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Elasto-inertial focusing and particle migration in
high aspect ratio microchannels for high-
throughput separation

Selim Tanriverdi®', Javier Cruz', Shahriar Habibi®, Kasra Amini* Martim Costa’, Fredrik Lundell**, Gustaf Martensson',
Luca Brandt>®, Outi Tammisola® and Aman Russom '

Abstract

The combination of flow elasticity and inertia has emerged as a viable tool for focusing and manipulating particles
using microfluidics. Although there is considerable interest in the field of elasto-inertial microfluidics owing to its
potential applications, research on particle focusing has been mostly limited to low Reynolds numbers (Re<1), and
particle migration toward equilibrium positions has not been extensively examined. In this work, we thoroughly
studied particle focusing on the dynamic range of flow rates and particle migration using straight microchannels with
a single inlet high aspect ratio. We initially explored several parameters that had an impact on particle focusing, such
as the particle size, channel dimensions, concentration of viscoelastic fluid, and flow rate. Our experimental work
covered a wide range of dimensionless numbers (0.05 < Reynolds number < 85, 1.5 < Weissenberg number < 3800, 5 <
Elasticity number < 470) using 3, 5, 7, and 10 um particles. Our results showed that the particle size played a dominant
role, and by tuning the parameters, particle focusing could be achieved at Reynolds numbers ranging from 0.2 (1 pL/
min) to 85 (250 ul/min). Furthermore, we numerically and experimentally studied particle migration and reported
differential particle migration for high-resolution separations of 5 um, 7 um and 10 um particles in a sheathless flow at
a throughput of 150 uL/min. Our work elucidates the complex particle transport in elasto-inertial flows and has great
potential for the development of high-throughput and high-resolution particle separation for biomedical and
environmental applications.

Introduction

Microfluidics has been used in a wide range of research
areas, such as biotechnology, medicine, chemistry, and the
environment' ™, as it allows the control and manipulation
of fluids in microchannels with high precisionE. Therefore,
this technology has been attractive for focusing, mixing,
sorting, and separating particles suspended in various
media®. Particle manipulation achieved using an external
field such as electric’, magnetic®, or acoustic’ is referred to
as active microfluidics. On the other hand, a system that
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relies only on features such as the channel geometry, fluid
flow, particle size, and density is defined as passive micro-
fluidics'. Deterministic lateral displacement (DLD)", pin-
ched flow fractionation (PFF)'?, and inertial focusing'® are
examples of such systems. Among the active and passive
microfluidic techniques, inertial microfluidics is a robust,
reliable, label-free, and high-throughput technique'*"°.
Inertial focusing is the migration of randomly dis-
tributed particles toward equilibrium positions as they
flow in microfluidic channels. The focusing phenomenon
was initially observed in 1961 by Segre and Silberberg'”.
According to their observation, randomly distributed
spherical particles at the inlet of a cylindrical pipe
migrated and formed an annular ring that was located 0.6
times the pipe radius between the centerline and pipe wall
at the outlet. Over the past two decades, other cross-
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sections, such as rectangles'®, squares'® and triangles®,
have been studied as microfluidic channels, and unique
equilibrium positions have been found. These studies
have shown that the balance between the shear-induced
(Fs) and wall-induced lift forces (Fyy) in Newtonian fluids
defines the final equilibrium positions of the particles®?".
In addition to the microchannel cross-section, the Rey-
nolds number (Re), which is a dimensionless number
defined as the ratio of inertia over viscous time scales,
plays a key role in particle migration. Unlike general
microfluidic applications, where fluid inertia is negligible
(Re ~ 0), inertial focusing occurs when fluid inertia is not
negligible (Re > 1)>""*%. Although interesting from a phy-
sics perspective, inertial focusing in straight channels with
Newtonian fluids results in multiple equilibrium posi-
tions, thereby limiting its application. Single equilibrium
positions can be achieved by adding curvature to the
systems, but these systems work in a narrow bandwidth of
conditions®, require high pressures when targeting
micron and submicron particles and are more cumber-
some to parallelize to increase the throughput than
straight systems. On the other hand, the use of a non-
Newtonian fluid, such as in elasto-inertial microfluidics,
can easily achieve single-stream focusing of particles in
straight microfluidic channels®*.

While inertial microfluidics is based on the finite flow of
Newtonian fluids, elasto-inertial microfluidics requires
non-Newtonian fluids (viscoelastic fluids). The normal
stress differences (N; — N,) of a viscoelastic flow cause
particles to experience an additional force called the elastic
force (Fg)***. The combination of elastic and inertial
forces dictates the particle migration in the microchannels.
Studies have shown that when inertial microfluidics is
used in a rectangular microchannel, two focusing positions
appear at the middle of the longer side of the channel. On
the other hand, using the same cross-sectional channel
with a viscoelastic fluid results in a single focusing position
at the center of the microchannel®®. This single focusing
stream is caused by the particle migration toward the
region with the lowest first normal stress difference, which
is located in the middle of the microchannel®.

Due to the single-stream focusing of the particles in a
straight microfluidic channel, the use of elasto-inertial
microfluidics is convenient for particle focusing, con-
centration and size-based particle separation. However,
the mechanisms behind the particle migration in viscoe-
lastic fluids are not completely understood and are still
being investigated. Previous studies have concentrated on
understanding the single-stream focusing behavior using
simulation models®®*®, Although these models appear
promising for explaining single-stream focusing, they still
need to be validated by experimental results to become
reliable predictive tools. Practical applications using
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microchannels with rectangular cross-sections have been
limited to relatively low Re (0.03-0.4)>*°. Recent studies
using microchannels with a circular cross-section have
shown that it is possible to focus particles using high Re
(~ 100), similar to inertial microfluidics®*2. Furthermore,
using spiral devices, the particles at the outer channel wall
can be focused, and the particles at relatively high Re
(5-50) can be separated®***, In addition, the particle
separation applications in the previous studies considered
two inlets where one inlet carried the sample flow and the
second inlet carried a sheath flow®*™>”. The utilization of
the sheath flow decreased the overall throughput. To
overcome these issues, we present a microfluidic channel
with a single inlet, which initially focuses all particles and
then separates them by size by exploiting the difference in
their migration speed.

In this study, we experimentally demonstrate particle
focusing in high aspect ratio (AR=height/width) straight
microchannels using 3, 5, and 10 pum particles with vis-
coelastic fluids at four different concentrations of poly-
ethylene oxide (PEO), ranging from dilute to semi-dilute
regimes. In addition to different particle sizes and visc-
osities, the effect of the channel geometry on particle
focusing is examined by altering the channel width and
height while maintaining a high aspect ratio.

The presented experimental data provide insights into
several aspects of particle focusing in non-Newtonian
fluids. The particle size emerges as the dominant parameter
for particle focusing. Using the novel devices, we prefocus
the particles and then split the channel into two parts to
force the particles to reach a position near the channel wall
and observe their migration toward the middle of the
channel. The obtained data show the trajectories, as well as
their dependency on the particle size, fluid flow, viscoe-
lastic concentration, and channel geometry. Furthermore,
we report a numerical study of the size-based particle
migration in viscoelastic fluids. Finally, we demonstrate
that size-based separation can be achieved by exploiting the
different migration speeds toward the central line.

Theoretical background
The flow in a microchannel can be described as either
laminar or turbulent®®. The Reynolds number (Re), a
dimensionless number, defines the flow characteristics in
a microfluidic channel. It is the ratio between the inertial
and viscous time scales and can be expressed as follows™”:
Re = PUnL (1)

2

where p is the density of the fluid, U,, is the maximum
flow velocity, L is the characteristic channel length and p
is the viscosity. When Re is <2300, the flow is defined as
laminar flow, while if Re is >2300, the flow is turbulent. In
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inertial and elasto-inertial microfluidics, the flow is always
in the laminar regime: the fluid flows in parallel layers
without mixing, unlike in a turbulent flow*®*°, In
conventional microfluidics, Re is <1, while in inertial
microfluidics, Re is typically >1 and is still well below
1000. In this regime, the flow is laminar, but the inertia is
not negligible. At finite Reynolds numbers, particle
focusing in a straight microchannel occurs when the
two forces balance each other, i.e., shear-induced lift force
(Fs) toward the wall and wall-induced lift force (Fy,) away
from the wall*!. Initially, randomly distributed particles
are pushed away from the center of the channel toward
the wall due to the shear-induced lift force that arises
from the characteristic Poiseuille flow™. As particles
approach the wall, a counterforce, the wall-induced lift
force, develops and pushes particles toward the center of
the channel. The resultant force is called the lift force (F;)
and is defined as follows*":

pU? a*
Dj,

FL:CL ) (2)

where C; is the lift coefficient, a is the particle size and D),
is the channel hydraulic diameter and is calculated as
2wh/(w + h), where w is the width and 4 is the height of
the microchannel. The ratio of the particle size to the
hydraulic diameter provides the blockage ratio (8)**. This
ratio should be >0.06 to focus the particles according to a
previous study®.

In addition to the lift force, an elastic force occurs when
the fluid is non-Newtonian and plays a role during par-
ticle migration in elasto-inertial microfluidics. This elastic
force is expressed as follows™*:

Fr = C.a®VNi, (3)

where C, is the elastic coefficient and N; is the first
normal stress difference.

Particles in a microfluidic channel experience F; and Fg
and obtain their equilibrium positions when all these
forces balance each other. To quantitatively characterize a
viscoelastic flow, several dimensionless numbers, such as
the Weissenberg number (Wi) and the elasticity number
(El), are utilized. The Weissenberg number is the ratio of
the elastic force to the viscous force and is defined as*
Wi = 2/1Q/hw2, where A is the characteristic relaxation
time of the fluid and Q is the volumetric flow rate. The
elasticity number describes the ratio of the elastic force to
the inertial force and is defined as*® El = Wi/Re, or*®
El = Mu(w + h)/pw?h.
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Results and discussion
Particle focusing

Elasto-inertial particle focusing occurs due to the com-
plex relationship between Fr and F; and is affected by
various parameters, such as the particle size, channel
geometry, and polymer concentration in the fluid, as stated
in the introduction. Here, we experimentally determine
the impact of each of these parameters on the particle
focusing over a wide range of flow rates. Experimentally,
the data were analyzed at the end of the focusing section of
the microfluidic channels (Fig. 1a). Detailed information
regarding the microfluidic channels can be found in the
Materials and Methods section. Below, each of the para-
meters affecting the particle focusing are described.

Effect of the particle size

To study the effect of particle size on focusing, 3, 5 and
10 pum particles were used in a microfluidic channel
(h =60 pm, w =40 um) with a fixed PEO concentration of
4000 ppm over four different flow rates (25, 50, 100 and
250 pL/min). The normalized fluorescence intensities across
the channel width are shown in Fig. 2. In addition to the
intensity graph, the focusing quality of the particles is cal-
culated and shown in the corresponding figures. Regardless
of the flow rate, the largest particle (10 um) shows the
highest focusing quality compared to the 3 and 5 um par-
ticles, while the smallest particle (3 um) shows the lowest
focusing behavior at any recorded flow rate. Increasing the
flow rate 10 times from 25 pL./min (Re = 1.03, Wi = 149.52)
to 250 uL/min (Re = 10.30, Wi = 1495.15) did not have any
effect on the focusing of the 10 um particles since they
maintained single-line focusing at the middle of the channel.
Although the 3 pm particles showed a slight improvement
with respect to the focusing quality at 250 pL/min, the
particles could not achieve single-line focusing at any flow
rate, reaching <25% focusing quality at best. On the other
hand, the focusing quality of 5 um particles was significantly
enhanced at a flow rate of 100 pL/min, reaching almost
single-line focusing. However, a further increase in the flow
rate to 250 pL/min caused a decrease in the focusing quality,
while the 10 um particles were fully focused at this high flow
rate. These results indicate that the particle size plays a
major role in single-line focusing in viscoelastic fluids. Fur-
ther investigation of the particle focusing was performed by
altering the channel width and PEO concentration while
keeping the height of the channel constant (see Supple-
mentary Material Fig. S1). For any experimental condition,
we observe that focusing improves as the particle size
increases. The dominant role of the particle size can be
attributed to the cubic scaling of the elastic force (Fg ~ a®)*.

Moreover, when Re < 1 and the PEO concentration is in
the dilute regime (c < 858 ppm), the particles tend to be
located in the corners of the channel, the regions of lower
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stress*®, and this behavior is more pronounced for smaller
particles (B < 0.1). Under the same flow conditions, as the
particle size increases, the probability of observing parti-
cles in the corners decreases (see Supplementary Material
Fig. S2). Moreover, increasing the flow rate (thus
increasing the Reynolds number) confines low stress
regions in viscoelastic fluid*®, and a corresponding
increase in the elastic force drives particles away from the
channel corner. This migration is faster for larger particles
(B >0.2), leading to focusing at the channel center earlier
than for smaller particles.

Effect of the channel geometry
To understand the effect of channel width on particle
focusing in high aspect ratio microchannels, we used two

different widths (20 and 40 um) while keeping the channel
height at 60 um (AR =3 and 1.5), as illustrated in Fig. 3a;
here, we also display the focusing quality of the 5um
particles in both microfluidic channels at flow rates of 1, 5,
50 and 100 pL/min (PEO = 1000 ppm). The experimental
data show that the focusing quality of 5um particles
improves in each case as the channel width decreases
(w=20pum), and a significant decrease in the focusing
quality is observed when the channel width increases
(w =40 um). This behavior is caused by the inverse pro-
portionality between the elastic forces and channel width
(Fe~1/w?)*"°. Although a decrease in the channel width
increases the focusing quality, the enhancement ratio
varies with the change in the flow rate. The greatest
improvement was observed when the flow rate was 5 pL/
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min, indicating that the effect of channel width was more
significant at lower flow rates.

Increasing the flow rate from 1 pL/min to 100 pL/min
reduced the focusing quality for each dataset (Fig. 3a). The
reduction in the focusing quality at 50 and 100 puL/min is
caused by the increased effect of inertia, which pushes the
particles away from the channel center*®°!, Moreover, the
decrease in the focusing quality was more significant for
smaller channels (w = 20 pm). This was likely the result of
a stronger N,-induced secondary flow in smaller chan-
nels®®. From an application viewpoint, one aim is to focus
particles at high flow rates to increase the throughput.
Therefore, we tested the effect of the channel depth while
maintaining the channel width. Figure 3b shows the
focusing quality of 5um particles in the channels with
aspect ratios of 4.5 (h=90um, w=20um) and 3
(h=60pum, w=20pum) at flow rates of 10 uL/min and
50 pL/min, respectively. In the channel with a lower
aspect ratio, 80% of the particles were focused at 5pL/
min. However, increasing the flow rate to 10 uL/min and
50 pL/min reduced the focusing quality to 46% and 26%,
respectively. On the other hand, our results showed that
when the channel aspect ratio was increased to 4.5, par-
ticles reached a focusing quality of 92% for 10 pL/min and

55% for 50 puL/min. To further investigate this aspect, we
compared the focusing quality of 10um particles in
channels with aspect ratios of 3 (4 =120 um, w =40 pm)
and 1.5 (b =60 um, w = 40 um). The focusing quality was
40% and 17% at 50 pL/min (0.1 wt. % PEO) and 100 uL/
min (0.05 wt.% PEO), respectively, in the smaller channel.
When doubling the aspect ratio, the particles were com-
pletely focused at a flow rate of 50 uL/min (0.1 wt. %
PEO), and the focusing quality increased from 17% to 80%
at 100 pL/min (0.05 wt. % PEO) (Supplementary Material
Fig. S3). As expected, our findings indicated that in high
aspect ratio channels, increasing the channel height
enabled the focusing of the particles at higher flow rates
when using viscoelastic fluids. In addition to the effect of
channel width and height, we also investigated the effect
of channel length on particle focusing. Our results showed
that a longer channel length resulted in better focusing
(see Supplementary Material Fig. S4).

Effect of the PEO concentration

The variation in the PEO concentration directly affects
the elastic (Fg ~ A)*” and viscous forces (Re ~ 1/ p)22 acting
on a particle flowing in the channel. Therefore, particle
focusing is strongly influenced by the concentration of
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PEO. To analyze the effects of varying PEO concentra-
tions on the elasticity and viscosity of PEO, four different
solutions of PEO were prepared (500, 1000, 2000 and
4000 ppm). The rheological properties of these solutions
are shown in Supplementary Material Table S1.

Fluorescence imaging of the 10 um particles at different
PEO concentrations shows the effect of the elasticity on
the particle focusing at 50 pL/min (see Fig. 4a). Moreover,
the focusing qualities of 10 um particles in a micro-
channel (4 =60 pm, w=40 um) with flow rates varying
from 5 pL/min to 150 uL/min for all PEO concentrations
are shown in Fig. 4b. At 5pL/min in 500 ppm PEO
solution, the particles were fully focused, and an increase
in the PEO concentration maintained the focusing
quality. However, increasing the flow rate to 50 pL/min
caused a significant decrease in the focusing quality in the
solution with 500 ppm PEO due to the stronger inertial
and elastic forces generated by the higher flow rate®,
Increasing the PEO concentration to 1000, 2000, and
4000 ppm resulted in continuous improvements until the
particles were fully focused at the highest PEO con-
centration. A similar trend was observed for a flow rate of
100 pL/min. These improvements in particle focusing
could be attributed to the increase in the elasticity of the
channels at higher PEO concentrations. Similar results
were obtained for the 5pm particles at relatively high
flow rates (100-150 uL/min) (Supplementary Material
Fig. S5 in the Supplementary Material section). These
results indicate that particle focusing at high flow rates
(>50 uL/min) can be achieved by increasing the viscoe-
lasticity of the fluid.

As shown above, particle focusing depends on various
parameters (particle size, channel geometry, viscoelasticity),
and focusing can be achieved by tuning these parameters at
low and high flow rates. Fully focused particles are essential
for our high-throughput and high-resolution particle
separation strategy, which is described in detail below.

Particle migration

Knowledge of the migration velocity is fundamental for
sorting particles by size, as described below, and for
designing devices with the desired throughput and rea-
sonable dimensions. To this end, we used the migration
section of the microfluidic channels (see Fig. 1b) and
followed the particle trajectory throughout the micro-
fluidic channel, as well as the final focusing positions close
to the outlet. The particles are first focused, and then the
channel is split into two parts to track the particle
migration from the sidewall toward the center. Each data
point was recorded in the expansion section of the
microchannels.

Numerical study of particle migration

To understand the transient dynamics behind the
migration of particles toward the centerline, we need to
consider the competition between the elastic and inertial
forces in the fluid. The particles are pushed away from the
centerline by the shear gradient lift force (Fs) and toward
the centerline by the elastic forces. Our simulations, with
values of Wi= 13.55 and Re = 6.65, reveal that the elastic
forces are more influential than the inertial forces in our
setup. This results in the particles being mainly directed



Tanriverdi et al. Microsystems & Nanoengineering (2024)10:87

Page 7 of 14

<
12 c 06 Particle position d 0.04 Particle migration velociti/ _
""""" 0.03
10 -
— o,
& = 002 £
N 3 T
RS
o 75m] 0.01 LY
8 . 1oum ot .
*-75um e *eee
=10 um "'.'..~ et
0 Le
20 40 60 80 100120140160180 20 40 60 80 100 120 140
N 6 Time(-) Time(-)
e Particle streamwise velocity f Particle angular velocity
1.85 s 0.35 [
. ot =T | o 10um
4 I e 03,
T 175 —~ 025 'y
= L \
S 17 Q 02 |,
:-)D .
2 1.65 < 015
. > .
16| ¢ o0 T,
155 4 0.05 ., e,
0 - 0 e,
0 1 3 20 40 60 80 100 120 140 20 40 60 80 100 120 140
X Time(-) Time(-)
Fig. 5 Numerical study of particle migration. a First normal stress difference (N;) across the cross-section of the channel. The particle attains its
equilibrium position at the center of the channel where N; = 0. b Migration of 7.5 and 10 um particles from two different positions near the wall
toward the channel centerline. The dashed lines represent the starting positions and the solid lines represent the final measured positions. ¢ Particle
spanwise position. Two different starting positions (0.15 W and 0.3 W) are shown. d Particle migration velocity. e Particle streamwise velocity. f Particle
angular velocity
|

toward the center of the channel by the prevailing elastic
forces. To clarify, the distribution of the first normal stress
difference of the viscoelastic fluid, N; = 7, — 7,,, across
the channel cross-section is depicted in Fig. 5. Note that
the first normal stress difference indicates tension in the
streamline direction. The streamlines surround the par-
ticle and exert a lateral hooping thrust on each side of the
particle, causing it to move to the side of the particle with
the lowest first normal stress difference. The simulations
show that N; is the greatest near the four walls of the
channel, while it is significantly lower close to the channel
center and corners. As a result, the gradients of the first
normal stress difference tend to push the particles toward
the center of the channel where the elastic stresses are
minimal.

Although the migration is consistently significant along
the short channel (Z-axis), migration along the longer
edge (Y-axis in Fig. 5) is not as pronounced because the
region with the lowest N; values at the center of the
channel has a rectangular shape. When the elastic effects
are substantial, the particles are inclined to move toward
this central rectangular region, as shown in Fig. 5b. As a
result, the migration along the long side is slower, and
several locations in the midplane cutting along the
Y-direction can potentially act as an equilibrium position.

To further understand the dynamics of particle migra-
tion, we investigated the influence of particle size on

migration. Specifically, we numerically simulate particles
with diameters of 10 um and 7.5 pm under constant flow
rate and fluid rheological properties. The migration
behavior of these particles is illustrated in Fig. 5c—f. The
results in panel (c) indicate that both particles migrate
toward the channel center at (Z/[,=0.5) because the
elastic forces are predominant over the inertial forces.
Notably, the particle with a smaller diameter (7.5 pm)
reaches the final steady state later than its larger coun-
terpart (10 um). The larger particle has already reached
the final equilibrium position, while the smaller particle
continues its gradual migration toward the channel cen-
ter. The migration velocities of the particles are compared
in Fig. 5d: a larger particle exhibits a higher migration
velocity than a smaller particle. This difference can be
attributed to the elastic effects arising from the imbalance
in the distribution of N; over the particle surface. This is
expressed by Fg «a’V(N;), where the cubic dependence
results from the product between the surface area over
which the stresses act and the gradients in the normal
stresses proportional to the particle size. Consequently,
the larger particle experiences a more pronounced elastic
force, accelerating its migration toward the centerline of
the channel. In addition, for both smaller and larger
particles, the migration velocity decreases as the particles
approach the channel center. This is due to the decreasing
gradient of the first normal stress difference as the
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particles approach the center of the channel (Fig. 5a),
causing a reduction in elastic forces. In panel (e), the
streamlines of the particles normalized by the bulk velo-
city (u/U) are presented; here, an increase in the particle
streamwise velocity is observed as the fluid dynamics
cause the particle to align with the prevailing flow. As the
particles approach a stable state, their streamwise velocity
becomes constant, closely aligning with the velocity of the
fluid at the equilibrium point (at the center of the
microchannel). Finally, in panel (f), we present the angular
velocity of the particle around the y-axis. Evidently, the
angular velocities decrease and eventually approach zero.
This behavior can again be attributed to the diminishing
gradient in both N; and the vanishing shear rate as par-
ticles move closer to the center of the channel®. Since
this force governs the particle rotation, the angular velo-
city gradually decreases and eventually approaches zero.

Experimental study of particle migration

Following the numerical study, we thoroughly investi-
gated elasto-inertial particle migration in high aspect ratio
straight microchannels. To this end, after the straight
portion of the microfluidic device where focusing occurs,
we split the microchannel into the two parallel straight
channels, and one of these channels is slightly longer
(Table 1). This causes a higher resistance in the longer
channel and drives the particles toward the lower resis-
tance side, near the channel wall. In this way, we achieve
controlled positioning of the particles near the channel
wall for a more accurate analysis of the migration. As
introduced above (Fig. 1), parallel channels were designed
with expansion and contraction units to observe particle
migration to the center. Figure 6a shows the fluorescence
data from two representative experimental results using
3um and 5 pum particles (left side) and 5 um and 10 pum
particles (right side). The results showed that larger par-
ticles migrated toward the channel center earlier than
smaller particles in both cases. Notably, as the particles
approach the channel center, the migration speed
decreased, in agreement with the numerical study above.
The variation in the migration speed for particles of dif-
ferent sizes could be utilized for separation. Since the
larger particle slowed down and eventually stopped
migrating at the center, small particles reduced this dis-
tance by continuing their migration if the channel pro-
vides sufficient length. Figure 6b, ¢ shows the effect of the
PEO concentration on particle migration for two different
flow rates. As the PEO concentration increases, the larger
(5 pm) particles migrate faster and reach the center ear-
lier. This result is indicative of the relatively dominant
viscoelastic force (Fg) over the lift force (F;). For instance,
the dimensionless numbers for 2000 ppm at a flow rate of
2.5uL/min are as follows: Re=0.45 and Wi=38.11,
while for 4000 ppm, the corresponding Re=0.13 and
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Table 1 Dimensions of the microfluidic channels
Channel  Focusing  Contraction Expansion Resistance
Width Length Length Width Length

20 um 4mm 025 mm 150 um 0.75mm
40 um 8 mm 0.5mm 300 um 1.5mm

Wi=59.81. These results show that while the influence of
F; is moderate, the influence of Ff is the dominant force
causing the movement of the particles across the channel
toward the center. As shown in Fig. 6d, the trend is similar
for the microchannel with AR = 1.5. The 10 pm particles
reach the channel center earlier at a PEO concentration of
4000 ppm than at 2000 ppm (corresponding to Re = 0.35
and 0.1 and Wi=9.53 and 14.95). At these relatively low
flow rates, a strict size-based differential particle migra-
tion occurs (Fig. 6b—d). As the flow rate increases, the size
dependence of the particle migration is reduced. At a flow
rate of 50 pL/min (for flow through the channel AR =
1.5), both 10 pm and 5pm particles migrate at similar
speeds (Fig. 6e). Most notably, for a PEO concentration of
4000 ppm, the migration path between the 10 um and
5um particles is difficult to differentiate, resulting in a
practically impossible separation. This effect is pre-
sumably due to the dominant Fr over F; (Re=2.06,
Wi=299.03) at these high PEO concentrations. Overall,
these results document the size dependence of particle
migration at optimized flow rates and can be exploited for
high-resolution separation.

To gain more insight into the complex relationship
between the forces affecting particle migration toward the
channel center, we analyzed a large amount of experi-
mental data at the outlets (position 9 in Fig. 6a) using
particles of different sizes, PEO concentrations, channel
aspect ratios and flow rates. Our observations are sum-
marized in the Supplementary Material (Supplementary
Material Fig. S6). Briefly, to analyze the final particle
positions at the outlet, we denoted W,, as the normalized
channel width, from 0 at the inner wall to 1 at the outer
wall of the channel. Our analysis shows that particles are
primarily positioned in two regions: the channel center
and a region from 0.28 to 0.35W,,. We observe that this
trend is more significant at higher flow rates (>50 pL/
min), indicating the effect of secondary flow (see Sup-
plementary Material Fig. S6). Particles that are sufficiently
large and under the influence of a dominant Fr are
expected at the equilibrium position at the center. How-
ever, the second focusing region (0.28 to 0.35W,) is dis-
tinguished with notable results. The secondary flow
present at the high flow rates potentially competes with
the dominant Fr pushing particles away from the channel
center. In these cases, the combined effect of F; and
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secondary forces would balance the effect of the Fr. Note
that we can observe this phenomenon since all particles
are forced to start from the inner wall and migrate toward
the channel center due to the channel design, which
allows prefocusing of the particles before splitting. How-
ever, outside the focus of the current work, a more
detailed study is needed to determine the effect of the
secondary flows due to the viscoelastic property of the
medium and this interaction of the Fr and F; in the
focused particles.

Differential particle migration for high-throughput
separation

For particle separation, high sample throughput without
compromising the separation resolution is desirable. As
described above, pre-aligning the particles without a
sheath flow is attractive and enables the strict size-based
particle migration toward the channel center after split-
ting. From the numerical and experimental results, we
observe that particles start to slow down in migration
when they approach the channel center. Hence, a strategy
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can potentially be built based on straight channels that
allows the larger particles to migrate to reach the channel
center while not providing sufficient length/time for
smaller particles to reach the channel center. Experi-
mentally, for channel AR =3, the largest difference is
observed just before the larger particles start to slow down
(see position 6 in Fig. 6b, c). For high-throughput
separation applications, we fabricated a deeper device
microchannel (w=40um, A =120pum, keeping the
AR =3) and analyzed the particles at position 6. As
described above, the PEO concentration is another
important parameter to be optimized for particle
separation at high flow rates. As shown in Fig. 7, at a PEO
concentration of 1000 ppm, we demonstrated high-
resolution separation of 5, 7, and 10 pm particles at high
flow rates (50, 100, and 150 uL/min). As expected, a lower
flow rate (50 uL/min) resulted in a larger separation dis-
tance, and we also observed that 7 um particles occupied
an intermediate position between 5 and 10 um, confirm-
ing size-based differential migration. At slightly different
positions, we observed the particles entering the second
section of the channel at ~0.1 W (close to the inner wall).
Independent of the initial position, the larger 10 pum
particles migrated faster than the smaller particles toward
the channel center. Moreover, high throughput was
achieved by increasing the channel depth to 120 um. Note
that the aspect ratio (AR = 3) was maintained constant by
keeping the width at 40 pum. By designing collection out-
lets, the separation of particles at high resolution should
be straightforward.

Straight microfluidic channels have been used in the
past for particle separation based on size*****°. However,
these studies have used two inlets: one containing the
fluid with particles and the other containing only fluid as
the sheath flow®”*>°°, In these configurations, the sheath
flow serves to initially define the particle position in the
channel and moves the particles to the chosen side for
further migration. Although these designs effectively work

for particle separation, the main particle-laden flow is
often at very low flow rates, and consequently, the sheath
flow causes a dilution of the solution, significantly low-
ering the overall sample throughput. Spiral devices are
attractive for focusing and separating the particles. The
combination of the Dean force that arises from a curva-
ture and elasto-inertial flow causes particles to focus at
the outer wall of the microchannel®”, which allows size-
based particle separation®®*®, However, these spiral geo-
metries also suffer from a decrease in throughput due to
the use of the sheath flow. In addition, these systems
require additional control systems to operate due to the
multiple inlets and more complicated designs to initially
define the particle positions to enable size-based manip-
ulation. Here, we demonstrate that by first pre-aligning
the particles, the difference in the migration speed can be
utilized for separating particles at high throughput and
high resolution based on their sizes.

Conclusions

In this study, we report a numerical and comprehensive
experimental investigation of the particle focusing and
migration in elasto-inertial flows through straight high
aspect ratio microchannels. The data show the effects of
particle size, channel geometry, flow rate, and the con-
centration of polymer additives on the particle focusing
for Reynolds numbers, Re, in the range of 0.05-85,
Weissenberg number, Wi, between 1.55 and 3800 and a
large range of elasticity numbers (=Wi/Re), El, in the
range of 5.75-462. For the first time, this range of Wi and
El numbers is experimentally investigated, and based on
the experimental data, the elasticity and inertia can be
used to focus particles by tuning various parameters.
Among these parameters, the particle size plays a domi-
nant role in particle focusing. In addition to focusing, we
report particle migration trajectories from the near wall
toward the channel center and show the effect of the
particle size, flow rate, and PEO concentration on this
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migration. Particles migrate faster when they are near the
channel wall, and their migration becomes slower as the
particles approach the center of the channel. Exploiting
this result, the differences in the migration speeds can be
utilized for separating particles at high throughput and
high resolution. As a proof of principle, we demonstrated
successful separation of 5 um, 7 um and 10 pm particles at
a throughput of 150 pL/min using a single inlet channel
without sheath flow to pre-align the particles.

Materials and methods
Device fabrication

Microfluidic devices were designed using AutoCAD
software (Autodesk), and the master mold was prepared
with SUEX (dry SU-8 film) on a silicon wafer following a
standard photolithography process®®. To fabricate the
PDMS (polydimethylsiloxane) chips, SYLGARD™ 184
elastomer (Dowsil, Sweden) was mixed with the curing
agent at a ratio of 10:1, and the final mixture was poured
over the master mold, degassed in a desiccator and baked
at 65 °C for 6 h. After the curing process, the PDMS was
peeled off, the individual devices were cut, and the inlet
and outlet holes were punched using a puncher with a
hole size of 0.75 mm. The resulting PDMS device and a
microscope glass slide were exposed to the oxygen plasma
to activate the surfaces for bonding. After bonding the
PDMS device on the glass substrate, the chip was post-
baked at 120 °C for 15 min to improve sealing.

Design of the microfluidic channels

To study the effect of the channel width on particle
focusing and migration, straight microfluidic channels
with two different widths (20 pm and 40 um) and constant
height (60 um) were designed. Both microfluidic chips
consisted of a first section for focusing all particles in the
middle and a second section where the already focused
particles were quickly displaced toward the inner channel
wall and were observed as they migrated back to the
center. In the second section, the trajectories could be
observed, and their dependencies on the particle size,
channel width, flow rate, and concentration of elasticity
were examined. The first section was a straight micro-
channel (Fig. 1a), and in the second section, the channel
was split into two branches, with one branch receiving
55% of the fluid, while the other branch received 45% of
the fluid (Fig. 1b). Prefocused particles entered the second
section very close to the wall of the channel that received
55% of the flow and started migrating toward the center of
the new channel. To properly observe the position of the
particles, this second focusing channel was segmented
into 8 parts with an expanded peak and high resolution at
8 different points of the trajectory. The 40 pum wide
channel was designed with an 8 mm long particle focusing
section followed by a second section with 8 segments of
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500 pm. The 20 um chip was designed with a 4 mm long
focusing section and 8 segments of 250 um (Table 1).

Sample preparation

Non-Newtonian fluid was prepared by dissolving poly-
ethylene oxide (PEO) powder, which is used as an elasticity
enhancer, in  deionized water. PEO  powder
(M,, =2 x 10° g/mol, Sigma Aldrich) was added to deio-
nized water at concentrations of 500 (0.05 wt. %), 1000 (0.1
wt. %), 2000 (0.2 wt. %) and 4000 (0.4 wt. %) ppm. After
rheology measurements, zero-shear viscosities of 1.26,
1.59, 2.39, and 8.23 mPas, respectively, were obtained.

Fluorescent polystyrene particles (Fluoro-Max, Thermo
Fisher Scientific) with diameters of 3 pm (red), 5pum
(green), 7 um (red) and 10 um (green) were suspended in
the prepared non-Newtonian fluids (with 0.1 % Tween-20
to prevent agglomeration).

Rheometry analysis

Rheometric analysis was performed using a dual-motor
Anton Paar Modular-Compact Rheometer (MCR) 702e
Space. Given the low viscosity of the fluid samples, a con-
centric cylinder geometry (bob-and-cup) was chosen for the
measurements, the internal diameter of the exterior cylinder
was 45 mm and the diameter of the internal cylinder was
43 mm. Thus, a gap of 1 mm was achieved between the
concentric surfaces. The interior cylinder was positioned
with a fixed 3mm gap from the bottom of the exterior
cylinder, and for the sake of symmetry, the sample volume
was kept at ~ 16 mL to duplicate the 3 mm gap on the top of
the interior cylinder. The measurements were performed at
ambient temperature (~20°C), similar to the temperature
used during the flow experiments. An evaporation pre-
venting lid was placed on the geometries to ensure a con-
stant volume of the fluid samples during the experiments.

The flow curves were obtained through a logarithmic
ramp-down on the shear rate starting at 10> 1/s to remove
any, if present, memory effects in the sample through a
pre-shearing scheme. Depending on the viscosity range of
the samples, the lower limits for the shear rate varied from
10 — 10* 1/s for the highest to lowest viscosity fluids. The
flow curves showed the viscosity and shear stress as
functions of the shear rate in the mentioned range (see
Supplementary Material Fig. S7). There were seven (7)
points measured per decade of the shear rate, which was
kept constant at each point until a steady state was
reached. The rheological properties of the four PEO
solutions are shown in Supplementary Table S1 (see the
Supplementary Material on how relaxation times are cal-
culated; see Tables S2, S3 for the dimensionless numbers).

Experimental setup and analysis
The microfluidic experiments were performed with a
5 mL steel syringe using a mid-pressure pump (neMESYS
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CETONI GmbH). The flow rates ranged from 1 — 250 uL/
min, and each data point was recorded 5min after
changing the flow rate to ensure the stabilization of flow
due to the viscoelastic effect. Imaging was performed
using an inverted microscope (Nikon Eclipse TI) with an
sCMOS camera (Andor Zyla) and an LED lighting system
(Lumenor Spectra X LED). Optical TRITC and FITC fil-
ters were used to capture the red and green fluorescent
particles, respectively. To control the microscope and
record the images, the open-source software Micro
Manager was used.

The recorded data were visualized and processed by
Image] software. The focusing qualities of the particles
were calculated based on the ratio of the particle diameter
to the full width at half maximum (FWHM) of the
fluorescence intensity of the particles along the channel
width®!,

Numerical approach

We perform three-dimensional direct numerical simu-
lations to investigate the cross-streamline migration of the
particles suspended in viscoelastic fluids within a high
aspect ratio straight microchannel. These simulations aim
to provide additional insights to elucidate the experi-
mental observations. We employ our in-house code®>
utilizing a direct forcing immersed boundary method
(IBM)®® to simulate the particles as moving Lagrangian
grids. The carrier fluid is discretized within a stationary
Eulerian frame, in which the Navier—Stokes and viscoe-
lastic constitutive equations are discretized using finite
differences (see the Supplementary Material on code
validation). The solver was previously used for particle
migration in elasto-viscoplastic channel flow>>. The sus-
pending fluid motion is governed by the continuity con-
straint and conservation of momentum as follows:

V.U=0, (4)

ou

(5—# u - V)U) =—Vp+

1

ReV-r+f, (5)

where U is the fluid velocity, p is the pressure field, T is the
total deviatoric stress tensor, and Re is the Reynolds
number. The extra term f on the right-hand side of Eq. (5)
is the immersed boundary force field representing the
particle—fluid interaction. Details of the immersed
boundary method are given in the Supplementary
Material. The total deviatoric stress tensor, 7, is composed
of contributions from the solvent (Newtonian fluid) and
polymer parts as 7= 7r° + 7*. The solvent stress tensor is
defined as ¥ =5, (VL[ + VL[T), where ;= u./u is the
ratio of the solvent viscosity to the total viscosity. In
addition to the equations mentioned earlier, a constitutive
equation needs to be employed to model the evolution of
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the non-Newtonian contribution (7¥) of the viscoelastic
material. We simulate the Oldroyd-B model®® to consider
the viscoelasticity of the material.

The particle translational and rotational velocities are
obtained by solving the Newton—Euler equations for each
particle.

du
pp\/pd—:: j{ava -ndA+F,, (6)
d
p%:% rx (o - n)dA+T,, (7)
v

where u,, and ®, are the linear velocities of the center of
mass and angular velocity of the particle, respectively.
Additionally, o denotes the Cauchy stress tensor for the
viscoelastic fluid and is defined as o=—pl+ 1+ fs
(VU 4 vUT), where r is the distance from the center of
the particle, and dV represents the particle domain. The
density, volume, and moment of inertia of the particle are
denoted by p,, V,, and I,, respectively. Finally, F, and T,
represent the total force and torque generated by
potential particle-wall collisions, respectively.
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