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Abstract

Electrokinetic fluid flow in nanocapillary array (NCA) membranes between vertically separated micro-
fluidic channels offers an attractive alternative to using mechanical action to achieve fluidic communica-
tion between different regions of lab-on-a-chip devices. By adjusting the channel diameter, a, and the
inverse Debye length, j, and applying the appropriate external potential, the nanochannel arrays, can be
made to behave like digital fluidic switches, and the movement of molecules from one side of the array to
the other side can be controlled. However, inherent differences in ionic mobility lead to non-equilibrium
ion populations on the downstream side, which, in turn, shows up through transient changes in the
microchannel conductance. Here we describe coupled calculations and experiments in which the electrical
properties of a microfluidic–nanofluidic hybrid architecture are simulated by a combination of a compact
model for the bulk electrical properties and iterative self-consistent solutions of the coupled Poisson,
Nernst–Planck, and Navier–Stokes equations to recover the detailed ion motion in the nanopores. The
transient electrical conductivity in the microchannel, after application of a forward bias pulse to the NCA
membrane, is recovered in quantitative detail. The surface charge density of the nanopores and the
capacitance of the membrane, which are critical determinants of electrokinetic flow through NCA, fall out
of the analysis in a natural way, providing a clear mechanism to determine these critically important
parameters.

Introduction

Micro total analysis systems (l-TAS) (Manz et al.,
1990) are becoming increasingly significant in
chemical and biological sensing, molecular separa-
tions, drug delivery and other technologies. (Wak-
eman and Tarleton, 1991; Van der Schoot et al.,
1992; Wooley and Mathies, 1994; Haab and
Mathies, 1999; Han and Craighead, 2000; Mitchell
et al., 2002) To realize the ultimate promise of
l-TAS it will be crucial to establish communication

between different regions of the devicewhere sample
concentration, isolation, reaction and detection
occur. As an attractive alternative to using
mechanical pumps, filters, manifolds and valves in
order to achieve fluidic communication between
different device zones, molecular gates, constructed
from nanocapillary array (NCA) membranes, can
be utilized as digital nanofluidic switches. These
molecular gates can be optimized for specific func-
tions within the device by adjusting the nanopore
diameter, the chemical composition inside the pore
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and the applied external bias. (Kemery et al., 1998;
Kuo et al., 2001, 2003a,b, 2004; Cannon et al.,
2003).
Transport through the cylindrical nanochannels

constituting the NCA is governed by the prod-
uct of the channel diameter, a, and the inverse
Debye length, j. (Kuo et al., 2001 (Langmuir);
McDonald et al., 2000) The ja product can be
tuned by adjusting j such that the electrical double
layer is either small in relation to the pore diam-
eter (ja ‡ 1) or more diffuse and spanning the pore
(j a< 1), by simply adjusting the concentration of
electrolyte. When (j a�1), flow in the nanopore is
dominated by electrophoresis and when (j a £ 1),
electroosmotic flow dominates. (Kemery et al.,
1998; Kuo et al., 2001 (Langmuir)) By adjusting
these parameters and applying an external poten-
tial the nanochannel arrays, can be made to
behave like digital fluidic switches, and movement
of molecules can be controlled with high precision
and temporal control.
Although current l-TAS technology is largely

two-dimensional, the obvious analogy to 3D
design in VLSI electronics is ample motivation to
explore how different areas in the device can
achieve fluidic communication, either by receiving
sample or delivering it to the next stage in order
to sequentially link analytical unit operations.
NCA-based molecular gates are well-suited to this
application, because: (1) they are simple to inte-
grate into a device as interconnects that transport
molecules between microfluidic layers; (2) they can
be operated digitally, and, as such, are insensitive
to environmental perturbations, since their action
is based on an externally applied stimulus; (3) they
can be used as vertical interconnects to provide
fluidic communication among different regions in
a microfluidic device in the same way that metallic
vias establish communication among differing
levels in VLSI circuitry. Thus, a gateable (exter-
nally controllable) fluidic interconnect between
microfluidic layers is the critical extension of flu-
idic circuitry needed to exploit the third dimension
and establish fluidic communication among any
number of vertically stacked planes containing
independently addressable functional layers.
Clearly the ja product is the critical dimen-

sionless parameter which determines the dominant
mechanism for nanofluidic transport. It has pre-
viously been shown (Kuo et al., 2001 (Langmuir))
that the magnitude of nanofluidic flow can be

controlled by adjusting the surface charge density,
r, which, in turn, is directly linked to the magni-
tude of j through the requirement for charge
neutrality. In addition, the capacitance of the
membrane can influence the transient variation of
the current through the hybrid micro/nano fluidic
structure. Thus, knowledge of how the surface
charge density of the nanopores and the capaci-
tance of the membrane couples fluidic motion
through a nanocapillary in electrical communica-
tion with two microchannels of much larger total
volume is critical for design purposes. Yet it is
extremely difficult to obtain information about
this process for a given nanocapillary or NCA
from experiment alone. The work undertaken here
seeks to connect phenomena occurring in coupled
microchannels and nanocapillaries by exploiting
self consistent modeling and simulations to
reproduce, in quantitative detail, the electrical
behavior of the coupled microfluidic and nano-
fluidic transport phenomena, thereby yielding
powerful new insights into the behavior of these
nanofluidic–microfluidic hybrid architectures.

Theory and mathematical models

The physical model for the nanofluidic–microflui-
dic hybrid architecture is shown in Figure 1, and
the impedance network model for the combined

Figure 1. Schematic diagram of crossed microfluidic chan-
nels separated by a nanoporous membrane. The top l-flu-
idic channel (1–2) is designated the receiving channel and
the bottom l-fluidic channel (4–5) the source channel.
The dimensions of the microfluidic channels are
14 mm · 100 lm (wide) · 60 lm (deep). During the anal-
ysis of flow through the hybrid device, a positive electrical
potential, V1=V2, is applied at the ends of the receiving
channel (top microfluidic channel), and the ends of the
source channel (bottom microfluidic channel) are grounded,
V4=V5=0.
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microfluidic and nanofluidic channels is shown in
Figure 2. R1 and R2 represent the electrical resis-
tances of the two segments in the receiving chan-
nel, and R3 and R4 those of the comparable
segments in the source channels. The combined
electrical resistance of the nanochannels in the
membrane is represented by Rm. The capacitance
of the membrane, Cm, is considered when model-
ing the transient variation of the electrical current.
In this section we present the mathematical

model to compute the resistances of the micro-
fluidic channels (R1–4), the mathematical models to
compute the resistance of the membrane are pre-
sented, the model to estimate the capacitance of
the membrane, and the mathematical models for
transient analysis.

Resistance of microfluidic channels

To simulate current through the electrical circuit
shown in Figure 2, a compact model (Qiao and
Aluru, 2002; Chatterjee and Aluru, 2005) is used to
compute the resistance of the microfluidic channel
segments (i.e. R1–4). The electrical current density,
J, through a fluidic channel is given by the
expression, (Probstein, 1994)

J ¼ F
XN

i¼1
ziCi ð1Þ

where F is the Faraday’s constant, N is the total
number of ionic species, zi is the valence of the ith
species and Gi is the axial component (along the

direction of the electric field) of the flux of the ith
species. The axial flux of the ith species is given by
the expression, (Oldham and Myland, 1994)

Ci ¼ �Di
@ci
@x
� liziFci

@U
@x
þ ciu ð2Þ

where Di is the diffusion coefficient, li the ionic
mobility, and ci the concentration of the ith spe-
cies, u is the axial velocity of the bulk flow, and is
the electrical potential. The Einstein relationship
(Probstein, 1994) relates the ionic mobility to the
diffusion coefficient,

li ¼ Di=RT ð3Þ
where R is the universal gas constant and T is the
absolute temperature. The electrical potential, U;
can be represented as the sum of two components,

U ¼ /þ w ð4Þ
where / is the electrical potential due to the
externally applied electrical field, and w is the
electrical potential due to the surface charge dis-
tribution on the channel wall.
When the flow is electrically driven, the total

flux consists of three terms: a diffusional com-
ponent resulting from the concentration gradient,
an electrophoretic component, which stems from
the electrical potential gradient, and an electro-
osmotic component which originates from the
non-zero body force acting within the electrical
double layer. Typically, the contributions of the
diffusional flux and the electroosmotic flux to the
net current through a microchannel are negligible.
As a result, the electrophoretic flux is the domi-
nant term in the expression for current. Thus,
from Eqs. (1) and (2) the expression for the
current, I, through the microfluidic channel is
given by

I ¼ D/
L

A
XN

i¼1
z2i F

2lici

 !
¼ D/

L
Ar ð5Þ

where L is the length of the channel, A is the cross-
sectional area of the channel, D / is the electrical
potential drop across the ends of the channel, and
r is the electrical conductivity of the buffer in the
channel. Thus, the electrical resistance of the mi-
crofluidic channel is given by

R ¼ L

rA
ð6Þ

Figure 2. The electrical circuit model representation of the
hybrid nanofluidic–microfluidic device.
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Equation (6), which is used to compute the resis-
tance of the microfluidic channel, is known as the
compact model (Qiao and Aluru, 2002; Chatterjee
and Aluru, 2005).

Resistance of the membrane

The resistance models discussed in the previous
section (i.e. the compact models) provide good
accuracy for the microfluidic channels, since the
electrical double layer thickness (of the order of
nanometers) is negligible compared to the depth or
width of the microfluidic channels. However, such
a simple resistance model may not be sufficiently
accurate for nanochannels, where the electrical
double layer (EDL) thickness can be comparable
to the characteristic dimension of the channel.
Therefore, the flow through the nanochannels
embedded in the membrane is simulated using a
full-scale approach requiring a self-consistent
solution of the Poisson equation, the Nernst–
Planck equation and the Navier–Stokes equations.
(Oldham and Myland, 1994) The electrical
potential distribution is governed by the Poisson
equation

r2U ¼ � qe

e0er
ð7Þ

where e0 is the permittivity of free space and er is
the dielectric constant of the medium. For an
electrolyte, the net charge density, qe, is given by,

qe ¼ F
XN

i¼1
zici ð8Þ

The Nernst–Planck equation defines the molar flux
density of the ith ionic species (Eq. (2)), which
includes the flux due to diffusion, electrical
migration and convection. At steady-state, the
conservation of flux leads to the continuity equa-
tion

r � Ci ¼ 0 ð9Þ
where Gi is defined in Eq. (2). The Navier–Stokes
equations, describing the fluid flow through the
channel, are given by (White, 2002),

gr2u�rp� qerU ¼ 0 ð10Þ
and

r�u ¼ 0 ð11Þ

where p is the fluidic pressure and g is the dynamic
viscosity of the fluid. The third term in Eq. (10)
represents the body force due to the electrical
potential gradient acting on the net charge density.
The Poisson equation, Eq. (7), the Nernst–

Planck equation, obtained by combining Eqs. (2)
and (9), and the Navier–Stokes equations, Eqs.
(10) and (11), are all coupled to each other. Hence,
an iterative process is used to compute a self-
consistent solution. Using an initial guess for the
convective velocity, the concentration of the ions
and the electrical potential are computed from the
coupled Poisson and Nernst–Planck (PNP) equa-
tions by using the Newton–Raphson scheme.
Using the concentration of the various ions and
the potential gradient computed from the PNP
equations, the Navier–Stokes equations are solved
to compute the velocity vector. The PNP and the
Navier–Stokes equations are solved iteratively
until a self-consistent solution for the concentra-
tion of the ions, electrical potential and the
velocity is obtained. A relative tolerance of 10)5

has been used for ensuring the convergence of the
coupled equations. Finally, the flux of the various
ionic species and the net current through the flu-
idic channel are computed by using Eqs. (2) and
(1), respectively. Thus, for a given applied electri-
cal potential, we compute the corresponding cur-
rent through the membrane. The resistance of the
membrane is extracted as the inverse of the slope
of the I–V (current versus voltage) plot generated
from the full-scale simulations corresponding to
different electrical potentials applied across the
membrane. The CPU time to compute the IV plots
is of the order of several minutes on a 2.4 GHz
processor.

Capacitance of the membrane

In general, charge in the capacitor is stored at the
surface of the electrodes. However, polymer
based capacitors store charge throughout the
volume due to the presence of fixed charged
groups. Therefore, the capacitance of the poly-
meric membrane cannot be computed by using
the typical expression for a parallel plate capaci-
tor. Application of a potential difference across
the polymer leads to migration of ions, which
tends to neutralize the charged groups. Thus, the
capacitance of the membrane can be estimated by
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Cm ¼
cf � F� Vm�p

D/
ð12Þ

where cf is the concentration of the fixed charged
group in the membrane, Vm–p is the volume of the
membrane excluding the volume of the pores, and
D/ is the electrical potential drop across the
membrane, which can be computed from the
impedance model during the steady-state analysis.
The value of cf for the membranes used here is not
known precisely and typically the concentration of
the fixed charged group can range from a few milli
Molar (Chun et al., 2002) to a few Molar (the
manufacturer (Osmonics (Minnetonka, MN)) of
the membrane suggested that a reasonable value
for cf is 1 M). Similarly, the precise value for Vm–p

is also difficult to compute. Typically, Vm–p is
obtained from the overlap region between the
microfluidic channels and the membrane. How-
ever, once the ions enter the membrane though the
overlap region, they can diffuse into regions out-
side of the overlap region to compensate the fixed
charged group. This is also evidenced by the fact
that in some experiments the membrane was
found to be leaky. As a result, the value of Vm–p

(for the 6 lm thick membrane and 15 nm diame-
ter pores) can vary from 6 · 10)5 mm3 to
6 · 10)2 mm3. Given the uncertainty in cf and
Vm–p, the product of cf and Vm–p can vary from
0.3 milli moles to 300 moles, which gives rise to a
capacitance variation of 1.4 nF to 1.4 mF. In our
calculations, we found that a Cm of 3 lF gives the
best match with the experimental data. If we
assume cf=1 M, a Cm of 3 lF suggests that the
volume, Vm–p, that should be used to calculate the
capacitance of the membrane is slightly larger
than the overlap region. On the other hand, if we
assume that Vm–p is the overlap region, then a
capacitance of 3 lF for the membrane suggests
that cf=10.9 M.

Transient analysis

To understand the mechanism for the transient
variation of current through the hybrid device,
consider Figure 1, where a positive electrical
potential is applied at the ends of the receiving
channel (top microfluidic channel in Figure 1),
which serves as the anode. The ends of the source
channel (bottom microfluidic channel in Figure 1)

are grounded and serve as the cathode. Consider
the case of a membrane with a negative fixed wall
charge, e.g. from deprotonated carboxylic acid
surface moieties. Initially, as the external electrical
field is applied, the cations having a higher elec-
trophoretic mobility migrate preferentially inside
the membrane to neutralize the charged mem-
brane, thus creating a capacitance effect. As the
fixed groups in the membrane are nega-
tively charged, it is energetically favorable for
the cations, and energetically unfavorable for the
anions, to enter the nanopores. Therefore, the
slower anions tend to stack outside the nanopores.
The current through the receiving channel during
this phase can be modeled using an RC circuit as
shown in Figure 2. (Lurch, 1971) For simplicity,
we consider the portion of the device that includes
the membrane and the receiving channel, i.e. from
node 3 upward to nodes 1 and 2 in Figure 2.
Therefore, the corresponding circuit includes the
resistance of the membrane (Rm), the capacitance
of the membrane (Cm) and the resistances of the
receiving channel segments (R1 and R2). Assuming
the potential drop between the anode and the
junction of the membrane and the source channel
is DV, the variation of current with time through
the receiving channel is given by

I tð Þ ¼ DV
Req

1� exp
�t

ReffCm

� �� �
ð13Þ

where Reff and Req are given by the expressions,

Reff ¼
Rm R1R2= R1 þ R2ð Þð Þ

Rm þ R1R2= R1 þ R2ð Þð Þ ð14Þ

and

Req ¼ Rm þ R1R2= R1 þ R2ð Þ ð15Þ

At the end of the charging phase, the fixed charges
of the membrane have been shielded by the
cations. The stacked anions then migrate through
the nanochannels due to the electrical potential
gradient. The transport of the ions can be modeled
by using the transient Nernst–Planck equation
(Probstein, 1994). Thus, the spatial concentration
profile of the ionic species and the corresponding
conductivity profile can be updated at every time
step by adding the effect of the anion migration.
Finally, a steady-state is reached when the con-
centration profile and the current do not change
with time.
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Experimental

Device fabrication

The three dimensional transport device was fab-
ricated by techniques described previously. (Kuo
et al., 2003a, b) The microfluidic channels were
fabricated in poly(dimethoxysiloxane), PDMS,
using standard rapid prototyping protocols for
PDMS (McDonald et al., 2000). To assemble the
device a 10 mm · 1 mm section of a track-etched
polycarbonate (PCTE) membrane (30 nm pore
diameter) was centered on the bottom of a PDMS
channel and the top channel was placed at 90� to
the bottom channel within the area of the mem-
brane. The thickness of the membrane is 6 lm
when the pore diameter is 30 nm and 15 nm, and
10 lm when the pore diameter is 200 nm. There
are 60 · 103 pores in the gate area for the mem-
branes with 15 and 30 nm diameter pores, and
7500 pores in the gate area for the membranes with
200 nm diameter pores. The membranes are
obtained from Osmonics (Minnetonka, MN). To
facilitate sealing, the PDMS was treated with an
O2 plasma. (Cannon et al., 2003). The channels
used in the experiments were 100 lm wide, 60 lm
deep and 14 mm long. A reservoir PDMS layer
was sealed onto the top of the sandwich structure
to complete the device.

Electrical characterization

Ohm’s law plots were obtained by recording the
current at a given voltage across a single layer
channel, while the other layer microchannel was
electrically floated. The measurements were done
rapidly to avoid significant amounts of electro-
osmotic flow. All measurements were performed
after preconditioning the membrane at 20 V for a
�5 min. The current was recorded by measuring
the voltage across a 100 kW resistor using a
Keithley nanovoltmeter interfaced to a specially
written Labview (National Instruments) collec-
tion program. Voltages were applied to the
microchannels through a computer-controlled
(Labview) 8-relay system. (Cannon et al., 2003).

Transient analysis experiments

To obtain transient transport data both device
channels were filled with 10 mM phosphate buffer

solution, sodium salt, pH 7.4. A 40-V symmetrical
bias was applied for all transport configurations.
To do this the source channel was grounded at
both ends, while the positive voltage was applied
to both ends of the receiving channel. The con-
figuration was quickly switched in the relay system
by applying the voltage in the source channel and
grounding the receiving channel. The current was
recorded by measuring the voltage across a 100 kW
resistor using a Keithley nanovoltmeter interfaced
to a Labview collection program.

Results and discussion

First, we present the results obtained from steady-
state simulation, and then the transient simulation
results are presented. Flow through the microflui-
dic channels is simulated using the model pre-
sented in Eqs. (1)–(6) and flow through the
nanoporous membrane with the models presented
in Eqs. (7)–(12). Phosphate buffer of con-
stant composition (6 mM of Na2HPO4:4 mM
NaH2PO4) is used in all the simulations.
The following diffusivities were used: DNaþ ¼
1:334� 10�9m2=s; DHPO2�

4
¼ 0:439� 10�9m2=s,

and DH2PO
�
4
¼ 0:879� 10�9m2=s. (Berry et al.,

1980). The surface charge density of the nanopore
was not known a priori. We used a value of
r=)2 · 10)3 C/m2 in all the simulations, which
provided good agreement between the experimen-
tal and simulation results. This surface charge
density is within a factor of two of the value
reported for a similar membrane. (Letmann et al.,
1999).
Figure 3 shows the I–V plot for the microfluidic

channel filled with phosphate buffer. The dimen-
sions of the channel are given in the caption of
Figure 1. The simulation results and the experi-
mental results compare well, validating the use of
the computationally inexpensive compact model
for computing the resistance of the microchannels
of the hybrid nano/microfluidic device.
Figure 4 shows a similar I–V plot for a nano-

fluidic membrane comprised of 30 nm diameter
pores. Note that the current is for the entire
membrane (gate area) and not for a single pore.
The simulated I–V curve compares well with the
experimental results. In calculations, we have first
computed the current through a single pore and
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multiplied it by the number of pores to get the
current through the membrane. The resistance of a
single pore and the membrane can be computed
from inverse of the slope of the I–V curves for the
single pore and the membrane, respectively. The
resistance of a single nano-pore is expected to vary
in a non-linear fashion with the diameter of the
pore and the buffer concentration, and the model
recovers this behavior, as shown in Figures 5 and
6. These results indicate that the size of the pore

and the buffer composition can be utilized as
important device parameters for tuning the resis-
tance of the membrane and of the hybrid nano/
microfluidic device.
Figures 7 and 8 show the transient variation of

the electrical current as measured in the receiving
or the source microchannel upon application of a
forward bias potential to the nanocapillary mem-
brane. The behavior is, in general, much more
complicated than one might be led to expect based
on the simple equivalent circuit of Figure 2. Nei-
ther side exhibits a simple exponential behavior,
however the experimental behavior is recovered in
quantitative detail by the self-consistent solutions
to the coupled Poisson, Nernst–Planck and
Navier–Stokes equations.
The transient behavior can be understood by

breaking the transport conceptually into discrete
time windows. First, consider the receiving chan-
nel. During the charging phase, 0 < t < 25 s in
Figure 7, the capacitance effect is observed as the
cations, with higher ionic mobility, migrate pref-
erentially through the nanocapillaries. During this
process, the slow moving anions lag behind. The
overall current in the receiving channel increases in
this phase due to the increase in total ion content
of the plug adjacent to the NCA membrane. In the
next phase, t > 25 s in Figure 7, as the anionic
species are transported through the nanocapillaries
to the receiving microchannels, the effective elec-
trical conductivity in the receiving microchannel

Figure 3. Plot of the I–V relationship for the microfluidic
channel obtained from the ohmic compact model (solid
line) compared to experimental results (open circles).

Figure 4. I–V plot for the nanocapillary membrane ob-
tained using the full-scale simulation for 10 mM phosphate
buffer and 30 nm pore diameter. The resistance of the
membrane extracted from the I–V plot is 24.67 MW.

Figure 5. Effect of the concentration of the buffer on the
resistance of a single 200 nm diameter pore obtained using
the full-scale simulation.
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increases more, and the electrical current measured
in the receiving channel increases until a steady-
state is reached. It is notable that the simulation
reproduces the qualitative and quantitative
behavior of the receiving channel current and that
the critical parameters in determining the quanti-
tative agreement are the capacitance of the
membrane, Cm, and the surface charge density, r.
Given the inherent difficulty of performing
streaming potential measurements for nanocapil-

lary array membranes under these conditions, the
self-consistent modeling approach gives a very nice
route to recover these fundamentally important
parameters for nanochannel electrokinetic trans-
port.
The opposite effect is observed in the source

channel with one important difference. Because the
experiment and simulation target a 15 nm pore
diameter nanocapillary membrane and because the
bias voltage is not large enough to saturate trans-
port through the membrane, the magnitude of the
effect is much smaller in the source channel. As the
anionic species migrate away, the electrical con-
ductivity and the electrical current decrease before
a steady-state is reached. Steady state is reached in
the source channel at approximately the same time
delay as that in the receiving channel, adding fur-
ther confidence that the simulations are reproduc-
ing the nanofluidics correctly.
To further understand the effect of the capaci-

tance of the membrane and the surface charge
density on nanofluidic transport, we have per-
formed current versus time calculations on the
15 nm diameter pore membrane by varying the
capacitance of the membrane and the surface
charge density.
Figure 9 shows the variation in the current ver-

sus time profile for three different capacitances of

Figure 6. Effect of the diameter of the nanopore on the
resistance of a single pore obtained using the full-scale
simulation. The buffer concentration is 5 mM.

Figure 7. Comparison of experimental (open circles) and
simulation (solid line) results for the microchannel current
on the receiving (anode) side of a 15 nm pore diameter
membrane in 10 mM phosphate buffer at pH 7.4. Forward
bias is applied at t=0.

Figure 8. Comparison of experimental (open circles) and
simulation (solid line) results for the microchannel current
on the source (cathode) side of a 15 nm pore diameter
membrane in 10 mM phosphate buffer at pH 7.4. Forward
bias is applied at t=0.
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the membrane. While the steady-state current is
independent of the capacitance of the membrane,
the time to reach steady-state can increase with the
increase in capacitance. For a lower capacitance,
the charge in the membrane can be shielded quickly
by the cations and the anions stacked outside the
nanopore can enter the nanopore sooner when
compared to a larger capacitance membrane.
Figure 10 shows the variation in the current

versus time profile for three different surface

charge densities of the nanopore. We observe that
a larger surface charge density gives rise to a
higher steady-state current and the time to reach
steady-state is weakly dependent on the surface
charge density.

Conclusions

The technological drivers pushing development
of multi-dimensional, i.e. sequential, methods of
processing and chemical analysis demand the
development of three-dimensional architectures
to realize their full potential. Accessing the third
dimension requires a mechanism of digital fluidic
switching that allows communication among
vertically separated independent planar process-
ing areas, and the NCA membranes being stud-
ied in this laboratory provide a powerful and
facile method of accomplishing this digital fluidic
switching. However, the use of structures which
utilize both micro- and nanoscale phenomena
raises new questions about the fundamental
physical factors which control fluid motion.
While compact models can reproduce microscale
electrical behavior, the nanoscale phenomena
require self-consistent solutions of the coupled
electrical and fluid flow equations. The work
presented here demonstrates that these self con-
sistent solutions can reproduce the nanoscale
behavior, even in cases where the temporal
development of steady state behavior is quite
complicated. In addition, the surface charge
density and the capacitance of the membrane,
which are critical parameters for electrokinetic
flow in hybrid micro/nano-fluidic control struc-
tures, falls out of the analysis in a natural way,
providing a clear mechanism to determine these
critically important, but experimentally intracta-
ble parameters. Knowledge of the absolute
magnitude of r can be used to understand the
manner in which processing and solution condi-
tions can be used to manipulate r and, therefore,
the mechanism of nanofluidic flow under a given
set of conditions. Beyond the specific results
presented here we envision that the approaches
developed here may be extended to more com-
plicated arrangements of micro- and nanoscale
fluidic control structures and that the interplay
between calculation and experiment will continue

Figure 9. The variation in the current versus time profile
for three different capacitances of the 15 nm diameter pore
membrane. The surface charge density is )0.002 C/m2.

Figure 10. The variation in the current versus time profile
for three different surface charge densities for the 15 nm
diameter pore membrane. The capacitance of the mem-
brane is 3 lF.
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to be fruitful in increasing our understanding of
the behavior of these novel structures.
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