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HIGHLIGHTS

e Selective transport of ions though nanochannels induce ion concentration polarization and electroosmotic flow of the second kind in the U-
shaped micro-nanochannel.

e Electric current, fluid flow speed, and maximum shear stress are all linearly proportionsl to the external voltage in U-shaped micro-
nanochannel.

o External pressure promotes the pressure driven flow, but decreases the electroosmotic flow of the second kind.
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U-shaped micro-nanochannels can generate significant flow disturbance as well as locally
amplified electric field, which gives itself potential to be microfluidic mixers, electrokinetic pumps,
and even cell lysis process. Numerical simulation is utilized in this work to study the hidden
characteristics of the U-shaped micro-nanochannel system, and the effects of key controlling
parameters (the external voltage and pressure) on the device output metrics (current, maximum
values of electric field, shear stress and flow velocity) were evaluated. A large portion of current
flowing through the whole system goes through the nanochannels, rather than the middle part of
the microchannel, with its value increasing linearly with the increase of voltage. Due to the local
ion depletion near micro-nanofluidic junction, significantly enhanced electric field (as much as 15
fold at V=1V and Py=0) as well as strong shear stress (leading to electrokinetic flow) is generated.
With increasing external pressure, both electric field and shear stress can be increased initially
(due to shortening of depletion region length), but are suppressed eventually at higher pressure
due to the destruction of ion depletion layer. Insights gained from this study could be useful for
designing nonlinear electrokinetic pumps and other systems.
©2019 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In recent years, with the rapid development of micro and na-
notechnologies, various microfluidic systems have been de-
veloped to realize novel applications in a wide range of fields, es-
pecially in chemical and biological analysis [1-3]. As an import-
ant branch of microfluidic system, micro-nanochannels, typic-
ally composed of two microchannels bridged by a series of
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nanochannels or ion selective membranes, have shown great
potential in bio-molecules preconcentration [4-6]. The key
mechanism in such systems is the electric field-driven selective
charge transport through the nanochannels (or permselective
membranes), facilitated by the electrical double layer which is
induced by the charge carried by the walls. If, for example,
cations are transported out of a microchannel through
nanochannels by a strong external electric field, concentrations
of both cations and anions decrease to near zero (forming an ion
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depletion zone) near the junction of microchannel and the
nanochannels, while increases (forming an ion enrichment
zone) at the other end of the nanochannels. This phenomenon is
called ion concentration polarization (ICP) [7]. At this specific
location, the electric field is significantly amplified, hindering
the motion of all negatively charged species, thereby resulting in
the local enrichment of negatively charged molecules [8]. A mil-
lion-fold enrichment in front of the nanochannels has been ex-
perimentally proved to be achievable [4]. By contrast, the con-
centration in the downstream microchannel is extremely low,
i.e. the downstream solution is desalinated [9]. Together with the
amplified electric field [10], an extended space charge is formed
there [11], giving rise to a strong vortical fluid flow [12]. This
unique fluid phenomenon could find applications in fluid
pumping [13] and mixing [14-16]. In addition, the combination
of strong electric field and vortical flow can be utilized for effect-
ive cell lysis, for both analytical and disinfection purposes [17].
Yet, there has been no detailed study and modeling of these ap-
plications of ICP-generating micro-nanochannel systems.

In this study, the mechanism of a U-shaped micro-
nanochannel system is studied via numerical simulation.

We simplified the mixer proposed by Kim et al. [14] and ob-
tained the simulation model of this paper. This design is simple
and practical with only 2 reservoirs, with single values of voltage
and pressure to control, and therefore used by many research-
ers previously. Yet, there has been no detailed parametric stud-
ies and modeling reported, because the electrokinetic behaviors
of the system are quite diverse and non-intuitive, including the
distributions of fluid velocity and ion concentrations over the
microchannel, dependences of the current and the maximum
shear stress on the external voltage and the external pressure.

Figure 1 shows the schematic diagram of two-dimensional
(2D) U-shaped micro-nanochannels. The solution inside is po-
tassium chloride (KCl) with the concentration C, = 1 mM. A
square reservoir with sides L, = 2 um is connected to each end of
the U-shaped microchannel. Two straight arms of the U-shaped
channel of length L, = 100 pm and width W, = 1 pm are linked
by an array of nanochannels (7 single channels). The width and
length of each nanochannel are 10 nm and 2 pm, respectively,
with the distance between the neighbouring nanochannels be-
ing 100 nm. The center of the nanochannels array is located at
X = 60.04 pm. The curved part of the microchannel is composed
of two concentric semicircles of diameter d,,=2 um (the same as
the length of the nanochannels) and D,, = 4 pm, respectively.
The U-shaped channel walls are negatively charged with surface
charge density o = 5 mC/m? The walls of the reservoirs are not
charged.

A pressure P, and a voltage V (>0) are applied to the left
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Fig. 1. Schematic diagram of the U-shaped micro-nanochannels.
Cross section A-A' is located at x=10 pm, B-B' at x=90 pm, C-C' at
x=90 um, D-D' at x=10 pm, and E-E' at y=-1 pm.

boundary of the upper reservoir. And the boundary of lower
reservoir is grounded. With such configuration, rightward elec-
troosmotic flow (EOF) [18], with an average velocity &, is in-
duced in the upper part of the microchannel (leftward in the
lower part). Therefore, the left boundaries of the upper reservoir
and the lower one are named, respectively, the inlet and the out-
let. The part of microchannel between the inlet reservoir and the
upper micro-nanofluidic junction (s=0~60.61 pm) is referred to
as the inlet part (i), the part between the outlet reservoir and
the lower micro-nanofluidic junction (s=145~205 um) as the out-
let part (aout), and the part located between two micro-nano-
fluidic junctions as the middle part (ay,). The pressure and the
voltage are modulated to study their effects on the system beha-
vior. Some unique features of this system are figured out at the
meantime.

In our simulation, the fluid flow is described by incompress-
ible Navier-Stokes equations (Egs. (1) and (2)). Transport of ions
is governed by the Nernst-Planck equations (Egs. (3) and (4)).
The distribution of the electric potential is governed by the Pois-
son equation (Eq. (5)) [19, 20]. Since only KClI buffer solution is
used in this paper, the chemical valence in the following is ex-
pressed as *1.

0 (aa—[; +U~VU) = —VP +yV?U + Ep,, (1)
V-U=0, (2)
86% =-V-I., ®3)
Jo=— (Divci + 1; if ciw) + UCy, (4)
vip = — Lo (5)

£€0

In the momentum equation (Eq. (1)) and the incompressibility
equation (Eq. (2)), ¢ is the time; p is the fluid density; U = (i, v) is
the velocity vector of the fluid; P is the pressure; 7 is the fluid
viscosity; E = (Ey, E,) is the electric field and p, denotes the
space charge density. In ion conservation equation (Eq. (3)), C,
and J; = (J +«,J 1y) are the concentrations and flux densities of
K" and CI, respectively. In the ion transport equation (Eq. (4)),
D,and puy = £D F/(RT) are the diffusion coefficients and the
electrophoretic mobility of K" and CI, respectively, where F, R
and T are Faraday's constant, gas constant and the absolute
temperature, respectively. In the Poisson equation (Eq. (5)), @ is
the electric potential; ¢, is the relative dielectric constant, ¢y is
the vacuum permittivity. The relationship between the electric
field and the electric potential is E = —V®. The space charge
density is given by p, = F (C; — C_).

At the inlet boundary, we set C,=C.=C,, the diffusion coeffi-
cients of ions are D,=1.957x10"" m?/s (K*), D.=2.032x10" m?/s
(CI) [21]; The density of the electrolyte solution is p=1000 kg/m?,
the viscosity is 7=0.001 Pa-s; The relative dielectric constant
£,=78 and the temperature of the system is 7=300 K.

Governing equations (Egs. (1)-(5) ) are solved using COM-
SOL v5.2a with the boundary conditions of external pressures at
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inlet and outlet boundaries; no-slip and no flux condition on all
channel walls, constant concentration at the inlet, external
voltages at inlet and outlet etc. Readers may refer to Ref. [22] for
detailed description of the numerical methods.

Basic mechanisms of this system are first elaborated. The ion
concentration polarization would not occur if no external
voltage is applied. With an external voltage applied to the sys-
tem, the cations tend to enter the downstream through the
nanochannels, driven by electric field force, thereby leading to
the formation ICP, as shown in Fig. 2(a). It is shown that the con-
centration near the upper micro-nanofluidic junction is much
lower than near the lower micro-nanofluidic junction. A low
concentration region, or the ion depletion zone, forms in front of
the upper micro-nanofluidic junction. This ion depletion zone
expands to the downstream microchannel along the fluid flow.
When the diluted fluid goes closer to the lower micro-nanofluid-
ic junction that located in the downstream, concentration
gradually increases to a level which is nearly the same as that in
the inlet solution. This is because the diluted solution is com-
pensated by the abundance of ions in the ion enrichment zone,
which is formed near the lower micro-nanofluidic junction at
steady state. The arrows in Fig. 2(a) demonstrate the fluid flow. It
is notable that a vortex forms in front of the upper nano-mi-
crochannel junction. This vortex acts as a pump, pushing the flu-
id going forward [13]. Figure 2(b) illustrates the electric poten-
tial distribution and the axial component of the electric field
along the central line of the microchannel at V=1 V and P,=0.
The electric potential in the entire microchannel decreases, in
the direction of the fluid flow, to 0. It is noticeable that the most
significant potential drop, which corresponds to the local ampli-
fication of electric field (one can achieve 15 fold increase in the
generated local field), occurs in front of the upper micro-nano-
fluidic junction, owing to the dramatically decline of ion concen-
tration there. Figure 2(c) shows the pressure distribution in the
microchannel at V=1 V and P;,=0. The pressure increase in the
middle part (acting as a pump) is particularly high (~400 Pa). In
contrast, because of the extremely low concentration (~0.02
mM) (see Fig. 2(a)) and small electric field (~3000 V/m) (see Fig.
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2(b)) in the curved part of the microchannel, the fluid there is al-
most free from the electric body force. Therefore, it is revealed
that almost all of the pumping (shear stress) is generated at the
micro-nanofluidic junction region as shown in Fig. 2(c).

Figure 3 shows the curves of average concentrations versus
the applied voltage on cross sections A-A', B-B', C-C' and D-D' at
Py=0. As shown in Fig. 3, in low voltage regime (V<0.3 V), the
concentrations of B-B', C-C' and D-D' increases with V, while the
concentration of A-A' decreases slightly from 1 mM to 0.9 mM.
The former is the result of the continuous diffusion of ions from
the ion enrichment zone, and the latter is due to the forward ex-
pansion of the ion depletion zone. At this moment, the EOF is
still not high enough to realize the expansion of the ion deple-
tion zone to the downstream. As V increases, both the transport
of ions through the nanochannels and the EOF are enhanced,
leading to a strengthened ion depletion zone and thereby a
lower concentration at B-B'. This low concentration region is ex-
panded to C-C' by the increased fluid flow, therefore the concen-
trations at B-B', C-C' and D-D" all go down. It's noticeable that
when the voltage increases above 1V, the concentrations at B-B'
and C-C' decrease to approximately 0, indicating that there are
almost no ions in the curved part of the microchannel. It is safe
to conclude that the middle part of the microchannel is suitable
for processing some neutral particles. As a consequence, under
such conditions, the concentrations at A-A' and D-D' keep con-
stant at 1 mM (both equal to the initial value).

Figure 4 shows the dependence of velocity on V at Py=0. &
represents the average velocity at the outlet of the micro-nano
system. Electroosmotic flow of the first kind (EOF1), proportion-
al to V, represents the average velocity at the outlet of the system
without nanochannels with the same parameters, i.e. the por-
tion of the overall velocity & for which EOF accounts. When
V<0.3 V, the vortex at the micro-nanofluidic junction has not
been generated, so # is almost identical to EOF1. When V fur-
ther increases, the vortex at the micro-nanofluidic junction
forms, acting as a pump; @ therefore presents a linear growth
trend as well. Since the vortex tends to get stronger as Vrises, the
gap between u# and EOF1 increases from 50 pm/s at V=0.5 V to
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Fig. 2. a The concentration of Cl" (background color) and flow field distribution (arrows) throughout the system at V=1V and Py=0. (The white
arrows indicate the direction and magnitude of the velocity.) b The electric potential and the axial component of the electric field along the
central line of the microchannel at V=1V and Py=0. ¢ The distributions of the ion concentration and the pressure along the central line of the mi-
crochannel at V=1V and P=0. (s is the distance that the fluid flows through from the inlet. Two light blue dashed lines represent the locations of

micro-nanofluidic junctions.)



B.L. Qiu et al. / Theoretical & Applied Mechanics Letters 9 (2019) 36-42 39

0 0.5 1.0 L5 2.0
V(v)

Fig. 3. Dependence of average concentrations over the cross sec-
tions A-A', B-B', C-C', D-D' on V at Py=0.

0.8

<
o
T

Velocity (mm/s)
=)
~

i
021 EOF1
0 1 1 1
0 0.5 1.0 1.5 2.0
(V)

Fig. 4. urepresents the average velocity at the outlet of the micro-
nano system at P,=0; EOF1 represents the average velocity at the
outlet of the system without nanochannels at P,=0.

310 pm/s at V=2 V.

Current is one of the vital parameters that reveal the system
behavior. To study the current-voltage relationship in a U-
shaped micro-nanofluidic system, the system is assumed to be
equivalent to a circuit, in which seven nanochannels are in par-
allel with the middle part of the microchannel, and in series with
the inlet and outlet parts. Assume the depth of our 2D model /=1
m, then the equivalent current I of each part can be obtained by
the following Egs. (6)-(8):

A
Itotal:/ F (J+ - Jf) lzdy7 (6)
A/
B
Iiaae= [ P~ 301, @)
B/
E
oo [ P — 3 L, ®)
E/
T'total = Imiddie + Inano- 9)

Equation (9) describes the quantitative relationship between
Lotat Imiadier @nd L4, Figure 5(a) shows the curves of the overall
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Fig. 5. Dependence of (a) the overall current I, the current of the
middle part I,;4q and the current of the nanochannels I,,,,,,, (b) the
electric field in the nanochannels -E,,, and in the middle part E,,, (c)
the average ion concentration in the nanochannels and middle part
on Vat Py=0.

current I, the current of the nanochannels I, and the cur-
rent of the middle part I ;44 versus the voltage V at Py=0. The
current flowing from the inlet to the outlet is specified to be pos-
itive. I,y goes up linearly from 0 A at V=0V to 1.4x10™ A at V=2
V. Most of the current passes through the nanochannels with
only a negligibly small potion passing through the middle part.
Current largely depends on the electric field and ion concen-
tration of each part. Because the currents of any sections in the
middle part are identical, the values of parameters obtained in
the region s=60.61-100 pm are correspondingly used to repres-
ent those in the middle part and then to be compared with the
results in nanochannels. Figure 5(b) shows the dependence of
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the electric fields in the nanochannels -E,, and in the middle
part E,,, on V at Py=0. It can be observed that -E,,, is always great-
er than E,,,,. The electric potential decreases along both the mi-
crochannel and the nanochannels from the upper micro-nano
junction to the lower one. The magnitudes of the potential drop
along these two routes are same when a certain V' is applied,
while the length of the middle part is much longer than the
length of the nanochannels, so the electric field in the
nanochannels is much greater than the electric field in the
middle part. Figure 5(c) shows the dependence of the average
ion concentrations in the nanochannels (C +nand C_,) and in
the middle part (C , and C_,,) on V at Py=0. It can be found
that (C.,+ C_,) >10(Cym+ C_ ), that is ion concentra-
tionin the nanochannels would never be less than in the mi-
crochannel. A higher concentration, together with a higher elec-
tric filed, therefore leads to greater current in the nanochannels
than in the middle part.

As an important parameter indicating the working status of
the system, the maximum shear stress max (|t|) [23] under var-
ied voltage V' and external pressure P, is obtained and its de-
pendencies on V and P, are analyzed, respectively.

The change of V affects the maximum space charge density
(max(pe)) and the maximum magnitude of the electric field
(max(|E|[)) over the system, thereby influencing the maximum
shear stress max (|t|). Figure 6(a) shows the dependence of
max (|t|) on the applied voltage V at Py=0. It should be pointed
out that in order to eliminate the influence of the electrical
double layer near the wall, the region which is within 50 nm
from the wall is not taken into consideration in the calculation of
these parameters. As V increases, the change of max (|t|) can be
divided into two stages: (1) When V<0.3 V, max (|t|) fluctuates in
a negligibly small range around 2.5 Pa. As V increases, in spite
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that both max(p,) and max(|E|) increase with V. This is because
the incompletely formed ion depletion zone and the still small
potential drop result in a quite small max(|E|) (~3000 V/m) (Fig.
6(b)), which weakens the effect of the increasing max(pe). In this
scenario, the vortex has not been completely formed and the
shear stress acts mainly on the micro-nanofluidic junction.
(2) As V increases above 0.3 V, max (|t|) increases linearly from
2.9 Paat V=0.3 Vto 42.6 Pa at V=2V, with its position keeping al-
most unchanged. The reason for this linearity is the overall ef-
fects of an approximately constant max(p.) and a max(|E|) which
is linearly proportional to V. In this scenario, the ion depletion
zone has been formed, thus max(p.) reaches its maximum value
and remains almost constant, and max(|E|) keeps going up lin-
early with V (Fig. 6(b)) because of the increasing potential drop.
Therefore, following the same trend as max(|E|), max (|t|) rises
linearly as V goes up.

The external pressure P, is another main factor that affects
max (|t|). From Fig. 6(c), it can be found that rise of P, leads to a
rise-fall-rise mode change of max (|t|). max (|t|) increases from
20 Pa at Py=0 to 23 Pa at P,;=300 Pa when P, is small, while de-
creases to 8.3 Pa as P, further increases to 1500 Pa at V=1V. As P,
increases above 1500 Pa, max (|t|) tends to increase again.

The reason for the capability of P, to modulate max (|t|) also
lies in its effects on max(pe) and max(|E|) of the system. Under
low P, conditions (Py=0~300 Pa), the increase of P, only com-
presses the vortex that located in front of the upper micro-nano-
fluidic junction, rather than destroys it. That is, the area of the
depletion zone decreases as P, goes higher. In this regard, a ma-
jority of the drop of the electric potential is gradually confined to
a narrower region, with a slight increase in max(|E|) from 9.7x10*
V/m to 1.2x10° V/m (see Fig. 6(d)). At the meantime, max(pe) re-
mains at a stable level as long as the depletion zone still exists.
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Fig. 6. Dependences of a the maximum shear stress max (|t|), b the maximum space charge density max(p.) (black line), and the maximum
electric field max(|E|) (red line) on the applied voltage V at P,=0. And dependences of ¢ maximum shear stress max (|t|), d the maximum space
charge density max(p.) (black line), and the maximum electric field max(|E|) (red line) on the applied pressure P, at V=1 V.
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An increasing electric filed, together with an unchanged charge
density, gives rise to the strengthening of vortices located both in
front of and behind the micro-nanofluidic junction, thereby
leading to the increase of max (|t|), as shown in Fig. 6(c). When
P, increases above 300 Pa, max(pe) still remains constant, while
max(|E|) begins to decreases due to the increased P, that carries
more ions there, max (|t|) is therefore decreased by 14.7 Pa. In
this regard, the size of the vortex gets smaller. As P, becomes
higher than 800 Pa, both max(p.) and max(|E|) show a down-
ward trend, resulting in a further decline of max (|t|). During
this process, the vortex is further disrupted until it is destroyed
completely. After that, max (|t|) tends to increase with the in-
crease of Py, because the fluid flow then is mainly pressure-driv-
en and max (|t|) is mainly accounted for by the lateral pressure.

Figure 7 shows the dependence of velocity on Pyat V =1 V.
The average velocity at the outlet of the micro-nano system # in-
creases linearly as P, increases. The maximum velocity over the
micro-nano system, max(|U|), follows the same trend as
max (|t|). max(|U]) is an appropriate parameter that can be used
to indicate the strength of the vortex in the system. When
P;>1500 Pa, slopes of the curves of &z and max(|U|) are almost
parallel, indicating that the vortex has been completely des-
troyed and the ion depletion region does not exist. Similar prop-
erties have also been found in H-shaped system [12].

In this paper, the U-shaped micro-nanochannel system is
studied by numerical simulation. High ion concentrations, equal
to the initial value C,, at both the inlet part and the outlet part
make it incapable to be used in seawater desalination. While the
negligible the electric field and concentration in the middle part
of the microchannel enables the system to process some neutral
particles. AtV =1V, P, = 0 Pa, compared with EOF1, one may
achieve 15 fold increase in the generated local electric field, and
1.7 fold increase in the flow rate owning to the ICP effect. Cur-
rent of the whole system, increasing linearly with V, is found to
be conducted mainly by the nanochannels, rather than the
middle part of the microchannel. As the voltage V increases, the
maximum shear stress fluctuates over a negligibly small range in
low V regime and then tends to increase linearly. Increase of the
external pressure P, produces a rise-fall-rise trend of the shear
stress. Compared with the traditional H-shaped micro-nano-
fluidic systems, which are generally characterized with the
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Fig. 7. max(|U|) represents the maximum velocity of the micro-
nano system at V=1V; & represents the average velocity at the outlet
of the micro-nano system at V=1V.

three-stage current-voltage relationship, the U-shaped system
manifests a noteworthy linear current-voltage relationship in
nanochannels. Besides, the U-shaped system has only two,
rather than four, reservoirs, making it easier to realize large-scale
parallelism.

It is noteworthy that our simulation uses 2D simplified mod-
el instead of three dimensional (3D) one. This is because of two
reasons. Firstly, it would be prohibitively expensive to do 3D
simulations because a huge number of elements are required to
describe the highly nonlinear physics of this system, especially
when so many overlapping Debye layers are involved. Secondly,
it has been a common practice to do 2D simulations for such
kind of micro- nanofluidic systems [24-27], at least for the pur-
pose of mechanism investigations. It has been well established
that 2D simulation results can faithfully describe key physics of
the corresponding 3D systems. For example, in our previous
work on micro- nanofluidic preconcentration of charged
particles, 2D simulation results matched perfectly well with the
3D experimental data, in terms of scaling laws of all the system
parameters [28]. We believe that the results and mechanisms ob-
tained in this paper will provide important guidance for various
kinds of applications of U-shaped micro-nanochannels.

Acknowledgement

This work is supported by the Intergovernmental Interna-
tional Science, Technology and Innovation Cooperation Key
Project of the National Key R&D Programme (2016YFE0105900),
the National Natural Science Foundation of China (21576130
and 11372229), and Kuwait Foundation for the Advancement of
Sciences (Kuwait-MIT signature project, Project code:
P31475ECO01).

Supplementary Information

A tutorial for this work's model is downloadable from web-
site http://www.rle.mit.edu/micronano/publications/

References

[1] D.Mark, S. Haeberle, G. Roth, et al., Microfluidic lab-on-a-chip
platforms: requirements, characteristics and applications,
Chemical Society Reviews 39 (2010) 1153-1182.

[2] Y.K. Ren, W.Y. Liu, Y.K. Jia, et al., Induced-charge electroos-
motic trapping of particles, Lab on A Chip 15 (2015) 2181-2191.

[3] W.Y. Liu, Y.K. Ren, Y. Tao, et al., A universal design of field-ef-
fect-tunable microfluidic ion diode based on a gating cation-ex-
change nanoporous membrane, Physics of Fluids 29 (2017)
112001.

[4] Y.C. Wang, A.L. Stevens, ]J. Han, Million-fold preconcentration
of proteins and peptides by nanofluidic filter, Analytical Chem-
istry 77 (2005) 4293-4299.

[5] S.M. Kim, M.A. Burns, E.F. Hasselbrink, Electrokinetic protein
preconcentration using a simple glass/poly (dimethylsiloxane)
microfluidic chip, Analytical Chemistry 78 (2006) 4779-4785.

[6] C.C.Lin, J.L. Hsu, G.B. Lee, Sample preconcentration in micro-
fluidic devices, Microfluidics and Nanofluidics 10 (2011)
481-511.

[7] S.P. Parker, McGraw-Hill dictionary of scientific and technical
terms. McGraw-Hill Book Co. (1989).


http://www.rle.mit.edu/micronano/publications/
http://dx.doi.org/10.1039/b820557b
http://dx.doi.org/10.1039/b820557b
http://dx.doi.org/10.1039/b820557b
http://dx.doi.org/10.1039/C5LC00058K
http://dx.doi.org/10.1039/C5LC00058K
http://dx.doi.org/10.1063/1.5001051
http://dx.doi.org/10.1063/1.5001051
http://dx.doi.org/10.1021/ac050321z
http://dx.doi.org/10.1021/ac050321z
http://dx.doi.org/10.1021/ac060031y
http://dx.doi.org/10.1021/ac060031y
http://dx.doi.org/10.1007/s10404-010-0661-9
http://dx.doi.org/10.1007/s10404-010-0661-9
http://www.rle.mit.edu/micronano/publications/
http://dx.doi.org/10.1039/b820557b
http://dx.doi.org/10.1039/b820557b
http://dx.doi.org/10.1039/b820557b
http://dx.doi.org/10.1039/C5LC00058K
http://dx.doi.org/10.1039/C5LC00058K
http://dx.doi.org/10.1063/1.5001051
http://dx.doi.org/10.1063/1.5001051
http://dx.doi.org/10.1021/ac050321z
http://dx.doi.org/10.1021/ac050321z
http://dx.doi.org/10.1021/ac060031y
http://dx.doi.org/10.1021/ac060031y
http://dx.doi.org/10.1007/s10404-010-0661-9
http://dx.doi.org/10.1007/s10404-010-0661-9
http://www.rle.mit.edu/micronano/publications/
http://dx.doi.org/10.1039/b820557b
http://dx.doi.org/10.1039/b820557b
http://dx.doi.org/10.1039/b820557b
http://dx.doi.org/10.1039/C5LC00058K
http://dx.doi.org/10.1039/C5LC00058K
http://dx.doi.org/10.1063/1.5001051
http://dx.doi.org/10.1063/1.5001051
http://dx.doi.org/10.1021/ac050321z
http://dx.doi.org/10.1021/ac050321z
http://dx.doi.org/10.1021/ac060031y
http://dx.doi.org/10.1021/ac060031y
http://dx.doi.org/10.1007/s10404-010-0661-9
http://dx.doi.org/10.1007/s10404-010-0661-9
http://www.rle.mit.edu/micronano/publications/
http://dx.doi.org/10.1039/b820557b
http://dx.doi.org/10.1039/b820557b
http://dx.doi.org/10.1039/b820557b
http://dx.doi.org/10.1039/C5LC00058K
http://dx.doi.org/10.1039/C5LC00058K
http://dx.doi.org/10.1063/1.5001051
http://dx.doi.org/10.1063/1.5001051
http://dx.doi.org/10.1021/ac050321z
http://dx.doi.org/10.1021/ac050321z
http://dx.doi.org/10.1021/ac060031y
http://dx.doi.org/10.1021/ac060031y
http://dx.doi.org/10.1007/s10404-010-0661-9
http://dx.doi.org/10.1007/s10404-010-0661-9

42

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

B.L. Qiu et al. / Theoretical & Applied Mechanics Letters 9 (2019) 36-42

LY. Gong, W. Ouyang, Z.R. Li, et al., Force fields of charged
particles in micro-nanofluidic preconcentration systems, AIP
Advances 7 (2017) 125020.

S.J. Kim, S.H. Ko, K.H. Kang, et al., Direct seawater desalination
by ion concentration polarization, Nature Nanotechnology 5
(2010) 297-301.

S.J. Kim, L.D. Li, J. Han, Amplified electrokinetic response by
concentration polarization near nanofluidic channel, Lang-
muir the Acs Journal of Surfaces and Colloids 25 (2009)
7759-7765.

I. Rubinstein, B. Zaltzman, Equilibrium electroconvective in-
stability, Physical Review Letters 114 (2015) 114502.

S.J. Kim, Y.C. Wang, J.H. Lee, et al., Concentration polarization
and nonlinear electrokinetic flow near a nanofluidic channel,
Physical Review Letters 99 (2007) 044501.

W. Liu, L.Y. Gong, Y.D. Zhu, et al., Augmented electroosmotic
flowin microchannels embedded with permselective mem-
branes, Sci. Sin. Tech. 46 (2016) 79-90. (in Chinese)

D. Kim, A. Raj, L. Zhu, et al., Non-equilibrium electrokinetic
micro/nano fluidic mixer, Lab on A Chip 8 (2008) 625-628.
S.Yu, T.J. Jeon, S.M. Kim, Active micromixer using electrokinet-
ic effects in the micro/nanochannel junction, Chemical Engin-
eering Journal 197 (2012) 289-294.

E. Choi, K. Kwon, S.J. Lee, et al., Non-equilibrium electrokinet-
ic micromixer with 3D nanochannel networks, Lab on A Chip
15 (2015) 1794-1798.

M. Kim, L. Wy, B. Kim, et al., Continuous and high-throughput
electromechanical lysis of bacterial pathogens using ion con-
centration polarization, Analytical Chemistry 90 (2017)
872-880.

X.Z. Jin, S. Joseph, E.N. Gatimu, et al., Induced electrokinetic
transport in micro-nanofluidic interconnect devices, Langmuir
the Acs Journal of Surfaces & Colloids 23 (2007) 13209-13222.

I. Rubinstein, B. Zaltzman, Electro-osmotically induced con-
vection at a perm-selective membrane, Physical Review E Stat-
istical Physics Plasmas Fluids and Related Interdisciplinary

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

Topics 62 (2000) 2238-2251.

V.S. Pham, Z.R. Li, KM. Lim, et al., Direct numerical simula-
tion of electroconvective instability and hysteretic current-
voltage response of a permselective membrane, Physical Re-
view E Statistical Nonlinear & Soft Matter Physics 86 (2012)
046310.

P. Vanysek, Ionic conductivity and diffusion at infinite dilution
(1992/93 edition), Handbook of Chemistry and Physics, CRC
Press, Boca Raton, 1992.

Z.R. Li, W. Liu, LY. Gong, et al., Accurate multi-physics numer-
ical analysis of particle preconcentration based on ion concen-
tration polarization, International Journal of Applied Mechan-
ics 9(2017) 1750107.

X.K. Deng, Y.K. Ren, LK. Hou, et al., Electric field induced cut-
ting of hydrogel microfibers with precise length control for mi-
cromotors and building blocks, ACS Appl. Mater. Interfaces 10
(2018) 40228-40237.

T. Zhou, H.L. Wang, L.Y. Shi, et al., An enhanced electroosmot-
ic micromixer with an efficient asymmetric lateral structure,
Micromachines 7 (2016) 218.

M.K. Urtenov, A.M. Uzdenova, A.V. Kovalenko, et al., Basic
mathematical model of overlimiting transfer enhanced by elec-
troconvection in flow-through electrodialysis membrane cells,
Journal of Membrane Science 447 (2013) 190-202.

R. Kwak, V.S. Pham, K.M. Lim, et al., Shear Flow of an Electric-
ally Charged Fluid by Ion Concentration Polarization: Scaling
Laws for Electroconvective Vortices, Physical Review Letters
110 (2013) 114501.

Y.K. Ren, W.Y. Liu, Y. Tao, et al., On AC-field-induced nonlin-
ear electroosmosis next to the sharp corner-field-singularity of
leaky dielectric blocks and its application in on-chip micro-
mixing, Micromachines 9 (2018) 102.

W. Ouyang, X.H. Ye, Z.R. Li, et al., Deciphering ion concentra-
tion polarization-based electrokinetic molecular concentration
at the micro-nanofluidic interface: theoretical limits and scal-
ing laws, Nanoscale 10 (2018) 15187-15194.


http://dx.doi.org/10.1063/1.5008365
http://dx.doi.org/10.1063/1.5008365
http://dx.doi.org/10.1038/nnano.2010.34
http://dx.doi.org/10.1038/nnano.2010.34
http://dx.doi.org/10.1021/la900332v
http://dx.doi.org/10.1021/la900332v
http://dx.doi.org/10.1103/PhysRevLett.114.114502
http://dx.doi.org/10.1103/PhysRevLett.114.114502
http://dx.doi.org/10.1103/PhysRevLett.99.044501
http://dx.doi.org/10.1103/PhysRevLett.99.044501
http://dx.doi.org/10.1039/b717268k
http://dx.doi.org/10.1039/b717268k
http://dx.doi.org/10.1016/j.cej.2012.05.044
http://dx.doi.org/10.1016/j.cej.2012.05.044
http://dx.doi.org/10.1039/C4LC01435A
http://dx.doi.org/10.1039/C4LC01435A
http://dx.doi.org/10.1103/PhysRevE.86.046310
http://dx.doi.org/10.1103/PhysRevE.86.046310
http://dx.doi.org/10.1142/S1758825117501071
http://dx.doi.org/10.1142/S1758825117501071
http://dx.doi.org/10.1021/acsami.8b12597
http://dx.doi.org/10.1021/acsami.8b12597
http://dx.doi.org/10.3390/mi7120218
http://dx.doi.org/10.3390/mi7120218
http://dx.doi.org/10.1016/j.memsci.2013.07.033
http://dx.doi.org/10.1016/j.memsci.2013.07.033
http://dx.doi.org/10.1103/PhysRevLett.110.114501
http://dx.doi.org/10.1103/PhysRevLett.110.114501
http://dx.doi.org/10.3390/mi9030102
http://dx.doi.org/10.3390/mi9030102
http://dx.doi.org/10.1039/C8NR02170H
http://dx.doi.org/10.1039/C8NR02170H
http://dx.doi.org/10.1063/1.5008365
http://dx.doi.org/10.1063/1.5008365
http://dx.doi.org/10.1038/nnano.2010.34
http://dx.doi.org/10.1038/nnano.2010.34
http://dx.doi.org/10.1021/la900332v
http://dx.doi.org/10.1021/la900332v
http://dx.doi.org/10.1103/PhysRevLett.114.114502
http://dx.doi.org/10.1103/PhysRevLett.114.114502
http://dx.doi.org/10.1103/PhysRevLett.99.044501
http://dx.doi.org/10.1103/PhysRevLett.99.044501
http://dx.doi.org/10.1039/b717268k
http://dx.doi.org/10.1039/b717268k
http://dx.doi.org/10.1016/j.cej.2012.05.044
http://dx.doi.org/10.1016/j.cej.2012.05.044
http://dx.doi.org/10.1039/C4LC01435A
http://dx.doi.org/10.1039/C4LC01435A
http://dx.doi.org/10.1063/1.5008365
http://dx.doi.org/10.1063/1.5008365
http://dx.doi.org/10.1038/nnano.2010.34
http://dx.doi.org/10.1038/nnano.2010.34
http://dx.doi.org/10.1021/la900332v
http://dx.doi.org/10.1021/la900332v
http://dx.doi.org/10.1103/PhysRevLett.114.114502
http://dx.doi.org/10.1103/PhysRevLett.114.114502
http://dx.doi.org/10.1103/PhysRevLett.99.044501
http://dx.doi.org/10.1103/PhysRevLett.99.044501
http://dx.doi.org/10.1039/b717268k
http://dx.doi.org/10.1039/b717268k
http://dx.doi.org/10.1016/j.cej.2012.05.044
http://dx.doi.org/10.1016/j.cej.2012.05.044
http://dx.doi.org/10.1039/C4LC01435A
http://dx.doi.org/10.1039/C4LC01435A
http://dx.doi.org/10.1103/PhysRevE.86.046310
http://dx.doi.org/10.1103/PhysRevE.86.046310
http://dx.doi.org/10.1142/S1758825117501071
http://dx.doi.org/10.1142/S1758825117501071
http://dx.doi.org/10.1021/acsami.8b12597
http://dx.doi.org/10.1021/acsami.8b12597
http://dx.doi.org/10.3390/mi7120218
http://dx.doi.org/10.3390/mi7120218
http://dx.doi.org/10.1016/j.memsci.2013.07.033
http://dx.doi.org/10.1016/j.memsci.2013.07.033
http://dx.doi.org/10.1103/PhysRevLett.110.114501
http://dx.doi.org/10.1103/PhysRevLett.110.114501
http://dx.doi.org/10.3390/mi9030102
http://dx.doi.org/10.3390/mi9030102
http://dx.doi.org/10.1039/C8NR02170H
http://dx.doi.org/10.1039/C8NR02170H
http://dx.doi.org/10.1103/PhysRevE.86.046310
http://dx.doi.org/10.1103/PhysRevE.86.046310
http://dx.doi.org/10.1142/S1758825117501071
http://dx.doi.org/10.1142/S1758825117501071
http://dx.doi.org/10.1021/acsami.8b12597
http://dx.doi.org/10.1021/acsami.8b12597
http://dx.doi.org/10.3390/mi7120218
http://dx.doi.org/10.3390/mi7120218
http://dx.doi.org/10.1016/j.memsci.2013.07.033
http://dx.doi.org/10.1016/j.memsci.2013.07.033
http://dx.doi.org/10.1103/PhysRevLett.110.114501
http://dx.doi.org/10.1103/PhysRevLett.110.114501
http://dx.doi.org/10.3390/mi9030102
http://dx.doi.org/10.3390/mi9030102
http://dx.doi.org/10.1039/C8NR02170H
http://dx.doi.org/10.1039/C8NR02170H
http://dx.doi.org/10.1063/1.5008365
http://dx.doi.org/10.1063/1.5008365
http://dx.doi.org/10.1038/nnano.2010.34
http://dx.doi.org/10.1038/nnano.2010.34
http://dx.doi.org/10.1021/la900332v
http://dx.doi.org/10.1021/la900332v
http://dx.doi.org/10.1103/PhysRevLett.114.114502
http://dx.doi.org/10.1103/PhysRevLett.114.114502
http://dx.doi.org/10.1103/PhysRevLett.99.044501
http://dx.doi.org/10.1103/PhysRevLett.99.044501
http://dx.doi.org/10.1039/b717268k
http://dx.doi.org/10.1039/b717268k
http://dx.doi.org/10.1016/j.cej.2012.05.044
http://dx.doi.org/10.1016/j.cej.2012.05.044
http://dx.doi.org/10.1039/C4LC01435A
http://dx.doi.org/10.1039/C4LC01435A
http://dx.doi.org/10.1103/PhysRevE.86.046310
http://dx.doi.org/10.1103/PhysRevE.86.046310
http://dx.doi.org/10.1142/S1758825117501071
http://dx.doi.org/10.1142/S1758825117501071
http://dx.doi.org/10.1021/acsami.8b12597
http://dx.doi.org/10.1021/acsami.8b12597
http://dx.doi.org/10.3390/mi7120218
http://dx.doi.org/10.3390/mi7120218
http://dx.doi.org/10.1016/j.memsci.2013.07.033
http://dx.doi.org/10.1016/j.memsci.2013.07.033
http://dx.doi.org/10.1103/PhysRevLett.110.114501
http://dx.doi.org/10.1103/PhysRevLett.110.114501
http://dx.doi.org/10.3390/mi9030102
http://dx.doi.org/10.3390/mi9030102
http://dx.doi.org/10.1039/C8NR02170H
http://dx.doi.org/10.1039/C8NR02170H
http://dx.doi.org/10.1063/1.5008365
http://dx.doi.org/10.1063/1.5008365
http://dx.doi.org/10.1038/nnano.2010.34
http://dx.doi.org/10.1038/nnano.2010.34
http://dx.doi.org/10.1021/la900332v
http://dx.doi.org/10.1021/la900332v
http://dx.doi.org/10.1103/PhysRevLett.114.114502
http://dx.doi.org/10.1103/PhysRevLett.114.114502
http://dx.doi.org/10.1103/PhysRevLett.99.044501
http://dx.doi.org/10.1103/PhysRevLett.99.044501
http://dx.doi.org/10.1039/b717268k
http://dx.doi.org/10.1039/b717268k
http://dx.doi.org/10.1016/j.cej.2012.05.044
http://dx.doi.org/10.1016/j.cej.2012.05.044
http://dx.doi.org/10.1039/C4LC01435A
http://dx.doi.org/10.1039/C4LC01435A
http://dx.doi.org/10.1063/1.5008365
http://dx.doi.org/10.1063/1.5008365
http://dx.doi.org/10.1038/nnano.2010.34
http://dx.doi.org/10.1038/nnano.2010.34
http://dx.doi.org/10.1021/la900332v
http://dx.doi.org/10.1021/la900332v
http://dx.doi.org/10.1103/PhysRevLett.114.114502
http://dx.doi.org/10.1103/PhysRevLett.114.114502
http://dx.doi.org/10.1103/PhysRevLett.99.044501
http://dx.doi.org/10.1103/PhysRevLett.99.044501
http://dx.doi.org/10.1039/b717268k
http://dx.doi.org/10.1039/b717268k
http://dx.doi.org/10.1016/j.cej.2012.05.044
http://dx.doi.org/10.1016/j.cej.2012.05.044
http://dx.doi.org/10.1039/C4LC01435A
http://dx.doi.org/10.1039/C4LC01435A
http://dx.doi.org/10.1103/PhysRevE.86.046310
http://dx.doi.org/10.1103/PhysRevE.86.046310
http://dx.doi.org/10.1142/S1758825117501071
http://dx.doi.org/10.1142/S1758825117501071
http://dx.doi.org/10.1021/acsami.8b12597
http://dx.doi.org/10.1021/acsami.8b12597
http://dx.doi.org/10.3390/mi7120218
http://dx.doi.org/10.3390/mi7120218
http://dx.doi.org/10.1016/j.memsci.2013.07.033
http://dx.doi.org/10.1016/j.memsci.2013.07.033
http://dx.doi.org/10.1103/PhysRevLett.110.114501
http://dx.doi.org/10.1103/PhysRevLett.110.114501
http://dx.doi.org/10.3390/mi9030102
http://dx.doi.org/10.3390/mi9030102
http://dx.doi.org/10.1039/C8NR02170H
http://dx.doi.org/10.1039/C8NR02170H
http://dx.doi.org/10.1103/PhysRevE.86.046310
http://dx.doi.org/10.1103/PhysRevE.86.046310
http://dx.doi.org/10.1142/S1758825117501071
http://dx.doi.org/10.1142/S1758825117501071
http://dx.doi.org/10.1021/acsami.8b12597
http://dx.doi.org/10.1021/acsami.8b12597
http://dx.doi.org/10.3390/mi7120218
http://dx.doi.org/10.3390/mi7120218
http://dx.doi.org/10.1016/j.memsci.2013.07.033
http://dx.doi.org/10.1016/j.memsci.2013.07.033
http://dx.doi.org/10.1103/PhysRevLett.110.114501
http://dx.doi.org/10.1103/PhysRevLett.110.114501
http://dx.doi.org/10.3390/mi9030102
http://dx.doi.org/10.3390/mi9030102
http://dx.doi.org/10.1039/C8NR02170H
http://dx.doi.org/10.1039/C8NR02170H

	Electrokinetic flow in the U-shaped micro-nanochannels
	Acknowledgement
	Supplementary Information
	References




