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22 Abstract:

;i Fine manipulation of particles is essential for the analysis of camplex samples such as blood or
25 environmental water, where rare particles of interest may be masked by millions of others. Inertial
26 focusing is amongst the most promising techniques for this,task, enabling label-free manipulation of
27 particles with sub-micron resolution at very high flow rates: However, the phenomenon still remains
28 . . - Y .

29 difficult to predict due to the focus position shifting in tortuous’ways as function of the channel
30 geometry, flow rate and particle size. Here, we present a new line of microfluidics that exploit inertial
31 focusing in High Aspect Ratio Curved (HARC) microchannels'and overcome this limitation. Consisting
;g of a single curved channel, HARC systems provide a highly predictable, single focus position near the
34 centre of the inner wall, largely independent;of the flow rate and particle size.

22 An explanation of the mechanism of migration,and focus of particles, together with its governing
37 equations, is provided based on simulations in COMSOL Multiphysics and experimental results. HARC
;g microchannels built in silicon-glasstwere used for experimental validation, achieving a high quality,
40 single focus position for a range of microparticles with sizes of 0.7 - 1 um and bacterial cells
41 (Escherichia coli). The recoveryof 1 pmiparticles was 99.84% with a factor four in concentration.

42

43 With a stable focus position, we envision that HARC systems will bring the technology closer to
jg implementation in laborateries for analysis of complex fluids with biological particles like cells and
46 organelles.

47

48 Introduction

49 Microfluidics provide precise control and manipulation of fluids, enabling tasks that are normally
g? carried out in standard laboratories to be performed on chip, such as mixing, separation and
[¥) concentration of fluids, precise measurements and chemical analysis, to mention a few [1-3].
53 Miniaturization provides multiple advantages, as occupation of a small space, the need of tiny
gg volumes- of samples and reagents and very quick responses. The small scale of the systems also
56 makes phenomena that do not happen in macro scale possible. This paper relates to one such unique
57 effect;.inertial focusing, a phenomenon that occurs in miniaturized fluidic channels and allows fine
gg particle manipulation [4-6].
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In microfluidics, surface forces usually dominate over body forces; viscosity dominates the system
and inertial effects do not play a noteworthy role. Under such conditions, particles simply follow the
streamlines of the carrier fluid, with diffusion as the only source of transversal displacement. There
are, nevertheless, known techniques to manipulate such particles and make them move across
streamlines in a controlled manner [7,8]. They are generally classified as active techniquesrif.they
require an external field (acoustic, electric, magnetic, etc.), or passive techniques if they only rely.on
the channel geometry and the fluid flow. These techniques make possibles for instance, the
movement of particles from one fluid to another (e.g., for washing, reacting, mixing) or focusing,
separation and concentration of a specific target.

Inertial focusing stands out amongst the particle manipulation techniquesfbecausenit is passive,
which makes the systems robust and simple to operate (the phenomenon arises simply by flowing
the sample through the system if designed adequately), it is label free (it differentiates particles
based on their size, geometry and deformability), the throughput is very high; aﬁ it can provide high
focus quality and resolution [9].

Although operating the system is easy, the phenomenon of inertial focusing is complex. Yet, good
progress has been made in the last decades, leading to devices that.could process samples with
circulating tumour cells [10-12], bacteria [9,13], exosomes [14], and other biological particles [6-8].

Briefly, in straight channels with circular cross section, randomly distributed particles migrate radially
across the streamlines towards an equilibrium perimeter (EP). Tﬂis migration is attributed to two
main forces originated by the interaction of the fluid with the/particle and the walls of the channel:
the shear gradient induced lift force, which dominates at the centre of the channel and is directed
towards the walls, and the wall-induced force, which ' dominates close to the walls and repels
particles away from them. The combinationrof both is known as the net lift force [15] (F}) and
becomes zero at the EP, where particles find equilibrium [15,16]. In non-circular cross-sections, this
perimeter also exists, but F; has@minor component tangential to it (born from the asymmetry of
the system) that gathers particles at the centre of the faces, Fig. 1A. These two effects, radial and
lateral migration, overlap in time. However, the radial force is much stronger and the radial migration
occurs much faster [17]. The diffeane is/such that for practical reasons the radial migration can
indeed be considered to occur first and-be followed by the lateral one [18], as represented in Fig. 1B.
Note that this implies that the component of the lift force that is orthogonal to the EP is very strong,
while the tangential one issweak (in‘relative terms), which is critical for understanding systems with a
secondary flow. Although.more sophisticated and accurate calculations are available in the literature
[19-21] a practical approximation for F; is:

F, = C,pUZa*/W? (1)

where p is the density of the fluid, U, is the maximum flow velocity, a is the size of the particle, W is
the smallest dimension of the cross section and C;, is a coefficient that adjusts the value of the force
as function of the Reynolds number (Re = pU,,W /u; being u the dynamic viscosity), the blockage
ratio k = a/W, and the position of the particle in the channel [15,18,22].
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Figure 1. (A) Flow profile, lift force (F;; from Liu [22]; Black®@rcows), equilibrium perimeter (EP; blue line) and focus
positions in straight channels. (B) Sketch of the migration offparticl@s,in straight channels; particles first fall into the EP,
to slowly slide along it towards four focus positionss(C) Modified focus positions in low aspect ratio curved channels by
the secondary flow. (D) Sketch of the migration“ofiparticleslimphigh aspect ratio curved (HARC) channels; particles fall to
the EP and are collected around it by the secondary flawsto focus in a single position by the inner wall.

As curvature is introduced in the system, a secondary flow (Up, named Dean flow; transversal to the
main flow) appears, forming two symmetrical vortexes, Fig. 1C-D. The AR defines the distribution of
Up in a microchannel, while its magnitude scales as [23]:

(2)

where R is the radius of curvature of the microchannel. These vortexes induce a drag to the particles

parallel to their orbitsu(£p), modifying the distribution of forces and thus the focus positions.
Assuming a Stokesdrag, Fp = 3mualUp, where Uj is the relative speed of the particle and the
secondary flow; being U, = 0 if a particle freely follows the streamlines, and Up; = Up when a
particle does not move, as'is the case for particles stopped at the focus position. The introduction of
a secondary flow/has been reported to be advantageous; for instance, in low aspect ratio curved
channels (with the aspect ratio defined as AR = H/W, being H the height of the channel and the
term “low” referring to AR < 1). In said systems, the secondary flow leads to fewer focus positions
(a single one,or two symmetrical positions close to the inner wall that appear as one from
top/bottomwiew) [9,24], Fig. 1C, and reduces the necessary channel length [25]. More details about
of these systems and forces can be found in the literature [4,5,20,26,27].
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Despite the attractive features of the technology and the plurality of biomedical applications
demonstrated, inertial focusing is still nowadays limited in applicability outside research laboratories,
with few successful examples such as Clear Cell FX1, a commercial product that separates circulating
tumour cells from blood [28]. One of the reasons for this is the difficulty in predicting the focus
position of the targets, which suffers large shifts in tortuous ways as a function ofsmultiple
parameters, the most critical being the particle size, flow rate and channel geometry [24].

Here, we explain and demonstrate for the first time inertial focusing in High Aspect Ratio Curved
(HARC) microchannels; curved systems with rectangular cross section and AR > 1 that overcome this
limitation by providing a high quality, single focus position that is practically insensitive to particle
size and largely invariant with the flow rate over a wide span, Fig. 1D. In addition tosthe excellent
performance and predictability of the focus position, HARC systems consist of a single curved
microchannel, bringing simplicity to the design. Simulations with €OMSOL_Multiphysics and
experiments with microchannels built in silicon-glass were used to investigat?the mechanism of
migration and focusing of particles. A hypothesis is provided, together with/two equations that
define an upper and lower limit of flow rate where the focusing occurs.

Although they are fabricated very similarly to other microchannels:for inertial focusing, inertial
focusing in pure HARC microchannels has not yet been shown in the literature, while there are many
studies with other curved geometries [25,29-31]. To the best of our knowledge, HARC sections have
been used in two cases in relation to inertial focusing/First, to demonstrate that the secondary flow
plays a major role in curved systems (i.e., that microparticles follow the secondary streamlines) [25].
Second, in a combination with straight chafnels, where the focus was induced by the straight
segments and the HARC sections were used toiteratively bring particles out of the equilibrium
position, achieving a single focus at the end [31]. In.both cases, the secondary flow dominated over
the lift force and was unable to focus particles.

We envision that HARC systems, with its stable 3Dfocus position, will bring the technology closer to
implementation in analytical facilities for pre-treatment of complex fluid samples, such as blood or
environmental water.

A S

Theory of HARC migroehannels

Figure 1D shows the secondary flow field in HARC microchannels and represents the migration of
particles until the focus position. In HARC microchannels, similarly to in straight channels, there is a
strong, radial component of F; induced by the main flow, which makes particles quickly migrate to
the EP. The curvature induces a Dean flow that drags particles in the direction of its streamlines, as in
other cross sections."The novelty of the HARC systems comes from the fact that the vortexes are
mostly tangential to the EP, where F; almost vanishes, and therefore a small secondary flow is
enough to makeparticles circulate around it. When particles reach the inner wall and move towards
the central part, the vortexes turn and oppose the radial F;. Provided that F; is strong enough, the
horizontal component of Fp, is cancelled and the vertical one brings particles to a single position, on
the symmetry line by the side of the inner wall. If, on the contrary, F; is not strong enough, particles
cross over to the outer wall and keep circulating indefinitely.
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From this scenario, we conclude that a HARC microchannel must fulfil two conditions to focus the
initially randomly distributed particles into the single focus position. The first, to have sufficient
length for all particles to reach the focus position. The second, to induce a F; that surpasses Fp for
the targets of interest at the focus position. These two conditions are studied separately in,the
following sections.

Figure 2A shows COMSOL simulations of the secondary flow for AR 2 and 2.65, which are later used
in the experimental validation. It can be seen that, in both cases, the vortexes will sweep particles
around the EP and bring them to the aforementioned focus position. However, the strength of the
Dean flow becomes weaker at the central part for the higher AR. Thus, higher{4R should be more
convenient for focusing particles, as they would allow for higher flow rates, focusing of smaller
particles, or (by a reduction in R) lowering the pressure.

AR 2.65 ~

Dean Flow ) “ Focus Position B
Ubmax 160
140 [

0.5 o4 e y = 195919

I R?=0.995
60 8.

=
40
20

0 t + + + t 1
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Figure 2. (A) Normalized secondary flows in"HARC microchannels with AR 2 and 2.65 and similar, U,,, W and R. The arrows
represent the strength and direction, while“the, color represents only the strength. The blue line represents an
approximation of the EP in straight channels. In bothysections the secondary flow forms two vortexes, with the local
strength strongly dependent on the AR.In particular, the strength at the focus position is much weaker for AR 2.65, while
the velocity around the EP is compafable. (B) Coefficient M as a function of AR, obtained by introducing in Eq. 3 values for
L parc calculated with COMSOL farvarious AR, and fit for an analytical expression of M = f(AR) (dotted line).

Migration around the Equilibrium Perimeter

An approximation to the necessary channel length for all particles to reach the concentration point
(Lp narc) wWas calculated as the necessary channel length for the secondary flow to follow the EP
from the central point at the outer wall to the central point at the inner one, to which we refer as a

Dean Loop. We used COMSOL Multiphysics to calculate this channel length by integrating UUep dl
Dep

over the/EP (with U, and Up,, being the local speed of the main and secondary flow and dl an
infinitesimal displacement on the EP, and the EP defined at a distance 0.25W from the walls),
reaching the expression:

L J‘ Uep dl=M 2R
FHARC £p Upep Re

(3)
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with M being a coefficient that strongly depends on AR. An analytical approximation to M (M =
19.6AR?) was obtained by fitting the calculations of the focus length obtained with COMSOL in
microchannels with different AR, see Fig. 2B.

. L
Expressing Ly j4rc @s a number of loops (N, = %)

M  19.6AR?
L™Re™ Re

(4)

Equation 4 provides an approximation of the number of loops needed in the device to achieve
focusing of particles. Small variations of the predicted value may be needed/given that the equation
was obtained for a generic EP and, depending on the particle size, the EP may be a bit closer or
further from the walls. Note that, for a microchannel with a fixed number of laops, there will be a
lower limit of Re that will achieve focus. Indeed, re-shaping Eq. 4 provides the minimum flow rate
(Qmin) that will achieve a full Dean Loop for a microchannel with a given number of loops. For the
case of water-based samples:
_0.6AR®W L /min

L x 5

Half Dean Loop Full Dean Loop

Figure 3. Different scenarios,of thelfecusing process in HARC microchannels as the flow rate increases and its view under
a fluorescent microscopg at the expansion of the outlet (the microscope images correspond to the HARC system shown
in Fig. 4). (A) InsufficientQ. (B) Anjihcrease in Q makes more particles reach the inner wall; the intensity detected at the

1 . . .
outer wall decreases. {(C)n0Q = EQmm, all particles have crossed to the side of the inner wall and form a plane; no
intensity is detect@d at the outer,wall. (D) Q = Q,,,in, all particles collapse into a single focus position.

Figure 3 shows a‘sketch of the migration around the EP in for different values of the flow rate and
how the/distribution of microparticles appears under a fluorescent microscope. At low values of Q,
particles' migrate 'to the EP and start following it. Two lines are seen under the fluorescent
microscope, corresponding to the two vertical planes that contain most of the particles, Fig. 3A. As Q
is increased, more particles reach the inner wall and the intensity on the outer wall decreases, Fig.

3B. ForQ = %Qmin, all particles have time to reach the side of the inner wall and form a plane, half a

DeanLoop is completed and no intensity is detected at the outer wall, Fig. 3C. Finally, a further
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increase in Q reduces the width of the plane occupied by the particles. For values over Q,,iy, all
particles have enough time to complete a full Dean Loop and reach the single focus position, Fig. 3D.

Particles initially situated at the horizontal symmetry plane will not follow either of the vortexes.
Therefore, although not detected under the microscope, a very small fraction of particles is expected
to be at the outer wall even after a full Dean Loop.

Opposition of F; and F, at the centre near the inner wall

This study addresses the case of neutrally buoyant particles (common case in applications that relate
to bioparticles) and therefore we only considered F; and Fp,. For particles with different density than
the fluid, at least the buoyant and centrifugal force must be included.

As mentioned before, when the secondary flow approaches the centralfpart of the channel at the
inner wall, it turns and opposes F;. This region will be referred to @s the focus region (FR). For
particles to stop and focus, the lift force at FR (F}, ) has to be stranger than the Dean force at FR

(FD,FR)Z

Fp pr = 3mualp ppg (6)

In practical applications where particles are focused; they reach the EP much faster than the
collection around it, Fig. 1D. This conclusion is reached by agsuming the scenario where the
secondary flow is the fastest possible and still focus the particles; where F, = F,, as faster secondary
flow will lead to particles surpassing the barrier of Fp. In this case, the radial migration by F; and the
collection around the EP by the secondary flow will bejon average, equally fast, but the furthest
distance that a particle needs to migrate radially until the EP is ~0.3W, while the longest distance
around the EP, for instance for AR 2, is ~2W. (from the centre of the outer wall until the centre of the
inner one). Particles thus reach/the equilibriumy perimeter, over which they slide almost freely
following the secondary flow, at least ~Z times than what it takes for the collection to finish. Hence,
the travel time for a particle to do a full Dean Loop is the limiting factor for the concentration and it
can be used to estimate the necessw channel length for all particles to reach the focus position.

Material and Methods

COMSOL Simulations

Simulations were performed,with COMSOL Multiphysics v.5.5. The 3D flow was solved using Navier-
Stokes in curyed microchannels extending a quarter of a loop with water as a fluid at room
temperature. The'analysis of the secondary flow was performed in a cross section at 2/3 of the
channel length fromsthe inlet, ensuring a fully developed flow. To achieve a fine partition of the
domain and minimize errors, the mesh was automatically generated and the maximum mesh size
was set'to W/30:

Fabrication of the microchannels

The microchannels were micromachined in silicon and sealed by anodically bonded glass, as it has
béen shown that such chips can work safely up to 200 bar [9]. A chromium mask from Micro
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Lithography Services Limited with 0.15 um CD was used. First, the microchannels were dry etched on
silicon with photoresist (1813) as mask. Then, the wafer was cleaned and 0.5 um of Al were
sputtered as an etch stop for the next step. Photolithography was done on the backside of the same
wafer with a plastic mask from the same company (5 um resolution) and vias were dry etched at the
inlets and outlets. The patterned wafer was cleaned together with a borosilicate wafer in'Piranha
solution for 20 minutes and then anodically bonded. Finally, the wafer was diced in small chips, to
which glass capillaries were glued with epoxy (EPO-TEK® 302-3M).

Design of the microchannels

The microchannels comprised an inlet, a pillar section that served as a filter, two loops with similar
radii, an expansion to allow a better visualization and one or more outlets, Fig. 4A. In arder to include
two loops with very similar R, the spiral consisted of 4 semi-circumferences with a consecutive
increase in R of 10 um. The width was chosen as 6 um so that the'smallest particle size in the
experiments (0.7 um) fulfilled k > 0.1, as with lower blockage ratiosinertial focusing has been
shown to be unfeasible [31]. Microchannels with R of 300, 400 and 500 um were fabricated, with the
lower number limited by the size of the inlet and filter, and the upper number limited by the
increasing length of the channel with R, which leads to very highshydraulic'resistances and would not
allow for sufficient flow rates to fulfil Eq. 5 even at 200 bar, our practical pressure limitation. Two
batches were fabricated, with depths of 12 um and 16 um_(AR2 and 2.65, respectively).

Experiments y

Fluorescent polystyrene particles (0.70, 0.79, 0.92 and 1.0 um, Thermo Scientific™ Fluoro-Max) were
suspended in deionized water (with 0.1% of Triton X toreduce agglomeration) in a concentration of
~0.001 vol% and used to evaluate therfocusing capabilities of the HARC systems with different
particle sizes.

Escherichia coli MG1655 (E. coli, DA32838, in house strain collection) with a dTomato fluorescent tag
(galK::cat-J23101-dTomato) was used to demonstrate the focusing capabilities with biological cells.
The bacterial growth was initiated by inoculating a single colony from a LB (Lysogeny broth) plate
into 1 ml LB medium. The bacteriakculture was incubated at 37 °C with agitation (190 rpm) over
night. The day after, 600 uL of /oacteria was transferred to 10.5 mL ice-cold 74% ethanol (final
concentration 70%) and incubated at 44 °C for 2 h. The cells were pelleted at 17000 g for 4 min at 4
°C and the supernatantwasiremoved. The cell pellet was dissolved in 10 ml sterile deionized water.

We used an HPLC pump (Waters, model 515) to run the samples with a read out of the pressure. The
samples were loadedhin a metallic tube with 5 mL capacity in-between the chip and the pump to
avoid particlesfpassing through the pump.

The evaluation of the microchannels was done with an inverted fluorescence microscope (Olympus
IX73, equipped with a Orca-Flash 4.0 LT digital CMOS camera). Images were taken while increasing
the pressure. in steps of 10 bar. The analysis of the images was done with ImageJ at the expansion of
theloutlet.

To complement the optical evaluation, we collected the outlets of a chip (2 loops, R 400 um; 6x16
pm (WxH)) for 10 minutes in Eppendorf tubes while running a sample with 1 um particles. The tubes
were weighted to measure the amount of fluid going through each outlet, and a sample of 1 pL from

Page 8 of 15



Page 9 of 15

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JMM-105076.R1

each tube was pipetted on a glass slide and allowed to dry (3 times each). An image of the resulting
deposited particles was taken under the microscope and their number was counted with the tool
“Find maxima” of Imagel.

Results and Discussion

In an initial test, we found that the microchannels with R 400 um were in the desired range. Smaller
R induced such a strong secondary flow that the microchannel was unable to focus all sizesiin the set
(0.7-1 um), and larger R demanded higher pressures. Therefore, R 400 um was chosen to validate
the hypothesis about HARC systems.

Figure 4A shows an overview of a chip with AR 2 (2 loops; R 400 um; 6xd2yum (WxH)) and a
screenshot of the performance with 1 um polystyrene particles at 20 uL/min. Fig. 4B shows a
compilation of the performance with the same particles in a range of flowsrates and pressures. The
experiments agreed with the hypothesis presented for the working mechahism; as predicted,
particles focused with high quality at the inner wall. Interestingly and contrary/to what happens in
inertial focusing with other cross sections [24,29,30], the focus position'was fpractically insensitive to
the flow rate, making the system more robust against possible drifts of the pump, which would
normally lead to fluctuations in the focus positions and therefore diminished performances of the
systems. The stability originates in the fact that the focus position lies at the symmetry line, where F;,
quickly grows from zero at ~0.22W (the EP) to its maximum value at ~0.35W from the inner wall
[22]. With F}, sharing the same direction (only horizontal), the pasticles are confined between these
two points; particles focus close to the EP if F; dominates, and advance their position over the
symmetry line towards the peak of F, as the secondary flow gains relevance. In other curved
systems, both F; and F, have a vertical and a horizontal component at the equilibrium position,
which leads to more complex shifts as their relative strength changes [9].

Furthermore, for this particular device, Eq. 5 predicts that one Dean Loop will be completed for 14
pL/min (Q.nin), achieving the single focus position.In the experiments, after ~7 pL/min (= %Qmin) no
intensity was detected at the outer'wall, corresponding to the situation of half Dean Loop, where all
particles are on a plane by the 'side of the inner wall (Fig. 3C), indicating that Eq. 5 is a good
approximation. As Q is increased, the plane is predicted to narrow down and collapse into a single
line for Q = Qin (Fig. 3D). However, based on a top view fluorescence image, we could not
distinguish particles fofming a plane or a single line and could not validate this hypothesis.

On the other hand, sificeF; ~ G, U2 (with C; decreasing as U,, increases [32-34]) and F,~U2, (see
Eg. 1 and 2), F; does not grow as fast as Fj, as the flow rate increases. Therefore, for a given device,
increasing the flow.rate will eventually lead to Fj, surpassing F; and the device will lose the focusing
capabilities. We refer to.this upper limit as Q,,,4, , Which may be calculated with Eq. 6 if F; is known.
However, as of today, different studies point at different values of F; and no certain prediction could
be done.

With_our experiments, we validated the existence of the aforementioned Q4. At Q > 26 uL/min,
the microchannel lost its focusing capacities, Fig. 4B. At this stage, the secondary flow dominated at
the'central part for the given particle size and the particles went through the barrier of F;, following
the vortexes indefinitely. This indicates that Fj, increases faster with U than F; or, in other words,
that Cyprdecays with U, which has been previously shown [18,22].
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The focus was of high quality in the range 7 - 26 pL/min; a range that is suitable to fractionate the
sample in different outlets. On the other hand, for laser interrogation, where a single focus position
is preferred, the estimated working range would be 14 - 26 puL/min.

l

120 bar; 1 pm particles

by,
Magnification : 10x

Q
(ul/min)
; ! p? ' ' >

Figure 4. (A) Overview of a chip with 2 loops i hannels (AR 2; 6x12 pm (WxH) and R 400 pm) and a
screenshot of the performance with 1 um pol i

According to the COMSOL simulat i .65 the collection around the EP has very similar
s position has half the strength of that in AR 2, Fig. 2A.
annel with AR 2.65 should be able to focus the same
alidate this, we used the same design with an increase of
um; 6x16 um (WxH)) and compared the performance. The
advantage of the hig t in the experiments, Fig. 5A. For 1 um particles, Q4 Was
more than double com oin AR 2 (67 uL/min instead of 26 uL/min). We also tested the channel
with 0.70, 0.79 and 0.9 ] cles, and found that all sizes focused close to the inner wall at a
very similar position king range of flow rates, Fig. 5A. What is more, Q,,,;, was independent
of a for the four
fact that the ¢ d EP is the limiting factor in the focusing. On the other hand, we found

sed in the same device to evaluate the performance with biological particles, as these
different features than polymeric particles such as shape or rigidity. Figure 5B shows
at E. coli, a rod-shaped bacteria, was focused with very high quality in a comparable manner to

polystyrene particles, proving the applicability of HARC systems to biological particles. The
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experiments agreed with our reported results with low aspect ratio microchannels, where E. coli
behaved approximately as 1 um spherical particles [9].

To verify the quality of the results observed by optical imaging with the microscope, we ran a'sample
with 1 um particles at 33 uL/min (Q,,i») through a chip with the same focusing section and 3. outlets,
see Fig. ESI 1. The fractionated sample from the outlet close to the inner wall contained 99.84% of
the particles and 25% of the volume (factor four of concentration), the sample from the middle
outlet contained no particles and 25% of the volume, and the one from the outlet close to the outer
wall contained 0.16% of the particles and 50% of the volume, with an error of £0.03% at 95% level of
confidence. The small fraction found at the outlet close to the outer wall likely correspondsto those
particles that are initially on the symmetry line and do not follow any of the vortexes, as.explained in
section “Migration around the Equilibrium Perimeter”.

With all particles focusing at a very similar position that remains stable with the flow rate, HARC
systems overcome the main limitation of other curved systems exploitingiinertial focusing, where the
focus positions are different as function of particle size and vary with, the ' flow rate [24,29,30],
making it difficult to tailor the technology for particular applications. However, while convenient for
focusing, concentration of particles and purification of a fluid;yHARC systems lose the capacity to
separate particles by size, another of the main features of inertial focusing.

The experimental results and COMSOL simulations pointed, at higher AR being more convenient
since they work with higher flow rates while demanding very sinﬁlar pressures. The working range
(Omin < Q < Quax) was also wider for higher.AR. However, from the COMSOL simulations, we
estimate that the microchannels lose the focusing capacity for AR much higher than those presented
here (AR~4), as the secondary flow becomes very,slow at the central regions and it is likely that it
does not have the capacity to collect the particles, Fig: ESI 2.
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ilar device with a single loop, which demanded half of
ility of HARC microchannels to biological particles.

systems may also be advanta or technologies that require a focused sample like Flow
Cytometry, bringing simplicity tc 2ration, saving reagents and multiplying the throughput.

In this work, the work e of HARC systems was identified and described. An expression to
calculate its lower limit, w es to the minimum channel length for particles to reach the single
nd verified experimentally. Further investigation is needed to obtain
it, over which particles remain unfocused.

introduce inertial focusing in High Aspect Ratio Curved (HARC) microchannels.
stems are easy to design and offer very attractive properties, such as a single focus
ly independent of the flow rate and particle size. Both theory and experiments showed
ere microchannels with higher aspect ratios offer better performance. The higher the
atio, the weaker the secondary flow becomes at the focus position, which translates into
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higher flow rates until the secondary flow dominates for a fixed particle size, suitability to focus
smaller particles or a possible reduction in the pressure demand. However, a too high aspect ratio
(AR~4) has such a low secondary flow at the central part that it can be expected to lose the focusing
capabilities.

HARC microchannels overcome one major limitation of other systems exploiting inertial focusing,in
which the focus position of the targets shifts in tortuous ways as function of the flow ‘ate, particle
size and channel geometry. Given the outstanding performances of inertial focusing in the field of
particle manipulation, HARC systems can be expected to be implemented inylaboratories for
preparation of complex samples with particles.
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