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Separating particles from a complex mixture is often necessary in many chemical and biomedical ap-
plications. This work presents a continuous-flow sheathless diamagnetic particle separation in ferrofluids
through U-shaped microchannels. Due to the action of a size-dependent magnetic force, diamagnetic
particles are focused into a single stream in the inlet branch of the U-turn and then continuously se-
parated into two streams in its outlet branch. A 3D numerical model is developed to predict and un-
derstand the diamagnetic particle transport during this separation process. The numerical predictions
are found to agree well with the experimental observations in a systematic study of the effects of
multiple parameters including ferrofluid flow rate, concentration and magnet-channel distance. Addi-
tional numerical studies of the geometric effects of the U-turn reveal that increasing the outlet-branch
width of the U-turn can significantly enhance the diamagnetic particle separation in ferrofluids.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Separating particles (either synthetic or biological) from a
binary or more complex mixture is often necessary in many che-
mical and biomedical applications [1-4]. Continuous-flow se-
paration of particles based on intrinsic properties (e.g., size and
shape) has been demonstrated in microfluidic devices by the use
of a variety of force fields (either externally applied or internally
induced) including acoustic [5,6], electric [7-9], hydrodynamic
[10-12], magnetic [13-15], and optical [16,17] forces etc [18-20].
Among these methods, magnetic field-driven particle separation
exhibits several advantageous features over the others such as low
cost and fluid-heating free (if permanent magnets are used) as
well as insensitivity to fluid properties (e.g., pH) [21-24]. This type
of separation has been implemented in primarily two different
modes: one is to separate magnetic (or magnetically tagged) par-
ticles from diamagnetic (or less magnetic) particles based on their
difference in magnetic susceptibility via positive magnetophoresis
induced in a diamagnetic fluid [25-32], and the other is to sepa-
rate diamagnetic particles from diamagnetic particles based on
their difference in size or other non-magnetic properties (e.g.,
shape) via negative magnetophoresis induced in a magnetic fluid
[33-40].
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Diamagnetic particle separation has thus far been demon-
strated in either paramagnetic salt solutions (e.g., MnCI2 and
GdCI3) [41,42] or ferrofluids [43-45]. Paramagnetic solutions
usually have a weak magnetic susceptibility unless the con-
centration of the paramagnetic salt goes high (which, however,
may cause severe adverse effects on the sample) [46]. Therefore,
superconducting magnets sometimes need to be used in order to
achieve a high-throughput manipulation of diamagnetic particles
in paramagnetic solutions [41]. In contrast, ferrofluids are opaque
colloidal suspensions of superparamagnetic nanoparticles and
have a magnetic susceptibility several orders of magnitude larger
than that of paramagnetic solutions [47]. Therefore, regular per-
manent magnets and even electric magnets are normally sufficient
for manipulating diamagnetic particles in ferrofluids with a decent
flow throughput [48-54]. However, the majority of the reported
diamagnetic particle separations in magnetic fluids need to use a
sheath fluid, which is also magnetic and typically the pure sus-
pending fluid of the particle suspension, to pre-focus the particle
mixture [34-37,40-43]. This not only complicates the flow control
and device fabrication but also dilutes the separated particles at
the cost of the magnetic fluid.

Our group has recently developed two sheath-free approaches
to continuous-flow diamagnetic particle separation in ferrofluids.
In the first approach, two permanent magnets are placed offset to
each other along the length of a straight microchannel with dis-
similar magnet-channel distances, where the first magnet is to
focus the particle mixture into a single stream and the second
magnet is to deflect particles to size-dependent flow paths for a
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continuous separation [55]|. The experimental observations are
found to agree quantitatively with the predictions of an analytical
model [55]. In the second approach, a single permanent magnet is
placed near a U-shaped microchannel, where particles are mag-
netically focused without a sheath flow in the inlet-branch and
continuously separated into two streams in the outlet-branch via
size-dependent magnetophoresis [56]. However, due to the use of
an extremely low-concentration ferrofluid (0.012% volume), poly-
styrene particles were observed to behave like “magnetic” particles
in our experiment [56] due to perhaps the attachment of magnetic
nanoparticles onto their surfaces [57].

This work is aimed to demonstrate a true diamagnetic particle
separation in a U-shaped microchannel by re-suspending particles
into a slightly diluted EMG 408 ferrofluid (Ferrotec Corp.) with a
concentration of around 0.6% (volume). More importantly, a 3D
numerical model is developed to predict and understand the
transport of diamagnetic particles during their separation in fer-
rofluid microflows. The experiment and simulation are combined
to perform a comprehensive parametric study of the effects of
multiple parameters on the diamagnetic particle separation in the
U-shaped microchannel. In addition, the validated numerical
model is used to further investigate the geometric effects of the
U-turn with the goal of optimizing the design and control of
U-shaped microchannels for the best separation performance.

2. Experiment
2.1. Microfluidic chip fabrication

Fig. 1 shows a picture of the microfluidic chip used in experi-
ments. It was fabricated with polydimethylsiloxane (PDMS) using
a custom-modified soft lithography method as detailed elsewhere
[58]. The U-shaped microchannel is uniformly 200 um wide and
40 um deep. It consists of a 6 mm long straight section at each end
(i.e., inlet and outlet) and a U-turn in the middle. The two branches
of the U-turn (named as inlet branch and outlet branch hereafter)
are each 6 mm long and separated with a gap of 800 um. A neo-
dymium-iron-boron permanent magnet (B221, 1/8” x 1/8" x 1/16",
K&J] Magnets, Inc.) is embedded into the PDMS slab and in direct
contact with the glass slide. It has an edge-to-edge distance of
550 um from the inlet straight section and 800 pm (note: this
value was varied in the experiment to study the effects of magnet-
channel distance on particle separation) from the inlet branch of

Outlet

Fig. 1. Picture of the microfluidic chip (the microchannel and reservoirs are filled
with green food dye for clarity) used in experiments. The permanent magnet is
embedded into the PDMS slab and placed nearby the inlet branch of the U-shaped
microchannel. The block arrows indicate the ferrofluid flow directions in particle
separation experiments. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

the U-turn. Its magnetization direction is through the 1/16”
thickness and perpendicular to the two branches of the U turn.

2.2. Particle solution preparation and experimental method

The particle solution was prepared by mixing and re-sus-
pending 5pm- and 15 pm-diameter diamagnetic polystyrene
particles (both with a coefficient of variation smaller than 2%,
Sigma Aldrich) in 0.5 x EMG 408 ferrofluid (Ferrotec Corp.) to a
final concentration of 106—107 particles per milliliter. The dilution
value was varied from 0.4 x to 0.6 x in the experiment to study
the effects of ferrofluid concentration on particle separation. To
reduce particle aggregations and adhesions to microchannel walls,
0.5% (in volume) Tween 20 (Fisher Scientific) was added to the
suspension. Prior to uses, the particle solution was stirred using a
fixed speed vortex mixer (Fisher Scientific) for a uniform disper-
sion. It was driven to flow through the U-shaped microchannel by
an infusion syringe pump (KD Scientific) via a polyether ether
ketone (PEEK) tubing (IDEX Health & Science) inserted into the
inlet reservoir. The outlet reservoir was also connected to a tubing
to export the solution out of the microchannel. Particle motion
was visualized at different locations of the microchannel using an
inverted microscope (Nikon Eclipse TE2000U, Nikon Instruments)
and recorded with a CCD camera (Nikon DS-Qi1Mc) at a rate of 15
frames per second. The captured digital videos and images were
post-processed using the Nikon imaging software (NIS-Elements
AR 2.30).

3. Simulation

In order to predict and understand the diamagnetic particle
separation in ferrofluid flows, a 3D numerical model was developed
to simulate the magnetophoretic particle transport in the U-shaped
microchannel. Similar to our earlier work [59], this model considers
only the one-way actions that the flow field (via the drag force) and
the magnetic field (via the magnetic force) have on the suspended
particles. The re-actions of these particles on the flow and magnetic
fields, as well as the dipole-dipole interactions between themselves,
are, however, neglected considering the low particle concentration
in our experiments [60,61]. Moreover, the influence of the ferrofluid
concentration gradient, which results from the re-distribution of
superparamagnetic nanoparticles in response to a magnetic field, is
assumed small on the diamagnetic particle transport and separa-
tion. This assumption has been verified by a two-dimensional nu-
merical model that considers the full coupling between the ferro-
fluid flow and concentration fields in the U-shaped microchannel
(see the Appendix A for details). It is found that the ferrofluid
concentration in the bulk fluid remains almost unvaried (see Fig. Al
in the Appendix A ), and can thus be treated as uniform throughout
the microchannel in our 3D model.

3.1. Computational domain

Fig. 2 shows the isometric view of the 3D computational domain,
which covers the entire U-turn of the microchannel and part of the
straight sections at the channel inlet and outlet (see labeled di-
mensions). Specifically, the straight channel section at the inlet is
truncated to 3000 um, which is sufficient to take account of the
particle deflection and focusing therein due to magnetophoresis. The
straight channel section at the outlet is cut to only 1000 um because
our experiment and simulation both indicate no significant particle
trajectory change occurs beyond this length. Structured meshes are
used over the entire computational domain as viewed from the in-
sets I, II, and IIl in Fig. 2. The grid size at the corner of the inlet branch
(see inset I) self-adaptively increases from the inner wall to the outer
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Fig. 2. Isometric view of the 3D computational domain of the U-shaped micro-
channel. Note that the lengths (labeled on the plot) of the straight sections at the
channel inlet and outlet are both truncated to save computer time. The insets [, II
and IIl show the enlarged views of the structured meshes at the corner of the inlet
branch, the middle of the outlet branch and the channel outlet, respectively.
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Fig. 3. Isometric view of the magnetic field contour within the U-shaped
microchannel.

Table 1
Material properties used in the simulation.

Symbol Description Value

M Residual magnetization of the magnet 1.05x 106 A/m
o Ferrofluid concentration (0.5 x EMG 408) 0.6%

d Diameter of magnetic nanoparticles 10 nm

My Saturation moment of magnetic nanoparticles 438 x 105 Alm

n Dynamic viscosity of the ferrofluid 1.05 x 10-3 kg/ms
p Mass density of the ferrofluid 1070 kg/m3

2a Diameter of diamagnetic particles 5um and 15 ym
Pp Density of diamagnetic particles 1050 kg/m3
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wall. Moreover, the grid size is set to decrease from the microchannel
center to each of the four walls at a constant ratio (see insets II and
III). With this approach, no additional boundary layer meshes, which
were employed in the 3D model in our earlier work [59] are needed
because the meshes near channel walls are fine enough to trace the
particle position accurately.

3.2. Governing equations and boundary conditions

The ferrofluid is viewed as a magnetic fluid of a uniform con-
centration, ¢y, for which the steady-state flow field in the
U-shaped microchannel, wu, is governed by the continuity and
Navier-Stokes equations [62,63],

Veu=0 (1)
pusVu= — Vp + nV2u + f, 2

where p, p and 5 are the ferrofluid density, pressure and viscosity,
respectively, and f, is the magnetic body force given by [47],

fm:ﬂOMf“VH 3)
M=coMgy[coth(a)-1/a] 4)
_xd3ugMyH
T 6kgT 6)

In the above, 4, is the permeability of the free space, My is the
magnetization of the ferrofluid, H is the magnetic field with H being
the magnitude, M, is the saturation moment of the super-
paramagnetic nanoparticle with M, being the magnitude, d is the
nominal diameter of the superparamagnetic nanoparticles in the fer-
rofluid, kg is the Boltzmann constant, and T is the ferrofluid tem-
perature. The inlet of the microchannel is imposed with the experi-
mentally used volume flow rate, and the outlet is at zero pressure. A
no-slip boundary condition is applied to all channel walls.

To simulate and trace the diamagnetic particle trajectories in the
separation process, we neglect the inertial effect and consider only
the contributions of fluid flow, u, negative magnetophoresis, u,
and gravity-buoyancy action, ug, to the particle velocity, u,, i.e.,
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Fig. 4. Comparison of top-view experimental images and numerical predictions (red lines for 5 um particles and green lines for 15 um particles) for diamagnetic particle
separation in 0.5 x EMG 408 through the U-shaped microchannel. Four observation windows (see also Fig. 5 for their locations along the channel) are used: I, the entrance/
exit region of the U-turn; II, the inlet branch of the U-turn that is closest to the magnet; III, the two corners of the U turn; IV, the channel outlet. The ferrofluid flow rate is
450 pl/h. The block arrows indicate the ferrofluid flow and particle moving directions. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 5. Isometric view of the numerically predicted trajectories of 5 um (red lines)
and 15 um (green lines) diamagnetic particles in 0.5 x EMG 408 ferrofluid through
the U-shaped microchannel at a volume flow rate of 450 pl/h. The insets show the
enlarged views of the particle trajectories in the same four observation windows as
in Fig. 4. The block arrows indicate the ferrofluid flow and particle moving direc-
tions. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 6. Flow rate effects on diamagnetic particle separation in 0.5 x EMG 408
ferrofluid through the U-shaped microchannel: (al-a3) compare the experimen-
tally obtained composite images with the numerically predicted particle trajec-
tories (red lines for 5 um particles and green for 15 pm) at 450 ul/h (a1), 500 ul/h
(a2) and 600 pl/h (a3); (b) compares the experimentally measured (symbols with
error bars) and the numerically predicted (lines) particle positions at the end of the
outlet straight section (with respect to the right sidewall). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

fp & ®)

In the above, a and p, are the radius and mass density of dia-
magnetic particles, fj is the drag coefficient that accounts for the
wall retardation effects, and g is the gravitational acceleration.
Similar to our earlier work [49,59], different expressions of f;, are
used for particle motions parallel and normal to the channel walls,
respectively, and skipped here for brevity. The magnetization of
diamagnetic particles is assumed negligible as compared to that of
the ferrofluid in Eq. (7). The magnetic field, H, in (Eqs. (3) and 7)
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Fig. 7. Ferrofluid concentration effects on diamagnetic particle separation in the
U-shaped microchannel: (a1-a3) compare the experimentally obtained composite
images with the numerically predicted particle trajectories (red lines for 5 um
particles and green for 15 um) in 0.4 x (al), 0.5 x (a2), and 0.6 x (a3) EMG 408
ferrofluid; (b) compares the experimentally measured (symbols with error bars)
and the numerically predicted (lines) particle positions at the end of the outlet
straight section (with respect to the right sidewall). The ferrofluid flow rate is fixed
at 500 pl/h. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

are obtained using the analytical formulae derived by Furlani for
rectangular permanent magnets [64], which, as stated in our
earlier work [59], can greatly reduce the computer time due to the
elimination of the necessary air box around the magnet [65].

3.3. Numerical method

The 3D numerical model was developed and solved in COM-
SOL™ 4.4 using the Palmetto Cluster at Clemson University. Briefly,
the 3D magnetic field was determined directly from Furlani’s
analytical formulae for rectangular magnets [64] that were input
to COMSOL as variables. The ferrofluid flow velocity, u, was solved
from Eq. (1) and Eq. (2) in the Laminar Flow module. The dia-
magnetic particle motion was traced using the intrinsic Streamline
function in COMSOL via Eq. (6) in terms of the following velocity
components in the three directions:

2008 Mr 4 9y,

Up y=Uy————
PR onfH 9a)

2p0a*My

=u,— 0 H.v)H
Up_y=Uy quDH( )Hy

(9b)
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2u0@My o (pp-r)g
fpH fp 90
where u; (i=x, y, z) is the fluid velocity component, M is the

magnitude of ferrofluid magnetization in Eq. (4), and H; (i=x, y, z)
is the magnetic field component that can be found from Ref. [64].

Up =Uz—
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Fig. 8. Magnet-channel distance effects on diamagnetic particle separation in 0.5 x EMG 408 ferrofluid through the U-shaped microchannel: (al-a3) compare the ex-
perimentally obtained composite images with the numerically predicted particle trajectories (red lines for 5 pm particles and green for 15 pm) when the permanent magnet
is 600 um (a1), 800 um (a2), and 1000 um (a3) away from the inlet branch of the U-turn; (b) compares the experimentally measured (symbols with error bars) and the
numerically predicted (lines) particle positions at the end of the outlet straight section (with respect to the right sidewall). The ferrofluid flow rate is fixed at 500 pl/h. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The maximum mesh size was set to 6 um according to a grid in-
dependence study. Fig. 3 shows the isometric view of the magnetic
field contour within the U-shaped microchannel, which indicates
the decrease in magnetic field from the inlet branch to the outlet
branch of the U-turn. The material properties involved in the si-
mulation are summarized in Table 1.

4. Results and discussion
4.1. Demonstration of diamagnetic particle separation

Fig. 4 compares the experimentally obtained images and the
numerically predicted trajectories of 5 um and 15 um particles in
0.5 x EMG 408 ferrofluid through the U-shaped microchannel.
Four observation windows I-IV (see also Fig. 5 for their locations)
are selected to demonstrate the development of this diamagnetic
particle separation. The permanent magnet is 800 pm away from
the inlet branch of the U-turn. The flow rate of the particle sus-
pension is 450 pl/h, which corresponds to an average velocity of
15.6 mm/s. The composite images are each a superposition of a
sequence of top-view snapshot images. At the entrance region of
the U-turn (window I), 15 um particles are focused to a single
stream along the lower wall of the inlet branch. In contrast, the
magnetic deflection of 5 um particles is weaker and not completed
until after they move out of window L. This happens because of the
size-dependent magnetophoretic velocity, wu,, in Eq. (7). On
moving through window II at the inlet branch closest to the

magnet, 5 um and 15 pm particles migrate in a single tight stream
near the lower wall of the inlet branch. Meanwhile, ferrofluid
nanoparticles are accumulated onto the upper wall of the inlet
branch due to positive magnetophoresis, which is explained in the
Appendix A. The focusing status of diamagnetic particles continues
in window IIl where they move along the inner corner of the U
turn.

However, the two types of particles in the focused stream begin
to be split when they travel into the outlet branch of the U-turn
(window III). Due to their stronger magnetophoretic velocity,
15 pym particles migrate towards the lower wall of the outlet
branch at a higher rate than 5 pum particles. The displacement
between these two particle streams continuously increases in
window II and reaches the maximum (i.e., the best separation)
when 15 pm particles approaches the lower wall of the outlet
branch in window I. The two separated particle streams then flow
through different passages at the channel outlet in window IV.
This observed particle focusing-separation process through the
U-turn is captured reasonably by the numerical model in Fig. 4.
We note that the particle separation distance is slightly affected by
the 90° turn at the outlet straight section, which should be re-
moved or revised in future designs. An isometric view of the nu-
merically predicted 3D particle trajectories for this separation is
displayed in Fig. 5. As seen from the insets in the four observation
windows -1V, initially mixed and dispersed particles in the fer-
rofluid are first focused by negative magnetophoresis to a narrow
stream flowing in the far corner of the bottom wall. They later
undergo a continuous separation by size near the surface of the
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Fig. 9. Outlet-branch width effects on diamagnetic particle separation in 0.5 x
EMG 408 ferrofluid through the U-shaped microchannel: (al-a3) show the nu-
merically predicted trajectories of 5 um (red lines) and 15 um (green lines) particles
for an outlet-branch of 200 um (a1), 400 pm (a2), and 600 pm (a3) wide; (b) shows
the numerically predicted particle positions (error bars included to cover the span
of the particle streams in al, a2 and a3) at the end of the outlet straight section
(with respect to the right sidewall). Other parameters are referred to Fig. 7. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

bottom wall.

4.2. Parametric effects on diamagnetic particle separation

A quantitative analysis and comparison of experiment with
simulation is presented below for the effects of ferrofluid flow
rate, ferrofluid concentration, and magnet-channel distance on the
diamagnetic particle separation in the U-shaped microchannel.
Also presented are the numerically predicted channel geometry
effects including the outlet-branch width and the gap between the
inlet and outlet branches of the U-turn.

4.2.1. Effect of ferrofluid flow rate

Fig. 6(a1-a3) compares the experimental images and numerical
predictions of 5 um and 15 pm particles in 0.5 x EMG 408 ferro-
fluid at the channel outlet under a volume flow rate of 450 ul/h
(al), 500 ul/h (a2) and 600 pl/h (a3), respectively. A quantitative
comparison of the relative positions of the two separated particle
streams between experiment (symbols) and simulation (lines) is
presented in Fig. 6(b), where the relative particle positions are all
determined with respect to the right sidewall of the outlet straight
section in Fig. 6(al-a3). Error bars are included for the experi-
mental data points (symbols) to account for the spans of particle
streams. A good agreement is obtained in between the experi-
mental and modeling results. As seen from the trend of the two
lines in Fig. 6(b) and as well the particle images in Fig. 6(al-a3),
the separation gap between the two particle streams grows with a
decrease in the ferrofluid flow rate. It reaches the maximum at a
flow rate of around 460 pl/h, for which 15 pm particles are able to
reach the right sidewall of the microchannel. Further lowering the
flow rate reduces the separation gap because 5 pm particles still
migrate towards the right sidewall while 15 um particles do not.

Separation gap of particles (um)

600 700 800 900
Gap between inlet and outlet branches (um)

1000

Fig. 10. The effect of the gap width between inlet and outlet branches of the U-turn
on diamagnetic particle separation in 0.5 x EMG 408 ferrofluid through the
U-shaped microchannel: (a1-a3) show the numerically predicted trajectories of
5 um (red lines) and 15 um (green lines) particles for a gap of 600 um (a1), 800 um
(a2), and 1000 pm (a3); (b) shows the numerically predicted separation distance
between the two particle streams at the end of the outlet straight section. Other
parameters are referred to Fig. 7. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

4.2.2. Effect of ferrofluid concentration

Fig. 7 (al-a3) shows the effect of ferrofluid concentration
(0.4 x 0.5 x and 0.6 x ) on diamagnetic particle separation in the
U-shaped microchannel at a fixed flow rate of 500 pl/h. The se-
paration gets worse when the ferrofluid concentration is varied
from 0.5 x to either 0.4 x (i.e., decrease) or 0.6 x (i.e., increase).
This is because in 0.4 x ferrofluid, 5 um particles are unable to
receive a good magnetic focusing in the inlet-branch of the U-turn
and hence still largely dispersed at the channel outlet causing an
incomplete separation in Fig. 7(al). In contrast, both 5 pum and
15 um particles are well focused in 0.6 x ferrofluid and able to
reach the right sidewall of the outlet straight section thereby in-
hibiting the separation in Fig, 7(a3). This trend is quantitatively
predicted by the numerical model as demonstrated by the com-
parison of the relative particle positions (with respect to the right
sidewall of the outlet straight section) between experiment
(symbols with error bars) and simulation (lines) in Fig. 7(b).
Moreover, the simulation indicates that the best separation at
500 pl/h seems to take place in an approximately 0.53 x ferrofluid.

4.2.3. Effect of magnet-channel distance

Fig. 8(al-a3) shows the effect of the distance between the
magnet and the inlet branch of the U-turn, or simply the magnet-
channel distance, on the separation images of 5 um and 15 um
particles in 0.5 x EMG 408 ferrofluid under a flow rate of 500 pl/h.
Fig. 8(b) compares the experimentally measured (symbols with
error bars) and numerically predicted (lines) relative positions of
the two particle streams with respect to the right sidewall of the
outlet straight section. With an increase in the magnet-channel
distance from 600 pm (a1) to 800 um (a2) and 1000 um (a3), the
separation gap between the two particle streams increases as seen
from the numerical lines in Fig. 8(b). However, the best separation
seems to take place at the 800 um magnet-channel distance from
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both the experiment and simulation. It is because neither type of
particles receives a good magnetic focusing at the 1000-pm
magnet-channel distance, which yields a considerable span for
each particle stream as viewed in Fig. 8(a3). At the distance of
600 um, both types of particles are fully deflected with a tight
focusing and hence overlap with each other at near the right
sidewall of the outlet straight section. Overall, the numerical
model predicts the experimental results with a reasonable
agreement.

4.24. Effect of outlet-branch width

The above parametric studies have validated our 3D numerical
model. We therefore use this model to further examine the effects
of two other geometrical parameters that are not tested experi-
mentally. Fig. 9(al-a3) shows the width effect of the outlet branch
of the U-turn on the numerically predicted trajectories of 5 um and
15 um particles in 0.5 x EMG 408 ferrofluid at the entrance/exit
region of the U-turn (i.e., window I in Fig. 4 and Fig. 5). Other
parameters are fixed and referred to the experiment in Fig. 7. Fig. 9
(b) compares the predicted relative (center) positions of the two
particle streams with respect to the right sidewall at the outlet
straight section. As the trend shows, the gap between the two
streams increases with an increase in the outlet-branch width,
which is also visible from the particle trajectories in Fig. 9(al-a3).
This enhanced separation arises from the slower flow velocity in a
wider channel, where both types of particles will have a longer
retention time to be magnetically deflected in the ferrofluid.
However, as viewed from the predicted trajectories in Fig. 9(al-a3)
and as well the error bars in Fig. 9(b), the two particle streams
both expand with an increase in the outlet-branch width, which
should be taken into account in optimizing the U-shaped micro-
channel for diamagnetic particle separation.

4.2.5. Effect of the gap width between inlet and outlet branches

Fig. 10(a1-a3) shows the effect of the gap width between the
inlet and outlet branches of the U-turn on the numerically pre-
dicted trajectories of 5 pm and 15 pm particles. Fig. 10(b) shows
the predicted edge-to-edge separation distance of the two particle
streams at the end of the outlet straight section when the branch-
gap width is varied from 600 pm to 1000 pm. Under the tested
conditions, the particle separation is not a linear function of the
branch-gap width and seems to achieve the best with a gap width
of 830 um. At the 600 pm branch-gap width, 5um and 15 pm
particles can both have a nearly full-width deflection and are
hence barely separated as seen from Fig. 10(al). At the 1000 pm
branch-gap width, both types of particles still try to approach the
sidewall at the exit of the U-turn and also experience a greater
dispersion in the process, which yields a reduced separation as
demonstrated in Fig. 10(a3).

5. Conclusions

We have demonstrated a continuous-flow sheathless diamag-
netic particle separation in ferrofluids through U-shaped micro-
channels. Due to the action of a size-dependent magnetic force,
diamagnetic particles are focused into a single stream in the inlet
branch of the U-turn and then continuously separated into two
streams in its outlet branch. The parametric effects of ferrofluid
flow rate, ferrofluid concentration, and magnet-channel distance
on this diamagnetic particle separation are experimentally stu-
died. We have also developed a 3D numerical model to simulate
the particle trajectories in ferrofluid flows through the U-shaped
microchannel under the experimental conditions. The numerical
predictions are found to agree well with the experimental ob-
servations. Moreover, we have used the validated 3D numerical

model to investigate the geometric effects of the U-turn, including
the width of the outlet branch and the gap width between the
inlet and outlet branches, on diamagnetic particle separation in
ferrofluids. Particularly interesting is the finding that increasing
the outlet-branch width of the U-turn can significantly enhance
the particle separation. The obtained experimental and numerical
results in this work will aid in the optimal design and control of
future U-shaped microchannels for the best separation.
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Appendix A

We prove below that the ferrofluid concentration gradient in-
duced by a non-uniform magnetic field has an insignificant in-
fluence on the trajectory of diamagnetic particles in the U-shaped
microchannel. To save computational time, we have developed a
2D numerical model to consider the coupling between ferrofluid
flow and concentration fields. This full model has also been com-
pared with a 2D numerical model that ignores the ferrofluid
concentration gradient and uses the same equations as in the main
text. In the former full numerical model, the ferrofluid flow field is
solved from transient Navier-Stokes equations,

Ju
& iuevul=-vVv V2 f
p( at+u U) p+nrvu+ Iy (A1)

where the magnetic body force, f;;, as defined in Eq. (3) of the main
text, is a function of ferrofluid concentration, ¢, due to the con-
centration dependence of ferrofluid magnetization, My,

M;=cMg[coth(a)-1/a] (A2)

The ferrofluid concentration field is solved from the convec-
tion-diffusion equation,

ac

E+V.( —DVc+uc+ug,c)=0 (A3)
where u,, is the magnetophoretic velocity of ferrofluid nano-
particles (which are superparamagnetic),

_ugd?[coth(a) — 1/a]M;-VH
Hip= 13
U (A4)

Eq. (A1) and Eq. (A3) along with Eq. (1) in the main text are
solved together in COMSOL 4.4 using a time-dependent solver. A
normal inflow velocity (15.6 mm/s, corresponding to a volume
flow rate of 450 ul/h) and a uniform ferrofluid concentration
(c = ¢p=0.5 x 1.2% for 0.5 x EMG 408 ferrofluid) are applied to the
inlet of the U-shaped microchannel. The outlet is at zero pressure
and has a zero concentration gradient. All walls of the micro-
channel are assumed no-slip and no-penetrating.

Fig. A1 shows the comparison of ferrofluid concentration be-
tween experimental images and numerical predictions (from the
2D full model) at the three observation windows I, I and III of the
U-shaped microchannel. As they experience positive magneto-
phoresis, ferrofluid nanoparticles migrate towards the region of
the highest magnetic field strength. This causes an increased fer-
rofluid concentration on the wall of the inlet branch that is nearest
to the magnet in Window II, which is qualitatively predicted by
the 2D full model in Fig. A1l. Meanwhile, there occurs a slight
depletion of ferrofluid on the walls that are away from the magnet.
However, the ferrofluid concentration in the bulk region of the
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Fig. A 1. Comparison of the experimentally recorded snapshot images (top row) and the numerically predicted concentration fields (bottom row) of ferrofluid at three
observation windows of the U-shaped microchannel (see Fig. 5 of the main text for their locations). All experimental conditions are identical to those listed in the caption of
Fig. 4. The block arrows indicate the ferrofluid flow and particle moving directions. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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Fig. A 2. Comparison of the predicted trajectories of 5 um (red lines) and 15 um (green lines) diamagnetic particles from 2D numerical models with (top row) and without
(bottom row) consideration of the coupling between ferrofluid flow and concentration fields, respectively, in 0.5 x EMG 408 through the U-shaped microchannel. All
working conditions remain identical between the two models. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

entire channel remains almost unvaried at the initial concentra-
tion. Therefore, the trajectories of diamagnetic particles in the
ferrofluid are not expected to be significantly affected by the
magnet-induced ferrofluid concentration gradient. This is verified
by comparing the predicted particle trajectories from 2D numer-
ical models with and without consideration of the coupling be-
tween ferrofluid flow and concentration fields. As seen from Fig.
A2, there is no visible difference between the two results.
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