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ABSTRACT

A mathematical model and computer code for simulat-
ing electrokinetic fluid and sample manipulations in micro-
fabricated fluidic devices (microchips) are described. The
model accounts for mass transport mechanisms such as
electrophoretic migration, bulk fluid motion due to electro-
osmosis, and diffusion. The interactive computer program
implementing the model is capable of handling different
channel geometries with various boundary conditions for
the electric field distribution and sample concentration.
Several microchip elements have been modeled and pa-
ticular attention has been paid to the electrokinetic injec-
tion, one of the primary elements in microchip operation.
The results obtained in the modeling have been compared
with eperimental data.

Keywords Microchip, electrophoresis, electroosmosis, in-
jection.

INTRODUCTION

Over the last five years, microfabricated fluidic devices
coupling sample processing and chemical reactions to

chemical separations have brought promising resultsl-7.
The initial idea of performing rapid electrophoretic separa
tions on the microchip quickly evolved into the concept
known as a Lab-on-a-Chip. The microchip is a more com-
plex sample processing unit than conventional HPLC or
HPCE units with much broader capabilities. Microchips
alow active manipulation of fluids and samples inside a
microfabricated channel network as a part of its operating
cycle rather than just simple elution afforded by electropho-
retic transport and retention. Such fluidic manipulations are
based on electrokinetic transport of material exploiting the
phenomena of electrophoresis and electroosmosis. Electro-
phoresis is a motion of electrically charged particles in a
medium, while electroosmosis (electroendoosmosis) in-
volves bulk fluid transport. Electroosmosis originates from
the liquid-solid interface due to ionization of the solid sur-
face and through viscous forces, generates bulk fluid no-
tion. Electrokinetic manipulations enable the sample to be

delivered to points where it may be chemically modified®:
8  diluted or mixed with other substances®:9,10

separated 17, and perhaps used for further analysis by cou-
pling the microchip with another analytical technique such

as mass spectroscopyll. As the Lab-on-a-Chip technology
addresses more complex analysis problems, more complex
fluidic designs and electrokinetic control strategies are re-
quired. At this point computer aided design and analysis
tools for prototyping and refining fluidic layouts become
necessary. Such tools are expected to reduce the time and
the cost for development of microchip devices. This paper
describes our efforts in developing such design tools for
electrokinetically-driven ionic and fluidic transport on m-
crochip devices.

MATHEMATICAL MODEL

Our primary interest in computer modeling is to be able
to simulate the temporal sample evolution inside the chan-
nel manifold. Sample mass transport in electrophoresis is
the result of three major mass transport mechanisms: con-
vection, electrophoretic transport, and diffusion. Bulk con-
vective flow of liquid arises from one or a combination of
the following factors: (i) a pressure difference applied to the
separation column ends, (ii) electroosmotic flow which has
its origin at the column walls, and (iii) thermal convection
due to Joule heating. Electrophoretic transport is deter-
mined by the electric field distribution which depends upon
the boundary conditions and the conductivity of the solu-
tion at each point along the channel, which in turn depends
on the chemical composition of the solution. Diffusion
takes place whenever a spatial non-uniformity in the com-
position of the solution exists. These three sample transport
mechanisms depend on other physical phenomena accom:
panying electrophoresis: heat transport in the solution,
chemical reactions within the buffer, and, of course, the
electric field distribution. Mathematical models of electro-
phoresis formulated previously 12, 13 take into account all
the phenomena mentioned above, but in many situations the
contributions of different phenomenato the evolution of the
electrophoretic system are not equally important.

The nature of experiments and the range of operating
conditions used in microchip devices allow us to assume
some simplifications in the model which should not sub-
stantially effect the accuracy in describing the separation



phenomena14. First, we assume the sample concentration to
be small compared to the concentration of the buffer solu-
tion and the conductivity of the solution to be uniform
throughout the liquid volume. At the same time the con-
centration of the buffer solution is large enough so that the
thickness of the electric double layer on the channel wallsis
negligible compared to the channel dimensions. As a con-
sequence, the convective boundary layer will be of the
same order of magnitude as the electric double layer and

results in the flat electroosmotic flow profilel®, Second, we
assume that Joule heating in the liquid volume is insignifi-
cant, and the temperature of the solution is uniform. In a-
dition the other thermophysical parameters such as diffu-
sion coefficients, fluid viscosity, electrokinetic mobilities,
and dielectric properties are considered constant. Third, we
assume that all channels have constant depth and that
physico-chemical properties of the chip substrate and the
cover plate are identical and uniform. Under these condi-
tions fluid flow will be essentially two-dimensional and
will not depend on the coordinate norma to the chip

pIaIel5. A typica geometry of the microchip channels is
shown on Fig.1.
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Figure 1. Channel cross geometry used for injection and
the corresponding 2-D computaional domain.

With the above approximations, the set of eguations d&
scribing the electric field (eg.1), sample mass transport (eg.
2) and fluid flow (egs. 3-4) is the following:
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The differential equations (1)-(4) are solved using finite-
difference algorithms similar to those described elsewhere
16 The simulation domain under consideration is covered
by a rectangular grid (Fig. 1). The computational algorithm
used for solving the Navier-Stokes equations was the fol-
lowing:

(VARVAL T o
+ (v "RV =- ZRp" +nR2 ©)
t r
-2 \\V 1
Nep=—=. = pt- p" (6)
Vn+1_\7 5
—=-N(dp) (7

where the velocity V is an intermediate value, and @ is
the pressure increment in time. The discrete equations
(1),(2),(5),(6) result in a set of linear algebraic equations
which are solved by the conjugate gradient method with
incomplete Cholesky decomposition. The mathematical
model and numerical algorithms were implemented in an
in-house written computer simulation program running on
Windows-95/NT platform. The program allows to draw
interactively the computational domain, specify initial and
boundary conditions for the sample concentration and
boundary conditions for the electric field (Fig. 2).

s = TEEsem e -
L
et
—
i
e —— =y
el
h——l ST 3 o= - e - "rl

Figure 2. Simulation program (main window). An offset T-
injector is depicted.

The output data from the simulation are the spatially d&
pendent velocity, pressure, concentration, and potential
fields. Other characteristics including analyte mass, dispe-
sion, and flow rate are then calculated from the output data.

RESULTS

We simulated the operation of the cross intersection
(Fig.1) which often used as an electrokinetic valve for sam-
ple injection into the separation channel. Two injection



technigues have been demonstrated for the cross valve,

pinched injection and gated inj ection?. In the first technique
afocusing step precedes the injection step. During focusing
the sample flow out of the sample channel is confined by
two incoming buffer streams from the side (focusing) chan-
nels (Fig. 1) and by the electric field in case of charged
particles. The extent of focusing is regulated by the field
strength applied to the focusing channels. Once the sample
flow has reached a steady state, the field is switched to the
injection step when the sample plug is displaced from the
injection cross to one of the side channels. Figure 3 shows
the focusing step images. The left one is an experimental
image giving the laser induced fluorescence (LIF) for a
Rhodamine B sample. The right image is a simulated con-
centration distribution shown in gray scale and agrees well
with the experimental data.

Figure 3. Electrokinetic sample focusing, experimental
image (left) and simulated image (right).

A more accurate comparison was performed for the simu-
lated and experimental concentration profiles taking four
cross sections at different points along the sample-waste
channel (shown by dashed lines on the left panel, Fig. 3).
The normalized concentration profiles are shown on Fig. 4.
The simulated profiles (solid lines) in panels 2 and 3 are
narrower than the experimental ones (dashed lines). In
panel 1 the experimental profile gradually approaches zero
at the channel edges whereas in the simulation, the concen-
tration on the wall has a value of ca 0.4 . Among possible
explanations for these discrepancies between experiment
and theory are the simplifications adopted in the model, and
incomplete experimental data. In the first case we refer to
the fact that a 2-D model instead of a 3-D one was consid-
ered. The model, therefore, does not account for the actual
trapezoidal shape of the channel cross-section (see Fig.1).
The LIF signal observed in experiments is integrated over
the depth of the channel. Since the channel depth close to
the edges is variable (trapezoid shape) the "optical depth”,
i.e., the thickness of layer emitting the light, is also vari-
able. Therefore close to the channel edges the intensity of
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Figure 4. Simulated (solid line) and experimental (dashed
line) concentration profiles across the sample waste chan-
nel.

light gradually diminishes, giving the impression that the
sample stream is smeared. This can probably explain the
observed results in Fig.3 (left panel). In addition, as the
channel width changes with depth the focusing field may
also undergo slight variations along the z-coordinate. The
electroosmotic and electrophoretic mobilities were not
measured explicitly in these experiments, and therefore,
typical values were taken for the simulation.

Figure 5 shows pinched injection sequence when the
sample plug initially confined is injected into the separation
channel. Two aspects of the pinched valve are important:
first, the extent of initial sample confinement, and second,
what injection field distribution is optimum. For example,
having a narrow sample plug may be very important for
some high-speed separations in which initial sample plug
width is a key factor in achieving the shortest separation

timel . Simulations were performed in order to determine
optimal running parameters. Thus, during the focusing step
there is a compromise between the sample width and its
concentration in the injection chamber. Too low of a sam
ple concentration hinders detection. The optimal field
scheme for sample loading was found to be: E = 1, Es
=0.4, B = B = 0.2, where E is the absolute value of the
normalized field strength in the i-th channel (see Fig. 5).
During the injection/separation step it is important to
choose the running parameters in such a way that the sam-
ple plug will be displaced into channel 4 with minimum
axial dispersion and without significant sample losses. A
series of simulations revealed that a field distribution when
E, =1, & = & =& = 1/3 was the most suitable for injec-
tion/separation.
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Figure 5. Pinched injection sequence: focusing step (top),
injection (middle), separation (bottom).
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