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Abstract: Magnetic levitation (MagLev) is a density-based
method which uses magnets and a paramagnetic medium
to suspend multiple objects simultaneously as a result of
an equilibrium between gravitational, buoyancy, and
magnetic forces acting on the particle. EarlyMagLev setups
were bulky with a need for optical or fluorescence micro-
scopes for imaging, confining portability, and accessi-
bility. Here, we review design criteria and the most recent
end-applications of portable smartphone-based and self-
contained MagLev setups for density-based sorting and
analysis of microparticles. Additionally, we review the
most recent end applications of those setups, including
disease diagnosis, cell sorting and characterization, pro-
tein detection, and point-of-care testing.

Keywords: low-cost; magnetic levitation; optics; smart-
phone diagnostic.

1 Introduction

Among the techniques used for controlling the position of
micro-objects, magnetophoresis-based manipulation of-
fers various advantages including contactless, low-cost,
and power-free manipulation of micro-objects such as live
cells and functionalized plastic beads. Several applications
were demonstrated in the literature by applying magnetic
fields for various liquid biopsies such as blood [1], urine [2],
and tear [3] utilizing various fluidic states such as static-
fluid-setting [4], Poiseuille-flow cases [5, 6], and inertial
focusing [7, 8]. An emerging theme of using low-cost
magnetics is magnetic levitation (MagLev) where the par-
ticle sorting is achieved mainly through the utilization of
two permanent magnets in anti-Helmholtz configuration
(i.e., like poles facing) [9, 10]. MagLev relies on the fact that
the difference in density between the suspended object and
suspendingmedium directly affects the levitation height of
levitated particles [11–15]. In other words, the average
levitation height is directly correlated to either the objects’
or solution’s densities, enabling the density measurement
of both by varying one while keeping the other constant.
Levitation height is independent of the particle shape, size,
chemical composition, and mechanical properties such as
viscosity, elasticity, and stiffness. MagLev requires mini-
mal sample preparation and can separate different mate-
rials with various densities simultaneously.

MagLev has two distinct applications: first, suspension
of bearings, flywheels, and vehicles (e.g., trains) and pro-
pulsion of themusingmagnets [16, 17]; second, suspension
of diamagnetic materials (solids, pastes, gels, liquids,
heterogeneous materials, colloidal suspensions, and
organic matter – all organic matter is diamagnetic, except
stable free radicals) in a paramagnetic medium (which
supplies magnetic and buoyant forces) [18, 19]. Initially,
MagLev was used to levitate strongly diamagnetic material
(e.g., pyrolytic graphite and bismuth) in the air using an
electromagnetic field (1939) [20]. By the end of the 1960s,
MagLev found applications in the production of frictionless
rotors (1966) [21], tiltmeter (1968) [22], and accelerometers
(1969) [23], followed by separation of plastic, metals, and
minerals in 1970s (1976) [24]. Subsequently, the use of
resistive solenoid electromagnets and superconducting, in
the 1990s, living organisms, wood, water, glass, and
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ethanol were levitated by MagLev [18, 25–27]. Latterly, the
emergence of neodymium iron boron (NdFeB) permanent
magnets, in 1984, which eliminated the need for bulky,
complex, and costly electromagnets, has extended the
application of MagLev to miniaturized point-of-need
applications [28, 29]. The first studies in the field of
MagLev were performed via direct measurement of levita-
tion height using a ruler since the setups used to be rela-
tively large, requiring the use of strong magnets with
dimensions of 5 × 5 × 2.5 cm in order to have enough
magnetic force [13, 30, 31]. Determination of nutrition
content of food products (e.g., dairy) [32], analyzing
forensics evidence in tiny particles [33], characterizing
polymer composition [34] and crystal polymorphs [35],
tracking the dynamics of chemical reactions, quantifying
protein binding degree [36], and more recently measuring
antigen-antibodies binding in quantitative immunoassays
[37] are a number of applications of largeMagLev setups. In
addition, the ability of MagLev to manipulate, align, and
assemble easily damageable objects (e.g., soft/fragile
submillimeter objects) has also been utilized to guide self-
assembly processes by altering the magnetic field to
change the position and orientation of objects without
physical contact [18, 30, 38]. In order to augment the
clinical and commercial impact of MagLev, these devices
need to become more reliable, robust, portable, cost-
effective, and available in the point of need.

Levitating objects in smaller setups results in more
portable devices, leads to a higher reliability by lowering
the chance of interference with surrounding electronics,
decreases the amount of needed reagents which ultimately
minimizes the cost of each test, increases the robustness by
reducing the required time for equilibrium, and empowers
setups to levitate and analyze micron size particles (e.g.,
biological samples) [39]. In this regard, smaller magnets
have been reported with dimensions of 2 × 5 × 50 mm [12].
Availability of a biocompatible paramagnetic medium
(e.g., Gd chelates) and being able to levitate micron size
objects make MagLev a suitable method for separation and
analysis of cells, viruses, or bacteria fromnormal cells [40],
tracking the growth of cells, analysis of pathophysiological
changes associated with genetic disorders or infections
[41], and analysis of blood and kidney function [18, 42, 43].
In order to be able to analyze and manipulate submilli-
meter samples, an imaging system such as an optical or
fluorescence microscope is required, increasing the overall
cost of the device, necessitating expert technicians to
perform the test, and confining the portability [39, 44]. Ever
improving computational power and image acquisition
capabilities of smartphones as well as the ubiquity of them
has provided a potential platform to be integrated with

MagLev setups [39, 44]. Smartphone-basedMagLevs offer a
low-cost and portable device with no need for an external
power source to levitate objects.

In this paper, decisive design parameters of MagLev
setups, advantages, and pitfalls of each category (large,
smartphone-based, and self-contained MagLevs) are
reviewed. Moreover, we review the end applications of
smartphone-based and self-contained MagLev setups,
such as label-free cell separation [45], blood analysis
[46, 47] such as quantification of changes in red blood cell
(RBC) density for sickle cell diagnosis [44], disease diag-
nosis (e.g., hepatitis C [10]), magnetic focusing [48], and
tumor detection [45].

2 Magnetic levitation platforms:
design perspective

Three main constituents of a MagLev setup, that should be
considered during the design process to satisfy proposed
needs, are magnets, paramagnetic medium, and imaging
equipment.

Magnets:Magnets are the source of the magnetic field
inMagLev setups.While the use of electromagnets [49] and
permanent rare-earth magnets (e.g., NdFeB) [44] has been
reported in the literature, permanent magnets are of higher
interest in MagLev applications since no external power
source is needed to levitate objects [18, 30]. Decisive fea-
tures of magnets to be considered in design and magnet
selection are: (i) material and size of magnets should be
chosen so thatmagnets canprovide enough force to be able
to suspend objects depending on the mass of objects, the
distance of two magnets from each other, and magnetic
properties of the paramagnetic medium; (ii) magnets
should provide a permanent and consistent magnetic field
during the levitation time; (iii) magnets should have high
coercivity Hc, which means high resistance to being
demagnetized by external magnetic fields [18]; and (iv)
magnets should preferably be cost-effective and commer-
cially available. Furthermore, MagLevs with various mag-
net geometries are reported, such as ring-shaped [50] and
cubic magnets [44]. Most commonly, MagLev uses two
magnets with like-poles-facing in which the magnetic field
is maximum near magnets and diminishes to virtually zero
(in the case of using identical magnets) at the center of the
gap between two magnets [39]. This configuration of
magnets can produce a linear magnetic field, simplifying
measurement and calibration of setup. Nonlinearmagnetic
fields are also useful mostly for separation purposes that
only relative density is of interest [18]. One of the main
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limitations ofMagLev is thatmagnetic force is applied to all
objects concomitantly, with no possibility of exerting
varying magnetic force to one of the levitated objects
independent of other objects [30].

Paramagnetic medium: The paramagnetic medium
exerts a buoyant force (proportional to the density
difference between the sample and the medium) as well as
magnetic force (proportional to the difference in magnetic
susceptibility between the sample and the medium) on
particles, facilitating the levitation of objects [18]. Applying
a magnetic field exerts a magnetic force (which can be
aligned to be parallel with gravitational force) on the par-
ticles, levitating them in a certain height proportional to
their density. Particles with lower density levitate at higher
heights compared to denser ones, facilitating the separa-
tion of particles with different densities simultaneously
[51]. A higher concentration of the paramagnetic medium
not only results in a wider range of detectable densities
(wider dynamic range of detection) as a consequence of
stronger magnetic forces exerted by the medium but also
shifts equilibrium height near the centerline and shortens
equilibrium time [52]. Conversely, a lower concentration of
the paramagnetic medium eventuates in improving the
ability of setup to distinguish smaller density differences
between particles (better resolution of detection) while
particles levitate away from the centerline [39]. Different
families of paramagnetic material have been reported in
the literature with different characteristics, such as
(i) aqueous solutions paramagnetic salts (e.g., solutions of
GdCl3 or MnCl2) that are suitable for water‐insoluble sam-
ples, (ii) aqueous solutions of biocompatible chelates of
MnII and GdIII are useful for biological applications (e.g.,
cellular and protein assays), (iii) nonaqueous solutions of
salts, MnCl2, and GdCl3 (soluble in alcohols) that are less
dense than water, and therefore are useful to suspend
object less dense than water (e.g., polypropylene and
polyethylene), (iv) paramagnetic ionic liquids that have
low melting points, negligible vapor pressures, and high
thermal stabilities, and (v) phase‐separated paramagnetic
media [18, 31, 36, 53–55].

Imaging method: In conventional MagLev setups,
owing to the large size of the magnets and levitating
chamber, levitated objects can be detected by the naked
eye for manual measurement of density using a ruler [56].
The development of smaller setups for submillimeter
measurements necessitates the use of more advanced
imaging techniques. Optical/fluorescent microscopy is a
promising method to image-levitated microparticles for
later analysis either by human experts or computers.
However, requiring experts to use themicroscope, the large
size as well as the high cost of microscopes, and

demanding external power source pose challenges
regarding portability and affordability of microscopy-
based MagLev setups in resource-limited settings [51]. On
the other hand, the superior image acquisition and
computational power of smartphones offer an unprece-
dented opportunity to extend the applications of MagLev
devices. Although, compared to microscopes, smartphone
cameras do not normally have a high numerical aperture
(NA) which is essential for high-resolution imaging of
submillimeter objects, using an external lens and light-
emitting diodes (LEDs) can empower smartphones to
acquire images of cells and bacteria [44, 51]. Hence,
MagLev systems integrated with smartphones are more
portable, affordable, user-friendly, and demands no
external power compared to microscope-based MagLev
setups [10]. However, standardization of setups for various
smartphones, with different operating systems and camera
properties, may pose challenges for designers and clini-
cians [52]. Self-contained MagLev setups use a separate
camera, instead of a smartphone, for image acquisition,
addressing the possible predicaments of magnetic inter-
ference between smartphone and setup [52, 57] as well as
adapting different smartphones to a MagLev setup [52, 57].
However, self-contained devices need an external
controller board and image storage. Important features of
each setup are summarized in Table 1.

3 Emerging end-applications of
portable magnetic levitation
setups

3.1 Smartphone-based MagLev setups

The advantages of smartphone-based MagLev, including
portability, user-friendliness, and low cost, make it
especially suitable for point-of-care applications, such as
micro-object (e.g., cell) sorting in resource-limited re-
gions [51].

3.1.1 Sortation, quantification, and characterization of
micro-objects

Separation of micro-objects with a smartphone was done
by a study in which a low weight (62 g) customized
attachment was designed, 3D-printed, and installed over a
smartphone (Figure 1a) [39]. The attachment utilized
a magnification lens (with an outer diameter of 6.33 mm, a
numerical aperture of 0.64 mm, and an effective focal
length of 4.03 mm) positioned between the smartphone’s
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camera and a microcapillary (0.98 mm by 0.98 mm square
tube), through which micro-objects of different densities
were suspended in a paramagnetic medium (Gadolinium-
based (Gd+)). The captured images were then analyzed
using a custom Android application installed on the same
smartphone to measure the levitation height and calculate
an estimation of the densities accordingly. Additionally,
two aspects were characterized: imaging capabilities
(sharpness of obtained images) and the effect of thermal
flux from the smartphone’s screen and the illumination
LED. Analysis of imaging capabilities showed an inverse
linear correlation between the sharpness of microspheres
and their distance from the center (i.e., as the distance from
the centerline increases, the sharpness decreases). Ther-
mal quantification showed that heat generated by the
smartphone did not considerably affect the temperature of
the fluid in the capillary tube, and therefore density esti-
mation. It was demonstrated that a higher concentration of
the paramagnetic medium reduces the equilibrium time
(less than 1 min for the highest concentration) and causes
the particles to reach an equilibrium height close to the
centerline (Figure 1c, d). According to Figure 1e, the density

of microspheres was inversely correlated to their levitation
height (i.e., denser particles levitate close to the center-
line). Besides, a lower concentration of the paramagnetic
medium can provide better detection resolution, empow-
ering setup to detect subtle density differences (Figure 1e).
Moreover, it was shown that larger microspheres reach
equilibrium height faster than smaller microspheres,
whereas the particle size did not affect the levitation height
substantially (Figure 1f) [39].

Another study aimed to provide an effective 3D-printed
smartphone-based, low-cost, and portable MagLev device
for real-time monitoring, sorting, and quantification of
micro-objects in a flowing fluid, which has special impor-
tance for biomedical applications such as real-time analysis
of drug [45]. Three different 3D-printing techniques were
used to evaluate multiple printing metrics, including cost,
printing time, and resolution. The device was 3D-printed
using Objet30 prime Polyjet 3D printer, Formlabs 2 stereo-
lithography (SLA) 3Dprinter, andMakerBot Replicator fused
deposition modeling (FDM) 3D printer (the working princi-
ple of these 3D printing techniques is available elsewhere
[59, 60]). To assess printing metrics, five parts of the device

Table : Comparison of the main characteristics of common MagLev setups.

Large-Maglev Smartphone-Based Self-Contained

Magnet sizes Relatively large ( ×  ×  mm) Small ( ×  ×  mm) Small ( ×  ×  mm)
Advantages – Useful to measure densities of

relatively large objects.
– Portable. – Portable.

– Direct measurement of levitation
height using a ruler with no need for
external readers (e.g.,
microscopes).

– Low-cost (excluding the smartphone,
∼$100)

– Low-cost for the whole setup
(<$100).

– Short time to reach equilibrium. – Suitable for point-of-care settings. – Suitable for point-of-care
settings.

– Useful to measure densities of micro-
objects, such as cells and yeasts.

– Useful to measure densities
of micro-objects.

– User-friendly. – Standardized and user-
friendly.

Disadvantages – Limited portability. – Relatively long time to reach equilibrium. – Relatively long time to reach
equilibrium (10–15 min).– Costly due to the use of larger

magnets and more paramagnetic
medium.

– Standardization (since different smart-
phones with different operating systems
and camera setups are available in the
market).

– Magnetic field can be affected by
interference with external fields.

– Sample density can be affectedby the heat
generated by the LED and smartphone.

– Sample density can be
affected by the heat gener-
ated by the LED.– Possibility of interference of magnetic/

electric field of the smartphone with
MagLev setup.

Optics No optics. Measurement is performed
directly by the naked eye using a ruler.

Smartphone camera, magnifying lens, light
diffuser, LED, and emission filters.

Low-cost camera, an adjustable
magnifying lens with a focus ring,
light diffuser, LED.

References [–, , ] [, –, ] [, ]
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were printed using the three 3D printing methods. All parts
printed with the polyjet printer were working properly,
compared to only two parts for the FDM, and four parts for
the SLA printer. However, printing using the polyjet printer
costed 30-times more than an FDM printer and four-times
more thananSLAprinter. Printing timewasnot significantly
different among different combinations of parts, ranging
from 25.2 to 28.7 h. Therefore, an optimized combination of
the five parts was chosen based on the cost analysis. In
terms of resolution, parts printed with the polyjet printer
showed the best accuracy and precision [45]. After printing,
the device was used with the same setup, which was a
mixture of different blood cells and cancer cells, suspended
in a paramagnetic solution that flows through a magnetic
field. Figure 2d illustrates the end applications of the pro-
posed device for cancer cell sorting. The MagLev setup
successfully separated breast, lung, prostate, and ovarian
cancer cells fromblood cellswithdistinct confinement lines.

In another study (similar setup to [45]), smartphone
attachment was 3D-printed, and a magnifying lens was
placed on the smartphone’s camera, while amicrocapillary
was placed between the lens (numerical aperture of
0.64 mm and diameter of 6.33 mm) and illumination
LED (Figure 3a) [48]. Diamagnetic particles with the
gadolinium-based paramagnetic solution were pumped
into the capillary which was surrounded by two permeant
NdFeB magnets (50.8 × 2 × 5 mm3). The device utilized the
flow of the sample and the magnetic field to keep micro-
objects suspended at their equilibrium height, determined
by the density of each particle. The smartphone’s camera
was used to acquire images of the suspended objects, and a
custom Android application was used to process the im-
ages to show that particles were successfully sorted based
on their densities. The study also investigated the effects of
magnet size and flow rate on the sorting performance of
micro-objects. In this regard, the previous experiment was

Figure 1: Smartphone-attachable MagLev setup for density-based separation of particles.
(a) View of the 3D-printed case. (b) Magnetic field lines displaying the magnetic field between the two magnets. (c) Focusing of 10 µm
polystyrenemicrospheres in 30 and 100mMsolution over 0, 15, and 75 s of being placed betweenmagnets. Dashed lines demonstrate bottom
(red) and top (blue) confinement limits. (d) Effects of concentration of the paramagnetic medium on the equilibrium time (red) and height
(blue). (e) Correlation of density of particles and levitation height obtained by levitating eight microspheres with standard density. Dashed
lines present different concentrations of the paramagnetic medium, highlighting better detection resolution of the medium with lower
concentration. (f) Influence of microsphere size on the equilibrium height (blue) and time (red). As illustrated, while larger particles reach
equilibrium faster, the size of microparticles had no considerable effect on the levitation height [39]. The size of the magnets was
5 × 0.2 × 0.5 cm and the size of the encasement of the smartphone-attachable MagLev setup was approximately 7.9 × 5.3 × 2.8 cm. Scale bars
are 100 μm.
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conducted with magnets of different lengths, ranging from
10 to 50 mm. Additionally, three different flow rates were
used to pump the solution, namely 0.1, 0.25, and 0.75 μL s−1

(Figure 3b, c). The results showed that either increasing the
magnet length or decreasing flow rate eventuates in
increasing the accuracy of particle separation (i.e., less
scattering ofmicroparticles from the equilibrium line). This
can be explained by the fact that the shorter magnets or
faster flow rates decrease the exposure of particles to the
magnetic field, giving them less time to focus and reach an
equilibrium [48].

3.1.2 Diseases diagnosis and cell sorting

Membrane-bound and soluble antigens, found in blood,
were detected using a smartphone-based MagLev setup,
which can be used to detect infectious diseases such as
HIV, HAV, HBV s.a, EBV, Dengue, Zika, and Chikungunya
(Figure 2a) [61]. T-cell antigen CD3, RBC antigens CD35
and RhD, eosinophil antigen Siglec-8, soluble IL-6, and
RBC-bound Epstein–Barr viral particles were successfully

detected by the proposed setup. The detection perfor-
mance was validated with immunofluorescence micro-
scopy. This MagLev setup was potent enough to be used
as a replacement for enzyme-linked immunosorbent
assay (ELISA), flow cytometry, or microscopy for the
detection, screening, and quantification of various blood
pathogens and antigens in resource-limited settings [61].
In another study, a smartphone-based MagLev setup was
used to detect and sort cells in 15 min [47]. In order to
verify the performance of the setup, RBCs with artificially
altered densities, and reference beads, with known den-
sities, were used. A microscope was also used to take the
images to be compared with smartphone images. To
demonstrate an example application of the device, RBCs
were taken from healthy individuals and anemia patients,
and the resulted images showed that anemic cells had
higher levitation height due to their lower densities
compared to healthy RBCs. Furthermore, separation of
old and fresh RBCs was successfully performed with the
platform, showing that old RBCs have more density than
fresh ones (Figure 2b). Comparison of microscope results

Figure 2: End applications of smartphone-based MagLev setups.
(a) Detection of membrane-bound and soluble antigens. A smartphone image of anti-CR1 antibody-coated bead and RBC complexes from a
high CR1 expresser [61]. (b) (Left) centrifugation was used to separate RBCs of different ages in Percoll gradient solution. (Right) old and new
RBCs levitated in two bands based on density. Red graphs indicate the intensity profiles. All scale bars represent 50 μm [47]. (c) Sickle cell
separation performance of themicroscopy-basedmethod (left) and smartphone-basedMagLev (right). The top images show controlled RBCs,
where the bottom images are SS RBC (sickle cell anemia (SS genotype)) with higher density [44]. (d) Confinement of breast, lung, prostate, and
ovarian cancer cells, together with blood cells, manifesting high separation efficiency and image acquisition quality of smartphone-based
MagLev devices [45]. The size of themagnets was 5 × 0.2 × 0.5 cm and the size of the encasement of the smartphone-attachableMagLev setup
was approximately 7.9 × 5.3 × 2.8 cm.
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and smartphone images demonstrated a comparable
performance [47].

Sickle cell diseases can be a severe life-threatening
illness if left undiagnosed. A 3D-printed smartphone
attachment, similar to the setup in [39], was developed to
measure the difference in levitation height of blood cells
in a small blood sample, aiming to separate sickle blood
cells which have higher density compared to normal
cells [44]. The proposed setupwas portable withminimal
need for sample preparation (e.g., no centrifugal sample
preparation). As an addition to the previous setup, a
microscope-compatible capillary holder was fabricated
to compare results with the MagLev outcome. After
capturing images of the sickle RBCs and control blood
cells, the separation was accomplished, reporting that
control RBCs had higher levitation height and distrib-
uted within a narrow area, while sickle cells levitated
at lower heights and distributed in a wider range
(Figure 2c). Microscope images substantiated the ability
of the proposed smartphone-based MagLev setup for the
analysis of sickle cells [44]. Although the setup was able
to perform label-free detection of single cells with the aid
of digital image processing, it was a static setup unable
to monitor real-time responses of cells to stimuli (e.g.,
real-time monitor of influences of a certain drug on a
particular type of cells).

As another end application of smartphone-assisted
MagLev, a setup was developed to detect Hepatitis C (HCV)
using micro-sensor beads (MS beads), which were

functionalized by anti-HCV NS3 antibody [10]. The pro-
posed setup comprised four mirrors, no magnification op-
tical lens, NdFeB magnets (50.8 × 6.35 × 3.175 mm), a
capillary channel (1 × 1 mm cross-section, 50 mm length),
and LED. The setupwas firstly optimized by densitymarker
polyethylene beads. Subsequently, visualizing MS beads
with a smartphone camera, without an external lens,
objects (HCV NS3 protein) as small as 45–53 μm was
detectable in 30 μL of the sample with a detection limit of
50 μg mL−1, which was 10 times better than conventional
ELISA [10] (Figure 4a).

Another smartphone-based MagLev imaging device,
known as i-LEV, was developed for label-free separation,
identification, and counting of white blood cells (WBCs)
and RBCs mixed together in a paramagnetic medium,
ultimately to facilitate point-of-care diagnostics [46]. The
devicecomprised a front panel to hold system components,
a lens that focuses the sample’s image onto the smart-
phone’s camera, a set of NdFeB permeant magnets (50 mm
length, 5 mm height, and 2 mm width), mirrors, capillary
channels (50 mm length, 0.2 mm wall thickness, and
1 × 1 mm cross‐section), LEDs that illuminate the sample,
and filters that enhance the obtained images. The proposed
setup was compatible with different smartphones. To
perform cell separation, the smartphone’s camera was
alignedwith the lens, while twomirrorswere used to reflect
the light from the LED to illuminate the sample.Microscopy
was also used to image the samples and confirm the val-
idity of i-LEV (Figure 4b). The same experiment was

Figure 3: Flow-assisted MagLev setup.
(a) A smartphone-based MagLev setup which was able to levitate and image particles while flowing. This setup enabled real-time analysis of
samples. (b) Separation of blood cells and particles at low (0.2 μL s−1) and high (1 μL s−1) flow rate. Blue and green histograms represent
microspheres with densities of 0.97 and 1.12 g cm−3, respectively. (c) Summed and normalized pixel intensities of microparticles and blood
cells flowed at 0.18 and 0.05 μL s−1. Relatively low numbers of microspheres compared to blood cells elucidate the rare particle detection and
sorting capability [48].
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successfully performed to separate dead WBCs from RBCs
based on their density (Figure 4c). i-LEV was also used to
quantify RBCs using phosphate buffered saline (PBS) as a
medium of suspension, demonstrating that PBS with a
higher concentration of blood cells takes more time to
reach equilibrium. It was also shown that there was a
positive linear correlation between the concentration of
blood cells and the bandwidth of levitated blood in the
channel for both RBCs, in the range of 50–250 mL−1, and
WBCs [46].

Smartphone-based MagLev was integrated with fluo-
rescence microscopy, allowing density-based sortation of
cells to determine cell type, their activity, and image them
in three imaging modes, bright field, darkfield, and fluo-
rescent [51]. The device comprised a custom 3D-printed
case for the smartphone that also allows attaching other
components, including a capillary tube, an aspheric lens

with a numerical aperture of 0.64 mm and a diameter of
6.33 mm, two focusing N52-grade nickel-plated NdFeB
magnets (50.8 × 2 × 5 mm3), colored LEDs, emission filters
for bright field and dark field modes, and electronical
components to exchange emission filters (Figure 5a–c).
The entire case and equipment, smartphone excluded,
weighted 214 g. The overall cost of the device was $105.87.
To assess the abilities of the device, microspheres of
different sizes (ranging from 5.35 to 79 μm)weremixedwith
100 mM gadolinium-based paramagnetic solution, loaded
into amicrocapillary tube, held between a pair of magnets,
and shined with a warm white LED. The smartphone’s
camera then captured the light traveled through the sam-
ple with the aspheric lens in both brightfield and darkfield
modes. A MATrix LABoratory (MATLAB) code was used to
identify the sizes of microspheres and compare the image
quality of both microscopy modes. For fluorescence

Figure 4: Smartphone-assisted platforms.
(a) Levitation heights for polystyrene beads for hepatitis C detection. From left to right, nonfunctionalized PS beads in the absence of HCV NS3
protein solution, nonfunctionalized PS beads in the presence of HCV NS3 protein solution, MS beads in the absence of HCV NS3 protein
solution, andMSbeads in the presence of HCVNS3 protein solution. The smartphone-assistedMagLev setupcomprisedmagnets with the size
of 5 × 0.2 × 0.5 cm, and a box with approximate size of 13.5 × 32 × 20 cm [10]. (b, c) Integrating cell phone imaging with magnetic levitation (i‐
LEV) for label‐free blood analysis. (b) Images of WBC and RBC taken by i‐LEV andmicroscope (bright field, fluorescent images of CD45‐labeled
WBC, and overlap of the bright field and CD45 images). (c) Live–dead assay imaging of RBCs and WBCs by i‐LEV and microscope (bright field,
4′,6‐diamidino‐2 phenylindole dihydrochloride (DAPI) labeled, and overlapping images). Live RBCs levitated while dead WBCs sedimented at
bottom of the capillaries [46].
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imaging, red, green, and blue fluorescent microspheres
were used, along with white, blue, and ultraviolet (UV)
LEDs to excite those microspheres, respectively. Assess-
ment offilterswas also performed by imagingwith nofilter,
red, green, and blue filters. ImageJwas used to separate the
resulted images into their RGB (red, green, and blue)
channels to determine the signal strength in each of the
four setups (Figure 5d). Figure 5e shows that imaging the
sample in bright mode and dark mode gave similar results,
demonstrating the ability of the device to capture cell-sized
beads. It was reported that the best contrast was attainable
when the used emission filter, RGB channel, and

microsphere had the same color. To evaluate the perfor-
mance of setup in biological applications, cell counting
and concentration determination ability of device was
assessed using breast cancer cells that were cultured and
stained with calcein in five different concentrations. The
proposed device can measure the concentration of cancer
cells with 10 μL of the sample, eliminating the need to
obtain large samples from patients. The concentration of
cells was determined accurately (0.95 linearity) with a
detection limit of 680 cells per mL or 1 cell in 1.47 μL [51].

3.2 Self-contained MagLev setups

Self-contained MagLev setups levitate, image the sample
using a built-in camera, and analyze results from loaded
samples, which is a low-cost (<100 $), user-friendly setup
suitable for untrained users in the point of care. Although
self-contained and smartphone-based MagLev devices
share many advantages such as portability, user-
friendliness, and low cost, self-contained MagLev plat-
forms can offer further benefits over smartphone-based
MagLevs. Heat and electromagnetic fields, generated by
smartphone circuits, can conceivably affect the results of
sensitive tests by altering the density of the paramagnetic
medium. Additionally, in some cases where a smartphone
with suitable processing power and a camera of good
quality is not available, purchasing such a smartphone is
required to be used with the attachment, drawing extra
cost, even higher than the attachment itself which costs
virtually $105 [51]. In contrast, a self-contained device does
not require any additional cost, with an estimated cost of
approximately $86 [52]. Furthermore, while smartphone
attachable MagLev setups are designed and optimized for
specific cellphones (e.g., specific focal length), different
smartphones, with different camera properties, may be
used on MagLev setup, particularly in deprived regions,
posing challenges in standardization of setup for different
smartphones.

A cost-effective (<100 $), self-contained setup was
developed for the label-free detection of sickle cells in
blood samples, in 15 min, using a drop of blood, and to
analyze the results by an embedded Raspberry Pi computer
running a Python script, with minimal need for user
intervention (only reagent mixing) (Figure 6) [57]. The
obtained blood was mixed with a paramagnetic medium
(gadolinium solution and sodium metabisulfite) and
loaded between two NdFeB permanent magnets
(2 × 5 × 50 mm) with a 1.1 mm gap between magnets. The
device used a 3D-printed case to hold the camera module,
magnification lens, LED, and capillary tube. The levitation

Figure 5: A fluorescence- and MagLev-based cytometry.
(a) Front and back views of the device. (b) (Top) schematic of
brightfield imaging configuration and light path; (bottom) top view
of the setup to display the simplified path of light. (c) (Top)
schematic of darkfield imaging configuration for a sample excited by
blue light and emitting green light; (bottom) top view of the setup to
display a simplified path of light. (d) An example of fluorescence
imaging results represented as signal strength, defined as the
discrepancy between background pixel intensity and microsphere
pixel intensity under the different physical filter. (e) Brightfield and
darkfield images of 5.4 and 40 μmmicrospheres, demonstrating the
capability of the proposed setup for imaging micron-sized particles
(e.g., cells) [51].
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height difference between polystyrene microspheres and
RBCswas 35 and 110 μm for 100 × 10−3 mMand 25× 10−3 mM
concentration of the paramagnetic medium, respectively,
pointing out a higher detection resolution to distinguish
smaller density differences with a low concentration
paramagnetic medium. The proposed device was able to
effectively separate sickle cells from normal RBCs [57].

4 Conclusions and future
perspectives

MagLev is an effective technique for the detection, separa-
tion, and quantification of objects based on their densities.
Objects (e.g., solid particles, liquids, gels, and organic
matter) can be levitated at a certain height (proportional to
their density) in a paramagneticmedium, usingmagnets, as
a result of an equilibrium of gravitational, buoyancy, and
magnetic force acting on the object. Although large MagLev
setups are in use widely for the analysis of food, water,
polymer, chemical reactions, and forensic evidence, being
costly andnonportable limit application of largeMagLevs in
remote, deprived regions. Smaller setups have been devel-
oped recently, using smaller magnets and low-cost optics,
accompanied by imaging equipment (smartphone-based or
self-contained cameras) to measure levitation height.
Smaller MagLevs are cost-effective, portable, and less
affected by surroundingmagnetic fields. Smartphone-based
MagLevs benefit from the ever-improving image acquisition
and computational power of smartphones, attracting more
attention recently. In order to provide an insight into the
potency of smartphone-based MagLevs, in this review, we
provided important design criteria of smartphone-based
MagLev setups, alongwith end applications of smartphone-
based MagLevs for biomedical applications, such as sepa-
ration of different types of cells, detection of cancer cells,
blood analysis, and diagnostic applications. Overall,
smartphone-based MagLev platforms provide portability,
ease of use, and low cost, making them useful for point-of-
care diagnosis.

Dynamic range (which is important to separate
samples with large density differences such as separating
metal powders from polymer particles) and detection
resolution (which is important to accurately distinguish
subtle density differences between objects such as RBCs
andWBCs) are two important parameters during the design
process. A paramagnetic medium is one of the most
influential elements of MagLev to achieve desired dynamic
range and detection limit. A higher concentration of the
paramagnetic medium results in a wider dynamic range,

Figure 6: A self-contained MagLev setup for label-free sickle cell
analysis.
(a) Sample preparation steps. (b) Inside of the device. Built-in
camera, magnets, LED, and the lens were the main elements of the
device. (c) Contour plot of the magnetic field in the cross‐section of
the capillary tube. (d) Different forces acting on a particle in the
capillary tube. Fm: magnetic force, Fb: buoyant force, Fd: drag force,
and Fg′: gravitational force. At equilibrium, Fd is zero,where Fm and Fd
are equal and opposite. (e) (Left) confinement width and levitation
height of RBCs in a magnetic field. (Right) separation (the difference
between the average levitation heights normalized to the greater
mean value), and sickleness (the ratio between the normal fit
heights). (f) (Left) Experimental results for confinement width of SCD
RBCs and control RBCs, defined as the total width of two Gaussian
curves fit to pixel intensity gradient data. (Right) experimental
results representing sickliness and separation percentage for the
same SCD and control samples showed in the left figure [57].
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whereas better detection resolution can be acquired by a
lower concentration.

One of the limitations of MagLev setups is low
throughput since, in most setups, a single container can be
loaded between magnets each time. Integration of MagLev
with multiplexed biomedical platforms [62, 63] and micro-
fluidic chips [64, 65] enables thedevelopmentofflow-assisted
devices for continuous, real-time monitoring, and separation
of materials. Another suggestion to extend the impact of
MagLevs is developing data interpretation platforms.
Although mobile software has been developed to analyze
data, that software is confined to a particular particle that the
software had been programmed for. Levitating objects other
than predefined objects may challenge the performance of
the device. Usingmachine learning techniques can empower
MagLev setups to adapt themselves to new experiments
without being programmed for that specific application
[66, 67]. Moreover, optical magnification can be enhanced
using smartphones with optical zoom and manual focusing
options (e.g., LG V40 ThinQ which offers 2× optical zoom).
Future studies can be focused to enable MagLevs to levitate
and image submicron-sized particles (e.g., viruses), or to
develop novel applications such as monitoring bone mass
loss, that occur in astronauts who were in zero-gravity con-
dition for a long period, since MagLev can simulate analo-
gous condition (weightlessness) in the laboratory.
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