NRC Publications Archive
Archives des publications du CNRC

Anisotropic permeability in deterministic lateral displacement arrays
Vernekar, Rohan; Krüger, Timm; Loutherback, Kevin; Morton, Keith; Inglis,
David

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut être l’une des suivantes : la version prépublication de l’auteur, la version
acceptée du manuscrit ou la version de l’éditeur.

Publisher’s version / Version de l'éditeur:
Fluid Dynamics, 2016-10-26

NRC Publications Record / Notice d'Archives des publications de CNRC:

https://nrc-publications.canada.ca/eng/view/object/?id=5e60f1fb-d78c-47b9-8e8f-1a8504d20d90
https://publications-cnrc.canada.ca/fra/voir/objet/?id=5e60f1fb-d78c-47b9-8e8f-1a8504d20d90
Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.
L’accès à ce site Web et l’utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.
Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.
Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la
première page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas à les repérer, communiquez avec nous à PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

arXiv:1610.08427v1 [physics.flu-dyn] 26 Oct 2016

Anisotropic permeability in deterministic lateral displacement arrays

Rohan Vernekar,∗a Timm Krüger,a Kevin Loutherback,b‡ Keith Mortonc and David Inglisd
We investigate anisotropic permeability of microfluidic deterministic lateral displacement (DLD) arrays. A DLD array can achieve
high-resolution bimodal size-based separation of micro-particles, including bioparticles such as cells. Correct operation requires that
the fluid flow remains at a fixed angle with respect to the periodic obstacle array. We show via experiments and lattice-Boltzmann
simulations that subtle array design features cause anisotropic permeability. The anisotropy, which indicates the array’s intrinsic
tendency to induce an undesired lateral pressure gradient, can lead to off-axis flows and therefore local changes in the critical
separation size. Thus, particle trajectories can become unpredictable and the device useless for the desired separation duty. We show
that for circular posts the rotated-square layout, unlike the parallelogram layout, does not suffer from anisotropy and is the preferred
geometry. Furthermore, anisotropy becomes severe for arrays with unequal axial and lateral gaps between obstacle posts and highly
asymmetrical post shapes.

1

Introduction

Deterministic lateral displacement (DLD) is a hydrodynamic sizebased particle separation technique capable of high-resolution
separation for particles up to five times smaller than the array
gap (G in fig. 1(A)). The DLD method can be used with various types of particles and has shown promise in separation and
purification of bioparticles 1 . This technique employs a periodic
obstacle array in a microfluidic channel. The conceptual framework for understanding and designing DLD arrays is based on the
assumption that the locally averaged fluid flow direction remains
at a fixed angle to the obstacle array. This inclination creates a
regular and uniform pattern of fluid flow stagnation streamlines
between obstacle posts.
The width of the flow lane created by the first stagnation
streamline adjacent to every obstacle determines the critical particle radius rc 2 . For a dilute suspension, particles larger than rc
follow the array inclination, and particles smaller than rc are advected along the fluid streamlines 3 . In the high Péclet number
limit (advection dominating over diffusion), the paths chosen are
deterministic. The path for a particle with radius < rc is called
“zigzag” trajectory as the smaller particles move laterally back
and forth while following the fluid streamlines. For a particle of
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radius > rc the path is named “bump” trajectory; these particles
are bumped into adjacent streamlines by an obstacle post at every
row, following the array inclination.
The DLD technique has the advantage of being label-free, relying solely on hydrodynamic and volume exclusion forces to
achieve separation. This technique has been demonstrated for
various applications such as micro-bead separation 2,4,5 , fractionation of human blood components 6–10 , separation of parasites or circulating tumour cells from human blood 11–13 and
deformability-based mapping of human blood 14–16 . Additionally,
various other array post shapes such as square, circular, triangular (right/equilateral), I-shape, L-shape etc. have been employed
to obtain improved DLD separation 17–20 .
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Fig. 1 (A) Row-shifted parallelogram layout and (B) rotated-square layout
employed in DLD arrays, with parameters of interest. Note the lateral (updown) and axial (flow) directions.

Across all published works, posts of any shape are arranged
in one of two layouts: row-shifted parallelogram (fig. 1(A)) or
rotated-square layout (fig. 1(B)). In the parallelogram layout, adjacent rows of posts are shifted by a fixed amount ∆λ , which re1–9 | 1

sults in a parallelogram unit cell, and the array has an inclination
of tan−1 (∆λ /λh ) with respect to horizontal flow. In the rotatedsquare layout, a cartesian periodic array (unit square cell length
λl = λh ) is rotated by the required angle α = tan−1 (∆λ /λh ). Therefore, the ratio ∆λ /λh determines the array inclination. This quantity is termed row shift fraction ε . When ε is given by 1 over an
integer, bi-modal particle separation is expected.
Both parallelogram and rotated-square layouts are equally popular for separation applications; several authors 6–9,17,18,21–25
have used parallelogram arrays, and others 4,14,19,20,26,27 have
employed the rotated-square layout. Parallelogram arrays are
attractive because they have a planar boundary (interface) that
is perpendicular to the axial flow direction. This is also an advantage when placing arrays with different separation angles in
series (cascaded arrays). However, the significance of the differences between the parallelogram and rotated-square layouts has
not been reported so far.

out (the device is mirrored vertically along the centreline). The
beads in this experiment have a radius of 1.0µ m which is below the expected critical size in all array sections, rc = 2.4µ m.
The beads should therefore follow the “zigzag” path around array
posts and transit the overall device horizontally. However, we see
from fig. 2 that while the beads initially track horizontally, the
particles begin to mimic a “bump” trajectory as they approach the
interface between the first two sections, tracing the local array
inclination. In the upper section of the device, particles start to
bump upwards at the end of the left array section, then immediately downwards at the start of the middle array section. The
particles return to a horizontal trajectory in the middle of the central section before reprising their downward angle as they meet
the second interface and finally track upwards again at the start
of the right array section.

We show that the parallelogram layout, unlike the rotatedsquare layout, suffers certain drawbacks. These disadvantages
include array regions where particle separation does not occur
at all, has a different critical size, or even a negative separation
angle 22 . This would lead to particles not separating into distinct
bands according to size range and not exiting at the intended outlet ports.
Through extensive lattice-Boltzmann simulations we show that
issues with the parallelogram layout arise from array-induced
anisotropy. Anisotropy is absent from the rotated-square layout.
We also find that anisotropy becomes significant when unequal
axial and lateral array gaps are employed and when highly asymmetric post shapes are used. However, this anisotropy only becomes an issue for particle separation when it causes the development of a secondary recirculatory flow. The secondary flow
causes a deviation in the flow field such that the flow no longer
remains parallel to the side walls everywhere in the device. This
leads to a spatially varying critical separation size.
Such secondary recirculation develops when certain design features, which we call “enablers”, are present. We found that an
interface gap (before and after array sections) and changing the
array angle significantly (e.g. in cascaded devices) act as enablers.

2

We suspect that this unusual and clearly undesired particle behaviour stems from inherent anisotropic permeability of the parallelogram layout. The average flow direction no longer remains
horizontal and tilts in the same direction as the array. As we shall
see later with the help of simulations, this flow tilt and the resulting reduction in rc becomes more pronounced near the interface
between array sections. Eventually, when rc < 1.0µ m locally, the
1.0µ m bead starts to move on the bump mode.

Results and Discussion

The aim of this section is to clearly establish the existence of
anisotropy and to demonstrate its consequences in DLD arrays.
DLD theory 1,2,4 assumes uniform flow in the direction of the applied pressure gradient. We demonstrate via extensive latticeBoltzmann simulations that anisotropy can cause the critical radius to change from point to point in a device. Such a variation
causes unintended particle trajectories, as observed in our experiments, that are detrimental to deterministic separation. We identify certain design features that enable array anisotropy and can
affect the flow field and thence the particle trajectories.
2.1 Anisotropy-induced changes to particle trajectories
Figure 2 shows an image of fluorescent beads flowing through
three sections of an array with the row-shifted parallelogram lay-
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Fig. 2 Fluorescent tracer beads undergo unintended “bump” action near
interfaces between array sections in a DLD with three successive parallelogram arrays (circular posts of diameter 7µ m and a post gap of 4µ m).
The device geometry here is also mirrored about the horizontal centreline. The array inclinations (upper section) are +11.3°, −11.3° and +11.3°
in the left, central and right segments, respectively.
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2.2 Nature of array-induced anisotropy
Anisotropic permeability is the tendency of the array to induce a
pressure gradient along the lateral axis (vertical in fig. 2). Due to
the incompressibility of water, this pressure gradient is only problematic when it induces lateral flow. Figure 2 shows an example
of such an anisotropy effect where the flow tilts along the array
inclination. The flow tilt reduces the effective array inclination
ε locally and therefore also reduces the critical radius rc . The
reduction then causes unexpected particle bumping. To avoid undesired and spatially dependent rc and unintended particle trajectories, it is crucial to understand and reduce sources of anisotropy.
In 2007, James C. Sturm hypothesised that the parallelogram
layout may display greater anisotropy than the rotated layout
with a square unit cell 28 . This hypothesis drew from the understanding of an optical phenomenon known as birefringence 29 .

Optical birefringence, as seen in materials such as calcite, is
caused by anisotropic optical transmission. In calcite it is due
to the non-cubic (parallelogram) unit cell. Contrarily, optical materials with cubic unit cells show no anisotropic transmission and
no birefringence. The analogy between optics and fluidics serves
as a springboard for further investigation into both array layouts
that are usually treated as equivalent.

lateral fluid flow. Anisotropy is defined as the dimensionless ratio
of the induced lateral pressure gradient to the imposed pressure
gradient along the flow direction (fig. 3(A)). Figure 3(B) shows
anisotropy values for various inclinations (ε ) for both the parallelogram and rotated-square layouts. The sign of the anisotropy
value indicates the direction of the lateral pressure drop; a positive sign means that the lateral pressure drop is in the same direction as the row shift.

2.3 Mapping anisotropic permeability
We put this hypothesis to the test by using high-resolution latticeBoltzmann simulations in the Stokes flow limit. Simulations are
run in two dimensions and carried out over a single post of the
array domain (400 × 400 lattice cells) with periodic boundary conditions (section 3.1). This approach simulates flow over a central
post of an infinite obstacle array. For the purpose of generality,
we begin with a symmetric circular post shape with a gap to post
diameter ratio (G/D) of unity. The simulated device gap and post
diameter are 10µ m each (post centre–centre distance, λ = 20µ m).
Simulations are carried out over the entire range of row shift fraction (ε = 0.0 to 1.0, at 0.1 increments) for both the parallelogram
and rotated-square layouts.

For the parallelogram array, the anisotropy shows a sinusoidal
dependence on ε . Moreover, the absolute anisotropy values are
equal for ε and 1 − ε . This follows from the fact that a parallelogram array with 0.5 < ε < 1.0 is equivalent to one with 1 − ε , but
with a negative row shift. We observe a maximum anisotropy of
≈ 5.6% occurring at ε = 0.25 for the parallelogram array.
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Fig. 3 (A) Definition of anisotropy. ∆p is the pressure drop over unit distance for the array. (B) Anisotropy for parallelogram and rotated-square
layouts with circular posts for varying array inclination ε .

Using periodic boundary conditions to simulate a unit cell
(i.e. a single post) of an array possessing anisotropic permeability
would result in non-zero average lateral fluid velocity. In real microfluidic devices, this lateral flow is restricted by microchannel
side walls. Therefore, we quantify array anisotropy by measuring
the lateral pressure drop that is required to maintain zero average

The rotated-square layout, however, exhibits vanishing
anisotropy for all tested values of ε . This substantiates the hypothesis of the rotated-square layout having an advantage over
the parallelogram layout in avoiding anisotropic effects.
2.4 Anisotropy-induced flow tilt
Array anisotropy can only affect particle trajectories when it
causes a tilt in the flow direction. For the parallelogram layout
with symmetric circular posts, the direction of anisotropy is the
same as the row shift. Therefore, anisotropic flow tilt is towards
the array incline and causes a decrease in the effective array inclination.
To demonstrate the reduction of the effective inclination, we
simulated the mid-section of two DLD devices, one with the parallelogram layout (fig. 4(A)) and the other with the rotated-square
layout (fig. 4(B)). Each device has 152 circular posts along the
flow and 120 posts along the transverse direction. The post diameter is 10µ m, and the gap between posts is 10µ m. The simulated
domain is 3.2mm × 2.4mm (3200 × 2400 lattice cells) with periodic
inlet and outlet flow conditions (fig. 4). The flow is driven by a
pressure gradient along the axial direction. Each device has two
array sections with alternating array inclinations. The left section
has a positive array inclination of ε = 0.2, the right section an inclination ε = −0.2. Both sections are separated by a gap of ≈ 4
posts (80 µ m). Streamlines (blue lines) are shown in the zoomed
sections (right panels in fig. 4(A) and (B)) for both devices, along
with velocity vectors.
In the parallelogram device (fig. 4(A)), the streamline near the
bottom wall remains horizontal throughout. As we move away
from the bottom wall toward the centre of the device, the streamlines start tilting along the prevalent array inclination. Already
ten posts away from the bottom wall, this effect becomes important. The tilt continues to increase as we move further away from
the bottom wall. In the central region of the device (typically the
particle separation zone), the flow is no longer parallel to the side
walls of the device. We also observe a similar behaviour at the top
wall (data not shown).
At the centre of this simulation, the effective array inclination
is reduced from 1/5 to ≈ 1/6.8. This change in ε occurs gradually with position and is therefore rarely one over an integer. It
is known that such non-integer periodicity values for bump ar-
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B

Fig. 4 Fluid streamlines (blue) in (A) parallelogram and (B) rotated-square layout devices. Reference horizontal lines in the left panels (red) correspond
to the applied pressure drop direction (parallel to side walls). The streamlines are tilted in the parallelogram layout device, whereas the streamlines
remain parallel to the applied pressure drop and follow the “zigzag” path in the rotated-square layout device. The small deviations (“zigzag”) from the
horizontal line in the latter case are due to the streamlines navigating around posts.

Fig. 5 Secondary recirculation flow pattern in the parallelogram device (fig. 4A) obtained by subtracting the x-component of the primary velocity
measured at the device centre from the overall velocity field.
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rays can cause multi-directional sorting modes as well as negative directional locking 22,26 . All of these effects are highly undesirable for deterministic bimodal particle sorting. Furthermore,
secondary factors, such as the distance from the side walls, now
influence the critical radius.
In the rotated-square device (fig. 4(B)), the streamlines (blue
lines) are horizontal. The streamlines remain on their predicted
course (“zigzag” around the the posts), parallel to the side walls
of the device. This can be attributed to the absence of anisotropy.
Unlike the parallelogram layout, use of the rotated-square array
leads to a well-defined and constant critical radius throughout the
device. Therefore, the rotated-square layout should be preferred
for particle separation applications.

A

2.5 Secondary recirculation flow
We have seen that inherent anisotropic permeability of the parallelogram layout can tilt the streamlines away from the side
walls, along the prevalent array inclination. However, as has been
demonstrated in the literature, this need not always be the case.
Under some conditions, the array anisotropy leads to a lateral
pressure gradient that is balanced by normal stresses at the side
walls. In this case, the streamlines are not tilted and particle
trajectories are not affected. As we shall see later, certain DLD
design features, however, allow the lateral pressure gradient to
induce secondary flows that tilt the streamlines.
Investigating the flow field in fig. 4(A), we find that the
anisotropic lateral pressure drop gets released near the array section interface manifesting as a secondary recirculation in the device. We plot this complex recirculation pattern in fig. 5. The
secondary flow field is obtained by subtracting the axial velocity
component at the centre of the device (1.6mm, 1.2mm) from the
overall velocity field. The circulation is clockwise in this case,
and meanders around the posts in the array. The recirculatory
flow causes the streamline tilt which in turn alters the critical radius locally. We find that the recirculatory flow is absent when the
rotated-square layout is used. As demonstrated next, secondary
recirculatory flow manifests when certain device design features,
“enablers”, are present in devices with intrinsic anisotropy.

B

C

2.6 Anisotropic secondary flow enablers
Certain design features that allow the anisotropic pressure gradient to drive the recirculatory flow are quite common in DLD devices. In general, placing arrays with opposing anisotropy values
next to each other (as done in fig. 2 and 4) allows the secondary
background flow to develop. Also having sections with significant difference in anisotropy value as well as a low-impedance
isotropic zone, such as an interface gap between array sections,
can lead to recirculation.
To demonstrate the effect of an interface gap between device
section, we carried out two simulations with the anisotropic parallelogram array with ε = 0.25. One device features an interface gap between sections (fig. 6(A)), while the other does not
(fig. 6(B)). The interface section gap acts as an enabler by allowing the fluid flux to compensate for its upward anisotropic
tilt in the arrays (fig. 6(A)). The gap permits the development

Fig. 6 Fluid streamlines (blue) in a DLD device (A) with interface gap
and (B) without gap between successive array sections. The device has
a parallelogram layout with circular posts and ε = 0.25 in both sections.
In (A) the secondary flow pattern is visualised in black. (C) Streamlines
in a cascaded DLD with ε = 0.05 (left section) and ε = 0.25 (right section).
Horizontal lines (red) indicate the applied pressure gradient direction. All
panels are zoomed-in views, taken near the bottom side wall, of larger
devices.
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2.7 Causes of increased anisotropic permeability
We investigate further design features that cause anisotropy, including the array gap aspect ratio and the pillar shape.
2.7.1 Effect of unequal axial to lateral post distance
DLD devices with unequal axial and lateral gaps between posts
have been shown to give enhanced separation in specific applications 6,30 . Using such non-unity aspect ratios for the array unit
cells clearly has value, but we show here that there is a cost in
terms of higher anisotropy. As previously, we carry out single
post simulations to study the effect of gap aspect ratio on array
anisotropy. The aspect ratio is quantified as AR = λl /λh (fig. 1(A)
and (B)). Here we vary the axial gap λl ; the lateral gap and pillar
diameter are both kept equal to G = D = λh /2. All other simulation parameters are the same as before.
Figure 7(A) shows the variation of anisotropy at array inclinations of ε = 0.1, 0.3, 0.5, 0.7, 0.9 for the parallelogram array. The
cases ε = 0.3, 0.7 and ε = 0.1, 0.9 are equivalent, respectively,
except for the direction of array inclination. Therefore, their
anisotropy curves are mirror-symmetric about the x-axis. For
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of two counter-rotating secondary recirculations (black lines in
fig. 6(A)). In the absence of the gap, the flow remains horizontal
everywhere (fig. 6(B)).
Even without an interface gap, the anisotropic flow tilt manifests when two array sections with significant differences in
anisotropy are used next to one another (cascaded array). We
carried out a simulation of a cascaded design with the left array
section (parallelogram) at ε = 0.05 and the right array section
(parallelogram) at ε = 0.25, without an interface gap in between
(fig. 6(C)). The array section with higher anisotropy dominates
and causes complementary flow tilts in the adjacent array sections. Figure 6(C) shows that the flow tilts slightly upwards in
the right array section (ε = 0.25) and, in order to compensate for
this tilt, slightly downwards in the left array (ε = 0.05), away from
the side walls. Here the effective array inclinations (in the central simulation zone) become ε = 0.231 and ε = 0.068 in the right
and left sections respectively. We therefore find that a cascaded
parallelogram array may generally have a locally varying critical
radius rc .
An interface gap is often seen at the beginning and the end of
arrays in most DLD devices. These gaps should be avoided. The
cascaded arrangement for arrays is commonly employed for separation of more than two particle species in a single device. In such
applications, the rotated-square layout should be used in cascade,
rather than the parallelogram layout. In principle, it is possible to
suppress all lateral flow by enforcing uniform mass flow along the
entrance and exit to an array. This is easily done in simulations
but to do so in practice would require a large number of highimpedance channels to feed and collect fluid. Furthermore, to be
effective the impedance of these channels must be comparable to
the impedance of the entire array. This is often not possible in
a device that must meet constraints on device area, throughput,
and shear stress. Therefore, as a general rule, interface gaps at
the start/end or between DLD array sections should be avoided
and the rotated-square layout favoured.
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Fig. 7 Variation of anisotropy with aspect ratio of the unit cell for the (A)
parallelogram and the (B) rotated-square layout.

ε = 0.5, the anisotropy must vanish for all aspect ratios due to
symmetry reasons.
Interestingly, in the parallelogram array, the anisotropy steadily
decreases and converges to zero with increasing AR or λl . This is
an important result for reducing the anisotropic permeability in
parallelogram arrays, especially since the critical radius rc is independent of the aspect ratio, at constant ε (our simulations predict
rc to be 1.8µ m for ε = 0.1 and 3.6µ m for ε = 0.3, independent of
the aspect ratio). However, AR > 1 has a clear disadvantage; large
aspect ratios mean longer devices for the same lateral displacement. This raises issues of greater device footprints and higher
fluidic resistance. Therefore such arrays are not common.
Figure 7(B) shows the anisotropy values for inclinations ε =
0.1, 0.3, 0.5, 0.7, 0.9 for the rotated-square array. Unlike in the parallelogram array, the arrays with ε = 0.1, 0.9 and ε = 0.3, 0.7, respectively, are no longer equivalent for AR 6= 1. This indicates
that the critical diameter in rotated-square arrays is a function of
AR, even for fixed inclination α . We observe that the sign of the
anisotropy changes when the aspect ratio crosses the value 1. For
AR < 1 the anisotropy is positive, for AR > 1 it is negative. AR = 1
leads to zero anisotropy for all investigated values of ε . This is
an important result; unless other requirements call for non-unity
aspect ratios in rotated-square arrays, AR = 1 should be chosen.
If the aspect ratio is not unity, the anisotropy can be reduced by
decreasing ε .

2.7.2 Post shape induced anisotropy
We find that anisotropy becomes severe when asymmetric post
shapes are used. Figure 8 displays images from an experiment
with right-triangular posts arranged in the rotated-square layout
with negative array inclination (ε = −0.1). Figure 8(A) shows the
interface gap between two array sections with larger cylindrical
pillars (roof supports) placed in the gap. All array parameters are
equal in both the left and right sections (6µ m post size, 4µ m gap,
row shift fraction ε = −1/10). However, the right-triangular posts
are rotated by 90° counter-clockwise in the right array section
relative to those in the left array section.

can see that the beads move along an abnormal “zigzag” trajectory in the left array section. However, in the right array section,
the same beads start following the “bump” trajectory. Close to the
central interface gap, the beads bump on the flat side of the right
triangular posts, rather than on the vertex side as was intended.
This unexpected behaviour is due to anisotropic flow induced in
the device caused by the strongly anisotropic post shape, as we
will demonstrate in the following. It appears that the flow pattern
in both sections tilts along the hypotenuse of the triangle, thereby
increasing the effective negative inclination in the left section and
decreasing it in the right section. In fact, particles bumping on the
flat side of the triangles in the right section indicate that the flow
tilts beyond α = tan−1 (ε ) = −5.7°, effectively creating a positively
inclined array region close to the central interface gap.
To visualise the streamline tilt, fluorescent dye was introduced
in the bottom section of the DLD (fig. 8(C)). The local deviation of
the flow is marked out by the interface between the dye and nondye regions. This clearly reveals that the inclination of the flow is
no longer horizontal and aligns with the hypotenuse of the triangular posts in the array segments. We see that away from the side
walls, the flow deviates by as much as ≈ 250µ m, from the horizontal. Such large deviation arising from the anisotropic pillar
shape therefore induces completely opposite particle behaviour
than intended.
2.7.3 Measuring flow inclination

Fig. 8 Experimental device using right-triangular posts with rotatedsquare layout. (A) Scanning electron micrograph of the junction between two array sections. The array inclination is identical on either side
(ε = −0.1), but the triangular posts are rotated. (B) Epifluorescence micrograph showing trajectories of super-critical 3.1µ m diameter fluorescent beads. In the left section the beads are in the zigzag mode, while
in the right section they travel in the bump mode. (C) Fluorescent dye is
injected along the bottom wall of the device. The dye deviates upwards
in the left section and downwards in the right section. This indicates
anisotropic flow in both array sections.

Figure 8(B) shows the trajectories of fluorescent beads with
3.1µ m diameter which is greater than the design critical radius
(rc = 1.1µ m on the vertex side and rc = 1.5µ m on the flat side of
the triangle). Therefore, the beads should follow the bump trajectory moving downwards along the array inclination. Instead we

Fig. 9 Streamlines (blue) in a simulated device similar to the experimental one in fig. 8. Away from the bottom wall, the streamlines deviate
significantly from the horizontal due to array anisotropy. The reference
horizontal line (red) gives the applied pressure gradient direction.

To measure the extent of the streamline tilt, we simulated a
device with 152 × 103 triangular posts along the flow and transverse directions, respectively. The inclination is ε = −0.1 and
the device parameters match those in the experiment (6µ m post
size, 4µ m gap). The boundary conditions for the simulated device (3200 × 2400 lattice cells) are the same as those for devices
shown in fig. 4. In particular, the simulation domain has two ar-
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ray sections, with the triangular posts in the right section rotated
by 90° relative to those in the left section. The central interface
gap is ≈ 50µ m and simulated without the cylindrical roof supports
(fig. 9).
Figure 9 shows a subset of the simulation domain at the bottom wall. We plot the streamlines (blue lines) along with the fluid
velocity vectors. The horizontal (red) lines indicate the direction
of the applied pressure gradient. We can see that, at around ten
posts away from the bottom wall, the flow tilts significantly along
the triangle post hypotenuse. The tilt increases to a maximum as
we move towards the centre of the device. We approximate the
flow tilt in the central zone, near the central interface gap, by averaging over six equi-spaced streamlines (figure not shown). For
the left array section with the triangles pointing up, the flow tilts
by ≈ +11.3°. This would correspond to an effective array inclination of ε ≈ −0.31 and an estimated (using parabolic flow theory 2 )
critical radius of ≈ 1.48µ m. In the right array section with the triangular posts pointing down, we measure the tilt to be ≈ −11.9°
and therefore an effective array inclination of ε ≈ +0.11 and an
estimated critical radius of ≈ 0.825µ m. These results support the
experimental observations of having particles of radius 1.55µ m in
the “zigzag” mode in the left section and in the “bump” mode in
the right section.
Table 1 Anisotropy for different post shapes in the rotated-square layout
with an inclination of ε = 0.1. The finite anisotropy for the circular post
(O(10−7 )) is caused by numerical approximations. Note that anisotropy
for the parallelogram layout array with circular posts at ε = 0.1 is 3.6 ×
10−2 .
Post shape

Anisotropy, A

Circular

3.1 × 10−7

Square

2.1 × 10−6

Equilateral triangle

3.2 × 10−3

Right triangle

1.8 × 10−1

I-shape

5.2 × 10−3

2.7.4 Anisotropy of non-circular posts
To understand the role of the pillar shape better, we simulated a
single post with periodic boundary conditions (400 × 400 lattice
cells) and measured the anisotropy for different post shapes commonly employed in DLD devices. We tested the square 17 , equilateral triangle 13,20 , right triangle 19 and I-shape 17,18 posts in a
rotated-square layout for an inclination of ε = 0.1. These posts
are defined such that they can be inscribed in a circle of diameter
10µ m. Each post is rotated to align with the array inclination at
ε = 0.1. The results are collected in table 1, along with those for
the circular post (10µ m diameter). We see that highly asymmetric
post shapes, such as the right triangle, display anisotropy an order of magnitude higher than the maximum due to parallelogram
layout with circular posts. However, the anisotropy of other post
shapes is close to zero and lower than that of the parallelogram
layout with cylindrical posts. Therefore, the anisotropy caused by
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the device layout can be more important than the post-induced
anisotropy, and the rotated-square layout is generally preferable.

3

Materials and Method

3.1 Simulation details
The simulations were carried out using our validated latticeBoltzmann code 31 . The no-slip wall boundary condition is implemented using the standard half-way bounce-back model. The
relaxation time is set to unity with the standard BGK collision operator. All the simulations are in the Stokes flow regime with
Reynolds number (computed based on maximum velocity and
array gap, G) of Re < 0.8 for the single post simulations and
Re < 1 × 10−4 for the large domain simulations.
3.2 Experimental procedure
Microfluidic devices used in this work were fabricated by standard
photolithographic techniques and deep reactive ion etching as described in 23 . Approximately 1 mm diameter through holes were
sand-blasted using a dental sand blaster. Devices were sealed using a large PDMS coated glass coverslip, and wet by immersion
in water containing 2g/L pluronic F108 (BASF), as detailed in 32 .
Fluorescent polystyrene beads were diluted into ultrapure water
containing 2g/L F108 and thoroughly sonicated to break up aggregates prior to being introduced into the devices.

4

Conclusion

Via experiments and lattice-Boltzmann simulations we investigated anisotropic permeability of deterministic lateral displacement (DLD) arrays. Anisotropic devices induce a pressure gradient perpendicular to the axial flow direction. DLD anisotropy
can manifest as undesired localised secondary flows (e.g. recirculation patterns). Secondary flows are undesired as they cause
the imposed flow to tilt away from its intended axial direction,
which in turn leads to a locally varying critical separation size
and unintended particle trajectories.
We found that the parallelogram layout displays inherent
anisotropy that grows with increasing array inclination with respect to the axial flow (0 < ε ≤ 0.25). Contrarily, the rotatedsquare layout with circular posts shows no anisotropy and therefore no flow tilt. Hence, in the rotated-square array, the flow
remains parallel to the side walls throughout, and the critical radius is predictable. We can thus recommend the rotated-square
layout, rather than the parallelogram layout.
Also non-equal axial and lateral post gaps and non-circular post
shapes can lead to array anisotropy, even for the rotated-square
layout. While square, equilateral triangle and I-shaped pillars
lead to a relatively low anisotropy, right triangle posts cause a
large anisotropy that can lead to significant streamline tilt.
If anisotropic arrays are used, one should avoid “enabler” design features that allow the anisotropy to trigger off-axis secondary flows. One typical enabler feature is the interface gap
between array segments in cascaded DLD devices.
Anisotropic permeability plays an important role in determining the success or failure of a DLD device and needs to be accounted for while designing such separation arrays.
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