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Concentrating particles and cells for measurement or removal is often essential in many chemical

and biological applications. Diamagnetic particle concentration has been demonstrated in magnetic

fluids using two repulsive or attracting magnets, which in almost all cases are symmetrically

positioned on the two sides of the particle-flowing channel. This work studies the effects of magnet

asymmetry on the pattern and flow rate of diamagnetic particle concentration in ferrofluid flow

through a straight rectangular microchannel. Two attracting permanent magnets with a fixed

distance are each embedded on one side of the microchannel with a symmetric or an asymmetric

configuration. A pair of symmetric counter-rotating circulations of concentrated particles is formed

in the microchannel with a symmetric magnet configuration, which is found to grow in size and

progress up the flow. In contrast, the single asymmetric circulation of concentrated particles

formed in the microchannel with an asymmetric magnet configuration nearly maintains its size and

position. Moreover, the magnet asymmetry is found to increase the ferrofluid flow rate for particle

trapping, which is predicted by a three-dimensional theoretical model with a reasonable agreement.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4862965]

I. INTRODUCTION

In many fields, such as environmental monitoring, food

safety, medicine, and water quality control, it is necessary to

concentrate particles and cells to allow for their detection

and analysis.1 Numerous physical mechanisms have been

proposed and investigated to trap and enrich particles in

microfluidic devices.2 These methodologies are usually clas-

sified as surface contact or contactless methods based on the

physical principle utilized in the device.3 Surface contact-

based methods include hydrodynamic trapping with micro-

channel geometry,4 trapping by chemical bonding,5 and trap-

ping using microfilters.6 These methods are costly in terms

of experimental preparation and execution, and are typically

limited by the compatibility of the method with the dimen-

sions or physical properties of only one particle type.

Non-contact methods to immobilize particles utilize

force fields to manipulate the particle motion in the suspend-

ing fluid,1–3 and benefit from reversible trapping by control-

ling the driving field. Optical methods have been

investigated to control the electrokinetic patterning of par-

ticles,7 remove particles and cells from a microfluidic flow

utilizing a micrometer scale optical fiber,8 and trap particles

and cells with optoelectronic tweezers,9 etc.10 Acoustic field-

based techniques have been demonstrated to trap particles

and cells in disposable rectangular borosilicate capillaries

with a standing ultrasonic wave created by a piezoelectric

transducer,11 and pattern particles and cells in one- and two-

dimensional arrangements using standing surface acoustic

waves, etc.12 Electric field can also be used to concentrate

particles through primarily dielectrophoresis (DEP), the

motion of particles in response to a non-uniform electric

field.13 Positive DEP (pDEP) and negative DEP (nDEP)

have both been utilized in microfluidic devices to concen-

trate various micron- and nano-sized particles, where par-

ticles are attracted to regions of high electric field in pDEP

and repelled from these areas in nDEP.14 The electric field

gradients can be created by placing an insulating material

between two electrodes15,16 or by an array of electrodes.17

Another significant methodology used to trap and con-

centrate particles is the utilization of magnetic field, which

has several advantages over other force-driven methods,

including simple, low-cost, and free of heating issues,

etc.18–20 Traditionally, magnetic field has been long used to

concentrate magnetic particles through positive magnetopho-

resis, where the particles are pulled towards the source of the

magnetic field.21,22 However, the majority of the particles

encountered in our life is diamagnetic (or non-magnetic as

often called), and hence needs to be artificially tagged with

magnetic particles in order for magnetic manipulation.18–22

Label-free magnetic concentration of diamagnetic particles

can be implemented through negative magnetophoresis,

where particles suspended in a magnetic fluid are repelled

away from the source of magnetic field. This has been dem-

onstrated in ferrofluids23–26 and paramagnetic solutions (e.g.,

MnCl2)27–29 through the use of micro-patterned magnets,25,26

which is complicated, or simply two interacting permanent

magnets.23,24,27–29 In the latter, the two magnets can be

repelling with their like poles facing each other, under which

diamagnetic particles are trapped between the mag-

nets.23,24,27 Alternatively, the two magnets can be attracting
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with their opposite poles facing each other, under which dia-

magnetic particles are concentrated outside the facing surfa-

ces of the magnets.28,29 In all these works, the two repelling

or attracting magnets have a symmetric configuration with

respect to the particle-flowing channel.

Our group has recently developed a simple diamagnetic

particle concentration technique in a ferrofluidic microchip

using two attracting permanent magnets placed on the top

and bottom of the planar device.30 In contrast to those works

as reviewed above, the two magnets were positioned asym-

metrically with respect to the microchannel. Two stable

counter-rotating circulations or random wave-like motions

were observed for the concentrated particles, which were

speculated to be associated with the asymmetric magnet con-

figuration. This work is aimed to investigate the effects of

magnet asymmetry on diamagnetic particle concentration in

ferrofluid flow through a straight rectangular microchannel.

Two permanent magnets are embedded into the polydime-

thylsiloxane (PDMS) of the ferrofluidic microchip with their

opposite pole surfaces facing each other, i.e., attracting. The

maximum ferrofluid flow rate for particle trapping and the

development of particle concentration are examined and

compared in the microchannels with symmetric and asym-

metric magnet configurations, respectively. A three-

dimensional theoretical model is also developed to simulate

the transport and trapping of diamagnetic particles in ferro-

fluid microflows.

II. EXPERIMENT

A. Microfluidic device fabrication

The microchannels utilized in the experiments were

straight rectangular microchannels with a depth of 60 lm, a

length of 2 cm, and a width of 600 lm. They were fabricated

using the standard soft-lithography method. First, photoresist

(SU-8 25, MicroChem Corporation, Newton, MA) was dis-

tributed on a clean glass slide, which was placed in a spin

coater (WS-400E-NPP-Lite, Laurell Technologies, North

Wales, PA) for coating at a terminal velocity of 800 rpm.

Next, the glass slide was baked on a hot plate (HP30A,

Torrey Pines Scientific, San Marcos, CA) at 65 �C for a pe-

riod of 7.25 min and at 95 �C for an additional 22.75 min.

Then, a photomask with the channel design printed on a

transparent film was placed on the photoresist that was

applied to the glass slide, and all of the components

underwent a UV exposure at the required UV dosage (ABM

Inc., San Jose, CA). Immediately following that, the slide

was placed on the hot plate for a post-exposure bake for 1

min at 65 �C and an additional 4.5 min at 95 �C. It was then

submerged in a SU-8 developer solution for a period of 8

min to remove the unwanted photoresist, the result of which

is a positive mold of the microchannel or the so-called

master.

The master of the microchannel was placed inside a Petri

dish to allow for magnet positioning and liquid PDMS filling

around the mold. The varying magnet configurations were cre-

ated by changing the placement of two attracting

Neodymium-Iron-Boron (NdFeB) permanent magnets (B222,

0.12500 � 0.12500 � 0.12500, K&J Magnets, Inc.), named here-

after trapping magnets, with respect to the microchannel. This

step required the utilization of holder magnets in the configu-

ration shown in Fig. 1(a). A top row of four holding magnets

(two B224 magnets, 0.12500 � 0.12500 � 0.2500, K&J Magnets,

Inc., on the ends and two B222 magnets in the center) and a

bottom row of another four holding magnets (B441,

0.12500 � 0.12500 � 0.062500, K&J Magnets, Inc.) were used to

complete the positioning of the trapping magnets. The bottom

row of magnets was placed below the Petri dish holding the

master.

The magnets were positioned under an inverted micro-

scope (Nikon Eclipse TE2000U, Nikon Instruments,

Lewisville, TX) with an attached CCD camera (Nikon DS-

Qi1Mc). The gap between the trapping magnets is dependent

on the holder magnet configuration utilized; therefore, the

distance can be decreased with smaller holder magnets if

possible. After the magnets were positioned, liquid PDMS,

prepared by thoroughly mixing Sylgard 184 with the curing

agent at a 10:1 ratio in weight, was distributed over the mas-

ter in the Petri dish using a syringe until its free surface

passed the interface between the top row of holder magnets

and the trapping magnets. The dish was then placed in an

isotemp vacuum oven (13-262-280 A, Fisher Scientific,

Hampton, NH) for a 30 min degassing, and subsequently

moved to a gravity convection oven (13-246-506GA, Fisher

Scientific, Hampton, NH) for a curing period of 3 h at a tem-

perature of 65 �C. After that, the holder magnets were care-

fully removed from the bottom of the Petri dish and the top

of the trapping magnets as well. An additional layer of liquid

PDMS was then placed onto the top surface of the cured

PDMS in the dish for removing the indentation created

FIG. 1. Ferrofluidic microchip for dia-

magnetic particle concentration: (a)

magnet configuration utilized to embed

the two attracting permanent magnets

into PDMS; (b) picture of the micro-

fluidic chip with embedded trapping

magnets; (c) configuration of the two

trapping magnets for examining the

effects of magnet asymmetry on dia-

magnetic particle concentration.
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during the removal of the holder magnets. This treatment

facilitated the visualization of fluid and particle motions in

the microchannel.

After a second curing process, the completed channel

was cut from the PDMS in the Petri dish with a scalpel

and then carefully peeled away from the master to prevent

damage and to facilitate the reuse of the mold. An exit res-

ervoir was then punched into the PDMS slab along with a

0.04700 hole at the inlet for the attachment of tubing to

facilitate the connection with a syringe pump. The channel

side of the PDMS was then plasma treated (PDC-32 G,

Harrick Scientific, Ossining, NY) for a period of 1 min

along with an additional clean glass slide to create a hydro-

philic surface. Once the PDMS slab and the treated glass

slide were bonded together, a piece of polyethylene tubing

compatible with a 25 gauge Luer stub was placed into the

inlet hole. The opening with the attached tubing was sealed

by placing the microchannel and tubing on a hot plate at

65 �C for 5 min. Afterwards, deionized water was pumped

through the channel to prevent it from becoming hydropho-

bic before testing. A picture of the finished microfluidic

chip with embedded trapping magnets (note they are

attracting with opposite poles facing each other) is shown

in Fig. 1(b).

B. Preparation of particle suspension in a ferrofluid

The diamagnetic particles utilized in the experiments

were 5 lm-diameter green fluorescent polystyrene particles

suspended in water with 1% solids. They were re-suspended

in a water-based ferrofluid, denoted as EMG 408, acquired

from Ferrotec (USA) Corporation. Originally, the ferrofluid

consisted of 1.2% magnetic nanoparticles, with a diameter of

10 nm, by volume with a measured viscosity of 1.2 mPa s

and saturation magnetization of 6.6 mTorr; however, it was

diluted to 0.2� the original reported concentration using

deionized water. Polystyrene particles were re-suspended in

the diluted ferrofluid at a density of 2.0� 106 particles/ml.

TWEEN 20 (Thermo Fisher Scientific) was added to the par-

ticle suspension at a concentration of 0.1% by volume to

facilitate the prevention of particle adhesions to the channel

walls and other particles.

C. Experimental technique

A syringe pump (KDS 100, KD Scientific) was utilized

to supply a constant volumetric flow rate through the micro-

channel. A 100 ll gas-tight glass syringe (SGE Analytical

Science, Austin, TX) was used with a 25 gauge Luer stub tip

to pump the ferrofluid solution through the polyethylene tub-

ing connected to the inlet of the microfluidic chip. An

inverted microscope imaging system (Nikon Eclipse

TE2000U) was used to acquire videos and images in the par-

ticle trapping experiments presented below, which were then

post-processed in the Nikon imaging software (NIS-

Elements AR 2.30). The maximum ferrofluid flow rate for

particle concentration was obtained by gradually reducing

the flow rate from a large value at which all particles trav-

elled through the microchannel region between the trapping

magnets, to the one at which all particles started being

trapped. To study the effects of magnet asymmetry on parti-

cle concentration, we varied the minimum magnet distances

from the sides of the microchannel, i.e., d1 and d2 as high-

lighted in Fig. 1(c). The holder magnets utilized during our

fabrication offered a distance of 3.6 mm between the inner

faces of the two trapping magnets. This resulted in a fixed

value of d1þ d2¼ 3.0 mm as indicated in Fig. 1(c).

Specifically, we varied d1 from 0.4 mm to 0.7 mm and

1.5 mm, where the trapping magnets have an asymmetric

configuration in each of the former two cases and have a

symmetric configuration in the last case.

III. THEORY

A. Diamagnetic particle trapping mechanism

The two attracting magnets in Fig. 1 can confine the ma-

jority of the magnetic field lines within their attracting polar

surfaces. Therefore, as seen from the magnetic field contour

(the background color, the darker the larger strength) in Fig.

2, strong magnetic fields are induced in the microchannel

region between the two magnets, while outside this region,

the magnetic field drops off rapidly (see part B below on

how the magnetic field distribution was obtained in our theo-

retical model). This creates strong magnetic field gradients

within the microchannel towards the magnets at both their

FIG. 2. Analysis of particle velocity, Up, for illustrating the mechanism of diamagnetic particle concentration in ferrofluid microflows (not drawn to scale): (a)

symmetric magnet configuration with d1¼ d2¼ 1.5 mm; (b) asymmetric magnet configuration with d1¼ 0.4 mm and d2¼ 2.6 mm. In both cases, the back-

ground color shows the magnetic field contour (the darker color, the larger magnitude) in the horizontal plane of the microchannel, and the thin arrows display

the vector distribution of the magnetic force experienced by particles. Particles are trapped in the locations where the magnetophoretic velocity, Um, counter-

balances the local fluid velocity, Uf.
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front and rear edges. Since diamagnetic particles undergo

negative magnetophoresis in ferrofluids,31–34 they move

against the magnetic field gradient and stay away from the

magnets. As indicated by the analysis of particle velocity,

Up, in Fig. 2, the negative magnetophoretic motion, Um,

directs particles across fluid streamlines and up the flow.

Therefore, the particles will be trapped in front of the mag-

nets at the locations where the axial component of Um can

counterbalance the local flow velocity of the suspending fer-

rofluid, Uf, leading to a continuous concentration.

The magnet asymmetry has a significant impact on the

magnetic field distribution inside the microchannel between

the facing surfaces of the two trapping magnets. It can be

observed in Fig. 2(a) that the symmetric magnet configura-

tion produces a symmetric magnetic field about the center-

line of the microchannel. In contrast, the magnetic field

distribution is asymmetric in the microchannel with an asym-

metric magnet configuration, where the strength is appa-

rently larger on the side of channel closest to the magnet as

shown in Fig. 2(b). Therefore, introducing asymmetry results

in an overall greater magnitude of magnetic field in the

microchannel and hence a stronger magnetic force (see the

force vector distribution in the form of arrows in Fig. 2). The

induced magnetophoretic velocity, Um, directs particles

towards the center and the sidewall of the microchannels

with the symmetric and asymmetric magnet configurations,

respectively, where particles can get trapped if the axial

component of Um counterbalances the local ferrofluid flow,

Uf. Note that particles are also deflected towards the bottom

wall of the microchannel in both cases due to the magnetic

field gradients formed in the channel depth direction.

B. Theoretical modeling of diamagnetic particle
motion

A three-dimensional theoretical model was developed to

simulate the transport and trapping of diamagnetic particles in

ferrofluid flow through the straight rectangular microchannel

under the influence of two trapping magnets. The center posi-

tion of a diamagnetic particle, rp, was obtained by integrating

over time the particle velocity, Up¼UfþUm (see Fig. 2)

rp¼r0þ
ðt

0

Uf t0ð Þ þ Um t0ð Þ
h i

dt0; (1)

where r0 is the initial position of the particle center and t is

the time coordinate. The buoyancy and inertial effects on

particle velocity are both excluded in Eq. (1) because the

particle density is approximately the same as the ferrofluid

density and the Reynolds number is small under the experi-

mental conditions (0.08–0.2).35–38 The ferrofluid flow, Uf, in

the microchannel was assumed to be fully developed and not

affected by the particle motion. Hence, the flow velocity was

expressed by the analytical formula for pressure-driven flow

in a rectangular channel, which can be found in many fluid

mechanics textbooks and are thus skipped here. The volu-

metric flow rate involved in the formula was determined by

the electronic display of the syringe pump.

The magnetophoretic particle velocity, Um, is expressed

by39

Um ¼
�l0/a2

9gfD

MdL að ÞrH2

H
; (2)

L að Þ ¼ coth að Þ � 1

a
; (3)

a ¼ pl0MdHd3

6kBT
; (4)

where l0 is the permeability of free space, / is the volume

fraction of magnetic nanoparticles in the ferrofluid, a is the

radius of diamagnetic particles, g is the viscosity of the ferro-

fluid, fD is the drag coefficient representing the interactions

between a particle and a microchannel wall,35–39 Md is the

saturation moment of the magnetic nanoparticles of the fer-

rofluid, H is the magnetic field vector with a magnitude of

H, L(a) is the Langevin function with a being the ratio of the

Zeeman energy of magnetic nanoparticles in the ferrofluid to

the thermal energy of the nanoparticles,40 d is the nominal

diameter of the magnetic nanoparticles in the ferrofluid, kB is

Boltzmann’s constant, and T is the temperature of the ferro-

fluid. Equation (2) indicates that the particle trapping per-

formance increases with the ferrofluid concentration, /, and

the diamagnetic particle size, a. The magnetic field, H, was

obtained by superimposing that of the two trapping magnets,

which was each computed from Furlani’s analytical model.41

Note that the fluid velocity, Uf, and magnetophoretic veloc-

ity, Um, in Eq. (1) are both dependent on particle position,

and so vary with time during the particle migration. A

user-defined MATLAB
VR

script was utilized to simulate and

plot the particle trajectory, which was described in detail in

earlier works from our group39,42 and is omitted here for

brevity.

The maximum ferrofluid flow rate allowed for diamag-

netic particle trapping was computed by iterating its value

until a particle starting from any position over the channel

cross-section at the inlet could not flow through the trapping

region between the trapping magnets. As our theoretical

model neglects the particle-fluid and particle-particle interac-

tions, it is unable to simulate the dynamic development of

the particle trapping process as illustrated in Fig. 4 later.

Actually, the predicted ferrofluid flow rate from our model

represents only the initial maximum flow rate for particle

trapping. This quantity can, however, be compared directly

with the experimentally obtained ferrofluid flow rate because

the latter value was determined by reducing the flow rate to

below which no particle escaping occurred (see Sec. II C). In

other words, the experimental flow rate was recorded at the

state that particle trapping was just initiated and no signifi-

cant particle-fluid and particle-particle interactions were

present.

IV. RESULTS AND DISCUSSION

Fig. 3 compares the experimentally recorded images for

5 lm diamagnetic particle concentration in microchannels

with various magnet asymmetries at four different time

instants. Note that the right edge of all these images lines up

with the leading edge of the trapping magnets. For the sym-

metric magnet configuration with d1¼ d2¼ 1.5 mm in

044907-4 Wilbanks et al. J. Appl. Phys. 115, 044907 (2014)
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Fig. 3(a), the complete trapping of particles occurs at a maxi-

mum volumetric flow rate of 120 ll/h, corresponding to an

average flow velocity of 1.65 mm/s. It can be observed that

the magnetic field gradients push particles towards the center

of the channel where particle magnetophoresis overcomes

the bulk fluid motion. Therefore, the particles progress

upstream the channel until the bulk fluid velocity overcomes

the magnetophoretic velocity. Once this occurs, the particles

are pushed back towards the walls of the channel and repeat

this motion creating nearly symmetric circulations as shown

in Fig. 3(a). As time progresses, the trapped particle density

increases and the circulations of the concentrated particles

move towards the inlet of the microchannel. This is clearly

demonstrated by the images recorded at a series of times in

Fig. 3(a). The length-wise dimension of the circulations

increases from 0.66 mm at 0.1 min to 1.37 mm at 8 min.

In contrast, single asymmetric circulation develops in

the microchannel with an asymmetric magnet configuration,

including d1¼ 0.7 mm & d2¼ 2.3 mm in Fig. 3(b) and

d1¼ 0.4 mm & d2¼ 2.6 mm in Fig. 3(c). Moreover, a greater

flow rate is achieved in both cases than in the microchannel

with the symmetric magnet configuration. This enhanced

particle trapping results from the increase in magnitude and

gradient of the magnetic field inside the microchannel (see

FIG. 3. Effects of magnet asymmetry on 5 lm diamagnetic particle concentration in 0.2�EMG 408 ferrofluid at various times: (a) symmetric magnet configu-

ration with d1¼ d2¼ 1.5 mm at a volumetric flow rate of 120 ll/h (or the average flow velocity is 1.65 mm/s); (b) asymmetric magnet configuration with

d1¼ 0.7 mm and d2¼ 2.3 mm at a flow rate of 151 ll/h; (c) asymmetric magnet configuration with d1¼ 0.4 mm and d2¼ 2.6 mm at a flow rate of 207 ll/h. The

arrows on the third row of images (i.e., 4 min) highlight the circulating directions of the concentrated particles. The dimensions on the bottom row of images

indicate the length-wise size of the circulations. Note that the right edge of all images lines up with the leading edge of the trapping magnets. The flow direc-

tion is from left to right in all images.

FIG. 4. Comparison of the experimental observations with theoretical predictions of 5 lm diamagnetic particle concentration in 0.2�EMG 408 ferrofluid:

(a1) and (a2) the composite images of particle trapping in the initial 5 s (top row in each panel) vs. predicted particle trajectories (bottom row in each panel) in

the microchannels with the symmetric (a1) and the asymmetric (d1¼ 0.4 mm) magnet configurations (a2), respectively; (b) the experimentally (filled circles

with error bars) and theoretically (solid line) obtained maximum flow rate for a complete particle trapping (i.e., all particles are trapped) vs. the

magnet-channel distance, d1. Note that the theoretical result in (a2) is truncated on the right side in order to match the position of the magnets in the experimen-

tal image. The block arrows indicate the bulk flow direction.
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Fig. 2) due to the introduction of magnet asymmetry.

Moreover, the asymmetric magnetic field pushes particles

into the walls of the microchannel, such that the increased

drag upon the particles also plays a part in increasing the

trapping effectiveness. With either of the two asymmetric

magnet configurations, particles travel towards the wall fur-

thest from the magnet with the magnet-channel distance d1

and meanwhile up the microchannel. Once the induced mag-

netophoretic velocity is surpassed by the local ferrofluid flow

velocity, the particles are forced down the microchannel

towards the magnets and away from the wall until the mag-

netophoretic motion again balances the fluid flow. This re-

petitive motion creates a counterclockwise circulation of

concentrated particles shown in Figs. 3(b) and 3(c).

Moreover, the location and dimension of this circulation

remain nearly unchanged with time except for within the ini-

tial short period (less than 30 s). This trapping behavior is

distinct from the continual moving-up and expansion of the

particle concentration zone in the microchannel with the

symmetric magnet configuration [see Fig. 3(a)].

In between the two asymmetric configurations, the more

asymmetric of the magnets with respect to the microchannel,

the greater flow rate is achieved for a complete diamagnetic

particle trapping. Specifically, the maximum flow rate was

determined to be 151 ll/h (or an average flow velocity of

2.09 mm/s) for the configuration with d1¼ 0.7 mm in Fig.

3(b), and 207 ll/h (or an average flow velocity of 2.86 mm/s)

for that with d1¼ 0.4 mm in Fig. 3(c). However, the extent

of magnet asymmetry does not seem to affect significantly

the location and dimension of the particle circulation zone. It

is observed from Figs. 3(b) and 3(c) that the less asymmetric

magnet configuration with d1¼ 0.7 mm generates a little

larger circulation with a length-wise dimension of 2.13 mm

at 8 min as compared to 1.94 mm for the configuration with

d1¼ 0.4 mm. However, the circulation in the latter case is

slightly further away from the leading edge of the trapping

magnets (which is at the right edge of the images illustrated)

in both the stream-wise and cross-stream directions.

Fig. 4(a1) and 4(a2) compare the experimentally

obtained composite images (top row in each panel, a super-

position of 50 frames) of 5 lm diamagnetic particle concen-

tration within the initial 5 s and the theoretically predicted

particle trajectories (bottom row in each panel) in the micro-

channels with the symmetric (a1) and the asymmetric (a2)

magnet configurations. Only the asymmetric configuration

with d1¼ 0.4 mm is shown here as the results for the channel

with d1¼ 0.7 mm are visually similar. The theoretical predic-

tions are obtained for a complete particle trapping at the

maximum flow rate, whose values (solid line) are compared

with the experimental measurements (filled circles with error

bars) in Fig. 4(b). We notice that the trajectories of particles

prior to being trapped are qualitatively simulated by the the-

oretical model. However, no circulation is predicted for the

trapped particles because only single particle motion is

tracked in our model with no account of the particle-particle

and particle-fluid interactions. These interactions become

very strong when many particles are trapped and concen-

trated. We are currently developing a numerical model to

take them into consideration for understanding and

simulating the particle circulation. In addition, as we have

explained in Sec. III B, the theoretically predicted maximum

flow rates for particle trapping appear to agree reasonably

with the experimental data in Fig. 4(b).

V. CONCLUSIONS

We have conducted an experimental and theoretical

study of the effects of magnet asymmetry on the continuous

concentration of 5 lm diamagnetic particles in ferrofluid

flow through a straight rectangular microchannel. Two

attracting permanent magnets are embedded into the PDMS

of the ferrofluidic microchip with a fixed distance. Each

magnet is placed on one side of the microchannel with either

a symmetric or an asymmetric configuration, in which dis-

tinct circulation patterns of concentrated particles have been

observed. It is also found that positioning the magnets

around a microchannel asymmetrically increases the flow

rate for particle concentration. Moreover, the maximum flow

rate at which particles can be trapped increases as the asym-

metry of the magnets about the microchannel increases.

These effects of magnet asymmetry on the flow rate of parti-

cle trapping can be reasonably predicted by the theoretical

model. However, the current model is unable to simulate the

formation of circulation of concentrated particles due to the

lack of consideration of the particle-fluid and particle-

particle interactions.
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