = 0.9997) for 0.5 M MnCl2, and h = −11.4ρ + 21.9 (R2 = 0.9999)
for 3.0 M MnCl2. All densities are reported values by sigma.com. The
data are plotted as mean ± standard deviation (N = 7 for all
measurements). The error bars are much smaller than the size of the
symbols and, thus, are invisible on the plot.

imental protocols to add and retrieve samples from the
container. We demonstrated the simple procedures by
levitating “sticky” samples (a drop of viscous liquid
polydimethylsiloxane prepolymer and a plug of Vaseline gel,
Figure 5), a type of sample that is inconveniently measured
using the “standard MagLev” and “tilted MagLev” devices (as
the samples tend to stick to the walls of the container, and also
to the liquid−air interface). The “axial” conﬁguration also
readily enables simple procedures to retrieve a targeted fraction
of a sample (e.g., from a collection of particles).
We placed a test tube ﬁlled with a paramagnetic medium in
the MagLev device and dropped in the “sticky” samples from
its top; the sample entered the medium by gravity and levitated
in it (nearly instantaneously for mm-sized samples, Figure 5).
Retrieving a sample from the container placed in the
MagLev device is straightforward due to its axial conﬁguration.
As a demonstration, we used a simple procedure and the
device to improve the precision (that is the spread of densities)
of the density standards (polyethylene particles, ∼200 μm in
diameter and 1.13 g/cm3 in nominal density, provided by the
vendor).36 We inserted a glass Pasteur pipet with its tip bent
∼90° using ﬂame from the top to the sample container (a test
12242
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cross-linked polymers in solvents. We immersed a small piece
of PDMS (1.5 mm in diameter and ∼1 mm in thickness,
prepared by a 1.5 mm biopsy punch) in solvent for 24 h. The
sample was blotted dry and added to the MagLev device for
density measurement using an aqueous 1.5 M MnCl2 solution
with 0.1 v% cetyltrimethylammonium bromide (a surfactant to
help remove air bubbles). MagLev measures the density of the
sample directly, irrespective of its volume (or shape). We
converted the measured densities to the volumetric swelling
ratio (Table 1) using eq 1 (see SI for derivation).
Figure 4. Expanded range of densities using “axial MagLev” and an
aqueous solution of 3.0 M DyCl3 containing 0.01 v% Tween-20. All
samples are spheres except that the aluminum sample is irregular in
shape (cut from a sheet of foil, 250 μm thickness). We used a typical
square cuvette (1 cm path length) to levitate the samples and the
following solvents to calibrate the device: cyclohexane (ρ = 0.779 g/
cm3), dichloromethane (ρ = 1.325 g/cm3), 1,2-dibromoethane (ρ =
2.18 g/cm3), and tribromomethane (ρ = 2.89 g/cm3). Linear ﬁt gave
h = −3.43ρ + 12.9 (R2 = 0.9999). The reported densities were
obtained from sources listed in the SI (including the commercial
vendors from which we purchased the materials, mcmaster.com and
sigmaaldrich.com). N = 7 measurements for all samples.

f=

Vsp
Vp

=

ρp − ρsol
ρsp − ρsol

(4)

Table 1. Swelling Ratios of PDMS Samples in Solvents
volumetric swelling ratio f
a

CHCl3
chlorobenzene
toluene

MagLev

imagingb

literaturec

2.1
2.2
2.2

1.9
2.1
2.2

2.7
1.8
2.2

a
The reported value is the average of three measurements. bThe
volumetric swelling ratio was calculated using the following equation f
= (D/D0)3, where D is the diameter of the swollen PDMS disc and D0
is the diameter of the dry PDMS disc. We assumed isotropic swelling
of PDMS samples in the solvents. N = 3. cWe have previously
measured33 the swelling ratios of small pieces of PDMS, and obtained
the following ratios of the length of a swollen PDMS sample to a dry
sample: chloroform 1.39, chlorobenzene 1.22, toluene 1.31. These
values were converted to volumetric swelling ratios.

In eq 4, Vsp is the volume of the swollen sample, Vp is the
volume of the dry sample, ρp is the density of the sample, ρsp is
the volume of the swollen sample, and ρsol is the density of the
solvent.
We also measured the diameters of the dry and swollen
samples from the same images we measured the levitation
heights and estimated the swelling ratio. The agreement of the
results (within 10% deviation) validates the performance of the
MagLev technique. The diﬀerence from the literature values
may have originated from diﬀerent sample preparations. (We
did not investigate this diﬀerence further.) 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).

Figure 5. Simple procedures to add or retrieve samples. (A) A drop of
liquid polydimethylsiloxane prepolymer (doped with black graphite
powder for better visualization) levitated in an aqueous solution of 0.5
M MnCl2. The drop appeared elliptical due to the visual distortion by
the curved wall of the cylindrical test tube. (B) A plug of Vaseline gel
extruded from a syringe levitated in an aqueous solution of 3.0 M
MnCl2 with 0.1% (v/v%) Tween-20. (C) Retrieval of a subpopulation
of density standard beads. The beads that were retrieved levitated at
the same height from which they were removed originally (third
panel). The suspension solution contained 0.5 M MnCl2, 1.4 M NaCl
(a diamagnetic cosolute used to match the densities of the particles
and the solution), and 0.1% Tween-20. White arrows indicate the
spread in density of the particles (unit: g/cm3).

■

CONCLUSION
This study describes the development of “axial” MagLev that
exploits the axially symmetric magnetic ﬁeld generated by two
like-poles facing ring magnets to carry out density-based
analyses, separations, and manipulations. This conﬁguration of
MagLev removes the physical barriers along the central axis of
the commonly used MagLev devices in which sample
containers (e.g., square cuvette and capillary tubes) are
physically sandwiched between two block magnets. It has
four useful characteristics: (i) it provides easy accesses to the
levitating sample and the paramagnetic medium, and makes it
straightforward to add/or remove the sample or the
suspending medium; (ii) it maintains full clearance (360°)
around the sample container to view the levitating samples,
and also provides easy accesses to view the samples from both
the top and the bottom; (iii) it does not impose a limitation on

tube with a diameter of ∼25 mm) and removed a
subpopulation of particles that levitated in an aqueous
MnCl2 solution. The rest of the sample remained levitated
and undisturbed; the removed fraction levitated, expectedly, at
the same height in the same media when placed back to the
device (Figure 5C), but has a ∼5× narrower distribution in
density (thus, improved precision). MagLev, thus, provides a
simple and straightforward method to prepare high-quality
density standards.
Simple Analytical Tool to Measure the Swelling
Ratios of Cross-Linked Polymers in Solvents. We chose
PDMS as a model cross-linked polymer to demonstrate the use
of “axial MagLev” in characterizing the swelling behavior of
12243
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hard and soft, sticky objects, such as gels) without physical
contact.

the height of the sample container and is broadly compatible
with diﬀerent types of containers (cuvettes, vials, test tubes,
graduated cylinders, etc.) so long as they ﬁt within the inner
diameter of the ring magnets; and (iv) it concentrates small
and/or dilute particles along a common vertical axis and aids in
their visualization and manipulations.
The major advantages of the two-ring system over the singlering system20 are the following: (i) The use of an engineered
linear magnetic ﬁeld in the two-ring system, rather than the
nonlinear magnetic ﬁelds generated by a single ring magnet,
enables simple, straightforward procedures to carry out
density-based measurements, including performing calibrations
and adjusting the sensitivity and dynamic range of the system.
(ii) The two-magnet system enables the design of a linear
magnetic ﬁeld gradient between the magnets. (iii) The
particles tend to align along the centerline connecting the
centers of the two ring magnets. (iv) The operational
simplicity in carrying out density-based separations makes
possible an expanded range of densities. In the single-ring
system, the accessible range of densities is physically divided
into two segments: one in which samples less-dense than the
liquid medium levitate (ρs < ρm) below the ring magnet and
the one in which more-dense samples levitate (ρs > ρm) above
it.20 This particular spatial arrangement of ranges in density
makes the separation of samples into subpopulations
inconvenient because separations of samples occur independently within either segments, that is, for example, the materials
(e.g., a suspension of microparticles) more dense than the
suspending medium will either levitate in the solution for the
segment above the magnet or sink to the bottom of the sample
container for the segment below the magnet; the materials
having the same density will, therefore, appear as two clusters
in the sample container. Separations are more complex when
the samples are heterogeneous in density. The two-ring system,
however, combines these two segments as a single range and
makes it possible to carry out straightforward separations and
fractionation (for samples homogeneous or heterogeneous in
density).
The major shortcoming of this axial design, in comparison to
the “standard MagLev”, is its relatively short working distance
(∼15 mm vs 45 mm in the “standard MagLev” device). This
distance is determined by the physical size of the ring magnets
(which are in turn limited by the commercial availability);
larger ring magnets could, in principle, extend the working
distance. While we, in this study, focused on the use of a linear
magnetic ﬁeld between the ring magnets to carry out densitybased measurements, separations, and manipulations, nonlinear magnetic ﬁelds between the magnets could also be used.
In this case, the working distance between the two magnets can
be extended at least to ∼38 mm, while the monotonically
changing gradient in magnetic ﬁeld (and, thus, density) is still
maintained for simple operations (Figure S1E).
Density is a universal property of all matter, and a simple,
inexpensive, and useful MagLev device such as the one
described in this study will broaden the use of density in
chemistry, biochemistry, and materials science. In particular,
the compact design, portability, aﬀordability, and simplicity in
the use of the “axial MagLev” device will enable its potential
uses in characterization of materials (e.g., the swelling behavior
of cross-linked polymeric materials in solvents as described in
the study) and separations of samples (particularly small
quantities, such as crystals) and in manipulating samples (both
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