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Abstract— We present simulation results from a new
computational model of DNA flow in microfluidic devices.
This work is important because computational models
are needed to design miniaturized biomedical devices
that are becoming the state-of-the-art in many significant
applications including pathogen detection as well as con-
tinuous monitoring and drug delivery. Currently advanced
algorithms in design tools are non-existent but necessary
to understand the complex fluid and polymer dynamics
involved in biological flow at small scales. Our model is
based on a fully coupled fluid-particle numerical algorithm
with both stochastic and deterministic components in a
bead-rod polymer representation. We have applied this
work to DNA extraction configurations in a microfluidic
PCR chamber used in a pathogen detection system. We
demonstrate our method on the test problem of flow of
a single DNA molecule in a 2D packed array microchan-
nel. We are also investigating mechanisms for molecular
“sticking” using short range forces.
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I. INTRODUCTION

Modeling complex biological fluids is a challenge
because these types of flows are not well understood,
and the constitutive behavior of these types of fluids is
not easily represented. Modeling is further complicated
when flow is restricted to the microscale due to the
presence of large particles in the fluid whose molecu-
lar lengths are comparable to the flow geometry. For
example, a highly concentrated solution of suspended
polymer molecules may be represented at large scales
with a continuum Oldroyd-B constitutive model (e.g.,
[1]). However, when the geometry length scales are
comparable to the inter-polymer spacing a continuum
approximation is no longer appropriate. Additionally,
when the length scale of the geometry is comparable
to the length of an individual polymer macromolecule,
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new physical behavior may be observed. Here, we are
concerned with this dilute microscale limit, which finds
application in sample processing and sensor technology.
Our model will consider discrete polymers suspended in
an incompressible viscous solvent.

We apply our model to DNA extraction in a poly-
merase chain reaction (PCR) chamber as part of a
pathogen detection system. The primary extraction tech-
nique currently being pursued by our collaborators at
LLNL is a packed bed reactor, which is essentially a
small tube packed with microscale glass beads. The
physical model presents a three-dimensional (3D) mul-
tiscale problem where DNA molecules must be resolved
along with the flow geometry. A second extraction
design is a pillar chip which is an array of cylindrical
obstructions in a shallow microchannel. Though a 3D
problem this latter design lends itself to 2D models. The
restriction to 2D is useful and can be reduced to model a
single molecule traveling through a smaller section of the
array. This is the model problem where we have honed
the algorithm development to model relevant physics of
the flow for the full 3D problem.

The model problem offers possibilities for processing
DNA-laden fluids. For example, when DNA-laden fluids
flow through an array of pillars, size separation may be
achieved: longer molecules are slowed by their interac-
tion with the pillars to a greater degree than are smaller
molecules. Pillar rods may also be electro-chemically
treated to promote selective binding of macromolecules,
yielding a mechanism for sticking, which is a prerequi-
site for DNA amplification. Underlying flow fields in
the vicinity of complex geometry variations, as in a
pillar array or abrupt contraction, display steep velocity
gradients. The shear forces due to these gradients can
be strong enough to break molecular bonds, a dynamic
which can be useful in a PCR device but detrimental in
a drug delivery system. The success of modeling such
strategies relies critically on the fluid-molecule coupling.



II. METHOD

Our approach is based on the fluid-particle coupling
algorithm of Trebotich and Miller [2] for incompressible
polymer-laden flows in irregular microscale geometries.
Polymers are represented as beads and rods, that is,
a collection of point masses connected by constrained
interparticle spacing. Each particle is subject to a hy-
drodynamic drag force from the fluid, and Brownian
motion. The fluid in turn feels the effect of the particles
via a cloud-in-cell model, which is a way to discretize
the Dirac delta function. We note that the backward
coupling is hardly felt due to the atomic nature of the
particles (small mass), unless the Newtonian solution is
concentrated with polymers. Irregular geometry bound-
aries are treated with an embedded boundary, or cut-
cell, Cartesian grid method [3], [4]. Incompressibility
is enforced and velocity and pressure evolved by a
projection method [5].

III. RESULTS AND DISCUSSION

The physical problem which we have set out to model
is flow of a DNA molecule in a packed bed reactor used
for extraction in an amplification device. The packed bed
is a small tube (approximate diameter 1 mm) packed with
glass microbeads (approximate diameter 50-100 µm).
This is a true 3D problem, and one for which we have
obtained preliminary results of the continuum flow with-
out particle coupling. In the left image of Fig. 1 we show
pressure data for continuum flow in a cylinder with fixed
beads obstructing the flow. High-resolution simulation
of this 3D problem will require additional scalability
by making use of high performance computing such as
distributed processors and memory as well as a state-
of-the-art numerical technique known as adaptive mesh
refinement which allows focus of computations in critical
areas of the flow [6], [7], [8], [9].

Another possible device configuration for DNA ex-
traction is a pillar chip which is a shallow microchannel
with a dense array of pillars in the flow. This config-
uration lends itself to a more tractable 2D problem.
In the right image of Fig. 1 we show the pressure
in a 2D continuum model of flow in a pillar chip.
A magnified image would detail deflection of lines of
constant pressure due to the pillar array.

An even simpler 2D problem with a small array of
pillars can be considered to obtain relevant information
for the full 3D problem. Such a model can be used
as a testbed for developing the relevant physics and
chemistry in the broader scale problem. We have been
able to develop the physics in the algorithm for a simple
two-dimensional packed array channel and capture the

fundamental dynamics of a DNA molecule flowing in
a closely packed geometry (see Fig. 2). In this result
the polymer enters the channel from the left and wraps
around the first post it encounters. It is slowly worked
off the surface by both Brownian motion and the pull of
viscous forces at the loose end. It completely breaks free
and proceeds out the channel with the fluid, interacting
with surfaces along the way.

IV. CONCLUSION

We have demonstrated a simulation capability for
DNA molecular flow in a microchannel configuration
used for extraction. From here we can build up the
model with additional physics and chemistry along with
the numerical resolution enhancements. Specifically, we
will incorporate a method for “sticking” using short-
range forces (van der Waals) to approximate chemical
and electrostatic interactions. We will also use adaptive
mesh refinement for additional scalability.
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Fig. 1. Pressure data. (L) 3D continuum model for packed bed reactor geometry (cutaway). (R) 2D continuum model for pillar chip.

Fig. 2. Time sequence of genomic DNA flowing in 2D model of packed bed reactor PCR chamber. DNA molecule enters from left in
frame 1, then wraps around bead in frame 2, is loosened by Brownian and hydrodynamic forces in frame 3 and is swept out of the chamber
by the flow field in frames 4 and 5. Color map indicates underlying velocity flow field – fast (blue), slow or reversed (red).


