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Abstract. A blood test, called a liquid biopsy is being developed by several research groups for
the early detection of cancer. The key challenge in this process is enrichment, or isolation, of the
small number of cancer cells in blood serum from other cells. This study uses numerical
simulations to design devices that advance the state of art in the enrichment of circulating cancer
cells. In particular, the lift forces acting on neutrally buoyant small spherical particles in a
Poiseuille flow bounded by a wall are modelled using numerical computation. Specifically, we
explore the influence of the Reynolds number, distance to the wall, and particle size on these lift
forces, building upon previous research on the Segre-Silberberg effect. By validating the
mechanism by which particles concentrate at specific positions within the fluid, we confirm the
existence of the Segre-Silberberg effect in this system. Subsequently, we apply a customized 3D
model of a filtration device to investigate the Segre-Silberberg effect and Dean’s effect in a non-
Poiseuille flow, which can be applied in liquid cancer biopsy. Our results demonstrate that this
flow pattern could potentially be used to separate cancer cells from the mean flow. Finally, we
apply the flow separation mechanisms in microfluidic design through a rapid 3D design and
computational fluid dynamics (CFD) verification cycle. The popular spiral microfluidic design
does not demonstrate strong flow separation pattern in our tests, while the sinusoidal design
shows much more promise. Further research is needed to empirically evaluate these designs.

Keywords: computational fluid dynamics (CFD), finite element solver, Segre-Silberberg effect,
liquid biopsy, cancer.

1. Introduction

Cancer is the second most common cause of death in the United States, with about two million new
cancer cases each year. Recently the mortality rate dropped 32% from its peak in 1991, and a large part
of this progress is due to early detection [1]. More progress is needed, and a promising direction is called
a liquid biopsy [2]. Cancer metastasizes, or spreads, in the bloodstream making it possible to eventually
detect cancer in a blood test. However, in a 7.5 ml blood sample there are only tens of circulating tumor
cells (CTC), making separating, detection, and analysis of these cells very difficult [3]. A wide range of
methods for performing the separation, or enrichment task are under development, and each has benefits
and challenges. The number or density of CTCs is important to measure the impact of treatments, and
molecular analysis of these intact cells provides key information for personalizing care. Many separation
methods, like filtration can damage the CTCs [4].

© 2024 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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The Segre-Silberberg effect, first described by [5], is a phenomenon in which suspended particles
within a cylindrical tube of fluid are forced towards an annular ring as they move through the tube. This
occurs because the particles near the wall of the tube are pushed towards the center, while those near the
center are pushed outward towards the wall. A stable equilibrium for the particles is found in this annular
ring, which is referred to as the Segre-Silberberg ring. The location of this ring is dependent on several
factors, including the Reynolds number of the flow, the length of the tube, the velocity of the particles,
and the ratio of the particle radius to the tube radius.

Several studies, including those by [6-8], have demonstrated that the position of the Segre-Silberberg
annulus is strongly influenced by both the Reynolds number and particle size. Specifically, as the
Reynolds number of a Poiseuille flow increases, the Segre-Silberberg annulus moves closer to the wall
of the tube. At higher Reynolds numbers (Re > 600), another ring called the inner annulus appears in
the tube, and an increasing number of particles accumulate in this region compared to the Segre-
Silberberg annulus ([6]). Both the Segre-Silberberg annulus and the inner annulus are characterized by
a stable equilibrium for the particles, as the lift force constantly pushes the particles back into place.
However, the lift force in both annuli is less than that of any other radii in the tube apart from the center,
where there is no lift, but particles do not settle due to the unstable equilibrium. Downstream in the tube,
particles tend to land on the inner annulus less frequently.

In modern biochemical and pharmaceutical microfluidic devices, particle separation is a crucial
process used for various applications, such as cell sorting, disease diagnosis, and drug discovery ([9]).
Conventional techniques used for particle separation include size-based separation, charge-based
separation, and magnetic separation. However, these methods often have limitations in terms of their
efficiency, sensitivity, and specificity [10].

The Segre-Silberberg and associated Dean’s effect [11] presents a promising approach for particle
separation through microfluidics, particularly for liquid cancer biopsy. This technique involves
suspending cancer cells in a fluid, which is then passed through a microfluidic device with a narrow and
often bent channel. As the fluid stream flows through the channel, the lift forces generated by the Segre-
Silberberg effect focus the cancer cells at specific positions in the channel based on their size and
position within the fluid. This allows for the efficient and precise isolation of cancer cells, which can
then be sampled and analyzed for specific cancer markers or genetic mutations.

The Segre-Silberberg effect has several advantages over traditional separation techniques. Firstly, it
is a non-invasive and label-free method, meaning that it does not require any modifications to the cancer
cells or the fluid. Additionally, it is highly efficient and can separate many cancer cells in a short amount
of time. The technique is also highly precise and can separate cancer cells based on subtle differences
in their size or position within the fluid. Finally, the Segre-Silberberg effect is relatively cost-effective
compared to traditional separation techniques, as it does not require specialized equipment or reagents.

In conclusion, the Segre-Silberberg effect has the potential to revolutionize liquid cancer biopsy by
providing a non-invasive, efficient, and precise method for isolating and analyzing cancer cells in a
highly controlled and economic manner. This technique has broad applications in the field of
microfluidics and can be used for various other separation processes beyond cancer diagnosis and
treatment.

In this study, we aimed to investigate the applicability of openFOAM [12], a computational fluid
dynamics solver, in modelling the Segre-Silberberg effect. Through numerical simulations, we were
able to verify that openFOAM can effectively model the phenomenon. We then utilized the validated
model to test a design for a microfluidic device intended for liquid cancer biopsy. Our simulations
revealed that the device was successful in utilizing the Segre-Silberberg effect and Dean’s effect to focus
cancer cells at specific locations within the microchannel. This approach offers a promising method for
efficient and accurate separation and analysis of cancer cells in a non-invasive and cost-effective manner.
Additionally, the numerical simulations provide a valuable tool for designing and optimizing
microfluidic devices for liquid cancer biopsy, ultimately contributing to the development of more
effective cancer diagnosis and treatment methods.
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2. Fluid Dynamics Background

A particle in a fluid flow with variable velocity profile such as the parabolic velocity profile in Poiseuille
flow experiences forces applied towards or away from the wall depending on size of the particle, distance
to the wall, and velocity profile of the flow. The exact solution of the flow profile of the Poiseuille flow
is given by [13]:
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where v(r, t) is the longitudinal velocity of the flow at radius r and time t, G = —Z—Z is the pressure
gradient in the tubular flow, p is the dynamic viscosity, v is the kinematic viscosity, R is the radius of
the tube, J, (%) is the Bessel function of the first kind of order zero and 4,, are the positive roots of

this function and J; (1,,) is the Bessel function of the first kind of order one. As t — oo, Poiseuille flow’s
quadratic velocity profile is recovered.

This solution can be readily found from the incompressible Navier-Stokes equations in a cylindrical
geometry.

Vb o= 0
LDV = —Vp+ WD )

As t approaches o, the longitudinal velocity v(r,t) approaches a parabolic velocity profile
G rp2 2

1. When a particle is very close to the wall, the velocity of the fluid near the wall is close to zero
due to the non-slip boundary condition. The velocity of the fluid on the side of the particle away
from the wall is greater, and the streamlines of the flow are squeezed, leading to a smaller pressure
on the side facing the center of the channel. This is typical Bernoulli setup, where faster flow
attaches to the round particle resulting in a low pressure. The pressure difference pushes the
particle away from the wall (Figure 1).

For a spherical object, an empirical equation is given [7]:

d6
Fypau = CwallpUZ Dt 3)

where C,,4;; 1S an empirical dimensional wall induced lift coefficient, p is the fluid density, U is the
maximum flow velocity, d is the particle diameter, and D is the channel diameter.
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Figure 1. Flow being squeezed away from the wall generates a lift force away from the wall.
2. In the case where the flow profile is quadratic, the exact difference in velocity profile causes

relative velocity difference as the particle flows with a mean velocity. The relative velocity on
the side away from the wall is smaller than the relative velocity on the side close to the wall. This
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results in a pressure difference and a net force towards the wall for particles anywhere in the
channel (Figure 2).
For a spherical object, an empirical equation is given [7]:

d3
Fshear = shear.DU2 D (4)

where Cqp0qr 1S an empirical dimensionless shear induced lift coefficient, whose magnitude depends
strongly on the Reynolds number and particle’s radial position.

Wall

Fshea r - -

Figure 2. Quadratic velocity distribution leads to an inertial force towards the wall.

3. Computing the Equilibrium Lift Forces

In the first simulation experimental study, we aimed to investigate the effects of various factors on the
lift coefficient of neutrally buoyant particles in a tubular Poiseuille flow. The particles of different sizes
were placed at various radial distances from the center of the tube, while the longitudinal position was
kept fixed at a downstream location. The lift coefficient was then calculated using openFOAM, a
computational fluid dynamics solver. Details of the algorithm used is described in the Appendix: A
section.

To facilitate the lift force simulations, we designed a setup with the geometry shown in Figures3 and
4. These figures provide a visual representation of the size, radial and longitudinal position of the particle
relative to the tube. The size and radial position of the particle were varied between simulations to
investigate their effects on the lift coefficient.

Our study provides valuable insights into the behavior of neutrally buoyant particles in Poiseuille
flows, which have important applications in a variety of fields, including microfluidics and biomedicine.
By gaining a deeper understanding of the lift forces acting on these particles, we can improve the design
and efficiency of particle separation techniques, such as the Segre-Silberberg effect, and ultimately
contribute to the development of more effective diagnostic and treatment methods for diseases such as
cancer.
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Figure 3. Position of the particle on the cross-sectional E;g;tsegiisr?:llt'\??ev?/f g:ce Elft'gﬁeon_lfﬂg
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Figure 5. Equilibrium Position as a function of particle radial position and Reynolds number. As
Reynolds number increases, the equilibrium position where lift coefficient becomes 0 moves towards
the wall. D/d = 9.
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Figure 6. Equilibrium Position as a function of particle radial position and Reynolds number. As
Reynolds number increases, the equilibrium position where lift coefficient becomes 0 moves towards
the wall. D/d = 15.

The results of the numerical simulations indicate that the equilibrium position of the particles in the
Poiseuille flow strongly depends on the Reynolds number and the particle diameter over channel
diameter ratio. As shown in Figure 5, 6 and 7, the equilibrium position of the particles shifts towards the
wall of the tube as the Reynolds number increases. At a low Reynolds number, the equilibrium position
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is closer to the center of the tube, but as the Reynolds number increases, the equilibrium position moves
towards the wall of the tube.

For example, in Figures 5, 6 and 7 at a Reynolds number of 600, the equilibrium position for the
larger particles (D/d = 9) is at 0.9 times the radius of the tube. At a higher Reynolds number of 800,
the equilibrium position shifts slightly towards the wall of the tube to between 0.9 and 0.91 times the
radius. For smaller particles (D/d = 15), the equilibrium position occurs at an even higher radial
position closer to the wall of the tube.

These findings are important for the design of microfluidic devices that utilize the Segre-Silberberg
effect for particle separation. By understanding how the equilibrium position of the particles varies with
Reynolds number and particle size, researchers can optimize the design of microfluidic channels to
achieve efficient and effective particle separation.

Equilibrium Position
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Figure 7. Equilibrium Position as a function of Reynolds number for the two different particle sizes.
The greater the particle size, the further away the equilibrium position is from the wall.

4. Liquid Cancer Biopsy Application

To assess the effectiveness of the Segre-Silberberg effect in liquid cancer biopsy application, a
customized 3D model was developed. The 3D model, shown in Figure8, was created using Blender [14],
an open-source 3D graphics and animation software. The model features a straight inlet that leads to
swirling sections near the outlet, which allow for concentration of streamlines and particle separation.
The meshed 3D model used in openFOAM calculation, shown in Figure9, comprises 56, 000 cells to
ensure accuracy in the simulations. The particle diameter used in the simulations was set to 10~> meters
or 10 um, which is like the diameter of breast cancer cells [15, 16]. The flow velocity was set to 5 m/s,
and the diameter of the tube was 9 x 10~5 meters or 90 um, resulting in a D /d ratio of exactly 9. This
ratio was chosen because it is in the range that is commonly used for microfluidic devices [17]. The inlet
flow velocity of 5 m/s results in a channel flow Reynolds number of 450, which is within the range
where the Segre-Silberberg effect is observed [6].

The Multi-phase particle-in-cell (MPPIC) [18-20] numerical technique employed in this study
combines Lagrangian and Eulerian methods to track the motion of cells in the flow. The method
discretizes the continuous fluid and particle motion into a finite number of particles, and then solves the
governing equations using a finite volume method. The particles interact with the continuous fluid
through a momentum exchange algorithm, allowing for accurate simulation of the interaction between
the cells and the fluid.

Figure 8. A customized design for the purpose for liquid cancer biopsy. The device has an initial straight
section, then it’s twisted for the purpose of cell separation through Segre-Silberberg effect.
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Figure 9. A meshed view of the device. Fluid and particles will come in from the left end of the device
as shown in the figure.

The MPPIC method allows for a detailed examination of the migration of cells in the microfluidic
device. By injecting cells into a static background flow field, the method enables the examination of
how cells move under different flow conditions. While the method is not as accurate as an in-flow solver
that tracks the dynamics and motion of each particle, it significantly improves the computational
efficiency and is suitable for tracking large numbers of small particles in a mean flow. An in-flow solver
that tracks each particle’s dynamics and motion is computationally prohibitive for many particles. The
MPPIC method provides a good compromise between accuracy and computational cost, making it an
effective tool for examining particle migration in microfluidic devices.

To evaluate the performance of the microfluidic device for liquid cancer biopsy, we injected cancer
cells at the left end of the device at t = 0 and examined their migration behavior using the multi-phase
particle-in-cell (MPPIC) numerical technique with openFOAM. The results showed that the background
static flow was effective in separating the cancer cells from the mean flow, as seen in the second diagram
in Figurel0. The cancer cells were focused at specific positions in the channel, allowing for their
efficient isolation and subsequent analysis for specific cancer markers or genetic mutations.

Overall, the design of the microfluidic device with its unique swirling sections near the outlet
facilitated the concentration of streamlines, which helped to separate the cancer cells from the mean
flow. The successful separation of cancer cells from a liquid biopsy using this microfluidic device has
important implications for non-invasive and efficient cancer diagnosis and treatment.

Figure 10. Injected cells flowing through the separation device.

The computer aided microfluidic design cycle allows us to rapidly prototype our design and test the
design through CFD simulation. Conventional design and testing process involves the following steps
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[21]: 1) 3D design using a CAD software-based literature and previous attempts; 2) fabrication of the
model through moulding; 3) preparing devices for test; 4) testing the devices using flow experiments.
The entire process can take up to a week, although multiple designs and devices can be designed,
fabricated, and tested at once. In contrast, computer aided design and test cycle can be done on a
computer directly [22, 23] through the following steps: 1) 3D design using a CAD software-based
literature and previous attempts; 2) Importing the 3D design in a CFD meshing software to prepare for
fluid simulation tests. 3) Running CFD simulations with various parameters of particle size, flow
velocity, mixing ratio. 4) Candidate designs will go through the fabrication, physical testing process for
verification.

We primarily tested the following designs shown in Figure 11 and 12, the spiral design like what’s
shown in Figure 12 is particularly popular in the microfluidics community [24-29]. Streamline and
vorticities profiles in each design are examined.

The first design shown in Figure 11 is like what’s used in [26], we see strong streamline separation
near the annulus position. No clear vorticity pattern is demonstrated by the design compared to that
shown in Figure 11 although the vorticity values do grow to significant values near the wall as expected.
Note that the vorticity field is not calculated directly by OpenFOAM solver but instead calculated using
vector field on unstructured grid filter in Paraview [31]. This may explain the lack of clear and visible
vorticity feature in the flow shown in Figure 11 and 12.

We then examined a design based on [25] in Figure 12. The streamlines are grouped closely near the
exit on the outside of the design. Again, no clear vorticity patterns are observed. Comparing the results
from the two designs we can see a stronger flow separation pattern in the first design compared to the
popular spiral design. We also tested additional designs; they are shown in Figure 13 in Appendix: B.
No strong separation effects are observed in the spiral designs.

5. Conclusion

In conclusion, we have successfully verified the Segre-Silberberg effect in a tubular flow through
numerical simulations using openFOAM. We have shown that the equilibrium position where the net
lift force becomes zero is a function of Reynolds number, particle size, and radial position (Figure 5, 6,
and 7). Our results indicate that smaller particles and higher Reynolds numbers lead to the equilibrium
position moving towards the wall of the tube.

Building upon the verification simulations, we have designed and tested a customized 3D device to
investigate the potential for cancer cell separation in liquid biopsy. The device was modeled in Blender
and meshed for use in openFOAM simulations. Our MPPIC simulations showed that upon entering the
first bent section of the tube, cancer cells were successfully separated from the mean flow, providing
evidence for the potential of our design for liquid biopsy applications.

The successful results of our simulations demonstrate the potential of computational fluid dynamics
in the development and optimization of microfluidic devices for biomedical applications. The computer
aided design process can provide faster and more economic approach to microfluidic design and
fabrication. For the various designs we verified, we discover a lack of clear fluid separation pattern in
spiral designs [25] compared to a simple branching design [30]. This may suggest Dean’s effect is likely
not as strong as the Segre-Silberberg effect [5]. Our findings can contribute to the development of more
efficient and effective liquid biopsy devices, ultimately leading to improved cancer detection and
diagnosis. Further research can be conducted to optimize the design parameters and investigate the
separation efficiency under varying flow conditions and particle properties.

While numerical simulation has the demonstrated advantages in evaluating and selecting potential
designs, they are still far from a replacement for the assessment of the usefulness of a physical device.
More fabrication of devices is needed, along with instrumentation to measure particle separation with
particles that have a similar size to CTCs and blood cells in a fluid that has similar physical
characteristics to blood.
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Figure 11. A design similar to [26]. From top left to bottom right, we have the 3D model designed in

blender, meshed in simFlow, then the resulting streamline ? = ? = % (top view and front view) and
x y z

vorticity V x v (front view) are analyzed. Fluid comes in from the inlet located near the longer segment
of the device. There are three outlets each with a smaller area than the inlet. The outlets are located on

the other end of the device.
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Figure 12. Spiral designs similar to [21]. From top left to bottom right, we have the 3D model designed
in blender, meshed in simFlow, the resulting streamline (top view) and vorticity (top view) are analyzed,
and finally a 3D printed microfluidic device fabricated for testing. The cross-sectional area of the device
is rectangular to benefit from Dean’s effect [7]. Fluid comes in from the inlet located on the inside of
the device. The outlets are located on the outside of the device.
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Appendix A

The incompressible fluid solver in OpenFOAM uses a finite volume [32] approach to solve the
incompressible viscous fluid flow [33, 34]. The governing equations of the incompressible viscous fluids
are the typical incompressible steady Navier-Stokes equations:

vV-v=0 (5)
%+v-(v ®V) = —Vp + VIWVV) (6)
During each time step, the pressure-velocity coupled equation is solved by decoupling the pressure

and momentum fields through predictor-corrector steps. During the momentum predictor step, H matrix
is solved from the momentum equation on the finite volume mesh.

V-0 Q®v)—VWwVv) = -Vp (7
MV = —VP (8)

A = diag(M) 9
H=AV — MV (10)

AV —H = —VP (11)

Now we can start the iterative process solving for pressure P and velocity V. Start with the
momentum equation,

V=A"1H-A"1lyp (12)

Substituting the V7 equation into continuity equation leads to a Poisson equation of pressure that can
be solved by under relaxation method.
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VW =V(A'H—-A4"1VP) =0 (13)
V(A~lVP) = V(A 1H) (14)

In the predictor step, the momentum equation is solved using initial pressure P and velocity boundary
condition to find velocity V

MV = —VP (15)
The velocity field 7 is then used in the Poisson equation to solve pressure P
V(A~1VP) = V(A~H) (16)

The pressure field is then used in equation (12) to correct V' at the boundary. This is the corrector
step. This process is iterated until a solution of VV and P converges for the computational domain. In this
particular simulation, the k — ¢ [35] turbulence mode is enabled.

Appendix B

5.1 5.2.

Figure 13. Additional designs tested through OpenFOAM.
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