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1 Introduction

Continuous flow separation of target particles (either syn-
thetic or biological) from a mixture is essential to many 
chemical and biomedical applications (Lenshof and Laurell 
2010; Sajeesh and Sen 2014; Shields et al. 2015). It has been 
demonstrated in microfluidic devices by the use of a variety 
of field-driven techniques, which can be either active or pas-
sive depending on the nature of the driving force (Pamme 
2007; Karimi et al. 2013). Active particle separation tech-
niques use an externally applied force field (Gossett et al. 
2010; Watarai 2013), ranging from acoustic (Laurell et al. 
2007; Lin et al. 2012) to electric (Pethig 2010; Li et al. 2014), 
magnetic (Pamme 2006; Suwa and Watarai 2011; Hejazian 
et al. 2015) and optical (Kayani et al. 2012; Lee et al. 2012) 
forces, to remotely manipulate the suspended particles in 
fluid flows. They are usually capable of separating particles at 
a high resolution and purity but at the cost of throughput. Pas-
sive particle separation techniques exploit the flow-induced 
intrinsic lift and/or drag forces to direct particles toward dif-
ferent equilibrium positions (Tsutsui and Ho 2009; Gao et al. 
2013), which cover deterministic lateral displacement (DLD) 
(Huang et al. 2004), hydrodynamic filtration (Yamada and 
Seki 2005), pinched flow fractionation (PFF) (Yamada et al. 
2004), hydrophoresis (Choi et al. 2009), inertial focusing (Di 
Carlo 2009; Martel and Toner 2014; Amini et al. 2014; Zhang 
et al. 2016a) and elasto-inertial separation (Yang et al. 2011; 
Lu et al. 2015; Liu et al. 2015b), etc. They have the potential 
to attain high throughput, but most of them require a com-
plex channel structure and/or a sophisticated flow control to 
achieve the separation resolution.
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There has recently been an increasing interest in the inte-
gration of active and passive particle separation techniques 
for enhanced sensitivity and flexibility (Yan et al. 2016). 
Among those diverse hybrid microfluidic systems (Yan et al. 
2016), the combination of active magnetic separation with 
passive inertial and/or elastic focusing shows good poten-
tials due to their respective unique features. Magnetic field-
driven particle separation has the advantages of low cost and 
heating free (with cheap off-the-shelf magnets), etc., over 
the other active separation techniques (Gijs 2004; Nguyen 
2012; Cao et al. 2014; Yang et al. 2016; Zhao et al. 2016a). 
It utilizes magnetic field gradient induced positive (for mag-
netic particles or magnetically tagged cells, Pamme and 
Manz 2004; Inglis et al. 2006; Hoshino et al. 2011; Kang 
et al. 2012; Zhou and Wang 2016a) or negative (for diamag-
netic particles in magnetic media, Zhu et al. 2010; Vojtíšek 
et al. 2012; Zhu et al. 2012a; Zeng et al. 2013; Hejazian and 
Nguyen 2016; Zhou and Wang 2016b; Zhao et al. 2016b) 
magnetophoresis to separate particles based on the difference 
in size (Zhu et al. 2012b; Liang and Xuan 2012), magnetiza-
tion (Liang et al. 2013; Zhu et al. 2014) and shape (Zhou and 
Xuan 2016). Inertial and/or elastic particle focusing makes 
use of the flow-induced inertial (in Newtonian fluids, Di 
Carlo et al. 2007; Oakey et al. 2010; Choi et al. 2011; Chung 
et al. 2013; Zhou et al. 2013; Martel and Toner 2013; Wang 
et al. 2015; Li et al. 2016) or elasto-inertial (in non-Newto-
nian fluids, Leshansky et al. 2007; Kim et al. 2012; Kang 
et al. 2013; Romeo et al. 2013; Lim et al. 2014; Cha et al. 
2014; Yuan et al. 2015; Xiang et al. 2016a, b) lift forces to 
focus particles toward one or multiple equilibrium positions 
in simple microchannels at a medium to high throughput.

Along the direction of integrated microfluidic magnetic 
separation and inertial/elastic focusing systems, two groups 
(Kim et al. 2016; Zhang et al. 2016b) have recently dem-
onstrated the use of a viscoelastic polymer-mixed ferrofluid 
for a continuous sheath-free diamagnetic particle separa-
tion. The polymer flow-induced elasto-inertial lift focuses 
particles to the channel centerline and the ferrofluid-induced 
magnetic force deflects the pre-aligned particles toward 
size-dependent flow paths. A similar idea has also been 
reported in an earlier paper (Del Giudice et al. 2015) to sep-
arate magnetic particles from diamagnetic particles in a pol-
ymer solution, where the elasto-inertial prefocusing effect 
significantly reduces the number of magnetic particles that 
either escape from the collection or get stuck onto the near-
magnet wall. In another study (Ozkumur et al. 2013), iner-
tial focusing has been used to position a mixture of white 
blood cells and magnetically labeled circulating tumor cells 
(which was extracted from blood using a separate DLD 
device) in a serpentine microchannel prior to separating 
them by magnetization using a quadrupole magnetic circuit.

In this work, we develop based upon the earlier studies 
(Ozkumur et al. 2013; Del Giudice et al. 2015; Kim et al. 

2016; Zhang et al. 2016a, b) a ferrofluid-based microfluidic 
device for inertially focused label-free separation of dia-
magnetic particles. The two operations are integrated into 
a straight rectangular microchannel with a nearby perma-
nent magnet for easy fabrication and flow control. We also 
develop a three-dimensional numerical model to simulate 
the diamagnetic particle transport in ferrofluid flow through 
the entire microchannel. The effects of ferrofluid flow rate 
and concentration on the inertial particle focusing and dia-
magnetic particle separation are investigated both experi-
mentally and numerically.

2  Experiment

2.1  Microfluidic chip fabrication

Figure 1 shows a picture of the microfluidic chip used in 
our experiments, which was fabricated with polydimethyl-
siloxane (PDMS) using a custom-modified soft lithography 
method as detailed elsewhere (Zhu et al. 2012a). The straight 
rectangular microchannel is 2 cm long and 65 µm wide, fol-
lowed by a 2 mm long, 960 µm wide expansion for enhanced 
particle separation and visualization. The channel is uni-
formly 35 µm high and hence has an aspect ratio (=width/
height) of 1.86. Two stacked neodymium-iron-boron per-
manent magnets (B221, 1/8″ × 1/8″ × 1/16″, K&J Mag-
nets, Inc.) were embedded into the PDMS slab. They were 
placed in direct contact with the glass slide and positioned 
700 µm (edge to edge distance) away from the outlet expan-
sion, which was performed under a microscope using the 
approach described in Zhu et al. 2012a). Their magnetization 
direction is through the 1/16″ thickness and perpendicular to 
the flow direction. As seen from the top-view channel picture 
in Fig. 1, the magnets had to be placed below the lower cor-
ner of the channel expansion due to a limited working space. 
This configuration, as explained later, can cause a significant 
buildup of ferrofluid nanoparticles near the corner, which 
should be avoided in future designs.
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Fig. 1  Picture of the microfluidic chip with the relevant channel 
dimensions and coordinates being labeled in the top (left) and cross-
sectional (right) views. Two stacked permanent magnets are embed-
ded into the PDMS slab and placed nearby the outlet expansion. The 
dashed-line box highlights the window of view for particle visualiza-
tion at the outlet expansion
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2.2  Particle solution preparation and experimental 
method

Spherical diamagnetic polystyrene particles with 10 µm 
(plain, Sigma Aldrich) and 20 µm (fluorescent, Phospho-
rex, Inc.) in diameter were mixed and re-suspended into 
EMG 408 ferrofluid (Ferrotec Corp.) whose concentration 
was varied by dilution with water. The mass density of 
each type of particles is 1.05 g/cm3, and that of the ferro-
fluid as received (without any dilution) is 1.07 g/cm3. 0.5% 
(in volume) Tween 20 (Fisher Scientific) was added to the 
suspension to reduce particle aggregations and adhesions to 
channel walls. Particulate solution was driven through the 
microchannel by an infusion syringe pump (KD Scientific) 
and drained out via a PFA tubing (IDEX Health & Science) 
connected to the channel outlet. Particle motions at the 
outlet expansion (see the window of view in Fig. 1) were 
visualized and recorded through an inverted fluorescent 
microscope (Nikon Eclipse TE2000U, Nikon Instruments) 
with a CCD camera (Nikon DS-Qi1Mc) at a rate of approx-
imately 12 frames per second. Fluorescent and bright-field 
lights were used concurrently to visualize both fluorescent 
(appearing bright) and plain (appearing dark) particles. 
Captured digital videos and images were post-processed 
using the Nikon imaging software (NIS-Elements AR 
2.30). Superimposed images of fluorescent and plain parti-
cles were each obtained by stacking the same sequence of 
snapshot images with the maximum and minimum inten-
sity projections, respectively, from videos with a minimum 
duration of 30 s (i.e., over 300 consecutive frames).

3  Simulation

We use the schematic in Fig. 2 to briefly explain the work-
ing mechanism of the proposed ferrofluid-based micro-
fluidic particle separator in Fig. 1. The flow-induced iner-
tial lift, FL, focuses particles toward the center-plane of a 
straight rectangular microchannel with a large aspect ratio 
(=width/height) (Zhou and Papautsky 2013; Lu and Xuan 
2015; Liu et al. 2015a). The magnetic force, FM, generated 
in the ferrofluid deflects the inertially focused diamagnetic 
particles away from the magnet at a size-dependent rate, 
yielding a continuous label-free separation at the expansion 
of the microchannel. To understand and predict this iner-
tially focused diamagnetic particle separation, we devel-
oped a 3D numerical model to simulate particle motions in 
ferrofluid flow through the entire microchannel. Our model 
was based on the Lagrangian tracking method, which 
considered only the one-way actions that the flow (via 
the drag and lift forces) and magnetic (via the magnetic 
force) fields have on the suspended particles. Considering 
the small Stokes number in our experiments, we assumed 

particles follow the fluid flow in the streamwise direction 
and instantly attain their terminal velocities in the cross-
stream direction, i.e.,

where up is the particle velocity, u is the ferrofluid velocity, 
η is the ferrofluid viscosity, a is the particle diameter, and 
K is the correction factor for Stokes’ drag due to the wall 
effects. Note that we have assumed Stokes’ drag in Eq. (1) 
because the Reynolds number based on the transverse par-
ticle migration velocity is small (Di Carlo et al. 2007). The 
gravity effect on particle motion was neglected consider-
ing the nearly equal density of polystyrene particles to that 
of the suspending ferrofluid. The following subsections 
explain how we treated the terms in Eq. (1) and how we 
simulated the particle trajectories.

3.1  Inertial lift, FL

Following the literature (Ho and Leal 1974; Asmolov 
1999), we use the following form of formula to compute 
the two components of the inertial lift, FL_y and FL_z, in the 
channel width (y) and height (z) directions (see Fig. 1),

where CL_y and CL_z are the dimensionless lift coefficient 
in the y and z directions (see Fig. 1), respectively, ρ is the 
fluid density, Um is the maximum fluid velocity in the chan-
nel length (x) direction, and κ = a/h is the particle block-
age ratio with h being the channel height (which is the 
smaller dimension of the channel cross section). We note 

(1)up = u+
FL + FM

3πηaK

(2)FL_y = CL_yρU
2
ma

2κ2 and FL_z = CL_zρU
2
ma

2κ2

Magnet

Inertial focusing Magnetic separation

Ferrofluid flow

Fig. 2  Schematic diagram (not drawn to scale) illustrating the mech-
anism of particle focusing and separation for the proposed ferrofluid-
based microfluidic device in Fig. 1. The flow-induced inertial lift, FL,  
prefocuses a mixture of diamagnetic particles that are then displaced 
by the ferrofluid-enabled magnetic force, FM, toward size-dependent 
flow paths
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that each lift coefficient is a function of Reynolds number, 
Re = ρUmh/η, channel aspect ratio, AR = w/h with w being 
the channel width, particle blockage ratio, κ, and particle 
lateral position, (y, z) (Liu et al. 2015a, 2016). We obtained 
the following approximate formulae for the two lift coef-
ficients by curve fitting the direct numerical simulation data 
in Liu et al. (2016) (see Figs. S-1 and S-2 in the Supple-
mentary Material),

where the pre-factor in each equation was used to account 
for the influence of Reynolds number and particle block-
age ratio on lift coefficient (Liu et al. 2016), y∗ = 2y/h and 
z∗ = 2z/h are the normalized particle positions in the chan-
nel width (y) and height (z) directions, respectively.

3.2  Magnetic force, FM

The magnetic force experienced by a diamagnetic particle 
in a ferrofluid, FM, can be expressed as (Rosensweig 1987),

where μ0 is the permeability of the free space, H is the 
magnetic field vector at the particle center. The ferrofluid 
magnetization, Mf, is given by (Rosensweig 1987),

where c0 is the volume fraction of ferrofluid (superpara-
magnetic) nanoparticles, Md is the saturation moment of 
ferrofluid nanoparticles of diameter d with Md being the 
magnitude, kB is the Boltzmann constant, and T is the fer-
rofluid temperature. Note that the contribution from the 
diamagnetic particle magnetization has been neglected in 
Eq. (5) because the magnetic susceptibility of polystyrene 
particles (on the order of 10−6) (Tarn et al. 2009; Shen et al. 
2012) is at least 4 orders of magnitude smaller than that of 
the ferrofluid used in our experiments (on the order of 0.1, 
Ferrotec Corp.).

(3)

CL_y =
(−0.006Re+ 2.2)(−0.1κ + 1.34)

2.096

×

(

−0.1903y∗6 + 0.6015y∗5 − 0.6534y∗4

+0.2687y∗3 − 0.0253y∗2 + 0.0361y∗

)

(4)

CL_z =
(−0.006Re+ 2.2)(−0.1κ + 1.34)

2.8427

×

(

−3.2427z∗3 + 0.0059z∗2 + 0.7409z∗
)

(5)FM = −
1

6
πa3µ0(Mf · ∇)H

(6)Mf = c0Md[coth(α)− 1/α]

(7)α =
πd3µ0MdH

6kBT

3.3  Correction factor, K, for Stokes’ drag

As the size of the particles used in our experiments is com-
parable to the channel height, we considered the retarda-
tion effects from both the top and bottom channel walls on 
transverse particle migrations that are parallel and normal 
to them via K∥ and K⊥, respectively (Happel and Brenner 
1973). We assumed each correction factor is simply a prod-
uct of those from the top and bottom channel walls, i.e.,

where δ is the perpendicular distance from the particle 
center to either the top or bottom channel wall, f(x) and 
g(x) are the functions of the correction factors for particle 
motions parallel and normal to a single channel wall (Hap-
pel and Brenner 1973), respectively. Note that the two val-
ues for x, i.e., (a/2)/δ or (a/2)/(h − δ), represent the relative 
particle–wall distances for the two walls.

3.4  Numerical method

We developed a 3D numerical model in COMSOL® 5.2 to 
solve the Navier–Stokes equations for the ferrofluid veloc-
ity field in the entire microchannel. The ferrofluid concen-
tration was assumed uniform in order to avoid considering 
the full coupling between the ferrofluid flow and concentra-
tion fields that has been demonstrated to significantly com-
plicate the model (Zhou et al. 2015). The magnetic field 
was obtained using the analytical formulae from Furlani 
(2001) for rectangular permanent magnets that were input 
to COMSOL as variables. Particle motions were traced 
using the intrinsic Streamline function in COMSOL via 
the particle velocity in Eq. (1). Particles’ initial positions 
at the channel inlet were set to be at least one half-diam-
eter away from any channel walls to account for the steric 
effects. Other settings of the model and material proper-
ties involved in the simulation can be referred to our earlier 
papers (Zhou et al. 2015, 2016).

(8)K� = K�_top × K�_bot = f

(

a/2

δ

)

× f

(

a/2

h− δ

)

(9)f (x) =

(

1−
9

16
x +

1

8
x3 −

45

256
x4 −

1

16
x5
)−1

(10)K⊥ = K⊥_top × K⊥_bot = g

(

a/2

δ

)

× g

(

a/2

h− δ

)

(11)g(x) =

(

1−
9

8
x +

1

2
x3
)−1
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4  Results and discussion

4.1  Inertial particle focusing at different ferrofluid flow 
rates

Figure 3 demonstrates the inertial focusing of a mixture 
of 20 µm (top row, fluorescent) and 10 µm (middle row, 
plain) polystyrene particles in 0.5 × EMG 408 ferrofluid 
in the absence of magnets. Consistent with previous stud-
ies (Zhou and Papautsky 2013; Lu and Xuan 2015; Liu 
et al. 2015a), the flow-induced inertial lift directs both 
types of particles toward the center of the longer side in 
a high aspect ratio (AR = 1.86) rectangular channel, i.e., 
the channel centerline on the top-view images in Fig. 3. 
Moreover, as expected from Eq. (2), this inertial particle 
focusing increases with the ferrofluid flow rate and is a 
strong function of particle size. The superimposed images 
in Fig. 3 indicate that 20 µm particles (top row) receive a 
fairly good focusing at a flow rate greater than 0.5 ml/h. In 
contrast, 10 µm particles (middle row) need a flow rate of 
above 1 ml/h to achieve a similar inertial focusing, which 
appears to be consistent with our recent work (Lu and Xuan 
2015). These dependences of inertial focusing on flow 

rate and particle size are both reasonably predicted by our 
numerical simulations in the bottom row of Fig. 3 (green 
and red lines for 10 and 20 µm particles, respectively).

4.2  Diamagnetic particle separation at different 
ferrofluid flow rates

Figure 4 shows the magnetic deflection and separation of 
a mixture of inertially focused 10 µm (left column, plain) 
and 20 µm (middle column, fluorescent) polystyrene par-
ticles in 0.5 × EMG 408 ferrofluid at the outlet expansion. 
Both types of particles are pushed away from the magnets 
(which are located below the lower sidewall, see Fig. 1) 
by negative magnetophoresis. At the flow rate of 0.5 ml/h, 
20 µm particles can all reach the upper sidewall of the out-
let expansion due to their strong magnetophoretic motions. 
In contrast, 10 µm particles cover nearly the top-half of the 
expansion due to both the weaker inertial focusing and the 
weaker magnetic deflection than 20 µm particles. At the 
flow rate of 0.8 ml/h, 20 µm particles can no longer reach 
the upper sidewall due to their reduced residence time in 
experiencing magnetophoresis. Their magnetic deflec-
tion is, however, greater than that of the inertially focused 

0.5 ml/h 0.8 ml/h 1.5 ml/h1.2 ml/h1.0 ml/h

20 µm

10 µm

Re = 3.6 Re = 5.8 Re = 10.8Re = 8.6Re = 7.2

Fig. 3  Inertial focusing of a particle mixture in 0.5 × EMG 408 fer-
rofluid at the outlet expansion under different flow rates in the absence 
of magnetic field: superimposed images of 20 µm fluorescent particles 
(top row) and 10 µm plain particles (middle row), and numerically pre-

dicted particle trajectories (bottom row, red lines for 20 µm particles 
and green lines for 10 µm particles). The calculated values of Re are 
labeled on the bottom row. The flow direction is from to left to right in 
all images. The scale bar represents 200 µm (color figure online)
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Fig. 4  Magnetic separa-
tion of a mixture of inertially 
focused diamagnetic particles 
in 0.5 × EMG 408 ferrofluid at 
the outlet expansion under dif-
ferent flow rates: superimposed 
images of 10 µm plain particles 
(left column) and 20 µm fluores-
cent particles (middle column), 
and numerically predicted 
particle trajectories (green lines 
for 10 µm particles and red lines 
for 20 µm particles). The black 
zones at the lower corner of 
the expansion are the buildup 
of ferrofluid nanoparticles due 
to positive magnetophoresis in 
a locally weak fluid flow. The 
flow direction is from to left to 
right in all images. The scale 
bar represents 200 µm (color 
figure online)

0.5 ml/h

0.8 ml/h

1.0 ml/h

1.2 ml/h

1.5 ml/h
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10 µm particles, leading to a size-based particle separa-
tion at the outlet expansion. The separation distance grows 
at the flow rate of 1 ml/h due to primarily the enhanced 
inertial focusing and hence a lowered dispersion of 10 µm 
particles. Further increasing the flow rate does not signifi-
cantly improve the particle separation due to the reduced 
displacement of both types of particles.

We note in Fig. 4 that the magnetically deflected 20 µm 
particles exhibit a relative large dispersion as compared 
to their fairly good inertial focusing in Fig. 3. In fact, 
the dispersion of 20 µm particles is visually even greater 
than that of 10 µm particles in Fig. 4 except for the low-
est flow rate. We attribute this unexpected phenomenon to 
the relative large size deviation (at least ±3 µm as meas-
ured with a microscope) of 20 µm particles, which, though 
not strongly affecting the inertial focusing performance 
because our microchannel is sufficiently long, can cause 
considerable variations in magnetophoretic migration at the 
outlet expansion. We also note there is a significant buildup 
of ferrofluid nanoparticles at the lower corner of the out-
let expansion in Fig. 4. This is, as expected, due to positive 
magnetophoresis of the superparamagnetic nanoparticles in 
a locally weak fluid flow (Tsai et al. 2007) under a strong 
non-uniform magnetic field (note the magnets were placed 
right below the lower corner of the expansion, see Fig. 1). 
With the increase in ferrofluid flow rate, the nanoparticle 
buildup is mitigated due to the increasing shear stress. The 
accumulated nanoparticles are expected to affect the fer-
rofluid properties (e.g., concentration and viscosity) and 
hence the diamagnetic particle deflection. This issue can 
be minimized by the use of a longer outlet expansion such 
that the magnets can be placed further downstream. Alter-
natively, the magnets can be placed upstream with a dis-
tance away from the expansion, where the microchannel 
will have to be long enough for inertial particle focusing.

In addition, we admit that the ferrofluid becomes non-
uniform even inside the microchannel due to the strong 
action of permanent magnets on nanoparticles (Zhou et al. 
2016). We did not consider the resultant non-uniform fer-
rofluid properties in our model for simplicity, which turns 
out to still correctly predict the decreasing trend of dia-
magnetic particle deflection with increasing ferrofluid 
flow rate in Fig. 4 (right column). However, the extent of 
particle deflection in the simulation seems to be overall 
smaller than that in the experiment, which can be better 
viewed from the direct comparison between the experi-
mentally measured and numerically predicted particle 
positions in Fig. 5. The experimental data were obtained 
from the images in Fig. 4, which were measured at the 
position of the highest particle concentration with respect 
to the channel centerline at the outlet expansion. Error bars 
were included to cover the span of particle streams. The 

numerical data were measured at the center of the pre-
dicted particle trajectories in Fig. 4. For clarity, the pre-
dicted dispersion of 10 µm particles due to insufficient 
inertial focusing was not included in Fig. 5. As the dis-
crepancy between the experimental and numerical results 
in Fig. 5 gets larger at higher flow rates, it does not seem 
to be strongly correlated with the decreasing buildup of 
ferrofluid nanoparticles in Fig. 4. A complete separation 
of 10 and 20 µm particles (i.e., no overlap between the 
two particle streams with 100% separation efficiency and 
purity) is achieved experimentally for flow rate ranging 
from 1 to 1.5 ml/h (see Fig. 5). In contrast, the numerically 
predicted complete separation occurs in the range of 0.5 
to 1 ml/h (see the right column of Fig. 4). This discrep-
ancy may be due to the ferrofluid buildup that has been 
neglected in the numerical model.

We also studied the separation of a mixture of 10 and 
15 µm diamagnetic particles in the same fluid-channel sys-
tem under identical experimental conditions (see Fig. S-3 
in Supplementary Material for the experimental images and 
numerical predictions). A good separation was observed to 
take place at the flow rate of around 1 ml/h, which is con-
sistent with that of 10 and 20 µm particles. However, the 
discrepancy between experimental and simulation results 
still exists in this separation (see Fig. S-4 in the Supple-
mentary Material), which may be due to the neglect of 
the influences from particles (which are comparable to the 
channel dimensions) onto the flow and magnetic fields. 
Further studies are needed on this aspect.
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Fig. 5  Comparison of the experimentally measured (symbols with 
error bars) and numerically predicted (lines) particle positions at the 
outlet expansion for inertially focused 10 and 20 µm diamagnetic par-
ticle separation in 0.5 × EMG 408 ferrofluid at different flow rates. 
The experimental and numerical data were measured directly from 
the corresponding images in Fig. 4 with respect to the channel cen-
terline. Note that the error bar for each data point covers the meas-
urements from at least 25 particles of 20 µm diameter or at least 100 
particles of 10 µm diameter
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4.3  Diamagnetic particle separation in ferrofluids 
of different concentrations

Figure 6 shows the effect of ferrofluid concentration on 
the magnetic separation of a mixture of inertially focused 
10 and 20 µm polystyrene particles at a fixed flow rate 
of 1 ml/h. As the ferrofluid density and viscosity do not 
change significantly with its concentration, the flow-
induced inertial lift force remains nearly unvaried. There-
fore, the two types of particles should each achieve a sim-
ilar extent of inertial focusing in the range from 0.3 × to 
0.7 × EMG 408 ferrofluid. However, as the magnetic force 
is a linear function of ferrofluid concentration, the magnetic 
deflection of each type of particles increases at a higher 
ferrofluid concentration as viewed from the superimposed 
images in Fig. 6 (left and middle columns for 10 and 
20 µm particles, respectively). This should in theory yield 
a greater separation distance with the increasing ferrofluid 
concentration unless 20 µm particles are deflected all the 
way to the upper sidewall. Such an analysis is indeed sup-
ported by our simulation results in Fig. 6 (right column), 

which was, however, not observed in our experiment. We 
attribute this inconsistency to mainly the large dispersion 
of 20 µm particles, which, as noted earlier, may result from 
their relative size deviations. Another potential factor is the 
growing ferrofluid nanoparticle buildup at the lower corner 
of the outlet expansion with the increasing ferrofluid con-
centration, which, as viewed from the experimental images 
in Fig. 6, may be responsible for the increased dispersion 
of 10 µm particles.

Figure 7 shows a quantitative comparison of the parti-
cle positions measured at the outlet expansion from the 
experimental and numerical images in Fig. 6. An approxi-
mately linear curve is predicted for the magnetic deflec-
tions of both 10 and 20 µm particles versus ferrofluid con-
centration. This relationship comes from the theoretically 
linear dependence of magnetophoretic particle motion on 
ferrofluid concentration. In contrast, the experimentally 
observed magnetic deflection of each type of particles 
exhibits a flattened out increase at higher ferrofluid concen-
trations. This trend may be associated with the increasing 
buildup of ferrofluid nanoparticles at the outlet expansion 

Fig. 6  Inertially focused 
diamagnetic particle separa-
tion in EMG 408 ferrofluid 
of different concentrations 
at a constant flow rate of 
1 ml/h: superimposed images 
of 10 µm plain particles (left 
column) and 20 µm fluorescent 
particles (middle column), and 
numerically predicted particle 
trajectories (green lines for 
10 µm particles and red lines 
for 20 µm particles). The black 
zones at the lower corner of 
the expansion are the buildup 
of ferrofluid nanoparticles via 
positive magnetophoresis. The 
flow direction is from to left to 
right in all images. The scale 
bar represents 200 µm (color 
figure online)
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as viewed from the experimental images in Fig. 6. Further 
studies are required in order to elucidate this mechanism, 
where the magnets need to be placed distant away from the 
corner of the outlet expansion.

5  Conclusions

We have demonstrated the proof-of-concept of a hybrid 
microfluidic technique for sheathless label-free diamagnetic 
particle separation in ferrofluid flows through a straight rec-
tangular microchannel. This separation technique utilizes 
the flow-induced inertial lift to focus a mixture of particles 
into a narrow stream along the channel centerline, and the 
ferrofluid-induced magnetic force to deflect the pre-aligned 
diamagnetic particles toward size-dependent flow paths. It 
has the potential to separate particles by multiple param-
eters including size, shape (Zhou and Xuan 2016), and 
magnetization (Liang et al. 2013; Ozkumur et al. 2013; Zhu 
et al. 2014). We have also developed a 3D numerical model 
to predict and understand the diamagnetic particle transport 
during the sequential focusing and separation processes 
under various experimental conditions. The numerical pre-
dictions are found to be approximately consistent with the 
experimental observations. We note that our current device 
has a design defect, which can draw a significant buildup 
of ferrofluid nanoparticles at the corner of the channel 
expansion. The resulting changes in ferrofluid properties 
and flow pattern are neglected in our model, which may be 
responsible, at least partially, for the discrepancy between 
the experimental and numerical results. Further studies will 
be performed on this aspect.
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