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Interplay between Nanochannel and Microchannel Resistances
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ABSTRACT: Current nanochannel system paradigm commonly neglects the
role of the interfacing microchannels and assumes that the ohmic electrical
response of a microchannel−nanochannel system is solely determined by the
geometric properties of the nanochannel. In this work, we demonstrate that the
overall response is determined by the interplay between the nanochannel
resistance and various microchannel attributed resistances. Our experiments
conﬁrm a recent theoretical prediction that in contrast to what was previously
assumed at very low concentrations the role of the interfacing microchannels on
the overall resistance becomes increasingly important. We argue that the current
nanochannel-dominated conductance paradigm can be replaced with a more
correct and intuitive microchannel−nanochannel-resistance-model-based paradigm.
KEYWORDS: Nanoﬂuidics, electrokinetics, ﬂuid-based circuits, concentration polarization

T

he pioneering work of Stein et al.1 showed that the ohmic
response of nanoﬂuidic systems, such as the one in Figure
1, exhibited a very peculiar behavior. At very high salt
concentrations, the conductance increased linearly with the
concentration while at very low salt concentrations it appeared
that the conductance saturated to a constant value (solid blue
line in Figure 2). The change in the characteristic response was
attributed to the change in the nanochannel’s ion permselectivity. Simply put, at high concentrations when the electric
double layer (EDL), which scales inversely to the bulk ionic
concentration (c−1/2
), of the system is substantially smaller than
0
the height of the channel then the top and bottom EDLs do not
overlap. This results in a nanochannel behaving like any typical
macroscale channel. In contrast, at low concentrations the
EDLs overlap intensity increases and the system approaches
ideal selectivity behavior wherein only counterions reside
within the nanochannel while co-ions are excluded. The
symmetry breaking phenomena due to permselectivity has
become quite ubiquitous2−4 since its ﬁrst observation. In low
concentration regimes, in nanochannel systems where
permselectivity is often prevalent understanding the ohmic
response of microchannel−nanochannel systems is of much
importance. Especially because such systems can be used for
numerous applications such as DNA biosensors,5−7 nanoﬂuidics based diodes,3,8−12 and energy harvesting.9,13−16 This
also remains true for other nanoporous permselective materials
that are also used for ion transport such as graphene oxide,17
mesoporous silica ﬁlms,18 and exfoliated layers of a clay
mineral.19
Conductance and Resistance Models. It was rationalized
that in three-layered systems, micro-nano−microchannel
systems (Figure 1), the extremely small size of the nanochannel’s cross section would result in the nanochannel’s
resistance being the system’s dominant resistance. This led to
© 2016 American Chemical Society

the simplifying approach of taking the system’s conductance
(the inverse of the resistance, σ = R−1) to be solely dependent
on the nanochannel’s geometry. In the remainder of this work
we shall argue otherwise, however it will be beneﬁcial to discuss
the popular models and their shortcomings in order to
highlight the subtleties of a newer model that has alleviated
such an assumption. Under the assumption of nanochannel
dominated resistance, two models were proposed for the
conductance of these systems with a binary (z± = ±1) and
symmetric electrolyte (D± = D)20−23
σI =

⎛ N ⎞2
I
DF 2 hw
c0 2 + ⎜ ⎟
=2
⎝2⎠
V
9T d

σII = σideal + σvanishing =

(1)

DF 2 hw
(N + 2c0)
9T d

(2)

with 9 being the universal gas constant, T is the absolute
temperature, F is the Faraday constant, and D is the diﬀusion
coeﬃcient. Also, c0 is the unstirred bulk concentration while N
is the average excess counterion concentration within the
nanochannels due to the surface charge, σs. In our previous
work,24 we provided relations for N and σs for the case of a
nanochannel (eq 32) and nanoporous medium (eq 33). For a
nanochannel, whose dimensions are such that w ≫ h, the
relation is N = −2σs/Fh. At the extreme limits of ideal
permselectivity (complete EDLs overlap), N ≫ c0, and
vanishing permselectivity (no EDLs overlap), N ≪ c0, both
models give identical values for the conductance yet at
intermediate concentrations, N ∼ c0, these models diﬀer.
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that the total conductance is the superposition of two extreme
cases of the conductance, ideal and vanishing permselectivity.23
The subtleties of this assumption will be discussed shortly.
In a previous theoretical endeavor, we derived the relation for
the ohmic response for a three-layered microchannel−nanochannel system (Figure 1) at the two extreme cases of ideal and
vanishing permselectivity.24 We showed that the overall
resistance R = I/V is given by
R vanishing =

R nano + 2R micro + 2R ff
2

(3)

R ideal = R̅ nano + 2R micro + 2R ff
d
,
hw
f̅
R ff = ρres
L

R nano = ρres

R̅ nano = R nano

(4)

c0
,
N

R micro = ρres

L
,
HW
(5)

with ρres = 9T /DF 2c0 , being the resistivity and Rff is the ﬁeld
focusing resistor discussed in our previous works,9,24−26
[ f ̅ = f ̅ (w/2, W /2, h , H , L) is a nondimensional function
given in eq 26 of ref 24] which represents the resistance that
can be attributed to ﬁeld lines focusing from the larger
microchannel into the smaller nanochannel. In the case of
vanishing permselectivity (eq 3), both the counterion and coions are transported, thus the resistance drops by a factor of 2.
The form of eqs 3 and 4 suggests that the overall resistance is
the sum of a resistors connected in series, R = ΣRi, can be
modeled as a simple equivalent circuit (Figure 1c). Such a
circuit suggests two important outcomes that are intricately
connected: (1) the total resistance is not necessarily
determined solely by the nanochannel but by all the
components; (2) for the case of a truly nanochannel dominated
resistance, σ = R−1 are equivalent, otherwise it is preferable to
discuss the results in term of the resistance. Hence, from this
point on we will only refer to the resistances. This will be
shown in the Experimental Setup, where we will keep Rmicro
constant while varying the remaining resistors. It is more
intuitive to analyze how R = ΣRi changes as the Rnano changes
then understanding how σ = (ΣRi) −1 changes. When
R nano , R̅ nano ≫ R micro , R ff , eqs 3 and 4 reduces to the
respective extreme limits of vanishing and ideal permselectivity
of eqs 1 and 2. This indicates the validity of eqs 1 and 2 at these
limits. So even though at the extreme cases of ideal and
vanishing permselectivity, when Rnano, R̅ nano ≫ Rmicro, Rff, the
sum of eqs 3 and 4 gives eq 2, this is entirely circumstantial.
Moreover, it should be stated that each of the ideal and
vanishing permselective models was derived under completely
diﬀerent assumptions.24 Hence, using the superposition
theorem of ideal and vanishing permselectivity resistors is
clearly incorrect. While this last point appears to be trivial,
despites model II inadequacies, model II has become the
default model of choice.11,15,17,27−31
Inspection of eq 3 provides a simple criteria for determining
when the nanochannel resistance is the dominating resistor:
d/hw ≫ L/HW, f ̅/L. Simply put, the length over cross-section
area ratio of the nanochannel is larger than that of the
microchannel. Indeed this is the case of many microchannel−nanochannel systems including the geometry considered in this work. However, eq 4 is no longer just a ratio of
geometries as in eq 3 but rather includes a dependence on the
average excess counterion concentration N (or surface charge,

Figure 1. (a) A 3D schematic representation of our experimental
microchannel−nanochannel system. The geometric details are given in
Table 1. The nanochannel’s height, h, is not to scale and has been
exaggerated for presentation purposes. (b) Cross section of our system
connected to a power source where the blue semicircles are schematic
representations of the ﬁeld-focusing resistors. (c) An equivalent
electrical circuit of the system comprised of resistors in series (eqs 3
and 4).

Figure 2. A log−log plot of the 1D conductance versus the salt
concentration. The 1D model assumes that w = W, h = H and the
conductance has been normalized by hw. The theoretical models are
compared with simulations (marked by symbols) of a one layered
(nanochannel only) and three layered model (with microchannels).
The resistance models turn into conductance models through σ = R−1.

Model I (eq 1) assumes that Donnan equilibrium holds within
the nanochannel at all concentrations.20,21 In contrast, model II
(eq 2) was heuristically derived under the ad-hoc assumption
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σs). At ideal permselectivity, R̅ nano in eq 4 is independent of the
concentration (similar to eqs 1 and 2), however the terms Rmicro
and Rff are not. They are increasing functions with decreasing
concentrations. This indicates that at suﬃciently low
concentrations, they can surpass the saturated value of R̅ nano,
that is, the nanochannel is no longer the dominating resistance.
As a result, we will be able to observe an interesting interplay
between the nanochannel and the microchannel for dominance
of the system’s resistance.
To illustrate our above arguments, in Figure 2 we compare
the one-dimensional (1D) conductance models, eqs 1−4, with
1D numerical simulations (see Methods) with w = W, h = H,
and Rff = 0, for two cases: (1) a standard three-layered system
(Figure 1) ; (2) a one-layered system comprised solely of a
permselective medium (this is equivalent to taking L = 0). For
the case of the one layered system, we observe that eq 1 follows
the simulations at all concentration. In contrast, eq 2 has good
correspondence only at very low and very high concentrations.
At intermediate concentrations, eq 2 overpredicts the value of
the conductance. This is because the superposition theorem
cannot be used to for two diﬀerent cases (ideal and vanishing
permselectivity) that have inherently contradicting underlying
assumptions.24 We can then compare the results with the threelayered system. We can immediately see that the one-layered
models (eqs 1 and 2) are inadequate to describe the
conductance of a realistic three-layered system at all
concentrations. In contrast, eqs 3 and 4 correspond nicely to
the simulated data. The inadequacies of models I and II is that
they do not account for the microchannel resistors (Rmicro) as
well as the shape of the nanochannel (through Rff). A complete
discussion regarding the underlying assumptions of the ideal
and vanishing permselection model, as well as the eﬀects of Rff,
is provided in ref 24. Also, for a thorough discussion on the
eﬀects of geometric heterogeneity see the recent work of abuRjal et al.32 and our recent works24−26 and references therein.
Two of our recent works,9,24 which focused on threedimensional (3D) systems, examined the extreme cases of
either ideal or vanishing permselectivity and compare well with
the study of abu-Rjal et al.,32 which accounts for nonideal
permselectivity but requires numerical evaluation and was only
two-dimensional (2D).
Experimental Setup. Our experimental setup is comprised
of a simple three-layered setup described in Figure 1 with the
geometric details given in Table 1. In all of our experiments, we
kept the rectangular microchannels constant in size but varied
the width of the connecting nanochannels (Table 1). By
varying the nanochannel width, we varied the relative inﬂuence
of the nanochannel’s resistance to the total response. Flexible

silicone reservoirs (Grace Bio-Laboratories) were placed on top
of the drilled holes inlets. Ag/AgCl electrodes were inserted in
the drilled holes and connected to an electrical voltage source
(Keithley 2636). The fabrication, cleaning, and measurement
processes are discussed in Methods.
From Table 1 it is quite evident that d/hw ≫ L/HW, f ̅/L,
which would indicate that nanochannel resistor is indeed the
dominating resistor in the vanishing permselectivity limit.
However, as we have stated previously, this is not strictly the
case when nanochannel is behaving as an ideal permselective
channel. There, the nanochannel resistance is not necessarily
the dominating resistor in the system at all concentrations. In
fact, in the ideal permselection limit the microchannel and ﬁeld
focusing resistors can be of the same order of magnitude or
larger.
Current−Voltage Analysis. To illustrate the total
response dependence on the various resistors in Figure 3a,b

Figure 3. Experimentally measured I−V measurements are shown in
(a,b) and j−V measurements are shown in (c,d). On the basis of
Figure 4 and Table 1, we can estimate that N ≈ 2 mol/m3. The
concentrations for the ideal permselectivity case is c0,ideal = 0.2 mol/m3
≪ N and vanishing permselectivity concentration is c0,vanishing = 190
mol/m3 ≫ N. (d) In the vanishing permselectivity limit, the
nanochannel is the dominating resistor leading to the collapse of all
the j−V measurements on a single curve.

we plot the current−voltage (I−V) curves of all of the channels
at two concentrations that can be attributed to the ideal and
vanishing permselectivity limits. We then divide the total
measured current by the nanochannel cross-sectional area and
calculate the current density, j = I/hw. The current density−
voltage, j−V, curves are plotted in Figure 3c,d. In the vanishing
permselectivity case, where Rnano ≫ Rmicro, Rff such that Rvanishing
≅ Rnano, we indeed get the expected result that all the current
density plots collapse onto each other Figure 3d. We can now
consider the low concentration case. First, we note that unlike
the high concentration case, the low concentration I−V
measurements (Figure 3a) can also exhibit additional behavior
such as a limiting current.33,34,32 The change from an ohmic
response to a limiting current response is most apparent in the
widest channel, w1. The narrow channels do not have a limiting
current window due to electroconvective eﬀects that result
from the formation of strong tangential electrical ﬁeld.21,35−37
The disappearance of the limiting current window due to

Table 1. Geometric Information and Measurementsa
width [mm]
w1
w2
w3
w4

=
=
=
=

2.37
0.94
0.092
0.046

d ⎡ 105 ⎤
hw ⎢
⎣ m ⎥⎦

f ̅ ⎡ 105 ⎤
L⎢
⎣ m ⎥⎦

mol
⟨N ⟩⎡⎣ 3 ⎤⎦

mol
Nstd⎡⎣ 3 ⎤⎦

8.29
20.9
197
422

0.033
0.112
0.5921
1.03

2.1
1.66
2.75
2.42

0.28
0.24
0.37
0.13

m

m

a

The geometric details for experimental setup are L = 2 mm, H = 48
μm, W = 3.3 mm and D = 2 × 10−9 m2/s. The nanochannel heights of
channels 1,2,4 was h = 178 nm whereas the height for channel 3 is h =
190 nm. The mean and standard deviation of the computed excess
counterion concentrations are given in units of mol/m3. The ratio
L/HW = 0.124 [105/m].
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is striking for all concentrations. Moreover, the transition from
nanochannel dominated resistance to microchannel and ﬁeldfocusing resistor is strongly dependent on the geometry of the
system. This is best observed in the inset of Figure 4 where we
have normalized each resistance by its value at c0 = 0.5 mol/m3.
This normalization is done to allow for better observation and
comparison of the interplay between the various resistors. It
becomes quite obvious that once more the narrowest channels,
w3 and w4, which have a large length to cross-section-area ratio
(Table 1) show the least change. Yet it should be noted that
this change is still non-trivial and indeed follows the expected
curves. In contrast, the wider channels have a more apparent
change in the resistance and transition to microchannel and
ﬁeld-focusing dominated regime. It is likely that this
phenomena has been overlooked in previous works that used
systems with a large nanochannel length to cross-section-area
ratio such that nanochannel was the dominating resistor over a
larger concentration range.1,8,21,22
Conclusions. Finally, we would like to reiterate the key
points of this work. A problem in the current nanochannel
conductance paradigm has been identiﬁed, namely, the
nanochannel is not always the dominating resistance in the
system. We have highlighted the inadequacies of previous
oversimpliﬁed models that fail to explain our measurements.
The models given by eqs 3 and 4 propose that the total
resistance be viewed as the sum of resistors, associated with the
diﬀerent system components, connected in series (Figure 1c).
At low concentrations, it has been shown that even when the
nanochannel resistance is extremely large, the microchannel
and ﬁeld focusing resistors will become the dominating
resistors. Our analysis then suggests a two-fold shift in
paradigm: (1) accounting for the microchannel and ﬁeld
focusing is essential; (2) the conductance paradigm be changed
to a simpler and more intuitive resistance-based paradigm.
Our model (eqs 3 and 4) holds not only for nanochannels
but rather for any nanoporous material that is permselective at
low concentrations. The applicative outcome of this works also
needs to be emphasized that regardless of the application
(biosensing, nanoﬂuidics circuits, and so forth), preliminary
work should be taken to assess and calibrate the contribution of
each of the resistors in the system and to fully understand their
interplay.
Methods. Numerical Simulations. To verify our results, we
solved the fully coupled Poission-Nernst−Planck (PNP)
equations using the ﬁnite elements program Comsol. The
PNP equations were solved using the Transport of Diluted
Species and Electrostatic modules in Comsol. More details on a
1D implementation can be found in our recent work.9 Here we
provide the parameters used for the simulations and that
typically represent our real life system: D = 2 × 10−9 m/s2, T =
298 K, L = 10−1 mm, d = 10−3, N = 0.76 mol/m3, εr = 80 and
the valency z = ±1. We applied an electric potential of V = Vth/
10 with the thermal potential being Vth = RT/F, we then
evaluate the resultant current I and calculated the conductance
σ = I/V.
Chip Fabrication. The fabrication technique is the same
described in our previous work.37 The microchambers were
wet-etched into a 1 mm thick Pyrex glass slide where inlet/
outlet access holes were mechanically drilled into each of them.
The nanoslot were dry-etched (RIE) into a deposited sacriﬁcial
polysilicon layer on top of a second 1 mm Pyrex glass slide. The
anodic bonding of both slides formed the nanoslots that
connect the two microchannels.

increasing geometric heterogeneity and convective eﬀects has
been addressed and reported in our previous work.37 However,
the j−V curves (Figure 3c) also display additional diﬀerent
behavior than their high concentration counterparts; the curves
no longer collapse on to each other. We note that the two
narrow channels, w3 and w4, have similar current densities
because the nanochannel resistor at the measured concentration is indeed the dominating resistor. In contrast, in the
wider channels the microchannel and ﬁeld-focusing resistors are
no longer negligible. As result, the narrowest channels have a
high current density and the wider channels have a lower
current density. The reversed behavior of the current density to
that of the current was theoretically predicted in our previous
works.24,25 This result further strengthens our previous work
where we measured the I−V response an array of identical
nanochannels with varying interchannel spacing.37 In that work
we conducted experiments only at a single concentration and
focused on the high voltage response, that is, the limiting and
overlimiting regions, where electroconvection eﬀects are
predominant. For further discussions on the resistance of
permselective systems in the overlimiting region see ref 37 for
nanochannels and ref 38 for membranes.
Resistance Measurements. To measure the resistance of
each of the channels, we typically measured 7−10 low-voltage
I−V measurements in the Ohmic region at each concentration.
For each measurement we calculated the slope of the I−V and
extracted the resistance R. We then calculated the mean
resistance and the standard deviations at each concentration.
For the very low concentrations, N ≫ c0, we used eq 4 and the
average measured ⟨R⟩ to calculate N. We then calculated the
average, ⟨N⟩, and standard deviation, Nstd, for each channel
(Table 1).
Figure 4 depicts a log−log plot of the resistance versus the
concentration. Each point on this plot is the calculated average,
⟨R⟩. The error bars of the standard deviation have been added
as well but are not visible in log−log scale. The low
concentration/ideal permselectivity branch is plotted using
the extracted ⟨N⟩ of each channel. The correspondence
between the theoretical models (eqs 3 and 4) and experiments

Figure 4. A log−log plot of the resistance versus the concentration.
Theoretical models (eqs 3 and 4) are marked by lines while
experiments are marked by symbols. The inset shows the low
concentration behavior of the resistances that have been normalized by
their respective experimental value at c0 = 0.5 mol/m3.
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Measurements. Before the ﬁrst experiment, the channels
were cleaned of ionic contaminants (fabrication residues). This
was done by applying a voltage diﬀerence of approximately 10−
20 V and periodically ﬂushing the reservoirs with fresh DI water
until the current equilibrated to a minimum. This typically took
an hour. From this point on, the channels were kept wet with
DI water. Prior to the experiments, we introduced KCl
solutions of varying concentrations in the following manner.
The electrolyte was pumped into the channels. The ﬂuid was
set to rest for approximately an hour. This ensured that ions
could diﬀuse into the nanochannel and reach their Donnan
equilibrium. After, we took numerous current−voltage (I−V)
sweeps in the Ohmic region, between 0 to 1 V at a sweep-rate
of 0.11 V every 20 s. We also measured I−Vs between 0 to 20 V
at a sweep-rate of 0.25 V every 30 s for two concentrations in
the ideal and vanishing permselection regions. At the
conclusion of each set of experiments, we either introduced
the next concentration and followed the same procedure or
ﬂushed the reservoirs with DI water and let rest until the next
experiment.
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