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ABSTRACT: Microfluidic separation of particles has been implemented using a
variety of force fields. We demonstrate in this work a continuous sheath-free
separation of both a binary and a ternary particle mixture in viscoelastic polymer
solutions through straight rectangular microchannels. This label-free separation arises
from the flow-induced lift force that directs particles toward size-sensitive focusing
positions in a high width/height channel. It is found to be a strong function of
multiple experimental parameters, which is systematically investigated in terms of
dimensionless numbers. We propose to explain the observed lateral shifting of
particle focusing positions as a result of the competing center- (due to fluid elasticity
effects) and wall- (due to fluid elasticity and shear thinning effects) directed elastic lift
forces. The inertial lift force comes into effect at relatively high flow rates, which
appears to reduce the separation efficiency and purity in our experiments.

Separating targeted particles (either biological or synthetic)
from a mixture in a continuous flow is important to many

biological, chemical, and environmental applications. It has
been implemented in microfluidic devices1−5 by the use of a
variety of force fields including acoustic,6,7 electric,8,9 hydro-
dynamic,10,11 magnetic,12,13 and optical,14,15 etc. Among these
forces, the flow-induced inertial lift in Newtonian fluids16,17 has
recently been extensively studied for high-throughput particle
separations.18,19 More recently, the hydrodynamic lift induced
in non-Newtonian fluid flows has been demonstrated with the
capability of manipulating particles with a much smaller size20,21

and at a much higher throughput22 than in Newtonian fluids.
This elasto-inertial lift23−25 has been exploited by several
research groups to achieve the focusing of various types of
particles in viscoelastic fluids through straight cylindrical26−28

or rectangular29−32 microchannels. It has also been combined
with the Dean flow to realize the single-line particle focusing in
curved microchannels.33−36 Such two- or three-dimensional
focusing effects have been utilized to align particles for
enhanced detection and analysis.37−39

Continuous-flow particle separation in viscoelastic fluids has
been implemented in conjunction with a sheath flow focusing,
where the particle-free sheath fluid can be either Newtonian or
non-Newtonian. In the former case, larger particles migrate
across the interface of the non-Newtonian particle solution and
the Newtonian sheath fluid, leaving smaller particles restrained
in the non-Newtonian solution40 due to the particle-size
dependent elastic lift.41 For the case with a non-Newtonian
sheath fluid, particles have been observed to migrate toward
both size42−46 and shape47 dependent lateral positions. Sheath-
free particle separation has also been demonstrated in
viscoelastic fluid flows. In a bifurcating microchannel, particles
are elasto-inertially focused to the center of the main-branch
(either cylindrical48,49 or slit-like50) and then displaced away

from the sidewall of each rectangular side-branch at a particle-
size dependent rate. In a simple straight square microchannel,
large particles can be selectively enriched and filtered from a
binary particle mixture51 due to the single-line elasto-inertial
particle focusing effect.52 In a similar-shaped microchannel,
fresh red blood cells are found to be directed toward the
centerline by the deformability-induced lift while more rigid
white blood cells and fixed red blood cells are both entrained at
the corners by the elastic lift under a negligible fluid inertia.53

Very recently particles have been observed to migrate toward
both size54 and shape55 dependent equilibrium positions in
viscoelastic fluid flows through straight rectangular micro-
channels with a high width/height ratio. Each of these
differential focusing phenomena can yield a continuous particle
separation with a high efficiency and purity. However, a
comprehensive understanding of the important factors,
especially the fluid properties, that affect the size-based particle
separation in viscoelastic fluids is still lacking. We present in
this work a systematic experimental study of multiple
parametric effects on a binary particle separation for a refined
understanding of the underlying particle migration and focusing
mechanism. Moreover, we demonstrate a sheathless viscoelastic
separation of a ternary mixture of particles with close sizes,
which can potentially be further extended to a heterogeneous
particle mixture.

■ EXPERIMENTAL SECTION

Three sizes of spherical polystyrene particles with diameters of
3, 5, and 10 μm (Sigma-Aldrich) were used for separations.
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They were resuspended in water or aqueous polymer solutions
to a final concentration of 106−107 particles per milliliter each.
Three types of polymers, poly(ethylene oxide) (PEO,
molecular weight Mw = 2 × 106 Da, Sigma-Aldrich),
Polyvinylpyrrolidone (PVP, Mw = 0.36 × 106 Da, Sigma-
Aldrich), and polyacrylamide (PAA, Mw = 18 × 106 Da,
Polysciences), were used to prepare the viscoelastic fluids. PEO
solutions were made at 500, 1000, and 2000 ppm. The 1000
ppm PEO solution was also mixed with glycerol at two different
weight percentages, 15% and 45%, to vary the solvent viscosity.
The PVP solution was made at 8% (weight percentage), and
the PAA solution was at 50 ppm, both of which are often used
for particle manipulations.26−31,38,48,51 The rheology properties
of these polymer solutions (see the Supporting Information on
how they were obtained) are summarized in Table 1.

Microchannels were fabricated with polydimethylsiloxane
(PDMS) using the standard soft lithography technique as
described elsewhere.56 They are each 20 mm long and 50 μm
wide with three different heights: 15, 25, and 40 μm. The outlet
of each microchannel is connected with a 2 mm long, 900 μm
wide expansion for enhanced particle separation and visual-
ization. A top view picture of the microchannel is shown in
Figure 1A. Particulate flows were driven by a syringe pump

(KD Scientific), where particle motion was visualized through
an inverted microscope (Nikon Eclipse TE2000U, Nikon
Instruments) with a CCD camera (Nikon DS-Qi1Mc).
Superimposed images were produced by stacking sequential
images using the Nikon imaging software (NIS-Elements). The
particle center positions at the outlet expansion were analyzed
using ImageJ software (National Institute of Health) and
plotted as the probability distribution function (PDF) in Excel
(Microsoft).

■ THEORETICAL SECTION
Mechanism of Particle Separation. As shown schemati-

cally in Figure 1B, a particle experiences both elastic and inertial
lift forces in a viscoelastic fluid flow through a straight
rectangular microchannel. The elastic lift, FeL, is generated by
the nonuniform normal stress differences,57−59 where the first
normal stress difference, N1, creates an extra tension along the
streamlines and the second normal stress difference,60 N2,
produces a secondary flow over the channel cross-section.61

Considering the magnitude of N2 is usually much smaller than
that of N1,

60 we assume FeL is proportional to the variation of
N1 over the size of the particle,29,55

λ∼ ∇ ∼F a N a w Q( / )eL
3

1 e
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where a is the (equivalent) spherical diameter of the particle, λe
is the effective relaxation time of the fluid (see Table 1), w is
the channel width, and Q is the volumetric flow rate. This
transverse elastic force directs the particle toward the low shear
rate (see the contour in the right panel of Figure 1B, where the
darker color indicates a larger shear rate) regions, i.e., the
centerline and corners of the microchannel.20,43,51,53,54

The inertial lift force is often broken down into two parts for
a neutrally buoyant particle:16−19 the wall-induced lift, FiL_w, is a
result of the pressure increase between a particle and its
adjacent channel wall, which pushes the particle away from the
wall; the shear gradient-induced inertial lift, FiL_s, is a result of
the curvature of the velocity profile in Poiseuille flow, which
directs the particle toward the high shear rate regions, i.e., the
channel walls. The total inertial lift, FiL, exerted on a particle is
given by17−19,55

ρ ρ= + ∼ ∼_ _F F F V a w a w Q/ ( / )iL iL w iL s
2 4 2 4 2
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where ρ is the fluid density, and V is the average fluid velocity.
As the elastic lift, FeL and the inertial lift, FiL, scale differently
with the (equivalent) spherical diameter, particles with
dissimilar sizes are focused to distinct equilibrium positions
enabling a continuous sheath-free high-efficiency separa-
tion.54,55 Moreover, the relaxation time, fluid flow rate, and
channel dimensions can each be varied to change FiL and/or FeL
and hence tune the equilibrium particle positions for an
enhanced viscoelastic separation.

Dimensionless Numbers. Four dimensionless numbers
are defined to characterize the fluid and particle dynamics in
viscoelastic flows through straight rectangular microchannels.
The (channel) Reynolds number, Re, compares the inertial
force to viscous force,

ρ
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where Dh = 2wh/(w + h) is the hydraulic diameter for a
rectangular microchannel of width w and height h, and η0 is the

Table 1. Rheology Properties of the Prepared Polymer
Solutions at 20 °C

PEO concentration
(c, ppm)

PEO/glycerol
(wt %)

PVP
(wt %)

PAA
(ppm)

properties 500 1000 2000 15 45 8 50

density ρ
(g/cm3)

1.0 1.0 1.0 1.03 1.10 1.05 1.0

zero-shear
viscosity η0
(mPa s)

1.8 2.3 4.1 2.96 9.03 140 1.8

effective
relaxation
time λe
(ms)

4.3 6.8 10.6 11.0 24.0 2.3 10

Figure 1. (A) Top-view picture of the straight rectangular micro-
channel used in experiments, where the two dashed-line boxes
highlight the windows of view at the inlet and the outlet expansion,
respectively. (B) Force analysis on a particle in a viscoelastic fluid flow
through a straight rectangular microchannel: the fluid elasticity-
induced lift, FeL, directs the particle toward the channel center and four
corners where the fluid shear rate is the lowest;20,43,51,53,54 the wall-
induced inertial lift, FiL_w, and the shear gradient-induced inertial lift,
FiL_s, direct the particle toward the channel center and wall,
respectively.16−19 The parabolic profile of fluid velocity, V, is illustrated
in the top view of the microchannel (left panel). The contour of fluid
shear rate is indicated by the color in the cross-sectional view (right
panel, the darker the larger).
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zero-shear fluid viscosity. The Weissenberg number, Wi,
compares the elastic force to viscous force,
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λ
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where γ ̇ is the average fluid shear rate in the width direction of
the microchannel. The elasticity number, El, is the ratio of the
Weissenberg number to Reynolds umber,
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which compares the elastic force to inertial force and is
independent of the flow kinematics. The channel aspect ratio,
AR, is defined as the ratio of the channel width to height,

= w hAR / (6)

■ RESULTS AND DISCUSSION
Binary Particle Separation. Figure 2 demonstrates the

viscoelastic separation of 5 μm- and 10 μm-diameter spherical

particles in 1000 ppm PEO solution through a straight
rectangular microchannel. The channel is 50 μm wide and 25
μm high with an aspect ratio of AR = 2.0. The volume flow rate
is 250 μL/h, at which Re = 0.81 and Wi = 15.1. The snapshot
image at the channel inlet (Figure 2, top) shows a uniform
distribution of the binary particle mixture. The superimposed
image at the outlet expansion (Figure 2, bottom) indicates the
formation of four distinct tight particle streams that are
symmetric with respect to the channel centerline. The two
outer streams are 10 μm particles and each about 1/3 of the
channel half-width away from the sidewalls. The two inner
streams are 5 μm particles and each off the channel center by
1/3 of the channel half-width. This observation that the
focusing positions of larger particles are further away from the
channel center is consistent with a recent study,54 which might
be related to the additional “equilibrium” particle positions
(other than the channel centerline and corners20,43,51,53,54) in a
shear-thinning fluid that arises from the secondary flow within
the channel cross-section as a result of the second normal stress
difference.62 It is important to note that each observed particle
equilibrium position in Figure 2 may actually represent two
focused particle streams at different focal planes, which has
been verified to occur in inertial particle focusing via the
confocal imaging.63 This direction deserves further studies.

Previous studies have indicated that the inertial lift, FiL,
focuses particles in Newtonian fluids toward the center-plane of
a microchannel with AR = 2.0 if the particle Reynolds number,
Rep = Re(a/Dh)

2, grows to the order of 1.16−19 However, as Re
= 0.81 in the current experiment, at which Rep = 0.07 < 0.1 for
even 10 μm particles, it should be primarily the elastic lift, FeL,
that creates the off-center particle focusing in Figure 2. To
explain the observed particle separation in Figure 2, we propose
that analogous to FiL,

16−19 FeL can also be broken down into
two components where one points toward the channel center,
FeL→c, due to fluid elastic effects.20,43,51,53,54,57−59 The other
component is toward the wall, FeL→w, due to fluid
elasticity20,43,44,51,53,57−59 and shear-thinning28,59,64 effects,
which are effective at relatively low and high flow rates,
respectively. Moreover, FeL→w is a stronger function of particle
size than FeL→c, which drives the off-center shift of the
viscoelastic focusing positions of larger particles. The effects of
flow rate, fluid elasticity, and channel geometry on these
proposed elastic lift components and in turn the viscoelastic
particle focusing and separation are presented in the following
subsections. We note that particles are able to reach their
equilibrium positions under our experimental conditions, which
is verified using the dimensionless “focusing” number defined
by Romeo et al.65 (see a quantitative analysis in the Supporting
Information).

Effects of Flow Rate in Terms of Re and Wi. Figure 3 shows
the flow rate effect on the separation of 5 and 10 μm particles

in 1000 ppm PEO solution through a 25 μm-deep micro-
channel. The increase of flow rate, Q, raises the values of both
Re and Wi (labeled on the cropped superimposed images in
Figure 3), leading to larger FiL and FeL. At Q = 50 μL/h where
FiL is negligible at Re = 0.16, the majority of 5 μm particles are
focused into a single band around the center of the
microchannel (better viewed from the PDF plot in Figure 3)
due to the dominant impact of FeL→c over FeL→w. In contrast, all
10 μm particles are focused into two tight streams that are each
halfway of the channel half-width due to the stronger

Figure 2. Continuous separation of 5 μm- and 10 μm-diameter
spherical particles in 1000 ppm PEO solution through a straight 50
μm-wide and 25 μm-high rectangular microchannel at a flow rate of
250 μL/h: (left) snapshot image at the channel inlet and (right)
superimposed image at the outlet expansion. The block arrows
indicate the flow direction. The scale bar represents 100 μm.

Figure 3. Effects of flow rate (in terms of Re and Wi with values being
labeled) on the separation of 5 and 10 μm particles in 1000 ppm PEO
solution through a straight 50 μm-wide and 25 μm-high rectangular
microchannel: (top) superimposed images (cropped) and (bottom)
particle PDF plots at the outlet expansion. The scale bar represents
100 μm.
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dependence of FeL→w on particle size than FeL→c as noted above.
With the increase of flow rate until Q = 250 μL/h, the single
band of 5 μm particles is gradually split into two off-center
streams that each shifts toward 1/3 of the channel half-width.
Meanwhile, the two streams of 10 μm particles still stay tight
and each slowly shifts outward until 2/3 of the channel half-
width. This trend, as viewed from both the particle images and
PDF plots in Figure 3, may be explained by the greater scaling
of FeL→w with flow rate as compared to FeL→c.
At Q = 300 μL/h with Re = 0.97, the focusing positions of

both types of particles remain nearly identical to those at Q =
250 μL/h though a very small number of 10 μm particles start
appearing at the channel center. This phenomenon may
probably be a result of the action of FiL, which pushes particles
toward the channel center. Consequently, with increasing flow
rates all the focused particle streams slowly shift inward.
Moreover, 5 μm particles also reappear in the channel center
along with 10 μm particles due to the effect of FiL. This
transition from single to dual to triple equilibrium positions in
viscoelastic particle focusing is consistent with the observation
in previous studies.54,55 It is a result of the competition between
the two components of elastic lift, FeL→c and FeL→w, at Q < 300
μL/h with Re < 1, and the competition between the elastic and
inertial lifts, FeL and FiL, at higher flow rates with Re ≥ 1. The
best separation is achieved at around Q = 250 μL/h, which lies
at the border of these two regimes.
Effects of PEO Concentration in Terms of El. Figure 4

shows the PEO concentration effect on the viscoelastic

separation of 5 and 10 μm particles in a 25 μm-deep
microchannel under three different flow rates: Q = 50, 250,
and 500 μL/h. Both particle images (see images at other flow
rates in Figure S-1 of the Supporting Information) and 3D plots
for particle PDF at the channel outlet are displayed. In water
(i.e., 0 ppm PEO solution) without elasticity, no separation is
observed because, as noted above, the two types of particles are
both (weakly) focused by FiL toward the channel center-
line.16−19,66 Increasing the concentration of PEO raises Wi and
reduces Re due to the increased relaxation time and fluid
viscosity (see Table 1), leading to a greater El or equivalently
an enhanced contribution of FeL (see the calculated values of
Re, Wi, and El for all the polymer solutions used in our
experiments in Table S-1 of the Supporting Information). In

500 ppm PEO solution, the viscoelastic focusing is apparently
weaker than in 1000 ppm for both 5 and 10 μm particles.
Interestingly, 10 μm particles seem to have four equilibrium
positions at Q = 50 μL/h, where two are still halfway to the
channel centerline while the other two are each about 1/6 of
the channel half-width away from the sidewall. The mechanism
behind this observation is currently unclear. In addition, 10 μm
particles start being focused toward the channel center at a
lower flow rate than in 1000 ppm PEO. This phenomenon is
attributed to the weakened contribution of FeL in 500 ppm
PEO with a smaller El whereas the influence of FiL grows due to
the greater Re than in 1000 ppm PEO. The enhanced fluid
elasticity in 2000 ppm PEO solution further shifts the particle
focusing positions inward due to the larger role of FeL→c than
FeL→w. However, the occurrence of 10 μm particles along the
channel center in 2000 ppm PEO is delayed as compared to
1000 ppm PEO solution. This may be due to the reduced role
of FiL in 2000 ppm PEO with a smaller Re and a larger El, which
is opposite to that in 500 ppm as explained above.

Effects of Solvent Viscosity in Terms of El. Figure 5 shows
the solvent viscosity effect on the viscoelastic separation of 5

and 10 μm particles in 1000 ppm PEO solution through a 25
μm-deep microchannel under different flow rates. Adding
glycerol into the PEO solution increases its viscosity as well as
relaxation time, which causes similar variations in Re and Wi to
those at a higher PEO concentration. A similar shifting of
particle focusing positions toward the channel centerline is thus
expected, which is illustrated in Figure 5 when the glycerol
content is increased from 15 to 45 wt %. However, this inward
shifting is not obvious when 15 wt % glycerol is added to the
pure PEO solution (refer to the images in Figure 3). In
addition, the particle focusing positions in each of these PEO/
glycerol solutions undergo a similar trend to those in the pure
PEO solution when the flow rate is increased, i.e., first move
outward due to the stronger action of FeL→w than FeL→c at low
flow rates and then move inward due to probably the increased
contribution of FiL as explained earlier.

Effects of Polymer Type in Terms of El. Figure 6 compares
the separations of 5 and 10 μm particles in three commonly

Figure 4. Effects of PEO concentration (in terms of El with values
being labeled) on the viscoelastic separation of 5 and 10 μm particles
through a straight 50 μm-wide and 25 μm-high rectangular
microchannel: (top) superimposed images (cropped) at flow rates of
50, 250, and 500 μL/h from left to right and (bottom) 3D plots of
particle PDF at the outlet expansion. The scale bar represents 100 μm.

Figure 5. Effects of solvent viscosity (in terms of El with values being
labeled), which is varied by adding glycerol (wt %) into 1000 ppm
PEO solution, on the viscoelastic separation of 5 and 10 μm particles
through a straight 50 μm-wide and 25 μm-high rectangular
microchannel under a range of flow rates. The scale bar represents
100 μm.
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used polymer solutions through a 25 μm-deep microchannel at
a fixed flow rate of 250 μL/h. In 8 wt % PVP solution, no
separation takes place because both types of particles are
focused into a single band around the centerline. This is
attributed to the negligible shear thinning effects of this
solution,60 which produces a much weaker FeL→w than FeL→c.
However, a small number of 5 μm particles are observed to stay
near the corners of the microchannel. This “secondary”
equilibrium position, which was noticed in our earlier studies
to disappear at higher flow rates,44,47,55 however, remains in the
whole range of flow rates (up to 500 μL/h, more images are
shown in Figure S-2 of the Supporting Information) in our
tests. It may be because the corner-directed FeL is too strong in
the PVP solution with a very large value of El = 368. The
absence of 10 μm particles near the channel corner is surprising
if we consider the fact that FeL increases with particle size and
FiL is negligible at Re = 0.014. In the 50 ppm PAA solution, no
separation is observed either because both types of particles are
still dispersed with very weak focusing effects. This
phenomenon is believed to be correlated with the cross-stream
secondary flow in the PAA solution.45,61,62

Effects of Channel Aspect Ratio, AR. Figure 7 shows the
channel aspect ratio, AR, effect on the viscoelastic separation of
5 and 10 μm particles in 1000 ppm PEO solution at a constant
flow rate of 250 μL/h (see images for the other flow rates in
Figure S-3 of the Supporting Information). The width of the
rectangular microchannels is fixed at 50 μm while the height is
varied from 15 to 25 μm and 40 μm, leading to a drop in both
Re and Wi. In the 15 μm deep microchannel with AR = 3.3,
three focusing positions are available for 10 μm particles, where
one is along the channel centerline and the other two are each
slightly within 1/3 of the channel half-width from the walls.
The number of focusing positions is reduced to two off the
centerline in the 25 μm deep channel (AR = 2.0) and to one
along the centerline in the 40 μm deep channel (AR = 1.25). As
Re and Wi both decrease in a deeper microchannel, the
observed change in viscoelastic focusing positions of 10 μm
particles is thought to be related to the increased shear
gradients in the channel width direction, which enhances FeL→c
more than FeL→w. This hypothesis also explains why the
focusing positions of 5 μm particles move inward from two off-

center at AR = 3.3 and 2.0 to one along the centerline at AR =
1.25. The observation of single center-focusing position for
both types of particles in a nearly square microchannel is
consistent with earlier studies.44,51,52

Ternary Particle Separation. Figure 8 demonstrates a
ternary separation of 3 μm, 5 and 10 μm particles in 1000 ppm

PEO solution through a 25 μm deep microchannel at a flow
rate of 300 μL/h (see images at other flow rates in Figure S-4 of
the Supporting Information). Consistent with the binary
separation in Figure 3, both 5 and 10 μm particles have two
off-center focusing positions that still remain at about 1/3 of
the channel half-width away from the channel centerline and
walls, respectively. As FeL→c is a weaker function of particle size
than FeL→w, the smallest 3 μm particles in the mixture are
mostly focused into a band around the centerline that has a
slight overlapping with the 5 μm particle streams at its edges.
We divided each channel half-width into three zones: inner

zone within 120 μm from the centerline, intermediate zone
within 120 to 230 μm from the centerline, and outer zone
beyond 230 μm from the centerline. The separation efficiency
and purity, as defined below,

Figure 6. Comparison of the binary separations of 5 and 10 μm
particles in three commonly used polymer solutions (El values labeled)
through a straight 50 μm-wide and 25 μm-high rectangular
microchannel under a constant flow rate of 250 μL/h: the left and
right halves of each panel show the cropped superimposed image and
particle PDF plot at the outlet expansion, respectively. The two
dashed-line arrows on the image of PVP solution highlight the
equilibrium positions of 5 μm particles near the corner of the channel.
The scale bar represents 100 μm.

Figure 7. Effects of channel aspect ratio, AR, on the viscoelastic
separation of 5 and 10 μm particles through straight 50 μm-wide
rectangular microchannels at a fixed flow rate of 250 μL/h: the left and
right halves of each panel show the cropped superimposed image and
particle PDF plot at the outlet expansion, respectively. The scale bar
represents 100 μm.

Figure 8. Viscoelastic separation of 3 μm-, 5 μm-, and 10 μm-diameter
spherical particles in 1000 ppm PEO solution through a straight 50
μm-wide and 25 μm-high rectangular microchannel at a flow rate of
300 μL/h: (left) snapshot image at the channel inlet , (middle)
superimposed images at the outlet expansion, and (right) particle PDF
at the outlet expansion. The block arrow indicates the flow direction.
The scale bar represents 100 μm.
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=efficiency
number of targeted particles inside a specific zone

total number of targeted particles (7)

=purity
number of targeted particles inside a specific zone

total number of particles inside the same specific zone
(8)

for each type of particles in their respective preferred zones
were calculated based on the experimental data of particle PDF
in Figure 8 and are presented in Table 2. Specifically, the

separation efficiency of 10 μm particles, as an example, was
determined as the ratio of its number within the outer zone to
its total number in all three zones, and the separation purity of
10 μm particles was determined as the ratio of its number
within the outer zone to the total number of all three types of
particles inside the same zone. The efficiency and purity of each
particle type are 90% or better except for the purity of 3 μm
particles. This is because the number of 5 μm particles (over
1550 counted) overwhelms the total of 3 μm (over 550
counted) and 10 μm (over 100 counted) particles in the video
we analyzed. As a consequence, even a small percentage of 5
μm particles retained in the inner zone can significantly bring
down the purity of 3 μm particles therein.
Summary of Parametric Effects on the Elastic Lift. On

the basis of the above experimental results for the parametric
effects on viscoelastic particle separation, we summarize in
Table 3 the dependences of the two proposed components of

elastic lift, FeL→w and FeL→c, on multiple parameters in straight
rectangular microchannels. Such a decomposition of the elastic
lift into two components is analogous to that of the inertial lift
into the wall- and shear gradient-induced components.67,68 We
note that the latter has been extensively used in the
literature16−19 to explain the inertial particle focusing behaviors
though the specific scaling equations of the inertial lift
components are currently still lacking.

■ CONCLUSIONS
We have demonstrated continuous-flow sheath-free separations
of both a binary 5 μm/10 μm and a ternary 3 μm/5 μm/10 μm
particle mixture in 1000 ppm PEO solution through a simple
straight rectangular microchannel. These separations arise from
the flow-induced viscoelastic focusing effect that directs
particles toward size-sensitive equilibrium positions. We have
also conducted a comprehensive experimental study of the
effects of flow rate, solvent viscosity, polymer concentration,
polymer type, and channel aspect ratio on the binary particle
separation in terms of four dimensionless numbers. To explain
the observed shifting of particle focusing positions in this
parametric study, we have proposed to break down the elastic
lift into a center-directed component due to the fluid elasticity
effects and a wall-directed component due to the fluid elasticity
and shear thinning effects. These two components of elastic lift
scale differently with the experimental parameters, which work
either alone at relatively low flow rates or along with the inertial
lift at increasing flow rates to produce the viscoelastic particle
focusing in straight rectangular microchannels.
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