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Abstract In this paper, a spiral microchannel was fabri-
cated to systematically investigate particle dynamics. The
focusing process or migration behavior of different-sized
particles in the outlet region was presented. Specifically,
for focused microparticles, quantitative characterization
and analysis of how particles migrate towards the
equilibrium positions with the increase in flow rate
(De = 0.31-3.36) were performed. For unfocused micro-
particles, the particle migration behavior and the particle-
free region’s formation process were characterized over a
wide range of flow rates (De = 0.31-4.58), and the
emergence of double particle-free regions was observed at
De > 3.36. These results provide insights into the design
and operation of high-throughput particle/cell filtration and
separation. Furthermore, using the location markers pre-
fabricated along with the microchannel structures, the
focusing or migration dynamics of different-sized particles
along the spiral microchannel was systematically explored.
The particle migration length effects on focusing degree
and particle-free region width were analyzed. These anal-
yses may be valuable for the optimization of microchannel
structures. In addition, this device was successfully used to
efficiently filter rare particles from a large-volume sample
and separate particles of two different sizes according to
their focusing states.
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1 Introduction

Efficient and precise manipulation of microparticles or
cells/macromolecules can be achieved by utilizing inertial
effects in microfluidics. Inertial microfluidics has many
advantages such as high-throughput processing in a con-
tinuous mode, simple planar structure for easy fabrication,
non-invasive manipulation without complex label, and
convenient operation without external fields. In the past
several years, various prototype devices have been devel-
oped to realize important functions such as particle/cell
focusing (Russom et al. 2009; Xuan et al. 2010; Choi et al.
2011), trapping (Mach et al. 2011), separation (Di Carlo
et al. 2007; Yoon et al. 2009; Lee et al. 2011), transpor-
tation (Kim and Yoo 2008), filtration (Seo et al. 2007a;
Bhagat et al. 2008b), encapsulation (Edd et al. 2008) and
biochemical reagent mixing (Sudarsan and Ugaz 2006a, b).
In addition to simple straight channels (Bhagat et al. 2009;
Choi et al. 2011), other microchannel configurations,
including single curves (Yoon et al. 2009), symmetric or
asymmetric sinusoidal lines (Di Carlo et al. 2007), con-
traction—expansion arrays (Lee et al. 2011; Sim et al.
2011), and spirals (Sudarsan and Ugaz 2006a; Seo et al.
2007a, b; Kuntaegowdanahalli et al. 2009) have been
adopted. The spiral microchannels (Sudarsan and Ugaz
2006a; Seo et al. 2007a, b; Bhagat et al. 2008a; Russom
et al. 2009; Kuntaegowdanahalli et al. 2009; Wang et al.
2010), in particular, attract significant attention because
strong Dean flow can be maintained for extended period in
a compact manner.
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For example, the Dean flow induced in spiral micro-
channels has been used to enhance mixing (Sudarsan and
Ugaz 2006a) and to rotate cells in electroporation systems
for efficient gene delivery (Wang et al. 2010). Precise
particle/cell manipulation can be realized by coupling the
inertial migration and Dean flow. Russom et al. (2009), for
instance, fabricated a spiral microchannel with gradually
varied width to keep the lateral displacements of particles
constant. In addition, they plotted a useful focusing state
spectrum to guide the designing of these devices. Bhagat
et al. (2010) developed a sheathless microflow cytometer
by integrating an inertial focusing unit with a laser induced
fluorescence (LIF) set-up, which could achieve a high
throughput up to ~2,100 particles per second. Realizing
that the particle/cell focusing is size dependent in the spiral
microchannels, passive separation and filtration of different
size particles/cells have been demonstrated. For example,
Bhagat et al. (2008a) observed different focusing states
between 7.32 and 1.9 pum particles at the same flow rate,
based on which they achieved high-throughput separation
of these two particles. Kuntaegowdanahalli et al. (2009)
demonstrated a scheme for complete separation of multi-
sized particles/cells by exploiting the effects of the channel
dimension, particle size and flow rate on equilibrium
positions of focused particles. Seo et al. (2007a, b) devel-
oped a membrane-free microseparator with a double-spiral
design for effective filtering or sorting microparticles. They
also studied the transverse motion of particles near the
center junction and the effect of flow rate on separation.

In the above-mentioned studies, efforts have been made to
characterize and understand the dynamic behavior of parti-
cles in spiral microchannels. However, systematic studies
disclosing detailed information of particle dynamics are still
lacking. For example, most reports focus on the behavior of
those particles that are well focused in the outlet region, with
little attention being paid to the particle behavior during the
focusing process (i.e., how particles gradually move towards
the equilibrium positions with the increase in flow rate). In
addition, detailed investigations on the migration behavior of
unfocused particles (particles that are not focused at any flow
rate) in the outlet region are also scarce. Quantitative char-
acterization and analysis of these rarely studied behaviors,
however, can provide insights into the device design and the
best operation protocol. Moreover, quantitative investigation
of the focusing or migration behavior of different-sized
particles at specific locations along the spiral microchannel
may be helpful for optimizing microchannel structures but
has not been systematically reported so far.

In this work, a miniaturized microfluidic device with a
planar Archimedean spiral microchannel (Fig. 1) was
designed and fabricated to systematically investigate particle
dynamics. The focusing process or dynamic behavior of
the differently sized microparticles distributed in the
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Fig. 1 Detailed structure and dimension of the microfluidic device
with a spiral microchannel. a Reversed monochrome photo-mask
used in the photolithography process. Partial enlargements of the
image show detailed structures of the four-quadrant location markers
and the outlet section. b Photograph of the fabricated PDMS
microfluidic device with a five-loop spiral microchannel (the micro-
channel is fully filled with red ink for visualization). The scale bar is
1 cm

microchannel outlet region was characterized and analyzed
through fluorescent stream images and intensity spectrums.
The particle stream width and position (for 4.8 pm focused
particles), and the particle-free region width (for 2.1 pm
unfocused particles) were quantitatively measured. Several
new phenomena were observed, such as the shift direction
and non-uniform intensity distribution of particle streams
and the emergence of double particle-free regions, and then,
possible explanations were provided. Moreover, the focus-
ing or migration dynamics of microparticles along the spiral
microchannel was investigated by using the pre-fabricated
location markers. The effects of migration length on particle
focusing degree or particle-free region width were also
analyzed. Finally, based on the analysis of particle migration
behavior, this device was successfully used to efficiently
filter rare particles and separate particles of two different
sizes according to their specific focusing states.

2 Basic theory and design principle

Physical phenomena of fluid and particle behavior flowing
through microfluidic channels can be analyzed by using
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dimensionless numbers. Reynolds number (Re), one of the
important dimensionless numbers which is defined as the
ratio of inertial force to viscous force, is extremely low in
microfluidic devices (Re = 107°~10) under general con-
ditions (Squires and Quake 2005). However, when the
channel Reynolds number is finite, the particle flowing
through a spiral microchannel will be influenced by both
inertial migration effect and Dean flow (Bhagat et al. 2008a;
Kuntaegowdanahalli et al. 2009; Russom et al. 2009).

When the inertial migration of particles occurs, the
microparticle experiences a drag force along the main flow
direction as well as an inertial lift force (F}) perpendicular
to this direction. The inertial lift force (Fy) which drives
particles to migrate towards the equilibrium positions is
actually the net force of a shear-induced inertial lift force
(Fis) directed to the microchannel wall and a wall-induced
inertial lift force (Fiw) to the microchannel center. The
magnitudes of these two forces are dependent on the par-
ticle position in the microchannel cross-section, with the
shear-induced lift force (Fpg) dominating in the center
region and the wall-induced inertial lift force (Fw) dom-
inating in the wall region (Di Carlo et al. 2007; Bhagat
et al. 2009). Expression for the net lift force can be written
as (Asmolov 1999; Choi and Lee 2010):
F pUrznagCL
L=, (1)
where, p is the density of fluid, U, is the maximum fluid
velocity which can be estimated as 2 x Uy (Uy denoting the
average fluid velocity), a, is the diameter of microparticle,
Cp is the dimensionless lift coefficient whose value and
sign are determined by the channel Reynolds number and
particle position in the microchannel, Dy, is the micro-
channel hydraulic diameter which can be approximated as
2WH/(W + H) for the rectangular cross-section micro-
channel (W and H denoting the microchannel width and
height, respectively). An estimate of this net lift force can
be made by using an average value of C; ~ 0.5 (Di Carlo
et al. 2007; Bhagat et al. 2008a).

Due to the presence of Dean flow in the spiral micro-
channel, particle is also subjected to a Dean drag force
which entrains it to follow the fluid movement within two
symmetric Dean vortices located, respectively, in the top
and bottom half of the microchannel. The strength of
transverse Dean flow is positively related to the value of a
dimensionless number called Dean number (De), demon-
strated by Berger et al. (1983)

D.  pUD, |D
De = Rey |0 = P20 [=h (2)
2R n 2R

where R is the radius of spiral microchannel, and # is the
dynamic viscosity. With the Dean drag force and the Dean

velocity being in a consistent direction, the magnitude of
this force can be approximated by assuming the Stokes
drag (Bhagat et al. 2008a):

Fp = 3mna,Up (3)

Here, Up is the average Dean velocity which scales as
Up = 1.8 x 107*De!"® offered by Ookawara et al. (2004)
through numerical simulation. The presence of Dean drag
force makes the equilibrium position and motion of particle
in spiral microchannels more complex than those in
straight microchannels. Within a low-aspect-ratio spiral
microchannel, randomly dispersed particles near the inlet
will move towards the two equilibrium positions along the
channel height while they are migrating to the outlets.
Additionally, in order to make all particles focused,
the dimensions of particle and channel should satisfy
ap/L.>0.07 (where, L. is the characteristic length of
the microchannel cross-section. For low-aspect-ratio
microchannels, it can be replaced by the microchannel
height) (Bhagat et al. 2008a; Di Carlo et al. 2007).

3 Materials and methods
3.1 Device design and fabrication

The spiral microchannel used in this work consists of five-
loop channels with one inlet and two outlets. The main
microchannel structure is 160 pum wide with spacing
between two adjacent loops fixed at 500 pm and an initial
radius of the spiral at 3.5 mm. In the outlet region, the
microchannel gradually expands to 300 pm wide, and then
bifurcates into two outlets. The detailed structure and
dimension of the spiral microchannel are shown in Fig. la.
In order to characterize the focusing or migration behavior
of fluorescent particles at different locations along the
spiral microchannel, four-quadrant location markers (0°,
90°, 180° and 270°) were pre-fabricated together with the
microchannel structures (Fig. 1a). The total length of the
spiral microchannel is ~ 16 cm. The device used in this
work was designed and drawn in the AutoCAD 2010
(AutoDesk, Inc.) and converted to monochrome BMP
format photo-mask (13,680 x 11,120 pixels, with a pixel
size of 1.25 pm) by plotting function of CAD software.
After being sliced into small parts in the height direction,
the photo-masks were loaded for exposure in a maskless
lithography system SF-100 Xtreme (Intelligent Micro
Patterning, LLC), and then an SU-8 master of ~50 pm
thick was fabricated using standard photolithography
technique. Using this master mold, PDMS molding was
carried out to replicate the microstructure features. After
being cured, the PDMS chip was peeled from the master,
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and the inlet and outlets reservoirs were punched using a
Harris Uni-Core biopsy micropunch (0.75 mm, Electron
Microscopy Sciences). Finally, the PDMS chip was per-
manently bonded to a clean glass slide through UV/Ozone
treatment (144AX-220, JELIGHT COMPANY, Inc.).
The photograph of the final device is shown in Fig. 1b. The
overall size of the microchannel region is ~2 cm?.

3.2 Preparation of particle suspensions

Aqueous fluorescent polystyrene microparticles with sizes of
4.8 and 2.1 pm (Thermo Fisher Scientific, Inc.) were used as
manipulation objects for focusing, filtration, and separation.
The concentration and specific gravity of initial particle
suspensions were 1 % solids and 1.06 g/cm®, respectively.
The testing particle suspensions were prepared in 0.5 wt%
Tween 20 (Sigma-Aldrich) aqueous solutions to reduce the
chances of particle aggregation. The final concentration of
testing particle suspensions was only ~0.015 % (v/v) so
that the interparticle interactions can be neglected. In addi-
tion, their dynamic viscosity useful for calculating the Dean
number was ~1.084 x 107> kg m~' s™'. Additionally, due
to the unique property of spiral microchannels that radiuses
vary with loops, the Dean number used in this work was
calculated with the initial radius unless special notice is
given.

3.3 Experimental set-up and operation

PEEK tubing (1569, Upchurch Scientific) was used to
connect the inlet port with a 3 ml plastic syringe (78-0851,
KD Scientific, Inc.) by a 25 G luer stub adapter (5225-B,
AXXON). After the testing particle suspensions being
loaded, the syringe was mounted onto a programmable
syringe pump (KDS201, KD Scientific, Inc.). During the
experimental testing, the whole device was fixed on
the stage of an inverted fluorescence microscope (IX71,
Olympus). A 120 W fluorescence illumination system
(X-Cite 120, EXFO) was used as an excitation light source.
Two differently fluorescent-labeled microparticles were
visualized through a 10x objective (UPLFLN, 10x/0.3)
and two fluorescence mirror units (U-MWU2, U-MWB2).
High-speed particle motions were recorded using a 14-bit
camera (Exi Blue, Qimaging) and the IMAGE-PRO
EXPRESS software (Media Cybernetics, Inc.).

3.4 Image processing and analyzing

In order to quantitatively characterize and analyze high-
speed particle motions, over 100 images were continuously
captured at the same location with an exposure time of
500 ms. Then, the IMAGEJ software (version 1.45s, NIH,
USA) was used as an image post-processing tool to overlay
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and normalize each pixel value in the obtained images. Due
to the dark background under the fluorescence illumination
condition, a bright-field image of the microchannel cap-
tured at the same position was stacked with the obtained
composite images (using ‘Images to Stack’ option of
IMAGE] software) to precisely determine the walls of the
microchannel. At the same time, grayscale values across
the width of the microchannel were also measured using
this software so that the distribution and behavior of the
microparticles can be accurately characterized and ana-
lyzed without using any ultra-speed camera. Moreover, all
the experimental images were captured at the bottom of the
microchannel wall. Therefore, experimental results at dif-
ferent flow rates or locations can be compared.

4 Results and discussion

4.1 Focusing process of 4.8 um particles
in the outlet region

The fluorescent stream images illustrating the distribution
of 4.8 um fluorescent polystyrene microparticles in the
outlet (just before the expanding section) and inlet regions
of the spiral microchannel at low Reynolds numbers
(Re < 33) are shown in Fig. 2. In the inlet region
(Fig. 2a), particles are randomly dispersed across the
microchannel width at a relatively high flow rate (De =
2.75). In the outlet region, however, particles begin to
migrate towards the equilibrium positions near the inner
microchannel wall at De = 0.31 and particle-free regions
are observed near inner and outer walls (Fig. 2b). With De
increasing from 0.31 to 3.36, an increasing number of
particles intend to migrate towards the equilibrium posi-
tions (Fig. 2b—g).

Figure 3 shows the normalized fluorescent intensity
distribution of 4.8 um particle streams across the micro-
channel’s outlet width during the whole focusing process
(De = 0.31-3.36). In order to better understand it, the
focusing process is artificially divided into two stages. At
the first stage (De = 0.31-1.53), as is shown in Fig. 3a, the
transverse migration of 4.8 um particles is observed to
occur as a result of the interference of inertial lift force and
Dean drag force. However, neither of these two forces
whose magnitudes are proportional to the average flow rate
of fluid Fp Ufz, Fp Ufl'63 (Bhagat et al. 2008a;
Kuntaegowdanahalli et al. 2009) are strong enough to drive
all the particles towards the equilibrium positions within
this flow rate range, causing that particle streams remain
relatively wide. Additionally, intensities of fluorescent
streams at flow rates of this range are non-uniformly dis-
tributed, with the peaks of normalized fluorescent intensity
curves emerging at similar positions in the inner half of
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Outlet
region

(b) Outerwall De=0.31

De=3.36

Fig. 2 Fluorescent stream images illustrating the distribution of
4.8 um microparticles near the microchannel inlet and outlet
regions at low Reynolds numbers. a De = 2.75 near the inlet region.
b-g De = 0.31-3.36 near the outlet region. White dotted lines in the
figures indicate the microchannel walls

microchannel. This is because although the weakness of
inertial lift force and Dean drag force causes that all par-
ticles cannot be well focused in the limited microchannel
length (~ 16 cm) used in this work, a certain number of
particles which are initially located close to the equilibrium
positions have already focused in these positions, which are
manifested by the peaks of fluorescent intensity curves. As
the flow rate increases to De = 1.53, most of the non-
equilibrium particles have transversely migrated near the
equilibrium positions so that the intensities across fluo-
rescent streams appear to be uniform (Fig. 2d-g). The
second stage of focusing process (De = 1.83-3.36) is
shown in Fig. 3b, where it is clearly observed that with
increasing flow rate the focusing degree increases (or the
width of fluorescent streams decreases). At the same time,
the position of the fluorescent stream in the microchannel
gradually moves towards the inner wall with increasing
flow rate. This finding is different from that demonstrated
by Kuntaegowdanahalli et al. (2009), who found that the
well-focused particle stream moved away from the mi-
crochannel wall with increasing flow rate. This difference
may result from the variance in the dominant force sub-
jected by microparticles. In our work, the microparticles
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Fig. 3 Normalized fluorescent intensity distributions of 4.8 pm
particle streams across the microchannel outlets at low Reynolds
numbers. a Normalized fluorescent intensity curves at De = 0.31—
1.83. b Normalized fluorescent intensity curves at De = 1.83-3.36.
The inset figures in figure a and b show the fluorescent stream images
at minimum and maximum De. The curve at De = 1.83 plotted both
in figure a and b is used for comparison

are still in the focusing process when the Dean number is
relatively small (De = 0.31-3.36). The Dean drag force
and inertial lift force calculated using Egs. (1) and (3)
indicate the dominance of inertial lift force for 4.8 um
particles at flow rates of this range (De < 3.36). The
inertial lift force will push the microparticles towards
the inner wall. By comparison, their work focuses on the
behavior of microparticles that have already occupied the
equilibrium positions. They attribute their experimental
finding to the fact that Dean drag force increases much
faster than inertial lift force at higher levels of flow rates.
The dominance of Dean drag force at much higher flow
rates tested in their experiment moves the particles away
from the inner microchannel wall.

In order to further investigate the focusing process of
4.8 um particles and characterize the focusing degree of
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Fig. 4 Width and position of 4.8 um particle streams across the
microchannel outlets at different De. The white columns represent the
fluorescent streams and the black columns represent the microchannel
(160 um wide). The red curves illustrate the inner and outer
boundaries of particle streams at varied De

fluorescent streams at varied flow rates, the width and
position of fluorescent streams relative to microchannel
widths as a function of De are plotted in Fig. 4. As can be
seem from this figure, the position and width of fluorescent
streams in the microchannel remain constant until De
increases to 1.22. After that, the width of fluorescent
streams begins to decrease with increasing De, whereas the
width of the particle-free regions near the outer wall shows
an increasing trend, both indicating the increase of focusing
degree. For the particle-free region near the inner wall, its
width keeps almost unchanged up to De = 2.14 before
decreasing obviously. The width of the fluorescent stream
at De = 3.36 is much lager than the actual particle diam-
eter (4.8 pwm). Increasing the flow rate may further enhance
the focusing effect.
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Fig. 6 a Normalized fluorescent intensity distribution of 2.1 pm
particles streams across the microchannel outlets at De = 0.31-0.92
and De = 3.36-4.58. b Relationship between Dean number (De) and
width of the particle-free region near the inner wall (W). The inset
figures show the fluorescent stream images of 2.1 um particles at
De = 0.31, 0.92 and 4.27

Fig. 5 Fluorescent stream
images illustrating the
distribution of 2.1 um
microparticles near the
microchannel inlet and outlet
regions at low Reynolds
numbers. a De = 3.97

near the inlet region.

b-i De = 0.31-0.92 and

De = 3.36—4.58 near the outlet
region. White dotted lines in the
figure indicate the microchannel
walls. The formation process of
the particle-free region near the
outer microchannel wall is
marked by red arrows in the
figure e-i

Inlet region

Quter wall
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Fig. 7 Fluorescent stream
images of 2.1 um particles at
De = 3.97 captured near the
marked locations (positions
1-4). White dotted lines in the
figure indicate the microchannel
walls. The detailed De and
particle migration length (L) at

| |
".'st loop | \End loop]
| |l
|
|
- |
De=3.97 | l |
each marked location are L=0 (mm)I|g' A7)

illustrated, respectively

L=37.67 !

De=3.44|
L=44.85]

4.2 Migration behavior of 2.1 pm particles in the outlet
region

Unlike 4.8 um particles (a,/H ~ 0.1) which are observed to
be well focused near the inner wall of microchannel outlet at
De = 3.36, 2.1 pm particles behave in a completely different
way. Since they do not satisfy the focusing condition
(ap/H >0.07), 2.1 pm particles (a,/H = 0.042) will not
focus towards the equilibrium positions or form a narrow
stream at any flow rate. Understanding the migration behavior
of these unfocused particles in spiral microchannels, however,
will be of great value for achieving the separation of differ-
ent-sized particles based on their focusing states.

Figure 5 shows the fluorescent stream images illustrat-
ing distribution of 2.1 um microparticles near the spiral
microchannel inlet and outlet regions at low Reynolds
numbers (Re < 45). Figure 6a plots the normalized fluo-
rescent intensity distribution of 2.1 pum particles across the
microchannel outlet. As shown in these two figures, 2.1 um
particles are still randomly dispersed across the micro-
channel outlet at De = 0.31 due to the weakness of inertial
lift force and Dean drag force, whereas 4.8 um particles
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have already moved towards the inner microchannel wall at
the same flow rate (Fig. 2b).The fact accounting for this
difference is that magnitudes of both inertial lift force and
Dean drag force are proportional to the particle diameter,
meaning that particles with larger diameters are subjected
to greater force (Kuntaegowdanahalli et al. 2009; Bhagat
et al. 2008a; Di Carlo et al. 2008). As the flow rate further
increases to De > 0.61, a particle-free region is observed
near the inner microchannel wall owing that the dominant
Dean drag force moves particles towards the outer micro-
channel wall. This finding is in agreement with the
experimental result reported by Bhagat et al. (2008a). The
relationship between flow rate (Dean number) and width of
the particle-free region near the inner wall is plotted in
Fig. 6b. The width of particle-free regions increases rap-
idly as De increases from 0.31 to 1.53, and then remains
constant at De > 1.53. After De increases to 3.36, a par-
ticle-free region is also found near the outer microchannel
wall, the generating process of which is marked by red
arrows in Fig. 5. The formation of double particle-free
regions near the inner and outer microchannel walls in our
experiment possibly results from the velocity difference in
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Fig. 8 a Relationship between particle migration length and normal-
ized particle-free region width of 2.1 um particles near the inner wall
at three different flow rates. The insetr figure i shows the three
dimensional gray value distribution across the W x L region near the
outlet microchannel. Red arrows in this inset figure indicate the
particle-free region near the outer wall. b Relationship between
particle migration length and normalized fluorescent stream width of
4.8 pm particles at two different flow rates (De = 2.75 and 1.68). The
inset photographs show the fluorescent stream images of 4.8 um
particles captured near specific locations

Dean vortices. As noted in previous researches (Yoon et al.
2009; Gossett and Di Carlo 2009), the velocity directed
outward is much larger than that directed inward or verti-
cally, and the velocity directed inward shifts to intersect
zero at a higher main flow rate, indicating that the drag
force directed outward is much larger than that directed
inward or vertically. Therefore, particles with their initial
positions being near the inner wall will firstly be moved
towards the outer wall at a relatively small flow rate,
leading to the occurrence of a particle-free region near the
inner wall. As the flow rate further increases, the drag
forces directed inward and vertically turn to become strong
enough to drive particles to migrate towards the inner wall
from the top and bottom halves of the microchannel.
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Hence, a particle-free region is gradually formed near the
outer wall as shown in Fig. Se—i.

4.3 Dynamic behavior of 2.1 pm particles
along the spiral microchannel

Research on the dynamic behavior of different-sized par-
ticles at specific locations (loops) along the spiral micro-
channel will be potentially useful for the design and
optimization of channel structures as well as the selection
and optimization of experimental parameters. Given this
goal, in this work, the dynamic behavior of 2.1 pm parti-
cles under various flow rates at different locations (0°, 90°,
180° and 270° four-quadrant locations in Fig. 1) along a
spiral microchannel is characterized.

Figure 7 shows the fluorescent stream images of 2.1 um
particles at De = 3.97 captured near each location mark. It is
worth mentioning that in the spiral microchannel the particle
migration length (L) along the main flow direction (the length
of the spiral microchannel) increases and the Dean number
(De) decreases with increase in loops (radius of the micro-
channel). The detailed value of De and particle migration
length (L) at each marked locations are provided in Fig. 7. As
can be seen from this figure, particles remain scattered across
the microchannel at L < 17.67 mm. However, when the
particle migration length (L) arrives at 24.07 mm, a particle-
free region is observed near the inner wall, and then it
gradually becomes wider with the length (L) increases.

Curves describing the relationship between the particle
migration length (L) and the normalized particle-free
region width at three different flow rates are shown in
Fig. 8a. The shortest particle migration length for gener-
ating a particle-free region at De = 0.61 (L ~ 102.4 mm)
is much larger than that at De = 2.29 or 3.97 (both
L ~ 17.67 mm), indicating that at lower flow fate, much
longer microchannel length is required for generating
particle-free region of a certain width. The particle-free
region width tends to be constant when particles migrate
towards the outlets. After stabilizing, the widths of particle-
free regions at De = 2.29 and 3.97 show similar variation
patterns with the latter region (De = 3.97) being widened
more rapidly. In contrast, the particle-free region at
De = 0.61 has much smaller width, which may be caused
by the weakness of lateral forces experienced by the mi-
croparticles. More importantly, double particle-free regions
appear only at De = 3.97 and L ~ 161.83 mm [Fig. 7
position (1) 6th loop and Fig. 8a inset figure i].

4.4 Focusing dynamics of 4.8 um particles
along the spiral microchannel

The inset photographs in Fig. 8b show the fluorescent
stream images of 4.8 um particles at De = 2.75 captured
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Fig. 9 Particle filtration application based on inertial focusing.
a—d Fluorescent stream images indicating the distribution of 4.8 um
particles at four different flow rates (De = 0.15, 1.07, 1.68 and 2.75)

near specific locations. At the first loop of position one,
where the particle migration length L = 0 mm, distribution
of 4.8 um particles remains uniform. As the particle
migration length increases to be larger than 11.52 mm,
particles tend to migrate towards the equilibrium positions,
resulting in the emergence of a particle-free region. Finally,
all the particles are well focused to the equilibrium posi-
tions, forming a single stream near the inner wall at the
microchannel outlets. The width of fluorescent streams is
used as a parameter to evaluate the particle focusing degree
under different migration lengths. The curves in Fig. 8b
describe the relationship between particle migration length
(L) and normalized fluorescent stream width. It can be
found that the width of normalized fluorescent streams
decreases with the increase of particle migration length
(L) under two different flow rates (De = 2.75 and 1.68).
Small oscillations may occur as a result of the inevitable
variation of experimental parameters (i.e., concentration of
the particle suspensions and size of the particles) during the
whole experiment.

4.5 Particle sorting and filtration applications based
on inertial focusing

Based on the previous characterization of particle behavior,
precise and high-throughput filtration of 4.8 pm particles
with extreme low concentration (volume concentration
<0.005 %) is achieved by using the focusing function of
the spiral microchannel designed in this work. Figure 9a—d
shows the distributions of 4.8 pm particles at four different
flow rates near the bifurcated outlets. The normalized
fluorescent intensity distribution across the measurement
region marked in Fig. 9a is shown in Fig. 9e. As can be
seen from these figures, although particles at De = 0.15
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microchannel walls. e Normalized fluorescent intensity distribution of
4.8 um particle streams in the measurement region marked in figure a

have begun to migrate towards the equilibrium positions,
they bifurcate into the two outlets in almost equal numbers
(Fig. 9a), indicating that the focusing degree is rather low
at this flow rate. In consistence with the above-mentioned
experimental result, the focusing degree increases along
with the flow rate. As the flow rate increases to De = 1.68,
more than 90 % particles are collected at the inner outlet
(Fig. 9¢c). After De is more than 2.75, all particles are
collected at this outlet (Fig. 9d). This method enables high-
throughput filtration and concentration of various biologi-
cal particles by size and can be further used for the
extraction of particle-free suspension fluids, i.e., separation
plasma from the whole blood sample.

The high-throughput size-based separation of 4.8 and
2.1 pm particles (volume concentration <0.005 %) is also
achieved by applying the difference in their focusing states.
Figure 10 shows the separation properties of mixed-parti-
cles near the outlet region. Particles are observed to remain
mixed together at De = 3.05 (Fig. 10a) but be separated
into two overt streamlines as the flow rate increases to
De = 5.49 (Fig. 10b). These results are confirmed by the
distributions of the normalized fluorescent intensities in the
measurement region marked in Fig. 10b. In these curves
(Fig. 10d), an obvious trough is found near the inner wall
at De = 5.49, indicating the complete separation of these
two particles. By using the fluorescence mirror unit
(U-MWB2), it can be seen that the 4.8 pm particles are well
focused near the inner wall at De = 5.49 (Fig. 10c). While
the smaller 2.1 pm particles are not focused to a narrow
stream, they do generate double particle-free regions at this
flow rate. Most importantly, the narrow stream formed by
4.8 um particles is exactly located in the inner wall parti-
cle-free region of 2.1 pm particles so that complete sepa-
ration of these two particles can be achieved. Using this
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Fig. 10 Particle sorting application based on focusing states.
a-b Fluorescent stream images indicating the separation effects of
4.8 and 2.1 um particles at two different flow rates (De = 3.05 and
5.49) near the outlets. ¢ Fluorescent stream image captured by using
the fluorescence mirror unit (U-MWB?2) indicating the focusing state

separation scheme, high-throughput separation of two dif-
ferent-sized particles can be achieved between particles
smaller and larger than the critical cutoff size (~3.5 um in
our channel design, which is calculated with the focusing
condition a,/H > 0.07). In addition to the above separation
scheme, separation of multi-sized particles can also be
realized in this microchannel design by varying the outlet
structure. However, the principle is completely different
from that for the separation of two differently sized parti-
cles as presented in this work. High-throughput separation
of multi-sized particles can be achieved in virtue of the
mechanism that focused particles with various sizes will
equilibrate at different positions along the inner wall. To
use this separation scheme, the particle sizes have to satisfy
the focusing condition (i.e., the sizes of all particles need to
be larger than ~ 3.5 pm threshold using our microchannel
design).

5 Conclusions

In summary, a compact microfluidic device with a five-
loop planar Archimedean spiral microchannel was fabri-
cated to systematically study the inertial particle flow. The
improved characterization of the focusing process or
migration behavior of different-sized microparticles in the
outlet region provides important insights into the design
and operation of high-throughput, precise particle/cell
manipulation. Quantitative analysis of these behaviors may
also be useful for understanding the inertial focusing/
migration mechanisms in spiral microchannels. In addition,
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of 4.8 pm particles at De = 5.49. White dotted lines in the figures
indicate the microchannel walls. d Normalized fluorescent intensity
distribution of 4.8 and 2.1 pm particle streams in the measurement
region marked in figure b at De = 3.05 and 5.49

particle behaviors along the spiral microchannel were
explored, which may be valuable for the optimization of
microchannel structures. Furthermore, this device can be
used to efficiently filter rare particles from a large-volume
sample and separate particles of two different sizes
according to their focusing states. Preliminary testing
results using 2.1 and 4.8 pm particles as objects show good
performances. After further amelioration, this device can
be developed into a powerful and high-throughput sample
preparation tool for the isolation or separation of rare tar-
gets (e.g., bacteria, cancer cells) from biological or indus-
trial samples. Furthermore, the low flow rate feature of this
device enables the integrated micropump to be one of the
cost-effective methods to drive sample fluids.
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