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1  Introduction

Magnetism and magnetic particles or beads have long 
been used for bioseparation applications in biomedical sci-
ences and clinical medicines (Safarik and Safarikova 1999, 
2004). For example, immunomagnetic separation (IMS) is 
a standard laboratory technique for isolating cells, proteins, 
and nucleic acids. In this technique, magnetic particles 
conjugated with antibodies bind to antigens of the targeted 
cells’ surface and thus allow the cells to be isolated, puri-
fied, and collected with a magnetic force field. Quadrupole 
magnetic flow sorter (QMS) has been used for isolation of 
cancer cells from patients with head and neck cancer (Yang 
et  al. 2009; Balasubramanian et  al. 2012) and to separate 
islet cells for diabetes diagnosis research (Shenkman et al. 
2009). Lund-Olesen et al. studied the hybridization of tar-
get DNA in solution with probe DNA on magnetic beads 
immobilized on the channel sidewalls in a magnetic bead 
separator (Lund-Olesen et al. 2007b).

Over the last decade, magnetism has been integrated 
with microfluidics to harness the advantages of miniaturi-
zation, automation, and integration, and the term “mag-
netofluidics” has been coined (Verpoorte 2003; Gijs 2004; 
Pamme 2006; Gijs et  al. 2009; Nguyen 2012; Hejazian 
et  al. 2015). Microfluidic-based magnetophoretic tech-
niques have been demonstrated in continuous separation 
of erythrocytes and leukocytes from whole blood (Han and 
Bruno Frazier 2004) and E. coli bacteria from living cells 
(Xia et  al. 2006). The use of magnetofluidics for biosep-
aration has received growing interest due to a number of 
unique advantages: low cost, insensitivity to temperature or 
pH, and remote actuation without direct contact. In some 
applications, magnetofluidics are favored over other meth-
ods, such as acoustic, electric, and optical forces, which 
often involve complex designs or strongly depend on the 
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properties of the flow medium or the interaction between 
the fluid and fluidic channels (Pamme 2006; Gijs et  al. 
2009; Nguyen 2012).

The simplest and most prominent class of microsystems 
for magnetic particle separation relies on the combination 
of microstructures made of soft magnetic materials and an 
externally applied magnetic field. This combination offers a 
number of benefits. First, the magnetic strength can be eas-
ily adjusted or removed by controlling the strength of the 
external magnets. Second, due to their small size, the mag-
netized microstructures can provide strong magnetic field 
gradients and thus large forces, leading to efficient capture 
of magnetic particles. This is similar to traditional high-
gradient magnetic separators (HGMSs) (Lin et  al. 2007) 
used for large-scale magnetic separation, which comprise a 
separation column filled with a steel wool matrix in a large 
external magnetic field (Svoboda 2001; Watson 1973).

Several methods have been reported in the literature on 
integrating microstructures with microfluidics to increase 
the local magnetic gradients (Do et  al. 2004; Deng et  al. 
2002; Rida and Gijs 2004; Lund-Olesen et al. 2007a; Fur-
lani and Ng 2006; Smistrup et al. 2005; Furlani and Sahoo 
2006). Micrometer-scale metal structures, such as pillars 
and strips, have been fabricated or patterned inside micro-
fluidic channels (Deng et al. 2002; Inglis et al. 2004; Xia 
et  al. 2006). Once magnetized by a magnetic field from 
external permanent magnets, these microstructures of soft 
materials generated strong magnetic field gradients and 
efficiently trapped or deflected superparamagnetic beads 
moving past them in a flowing stream of sample fluid. 
Lin et al. injected a continuous flow of nickel microparti-
cle suspensions into an auxiliary channel next to the main 
fluidic channel (Lin et al. 2007). The nickel microparticles 
were able to bend and concentrate the external magnetic 
field gradient. This magnetic field gradient induced mag-
netic forces on the particles in the main channel. Derec 
et  al. built microfluidic channels on a copper PCB broad 
and applied electric current through etched copper circuits 
to induce local magnetic field (Derec et  al. 2010). Faivre 
et  al. studied the patterning of iron–PDMS composites 
inside microfluidic channels which could locally generate 
high gradients of magnetic field when exposed to external 
magnetic fields (Faivre et al. 2014).

In this paper, we present a simple and low-cost tech-
nique to fabricate microfluidic devices that integrate micro-
structures to increase the magnetic forces. The method is 
based on a microsolidics technique (Siegel et al. 2006; Tan 
et  al. 2014). The magnetic microstructures are made by 
injecting and curing a mixture of iron powder and PDMS 
in a structural microchannel next to the fluidic channel. We 
investigated various factors that influence the sorting per-
formance, including the shape of iron–PDMS microstruc-
ture, mass ratio of iron powder, microfluidic channel width, 

and average flow velocity. We also developed a numerical 
method that can predict the particle separation and show 
good agreement with experimental measurements.

Compared to the existing methods, our method has sev-
eral advantages. First, different iron mass ratios can be used 
to adjust the magnetic permeability and thus the magnetic 
forces. Second, the fluidic and structural channels are fab-
ricated from a simple one-step soft-lithography process. It 
is flexible to design different shapes and sizes of the micro-
structure and place them within micrometer accuracy to 
the fluidic channel. Moreover, our method is particularly 
attractive for applications concerning biological objects 
(e.g., living cells), because the microstructures are situated 
outside the fluidic channels and will reduce the possibilities 
of contamination to the cells.

2 � Concept and experiment

Figure  1a shows an overview of the microdevice, which 
consists of a fluidic channel and microstructures. The flu-
idic channel has two inlets and two outlets. External per-
manent magnets magnetize the soft magnetic structures to 
provide local magnetic field gradients, which in turn result 
in the deflection of magnetic particles. A magnetic particle 
exposed to a magnetic field experiences a magnetic force, 
Fm. The other important force acting on the particles is the 
hydrodynamic drag force Fd due to the surrounding fluid. 
The two forces, Fm and Fd, thus determine the movement 
of the magnetic particle.

The major steps of the fabrication process are summa-
rized in Fig.  1a. Two channels, fluidic and structural, are 
first made in polydimethylsiloxane (PDMS) with soft-
lithography technique (McDonald et  al. 2000). A mix-
ture of iron powder and PDMS in the liquid form is then 
injected into the structural channel and allowed to solidify. 
Figure  1b-1–b-3 shows the three different microstructure 
shapes: half circle, 60◦ isosceles triangle, and 120◦ isosce-
les triangle studied in this paper. These three structures are 
denoted as half circle, 60◦ triangle and 120◦ triangle here-
inafter. The microstructures all have the same base length 
or diameter of 1000  µm. The nearest distance between the 
microstructures and the fluidic channel is wg = 60µm.

 Shape selection In the current study, we emphasize on 
the flexibility of the proposed technique. We chose three 
representative shapes, half circle, 60◦ isosceles triangle, and 
120◦ isosceles triangle, to show the influence of the shape, 
as shown in Fig. 1b. From prior works (Xia et al. 2006), it 
is known that soft magnetic microstructures of half circle 
and triangle shapes can generate strong magnetic fields to 
trap magnetic particles, so we selected these two shapes. 
Additionally, the magnetic force acting on particles is 
proportional to the magnetic field gradients mentioned in 



Microfluid Nanofluid (2016) 20:48	

1 3

Page 3 of 11  48

Eq.  (1), so we explored if a sharper angle can generate a 
larger magnetic field gradient thus a stronger magnetic 
force to attract particles. For these reasons, 60 and 120◦ tri-
angles were chosen. Actually, there is a range of possible 
shapes to generate localized magnetic forces, e.g., square, 
rectangle, symmetric or asymmetric triangles. To find the 
‘best’ shape for particle separation will require a systematic 
investigation and optimization.

Gap distance selection While the gap distance is one of 
the factors affecting magnetic separation, the gap distance 
was kept fixed at 60 microns in this study. This is because 
the effect of the gap distance wg has been relatively well 
understood from previous study in the literature (Xia et al. 
2006), and the results suggest that a closer distance of the 
magnetic microstructure from the microfluidic channel can 
generate larger magnetic forces. In this study, wg = 60µm 
was the closest distance we could achieve with a low-cost 
manufacturing technique, which we described in detail in 
a published work (Zhang et  al. 2015). With conventional 
methods of producing master molds, e.g., SU-8 or deep 
reactive ion etching of silicon, the distance can be easily 
reduced to ten microns (McDonald et al. 2000).

In this study, we fabricated several microdevices to study 
the factors influencing the sorting performance. Two mass 
ratios of iron powder to PDMS were used in this study, at 
1:1 to 2:1, respectively. The microfluidic channel width 
was designed to be wc = 150µm and 250 µm to study the 
effect of fluidic channel width.

2.1 � Microfluidic device fabrication

The microfluidic device was fabricated in PDMS using a 
soft-lithography technique (McDonald et  al. 2000). Mas-
ter molds were manufactured in a dry film photoresist 
(MM540, 35 µm thick, DuPont) by lithographic pattern-
ing (Zhou and Wang 2015). A layer of dry film resist was 
first laminated onto a copper plate using a thermal lami-
nator. After ultraviolet (UV) exposure through a transpar-
ency photo mask (10,000 dpi, CAD/Art Services Inc), the 
exposed dry film was developed, rinsed and dried to obtain 
the master mold. PDMS base and initiator were thoroughly 
mixed, degassed, and then cast on the master. After curing, 
the PDMS replica was peeled off from the master, cut and 
punched, and then bonded with another thin PDMS layer 
after corona surface treatment. Using this method, micro-
fluidic and microstructure channels with rectangular cross-
sectional shape were fabricated.

The PDMS device was placed onto a flat glass slide 
which served as a supporting substrate as displayed in step 
1 of Fig. 1a. Next, carbonyl iron powders (C3518, Sigma-
Aldrich) were thoroughly mixed with a premixed liquid 
PDMS. The mixture of the iron powders and PDMS was 
degassed, and subsequently injected into the microstruc-
ture channel with a syringe pump shown in step 2. Imme-
diately after filling the iron–PDMS mixture, the microde-
vice was heated on a hotplate at 150◦C for 10 min to cure 
the mixture, as in step 3 of Fig. 1a. The fast curing process 
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is critical to prevent the agglomeration and sedimentation 
of the iron powders, which have a density of 7.8  g/mL. 
The fast curing ensures a homogeneous distribution of the 
iron powders into the composite matrix. The microfluidic 
device was heated in an oven at 60 ◦C for another 12 hours 
to ensure complete curing and strong bonding. In step 4, 
excessive parts were cut off after curing of the iron–PDMS 
mixture.

The device was placed in the center of two pieces of 
parallel permanent magnets (Xia et  al. 2006; Gelszinnis 
et al. 2013), as shown in step 5 of Fig. 1a. The separation 
distance of the permanent magnets was 12 mm. The place-
ment at the center ensured a uniform external magnetic 
field in the microfluidic channel. Note that a uniform mag-
netic field has zero field gradients and thus will not cause a 
force on the magnetic particles. The nonzero magnetic field 
gradients are due to the magnetized iron–PDMS micro-
structures only, allowing us to study the effects of the soft 
magnetic microstructures on the sorting performance.

2.2 � Materials

Micron-sized magnetic particles (MPS5UM, Magsphere) 
were used as model particles. The magnetic particles have 
a mean diameter of 5 µm, and are synthesized by embed-
ding superparamagnetic iron oxide crystals into a polysty-
rene matrix. The particles have a density of 2.5 g/mL. The 
magnetic particles were suspended in 45.6% (w/w) aque-
ous glycerol solution whose viscosity is about 5   mPa·s.  
The larger viscosity reduced the particle sedimentation. 
The original solution of 5 µm superparamagnetic parti-
cles (2.5  % w/w) were diluted 500 times in the aqueous 
glycerol solution. The final particle concentration was  
3.26×105/mL. The glycerol solution with magnetic parti-
cles was injected into inlet 1 as the particle solution, and 
45.6  % glycerol solution was injected to inlet 2 as the 
buffer solution. Surfactant Tween 20 was added to both 
solutions at a concentration of 0.5 % w/w to prevent par-
ticle adhesion to channel walls and particle agglomeration.

2.3 � Experimental setup

The microdevice was placed on an inverted microscope 
stage (IX73, Olympus). Four pieces of 1′′ × 1′′ × 1

8

′′
 thick 

permanent magnets (BX0X02, KJ Magnetics, Inc.) were 
placed symmetrically on each side of the microdevice, in 
Fig.  1a. The microfluidic devices were illuminated by a 
fiber optic light for transmission bright-field imaging. The 
flow rates to the inlets were controlled separately by two 
syringe pumps (NE-300, New Era and KDS 200, KDS 
Scientific). To maintain good stability of the flow, small 
syringes (1 mL) were used to minimize the effect of the 

motor’s step motion. To record particle trajectories, a high-
speed camera (Phantom Miro M310, Vision Research) 
was used to capture videos. In experimental data analysis, 
ImageJ (Abramoff et al. 2004) was used to extract the par-
ticle trajectory, from which the translational velocity vp and 
the vertical position zp can be calculated.

3 � Theory and simulation

3.1 � Force analysis of magnetic particles

Magnetic force Exposed to a magnetic field, a mag-
netic particle experiences a magnetic force, Fm, which is 
expressed as (Engel and Friedrichs 2002)

where µ0 = 4π · 10−7H · m−1, is the vacuum permeability; 
H is the magnetic field intensity; M is the field-dependent 
particle magnetization; V is the volume. In a static magnetic 
field, H and M are colinear, M = M(H)H

H
= M(H)eH , 

where H and M are the magnitudes of H and M, respec-
tively, and eH ≡ H/H is a unit vector indicating the direc-
tion of the applied magnetic field.

Assuming a small variation of the integrand over mag-
netic particles, equation (1) can be written as (Smistrup 
et al. 2008)

where Vp is the volume of the magnetic particle and G is 
the magnetic field gradient in the direction of H, given by

Thus, the magnetic force on a magnetic particle is the prod-
uct of the particle magnetic moment, VpMp, and G, which 
is referred to as the effective magnetic field gradient (Smis-
trup et al. 2008).

The external magnetic field at the center of the par-
allel magnets was approximately 0.23 T, and its cor-
responding magnetization of pure Fe3O4 material is 
M = 1.9× 105 A/m according to the magnetization curve 
(Nguyen and Pho 2014).

Note that the magnetic particle used in this study is com-
posed of a Fe3O4 core and an external polymer matrix. If 
the entire particle volume Vp is used to compute the force, 
an equivalent Mp accounting for the non-magnetic poly-
mer volume must be used accordingly. The equivalent 
magnetization of the superparamagnetic particles is there-
fore Mp = MVm

Vp
, where Vm

Vp
 stands for the volume ratio of 

the Fe3O4 core to the entire particle volume. Based on the 
data sheet provided by the manufacturer, we calculated the 

(1)Fm = µ0

∫

V

(M · ∇)HdV ,

(2)Fm ≃ VpMpG,

(3)G = µ0(eH · ∇)H.
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value of Mp ≈ 11000 A/m. In addition, our numerical sim-
ulations also confirmed the accuracy of Mp.

Stokes drag force In low Reynolds number microfluidic 
systems, the dominating force acting on particles from the 
fluid is the hydrodynamic drag force Fd defined by Stokes’ 
law (Zhu et al. 2010),

where η is the fluid viscosity, vp is the particle velocity, and 
vf is the velocity of suspending fluid, and fD is the hydrody-
namic drag force coefficient. The coefficient, fD, accounts 
for the increased fluid resistance when the particle moves 
near the microfluidic channel surface (Ganatos et al. 1980; 
Staben et al. 2003; Krishnan and Leighton 1995). It has a 
form of

where z′ is the distance between the bottom of the particle 
and the channel surface.

Velocity profile in rectangular microchannels The veloc-
ity profile of laminar steady flows in rectangular channels 
can be expressed as an infinite sum of Fourier series (White 
1991). To improve the computational speed, we used an 
algebraic approximation of the following form for channel 
aspect ratio α = dc/wc ≤ 0.5 (Shah et al. 1978),

Natarajan and Lakshmanan (Shah et  al. 1978) solved the 
N − S momentum equation by a finite element method and 
matched the velocity profile to the empirical equation to 
arrive at two flow parameters m and n as

The values of m and n by Natarajan and Lakshmanan yield 
profiles that are in good agreement with the experimental 
results of Holmes and Vermeulen (Shah et al. 1978).

The channel dimensions in this study are: the depth of 
microchannel dc = 35µm, and the width of microfluidic 
channel wc = 150 or 250 µm. The aspect ratio α thus satis-
fies the condition required by the approximate equations. 
Therefore, according to the coordinate in Fig. 1a, the veloc-
ity profile in rectangular microchannel is

(4)Fd = 3πηD(vf − vp)fD

(5)

fD =

[

1− 0.6526

(

D

D+ 2z′

)

+ 0.1475

(

D

D+ 2z′

)3

−0.131

(

D

D+ 2z′

)4

− 0.0644

(

D

D+ 2z′

)5
]−1

,

(6)v(y, z) = vmax

[

1−

(

2y

wc

)m][

1−

(

2z

dc

)n]

.

(7)m =1.7+ 0.5α−1.4

(8)n =

{

2 for α <=
1
3

2+ 0.3
(

α −
1
3

)

for α >=
1
3

where vave is the average velocity in the x direction.

3.2 � Numerical simulation

We developed a method to simulate the trajectory of the 
magnetic particles. First, finite element software package 
FEMM (Meeker 2010) was used to simulate the magnetic 
field in the microfluidic channel. A custom-written Matlab 
program was employed to determine the particle position 
with respect to time by Newton’s second law. Magnetic 
force distribution on the particle as a function of space can 
also be calculated to understand the effects of various fac-
tors on the particle trajectory and separation performance. 
The initial particle positions in the simulations have the 
same z coordinate as the experiment. In the experiment 
measurement, particles near the centerline of microflu-
idic channel were selected; and all sample particles were 
almost on the same z plane to ensure consistent and mean-
ingful comparisons. Previous studies have suggested that 
the gravity can play an important role in determining the 
particle motions when the particles are heavier than the 
surrounding liquid (Samiei et al. 2015; Nejad et al. 2015). 
However, in our study, the effect of gravity can be safely 
neglected because the particle velocity in the z direction is 
negligible compared to the velocities in the x and y direc-
tion. The estimation of the velocity scales suggests that the 
velocity in the z direction is at least 100 times smaller than 
those in the x and y direction. It is thus reasonably accu-
rate to assume that the particle will stay in the same z plane 
during the process flowing through the fluid channel. As a 
result, 2-D simulations can be used as long as the particle 
location in z direction is known. In the comparison between 
the simulations and experiments, the z location was first 
obtained from experiment measurement and subsequently 
used in the 2-D simulations.

Magnetic field The geometry of the same size with 
experiment was constructed in FEMM. The material of 
microfluidic channel was set as air. The relative magnetic 
permeability of the microstructure was set according to 
the mass ratio of the iron–PDMS composite, and the val-
ues were derived from the experimental data as reported in 
the literature (El-Nashar et al. 2006; Li et al. 2011; Faivre 
et  al. 2014). At a mass ratio of 2:1, µr = 1.706, and at a 
mass ratio of 1:1, µr = 1.45. The NdFeB permanent mag-
nets used in the experiment have a grade of 42 MGOe, and 
the correct coercivity Hc was used in FEMM accordingly. 

(9)

v(y, z) = vave

(

m+ 1

m

)(

n+ 1

n

)

×

[

1−

(

2y

wc

)m][

1−

(

2z

dc

)n]
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The simulation domain was set as at least five times of 
the microdevice size. The boundary condition of magnets, 
microfluidic channel, and microstructure channel was set 
as a mixed one to solve the static Maxwell’s equations 
(Meeker 2010). The magnetic field intensity Hx and Hy 
were exported by a script written in Lua programming lan-
guage and saved in a text file. The magnetic field data was 
later imported to the Matlab program to calculate the mag-
netic force through Eq. (2).

Particle trajectory The particle motion is calculated 
by Newton’s second law (Furlani and Ng 2006; Zhu et al. 
2010, 2012). At each time instance, the forces on the parti-
cle, Fm and Fd, and the corresponding particle acceleration 
are calculated,

The instantaneous position of a particle, rx and ry, are then 
computed over time by

where x0 and y0 are the initial location of the particle, 
v0x = v0y = 0 are the initial particle velocity, t is time, Fdx 
and Fdy are the x and y components of the hydrodynamic 

(10)ax =
Fdx + Fmx

mp
,

(11)ay =
Fdy + Fmy

mp

.

(12)rx = x0 + v0xt +
1

2
axt

2,

(13)ry = y0 + v0yt +
1

2
ayt

2,

drag force, Fmx and Fmy are the x and y components of the 
magnetic force, and mp is the mass of the particle.

4 � Results and discussion

When the iron–PDMS microstructure is placed between 
two external permanent magnets, it induces localized and 
strong forces on the magnetic particles in the direction 
perpendicular to the pressure-driven fluid flows. The sepa-
ration of particles thus depends on the magnetic forces. 
According to Eq.  (2), the magnetic forces have a strong 
dependence on the magnetic field and its gradient, which, 
in turn, are affected by the shape of iron–PDMS micro-
structure, the mass ratio of iron–PDMS composite, and the 
width of the microfluidic channel. Additionally, the flow 
rate in the fluid channel affects the time experienced by the 
magnetic particle (residence time tr) and thus the vertical 
deflection in the y-direction. In the following sections, sys-
tematic experiments and numerical simulations were used 
to examine the influence of these factors on the separation 
performance.

4.1 � Effect of microstructure shape

The effect of iron–PDMS microstructure shapes on the par-
ticle transport is presented in this section. The three shape 
styles are half circle, 60◦ triangle, and 120◦ triangle, as 
shown in Fig.  2a-1, b-1, c-1. All of microstructures were 
fabricated with the same base length of 1000 µm and were 
positioned at wg = 60µm away from the fluidic channel. 
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Fig. 2   Effect of the microstructure shapes. a-1, b-1 and c-1 compare 
the experimental (symbols) and simulated particle trajectories (lines) 
with the half circle, 60◦ triangle, and 120◦ triangle microstructures; 
a-2, b-2, and c-2 are the corresponding Fmy from simulations; a-3, 

b-3, and c-3 are the corresponding magnetic field intensity in the 
microfluidic channel. The flow rate is Q1 = Q2 = 1.5µL/min, the 
width of microfluidic channel is wc = 150 µm, and the mass ratio of 
iron–PDMS is 2:1
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Figure  2a-1, b-1 and c-1 compares the experimental and 
simulated particle trajectories due to the three soft mag-
netic microstructures, respectively. It is evident from the 
comparison that the experimental trajectories were in good 
agreement with the simulation. The superparamagnetic par-
ticles were deflected toward the lower side of microfluidic 
channel because of the magnetic force induced by the iron–
PDMS microstructures.

Note that the initial positions (y0) of the particles in 
were slightly different in Fig. 2a-1, b-1, and c-1. This dif-
ference was due to the practical constraints of the experi-
ments where there were limited number of particles. For 
initial positions y0 between 15 and 25 µm, the experimen-
tal data points were most abundant and could be found 
for all experiment conditions. For this reason, we focused 
on y0 between 15 and 25 µm in order to make systematic 
assessment of the effects of microstructure shape, mass 
ratio of iron powers, and channel width. To ensure con-
sistency, we used numerical simulations to evaluate the 
effect of y0. For initial positions 15µm ≤ y0 ≤ 25µm, 
the resulted ∆y = y1 − y0 changed by only 5.11, 5.80 and 
6.61% for the half circle, 60 and 120◦ triangles, respec-
tively. In all experimental analysis, we ensured the condi-
tion 15µm ≤ y0 ≤ 25µm. The comparisons for different 
experiment conditions are thus considered consistent and 
meaningful.

Among the three shapes investigated, the half circle 
microstructure resulted in the largest deflection. This can 
be understood by the vertical magnetic force Fmy calcu-
lated from the numerical simulations, as shown in Fig. 2a-
2, b-2, and c-2. While the maximum Fmy was about the 
same at 70 pN, the half circle iron–PDMS microstructure 
had a wider acting range in the channel to deflect the parti-
cle toward the lower wall side faster. To visualize the influ-
ence range, the distributions of magnetic field strength |H| 
are plotted in Fig. 2a-3, b-3, and c-3. For the same variation 
range of |H|, the half circle structure had a wider influence 
range (L1), which is larger than those due to the 60◦ (L2) 
and 120◦ (L3) triangles.

When varying the average flow velocity, the deflec-
tion distance ∆y = y1 − y0 decreases with increasing flow 
velocity for all microstructures, as shown in Fig.  3. The 
vertical deflection distance is the result of the competition 
of the vertical magnetic force and the viscous drag force. 
With an increasing flow velocity and a larger drag force, the 
residence time, tr, of the particle within the influence range 
of Fmy becomes shorter. Despite the same magnetic force 
(the same vertical velocity), ∆y becomes smaller because 
of the shorter residence time tr. For all velocities examined, 
the half circle had the best performance on particle deflec-
tion in the y-direction, since Fmy effect range was wider, 
which had been discussed before; 60◦ triangle worked bet-
ter than 120◦ triangle for the same reason.

4.2 � Effect of iron mass ratio of the composite

In addition to the shapes, the mass ratio of the iron powder 
can effect the separation performance, because it influences 
the magnetic permeability of the composite and the induced 
magnetic field. In this study, the mass ratio of between the 
iron and PDMS were varied from 1:1 to 2:1. In Fig. 4, the 
microstructure was the 60◦ triangle in order to study the 
effect of the mass ratio of iron powders. Figure 4a shows 
that microstructure of iron/PDMS (w/w)  =  2 deflected 

Fig. 3   Effect of average flow velocity. ∆y at different average 
flow velocity vave under three different microstructures. For all 
experiments and simulations, y0 ≈ 20 µm, iron/PDMS (w/w)=2, 
wc = 150µm. Lines and symbols represent simulation and experimen-
tal data, respectively

(a)

(b)

Fig. 4   Effect of the iron mass ratio of the iron–PDMS composite. a 
∆y at different average flow velocity vave with the 60◦ triangle micro-
structure; lines and symbols represent simulation and experimental 
data, respectively. b the corresponding magnetic force Fmy from the 
simulations when vave = 9.52 mm/s. The width of microfluidic chan-
nel is 150  µm in all experiments and simulations
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the particles by a larger displacement in the y direction 
for all the average flow velocity vave than the microstruc-
tures made of iron/PDMS (w/w) = 1. This is because the 
composite of iron/PDMS (w/w) = 2 had a larger magnetic 
permeability µr = 1.706, while the microstructures of iron/
PDMS (w/w) =  1 had a smaller permeability, µr = 1.45 
(Faivre et  al. 2014. Therefore, a larger mass ratio of iron 
can produce stronger magnetic field gradients and larger 
magnetic forces to separate magnetic particles. Figure  4b 
illustrates the magnetic force in the y direction acting 
on the 5 µm particles when vave = 9.52  mm/s. As can be 
seen in Fig.  4b, the microstructure made of iron–PDMS 
(w/w) = 2 had both a larger force and a wider acting range 
on the magnetic particle, leading to larger deflection of the 
particle toward the lower wall side.

Despite a small change from µr = 1.45 to µr = 1.706, 
the resultant forces almost doubled, as shown in Fig. 4b. A 
mass ratio of 3 or larger would have an even better sort-
ing performance on the magnetic particles. However, the 
iron–PDMS mixture with mass ratio of 3 was too viscous 
to be injected into the microstructure channels used in this 
study. If a larger mass ratio and a large force are needed, 
the microstructures can be designed to have wider cross-
sectional areas to allow the injection of the more viscous 
iron–PDMS mixture.

4.3 � Effect of microfluidic channel width

The width of microfluidic channel, wc, influences the par-
ticle separation as well. When wc changes, the distance 
between the particle to the microstructure will be different 
and thus the magnetic forces will be different. For a mean-
ingful assessment of the effect of wc, the flow rate Qt was 
kept the same. In addition, the initial positions of the par-
ticles, y0 were chosen to have the same relative position 
with respect to the channel width, that is the same y0

wc
 for 

all cases. In accordance, ∆y
wc

 will be the measurement of the 
separation performance.

Unlike the previous two factors (shape and mass ratio of 
iron–PDMS) that only affect the magnetic force, the chan-
nel width, wc affects both the drag force and the magnetic 
force. When wc decreases, the pressure-driven velocity and 
drag force increase and thus the particle residence time tr 
will decrease. In the meantime, the particles are situated 
relatively closer to the iron–PDMS microstructure and thus 
the magnetic force will increase. These two effects have 
opposite influences on the particle deflection. To under-
stand the combined effect of wc, extensive simulations 
(wc from 50 to 750 µm) were conducted. It can be found 
in Fig. 5a that under the condition of wc = 500 and 750 µ
m, the deflection was so small, resulting in little separation 
considering the relatively large width of the fluidic channel. 
Although the deflection of wc = 50 µm was large enough, it 

was beyond the ability of the current fabrication technique. 
Nevertheless, these cases were calculated to show the trend 
of ∆y

wc
 vs Qt for each width. Experimental measurements and 

simulations were compared by choosing wc = 150 and 250 
µm, and showed good agreement, as shown in Fig. 5a.

The experiments and simulations showed that the value 
of ∆y

wc
 became larger when the microfluidic channel became 

narrower. This trend means that the effect of increasing 
Fmy is more dominant over the effect of decreasing resi-
dence time. The magnetic force Fmy showed a dramatic 
change when wc was varied in Fig.  5b. As the channel 
width decreases, the rate of increase of Fmy is faster than 
the linear rate of decrease of the residence time tr, which is 
inversely proportional to the channel width.

4.4 � Separation with multiple microstructures

In the above sections, it has been showed that single micro-
structure can result in the y-direction displacement of par-
ticles. To further enhance the separation, multiple micro-
structures were designed to test the practical use of our 
proposed devices. The half circular structure was chosen 
because of its superior performance, as shown in Fig. 6a. 
The microfluidic channels had a width 150 µm and were 
placed next to multiple (total 11) connected half circle 

(a)

(b)

Fig. 5   Effect of the width of the microfluidic channel. a 
∆y = y1 − y0 at different flow rates. Lines and symbols represent sim-
ulation and experimental data, respectively. b the corresponding Fmy 
from the simulations. The flow rate is Q1 = Q2 = 1.5µL/min. The 
particles all have approximately the same initial relative positions, 

y0
(Wc/2)

=
4
15

. The microstructure is half circle, and has a iron mass 
ratio iron/PDMS (w/w)=2
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microstructures made of iron/PDMS (w/w) = 2. Solutions 
with magnetic particles entered into the top half of the fluid 
channel, as shown in Fig. 6b-1, c-1, and d-1. The magnetic 
particles were pulled toward the lower half, as shown in the 
superposed images captured at the channel outlets in Fig. 6 
b-2, c-2, and d-2.

In practical applications, the magnetic particles occupy 
the entire upper half of the channel at the inlet. To achieve a 
complete separation, the particles near the top channel wall 
must be deflected by a distance of the half channel width. 
As can be seen in Fig. 6, complete separation was achieved 
at a total flow of 1.0 µL/min. The simulated particle trajec-
tories agreed well with the experimental data.

In Fig.  6b-2, c-2, d-2, it seems that a higher flow rate 
would be likely to collect more particles than a slow flow 
rate. This seems counter-intuitive, but can be explained as 
follows. At lower flow rate, some of the magnetic particles 
can be deflected to the channel wall before reaching to the 
outlet. When magnetic particles were attracted to the bot-
tom surface, the friction between particles and channel wall 
would be large and the particles moved slowly to the outlet. 
When the flow rate was small as shown in Fig. 6d-2, most 
particles were absorbed to the bottom surface and stopped 
at the wall before they arrived at the outlet due to the 
weak pressure-driven flow. When the flow rate was large 
as shown in Fig. 6b-2, most particles were attracted to the 
wall just before the outlet. Further, because the pressure-
driven flow was strong enough to overcome the friction, 
more particles appeared at the channel outlet; additionally, 
the superposed images in Fig. 6b-2, c-2, d-2 were obtained 
with image stacks of the same time duration. That also 
means more particles moved through the channel when the 

flow rate was larger. Aggregated particles may have effect 
on the distribution of magnetic field distribution, if they are 
large enough compared to the microstructures. However, 
in our study, the particle solution was dilute; therefore, the 
aggregated particles were small compared with the micro-
structures which were several hundred microns.

The viscosity of the solution used in this study was 
5 mPa·s, about 4–5 times more viscous than common aque-
ous biological solutions. Therefore, the throughput would 
be a few times higher when the device is used with less 
viscous solutions. Moreover, the throughput can be further 
improved with multiple parallel channels. Our proposed 
technique will be particularly useful for high-throughput 
particle/cell separation with short durations( e.g., minutes 
to hours), and during these operation time frames no iron 
particles can permeate into main microchannel.

5 � Conclusions

We proposed and demonstrated a simple and low-cost 
method for fabricating microfluidic devices for enhanced 
separation of magnetic particles. The microfluidic devices 
integrated soft magnetic microstructures next to microflu-
idic channels, with a distance of tens of micrometers. The 
induced magnetic fields and gradients resulted in strong 
forces that can deflect magnetic particles perpendicular 
to the pressure-driven flow. By simulating the magnetic 
fields and computing the corresponding magnetic forces, 
a numerical simulation method was developed to predict 
the particle trajectory and showed good agreement with the 
experimental data.
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Fig. 6   Separation of magnetic particles with multiple iron–PDMS 
microstructures. a image of connected half circle iron–PDMS micro-
structure. b-1, c-1, and d-1 are the superposed images at the inlet of 

the microfluidic channels at different flow rates. b-2–d-2, and b-3–d-
3 are the corresponding images at the outlets
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Systematic experiments and simulations were conducted 
to study the effect of several relevant factors on the sepa-
ration of superparamagnetic particles, including the micro-
structure shape, the mass ratio of the iron–PDMS micro-
structure, and the microfluidic channel width. Important 
findings include: First, half circular iron–PDMS micro-
structure causes larger deflections of the particles than isos-
celes triangle shaped structures; second, a larger mass ratio 
of the iron–PDMS composite results in larger magnetic 
forces; third, narrow microfluidic channels separate mag-
netic particles more efficiently than wider channels when 
operating at the same flow rate.

Our approach presents an efficient and simple method to 
separate magnetic particles in microfluidics. Compared to 
the existing techniques, the current method will reduce the 
chance of contamination to cells because the microstruc-
tures are located outside the fluid channel. In addition, the 
distance between the microfluidic channel and the micro-
structure channel can be adjusted to control the magnetic 
forces. As such, the proposed microfluidic devices are 
promising and have potential in areas such as high-through-
put separation of biological cells tagged with micro/nano-
magnetic particles.
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