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Separating particles, which can be either biological or synthetic, in a continuous label-free manner

is essential to many applications. Magnetic separation has several advantages over other field-

driven particle separation techniques. It, however, has been limited primarily to situations where

particles differ in size or magnetization. We demonstrate in this paper a continuous-flow separation

of equal-volumed spherical and peanut-shaped diamagnetic particles in a dilute ferrofluid. This sep-

aration is attributed to the shape-dependent magnetophoretic motion, which is the combined result

of the shape dependences of the magnetic force and viscous drag. We also develop a three-

dimensional numerical model to understand this shape-based diamagnetic particle separation and

predict the effects of the determining factors. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4962638]

Separating particles and cells in a continuous label-free

manner is essential to many chemical, biomedical, and

environmental applications.1–5 Magnetic separation6–10 has

several advantages over other field-driven techniques

(e.g., electric,11,12 acoustic,13,14 optical,15,16 and hydrody-

namic17,18 fields) such as simplicity and low-cost.19–21 It uti-

lizes the magnetic field gradient-induced magnetophoresis,

which can be either towards (i.e., positive magnetophoresis

for magnetic particles or magnetically tagged cells22–27) or

away from (i.e., negative magnetophoresis for diamagnetic

particles and cells in magnetic fluids28–38) the magnetic

source, to separate particles and cells based on the difference

in intrinsic properties. The existing studies in this area have

so far been focused primarily upon the magnetic separation

of particles and cells by size or magnetization.6–10 We dem-

onstrate in this work that magnetophoresis is also a function

of particle shape, which can be exploited for a label-free

magnetic separation.

Shape, which is an important property of particles and

cells,39,40 provides useful information for cell synchroniza-

tion,41 disease diagnostics,42 etc. Shape-based particle and

cell separation has been implemented via hydrodynamic filtra-

tion43 in a complex network of microchannels44 or determinis-

tic lateral displacement in a high-resolution array of posts.45,46

It has also been demonstrated through electrode-41 or insula-

tor-based47 dielectrophoresis, which suffers from the issues of

low throughput, potential cell damages, etc. Inertial48 and

elasto-inertial49,50 focusing are both high-throughput methods

that have been recently developed to separate particles and

cells by shape through the use of the flow-induced lift force.

In addition, the ac field frequency-dependent magnetic force

and torque have been utilized to trap and circulate sickle and

healthy red blood cells, respectively, in a custom-fabricated

biocompatible ferrofluid for a shape-based separation.51 We

present in this work a continuous-flow separation of equal-

volumed spherical and peanut-shaped diamagnetic particles in

a diluted commercially available ferrofluid. We also develop

a 3D numerical model to understand and predict this shape-

based magnetic field-driven particle separation.

Fig. 1(a) shows a picture of the microfluidic chip, which

was fabricated with polydimethylsiloxane (PDMS) using a

custom-modified soft lithography method detailed else-

where.52 The T-shaped microchannel is uniformly 100 lm

wide and 25 lm deep. It is composed of two 8 mm long side-

branches (for the supply of particle mixture and ferrofluid

sheath, respectively) and one 12 mm long main-branch (for

particle separation). A neodymium-iron-boron permanent

magnet (B421, 1/400 � 1/800 � 1/1600, K&J Magnets, Inc.) is

embedded into the PDMS slab, and positioned 1 mm away

from the main-branch, 2.5 mm away from the side-branch. Its

magnetization direction is through the 1/1600 thickness and

perpendicular to the main-branch. Fig. 1(b) shows a zoom-in

image of 6 lm-diameter fluorescent spherical (Phosphorex,

FIG. 1. (a) Picture of the PDMS-based microfluidic chip used in experi-

ments. The three dashed-line boxes highlight the windows of view for

observing particle motions. The block arrows indicate the flow directions

during particle separation. (b) Zoom-in image of one fluorescent spherical

(left, white) and one plain peanut-shaped (right, black) diamagnetic polysty-

rene particle with the dimensions being labeled.

a)Author to whom correspondence should be addressed. Electronic mail:

xcxuan@clemson.edu. Fax: 864-656-7299.
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Inc.) and 5.1 lm-diameter/7.7 lm-length plain peanut-shaped

(Magsphere, Inc.) diamagnetic polystyrene particles for

shape-based separation. The peanut particle is a result of

the fusion of two 5.1 lm-diameter spherical particles, whose

overall volume was calculated to be 117.62 lm3 using the

geometry package in COMSOL
VR

. This volume corresponds to

an equivalent spherical diameter of 6.08 lm, which deviates

from that of the spherical particle by 1.33%. These two types

of particles were mixed and re-suspended in 0.3� EMG 408

ferrofluid (Ferrotec Corp., diluted by water). A pure 0.3�
EMG 408 ferrofluid was used as the sheath fluid to pre-focus

the particle mixture at the T-junction of the microchannel.

Other experimental details are referred to in our recent

paper.52

The mixture of spherical and peanut-shaped particles is

pre-focused to a tight stream along the sidewall of the main-

branch that is nearer to the magnet. These diamagnetic par-

ticles each experiences a magnetic force, Fm, in the ferrofluid

and is pushed away from the magnet53

Fm ¼ �l0VpðMf � rÞH=ðSmOmÞ; (1)

where l0 is the permeability of the free space, Vp is the vol-

ume of the particle, Mf is the magnetization of the ferrofluid,

H is the magnetic field at the particle center, Sm is the parti-

cle shape-dependent demagnetizing factor that is 1 for a

spherical particle and increases with the particle non-spheric-

ity,54 and Om is the particle orientation-dependent correction

factor that reduces to 1 for a spherical particle or when the

major axis of a non-spherical particle aligns with the mag-

netic field line.55 Note that the contribution of the magnetiza-

tion of diamagnetic particles has been neglected in Eq. (1)

because the magnetic susceptibility of polystyrene particles

(on the order of 10�6)56–58 is at least 4 orders of magnitude

smaller than that of the ferrofluid we used in the experiment

(on the order of 0.1, Ferrotec Corp.59). To further verify this

assumption, we have compared the magnetic susceptibilities

of the two types of particles in water using the microfluidic

chip in Fig. 1(a). No visible deflection was observed for

either type of particles under the action of a permanent mag-

net. This experiment indicates that the magnetic susceptibili-

ties of the spherical and peanut-shaped polystyrene particles

are both negligible and should have no contributions to the

demonstrated separation in the ferrofluid.

The magnetic force, Fm, acting on a particle is balanced

instantly by the viscous drag force in low Reynolds number

flows (to be explained later), Fd
60

Fd ¼ 3pgdpðuf � upÞfDSdOd; (2)

where g is the ferrofluid viscosity, dp is the (equivalent)

spherical diameter of the particle, uf is the ferrofluid veloc-

ity, up is the particle velocity, fD is the drag coefficient

accounting for the wall retardation effects,60 Sd is the parti-

cle shape-dependent correction factor that is equal to 1 for a

spherical particle and increases with the particle non-

sphericity, and Od is the particle orientation-dependent cor-

rection factor which decreases to 1 for a spherical particle

or when the motion of a non-spherical particle is along the

direction of its major axis.60–62 The resulting particle veloc-

ity is given by

up ¼ uf �
l0d2

p Mf � rð ÞH
18gfDGi

; (3)

where Gi ¼ SmOmSdOd � 1 is the lumped correction factor

for the combined effects of particle shape (i.e., Sm and Sd)

and orientation (i.e., Om and Od) on magnetophoresis that

becomes 1 for spherical particles. It is the dependence of up,

more accurately, the cross-stream negative magnetophoretic

motion in the second term on the right hand side of Eq. (3),

on particle shape that enables the continuous diamagnetic

particle separation. Specifically, spherical particles can be

deflected away from the magnet at a higher rate than non-

spherical particles of equal volume due to the former’s

smaller value of Gi.

A 3D numerical model was developed to simulate the

transport and separation of spherical and peanut-shaped dia-

magnetic particles in the ferrofluid. It was solved in

COMSOL 5.1, and the details are referred to in our recent

paper.35 Briefly, the Laminar Flow module was employed to

solve for the flow field, uf , and the intrinsic Streamline func-

tion was used to trace particles via the particle velocity, up,

in Eq. (3). The magnetic field was obtained directly from

Furlani’s analytical formulae for rectangular magnets63 (see

the magnetic field contour in Fig. S1 of the supplementary

material). The value of the lumped correction factor, Gi, in

Eq. (3) for the magnetophoretic motion of peanut particles

was determined by matching the predicted trajectories with

the experimentally obtained streak images.

Fig. 2 demonstrates the separation of equal-volumed

spherical (fluorescent) and peanut-shaped (plain) diamagnetic

particles in 0.3� EMG 408 ferrofluid through the T-shaped

microchannel (see movies in the supplementary material).

The volumetric flow rates are 6 ll/h and 120 ll/h for the

FIG. 2. Illustration of the shape-based separation of spherical (fluorescent)

and peanut-shaped (plain) diamagnetic particles in 0.3� EMG 408 ferrofluid

through the T-shaped microchannel. The top row shows the snapshot image

at the T-junction (a), composite image at the middle of the main-branch (b),

and composite image at the expansion of the main-branch (c). The bottom

row shows the numerically predicted particle trajectories (white lines for

fluorescent spheres and black lines for plain peanuts). Note that part of the

experiment image in (c) is covered by the numerical image. The flow rates

of the particle mixture solution and ferrofluid sheath are 6 ll/h and 120 ll/h,

respectively.
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particle mixture solution and sheath ferrofluid, respectively.

As viewed from the snapshot image at the T-junction in Fig.

2(a), the two types of particles are uniformly mixed in the

side-branch and focused to a tight stream along the sidewall

of the main-branch that is closer to the magnet [see also Fig.

1(a)]. They are then both pushed away from the sidewall by

negative magnetophoresis at a shape-dependent rate. The

composite particle image at the middle of the main-branch in

Fig. 2(b), which was obtained by stacking the two superim-

posed images for fluorescent and plain particles through back-

ground subtraction, indicates that the spherical (fluorescent)

particles migrate at a larger rate than the peanut (plain) par-

ticles. The result of this shape-dependent cross-stream

magnetophoretic motion is a continuous separation of the two

particle sub-streams, which is further enhanced at the expan-

sion of the main-branch due to the local hydrodynamic

spreading50 as illustrated by the composite image in Fig. 2(c).

The numerically predicted trajectories of the spherical (white

lines) and peanut-shaped (black lines) particles under the

experimental conditions are shown in the bottom row of

Fig. 2. The lumped correction factor, Gi, in Eq. (3) was set to

1.4 for the peanut particles in the model. Note that this same

value was also used in all other case studies to be presented

later. The simulation and experimental results agree with each

other in all three windows of view.

To further verify that the demonstrated particle separation

in Fig. 2 is indeed a result of the shape-dependent magneto-

phoretic motion, we did a control experiment where the mag-

net was removed while all other experimental conditions were

maintained (see movies in the supplementary material). The

spherical and peanut-shaped particles were observed to move

out of the main-branch in a still uniformly mixed stream with-

out any separation (see also the experimental images in

Fig. S2 of the supplementary material). Moreover, there is no

visible displacement from the sidewall of the main-branch for

either type of particles after the pre-focusing, which indicates

a negligible influence of inertial lift64,65 at low Reynolds num-

ber (Re ¼ qVDh=g � 0:6 where q ¼ 1:05� 103 kg/m3 is the

ferrofluid density, V ¼ 14 mm/s is the average fluid velocity

in the main-branch, Dh ¼ 40 lm is the channel’s hydraulic

diameter, and g ¼ 1:03� 10�3 kg/m s is the ferrofluid

viscosity) flows. This control experiment also indicates an

insignificant contribution from the particle steric effects in

pinched flow fractionation.66 It is because the stream width of

the pre-focused particle solution, which is around 10 lm from

our 3D flow simulation at the flow rate ratio, a ¼ Qs=Qp

¼ 20 (Qs and Qp are the volumetric flow rates of the ferrofluid

sheath and particle mixture, respectively), is greater than any

dimension of the two types of particles. The above analysis is

validated by the close agreement between the experimental

observations and numerical predictions in all three windows

of view (see Fig. S2 in the supplementary material).

Fig. 3 shows the effect of flow rate on the shape-based

separation of diamagnetic spherical and peanut particles in

0.3� EMG 408 ferrofluid at the expansion of the main-

branch. The volume flow rate of the sheath ferrofluid is

varied from Qs ¼ 80 ll/h to 160 ll/h at a fixed sheath-fluid to

particle-mixture flow rate ratio, a ¼ 20. As seen from the

superimposed images and PDF plot in Fig. 3(a), both types of

particles achieve a (nearly) full channel-width deflection at

Qs ¼ 80 ll/h and hence still mix with each other at the expan-

sion of the main-branch. This happens because the particles in

a low-velocity flow have a sufficiently long residence time to

undergo the magnetophoretic migration across the flow in

the main-branch. At an increased flow rate of Qs ¼ 120 ll/h,

spherical particles can still (almost) reach the sidewall while

the peanut particles are about one quarter of the channel width

behind. Thus, a clear gap is formed in between the two parti-

cle sub-streams as viewed from both the superimposed images

and the PDF plot in Fig. 3(b). Further increasing the flow rate,

however, makes the residence time in the main-branch short

for both types of particles, which reduces not only the abso-

lute but also the relative displacement of the two types of par-

ticles. Moreover, the span of each particle sub-stream

increases with the increasing flow rate due to the fluid velocity

gradients induced particle dispersion in the channel depth

direction (note the sheath fluid focuses particles in the channel

width direction only). Therefore, the particle separation gets

worse at Qs ¼ 160 ll/h as shown in Fig. 3(c). The experimen-

tally observed diamagnetic particle deflection, dispersion, and

separation are predicted by the 3D numerical model with a

good agreement for all three values of Qs in Fig. 3.

FIG. 3. Flow rate effects on the shape-based separation of spherical (fluorescent) and peanut-shaped (plain) diamagnetic particles in 0.3� EMG 408 ferrofluid.

The volume flow rate of the sheath ferrofluid is varied from 80 ll/h (a) to 120 ll/h (b) and 160 ll/h (c) while the flow rate ratio between the sheath fluid and

particle mixture is fixed at a ¼ 20. Each panel shows from left to right the superimposed image of spherical particles, superimposed image of peanut-shaped

particles, plot of particle PDF, and numerically predicted particle trajectories (white lines for fluorescent spheres and black lines for plain peanuts) at the

expansion of the main-branch. The scale bar represents 200 lm.
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Fig. 4 shows the effect of sheath ferrofluid to particle

mixture flow rate ratio, a, on the shape-based separation of

diamagnetic spherical and peanut particles. The volume flow

rate of the sheath fluid is fixed at 120 ll/h while that of the

particle mixture is varied from 12 ll/h (i.e., a ¼ 10) to 3 ll/h

(i.e., a ¼ 40). As a increases, the total flow rate in the main-

branch of the microchannel slightly decreases (by less than

10%), yielding an almost unvaried residence time for the

particles. Therefore, the magnetophoretic deflection of either

type of particles remains approximately constant as viewed

from the superimposed particle images in Fig. 4. However,

the span of each particle sub-stream becomes smaller due to

the enhanced focusing effect at the T-junction (data not

shown) with the increasing a. This reduced particle disper-

sion acts to enhance the shape-based diamagnetic particle

separation, which is demonstrated by the particle PDF plots

in Fig. 4. The experimentally observed particle behaviors at

the expansion of the main-branch are reasonably predicted

by the 3D numerical model except for the under-predicted

particle dispersion at a ¼ 10. This is probably due to the

higher flow rate of particle mixture and hence a greater parti-

cle concentration in the main-branch at this smaller flow rate

ratio. More frequent particle-particle interactions are thus

present in the experiment and expected to cause an increase

in particle dispersion, which is not considered in our numeri-

cal model.

In summary, we have demonstrated a continuous shape-

based separation of equal-volumed spherical and peanut par-

ticles in a dilute ferrofluid. The particle mixture is pre-

focused to a tight stream by a sheath ferrofluid, which is then

split into two sub-streams due to the shape-dependent cross-

stream magnetophoretic motion. The effects of flow rate and

flow rate ratio between the sheath fluid and particle mixture

are experimentally studied on this separation. We have also

developed a 3D numerical model to simulate the particle tra-

jectories in the ferrofluid through the T-shaped microchannel

under the experimental conditions. With an experimentally

determined correction factor for peanut-shaped particles, this

model is able to predict the experimentally observed particle

deflection, dispersion, and separation in all case studies with

a reasonable agreement.

See supplementary material for details on the 3D contour

of magnetic field in the computational domain, the experimen-

tal/numerical results of the control experiment for the shape-

based diamagnetic particle separation in the absence of the

magnet, and the movies for the shape-based separation with

and without the magnet in three windows of view.

This work was supported in part by NSF under Grant

No. CBET-1150670.
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