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Abstract

Separation of cells is a crucial operation in most of microbiology tests. It is usually preformed using large sized
devices (few tens of cm). In this work, cell separation using a microfluidic device based on Deterministic Lateral
Displacement (DLD) is considered. DLD is a promising technique having many advantages, including in particular
the fact that it can never be clogged. The device is composed of a micro-channel containing an array of obstacles
(also called posts) adequately arranged such as to separate cells based on their size. Distances between posts are
much larger than separation size, also called critical size, to prevent clogging. Critical size depends on many design
parameters. Many successful designs were published. However, the relation between design parameters and critical
diameter has never been systematically explored. Design parameters, geometrical and physical, are numerous.
Revealing trends through experiments is impractical, since it requires a large number of cases as well as tedious work
to discover relations out of obtained data. In this work, the problem is theoretically analyzed in order to understand
the effect of different design parameters and to predict, at least to the first order, separation critical size. Numerous
trends are revealed, concerning the effect of velocity, as well as different geometrical characteristics including post
size and distances between posts. Finally, a correlation is built giving critical size as a function of dimensionless
geometrical characteristics.
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1. Introduction

Microfluidic-based devices have
recently received large attention as a
promising alternative to conventional
normally sized devices in the few tens of cm
range. Microfluidic devices are not only
cheaper, but they are also portable allowing
instant medical care. This is a valuable
advantage, whether within a medical center
or in remote places deprived of such centers.
They use less reagent and sample volumes,
which reduces environmental impact. They
are also more adapted for automation
offering less human labor and more
accuracy[1-4].

Separation of cells from biological
fluids, which is an important step in many
biological tests, is an application where bio-
MEMs have a high potential. “Deterministic
Lateral Displacement” (DLD) [5-7] has been
proposed as a promising separation
technique, which can never be clogged. In
fact, separation surface between cells to be
filtered is not a solid surface, but a
streamline.

Many studies have implemented this
technique experimentally[8-15]. They have
reported some success in separating cells.
Some design parameters were tested, but
values reported were too few to draw general
recommendations. To  the authors’
knowledge, no systematic analysis was made
of the effect of all important design
parameters. In fact, as of today, there is no
available relation that predicts, even to the
first order of accuracy, the separation size as
a function of design parameters.

The objective of this paper is to study
the effect of different design parameters on
the size of the separated cells through
modeling and simulation. Hence, a rough
estimate of expected device performance
based on its design parameters will be

available, before even building the device,
which would be quite helpful for device
designers.

Next section will explain the principle
of Deterministic Lateral Displacement. The
third section will be devoted to problem
modeling and simulation techniques. It will
be followed by a section in which results are
presented and analyzed, before drawing
main conclusions in the last section.

2. Deterministic Lateral

Displacement Principle

Deterministic  Lateral Displacement
(DLD) technique is based on continuous
streamlines division of biological mixture
(Fig. 1) over a bank of obstacles (also called
posts), such as to create, at outlet, different
zones each having different particle sizes. As
it can be seen from Fig. 1 posts are arranged
in lines in the y direction (normal to main
stream). Posts having their centers on a
given line are shifted with respect to posts on
the line upstream. The device can have any
number of outlets as many as the sizes of the
cells need to be separated.

1.Mixture Inlet
2.Plasma Outlet
3.Small Particles Outlet
4.Large Particles Outlet

[Figure 1] A 3D Sketch of DLD device
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[Figure 2] Deterministic lateral displacement principle

In Fig.2, two posts (A and B), having
the same diameter D, are placed almost
parallel to main stream direction (direction
X), with a slight shift normal to streamlines
(direction y). Post displacements (center-to-
center) are Dy and Dy, parallel and normal to
main stream respectively. Some streamlines
are shown, especially those experiencing
stagnation, denoted by a dotted line.
Streamline LL and MM stagnate at posts A
and B respectively. Fluid entering in the
stream tube lying between streamlines LL
and MM will go above post A and below
post B. The smallest thickness ofthis stream
tube is, by definition, the critical size S..
Particles that have a radius that is equal to
Sc, or smaller, will remain in the same
stream tube along the device. Larger
particles willbe displaced to the streamline
above. Thus, smaller and larger particles will
have different paths. Please note that
biological cells are not solid particles. They
can be deformed and squeezed to a certain
extent into a stream tube that is slightly
smaller. The critical size S;, as defined
above, still remains an important property
giving the order of magnitude of the dividing
line between cells going in one direction and
cells going in the other one.

[Figure 3] Bank of posts in a cell separation device

Consider the 3-lines device shown in Fig.3.
Between any two posts on the same line
passes three stream tubes (delimited by
dotted stagnation streamlines). Imagine that
in each stream tube enter two particles, one
large and one small. Following each particle
along the device, small particles will remain
in the stream tube while large particles are
displaced. So, we will get the distribution
shown downstream in Fig. 3. Clearly, larger
and smaller particles are concentrated on
different sides. This is the principle of DLD
devices.

3.Problem Modeling and

Simulation

Fluid velocity v is usually very small,
giving Reynolds numbers (Re, based on
fluid velocity v and post diameter D) of the
order of 10~°. Hence, a creeping flow model
can be used. Device dimension are in the 10
micron — 1mm range. This means that
viscous, and hence pressure forces are much
greater than gravity, which will be neglected.

Biological fluids are never
homogeneous. They contain numerous cells
that need to be separated. However, as a first
approximation, the concentration of such
cells will be assumed rather low, which is
the case in many practical applications. In
such cases, fluid carrying cells (for instance
blood plasma) can be considered as a
homogeneous and Newtonian fluid that
transports objects that do not perturb main
stream. This constitutes the major
simplification in this work.

Under such  assumptions, governing
equations are:

y2) VZV =VP (1)
V-v=0 (2)

Wherev is the velocity, p is the fluid
dynamic viscosity and P is the pressure.
Problem geometry is that of a 2D channel of
width W and length L, in which a certain
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number of cylindrical obstacles of circular
cross section of diameter D are present.
Figure 4 presents the case of a channel with
two posts. Table 1 gives general
characteristics, while Table 2 gives specific

characteristics of different test cases.
Physical properties were those of blood
plasma: kinematic viscosity=3.3*10°m?/s
and density=1025 kg/m®.

Table 1 Common geometric features of all test cases

Case No. D (um) No. of posts Le (um) W (um) L (pm)
1-12,14,15 30 2 8D = 240 10D = 300 24D=720
13 45 2 8D = 360 10D=450 24D= 1080
16 30 4 10.5D=315 13.5D=390 27D =810
dimensionless critical size is s.. Velocity

| L |

[Figure 4] Channel geometry

Boundary conditions over solid walls
(posts as well as channel side walls) are of
the no-slip type. A uniform velocity vi, is
assumed at channel inlet in the axial
direction. Pressure at outlet is assumed to be
atmospheric.

1 Post =»No slip, v=0 ‘

hlet =» v (uniform) %) \Q ‘ Wall =» No slip, v=0 ‘

[=]

—)

[Figure 5] Simulation boundary conditions

In order to reduce the number of
parameters, problem will be cast in a
dimensionless form. Post diameter will
betaken as the characteristic length. All other
dimensionless geometric variables will have
the same symbol in small letters. Namely
channel width and length are w and I; post
displacements are dand dy  and

will be scaled by the uniform inlet velocity
Vin. Pressure will not be scaled by inertia, as
usual, because inertia is negligible. It will be
scaled by shear stresses, which gives the

following  dimensionless  velocity and
pressure (u and p respectively):

u=v/v, 3)
p=PD/uv, )
Viu=Vp (5)
V-u=0 (6)

The problem defined above can be
solved using the Regular Reductive Integral
Method developed earlier[16, 17]. However,
solution method is not the focus of this
paper, but rather results and their
interpretation. A standard solver will be
used, which is the open source code Open-
Foam (Open Field Operation and
Manipulation)[18]. It uses the full Navier-
Stokes equation, instead of (5), together with
continuity (6). It has an extensive range of
features including front tracking of
fluid/fluid interfaces, which will be used in a
later step to include biological cells.
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Table 2Results for different test cases considered
No. of

Case No. | D (um) posts Dy(pm) Dy(pm) Vin (Mm/s) Sc (Um)
1 30 2 0.1D =3 2D=60 1.0 3.314
2 30 2 0.1D=3 3D=90 1.0 6.200
3 30 2 0.1D =3 5D=150 1.0 9.260
4 30 2 0.2D =6 2D=60 1.0 5.370
5 30 2 02D =6 3D=90 1.0 9.400
6 30 2 0.2D =6 5D=150 1.0 14.130
7 30 2 04D =12 2D=60 1.0 8.500
8 30 2 0.4D =12 3D=90 1.0 15.700
9 30 2 0.4D =12 5D=150 1.0 23.300
10 30 2 0.2D =6 2D=60 15 5.370
11 30 2 0.4D =12 3D=90 15 15.700
12 30 2 0.4D =12 3D=90 5.0 15.700
13 45 2 0.4D =18 3D=135 1.0 23.500
14 30 2 0.05D =1.5 5D=150 1.0 5.100
15 30 2 0.15D =4.5 5D=150 1.0 12.100
16 30 4 0.4D =12 3D=90 1.0 15.700

4. Results and Discussion

[Figure 6] Streamlines of a sample of simulation cases

Resulting critical sizes are reported in
Table 2. It should be noted that identifying
the stagnation streamline, which is necessary
to obtain the critical size, is rather delicate.
In fact, highly accurate identification
requires a high resolution in plotting
streamlines. It requires a very fine mesh that
is impractical. In this work, error in critical
size due to insufficient resolution is
estimated as +5%.

Fortunately, there is no need to simulate
a whole bank, but only two posts to deduce
the critical size in fact the 4-post case (case
16) gives the same results as the

corresponding 2-post case (case 8). That is
why, for simplicity, only 2-post cases will be
studied in the sequel.

From the dimensionless formulation it
can be seen that for geometrically similar
problems (i.e. same dy=D,/D and same
dy=D,/D) then the dimensionless critical size
(sc=S¢/D) would be the same. This is made
evident by comparing cases 8 and 13.

A little more subtle is the effect of
velocity. In fact, velocity amplitude
disappears in the dimensionless formulation.
This means that the shape of streamlines,
which are tangents to the velocity field u,
will remain the same for any velocity level.
Values of the dimensional stream function
on each streamline will depend, of course,
on velocity level, but not the streamlines
position, which determines the critical size.
This is made evident by comparing cases 4
and 10 as well as cases 11 and 12.

Dimensionless shear stress is also
independent of velocity level. The latter will
obviously have an effect on dimensional
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shear stresses. Increasing the velocity would
increase the throughput; but it will also
increase shear level that may damage cells.
Of course in practice cells may be squeezed,
especially at relatively high velocities,
producing higher pressure and shear. This
would have the following effect. The
dividing value between large cells and small
cells that are being filtered will be a bit
higher in practice than the obtained critical
size. However, these are secondary effects,
slightly modifying results. They will not be
considered for simplicity. In a later work,
they will be considered by introducing
deformable particles.
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Figure 7Critical size s, versus shift in the main stream
direction dy and normal shift d,

Figure 8 Using streamlines over a single post to
understand the effect of different parameters

According to above analysis,
dimensionless critical sizes. depends only on
dimensionless shift in the direction of main
stream (dy) and normal to it (dy), which is
plotted in Fig.7. To understand these curves,
details of streamlines around a single post in

creeping flow are plotted in Fig. 8. Distances
between streamlines diminish by
approaching the stagnation streamline. Far
from it, distances between streamlines tend
to stabilize. Imagine a second post (thick
dotted line) is placed downstream in a
shifted position. For simplicity, first order
effect will be considered by assuming
second post does not affect streamlines in
the upstream zone. One of the streamlines
would virtually stagnate over the second
post, surrounding streamlines (thin dotted
lines) would split in both directions.
Stagnation streamline determines the critical
size S.. Assume that the second (virtual) post
starts at a certain shift in the mainstream
direction Dy and a zero shift normal to main
stream D,=0. Stagnation streamline would
be the one that passes by the centerline. At
this position Sc=0. Suppose now that the
virtual post is shifted normal to mainstream
(Dy>0) while keeping the same Dy. At first,
streamlines are crossed by the virtual post at
a high rate resulting in a rapid increase of S,
as shows Fig.7. For higher values of Dy,
distances between streamlines encountered
by the virtual post stabilize, which results in
a linear increase of S; as is shown by Fig.7.

If the experience was repeated at a
higher value of shift in the mainstream
direction (Dx), we would get a ‘similar’
curve, although systematically higher than
the previous one because streamlines
encountered pass at positions that are more
distant from the first post (Fig.8).

Based on the fact that curves for
different values of dy in Fig.7 are ‘similar’,
the required correlation will be cast in the
form of a product of two functions:

s, = f,(d,) f(d,) (7)
The first functionf; (d, )will be selected such
as to let s /f(d,) be independent of d,.

First of all, such function should contain a
factor in the form (dy — a), a is close to 1,this
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is due to the fact that dy has been defined as
the center-to-center distance. To attain
similarity, the required function takes the
form f; (dx) = (dx — @) dx ® Best fit (Fig.9)
gives:

fl(dx): (dx _1'1)/\/d_x

0.5

0.45 /i;
0.4

/
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Figure 9 Normalization of s. by the function f; (d,)
showing dependence on d, only.

Figure9 clearly shows that with such
normalization, all curves almost coincide.
An “average curve” (solid line) of all points
available is also shown in the same Figure.
The average curve seems to be a good first
order estimate of the critical size. The curve
starts obviously at the origin and ends
asymptotically with a straight line. The
shape of f, (dy) could thus be a straight line
from which is subtracted an exponentially
decaying correction function that satisfies
the condition at origin. Fitting gives:

fz(dy): sc/fl(dx)

=0.8844d, 9)

+ 01021(1_ exp (_dy(1527dy+7_108)))

Table 3 shows that the correlation fits
very well the average curve obtained in
Fig.9. Relative Error Column was obtained
using the correlation form (7) after
substituting with f; and f, from (8) and (9)
respectively with a maximum error of 4.4%
and an average error of 2.7%.

Table 3Comparing correlation with average results of different displacements (Obtained in Fig.9)

Case No. Dimensionless s; Calculated s Relative Error %
1 0.1105 0.114329 3.496825
2 0.2067 0.197071 4.642841
3 0.3087 0.313336 1.512761
4 0.1790 0.177510 0.832241
5 0.3133 0.305977 2.347719
6 0.4710 0.486492 3.289153
7 0.2833 0.290110 2.391749
8 0.5233 0.500067 4.445818
9 0.7767 0.795087 2.371734
10 0.1790 0.177510 0.832241
11 0.5233 0.500067 4.445818
12 0.5233 0.500067 4.445818
13 0.5222 0.500067 4.445818
14 0.1700 0.170000 2.22E-14
15 0.4033 0.407488 1.030075
16 0.5233 0.500067 4.445818
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5. Conclusion

Deterministic  Lateral  Displacement
(DLD) device for cell separation in a liquid
stream was theoretically analyzed. The
objective was to determine the effect of
various device design parameters on its
major output, which is the critical size S, i.e.
the order of magnitude of the size below
which particles will be concentrated at one
side of device output and above which
particles will be concentrated at the other
side of it. A major assumption was that
transported particles have low concentration
and do not affect streamlines.

It was found that:

e Critical size S¢ is not affected by the
velocity, as long as creeping flow
conditions apply

e For geometrically similar devices, Sc
is proportional to device size, in
particular post diameter D, i.e.
relative critical size S. is the same for
such devices.

e Relative critical size mainly depends
on the relative positions of the any
two consecutive posts in the main
stream direction, but not on the
positions of other posts in the bank.

e Relative critical size only depends on
two shift components of a post with
respect to the position of the post
upstream, i.e. the relative shift in the
main stream direction d,=D,/D and
the relative shift in the direction
normal to main stream dy= D,/D,
where Dy and Dy are dimensional
shift components.

e A correlation was obtained giving
relative critical size S; as a function
of relative displacements, dy and dy,
with an error not exceeding 4.4%,
which is in the same range as the
resolution error.
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