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On-Chip Generation of Vortical Flows for Microfluidic

Centrifugation

Heba Ahmed, Shwathy Ramesan, Lillian Lee, Amgad R. Rezk,* and Leslie Y. Yeo*

Microcentrifugation constitutes an important part of the microfluidic toolkit
in a similar way that centrifugation is crucial to many macroscopic proce-
dures, given that micromixing, sample preconcentration, particle separation,
component fractionation, and cell agglomeration are essential operations in
small scale processes. Yet, the dominance of capillary and viscous effects,
which typically tend to retard flow, over inertial and gravitational forces,
which are often useful for actuating flows and hence centrifugation, at
microscopic scales makes it difficult to generate rotational flows at these
dimensions, let alone with sufficient vorticity to support efficient mixing,
separation, concentration, or aggregation. Herein, the various technolo-
gies—both passive and active—that have been developed to date for vortex
generation in microfluidic devices are reviewed. Various advantages or
limitations associated with each are outlined, in addition to highlighting the
challenges that need to be overcome for their incorporation into integrated

microfluidic devices.

1. Introduction

The history of the centrifuge dates back to the discovery of cen-
trifugal forces by the Dutch physicist and mathematician Chris-
tiaan Huygens (1629-1695) in 16591 and, subsequently, the
development of a whirling arm drag-measuring apparatus by
the English engineer Benjamin Robins (1707-1751), although
it was not till 1864 that Antonin Prandtl (1842-1909), a German
brewer, developed a design for separating cream from milk, to
which turbines were added in 1877 by Swedish engineer Gustav
De Laval (1845-1913), that the practical concept of a centri-
fuge was born. Since then, and the pioneering work of The-
odor Svedburg (1884-1971), who received the Nobel Prize in
Chemistry in 1926, centrifugation—and, more broadly, the gen-
eration of rotational flows from which centrifugal forces can be
exploited—has been an indispensable process in the laboratory
workflow, owing particularly to its use for particle separation
and component fractionation. In the same way, microfluidic
centrifugation, or microcentrifugation, is a critical operation in
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lab-on-a-chip devices to facilitate on-chip
micromixing, sample preconcentration,
particle fractionation and sorting, com-
ponent separation (e.g., the separation
of red blood cells from plasma), and, cell
trapping, lysis, and extraction, all of which
constitute crucial sample preparation
steps in the microfluidic drug discovery or
point-of-care diagnostics workflow.l>]

Nevertheless, it is not straightforward
to simply scale down a centrifuge, even
if miniaturization of one was indeed
possible, since sedimentation—the prin-
ciple by which a centrifuge operates
wherein particles separate under den-
sity gradients, is weak in microfluidic
devices given the typically small particle
Stokes numbers that are encountered,
ie., Stk= p,d;U/18NL < 1, wherein p, and
dy is the particle density and diameter,
respectively, U and L the characteristic
velocity and length scales of the system, and 71 the liquid vis-
cosity. Consequently, the particle separation (or settling) time,
which scales inversely to the Stokes number and the angular
speed, is prohibitively long unless the rotational flow can be
intensified. This, however, is not trivial given that typical Reyn-
olds numbers Re= pUL/n are also usually small in microflu-
idic devices (Re S 1), owing to the small length scales, implying
the dominance of viscous over inertial effects that highlight not
only the difficulties in generating turbulent vortices but also the
challenges in overcoming retardation of the flow due to viscous
dissipation. While this can be remedied by massively increasing
the flow rotation intensity with large pumps, for example, the
use of such prohibits their integration onto the microfludic
device, and is therefore the antithesis of microfludic philos-
ophy, at least in its strictest sense, especially in the cases where
complete miniaturization for portable, handheld functionality is
desired.P!

An exception to the above are inertial microfluidic sys-
tems!®’] wherein geometry, topology, or curvature is introduced
to the microchannel in order to generate the microscale recir-
culation or secondary Dean vortices required to drive on-chip
microcentrifugation effects, although the large pressure drops
encountered in these systems again necessitate considerable
pumping capacity and the long channel lengths required for
the separation render these systems typically challenging for
miniaturization and integration. As such, inertial microfluidic
systems have largely been developed to date for benchscale
operations in the laboratory or the clinic, i.e., a chip-in-a-lab,
as opposed to portable lab-on-a-chip systems for point-of-care
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applications. In any case, we discuss these systems in the con-
text of strategies for passively generating recirculatory motion
in microfluidic channels, but exclude the vast body of work
exploiting these for inducing particle focusing and separa-
tion for a variety of applications, particularly circulating tumor
cell isolation,®*] given that these have been the subject of a
number of very comprehensive reviews (see, for example, refs.
[6,7,10-12]).

A number of further points regarding the scope of the
present review warrant clarification. We note that the term
“microcentrifugation” historically has been associated with
conventional centrifugation processes that are carried out
in 0.2-2.0 mL microcentrifuge tubes and hence the use of
“micro” in that context is somewhat a misnomer given that
there is no significant scale associated with that process or
setup that is particularly at microscale dimensions. Thus,
even though the processes and devices we will describe
below are truly microscale and hence could more accurately
be referred to as “microcentrifugation” processes, we shall
employ the terms “microfluidic centrifugation” or “on-chip
microcentrifugation” in place to avoid confusion. We also
exclude “centrifugal microfluidics” from the review since this
is conceptually different to microfluidic centrifugation given
that the primary rotation in these systems, also known as the
“lab-on-a-CD,”!*3] pertains to the motion of the discs them-
selves and is driven by a rotational motor, as opposed to the
rotation of the fluid itself. While the spinning of these discs
could induce the fluid within the microchannels patterned
onto them to rotate, this is not necessarily true in all cases
since the primary flow that is generated usually occurs in a
linear, radially outward direction toward the periphery of the
disc. Moreover, these have been the subject of a number of
extensive reviews.'>17 In addition, we also omit from the
scope of this review technology that has been developed to
date that allows rotation to be induced directly on particles
and cells themselves (for example, that driven magneti-
cally,l'®8 which, can also, in turn, be employed to drive vor-
tical flows), as opposed to indirectly due to hydrodynamic
rotation.

Table 1 shows the different actuation mechanisms by which
centrifugal flows can be generated in a microfluidic device. As
with other microfluidic actuation schemes, on-chip centrifuga-
tion can be driven either passively, through the use of geomet-
rical structures, or actively, by exploiting external forces.

2. Passive Actuation

2.1. Geometry

As was demonstrated in early work, the simplest way to gen-
erate vortical flows in a microfluidic device is to incorporate
a side cavity, chamber, or notch into the microfluidic channel
(see, for example, Figure 1a in which considerable hydrody-
namic rotation within the cavity can be generated,’” which can
be exploited, for example, for particle separation due to density
discrimination). Due to the sharp turn in the flow boundary,
i.e., the channel wall, encountered at the corners associated
with either of these features, the flow essentially expands and

Small 2020, 16, 1903605

1903605 (2 of 25)

www.small-journal.com

Leslie Y. Yeo is a
Distinguished Professor of
Chemical Engineering at
RMIT University, Melbourne.
Following a Ph.D. from
Imperial College London in
2002 and a postdoctoral stint
at the University of Notre
Dame, USA, he assumed
faculty positions at Monash
University and RMIT, where
he held the Australian
Research Council’s Australian Research Fellowship and
Future Fellowship from 2009 to 2017.

detaches from the boundary, i.e., flow separation ensues, at
which point the flow may no longer be viscous dominant and
inertial effects could become increasingly apparent.®! Con-
comitantly, the detachment of the flow from the boundary
is accompanied by flow recirculation within the structure,
although the emergence of such a vortical flow does not neces-
sarily imply the existence of inertial effects.

In the example of a cavity, Yu et al.?!) reported that this occurs
if the aspect ratio (transverse to longitudinal (with respect to the
main flow axis) length scales) of the cavity is sufficiently large,
or, if the reduced Reynolds number—the product of the aspect
ratio squared and the hydrodynamic Reynolds number, inde-
pendently exceeds a critical value. In other words, flow separa-
tion could occur for small reduced Reynolds numbers far below
a value of unity if the cavity aspect ratio is sufficiently large,
or for small aspect ratio cavities where the reduced Reynolds
number is sufficiently large. In any case, the small vortex
dimension R, which is defined by the size of the cavity, and the
typically high rotational speeds V can lead to high radial accel-
erations on the order V’/R, which for micrometer-dimension
cavities, could reach 10°~10” m s72, thereby demonstrating its
potential to be exploited for integrated on-chip mixing, concen-
tration, and separation.

For these inertial flows, the migration of any particles sus-
pended in the flow across the primary flow streamlines into
the vortex is governed by a sudden loss of the wall lift F,,
when the particles enter the chamber. As a consequence,
there no longer exists an opposing force arising from hydro-
dynamic interactions of the particle with the wall, which,
when present as the particle was moving through the micro-
channel, had countered the shear gradient lift on the particle
F, that causes it to migrate down the shear gradient away
from the channel centerline to a new equilibrium position
in the channel. Once devoid of this balancing force, the par-
ticles are able to escape the primary flow to enter into the
vortex under the slowly decaying shear gradient lift force,
which scales with the particle size as Cid; if dp/ W < 1,050
where C; is the lift coefficient and W the channel width, which
in itself scales as 1/d} (see, for example, Figure 1b).5Y Larger
particles, experience high shear gradient lift, and therefore
migrate faster into the vortex in addition to their tendency to
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Figure 1. Vortex generation via microfluidic cavities. a) Schematic design (left panel) of a side cavity offshoot to a microchannel, in which a vortex
is generated (right panels) and demonstrated for particle concentration and separation based on their densities (Reproduced with permission.l'”!
Copyright 2003, Nature Publishing Group; Reproduced with permission.2% Copyright 2006, Springer-Verlag). b) Dual cavity with accompanying side
channel outlets for particle recovery; also shown is a schematic showing the mechanism for particle separation due to inertial lift (Reproduced with
permission.?’l Copyright 2013, AIP Publishing LLC). c) Particle size a dependent orbital trajectory within the vortex generated in a side cavity; W is the
channel width (Reproduced with permission.?l Copyright 2011, The Royal Society of Chemistry). d) Multiple cavity array (Adapted under the terms of
a Creative Commons Attribution 4.0 license.l?8l Copyright 2017, The Authors, published by Springer Nature and Hormel Institute).

populate orbits closer to the center!?®! (Figure 1c), which can be
determined from a dominant balance between the centrifugal
and viscous forces acting on the particlel?223]

ho _ d; (Pp B p)wzt 1
—em{ilsn 1)

In the above, r,,¢ and r,, are the orbital radius of the particle

from the vortex center r,, initially at time ¢ = 0 and subsequently
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at time ¢, respectively, p is the liquid density, and o the flow
angular velocity.

If this shear gradient lift force is balanced by the drag force
on the particle Fp, = 3nnv,d,, then the tangential particle velocity
v, scales linearly with d, suggesting larger particles migrate
faster across the streamlines. This particle size discrepant
scaling (although we note that the complexity of other factors
that affect the flow and particle dynamics leads to a range of
different scalings—see, for example, ref. [25]) was taken advan-
tage to isolate large circulating tumour cells that migrate over

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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shorter distances and hence enter into the vortex while leaving
the smaller red and white blood cells in the primary flow;3% in
ref. [27], two side outlets as siphoning channels were included
to the chamber (Figure 1b) to create a sheath flow that facil-
itated the removal of the particles that were entrained in the
vortex. Once inside, the particles only remain within the vortex
if the effective centrifugal force acting on the particle is insuf-
ficient to balance the shear gradient lift. As the centrifugation
force is dependent on the particle density, i.e.

_ 3,2
Fcz(pP p)rwdyv; 2

6r,

particles can be sorted by their density since heavier particles
would tend to leave the vortex once having entered it. Such an
ability to discriminate particles based on their sizes or densities,
together with a variety of other uses such as single cell rotation,
molecular trapping, and even the analysis of microorganism
motility, among other applications, have been demonstrated
using this platform.2%12153] Triggering the release of all par-
ticles from the vortex, however, would necessitate the suppres-
sion or complete annihilation of the vortical flow by altering the
inlet conditions, for example, by decreasing the inlet flow rate.

Other variants to the single microchannel cavity design have
also been explored, including the introduction of bidirectional
flow through top and bottom channels flanking the rectangular or
circular cavity to enhance the rotational flow intensity,?>?% and the
incorporation of an inlet channel above the chamber as a source
to generate rotational flow within it,?*l or an outlet at the top of
the cavity for separating out the concentrated particles.?!l The
inline expansion chamber design shown in Figure 1b/*% can
be considered a dual-cavity variant to the single cavity design
although we note that in this case, the entire channel flow
expands into the chamber to generate a pair of vortices; the
vortex pair is expected to remain symmetric as long as the flow
does not become unstable beyond a critical Reynolds number;*>#l
breaking the symmetry of the microchambers and hence the vor-
tices that are generated within, on the other hand, was shown to
be useful, for example, in facilitating control over the chirality in
the assembly process of supramolecular systems.'>! Extensions
in the microchamber designs to increase the throughput and effi-
ciency of separation, for example, for sequential cell enrichment
or tumour cell isolation, was also demonstrated through multi-
plexing wherein a large number of inline chambers arrays, both
in series and in parallel were employed?>?*-31l (Figure 1d).

Converging (e.g., hydrodynamic focusing),’”! as well as
corner flows (e.g., flow over a notch®®)) or flows over sharp
bends, have also been explored for vortex generation in micro-
channels. In addition, we note an interesting design involving
a corner cavity flow that was reported by Tsai et al.l’% in which
a series of adjacent vortical flows in alternating directions,
thus mimicking a series of mechanical gears, are generated
(Figure 2). The number of vortices and their size depends on
the pressure at which the flow is driven at, although we note
that fairly large pressures are required due to the considerable
pressure losses that occur in the channel.

Taking a leaf from macroscopic Dean flows—secondary
flows that occur in a transverse direction to the main channel
axis which are a consequence of the radial pressure gradient
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Figure 2. Virtual vortex gear: vortical formation in an offshoot channel
(top) design that resembles a mechanical gear system (bottom) (Repro-
duced with permission.°l Copyright 2018 AIP, Publishing LLC).

generated due to centrifugal effects arising from the chan-
nel's curvature—helices or twists in the channel geometry,
curvilinear designs such as the serpentine, spiral, and zigzag
arrangements,**#8] some of which are shown in Figure 3, have
also been integrated into microfluidic channels to induce some
degree of rotation in the flow. The intensity of the Dean flow
and hence the vorticity that is generated largely depends on
a balance between the inertial stresses that drive the primary
axial flow and the centrifugal force, and can be characterized
by a Dean number Dn = (Dy/R)"/? Re, wherein Dy = 4A /P is
the hydraulic diameter of the channel, with A. being the cross-
sectional area and P the wetted perimeter, R the radius of cur-
vature of the flow path, and Re the Reynolds number with a
characteristic lengthscale is defined by Dyy.[1¢157]

As with all other passive actuation methods, an inevitable
downside of exploiting geometrical features to generate vortices
in the flow, beyond the lack of an active flow control mecha-
nism, is the large pressure drop encountered due to the addi-
tional channel length required to accommodate its tortuosity,
and hence the necessity for large pumps to drive the flow. This
is compounded by the need for an adequate pressure head, as
can be seen from the dependence of Dn on Re above, in order
to drive adequate transverse flow to move the fluid radially
from the inner to outer channel walls so as to generate a suf-
ficient centrifugal force to disrupt the laminar primary axial
flow; as such, Dean numbers in microfluidic devices typi-
cally do not exceed 100, especially without resorting to the
extreme curvatures (d/R > 1) that exacerbate pressure losses in
the channel or the high flow rates that lead to high sample or
reagent utilization.

An alternative for driving secondary flows in microchannels
but without requiring inertial dominance in the system is to
exploit viscoelastic instabilities. However, unless the working
solution possesses some native elasticity, such as DNA solu-
tions or some micellar solutions in the presence of specific
additives, this requires the working solution to be spiked with
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Figure 3. Vortex generation via microfluidic geometries. a) Curved channel arrangement at low (Dn = 1) and high (Dn = 10) Dean numbers (Repro-
duced with permission.l“% Copyright 2006, The National Academy of Sciences of the USA). b) Spiral channel arrangement (Reproduced with permis-
sion.[*’l Copyright 2012, AIP Publishing LLC). c) Serpentine channel arrangement (Reproduced with permission.*¥l Copyright 2007, The National

Academy of Sciences of the USA).

small amounts of polymers, which may not always be practical
nor expedient. The instabilities, which occur above a critical
condition!*8]

1/2
Mcrit S[EL] (3)
R noy

wherein A is the polymer relaxation time, R the radius of cur-
vature, T the normal stress in the flow direction, 1, the zero-
shear-rate viscosity, and y the shear rate, are a consequence
of the low Reynolds number coupling between the elastic
stretching of the long, flexible polymeric chains in the solu-
tion when the flow is subjected to curvature effects!’™ in the
various microfluidic geometries discussed above such as the
contraction and expansion slots that produce the converging
or diverging flows, or the serpentine channels, as well as that
due to flows over sharp bends.?>-3¢] The upstream corner vor-
tices that arise—a viscoelastic version of the Moffatt vortices in
Newtonian creeping flows, as illustrated in Figure 4a,b—are
dependent on the nature and the aspect ratio of the geom-
etry, as well as the rheological properties of the fluid, and are
thus influenced by the Elasticity number El = Wi/Re, wherein
Wi = Ay is the Wiessenberg number which captures the relative
contributions between the elastic and viscous stresses in the
flow and Re = pUDyny, and could eventually become 3D and
unstable.?* A phase map showing the transition to instability
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for nonshear-thinning viscoelastic polyethylene oxide solutions
is shown in Figure 4c.333]

2.2. Topology

In the opposite case to a cavity, vortices can also be generated
passively around protrusions to the flow along the channel walls
(Figure 5).% More generally, the incorporation of a variety of
repeating topological features into the microfluidic channel has
been explored to induce flow recirculation. An early example of
introducing such topology into the channel is the staggered her-
ringbone structure in ref. [160], which facilitated the generation
of transverse recirculation cells in the plane orthogonal to the
axial flow along the microchannel (Figure 6a). This was dem-
onstrated to enhance passive micromixing along the channel—
a concept later employed to increase cell binding to antibody
moieties on the channel surface so as to enhance isolation of
circulating tumor cells.[161]

Another example of the use of topological features to gen-
erate recirculatory flows is through the introduction of micro-
fabricated post arrays in a microfluidic device. The obstruc-
tion that these posts impose to a flow with sufficient inertia
either causes it to deform,P% or, acts as a bluff body behind
which fluctuations in the hydrodynamic pressure gives
rise to periodic vortex shedding beyond a critical Reynolds
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Figure 4. Vortex generation in viscoelastic flows. a,b) Corner vortices (top half of channel) arising behind microchannel constrictions in viscoelastic
flows, which are similar to Moffat vortices in Newtonian creeping flows (bottom half of channel) (Reproduced with permission.?¥ Copyright 2008,
Elsevier B.V.). c) Phase map in Wi—Re space delineating the transition toward viscoelastic instability in nonshear-thinning viscoelastic polyethylene
oxide solutions (Reproduced with permission.>3l Copyright 2008, Elsevier B.V.).

number.15% In the former, the inertia in the system breaks
the fore-aft symmetry of the flow around a post that is typi-
cally expected in viscous systems (i.e., Stokes flows) such that
there is sufficient fluid deformation in the flow, which, when
under confinement by the channel boundaries, gives rise to
net recirculation; Amini et al. showed that it is possible to
tune both the position as well as the structure of the recircu-
lation by judicious choice in the lateral placement of succes-
sive pillars in the channel (Figure 6b).5% Further increases in
the Reynolds number beyond a critical value, however, leads
to boundary layer separation from the post surface, and hence
vortex shedding (Figure 6¢). Such vortex shedding, whose fre-
quency f—as characterized by a Strouhal number Sr= fL/U,
in which L is the characteristic length scale of the posts and U
the mean velocity of the flow between them—increases with
a decrease in the feature aspect ratio and increasing longitu-
dinal confinement of the flow between the posts, i.e., smaller
pitch-to-post diameter ratios,”l and was shown to be effective
not only to sufficiently permeabilize cell membranes in order
to deliver an exogenous payload comprising various thera-
peutic molecules into the cell to aid transfection, but to also
lyse the cells.??! Additionally, topology has also been combined
with geometrical features to enhance vorticity generation in
microchannels.*3-5°]

3. Active Actuation

As with driving microfluidic actuation in general, be it ses-
sile droplet transport and manipulation (e.g., splitting and
recombination), flow dispensing and microchannel pumping,
a number of options in terms of external forcing mechanisms
are available that can be harnessed for generating flow recircu-
lation in microfluidic devices, each with their own advantages
and disadvantages.
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3.1. Electrokinetics

Electric fields are simple to generate given the ease of elec-
trode fabrication and integration within the microfluidic device.
In the absence of internal pressure gradients, flows driven by
direct current (DC) electroosmosis at small scales commen-
surate with microfluidic devices, quite unexpectedly, however,
constitute potential flows given the coincidence between the
hydrodynamic streamlines with the electric field lines, which
are solenoidal in nature (i.e., the electric field has to satisfy the
divergence-free condition), and, by virtue, irrotational.l'®? It is
nevertheless possible to revoke the potential flow and electric
field similarity, for example, by introducing nonuniformity
in the {-potential (the potential drop across the Debye double
layer), and consequently the electrokinetic slip velocity

-0, 1460) "

t

- 4 dx

wherein ¢ is the electric permittivity and E, the applied tangen-
tial (x-axis) electric field—along the microchannel P either by
varying the surface chemistry,””) for instance through the use of
polymer coatings to create patterns in the surface chargel'®3l or
through the introduction of pH gradients via electrolytic redox
reactions that drive ion adsorption on the channel surface,®
although the practicalities associated with such endeavors may
be questionable.

To circumvent this, it is possible to exploit a branch of elec-
trokinetics wherein the polarization of the double layer, which
constitutes the primary source of ions responsible for driving
electrokinetic actuation, is induced by an external electric field
instead of the surface charges, and hence is independent of
the surface chemistry. Such field-induced polarization, known
as induced-charged electrokinetic phenomena,'® is inher-
ently nonlinear since the {-potential is now also a function of
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flux that allows the normal field to penetrate
the double layer,'®! resulting in broken
flow-field similarity since the streamlines
themselves do not enter the granule. A co-ion
depletion region also exists given the require-
ment for electroneutrality at the granule sur-
face where the counter-ions enter the granule
and the potential drop across this region,
which is a function of the normal field E,,

replaces the {-potential in the expression for
the slip velocity, such that it is now nonlinear.
Since E, varies from a minimum at the pole
of the granule (6 = 0) to a maximum at the

equator (6 = m/2) due to its curvature, the
slip velocity, which can be shown to scale
as sinf cos@ increases to a maximum at
0 = n/4.1%71 As a consequence of the back
pressure buildup at the equator, a recircu-
lating vortex therefore arises at this location
due to flow continuity (Figure 7b), which has
been exploited for micromixing and analyte
preconcentration.*>61621 In a manner not
unlike the Rayleigh-Bénard instability in
which a constant thermal flux introduces a
vortex instability, it was shown that the con-
stant ion flux in the extended polarization

50 um

layer away from the porous surface can drive
a vortex instability whose length scale coin-
cides with the size of the extended polariza-
tion zone, which, in turn, scales as the thick-
ness of the electroneutral diffusion layer that
separates it from the bulk Ohmic region
(Figure 7c).[63-65168]

In a manner akin to the recirculation
flow generated around the ion-exchange
granule via DC field-induced polarization
in Figure 7D, it is also possible to generate
similar streaming flows, albeit at consider-
ably lower potentials, on ideally polarizable

Figure 5. Vortex generation around protrusions in a microchannel wall comprising a variety
of shapes: a) circle, b) square, and c) triangle; the left column shows the experimental images
and the right column shows the corresponding computational flow streamlines (Reproduced

with permission.[*l Copyright 2012, American Chemical Society).

the electric field, i.e., and results in a departure from equilib-
rium.[1%2] For a DC electric field, this can arise if there is suf-
ficient normal electric field to overcome the screening effect
of the counter-ions in the double layer such that surface pen-
etration leading to induced space charging occurs. One way to
achieve this is through the generation of large singular electric
fields at sharp insulated corners, which facilitate field penetra-
tion across the double layers along the corner,>% which, in
turn leads to a converging stagnating nonlinear electroosmotic
flow that manifests as a jet and recirculating flow at the
corner!®® (Figure 7a).

Another way is to employ a porous ion-exchange granule
that, due to its ion specificity, permits counter-ions to enter one-
half of the granule, therefore giving rise to an electromigration
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surfaces (besides the electrode surface) such
as conducting cylinders or spheres, which
are able to attract the field lines so that they
penetrate, predominantly in the orthogonal
direction, into the double layer. Squires and
Bazantl® showed that the time-averaged
electroosmotic slip along the azimuthal surface 6 of a cylinder
of diameter a under an external field E = E.. exp (iot), with
i = (-1)!/2, @ = 27f being the angular frequency and t the time,
reads

(us (9))

_ €EZa sind
N 1+t G)
Here, 7. ~Apa/D is the characteristic double layer charging
time in which D is the diffusivity. It was then shown that this
slip is accompanied by a pair of recirculating vortices when the
net charge of the cylinder Q > 0 (Figure 8).

To circumvent the disadvantages associated with DC electro-
kinetics, namely, the large DC currents that can not only result
in molecular denaturation and cell lysis, particularly in the
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Figure 6. Vortex generation through the incorporation of microchannel topological features. a) Staggered herringbone patterns; “c,” “u,” and “d”
denote the centers of rotation, and the upwelling and downwelling of the vortices that are generated, respectively (Reproduced with permission.[6%
Copyright 2002, American Association for the Advancement of Science). b) Pillar arrays (Reproduced with permission.”® Copyright 2013, Macmillan
Publishers Ltd.). c) Vortex shedding behind pillar arrays; the left shows the case for moderate frequencies and hence moderate Strouhal numbers Sr,
whereas the right shows the case for high frequencies and hence large Sr (Reproduced with permission.’'l Copyright 2013, Springer-Verlag).
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Figure 7. DC electrokinetic vortices. a) Recirculation generated by singular electric fields at sharp insulated corners; the parameter A characterizes the
relative contributions between the linear and induced components of the {-potential, the latter due to field leakage through the corner (Reproduced with
permission.l'®3l Copyright 2006, American Institute of Physics). b) Image (left) and numerical simulation (right) of vortex generation around a conducting
ion selective granule (Reproduced with permission.[62 Copyright 2002, Cambridge University Press). c) Experimental image (left) showing the enrich-
ment and depletion cycles for three different frequencies and numerical simulation (right) showing the vortex instability that arises along the extended
polarization zone of a nanoporous membrane; the characteristic vortex length approximately scales with the thickness of the diffusion layer /, and is also
dependent on the size of the finite element domain H given that the diffusion layer thickness is imposed in the numerical simulation (Reproduced with

permission.[%3 Copyright 2008, American Physical Society; Reproduced with permission.®l Copyright 2002, American Physical Society).

presence of high conductivity buffers, but also cause significant
Joule heating and Faradaic reactions which lead to the genera-
tion of bubbles and ionic contaminants, considerable attention
has been paid to driving microfluidic actuation using high
frequency (>10 kHz) electric fields.'%2l At these frequencies, it
is possible to invoke similar field-induced polarization to that
discussed above, albeit in a much easier way by exploiting the
transient effects associated with the AC field. A consequence
of the dynamic nonequilibrium charging is the nonuniformity
in the polarization along the electrode surface, which gives
rise to back-pressure-driven vortices. An example of this can
be observed in the AC electroosmotic flow that arises on the
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symmetric co-planar electrodes illustrated in Figure 9a in which
the normal charging of the double layer in every half AC cycle
gives rise to a tangential field and hence Maxwell force. Despite
the reversal of the applied field, this Maxwell force is always in
the outward-facing direction as shown since the polarity of the
charges that accumulate in the double layer also reverses, thus
giving rise to a net nonzero time-average Maxwell stress and
hence an oscillatory time-averaged electroosmotic slip with a
velocity given byl®’]

£ Ak
us:—ﬁvs[¢+7 (6)
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Figure 8. DC electrokinetic vortices. Electric field lines (top; the left image shows that for a partially charged double layer and the right shows that for
a fully charged double layer) and streamlines (bottom; the left shows the case for zero net charge (Q = 0) on the cylinder surface whereas that on the
right shows the case where a net charge on the surface is present (Q > 0)) showing electroosmotic flow vortices arising due to double layer charging
around a polarizable conducing cylinder immersed in an electrolyte (Reproduced with permission.[®l Copyright 2004, Cambridge University Press).

which due to the back pressure that is induced, produces a pair
of recirculating vortices that are comparable to the electrode
dimension, as shown. In the above, |V,| is the RMS ampli-
tude of the applied voltage, @ the potential in the bulk Ohmic
region, and Vj is the surface gradient operator acting across
each electrode. A solution for @ is given by Gonzalez et al.l’’]
such that the slip velocity can be determined.

In fact, for a symmetric co-planar electrode pair of width L,
separated by a distance d, it was shown that along the electrode
surface, two maxima with opposing polarity associated with the
antisymmetric potential lines exist at L/2"/2 such that the electric
field is zero and reverses directions at these points, as seen in
Figure 10a. Since the electroosmotic slip velocity is proportional
to the tangential field according to Equation (6), a stagnation
point therefore exists at this location across which the slip velocity
reverses direction. Flow continuity then results in a converging—
stagnating flow around this point, giving rise to a vortex pair of
dimension L/2'/? and L(1 — 1/2'/?) over each electrode, which,
together with the aid of a dielectrophoretic force, can be seen
to lead to the trapping of particles along this electrode location
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(Figure 10Db). Such flows were shown to be useful, for example,
for trapping bacterial® or for immobilizing and stretching indi-
vidual DNA strands from a bulk solution”” (Figure 10c).

If the applied voltage is increased such that the potential
drop across the layer significantly exceeds RT/F, wherein R is
the molar gas constant, T the absolute temperature, and F the
Faraday constant, Faradaic reactions can give rise to ion gen-
eration or consumption at the electrodes such that the double
layers are polarized through Faradaic charging in place of the
capacitive charging mechanism described above. Since the
ions generated in these reactions have the same polarity as
that of the electrode, the double layers are oppositely charged
to that due to capacitive charging and hence the flow direc-
tion is reversed to give rise to a diverging—stagnating flow
instead, as illustrated in Figure 9D, thus presenting a means
for dynamically erasing the particle assemblies in Figure 10b,c
at will.[®87172] Alternatively, the converging-stagnating flow in
Figure 10b can also be reversed by applying a DC bias wherein
it was demonstrated that the induced dipole on particles sus-
pended in the flow due to the applied AC field gives rise to a
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Figure 9. AC electrokinetic vortices. AC electroosmotic flow on symmetric co-planar electrodes due to a) capacitive and b) Faradaic charging, showing
the direction of the electric field, the time-averaged force F that arises, and the corresponding flow profiles in successive AC half-cycles (Reproduced

with permission.['®2 Copyright 2010, Cambridge University Press).

uniform positive dielectrophoretic flux along the length of the
electrodes that aggregates the particles into a cylindrical cloud-
like structure that becomes unstable beyond a cluster dimen-
sion to break up into the concentric bands, which then merge
into complex conical and butterfly-like structures, as seen in
Figure 11.11%%]

Finally, interfacial vortices can also be driven electrokineti-
cally through a discharge-driven mechanism in which a singular
electrode, held above the free surface and raised above a critical
potential beyond which atmospheric breakdown occurs, leads
to the generation of an ionic wind that can be exploited to shear
the interface of a liquid in the form of a sessile droplet or in a
microwell®! (Figure 12a). This was then demonstrated for the
trapping of particles within a vortex cluster due to shear induced
migration along the surfacel®¥ or a converging-stagnating flow
in the bulk generated by the interfacial azimuthal rotation/®#°]
for applications such as the separation of red blood cells from
plasmal® or for sample preconcentration to enable enhanced
spectroscopic detection.®”] A theory that describes how the par-
ticles are trapped within the vortex center to a point or limit
cycle, and strategies to break the vortex trap so as to release
the particles, is given in Wang et al.l'”% Additionally, it has also
been shown that vortices can be generated within sessile drop-
lets using electrowetting, wherein the application of the electric
field leads to a change in the interfacial tension y of the liquid
and hence the contact angle 6 of the droplet!!’172

2
cos8 = cosb, + Vo )
2dy
in which 6, is the native contact angle of the droplet prior to
the application of the electric field, V is the applied potential
and d the thickness of the dielectric layer separating the droplet
from the plate electrode beneath it. As the application of the
electric field only produces a static change in the contact angle
as dictated by the Lippmann condition in Equation (7) above, it
was necessary to drive the applied field from a low to high AC
frequency (1-40 kHz) in order to excite capillary waves along
the droplet interface, which, in turn, drives the internal flow
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and hence the recirculating vortices within the droplet shown
in Figure 12b.1%8]

3.2. Acoustics

The flow arising along vibrating surfaces, typically in the
form of circulation due to volume conservation, is known as
acoustic streaming,!'73-17%l although the term has been loosely
employed for all streaming phenomena, covering both acous-
tical phenomena wherein the flow arises due to dissipation of
the sound wave energy as it propagates through a compressible
fluid, as well as other phenomena that do not involve sound
waves, such as that which arises in an incompressible fluid
adjacent to an oscillating body, particularly when it is small
compared to the sound wavelength.'”’l In either case, the
streaming arises as a consequence of viscous dissipation in the
fluid within the Stokes (or viscous) boundary layer of thickness

12
5= (;_Z) 0

adjacent to the acoustic source or the oscillating body; i being
the liquid shear viscosity.

In the case of an oscillating bubble, the streaming that ensues
is referred to as microstreaming, or more specifically, cavita-
tional microstreaming.l'’8l When a sound field is externally
applied to a suspension of gas bubbles in an incompressible
liquid, the bubbles are driven to oscillate and grow in response
to the acoustic pressure that is imposed through an asymmetric
rectified diffusion in which the larger influx of gas as the bubble
expands during the rarefraction half cycle is greater than that
flowing out during the compression half cycle.'”?] At small pres-
sure amplitudes, the response is linear and the bubble of radius
R, oscillates at its natural resonant frequency!’!

1/2
f @o _ 1 (31<p0) 9)

“2r 2R\ p
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Figure 10. AC electrokinetic vortices. a) Equipotential (left) and electric field (right) lines associated with AC electroosmotic flow generated on symmetric
co-planar electrodes due to capacitive charging at low applied frequencies; the tangential electric field can be seen to reverse its direction at 1/2'/2 of
the electrode width, giving rise to b) converging-stagnating flow that faciliates c) particle/cell (in this case, bacteria) trapping at this stagnation line
along the electrode (Reproduced with permission.['®? Copyright 2010, Cambridge University Press; Reproduced with permission.l%¢l Copyright 20086,

Canadian Society for Chemical Engineering).

in which p, is the ambient pressure and x the polytropic
exponent, which equals the specific heat ratio yif the pressure—
volume relationship is adiabatic. As the acoustic pressure is
increased, the bubble, while continuing to oscillate in a stable
manner in a process known as noninertial or stable cavitation,
is subject to increasing nonlinear effects!'®!l leading to disper-
sion that results in both subharmonic and superharmonic
responses to the time-varying bubble radius R(t), as governed
by the Rayleigh—Plesset equation

d’R 3(dRY  po R, \*
R dtz +E(E) ——; 1—(E) (10)
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from which Equation (9) is recovered upon linearization about
small oscillation amplitudes. Upon further increases in the
acoustic pressure beyond a threshold value,['®? the bubble is
subject to large oscillations to the point of collapse in what is
known as inertial or transient cavitation.

The microstreaming that occurs around the bubble is a
consequence of such nonlinearity, wherein the gradient in
the sound field gives rise to time-averaged net motion of the
fluid in the form of circulation patterns near the surface of the
bubble. More specifically, primary vortices within the boundary
layer adjacent to the bubble surfaces are generated, which feed
outer secondary vortices with length scales on the order of the
bubble dimension, with the circulation most intense when the
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Figure 11. AC electrokinetic vortices. Dynamic particle banding arising from DC-biased AC electroosmotic flow vortices generated on symmetric
co-planar electrodes in which the cylindical particle structures can become unstable, leading toward their break-up into concentric bands that then
merge to form conical and butterfly-like structures (Reproduced with permission.l®®l Copyright 2006, American Institute of Physics).

bubble is driven to oscillate at its resonant frequency, given by
Equation (9). The streaming pattern is primarily dependent on
the oscillation mode, which is a function of the excitation fre-
quency. A dipole pattern comprising two vortices, as seen in
Figure 13a, arises, for example, when the bubble is subject to
volumetric pulsations, whereas a quadrupole comprising four
vortices, as observed in Figure 13b, manifests if the bubble
undergoes translational harmonic vibration, the former being
the stronger of the two.[18%]

Besides being used for noncontact cleaning of various sur-
faces such as semiconductor wafers,® microstreaming has
been exploited for drug delivery by enhancing convective trans-
port of therapeutic molecules across tissue.®?!l In microfluidic
systems, bubble-induced vortices have been employed to drive
micromixing®*°* (Figure 14); manipulate, selectively trap,
aggregate, and disperse particles;1*>=’] induce cell deformation
as a mechanical biomarker for disease diagnosis;®® and as
micropropulsion systems,®” although challenges in generating
and stabilizing the bubbles, pneumatically controlling their
protrusion in the channel,'®! preventing their detachment—
which could lead to the aggregation of the bubbles themselves,
and subsequent clogging of microchannels—together with the
typically large acoustic transducers required to drive the bubble
oscillation and the relatively short range local streaming flows
that can be generated, pose a number of practical limitations
with these systems. To circumvent the disadvantages of using
bubbles, it is possible to acoustically excite microposts or micro-
pillars in their place to induce microstreaming flows, 192103
although the other disadvantages associated with such systems
remain. More recently, optical excitation of a suspension of
plasmonic nanoparticles as a means to generate sound waves
in the liquid via rapid expansion and contraction of both the
nanoparticles and the surrounding liquid media in what is
known as the photoacoustic effect, in combination with the
simultaneous creation of a plasmonic—acoustic cavity due to the
ablation of the nanoparticles, was demonstrated to give rise to
acoustic streaming.[110-111]
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More conventionally, acoustofluidic systems have primarily
been driven using a variety of bulk sound waves, such as
thickness mode (e.g., Lamb) waves, generated using a piezo-
electric element. The undulating boundary due to the bulk sub-
strate vibration gives rise to a number of streaming phenomena
across different length scales as a consequence of the divergence
in the momentum flux. Within the viscous boundary layer of
Equation (8), boundary layer or Rayleigh streaming arises due
to velocity continuity at the solid-liquid interface;[!73174186,187]
naturally, the boundary conditions as well as the confinement
geometry has a large influence on the nature and intensity of
the streaming vortices (Figure 15).1188189 If the characteristic
system dimension of the boundaries confining the liquid L are
sufficient to support the leakage of sound waves in the fluid
(i.e., L Af),199191 wherein A is the sound wavelength in the
fluid at the frequency associated with that excited in the sub-
strate, viscous dissipation and hence the attenuation of the
sound wave in the bulk liquid drives a longer range flow known
as Eckart streaming!!%7:190192] gver length scales comparable to
the attenuation length

B = () (1)

in which ¢ represents the speed of sound in the fluid. To resolve
the acoustic streaming pressure and velocity fields, it is nec-
essary to carry out a perturbation expansion of the velocity,
pressure and density fields about a small parameter e =U/c <« 1
in the limit of infinitesimally small amplitude sound waves,
wherein U is the characteristic acoustic particle velocity!!?3-19°]

u=u,+eu +&u, +0(¢) (12)
p=p0+ep1+£2pz+o(e3) (13)
p=po+ep+ep,+0(e) (14)
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Figure 12. Interfacial electrokinetic vortices. a) Schematic (top), phase map (bottom left), and experimental images (bottom right) showing vortices
generated at the free surface of a liquid well through ionic wind shearing (Reproduced with permission.®3l Copyright 2006, American Institute of
Physics). b) Internal vortices generated in a sessile drop under AC electrowetting; Lyc denotes the distance between the center of the vortex and the
pinned contact line (Reproduced with permission.®8 Copyright 2013, AIP Publishing LLC).

such that the equations that govern mass and momentum
conservation in the fluid to first-order approximation
become

op:

o P (V-u), =0 (15)
and

o 8;1 =—Vp1+uV2u1+(/,tB+%)VV~u (16)
respectively, and that to second-order reads

9Py v =0 17
T (Pouz)+ V- (pruy) = (17)
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and

L7
a P

ou,

Po Y

+po(uy-V)u, =-Vp, +uViu, +(,uB +%)VV-U2

(18)
respectively, wherein the subscript 0 refers to equilibrium pro-
perties associated with ambient conditions, and the subscripts 1
and 2 to the first- and second-order fields, respectively. Closure
to the above set of equations is then obtained through a ther-
modynamic equation of state, which, to first- and second-order
approximation, are given, for example for an adiabatic process
(in which the entropy s = s), by

Pi=copr (19)

and

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

Figure 13. Bubble cavitational
b) quadrupole vortex generation around a bubble subjected to volumetric
oscillation and translational harmonic vibration, respectively (Repro-
duced with permission.['®l Copyright 2007, Cambridge University Press).

microstreaming.

a) Dipole and

2
12 =;_Z(%§P12+Popz) (20)

respectively, in which A= p,c; and B= p;(dc’/dp), are the adi-
abatic bulk elastic and nonlinear moduli. Time averaging of the
second-order equations ({a) =limt_>m(1/T)J0T atydt where T = nff
(n=1,2,3,..), then yields a time-averaged effective body force
density

Fic = Vpa — 1V uy (21)

1 d 1
= _g<pl %>—po <(u1 .V)u1>——cép0 (ﬂg +%JVV~ <p1u1>
) (22)
or, in terms of the vorticity Q = EVX u,,
1 J
chz——2<p1 u1>—& (V(u,-uy))+2p, (u, X Q) (23)
o ot 2

Alternatively, it is also possible to define the strength of the vor-
ticity source by taking the curl of the body force expression in
Equation (22).

In practice, piezoelectric transducers in various configurations,
either directly by vibrating the fluid itself,''21"% or indirectly
by exciting the oscillation of surfaces in contact with the fluid
(such as cylinders!'% or pipettes,'°) membranes,1%! resonant
cavities,'”71%] or even the microchannel wall protrusions!'®4

Piezo Transducer Eiuid A

Horse-Shoe

Microfluidic Channel

Microstreaming

www.small-journal.com

in Section 2.2 or the reaction chamber of the microfluidic chip
itselfl1%]), have been employed to transmit bulk acoustic waves
into the fluid in order to generate acoustic streaming in micro-
fluidic devices for various applications. In the case of a sessile
drop atop the piezoelectric device, for example, a poloidal flow
arises if the length over which the sound wave in the substrate
attenuates under the damping effect of the drop

at=—P (24)
PsCsAs

as well as the length over which the sound waves generated in
the liquid responsible for the Eckart streaming attenuates [
(Equation (11)), do not exceed the drop radius; p; is the density
of the piezoelectric substrate, and ¢, and A, are the corresponding
sound speed and wavelength in the substrate, respectively.
This, in turn, drives the formation of a toroidal particle ring in
the case of a particle-laden droplet (Figure 16).''*1] Addition-
ally, it has also been shown that the placement of a piezoelectric
element at an offset position beneath a chamber of a 24-well
microarray titer plate can be used to transmit the bulk vibration
to the base of a well with the aid of a liquid couplant so as to
generate a vortical flow in the chamber, although the complexity
of the setup—in particular, the mounting of the element at an
angle to the well and the electrical connections required to each
element (one is required beneath each well)—makes realization
difficult, and, as such, addressability of each well in the entire
microarray plate was not demonstrated.'® A more elegant
solution employing a hybrid combination of surface and bulk
waves for on-demand individual, sequential, and simultaneous
addressability of all the wells in a 96-well microarray plate will
be discussed below.**]

Surface waves, in particular, surface acoustic waves (SAWs),
which due to their higher frequencies (>10 MHz) and hence
shorter wavelengths A, < h, are confined to the surface of the
piezoelectric substrate of thickness h in contrast to the afore-
mentioned bulk acoustic waves where A, > h (A, being the
wavelength of the specific acoustic wave in the substrate), are
an attractive alternative that have been shown to be particularly
efficient in driving a wide range of microfluidic flows.[1%6-1%]
In addition to their ability to efficiently generate boundary layer

Figure 14. Microfluidic bubble mixer. The microstreaming arising from the vibration of an air bubble trapped in a horse-shoe structure that is fabricated
into a microchannel at resonance using a piezoelectric element is employed for micromixing of two laminar streams (Reproduced with permission.*4l

Copyright 2009, The Royal Society of Chemistry).
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Figure 15. Acoustic streaming. Examples of Rayleigh streaming in different microfluidic resonant cavities of widths between 300 and 350 pum, excited
by bulk acoustic waves at frequencies between 2.1 and 2.6 MHz (Reproduced with permission.l'”] Copyright 2012, The Royal Society of Chemistry).

(Schlichting) and Rayleigh streaming vortices similar to their
bulk counterparts,[199200.201] the leakage of the acoustic energy
into the fluid arising from wave diffraction into the fluid—
a consequence of the mismatch in the sound speeds in the
piezoelectric chip and the liquid—gives rise to the propagation
of sound waves in the liquid whose attenuation leads to the
same long range Eckart streaming discussed above.202205] Ag
in a sessile drop, the generation of vortices in a microchannel
is dependent on the relative ratio between the characteristic
system dimension and the attenuation length, which is related
to the SAW frequency (Equation (11)) and sound wavelength
in the liquid A. If the microchannel dimension is smaller than
A, there is insufficient length over which the sound wave in
the liquid propagates and hence attenuates, and unidirectional
flow—useful for micropumping applications—ensues, albeit
with the possibility for the generation of localized vortices
confined within the boundary layer due to Schlichting and
Rayleigh streaming.2%>2%1 On the other hand, microchannel
dimensions greater than A; allows Eckart streaming vortices
to be sustained, both longitudinally'?®! (Figure 17), as well as
transverse to the main flow direction in the channel.[136:207-210]
To generate an azimuthal microfluidic centrifugation flow
either in a liquid drop or chamber atop the piezoelectric sub-
strate (Figure 18a), on the other hand, it is necessary to break
the symmetry of the planar SAW wave. This can be achieved,
for example, by offsetting the interdigitated transducer(s) used
to generate the SAW/(s) with respect to the position of the drop,

by introducing an asymmetric cut to the SAW chip such that
the reflection of the SAW at its edges varies transversely across
the drop, or, by absorbing part of the SAW prior to its reflection,
as illustrated in Figure 18b.[118119.124125] Given that the flow
is driven primarily as a consequence of the attenuation of the
sound wave in the liquid, the vortex dimension is naturally
inversely proportional to the frequency. Local recirculation at
far shorter length scales than that of the drop are then observed
if GHz frequencies with attenuation lengths typically below
100 um are employed.['?2!

In any case, such on-chip microcentrifugation flows were
subsequently demonstrated as powerful tools to drive micro-
mixing?!'23] as well as sample and particle preconcentration.
In the latter, it was shown to be possible to either induce particle
or molecular aggregation into a spot—either at the free surface
as a consequence of shear induced migration,1®11% or in the
bulk due to boundary layer effects on the secondary meriodional
recirculation;!12% such an ability to drive particle or solute agglom-
eration is particularly useful for the separation of red blood cells
from plasma,['18214 sample/analyte preconcentration,1'®11% par-
ticle sorting/partitioning,['?!] cell agglomeration['?3 and crystal-
lization,[2%1 among other applications (alternatively, the opposite
effect, i.e., particle/solute dispersion can simply be achieved by
increasing the input power to the devicel''®)). In SAW-driven
cell agglomeration, for example, it was shown that the size of
the agglomerates, which could control the size of spheroidal
body formation, for example, can be tuned through the SAW

300 pm

"

electric

Piezo

SO

Displacement magnitude (nm)

0 0.2 04 0.6

Figure 16. Vortices driven by bulk acoustic wave excitation. Poloidal flow and toroidal particle ring generation in a sessile drop as a consequence of
Lamb wave excitation on a piezoelectric substrate; such a flow arises as a consequence of the attenuation of the sound waves in the drop when both
the attenuation length of the Lamb wave in the substrate o' due to damping in the presence of the drop, as well as the attenuation of the sound
wave propagation in the liquid 7' due to the viscosity of the liquid, do not exceed the drop radius R (Reproduced with permission.'"“l Copyright 2014,

American Chemical Society).
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Transducer

substrate

(Not to scale)

Figure 17. Acoustic streaming driven by SAWs in microchannels. The acoustic streaming flow that arises in a microchannel cut into a SAW substrate
(left)—a consequence of the leakage of the SAW energy into the fluid in the channel to produce propagating bulk sound waves—is shown to be
dependent on the microchannel width W relative to the sound wavelength in the liquid A (right). In this case, the SAW frequency is 20 MHz and hence
A¢=73um at this frequency; it can be seen that the unidirectional flow that arises in narrow channels where W < A as a result of insufficient lengths
over which the sound wave can attenuate before reflecting at the channel boundaries (image a) gives way to flows that are increasing in vorticity

(images b—d) as W increases beyond A (Reproduced with permission.'28l Copyright 2009, EPLA).

power.'2l Additionally, the microfluidic centrifugation flows
were also demonstrated to be a versatile means for rotating min-
iature discs on which microfluidic channels can be patterned to
carry out a host of different operations and assays—a substan-
tially smaller (a few millimeters as opposed to many centimeters
in diameter) and more compact, miniaturized, integrated, and
low cost version of the lab-on-a-CD.[!37:138]

SAWs, as well as thickness-mode bulk waves, can also be
generated on thin piezoelectric films (the latter being known
as thin film bulk acoustic resonators, and has the advan-
tage of overcoming challenges associated with fabricating
interdigitated transducers with micron or submicron widths and
thicknesses necessary to generate SAWs at higher (e.g., GHz)
frequencies),?’>*'7 on which similar azimuthal microfluidic cen-
trifugation flows can be effected. In addition to demonstrating the
microvortical flow arising from these devices for various applica-
tions, including hydrodynamic particle trapping,?'¥ biomolecular
concentration?!?! and the shearing of polyelectrolyte films for
drug release,??% the piezoelectric films can be overlaid onto
regular substrates so as to circumvent the need for the piezo-
electric substrate as well as to facilitate microfluidic operations
on flexible substrates.[??1-2%] To however separate the actuator

from the microfluidic components, so as to enable reuse of
the actuator (i.e., the piezoelectric chip) while facilitating a
disposable option for the microfluidic chip, it is necessary to
transmit the SAW vibration through a liquid couplant into a
superstrate (e.g., a low-cost and hence disposable chip on which
the microfluidic operations are to be carried out as opposed
to the reusable higher-cost piezoelectric substrate to drive the
microfluidic actuation), as first shown by Hodgson et al.,['34 or
even a capillary tube.l'*®l In place of the superstrate, a phononic
crystal can also be used, wherein it was shown that introducing
a defect allows the creation of a bandgap that permits sym-
metry breaking of the vibration in the phononic crystal so as
to drive the azimuthal microfluidic centrifugation flow on the
crystal superstrate in a similar way to the strategies shown
in Figure 18b for generating asymmetric SAWSs.[3413%] We
note, however, that in all of these cases, the vibration that is
generated on the superstrate, capillary tube or phononic crystal
through the coupling layer no longer consists of a SAW but
is rather a bulk wave that exists throughout the thickness of
the material.l'*? To retain a SAW on the superstrate, which is
considerably more efficient in driving microfluidic actuation
compared to bulk acoustic waves, a simple modification

Input

o7 droplet, sotation ™

Figure 18. SAW-driven microfluidic centrifugation flow. a) Azimuthal recirculating flow, seen here to drive rapid concentration of fluorescent particles
into a focal spot, can be generated in a sessile drop or microwell by b) breaking the symmetry of the planar SAW through a number of ways, for example,
by offsetting the drop such that part of it lies outside the SAW irradiation pathway (top left), introducing an asymmetric cut such that the reflection
of the SAW at the device edges is nonuniform across the drop (top right), or, by absorbing part of the SAW to prevent its reflection back to the drop
(bottom); the arrow denotes the propagation direction of the SAW (Reproduced with permission.""l Copyright 2008, American Institute of Physics;
and [118] Copyright 2007, Springer Science + Business Media LLC).
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involving the sputtering of a thin gold layer on the superstrate
was demonstrated to be sufficient in suppressing the bulk wave
in lieu of a SAW on the superstrate as a consequence of wave
reflections through the material.['33]

The transmission of the acoustic energy associated with the
SAW through the liquid couplant is also useful for flow actua-
tion in the microwells of a microarray titer plate. In order to
overcome the limitations of not only bulk acoustic wave vibra-
tion described abovel'% as well as that of the SAW—namely, the
physical space required for the interdigitated transducers which
interfere with the placement of the microwells above them, the
use of a hybrid surface and bulk wave in the form of surface
reflected bulk waves (SRBWs) has been proposed by exploiting
the intermediate asymptotic region between the surface and
bulk wave limits where A, ~ h.'*% This allowed the transducers
to be patterned on the underside of the substrate through
whose thickness the acoustic energy can be transmitted so
that it is couples into the liquid couplant and hence the micro-
well from above. This was then demonstrated for generating
microvortexing in the microwells—individually, sequentially
or simultaneously—on-demand for flexible addressability of
the microwell titer plates as an attractive alternative to that in
ref. [109] (Figure 19).11]

Another interesting concept involves the generation of
an acoustic radiation torque and hence an ultrasonic vortex
beam['%! in the liquid through the transfer of acoustic orbital
angular momentum whose attenuation in the liquid gives rise
to rotational flow. This was realized through an array of curved
piezoelectric transducers, each of which are sequentially excited

Transducer
chip

Device

www.small-journal.com

via the successive application of a sinusoidal wave to each,!'”]
and, more recently, through the generation of swirling SAWs
with the use of a concomitant array of interdigitated trans-
ducers that are also sequentially activated, or a spiral electrode,
although the anisotropy of the piezoelectric substrate needs to
be carefully compensated for in the transducer design or the
input signal in the latter.[12%-131

3.3. Thermal Actuation

Convective currents due to density gradients (i.e., Rayleigh—
Bénard convection™!142) or, more broadly, substrate energy
gradients!'! (the electrocapillary effect, or electrowetting
(Section 3.1), being one example of this), can be generated
by introducing thermal differences within the fluid or along
the substrate, although localized heating elements (or, in
the latter, surface chemical patterning, for example) may not
always be simple to integrate into microfluidic devices; more-
over, control of the heating and actuation can often be diffi-
cult, and neither is the system easily reconfigurable. In open
microfluidic systems where a free surface is present, e.g., a
drop, it is also possible to exploit Marangoni (i.e., interfacial)
stresses arising from surface tension gradients, induced either
via the addition of surface active agents (e.g., surfactants), by
imposing thermal gradients (i.e., the thermocapillary effect), or
simply through evaporation.l"3-1% Like surfactants or chemical
patterning, whose incorporation can alter the fluid properties, a
disadvantage of thermal actuation is that it is usually a one-off,

Ports for actuating individual wells

1L Al —— '_:.

(( }(m@ m )'r »h,q )

96 Well Plate
Well diameter = 6.86 mm

Figure 19. Vortical flows generated on-demand in individual microwells of a 96-well microarray titer plate. The coupling of hybrid surface and bulk
waves through a liquid layer into microwells in the microarray titer plate from individual piezoelectric devices powered and controlled by a printed
circuit board from beneath is employed to individually, sequentially, or simultaneously address each microwell to effect a) micromixing (the numbers
indicate the sequence by which each microwell is activated), or b) particle concentration (Reproduced with permission.['3% Copyright 2018, The Royal
Society of Chemistry.
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irreversible effect; in other words, the surfactant or heat, once
added to the system, cannot be easily “removed,” and more has
to be added to continually drive the actuation. Further, we also
note that heating the fluid in all of these systems may not be
desirable, particularly where biological samples are concerned.

These limitations notwithstanding, local fluid recirculation
can also be generated thermally via other means, for example,
via the photoacoustic effect discussed previously in Section 3.2.
Alternatively, local Joule heating as a consequence of the
applied electric field,”37% or externally imposed, for example
using a laser,’77% can give rise to temperature gradients in
the fluid, that can also result in nonuniform permittivity € and
conductivity o, and hence an accumulation of space charge p,
that manifests as a time-averaged (for AC fields) Maxwell body
forcel?20)

1 o€ 1(de) 1(do . 10e ..
E)==R -2 2 |YVT R E - = T
(Fe) 2 e|:0'+ia)s{£(aT) O'(BTJ}(V E)E 28T|E| v :|

(25)

in a phenomena known as the electrothermal effect. In the
above, o is the conductivity of the fluid, T the temperature and
E the electric field, the asterisk * denoting its complex con-
jugate and Re[-] the real part of the term in the parenthesis.
The first term on the right of Equation (25) constitutes the
Coulombic force, which dominates at low frequencies whereas
the second constitutes the dielectric force, which dominates
at high frequencies. Since the local temperature gradient VT
scales as oV2/k from an order-of-magnitude approximation of
the energy conservation equation, in which V is the applied
voltage and x the thermal conductivity of the fluid, it then
follows that <F.> ~ F?VT ~ E* Such localized temperature gra-
dients have been shown to give rise to a vortical flow, which can
be combined with dielectrophoretic trapping to enable particle
aggregation and trapping (Figure 20).17880-52]

3.4. Mechanical and Pneumatic Systems

Mechanical actuation using micro-electromechanical systems
(MEMS), for example, the rotating microimpellers fabricated in
SU-8 and housed within a pump chamber, and driven either
electrically,'*?  through rotational vibration displacements

ITO/Glass (710 um)

@

| ITO/Glass Coverslip (170 um) |

Illumination
(1064 nm)
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induced by an asymmetric SAW with which the impeller is
directly in contact with,'*”] or even by the aforementionmed
SAW-generated azimuthal microfluidic centrifugation flow
itself,[18l for example, are effective ways for generating vortical
flows, but the use of rotors can be subject to degradation in
performance and reliability due to issues associated with clog-
ging and wear as with all mechanically moving components at
these scales. Pneumatic means, for example, the generation of
an airflow to shear the surface of a liquid contained in a micro-
chamber to induce it to rotatel!*? in the same way as that driven
by ionic wind (Section 3.1),®3#7] have also been proposed,
although such systems are often hampered by the incompatibil-
ities in integrating large compressed air sources or pneumatic
pumps with small scale microfluidic devices.

4. Summary

We have reviewed the state-of-the-art to date related to the various
methods that have been reported in the literature for the genera-
tion of centrifugal flows in microfluidic devices. Passive systems,
which rely on the incorporation of geometrical or topological fea-
tures to promote flow detachment from channel boundaries, while
benefitting from simplicity and potentially low-costs, often require
considerable inertia within the system due to the large pressure
drops generated by these features, thereby necessitating large
pumps which are not always amenable to miniaturization and
integration into the microfluidic device. Active systems, on the
other hand, rely on the use of external forces—for example that
arising from applied electric, acoustic, optic, and magnetic fields—
to drive rotation in the system, and can be extremely versatile and
powerful for generating intense vortices in various microchannel
configurations. The need for power sources to supply these fields
can however be restrictive for integration if these cannot be readily
integrated, for instance, due to their complexity and size.

The field of microfluidic actuation, including the develop-
ments to date for the generation of microfluidic centrifugal
flows, has considerably matured over the last decade with
now many different mechanisms available, as detailed in the
current review. We thus anticipate future work to evolve toward
addressing the challenge of incorporating not just the micro-
fluidic centrifugation step, but also the various individual
unit operations (including those associated with the upstream

Figure 20. Electrothermal vortices. Schematic depiction of the experimental setup (left) and image showing the vortices generated under localized
temperature gradients (right) induced optically using a focussed laser beam (Reproduced with permission.’8l Copyright 2008, Springer-Verlag).
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actuation and downstream detection components) together
with the chipscale assay into a seamless, integrated, and minia-
turized device for completely portable and handheld operation,
i.e., a true lab-on-a-chip (as opposed to a “chip-in-a-lab’??7}). In
our opinion, this remains an unmet but realizable goal.l’!
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