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Abstract

This work numerically reveals a novel strategy to modulate two ionic conductance state
in a nanochannel via pressure-dependent fluidic motion inside the channel. Steady and
transient simulations based on Poisson-Nernst-Planck-Stokes equations demonstrate
that the two states with distinct ionic conductance and ion selectivity can be reversibly
switched by external pressure, with a characteristic time of ~100 ps. Furthermore, the
two conductance states are found to depend on the transversal electric field, which gives
rise to two distinct intrachannel fluidic flow patterns, namely laminar flow and vortex
flow, respectively. This finding suggests the potential of pressure-controlled ionic con-
ductance switching for applications in nanofluidic ionic circuits, flow-regulated sensing,
and integrated micro/nanoscale devices. It also provides insights into nonlinear ionic
current—voltage behaviors.

Keywords: nanofluidics; nanochannel; Poisson-Nernst-Planck-Stokes simulation

1. Introduction

Nanofluidic devices based on nanochannels have been making substantial progress
toward potential applications [1-4], including biochips [5-8], DNA sequencing [9-14], fuel
cells [15-19], seawater desalination [20-25], and ionic circuits [26-31]. The study of ion
transport inside the nanochannel is of great importance for the design and functionality re-
alization of nanofluidic devices. In particular, ion transport is strongly coupled with fluidic
motion in nanochannels with weakly overlapping electrical double layers (EDLs), which
are generally less restrictive in terms of fabrication [32-36]. This strong coupling therefore
enables external pressure to modulate the ion transport properties of nanochannels through
fluidic motion. Several previous studies have demonstrated pressure- or flow-dependent
transport phenomena in nanofluidic systems. For example, Duan et al. reported pressure-
driven chromatographic separation characteristics of integrated nanofluidic channels [37].
Lan et al. investigated the pressure dependence of ion current rectification in conical-
shaped nanopores [38]. Mani et al. theoretically suggested that concentration polarization
(CP) propagation from the micro- and nanochannel interface may be greatly influenced by
fluid transport [39].

Accordingly, pressure-mediated modulation of ionic conductance in nanochannels
has attracted considerable attention because of its relevance to ionic circuit construction.
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Nonlinear current—voltage (I-V) characteristics, such as ion current rectification (ICR) and
negative differential resistance (NDR), play an important role in enabling key functionalities
in nanofluidic ionic circuits [4,40—42]. These nonlinear behaviors are generally associated
with ion redistribution processes, including concentration polarization and electrical double
layer effects. Pressure-driven flow can further influence such nonlinear transport by
modifying ion distribution and electrokinetic responses. For example, Luo and co-workers
demonstrated a pressure-dependent negative differential resistance (NDR) phenomenon by
employing the motion of two liquid phases with different hydrodynamic viscosity and/or
ionic concentration in the nanochannel [43,44]. In our previous studies, we proposed
that two distinct fluidic patterns inside the channel, namely laminar flow and vortex
flow, correspond to low- and high-conductance states, respectively [45,46]. Despite these
advances, the pressure-induced transition between different fluidic patterns and its direct
impact on ionic conductance remain insufficiently understood, especially in nanofluidic
channels connected to homogeneous reservoirs.

Herein, we numerically demonstrate tunable ionic conductance in a nanofluidic chan-
nel via pressure-modulated switch between two fluidic patterns. A backward pressure
opposite to the direction of electroosmotic flow (EOF) can induce intrachannel vortices,
corresponding to a high-conductance state. Furthermore, we compare the characteristics
of the two states, including concentration evolution and ion selectivity. The mechanism
underlying the high- and low-conductance states can be ascribed to the interplay between
convective flow and concentration polarization, which leads to significant variation in the
transversal electric field at the channel entrance. These findings suggest a new strategy
for pressure-controlled ionic transport, which may enable tunable nanofluidic devices and
switching elements for ionic circuits, and improve our understanding of nonlinear ionic
current—voltage characteristics.

2. Materials and Methods

The structure of the nanofluidic channel under study has an axisymmetric geometry as
schematically shown in Figure 1a. The cylindrical channel, which serves as a representative
model for nanofluidic systems such as nanopores, has a negative surface charge density —o
and connects two micro-reservoirs filled with a KCl solution of bulk ionic concentration
Co. The bulk ionic concentration is imposed at the left and right reservoir boundaries.
An electrical bias, Vj, is applied across the two reservoirs, generating an ion current, I;.
The left-to-right direction, which is consistent with the direction of electroosmotic flow
(EOF), is defined as the positive flow direction. Accordingly, the left and right side of
the channel is defined as inlet and outlet, respectively. An external pressure difference
is applied across the two reservoir boundaries to modulate the fluidic motion. Electrical
ground and open-pressure conditions are imposed at the outlet. The fluid flow is modeled
as incompressible Newtonian Stokes flow, and the no-slip boundary condition is imposed
at the hydrophilic sidewalls. Self-consistent numerical simulations are conducted based on
the Poisson—-Nernst-Planck-Stokes (PNP-5) equations [46—49]:
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where ¢, is the relative permittivity for the electrolyte, gy is the vacuum permittivity, p
is the solvent pressure, 1 is the solvent velocity, C /_ is the cation/anion concentration,
M4/ is the cation/anion mobility, D, ,_ is the cation/anion diffusion coefficient, and g is
the elementary electric charge. By default, solution viscosity 7 = 0.9 x 107> Pa - s, balanced
ion mobility y; ,_ = 7.62 x 1078 m?V~!s71, the channel length L is 1 um, surface charge
density o = 0.02 q/nm?, the bulk ionic concentration Cy = 1 mM (Debye length ~10 nm),
the channel radius rp = 50 nm, and ¢ is the electrostatic potential determined by the fully
coupled PNP-S equations. The Einstein relation, D = ukgT/g, is employed to ensure
thermodynamic consistency between diffusion and electromigration under the assumption
of dilute electrolyte and local equilibrium conditions, which are well satisfied for the
present system (1 mM KCl in a 50 nm radius nanochannel). Under these conditions, the
channel operates in the weak-EDL-overlap regime, and the continuum PNP-S framework is
therefore considered a reasonable approximation for describing the coupled ion transport
and fluid flow, although wall-related effects may introduce quantitative deviations.

(a) TV ——),
0 5 10 15 20 25
Voltage (V)

—50 kPa

0 kPa

Figure 1. (a) Schematic of the cylindrically symmetric nanochannel. (b) Simulated current—voltage
curve for a nanochannel under different pressure conditions. The two marked data points represent
the two states at V; = 20 V. (c¢) Simulated mean ion concentration distribution and fluid flow lines
for the 0 kPa (lower panel) and —50 kPa (upper panel) models. (d) The corresponding net charge
around the channel in the models of (c).

In the PNP-S equations, Equation (1) is the Poisson equation which relates the electro-
static potential to the spatial charge distribution. Equations (2) and (3) are the Nernst-Planck
equations governing the transport of cations and anions via diffusion, electric migration,
and convection. Equation (4) is the Stokes equation describing the fluid flow by pressure,
viscous forces, and electrostatic body forces. Equation (5) is the continuity equation for the
incompressible fluid. The terms in Equations (2) and (3) represent the ionic fluxes. For clar-
ity, the fluxes of cations and anions can be expressed as [+ = —D+VC1 F u+C+ Vo +Cy ﬁ,
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corresponding to diffusion, electromigration, and convection, respectively. The ionic cur-
rent density is then given by j = q(J;+ — J—), and the total current is obtained by integrating
the current density over the cross-sectional area of the nanochannel.

For comparison, Poisson-Nernst-Planck (PNP) model is also simulated, in which
fluidic motion and concomitant ionic convection are neglected. Numerical simulations are
conducted using the finite element method (COMSOL MultiPhysics 5.1) and calibrated
with previously reported results [34,45-47,50].

3. Results and Discussion
3.1. Pressure-Dependent Ionic Conductance in Nanofluidic Channel

The simulated I-V characteristics of the perm-selective channel with weakly over-
lapping EDLs are shown in Figure 1b. Results are presented for different surface charge
densities at zero pressure (¢ = 0.01 and 0.02 q/nm?) as well as for a negative pressure
case (—50 kPa) at ¢ = 0.02 q/nm?. Such a pressure level lies within the typical oper-
ating range of microfluidic and nanofluidic systems (from several kPa to hundreds of
kPa), and in nanoscale channels it is sufficiently strong to generate pressure-driven flow
comparable to electroosmotic transport [37,38]. As a benchmark, we first examine the
model with ¢ = 0.01 q/nm? in the absence of external pressure gradient. The simulated
ionic current clearly exhibits a limiting regime at medium biases and an over-limiting
regime at high biases. The nonlinearity of I-V curve can be ascribed to the fluidic motion
inside the nanochannel, in agreement with our previous studies [45,46]. For the models
with ¢ = 0.02 q/nm?, external pressure significantly affects the channel conductance and
may even induce two distinct steady states under different pressure conditions at the
same electrical bias (for high biases, V; > ~ 15V in the present device). These pressure-
dependent states of ionic conductance are associated with two different intrachannel fluidic
patterns. To illustrate the remarkable pressure-induced differences, we choose the case of
V4 = 20V as a representative example. At zero pressure, the ionic conductance in the limit-
ing I-V regime (the low-conductance state) corresponds to a low mean ion concentration
(C = 0.5 x (C4+ + C-)) and a laminar-flow pattern, as shown in lower panel of Figure 1c.
By contrast, under a pressure of —50 kPa, the ionic conductance in the over-limiting I-V
regime (the high-conductance state) corresponds to a high mean ion concentration and a
vortex-flow pattern, as shown in the upper panel of Figure 1c. The suppression of ionic
conductance in the former case is due to convection-facilitated extension of ion depletion
zone into the channel, whereas the enhancement of ionic conductance in the latter case
originates from the formation of a recirculating vortex at the channel entrance [45,46].
Notably, an obvious distinction between the two states lies in the profile of ion screening,
as shown in Figure 1d. For the high-conductance state (i.e., vortex flow), screening charge
inversion is clearly observed near the left junction. This screening charge inversion exerts a
torque to the channel fluid and thereby leads to intrachannel vortices. By contrast, for the
low-conductance state (i.e., laminar flow), no conspicuous region of negative net charge is
observed throughout the channel on the same C; — C_ sacle. In summary, these observa-
tions confirm that pressure-dependent ionic conductance states are intrinsically related to
the fluidic patterns inside the channel.

3.2. Pressure-Dependent lon Selectivity in Nanofluidic Channel

To further characterize the pressure-dependent ion transport in the nanofluidic chan-

nel, we extract the cation/anion selectivity from the simulations. Figure 2a presents the
simulated ion selectivity, quantified by the flux ratio, ﬁ%, for three cases: the PNP model,

and the PNP-S model at 0 and —50 kPa. As a reference, the PNP model shows that the
ion selectivity decreases progressively with increasing voltage, in line with the previous
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simulation results [51]. This decrease in selectivity can be attributed to the enrichment of
intrachannel ions, including both counter-ions and co-ions, at high biases [52,53]. Because
ion selectivity reflects the flux asymmetry between cations and anions, such ion enrich-
ment tends to reduce the selectivity. In this regard, ion selectivity responds negatively
to concentration polarization in the form of ion enrichment. Interestingly, when fluidic
motion and concomitant ionic convection are included, the PNP-S model predicts two
distinct high-bias trends in ion selectivity under different pressure conditions. At —50 kPa,
the selectivity—voltage curve decreases at high biases, suggesting that the intrachannel
ion distribution under this condition is similar to that predicted by the PNP model (as
discussed in the following sections). The reduced selectivity under —50 kPa at high biases
is also consistent with the high-conductance state discussed above, in which a relatively low
selectivity is required to maintain a negatively charged region with a reasonable amount
of co-ions associated with vortex formation. By contrast, the selectivity—voltage curve for
the 0 kPa case increases at high biases. This high-bias increase in selectivity is consistent
with the EOF-dominated laminar-flow state under the 0 kPa condition, where intrachannel
ion depletion becomes more pronounced. In this sense, ion selectivity exhibits positive
feedback in response to depletion-type concentration polarization. Overall, the ion selectiv-
ity results also exhibit distinct behaviors under different pressure conditions, which are
consistent with the two conductance states identified above.

0.8- 0.4-
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> 0.6 0.3{ @O0 kPa
s 0.6 —— 0kPa EE-/ Diffu
g —— —50kPa = 1 Conv
2 0.4 —— PNP S 0.2
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Figure 2. (a) Simulated cation/anion selectivity, (I, -1-)/(1, +1), based on the three models
(i.e., the PNP (Poisson—-Nernst—Planck) model, 0 kPa, —50 kPa). (b—d) Extracted drift, diffusion,
and convection contributions of cation flux based on (b) 0 kPa, (c) —50 kPa, and (d) PNP models.
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The counter-ion currents components shown in Figure 2b—d provide further insight
into the pressure-dependent ion selectivity behavior. Assuming local electroneutrality
(LEN) at the channel terminal, the drift, diffusion, and convection components of the cation
flux are equal in magnitude to their corresponding anion counterparts. Accordingly, the
ion selectivity can be rewritten as the ratio of the nondrift cation flux to the drift cation flux
at the terminal:

L1 (Ifrift 4 D _I_Igonv) _ (I?rift _ [Diffu _ Igonv) - [Diffe . feono

L , . . - ()
Iy +1- (Ifrlft + Iflff” + Igonv> + (I?”ft _ I?’ff” _ Igonv) ID”ft

+

Interestingly, this expression highlights the competition between the nondrift flux
(diffusion and convection) and the drift flux in determining ion selectivity. Since the
local carrier concentration is shaped by diffusion and convection and in turn affects the
drift component, the numerator and denominator can be analyzed in a relatively separate
manner. Based on this decomposition, the following analysis focuses on the counter-ion
current components at high biases. For 0 kPa model (Figure 2b), the growth of drift
component is suppressed at high biases, whereas the diffusion and convection components
remain relatively sustained. This behavior is consistent with the suppression of drift by
intrachannel ion depletion at high biases, while diffusion and convection are supported
by the EOF-dominated flow under the 0 kPa condition. For the —50 kPa case (Figure 2c),
the drift component increases nearly linearly with voltage, whereas the diffusion and
convection components varies only weakly with voltage. This behavior is consistent
with the vortex-dominated state under —50 kPa, in which recirculating flow mitigates
voltage-induced concentration changes. In the absence of fluidic motion, the PNP model
(Figure 2d) predicts that the diffusion component increases with voltage much more slowly
than the drift component, indicating that diffusion remains comparatively weaker than
electromigration under this condition. In summary, from the perspective of terminal
ionic-flux decomposition, the pressure-dependent ion selectivity behaviors reflect distinct
ion-transport scenarios in the nanofluidic channel.

3.3. The Two Ionic Conductance State Switch and Their Transient Characteristics

To gain further insight into the pressure effect on channel conductance, transient
simulations are carried out to investigate the switching between the two conductance states.
The transient behaviors of ionic current and concentration are investigated in response to a
sudden pressure jump at the inlet from 0 to —50 kPa (denoted as the 0/ —50 kPa process), or
conversely from —50 to 0 kPa (denoted as the —50/0 kPa process), with the initial condition
of each process set as the corresponding steady-state solution. Figure 3a displays the transient
ionic currents for the two processes at the channel terminal on the anode side. In response to
the pressure jump, the system undergoes a reversible transition between the two steady states,
with a characteristic time of ~100 ps. For the 0/ —50 kPa process, the transient current in-
creases progressively toward high-conductance state, whereas for the —50/0 kPa process it
decreases progressively toward the low-conductance state. It should be noted that the tran-
sitions between the two states are not exact time reversals of each other. This is reasonable
because the governing equations for ion transport describe a first-order relaxation process
in time. Accordingly, both the initial and final states are nonequilibrium steady transport
states rather than equilibrium states, and ion diffusion continuously contributes throughout
the transient evolution. Figure 3b displays the transient response of the mean ion con-
centration averaged over the entire channel, C,, = #%M /. ZZZZOL dz " 27 dr&F . The
transient evolution of the intrachannel concentration and terminal current follows similar
trends in both processes, indicating that the ionic response is mainly bottlenecked within
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the channel owing to the field-focusing effect [54]. The small deviation of the transient
responses in Figure 3a,b may reflect a contribution from the reservoir-channel interface on
the anode side.
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Figure 3. (a) Transient ionic current at the terminal and (b) mean ion concentration averaged over
the entire channel for each process, in response to a sudden pressure jump at the inlet from 0 kPa to
—50 kPa (0/—50 kPa process), or conversely from —50 kPa to 0 kPa (—50/0 kPa process).
(c—f) Simulated time evolution of ion concentration along the symmetry axis: (c) (C+ + C—)/2C
for 0/—50 kPa process, (f) (C4++C_)/2Cy for —50/0 kPa process, (e) (C+ —C-)/Cy for
0/—50 kPa process, (d) (C+ —C_)/Cy for —50/0 kPa process. The arrows in (c—f) indicate the
direction of concentration evolution over time.
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To better understand the transient characteristics, we examine the time evolution
of the ion concentration profile along the symmetry axis. Figure 3c depicts the time
evolution of mean ion concentration C;, for the 0/ —50 kPa process. The concentration
variation is mainly localized in the junction/channel region, where the ion concentration
increases progressively with time. The development of ion accumulation inside the channel,
together with the reduction in ion depletion at the reservoir-channel junction, is consistent
with the rising current transient for 0/ —50 kPa process in Figure 3a. The propagation of
ion accumulation follows the electromigration direction of co-ions (anions for the cation-
selective channel in this study), indicating convection-involved ambipolar migration inside
the channel [34]. In contrast, for the —50/0 kPa process, the ion concentration decreases
progressively in the junction/channel region with time, as shown in Figure 3d. This
concentration evolution is opposite to that observed for the 0/ —50 kPa process and is
consistent with the extension of the ion depletion zone from the reservoir-channel junction
into the channel, with diffusion—convection transport playing an important role [34,39,45].
Correspondingly, the development of ion depletion inside the channel is responsible for
the declining current transient for the —50/0 kPa process in Figure 3a.

It should be noted that the present analysis of the time evolution of ion concentration
is not restricted by the local electroneutrality (LEN) approximation, which has been widely
adopted as a basic assumption in previous studies [34,39,55]. As a result, the evolution of
local net charge can be explicitly captured, providing additional insight into the switching
processes between the two states. To this end, we examine the time evolution of the local net
charge along the symmetry axis, which is proportional to the cation—-anion concentration
difference, C. — C_, as shown in Figure 3e,f. As for the 0/—50 kPa process, the charge
distribution at the reservoir/channel junction in Figure 3e evolves from an under-screening
state to charge inversion state with the same characteristic timescale (~100 ps) as that of the
transient ionic current at the anode terminal in Figure 3a. In the —50/0 kPa case, the reverse
evolution of the local net charge in response to the pressure jump is observed in Figure 3f,
occurring on the same characteristic timescale (~100 us) as that of the corresponding
declining ionic current transient in Figure 3a. The good consistency between local net
charge and terminal current transient confirms that pressure-dependent states are induced
by two types of ion screening.

The significant role of ion screening in channel conductance demonstrates the lim-
itation of the simplified one-dimensional model, which fails to account for the charge
distribution in the transverse direction [46]. In this regard, we plot two-dimensional distri-
butions of the mean concentration and the concentration difference of cations and anions
in and around the channel at representative time points after applying the jump pressure
in Figures 4 and 5, respectively. Figure 4 illustrates the opposite ion enrichment and ion
depletion evolution around the channel in the 0/ —50 kPa (upper panel) and —50/0 kPa
(lower panel) processes, respectively. This agrees with the time evolution of the local mean
ion concentration along the symmetry axis in Figure 3c,d. Figure 5 further illustrates the
correlation between screening charge inversion and the fluidic flow pattern by superim-
posing the flow streamlines on the cation—anion concentration difference. In both the
—50/0 and 0/—50 kPa processes, the evolution of screening charge inversion is accom-
panied by the emergence or disappearance of vortex flow. Moreover, the center of these
vortices is located near the boundary separating positive and negative net charge. It is
worth emphasizing that the generation or elimination of recirculating vortex occurs over
a period of characteristic time (~100 us), because sufficiently strong charge inversion is
required to provide a considerable torque to overwhelm the fluidic viscosity. Therefore, the
transient simulations of the switching between the two states also reveal causality of the
charge inversion in vortex formation.
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Figure 4. Two-dimensional distribution of (C4+ + C_)/2Cy around the channel at representa-
tive moments after jump-like pressure: upper panel for 0/—50 kPa process and lower panel for
—50 kPa/0 process.
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Figure 5. Two-dimensional distribution of (C4 — C_)/Cy and fluidic streamline around the channel
at representative moments after jump-like pressure: upper panel for 0/ —50 kPa process and lower
panel for —50 kPa /0 process.

3.4. The Modulation Mechanism Based on Transversal Electric Field

Figure 6 provides important insight into the underlying mechanism of the pressure-
modulated electrical properties of the nanofluidic channel. Corresponding results based
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on the PNP model are also presented for comparison. As analyzed above, the key feature
underlying pressure modulation is the screening charge inversion near the reservoir—
channel entrance. Figure 6a shows the profile of net charge along the symmetry axis, in
good agreement with Figure 1d. It is worth noting that the net charges for the PNP and
—50 kPa models exhibit similar net-charge profiles, suggesting that the 0 kPa model cor-
responds to a different electric field distribution. As proposed in our previous work,
two essential factors are involved in the formation of screening charge inversion: under-
screening at the channel entrance and the dominance of longitudinal electric field over
its transversal counterpart [46], where the electric field is derived from the potential
E = —V¢g, and the longitudinal and transversal electric fields correspond to the com-
ponents along and perpendicular to the channel direction, respectively. These components
are obtained by decomposing the electric field derived from the potential obtained from
the coupled PNP-S equations. To examine the former factor, we plot the integral net charge
over every cross-section, including the fixed charges on the surface, as a function of axial
position in Figure 6b. The cross-section net charges exhibit similar axial profiles for all
three models (PNP, 0 kPa, and —50 kPa), suggesting that it is only weakly affected by
ionic convection. These results further support that under-screening arises from ionic
electro-diffusion transport, which is already contained in the PNP model.

2.4+ —— 0kPa
——— —50 kPa
—— PNP

Net charge (nC/m)
= = -
P

|
)
oL

1
_~

=3
~

-0.5 0.0 0.5 1.0 1.5

60+ 51 —— 0kPa
451
< 301 >
N o
15 -
{]- T T T T T T
05 00 05 1.0 15 0 10 20 30 40 50
z (um) r (nm)

Figure 6. Simulated electric field and net charge for PNP, 0 kPa, and —50 kPa models. (a) Simulated
(C+ —C-)/Cp along the symmetry axis. (b) The integral net charge (including the fixed charges
on the surface) of cross-sections along the symmetry axis. (c) Longitudinal electric field along the
symmetry axis. (d) Transversal electric field at z = 350 nm.
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To examine the latter factor, we plot the simulated electric field in the longitudinal and
transversal directions in Figures 6¢ and 6d, respectively. As discussed below, the difference
in local charge inversion is closely associated with fluidic motion. The longitudinal electric
field along the symmetry axis is nearly identical for the three different models, indicating
that it is weakly affected by the fluidic motion, as depicted in Figure 6¢. In contrast, the
transversal electric field near the channel entrance exhibits distinct scenarios. Figure 6d
shows the transversal electric field for the three models at a representative axial position
of z = 350 nm. Near the channel entrance, the longitudinal contribution, %, is nearly
equal and negative for the three models (as shown in Figure 6¢), while the transversal
contribution, %, differs among them and remains non-negative in this region (as shown
in Figure 6d). For the axisymmetric geometry of the channel, the tangential contribution,
E:ai;;, is always zero. Therefore, the local net charge is determined by the divergence of
the electric field, which includes contributions from both the longitudinal and transversal

components. For the —50 kPa and PNP models, ‘% remains much smaller than ‘aa%

7

so the longitudinal contribution dominates, resulting in a negatively charged region in

9L | pe-

the channel interior away from the surface. In contrast, for the 0 kPa model, oy

comes comparable to ‘ aa—zz , and the two terms exhibit opposite signs, so that dominance

of the longitudinal electric field over the transversal component required for screening
charge inversion no longer holds. Consequently, no intrachannel vortex is formed in the
0 kPa model.

To better explain the marked difference in the transverse electric field among these
models, it is instructive to first clarify the origins of the electric fields in the longitudinal
and transverse directions. The longitudinal electric field is dominated by the gradient
of the bias across the channel, while the transversal electric field is mainly induced by
the fixed charge on the channel surface. Under equilibrium conditions, the transversal
electric field inside the channel can be described by the theory of Debye screening. In a
channel with weak EDL overlap, % is expected to be negligible near the tails of the EDLs,
leading to zero local net charge. However, under nonequilibrium transport conditions, the
ion-screening behavior near the channel centerline can deviate from the equilibrium picture.
In the case of insignificant fluidic motion (e.g., PNP and —50 kPa models in this particular
device), there is little or no extension of concentration depletion into the channel, and the
transversal electric field remains unaffected close to its equilibrium state. In contrast, in
the case of significant fluidic motion (e.g., 0 kPa models in this particular device), the ion
concentration inside the channel is strongly depleted, especially near the channel entrance.
Consequently, the suppression of local ion concentration leads to an increase in the apparent
Debye length, A}, o 1/,/Cj [50]. In other words, notable % remains non-negligible near
the centerline in the 0 kPa model, even though Debye screening theory at equilibrium in a
channel with weak EDL overlap predicts otherwise. Hence, pressure modulation can tune
the interplay between concentration polarization and fluidic motion, thereby producing
different ion-screening states inside the channel and the corresponding terminal currents.

4. Conclusions

In summary, numerical simulations based on the coupled Poisson-Nernst-Planck—
Stokes equations reveal two ionic conductance states in a nanofluidic channel under
pressure modulation. In the absence of external pressure, the channel exhibits a low-
conductance state, corresponding to laminar flow inside the channel and high ionic selectiv-
ity. In contrast, under backward pressure, the channel switches to a high-conductance state,
accompanied by intrachannel vortex flow and lower ionic selectivity. Meanwhile, transient
simulations reveal the switching dynamics between the two states, with a characteristic
timescale of approximately 100 us. Furthermore, the modulation mechanism is attributed
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to the fluidic-motion-dependent transversal electric field inside the channel. However, the
present study is based on a continuum mean-field description with simplified channel
geometry. While such an approach captures the essential coupling between ion transport,
electric field, and fluid flow, additional effects such as more complex interfacial interactions,
geometric variations, and a broader range of operating conditions may influence quantita-
tive results. Future work incorporating these factors, as well as experimental validation,
would further advance the understanding of pressure-modulated nanofluidic transport.
Nevertheless, these findings provide a new strategy for modulating ionic transport in
nanofluidic systems and may enable pressure-controlled ionic devices, such as nanoflu-
idic diodes, transistors, and switching elements for ionic circuits, and also expand our
understanding of the nonlinear relationship between ionic current and applied bias.
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