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Trapping and preconcentrating particles and cells for enhanced detection and

analysis are often essential in many chemical and biological applications. Existing

methods for diamagnetic particle trapping require the placement of one or multiple

pairs of magnets nearby the particle flowing channel. The strong attractive or

repulsive force between the magnets makes it difficult to align and place them

close enough to the channel, which not only complicates the device fabrication but

also restricts the particle trapping performance. This work demonstrates for the first

time the use of a single permanent magnet to simultaneously trap diamagnetic and

magnetic particles in ferrofluid flows through a T-shaped microchannel. The two

types of particles are preconcentrated to distinct locations of the T-junction due to

the induced negative and positive magnetophoretic motions, respectively.

Moreover, they can be sequentially released from their respective trapping spots by

simply increasing the ferrofluid flow rate. In addition, a three-dimensional numeri-

cal model is developed, which predicts with a reasonable agreement the trajectories

of diamagnetic and magnetic particles as well as the buildup of ferrofluid nanopar-

ticles. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926615]

I. INTRODUCTION

A variety of microfluidic techniques have been developed to trap and preconcentrate par-

ticles for enhanced capturing and binding of analyte molecules as well as enhanced detection,

etc.1–4 Particles can be immobilized onto solid surfaces through direct contact via either me-

chanical filters or chemical coatings, which is, however, prone to irreversible adhesions with a

potentially high probability of device fouling.5,6 More preferably, particles can be captured in a

flowing suspension through the use of an external force, where the accumulated particles can

be readily dispersed by either lowering (or switching off) the force field or increasing the flow

rate.2–4 A number of non-magnetic force fields,1,7 including acoustic,8,9 electric,10–13 and opti-

cal14–16 forces, have been demonstrated to enrich various types of particles and cells in micro-

fluidic devices. Compared to these contactless methods, magnetic trapping of particles has sev-

eral advantages such as low cost, heating free (except for electromagnets), and near

independence of the suspending medium properties (e.g., ionic concentration and pH

value).17–19

Magnetic trapping relies on the magnetophoretic motion of particles induced in a non-

uniform magnetic field,20–22 which has been reported for both magnetic (including
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paramagnetic) and diamagnetic (or simply speaking, nonmagnetic) particles. Magnetic (either

intrinsic or extrinsic) particles are pulled along magnetic field gradients toward the magnetic

source in diamagnetic (e.g., water) or less magnetic media.23,24 This positive magnetophoretic

motion has been widely utilized to concentrate and isolate magnetically-tagged target cells

(e.g., circulating tumor cells) from a heterogeneous mixture.25–27 Diamagnetic particles must be

re-suspended in magnetic media like ferrofluids28–33 and paramagnetic solutions,34,35 so that

they experience negative magnetophoresis and are repelled away from the magnetic source.36–42

While magnetic particle trapping has been demonstrated with single magnets placed on one

side of the particle flowing microchannel,23–27 diamagnetic particle trapping can only take place

stably with one or multiple pair(s) of magnets arranged on both sides of the channel.43–47 The

strong attractive or repulsive force between the pair(s) of magnets often renders it difficult to

align the magnets and place them close enough to the particle flowing channel. This not only

complicates the device fabrication but also restricts the particle trapping performance due to the

limited magnetic fields and magnetic field gradients inside the microchannel.

In this work, we demonstrate for the first time the use of a single permanent magnet to

continuously trap and preconcentrate diamagnetic particles in ferrofluid flows through a

T-shaped microchannel. Moreover, magnetic particles can be simultaneously trapped while to a

different location of the same microchannel via the same magnet. Such an ability of trapping

two (or even more) types of particles in the same device makes it possible to carry out simulta-

neous bioassays of several sample components. A few works have been reported in this direc-

tion, where magnetic particles bearing different surface functioning are trapped to form two or

more plugs.48,49 Recently, Pamme’s group50 has demonstrated the application of diamagnetic

repulsion and magnetic attraction forces for the simultaneous trapping of diamagnetic and mag-

netic particles, respectively, in a paramagnetic solution (MnCl2) using a single set of magnets.

However, a magnet assembly was still needed in order to hold and align a pair of attracting

magnets on the two sides of a capillary.

To understand the dissimilar trapping processes for diamagnetic and magnetic particles in

ferrofluid microflows, we also develop in this work a three dimensional (3D) numerical model

to track the particle trajectories in the T-shaped microchannel. Moreover, the redistribution of

ferrofluid nanoparticles (i.e., the magnetic nanoparticles that contribute to the magnetization of

ferrofluids)29–31,46,51 is simulated by solving the ferrofluid concentration field under the applica-

tion of a combined magnetic and hydrodynamic field. The numerical predictions are compared

with the experimentally obtained particle and ferrofluid images at three different flow rates for

which the diamagnetic and magnetic particles are simultaneously trapped and sequentially

released, respectively.

II. EXPERIMENTATION

A. Microfluidic chip fabrication

Fig. 1 shows a picture of the microfluidic chip used in experiments, which was fabricated

with polydimethylsiloxane (PDMS) using a custom-modified soft lithography method as pre-

sented in our earlier work.38 The 60 lm deep T-shaped microchannel is composed of a 200 lm

wide, 10 mm long main-branch and two 100 lm wide, 8 mm long side-branches. A 1/800 � 1/

800 � 1/1600 (thick) Neodymium-Iron-Boron permanent magnet (B222, K&J Magnets, Inc.) was

embedded into PDMS and placed right behind the T-junction with an edge-to-edge distance of

450 lm. The magnet was designed to be symmetrically located about the centerline of the

main-branch, which was very difficult (if not impossible) to implement under the microscope

(Eclipse TE2000U, Nikon Instruments). Such a condition was, however, found unnecessary

through experiment and simulation because the dimension of the magnet is much larger than

that of the microchannel and the magnetic field distribution within the channel region remains

nearly unchanged for small off-center distances. The magnet is in direct contact with the glass

slide, i.e., the bottom surface of the magnet is at the same plane as the bottom wall of the

microchannel. Its magnetization direction (through the thickness) is parallel to the ferrofluid

flow direction (see the block arrow in Fig. 1) in the main-branch of the microchannel.
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B. Particle solution preparation and experimental method

The base solution used in our experiments is a water-based ferrofluid, EMG 408 from

Ferrotec Corp., which is a black-brown liquid consisting of 1.2% (in volume) 10 nm-diameter

sub-domain magnetic nanoparticles. By adding deionized (DI) water (Fisher Scientific), we first

diluted the ferrofluid to 0.05� the original concentration by volume. Then, 2.85 lm-diameter

magnetic particles (with a standard deviation of 0.105 lm, Bangs Laboratories, Inc.) and

9.9 lm-diameter diamagnetic polystyrene particles (with a non-uniformity of smaller than 5%,

Thermo Fisher Scientific) were mixed and re-suspended into the 0.05� ferrofluid at a final con-

centration of around 106 particles per ml each. Also, 0.5% (in volume) Tween 20 (Fisher

Scientific) was added to the suspension for the purpose of reducing particle aggregations and

adhesions to microchannel walls. Prior to uses, the particle solution was stirred using a fixed

speed vortex mixer (Fisher Scientific) for a uniform dispersion. It was driven to flow through

the T-shaped microchannel by an infusion syringe pump (KD Scientific). The movements and

trapping of diamagnetic and magnetic particles were visualized at the T-junction of the micro-

channel using an inverted microscope (Eclipse TE2000U, Nikon Instruments) and recorded

with a CCD camera (Nikon DS-Qi1Mc) at a rate of about 15 frames/s. The effects of flow rate

on ferrofluid concentration field at the T-junction were also investigated in the absence of both

types of particles. The captured videos and images were post-processed through the Nikon

imaging software (NIS-Elements AR 2.30).

III. SIMULATION

A 3D numerical model was developed to predict and understand the magnetic trapping of

diamagnetic and magnetic particles in ferrofluid flow through the T-shaped microchannel. This

model considers only the one-way actions that the flow and magnetic fields have on the sus-

pended two types of particles and as well the ferrofluid nanoparticles. The dynamic actions of

these particles on the flow and magnetic fields are, however, neglected in order to simplify the

model. Also neglected are the dipole-dipole interactions among the same type or different types

of particles in a magnetic field. Such a treatment of particle-fluid and particle-particle interac-

tions has been demonstrated reasonable in previous theoretical studies from the groups of Mao

et al.,28,32,37,40,42 Nguyen et al.,41 and Xuan et al.30,31,33,36,39 as long as the particle and ferro-

fluid concentrations are both low. These conditions are fulfilled in the current work because of

the use of a dilute particle suspension in a diluted ferrofluid. Specifically, the magnetic suscepti-

bility of 0.05� EMG 408 was calculated to be only 0.025.52 This small value is not expected

to significantly affect the flow and magnetic fields unless the ferrofluid is strongly accumulated

near the permanent magnet. It is, however, important to note that the current model can only

FIG. 1. Picture of the PDMS-based microfluidic chip (the microchannel and reservoirs are filled with green food dye for

clarity) used in experiments. The block arrows indicate the ferrofluid flow directions in the T-shaped microchannel. A per-

manent magnet is embedded into the PDMS and placed behind the T-junction of the microchannel nearly symmetrically

with respect to the centerline of the main-branch.
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predict the onset of particle trapping, not the trapping process during which the accumulation

of diamagnetic and/or magnetic particles will affect the flow and magnetic fields.47

A. Governing equations

1. Flow field and concentration field of the ferrofluid

Since the dynamic influences of the suspended microparticles (both diamagnetic and mag-

netic) and nanoparticles (magnetic) on the flow and magnetic fields are all neglected in our

model, the ferrofluid is assumed to behave like water with homogeneous properties under the

application of a magnetic field.28–33,36–41,47 As such, the steady-state flow field in the T-shaped

microchannel, u, is governed by the conventional continuity and Navier-Stokes equations

r � u ¼ 0; (1)

qu � ru ¼ �rpþ gr2u; (2)

where q, p, and g are the ferrofluid density, pressure, and viscosity, respectively. The actions of

the flow and magnetic fields on each magnetic nanoparticle generate a positive magnetophoretic

motion, unp (Ref. 53)

unp ¼
l0d2Mnp � rH

18g
; (3)

Mnp ¼Md½cothðaÞ � 1=a�; (4)

a ¼ pd3l0MdH

6kBT
: (5)

In the above, l0 is the permeability of the free space, d is the nominal diameter of the magnetic

nanoparticle with a magnetization of Mnp, H is the magnetic field with H being the magnitude,

Md is the saturation moment of the magnetic nanoparticle with Md being the magnitude, kB is

the Boltzmann constant, and T is the ferrofluid temperature. This migration toward the magnet

(specifically the center of the magnet at which the magnetic field strength is the highest) results

in a redistribution of the magnetic nanoparticles and hence a non-uniform ferrofluid concentra-

tion, c, which is governed by the following convection-diffusion equation:

r � ðucþ unpc� DrcÞ ¼ 0; (6)

where the diffusion coefficient can be estimated from the Stokes-Einstein equation,

D ¼ kBT=3pgd.

2. Transport of diamagnetic and magnetic microparticles

The trajectory of a magnetic or diamagnetic particle in the ferrofluid microflow under a

magnetic field is determined by its velocity, up,

up ¼ uþ um þ ugb; (7)

where um and ugb are the particle velocities due to the magnetophoretic (from the magnetic

field) and gravity-buoyancy (from the ferrofluid) actions, respectively, and each expressed as36

um ¼
2l0a2 vp �Mf=H

� �
H � rH

9gfD
; (8)

ugb ¼
2a2 qp � qð Þ

9gfD
g: (9)
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In the above, a, qp, and vp are the radius, mass density, and magnetic susceptibility of the parti-

cle (either magnetic or diamagnetic) to be trapped, fD is the drag coefficient that accounts for

the wall retardation effects, g is the gravitational acceleration, and

Mf ¼ cMd½cothðaÞ � 1=a� (10)

is the ferrofluid magnetization.53 Two expressions of fD are used for particle motions parallel

and normal to the top/bottom walls of the microchannel, respectively,36

fD;k ¼ 1� 9

16

a

d

� �
þ 1

8

a

d

� �3

� 45

256

a

d

� �4

� 1

16

a

d

� �5
" #�1

; (11)

fD;? ¼ 1� 9

8

a

d

� �
þ 1

2

a

d

� �3
" #�1

; (12)

where d is the smaller distance between the particle center and the top and bottom walls of the

microchannel, respectively.

3. Magnetic field

In the absence of the particle and ferrofluid effects, the magnetic field generated by a rec-

tangular permanent magnet can be described by Furlani’s analytical formulae.54 Thus, the large

air box around the magnet (typically 10-time size of the latter55) is no longer needed in the

computational domain, which can dramatically reduce the computational time. The approach

that we used the analytical formulae (skipped here for brevity) to compute the magnetic field

components in the three directions will be presented in Section III C.

B. Computational domain and boundary conditions

The magnetic/diamagnetic particle trapping and ferrofluid concentration variation both take

place in the T-junction region of the microchannel. Therefore, a 3D computational domain of

the T-junction is set up as shown in Fig. 2, which considers only a length of 1000 lm in the

main-branch and 500 lm in each side-branch to reduce the computational cost. Note that one

half of the domain in Fig. 2 is actually sufficient for the numerical model if the magnet is

located symmetrically with respect to the microchannel. However, we still used the full domain

in Fig. 2 in our model for the purpose of accommodating any offer-center displacement of the

magnet. The following boundary conditions were prescribed:

Inlet: imposed volume flow rate; c ¼ c0 with c0 ¼ 0:05� 1:2% being the bulk concentra-

tion of 0.05� EMG 408 ferrofluid far away from the magnet.

Two outlets: zero shear stress and p ¼ 0; rc � n ¼ 0 with n denoting the unit normal vec-

tor of a surface.

All channel walls: no slip with u � n ¼ 0; no penetration with j � n ¼ 0 where j ¼
ucþ unpc� Drc denotes the concentration flux.

C. Numerical method

The diamagnetic and magnetic particle trapping in ferrofluid flow through the T-shaped

microchannel in Fig. 1 were simulated in COMSOL
VR

4.3b over the 3D computational domain

in Fig. 2. The Laminar Flow module was used to solve for the ferrofluid flow field from Eqs.

(1) and (2). The Transport of Diluted Species module was used to solve for the ferrofluid con-

centration field from Eq. (6). Note that these two fields were not coupled under the assumptions

made above and hence were solved separately in our model. The 3D magnetic field of the rec-

tangular permanent magnet was determined directly from Furlani’s analytical formulae54 that

were input to COMSOL as variables. The center of the magnet was specified as the origin of
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the Cartesian coordinates in our model such that the coordinate conversion of these formulae

was avoided. The magnetic field gradients were calculated using the built-in mathematical func-

tions in COMSOL. As an example, Fig. 3 shows the magnetic field contour (see the background

color) and vectors (see the arrows) inside the T-shaped microchannel. The magnetic field is

high in the two side-branches and decays in the main-branch with distance away from the mag-

net. Moreover, the vectors of magnetic field are obliquely downward (see the inset in Fig. 3)

because the top channel wall is nearer to the center of the magnet and hence has a stronger

magnetic field than the bottom one.

The Streamline function in COMSOL was used to trace the diamagnetic and magnetic par-

ticle motions in ferrofluid flows at the T-junction via Eq. (7). To overcome the intrinsic issue

of streamline stopping at the channel walls due to the non-zero magnetophoretic particle veloc-

ity in the normal direction, we used the built-in operator functions in COMSOL to track the

particle-wall distance. Once a (magnetic or diamagnetic) particle was confirmed to reach a

wall, the normal component of the magnetophoretic velocity was set to zero while the tangen-

tial component remained unvaried. This step requires that the mesh size near the wall be less

than the particle radius. Therefore, fine boundary layer meshes were used on each of the four

channel walls, as highlighted in the insets I and II in Fig. 2. Note also that the mesh in the bulk

of the side-branches (see inset II) was finer than that in the bulk of the main-branch (see inset

I), which was designed for accurately computing the highly non-uniform concentration field in

FIG. 2. Isometric view of the 3D computational domain of the T-junction with dimensions being labeled. The insets I and

II show the enlarged view of the meshes at the inlet region of the main-branch and the outlet region of one side-branch,

where the boundary layers near the channel walls are highlighted.

FIG. 3. Magnetic field contour (indicated by the color map) and vectors (indicated by the arrows) inside the T-shaped

microchannel with the inset being a zoom-in view of the corner region.
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the former. Moreover, to overcome the false numerical diffusion, we assumed a correction coef-

ficient of 6 for the magnetophoretic velocity of ferrofluid nanoparticles, i.e., unp in Eq. (3), as

was done previously.56 This value was selected by obtaining a visually (i.e., qualitatively)

strong variation in the ferrofluid concentration contour while the predicted maximum concentra-

tion is still relatively low to ensure the validity of a dilute ferrofluid. A nonlinear iterative

solver was used to solve the model, which was performed in the Palmetto Cluster at Clemson

University. A grid independence study was conducted, from which a (maximum) mesh size of

6 lm was found to be sufficient for the ferrofluid velocity and concentration simulation. The

values of the physical properties and geometrical parameters are summarized in Table I.

IV. RESULTS AND DISCUSSION

A. Experimental implementation of diamagnetic and magnetic particle trapping

The top-view snapshot images in Fig. 4 show the time development for the simultaneous

trapping of 9.9 lm-diameter diamagnetic particles and 2.85 lm-diameter magnetic particles in

ferrofluid flow through the T-shaped microchannel. The volumetric flow rate is 55 (65) ll/h in

the main-branch with an average flow velocity of 1.27 mm/s, beyond which diamagnetic par-

ticles can no longer be completely trapped. Diamagnetic particles experience negative magneto-

phoresis in ferrofluids and tend to move away from the magnet. They thus get trapped in the

main-branch before entering the two side-branches due to the counterbalance of the pressure-

driven flow therein. Moreover, they form a V-shaped pattern, where, as highlighted by the

curved block arrows in Fig. 4 (middle), the trapped particles in each arm slowly circulate

upstream from near the sidewall to the channel center and then downstream toward the

T-junction. This happens as the magnetophoretic particle velocity is nearly uniform across the

width of the main-branch (which is very small compared to the dimension of the magnet),

while the pressure-driven ferrofluid flow has a parabolic velocity profile.46,47 In addition, the

V-shaped trapping zone in Fig. 4 (right) extends upstream as more diamagnetic particles are

trapped. However, the intersection point of the two arms seems to remain nearly unchanged

throughout the trapping process. The slight asymmetry of the particle trapping zone in Fig. 4

(right) may be because the magnet is not perfectly symmetric about the main-branch.

In contrast, magnetic particles experience positive magnetophoresis in ferrofluids and hence

get trapped onto the back wall of the T-junction that faces the magnet. Moreover, due to the

TABLE I. Physical properties and geometric parameters used in the numerical simulation.

Component Symbol Description Value

Magnet Ms Residual magnetization 1:05� 106 A/m

Thickness 1.588 mm

Length 3.176 mm

Height 3.176 mm

Magnet-channel distance 0.45 mm

Ferrofluid d Diameter of magnetic nanoparticles 10 nm

c0 Bulk ferrofluid concentration (0.05� EMG 408) 0.06%

Md Saturation moment of magnetic nanoparticles 4:38� 105 A=m

g Dynamic viscosity of the ferrofluid 1:05� 10�3kg=ms

q mass density of the ferrofluid 1070 kg/m3

Particles 2a Diameter of magnetic microparticles 2.85 lm

Diameter of diamagnetic microparticles 9.9 lm

vp Magnetic particle susceptibility 0.024

Diamagnetic particle susceptibility 0

qp Density of magnetic particles 1230 kg/m3

Density of diamagnetic particles 1050 kg/m3
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magnetic field gradients in the depth direction of the microchannel (see Fig. 3), magnetic particles

are actually concentrated onto the top corner region. This latter position is opposite to that of dia-

magnetic particles which should be trapped onto the bottom surface of the main-branch.

Therefore, magnetic particles are not clearly visible in Fig. 4 as they are in a different focal plane

than diamagnetic particles and also much smaller than the latter. This is evidenced from the snap-

shot images in Fig. 5, which are taken when the focal plane of the microscope objective is on dia-

magnetic particles (right, near the bottom channel wall) and magnetic particles (left, near the top

channel wall), respectively. The ferrofluid flow tends to sweep the trapped magnetic particles and

carry them to the downstream if the flow inertia is sufficiently strong. This action produces a con-

vex shape of the magnetic particle trapping zone as demonstrated by the left image in Fig. 5. This

trapping zone overlaps with that of ferrofluid nanoparticles, which cannot be visually identified in

Fig. 5. We therefore conducted a pure ferrofluid flow experiment through the T-shaped microchan-

nel at the same flow rate as in Figs. 4 and 5. The result will be shown in Fig. 7 and explained along

with the numerical prediction in Section IV B.

B. Numerical simulation of diamagnetic and magnetic particle trapping

The experimentally demonstrated simultaneous trapping of diamagnetic and magnetic par-

ticles in ferrofluid flow can be understood by the simulated 3D particle trajectories at the

T-junction region in Fig. 6(a). Multiple particles, which are evenly distributed over the channel

cross-section, are released at the inlet of the main-branch. Diamagnetic particles (red lines) are

predicted to travel toward the bottom channel wall of the main-branch due to negative

FIG. 4. Time (labeled on the images) development for simultaneous trapping of 9.9 lm-diameter diamagnetic particles and

2.85 lm-diameter magnetic particles in 0.05�EMG 408 ferrofluid flow through a T-shaped microchannel at a volume flow

rate of 55 ll/h. The straight block arrows on the left image indicate the flow directions. The curved block arrows on the

middle image highlight the circulating directions of the trapped diamagnetic particles.

FIG. 5. Top-view snapshot images of simultaneous diamagnetic and magnetic particle trapping at the T-junction region

when the focal plane of the microscope objective is near the bottom (right, diamagnetic particles are in focus) and the top

(left, magnetic particles are in focus) walls of the microchannel, respectively. Other conditions are referred to in the caption

of Fig. 4.
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magnetophoresis (see also Fig. 3) and get trapped before entering the side-branches. In contrast,

magnetic particles (green lines) are predicted to quickly migrate toward the top channel wall

due to positive magnetophoresis (see also Fig. 3) and get trapped onto the top edge of the back

wall at the T-junction. These predictions are consistent with the experimental observations in

Figs. 4 and 5. However, our model is unable to simulate the circulation of the trapped diamag-

netic particles. Moreover, the maximum volume flow rate for the simultaneous diamagnetic and

magnetic particle trapping is predicted to be only 40 ll/h, which is about 25% less than the

experimentally measured value. These deviations may be due to the neglect of particle and fer-

rofluid effects on magnetic and flow fields in the current model. The ferrofluid effects can be

viewed from its concentration contour over a series of cross-sectional slices along the main-

branch in Fig. 6(b). The ferrofluid becomes increasingly non-uniform on approaching the T-

junction, where magnetic nanoparticles are more significantly concentrated near the top channel

wall due to their positive magnetophoretic motion. These gradients can cause disturbances to

the magnetic and flow fields and in turn affect the particle trapping, which will be considered

in our future model.

A direct comparison of the experimental observations of particle trapping and ferrofluid

nanoparticle buildup with the numerical simulations is presented in Fig. 7. The top-view com-

posite image at the T-junction region (left panel, obtained by superimposing a sequence of

snapshot images with a focal plane halfway the channel depth) is compared in Fig. 7(a) with

FIG. 6. Isometric view of the numerically predicted 3D particle trajectories ((a), red and green lines are for diamagnetic

and magnetic particles, respectively) and ferrofluid concentration contour ((b), over a series of cross-sectional slices) for si-

multaneous diamagnetic and magnetic particle trapping in ferrofluid flow through the T-shaped microchannel under a vol-

ume flow rate of 40 ll/h. Note that the bulk ferrofluid concentration far away from the T-junction is 0.05� 1.2%.

FIG. 7. Comparison of top-view experimental images (left column) and numerical predictions (right column) for simultane-

ous diamagnetic/magnetic particle trapping (a) and ferrofluid nanoparticle buildup ((b), in the absence of microparticles) at

the T-junction region of the microchannel. The focal plane of the microscope objective is in the middle of the channel

depth. The volume flow rate is 55 ll/h in the experiment and 40 ll/h in the simulation. Note that the bulk ferrofluid concen-

tration far away from the magnet is 0.05� 1.2%. The block arrows in (b) indicate the flow directions.
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the numerically predicted diamagnetic (red lines) and magnetic (green lines) particle trajectories

that are both projected onto the horizontal plane (right panel). The experimentally observed

V-shaped trapping pattern of diamagnetic particles is visually similar to the numerical predic-

tion. Also, the experimental image of magnetic particle trapping (highlighted in Fig. 7(a), not

clearly viewed due to their small size) appears to be qualitatively consistent with the predicted

trajectories. The left panel in Fig. 7(b) shows a top-view snapshot image of the ferrofluid (in

the absence of diamagnetic and magnetic particles) buildup at the T-junction region. This image

was taken at the same focal plane as the particle image in Fig. 7(a) under an identical volume

flow rate, which indicates that magnetic particles and ferrofluid are concentrated to the same

location of the microchannel. Moreover, the experimentally observed ferrofluid nanoparticle

buildup on the back wall of the T-junction is qualitatively simulated by the ferrofluid concentra-

tion contour in the right panel of Fig. 7(b).

C. Flow-tuned release of magnetically trapped diamagnetic and magnetic particles

The magnetically concentrated diamagnetic and magnetic particles in the T-shaped micro-

channel can be sequentially released from their respective trapping spots by tuning the ferro-

fluid flow rate. Fig. 8 shows the top-view snapshot (a) and composite (b) images of the flow-

sweeping diamagnetic particles and the still-trapped magnetic particles when the volume flow

rate is increased to 95 ll/h. Diamagnetic particles released in the main-branch are almost evenly

split at the T-junction, which then travel through each side-branch in a stream nearby the front

wall that is further away from the magnet. However, magnetic particles still remain trapped

onto the back wall of the T-junction though at an enlarged region. These observations are simu-

lated with a reasonable agreement by the particle trajectories at the same ferrofluid flow rate in

Fig. 8(c). An isometric view of these predicted particle trajectories is displayed in Fig. 8(d).

With a further increase in the ferrofluid flow rate, the trapping region of magnetic particles con-

tinues spreading and eventually reaches the two edges of the magnet. Following that part of the

trapped magnetic particles start being flushed away by the strong shear flow. At a volume flow

rate of 650 ll/h or more, magnetic particles can no longer be trapped at the T-junction which

agrees well with the numerical prediction (data not shown). A quantitative comparison of the

measured and predicted ferrofluid flow rates under the above-discussed three circumstances is

FIG. 8. Selective release of the magnetically trapped diamagnetic particles in ferrofluid flow through a T-shaped micro-

channel at a volume flow rate of 95 ll/h: (a) and (b) the top-view snapshot and composite particle images; (c) the numeri-

cally predicted trajectories of diamagnetic (red) and magnetic (green) particles in the horizontal plane; (d) the isomeric

view of the predicted 3D particle trajectories. The block arrows in (a) indicate the flow directions.

TABLE II. Comparison of the experimentally measured and numerically predicted ferrofluid flow rates (ll/h) for diamag-

netic and/or magnetic particle trapping.

Trapping Experiment Simulation

Mag/diamag particles 55 (65) 40

Magnetic particles only 95 (65) 100

No particles 650 (650) 700
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presented in Table II. An overall good agreement is obtained except for the case of simultane-

ous diamagnetic and magnetic particle trapping due to the deficiency in the current numerical

model (see the discussion in Section II B).

V. CONCLUSIONS

We have demonstrated a new method for diamagnetic particle trapping in ferrofluid flows

through a T-shaped microchannel via a single permanent magnet. Under a continuous supply of

ferrofluid, the same device can also be used to trap magnetic particles simultaneously. Due to

the induced negative and positive magnetophoresis, respectively, diamagnetic particles are

trapped onto the bottom wall of the main-branch while magnetic particle are trapped into the

top corner of the side-branch that is the nearest to the magnet center. These preconcentrated

particles can then be sequentially released from the T-junction by simply increasing the ferro-

fluid flow rate. The proposed device may find potential applications in diamagnetic cell trap-

ping1–4 and multi-sample bioassays.48–50 We have also developed a 3D numerical model to sim-

ulate the flow and concentration fields of the ferrofluid and track the motions of the two types

of suspended particles under the influence of magnetic field. The predicted particle trajectories

and ferrofluid nanoparticle buildup at the T-junction region agree reasonably with the experi-

mentally obtained images under different ferrofluid flow rates. However, the observed circula-

tion of the trapped diamagnetic particles is missing in the simulation. Moreover, the predicted

maximum flow rate for simultaneous diamagnetic and magnetic particle trapping is significantly

smaller than the experimentally measured value. These discrepancies have been attributed to

the neglect of particle and ferrofluid effects on magnetic and flow fields in the 3D numerical

model. The consideration of these effects will couple the ferrofluid concentration field with the

ferrofluid flow field and magnetic field. A full numerical model is currently under development.
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