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Physics of Magnetic Force-Based Manipulation

The general equation for the magnetic force acting on a particle (or cell) is given by Eq. 1

(Weston et al., 2010):
F,, = (M.V)B (1)

,where B is the magnetic flux density (in Tesla, T), and V is the del operator. 7 is the magnetic
dipole that takes the form of Eq. 2 in low magnetic fields (Pamme, 2006; Gijs et al.,

2010):
(2)
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,where 1, is the permeability of free space which is 1.2566 x10°° kg-m-A *'s . Therefore, the
magnetic force acting on a particle depends on the volume of the particle (), the magnetic
susceptibility difference (Ay) between the particle (x,) and the surrounding medium (X,),

together with the gradient and strength of the magnetic flux density. The force equation can be

rearranged as:
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For a Cartesian coordinate system, (§ . V)§ is expanded into:
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During magnetic manipulation of particles in the medium, the Stokes’ drag force (Fp)
appears in the opposite direction of the particle movement which is given for a spherical object

as follows (Bhuvanendran Nair Gourikutty et al., 2016):

Fp = 6mRNf4(vy) )



Here R is the particle radius, 7 is the dynamic viscosity of the surrounding medium, f; is
the drag coefficient and v, is the velocity of the particle. Inertial effects are usually neglected
due to small Reynolds numbers in microfluidic magnetophoresis. Therefore, dominant forces for

the motion of a particle in medium can be expressed by Eq. 6 (Hejazian et al., 2015):

dv_p) —_— —_— —_ —_—

Here m is the mass of the particle; F_G) is the gravitational/buoyant force, which is

calculated as follows:
F; = VApg ™

with the volumetric density difference (Ap) between the particle (pp) and the medium

(py), and the gravitational acceleration g (9.8 m-s ).

For the particles with sufficiently small diameters (Gerber et al., 1983) (i.e. down to a

few tens of nanometers), the Brownian force, F_B), becomes significant in the balance (Eq. 6) and

particle diffusion due to Brownian motion influences the magnetic manipulation.

In case of magnetic levitation, the particles placed between two opposing magnets
levitate at a unique position where the magnetic force is balanced by the gravitational force

(Durmus et al., 2015):
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As demonstrated by Eq. 8, equilibrium position of a particle (or cell) is independent of

the volume (V) during magnetic levitation.

The behavior of a particle under an external magnetic force is determined by the

magnetization (or magnetic susceptibility (x)) of that particle. Particles and cells show either



diamagnetic, paramagnetic or ferromagnetic behavior. “Diamagnetic” particles have negative
magnetic susceptibility values (—10° to —=107°) (e.g. DNA, proteins, cells, water). They do not
have magnetic dipoles within the material in the absence of an external magnetic field. Upon the
application of the external magnetic field, a magnetic dipole which is aligned antiparallel to that
field is created. Therefore, diamagnetic particles are repelled by the magnetic field and tend to
move to the area in which the magnetic field strength is minimum. “Paramagnetic” particles have
positive susceptibility values on the order of 10 to 10" (e.g. gadolinium, magnesium, titanium,
oxygen, aluminum, iron oxide), and have magnetic dipoles in the unmagnetized state (Sun et al.,
2008; Kolhatkar et al., 2013). Magnetic dipoles in paramagnetic materials only align parallel in
the magnetized state. Therefore, under the external magnetic field, particles move towards to the
maxima of the magnetic field strength. Upon removal of the magnetic field, they do not retain
any magnetization (Kolhatkar et al., 2013). On the other hand, “ferromagnetic” particles (e.g.
such as iron, nickel, and cobalt) have large magnetic susceptibility values, and aligned magnetic
dipoles even though there is no external magnetic field (Pankhurst et al., 2003; Issa et al., 2013).
In the presence of an external magnetic field, they are subjected to a strong attractive force along
the direction of the field and retain magnetization to some extent after the removal of the
magnetic field (Gijs, 2004; Issa et al., 2013). Moreover, ferromagnetic particles are constituted of
structures of magnetic domain. A magnetic domain is a region in which all magnetic dipoles are
oriented in the same direction (Akbarzadeh et al., 2012). Therefore, a single-domain
ferromagnetic particle possesses magnetization in a uniform direction. “Superparamagnetism” is
a phenomenon in which the size of a single-domain particle is reduced below a certain critical
diameter so that the magnetic moments flip direction randomly in response to thermal energy
(Bean and Livingston, 1959; Brown, 1963; Pankhurst et al., 2003). At temperatures above the so-
called blocking temperature (Tg), superparamagnetic particles exhibit paramagnetic behavior
with larger magnetic susceptibilities than those of typical paramagnetic materials under an
external magnetic field. Once the magnetic field is removed, their average magnetization
becomes zero due to the random flipping of particles’ magnetic moments (Issa et al., 2013;

Kolhatkar et al., 2013).
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