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Ion conduction in nanofluidic devices can be reversibly controlled by regulating ion hydration 

state with an AFM-tip deformable nanogate. 
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Control of mass transport through nanochannels is of critical importance in many nanoscale devices and 

nanofiltration membranes. The gates in biological channels, which control the transport of substances 

across cell membranes, can provide inspirations for this purpose. Gates in many biological channels are 

formed by a constriction ringed with hydrophobic residues which can prevent ion conduction even when 

they are not completely physically occluded. In this work, we use molecular dynamics simulations to 10 

design a nanogate inspired by this hydrophobic gating mechanism. Deforming a carbon nanotube (12,12) 

with an external force can form a hydrophobic constriction in the tube centre that controls ion conduction. 

The simulation results show that increasing the magnitude of the applied force narrows the constriction 

and lowers the fluxes of K+ and Cl- found under an electric field. With the exerted force lager than 5 nN, 

the constriction blocks the conduction of K+ and Cl- due to partial dehydration while allowing for a 15 

noticeable water flux. Ion conduction can revert back to the unperturbed level upon the force retraction, 

suggesting the reversibility of the nanogate. The force can be exerted by available experimental facilities, 

such as atomic force microscope (AFM) tips. It is found that partial dehydration in a continuous water-

filled hydrophobic constriction is enough to close the channel, while full dewetting is not necessarily 

required. This mechanical deformed nanogate has many potential applications, such as a valve in 20 

nanofluidic systems to reversibly control ion conduction and a high-performance nanomachine for 

desalination and water treatment. 

Introduction  

The controlled transport of water and ions through biological 

channels plays a critical role in biology, such as in 25 

osmoregulation and the electrical activities of cells.1 It is 

desirable in modern nanotechnology, especially in nanofluidic 

systems, to have nanochannels through which transport can be 

tightly controlled. Ideally, we would like to have nanochannels 

that can be opened and closed to facilitate or prevent transport, 30 

and therefore, a nanovalve or nanogate needs to be designed to 

achieve this purpose. However, the transport in the channels of 

nanometer dimension is quite different from that in macroscopic 

channels, which makes the design of nanovalve or nanogate a 

challenge. Experimental and theoretical studies2-4 have shown 35 

that the gas and liquid flow through carbon nanotubes (CNTs) is 

several orders of magnitude faster than would be predicted from 

conventional fluid-flow theory. Previous simulation studies5,6 

have indicated that water transport in single-file form in 

CNT(6,6) can effectively resist the disturbances of tube 40 

deformation or external charge and be interrupted only by strong 

perturbations. It is found that the water permeation across 

nanochannel can be affected greatly by the external structure, 

which is quite different from the macroscopic scenario.7 In 

addition, liquid-vapor oscillations of water have been observed in 45 

hydrophobic nanochannels.8 Previous investigations9,10 focused 

primarily on the electroosmotic flow through charged 

nanochannels found that the properties of the nanochannel wall 

affect the flow profoundly. Recently, the ion permeation 

dynamics and the effects of several factors on the ion transport 50 

properties in CNTs have been studied systematically with 

molecular dynamics (MD) simulations.11-14 Experimentally, the 

ion transport properties across silicon nitride nanochannels15 and 

CNTs16 under an external electric field were evaluated, and the 

results showed that the mobilities of ions within these 55 

nanochannels were much higher than the bulk mobility.  

 Nanovalves have a wide range of potential applications. 

Microfluidic systems known as “lab-on-a-chip” have been 

developed as tools for accurate chemical analysis,17 and require 

femtoliter liquid be processed, which can realized by nanovalve 60 

devices. Simulation studies18-20 showed that the separation of 

gases and ions, and signal processing can be achieved by CNT-

based nanogates. Great efforts have been made to fabricate 

mechanised silica nanoparticels as nanovalves,21 which can serve 

as a smart drug delivery system. In addition, nanovalves made of 65 

polymer-grafted nanopores22 or channel proteins23,24 are able to 

control flows in nanochannels. Compared with the nanovalves 

mentioned above, CNT-based nanovalve have some advantages, 

such as fast mass transport ability at the open state,2,3 unique 

hydrophobicity, 1D hollow and regular structure, controllable 70 
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diameter and length,25  and easy chemical functionalization.26 

Thus, several efforts have recently been made to manipulate the 

mass transport in CNTs. Majumder et al.27 fabricated membranes 

composed of CNTs functionalized with charged molecular 

tethers, which exhibited voltage gated control of ionic transport. 5 

Yu et al.28 found that gated ion transport through dense CNT 

membranes can be achieved by regulating the water wettability of 

CNT hydrophobic surfaces by ultrasound or temperature change. 

The simulation work of Gong et al.29 demonstrated that it was 

possible to control ion-selective transport through a nanotube by 10 

an external charge. Based on the knowledge on transport in 

nanochannels accumulated by previous efforts, this study aims to 

design a nanogate to control ion conduction in nanochannels. 

 Biological ion channels are able to provide inspirations for 

designing nanogates. Almost all the biological channels are gated, 15 

i.e., they contain a region that can switch between open and 

closed states and thus control the transport of ions, water and 

other species in or out of cells.1 This open-closed transition is 

implemented by conformational changes in response to external 

signals, including changes in transmembrane potential, ligand 20 

binding or mechanical stress. The crystal structures of several ion 

channels showed that their gates are formed by a constricting 

girdle lined by hydrophobic residues.30-33 Surprisingly, these 

gates are not completely physically occluded even in the 

functionally closed state, which is quite different from the effect 25 

of steric occlusion in macroscopic channel gating. Subsequent 

simulation studies34-40 found that the narrow hydrophobic girdle 

is almost fully ‘dewetted’ in the closed state, and that an ion 

passing through this region has to shed water molecules from its 

hydration shell without any compensating interactions with polar 30 

groups on the pore walls. This results in an insurmountable 

energy barrier for ion transport. This hydrophobic gating 

mechanism is found to operate in a number of ion channels, 

including nicotinic acetylcholine receptor channel nAChR,34,35 

KcsA potassium channel,36 ligand-gated ion channel ELIC38 and 35 

bacterial mechanosensitive channel MscS and MscL.41,42 

Theoretical studies43,44 showed that a hydrophobic model pore 

with diameter lower than a critical value can effectively block the 

passage of water and ions. Ion hydration states play a dominant 

role in determining ion transport in biological channels and 40 

synthetic nanochannels, which is demonstrated by theoretical 

simulations and experiments.45-55 Additionally, the different 

dehydration energies of ions endow narrow hydrophobic 

nanopores with an intrinsic ion selectivity.14,56,57 However, it is 

difficult to regulate ionic hydration states in nanochannels to 45 

control ion conduction. 

 Inspired by the hydrophobic gating mechanism in biological 

channels, here, we use MD simulations to design a nanogate to 

control the conduction of K+ and Cl- based on the hydrophobic 

pore of CNT(12,12). The tube was deformed by an external force, 50 

which can be exerted by an atomic force microscope (AFM) tip. 

A hydrophobic constriction formed in the tube centre can serve as 

a nanogate to block ion conduction while allowing water 

transport. This nanogate is reversible, as the constriction can 

recover upon the force retraction. When the transport of ions is 55 

blocked, the nanogate can still allow for a water flux of about 6 

molecules per ns, which may be suitable for seawater 

desalination. This novel nanogate could act as a functional 

component in ionic nanofluidic systems and water-processing 

devices. 60 

Simulation details 

 A (12,12) CNT was embedded along the z axis between two 

graphite sheets to form a simplified ion channel, as shown in Fig. 

1. The effective radius of CNT(12,12) is 0.64 nm, close to the 

radii of the hydrophobic regions of nAChR and K+ channel MthK 65 

in their open states.58,59 The  length of the nanotube was chosen to 

be 3.45 nm, comparable to the thickness of cell membranes. The 

channel was located between z = -1.72 nm and z = 1.72 nm with 

the centre at z = 0, and connected two reservoirs containing 1 M 

KCl solution. A force was applied to the middlemost carbon atom 70 

in the top side of the nanotube. The carbon atoms at the bottom of 

the nanotube were fixed. As a result, this atom and its 

neighboring carbon atoms were pushed away from their initial 

equilibrium positions. A constriction with effective radius Rmin 

(excluding a carbon atom van der Waals radius of 0.17 nm) was 75 

formed in the midway of the CNT(12,12) after energy relaxation 

for each external force. Using different strengths of the applied 

force, deformed tubes were constructed with Rmin = 0.19, 0.21, 

0.23, 0.28, 0.33, 0.42 and 0.52 nm. 

 In the simulations, carbon atoms in the CNT(12,12) and 80 

graphite sheets were modeled as sp2-like aromatic carbons in the 

CHARMM27 force field,60 following the previous 

simulations.45,51 The TIP3P water model61 was employed. The 

parameters for K+ and Cl- were also taken from the CHARMM27 

force field. Although nonpolarizable models for water and ions  85 

cannot describe the structuring of halide ions (Cl- in this work) at 

the solution-CNT interface62 as well as polarizable models do,63  

Beu’s simulation work64 has demonstrated that consideration of 

polarizability have little relevance to the dynamic properties of 

ions in CNTs, such as ionic fluxes, and that using nonpolarizable 90 

models can obtain appreciable accuracy. In addition, 

computational expense of using polarizable models is several 

times of non-polarizable ones. Therefore, nonpolarizable models 

were adopted in this work to explore the transport of ions through 

CNT(12,12). Periodic boundary conditions were imposed in all 95 

the directions. The short-range van der Waals interaction was cut 

off at 1.0 nm. The long-range electrostatic interactions were 

computed with particle mesh Ewald method.65 Trajectories were 

integrated using the leapfrog scheme with a time step of 2 fs.  

 100 

Fig. 1 The simulation model. CNT(12,12) and the graphite sheets are in 

cyan. Water molecules are depicted as red and white rods. The green and 

cyan balls represent K+ and Cl-, respectively. An external force is applied 

on an atom of CNT(12,12) and a constriction with effective radius Rmin is 
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formed at the tube centre. A uniform electric field E in the positive 

direction of z-axis is adopted. 

After energy minimization, the system was equilibrated for 5 ns 

under NPT ensemble to obtain proper water density in 

CNT(12,12), during which harmonic constraints with spring 5 

constant 1000 kJ/mol/nm2 were applied to the carbon atoms. The 

temperature of the system is maintained at 300 K by using the 

Nosé-Hoover thermostat66 with a time constant of 0.1 ps. The 

Parrinello-Rahman scheme67 with a time constant of 5.0 ps was 

employed to regulate the pressure of the system at 1 bar. The size 10 

of the system was 3.57×3.50×6.32 nm3 after NPT equilibration. 

NVT ensemble was implemented in the subsequent simulations. 

Coordinates were stored every 1 ps for analysis. All the 

simulations were performed with GROMACS4.5.4 software.68 

 To evaluate the gating property of the CNT(12,12) with 15 

different degree of deformation, a uniform electric field, E, 

applied along the tube in the positive direction of z-axis was used 

to drive the ionic fluxes. The deformed CNT(12,12) was held 

stationary to keep its diameter steady. To simulate the process of 

force retraction from the tube, position constraints were removed 20 

from all the carbon atoms except those at the tube bottom. A 

strong electric field (E = 0.1, 0.15 and 0.2 V/nm) was used in the 

105 ns MD simulation so that enough ion passage events could be 

observed. The data from the last 100 ns were collected for 

analysis. The potential of mean force (PMF) of each ion passing 25 

through CNT(12,12) with deformation under equilibrium 

conditions (E = 0) was determined using umbrella sampling.69 

The ion was moved through positions from z = -2.5 nm to z = 2.5 

nm in 0.05 nm increments and held in position using a harmonic 

potential of 4000 kJ/mol/nm2. For each window, a 1 ns simulation 30 

was run and umbrella sampling data were collected at every 

integration step. The first 100 ps of each run was discarded as 

equilibration. The weighted histogram analysis method70 

(WHAM) was used to calculate PMF profiles with a tolerance of 

10-6 and 200 bins along the z axis. All PMF profiles were one-ion 35 

profiles as no other ions entered the tube during the simulations. 

 To create the deformed nanotubes and to determine the 

magnitude of the external force required to achieve certain degree 

of deformation, steered molecular dynamics71 (SMD) simulations 

were performed. Constant velocity SMD was first performed to 40 

deform CNT(12,12). Only the carbon atoms at the tube bottom 

were fixed as immobile reference for the SMD simulation. The 

middlemost carbon atom in the top side of CNT(12,12) was 

pushed toward the negative direction of the y-axis for about 2 ns, 

using a spring constant of 10000 kJ/mol/nm2 and a pull rate of 45 

0.001 nm/ps. Different spring constants and pulling velocities 

have been tried. The results showed that CNT(12,12) can only be 

deformed with relative large spring constant and the pulling 

velocity did not change the magnitude of the force needed to 

achieve certain degree of deformation but only the simulation 50 

time required to achieve certain deformation. Then the magnitude 

of the force was chosen from the force-deformation curve 

obtained in constant velocity SMD simulations, and was used in 

constant force SMD to confirm whether a certain deformation can 

be achieved under the action of such a force. 55 

Results and discussion 

Gating the ionic flux through the channel by deformation 

 Under the applied force on the tube, the CNT(12,12) was 

deformed laterally and a constriction was formed in the tube 

midway, as shown in Fig. 1. The inset of Fig. 2A shows the 60 

cross-sectional view of this constriction and its effective radius 

Rmin. To determine the extent of tube deformation required to 

effectively close its pathway for ionic conduction, several 

configurations of CNT (12,12) with different deformation were 

considered, i.e., Rmin = 0.52, 0.42, 0.33, 0.28, 0.23, 0.21 and 0.19 65 

nm. The radius of CNT(12,12) without any deformation was 0.64 

nm. The radius along the tube axis of CNT(12,12) with different 

deformation was computed using HOLE,72 and pictured in Fig. 

2A. The radius gradually decreases to Rmin when approaching the 

constriction in the tube centre (z = 0). The radii of the constricted 70 

channels is comparable to the biological counterparts of 0.3, 0.2, 

0.12 and 0.35 nm, respectively, for the hydrophobic constrictions 

of nAChR,30 KcsA,58 ELIC32 and MscS33 in their closed states.  

 In response to the tube deformation, the number density 

distributions of water, K+ and Cl- along the tube axis under the 75 

applied electric field E = 0.1 V/nm are also changed, as shown in 

Fig. 2B, 2C and 2D. The shapes of the water number density 

curves are quite similar to those of the radius profiles shown in 

Fig. 2A, indicating that the density change originates from the 

radius change along the tube axis. The water number density is 80 

lowered when closing to the constriction position, and decreases 

with the narrowing radius of the constriction (Rmin), depicted in 

Fig. 2B. The constrictions are always filled with watermolecules 

for all the considered values of Rmin and transitions between  

water-filled and empty states are not observed here as they have 85 

been in previous studies of narrow biological channels and 

synthetic hydrophobic nanopores.34-40,44 This discrepancy may 

due to the relative larger pore size of the deformed CNT(12,12) 

compared with the pore sizes in these previous studies.  

 As shown in Fig. 2C and 2D, the number densities of K+ and 90 

Cl- in the constriction (z = 0) descend with the decrease of Rmin. 

For Rmin = 0.23, 0.21 and 0.19 nm, the ionic number density is 

almost 0, indicating that under E = 0.1 V/nm the tube is closed to 

K+ and Cl- when Rmin is less than 0.23 nm. In addition, for Rmin < 

0.42 nm, the obvious asymmetry of ionic number density 95 

distribution about the constriction (z = 0) suggests that the tube 

provides a barrier to ion transport. As shown in Fig. 2C, K+ 

moves in the positive direction of z axis (the same direction of E) 

and its passage through the tube is obstructed by the constriction; 

as a result, K+ ions are enriched on the left side of constriction 100 

and a higher density is observed. Similarly, negatively charged 

Cl- moves in the negative direction of z axis (opposite to the 

direction of E) and the density is more pronounced on the right 

side of the constriction, shown in Fig. 2D. 

 To explore whether the ionic conduction through the channel 105 

of CNT(12,12) can be gated by deforming the tube, the flux of K+ 

and Cl- through the tube with deformation under E = 0.1 V/nm 

was analyzed, and the error bar of flux was calculated by dividing 

the simulation into equal 25 ns blocks. The results are displayed 

in Fig. 3. When the tube is slightly deformed (Rmin = 0.52 nm), 110 

the flux has little change. However, the flux drops sharply when 

Rmin decreases from 0.52 to 0.28 nm. For Rmin < 0.28 nm, the 

ionic flux is negligible. The tube is totally closed to K+ and Cl- 

when Rmin = 0.19 nm. The flux of water is 6-8 molecules per ns 

when Rmin < 0.28 nm (Fig. S1A in the ESI†), implying that such  115 
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Fig. 2 Radius (R) profiles (A) of CNT(12,12) with different deformation. Number density distributions of H2O (B), K+ (C) and Cl- (D) in the direction 

defined by the tube axis (z axis) in CNT(12,12) with each deformation under the electric field E = 0.1 V/nm. Rmin is the effective radius of the constriction 

formed in the tube midway (z = 0). The inset in panel (A) shows the cross-sectional view of the constriction and the definition of Rmin. The directions of E 

and the movements of K+ and Cl- are shown in panels (C) and (D). 5 

deformed tube may be suitable passing water while blocking ions 

as required in water desalination. When larger electric fields (E = 

0.15 and 0.2 V/nm) are applied, the ionic flux is still negligible 

for Rmin < 0.28 nm (Fig. S1B and S1C in the ESI†), indicating 

that the constriction with radius smaller than 0.28 nm is able to 10 

effectively close the channel to ionic conduction. It should be 

noted that the critical value of Rmin is smaller than that of some  
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Fig. 3 Ionic flux of K+ and Cl- through CNT(12,12) with different 

deformation under E = 0.1 V/nm. Rmin is the effective radius of the 15 

constriction. The flux on the force retraction and through the undeformed 

CNT(12,12) is labelled in the figure. Note that the Rmin value for the flux 

on the force retraction corresponds to the radius of the deformed tube 

from which the force was removed. 

biological channels and model nanopores, as the large applied 20 

electric field in this work can help K+ and Cl- to overcome the 

hindrance of the constriction to some extent. Moreover, the 

constriction gate is reversible. When the force on the tube with 

Rmin = 0.19 nm is removed, the local stress in the tube can make 

its shape recover to the undeformed one, and the ionic flux 25 

increases to the unperturbed level, as shown in Fig. 3. 

Additionally, the deformed tube exhibits a slight K+ selectivity 

over Cl-. 

The gating mechanism of the deformed channel 

To figure out the gating mechanism of the deformed CNT(12,12), 30 

the potential of mean force (PMF), i.e., the free energy profile of 

an ion passing through the tube was calculated and the ionic 

hydration states were analyzed. The results are plotted in Fig. 4. 

There is a energy barrier faced by K+ (about 5.0 kJ/mol) and Cl- 

(about 8.0 kJ/mol) at the mouths of the tube (z = ±2.0 nm) for all 35 

the studied values of Rmin. The energy barrier for K+ entering the 

tube increases when the tube is gradually deformed, while the 

energy barrier for Cl- is almost not changed. This phenomenon 

may due to the weaker hydration of K+ than that of Cl-,52,54,57 

which makes its hydration at the tube mouths can be easily 40 

affected by other ions. The radii of the tube mouths (0.6-0.7 nm, 

shown in Fig. 2A) are larger than the radii of the first hydration 

shell of K+ (0.36 nm) and Cl- (0.385 nm), and able to 

accommodate the entire inner hydration shells. Thus, this energy 

barrier is likely to be due to the rearrangement of the inner 45 

hydration shell and/or displacement of further hydration shells. In 

the bulk (z > 2.0 nm or z < -2.0 nm), the ion association and ion  
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Fig. 4 PMF and coordination number of K+ (A, C) and Cl- (B, D) passing through CNT(12,12) with different deformation. Rmin is the effective radius of 

the constriction formed in the tube midway (z = 0). The insets show the typical configurations of the first hydration shells of K+ and Cl- in the centre of the 

nanotube with Rmin = 0.64 and 0.23 nm. 

pairing make the coordination numbers of K+ and Cl- 0.5 smaller 5 

than those at the tube mouths.  

 For the undeformed CNT(12,12) with Rmin = 0.64 nm, no 

energy barrier is observed in the tube. When the tube is 

deformed, an additional energy barrier for K+ and Cl- is 

established at the constriction (z = 0), as shown in Fig. 4A and 10 

4B. For the constrictions with Rmin (0.52 and 0.42 nm) larger than 

the radii of first hydration shells of K+ (0.36 nm) and Cl- (0.385 

nm), K+ and Cl- do not dehydrate at the constriction and their 

coordination numbers are similar to or slightly lower than those 

in the undeformed CNT(12,12), resulting in very small energy 15 

barriers. The transport through these two constrictions has small 

hindrance and relative large ionic flux is obtained, as shown in 

Fig. 3. Obvious ionic dehydration is observed when the 

constriction is smaller than the size of the first hydration shells, as 

shown in the insets of Fig. 4. For Rmin = 0.33, 0.28 and 0.23 nm, 20 

about 0.45, 1.18, 2.46 water molecules, and 0.58, 1.15, 2.24 water 

molecules are stripped from the first hydration shells of K+ and 

Cl-, respectively, as shown in Fig. 4C and 4D. The corresponding 

energy barriers at the constriction are much larger and increased 

dramatically with the decrease of Rmin. Ion conduction through 25 

these narrower constrictions is highly hindered and results in a 

much smaller ionic flux, as displayed in Fig. 3. The energy 

barriers of K+ and Cl- at the constrictions agree well with the 

previous explicitly calculated dehydration free energy,57 which 

further confirms that the energy barriers are due to partial 30 

dehydration. For example, at the constriction with Rmin = 0.28 

nm, the coordination number of K+ drops to 5.9 and the energy 

barrier is about 15.0 kJ/mol, close to the dehydration energy of 

16.7 kJ/mol of K+ surrounded by 6 water molecules.57 In addition, 

the energy barrier of Cl- is always higher than that of K+ for the 35 

same constrictions, which accounts for the larger flux of K+ (Fig. 

3).        

 The large energy barriers at the constriction indicate that it is 

impossible for several ions staying at the constriction 

simultaneously, which is evidenced by an extremely low ionic 40 

density at the constriction (Figs. 2C and 2D). Moreover, under 

electric fields, the conduction of K+ and Cl- through the 

constriction is in single-ion form, and ion-ion interaction can be 

only observed near the tube mouths. Therefore, the effect of 

concentration on ion conduction through the constriction and its 45 

critical block radius can be neglected. 

 The applied force on CNT(12,12) generates a constriction in  

the tube and induces partial dehydration of K+ and Cl- at the 

hydrophobic constriction, as a result, the insurmountable energy 

barrier blocks the ion conduction and closes the tube. This 50 

mechanical gating mechanism of the deformed hydrophobic tube 

is quite similar to the hydrophobic gating in biological 

channels.34,35 For example, at the hydrophobic constriction of the 

MscS channel, about one-half of the water molecules in the first 

hydration shell of Cl- were depleted and resulted in a 41.8 kJ/mol 55 

barrier.40 The 0.3 nm radius non-polar gate in nAChR hinders ion 

conduction by presenting 26.2 and 16.2 kJ/mol barriers to Na+ 

and Cl-, respectively.35 Nevertheless, we found that the full 

dewetting of hydrophobic gates in biological channels may be not 

necessarily required to close the channels, as partial dehydration 60 

of ions in the continuous water-filled constrictions of CNT(12,12) 

in this work is enough to block ion conduction.  
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Fig. 5 The relationship between the exerted force and the tube 

deformation δ of CNT(12,12) with length of 3.45 nm and 6.89 nm. The 

inset illustrates the definition of tube deformation δ. 5 

Feasibility of the mechanical nanogate 

To test whether the deformation of CNT(12,12) in this work is 

feasible in experiments, constant velocity and constant force 

SMD simulations, which emulate the process of an atomic force 

microscope (AFM) tip acting on the tube, were performed to 10 

determine the magnitude of the force exerted on the tube to form 

a constriction with effective radius Rmin. The simulation results 

are shown in Fig. 5. During the SMD simulations, the centre of 

the tube was laterally deformed continuously until the elastic 

force of the tube increased to the exerted force, i.e., an 15 

equilibrium state corresponding to a constriction with Rmin was 

reached. The force required to deform CNT(12,12) is on the order 

of nN, which is comparable to the previous experimental and 

theoretic values.73,74 The mechanical deformation of the tube may 

conform to the Hooke’s law, as a good linear relationship 20 

between the force and the deformation was observed, as shown in 

Fig. 5. Given that the length of CNT used in nanofludic 

systems73,75 is much longer than the tube used here, we explore 

the effect of the tube length on the force required to deform it by 

considering a tube with twice length 6.89 nm. It is found that the 25 

force tends to decrease with the tube length. It is found that to 

achieve the same deformation δ, smaller force is required for the 

CNT with a length of 6.89 nm than the CNT of 3.45 nm in length, 

indicating that smaller force may be required for longer CNTs. 

 To summarize our results, the coordination numbers, energy 30 

barriers and flux of K+ and Cl- through the nanotube is plotted 

against the exerted force in Fig. 6. When the applied force is 

smaller than 4 nN (Rmin > 0.28 nm), K+ and Cl- are only slightly 

dehydrated and encounter only small energy barriers and so their 

fluxes are considerable. For force larger than 5 nN, partial 35 

dehydration is observed and the resultant large energy barrier 

makes the flux negligible, as shown in Fig. 6C. The force of 5.67 

nN is able to completely close the tube for ion conduction. The 

magnitude of the force required to gate the tube falls in the 

working range of many available experimental facilities.76 40 

Moreover, it has been experimentally demonstrated that a CNT 

can be deformed by an AFM tip73 and this mechanical 

deformation was found to be reversible.77,78 In the SMD 

simulations, we find that the tube can be deformed only with  
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Fig. 6 The coordination numbers (A), energy barriers (B) of K+ and Cl- at 

the constriction of the tube, and their flux through CNT(12,12) under each 

magnitude of exerted force. 

large spring constant. Thus, atomically sharp and stiff AFM tips 

should be used, given the small size of the tube. However, the 50 

smallest AFM tip has a radius below 10 nm. We speculate that 

the longer tube may be deformed by a larger AFM tip and its 

gating function takes effect, though the shape of the deformed 

tube in this work can not be exactly reproduced. In addition, the 

previously reported methods of fabricating CNT-based 55 

nanofludic devices with the use of an epoxy structure16,75 can be 

followed to build the system designed here. Therefore, the design 

of the mechanical nanovalve based on CNT(12,12) in this work 

for gating ion conduction may be feasible.  
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 The nanogate designed here can be generalized to control a 

wide range of substances. It is applicable to divalent ions, such as 

Ca2+ and Mg2+, as their dehydration energies are higher than that 

of monovalent ions due to much stronger electrostatic interactions 

between them and water molecules.79 CNTs with proper diameter 5 

should be chosen according to the size of the studied ions, e.g. 

larger CNTs for NO3
-, SO4

2- and NH4
+. Apart from deforming a 

CNT, there are other methods to control ion conduction. It is 

possible to selectively transport ions by modulating the surface 

charge of the CNT.18 Positing an external charge and changing its 10 

distance to the CNT6 to control the electrostatic interactions may 

be another approach to manipulate the transport of charged 

species in the CNT. In addition, the steric occlusion effect of the 

deformed CNT can be also used to control the transport of 

molecules, such as water molecules. This mechanical deformed 15 

CNT by AFM tips have many potential applications, such as a 

nanovalve in nanofluidic systems to reversibly control the ionic 

flows and a high-performance nanodevice for desalination and 

water treatment. 

Conclusions 20 

In summary, inspired by the hydrophobic gating mechanism in 

biological ion channels, we performed molecular dynamics 

simulations to design a CNT(12,12) based nanogate. The 

simulation results show that, under the influence of an external 

force, the CNT(12,12) is deformed and a hydrophobic 25 

constriction is formed in the tube centre, which can act as a gate 

to control ion conduction. With the external force increasing, the 

effective radius Rmin of the constriction is gradually reduced and 

ions face increasing barriers to pass through the pore. For Rmin < 

0.33 nm, the constriction is almost vacant of ions and obviously 30 

hinders the ion conduction, resulting in enrichments of K+ and Cl- 

on the left and right sides of the constriction, respectively. When 

the exerted external force is larger than 5 nN, the constriction 

with a radius smaller than 0.23 nm is able to close the tube for ion 

conduction, while allowing water molecules to pass through. This 35 

nanogate is reversible, as the ionic fluxes can revert back to the 

unperturbed level upon the force retraction. It is found that, in the 

hydrophobic constriction of the tube, stripping 40 % and 34 % of 

the water molecules in the first hydration shells of K+ and Cl- can 

effectively and completely block ion conduction under 0.1 V/nm, 40 

even though the constriction has an effective radius of 0.19 nm 

and is water filled. Thus, the full dewetting of the gate is not 

required to close the channel as suggested for biological pores. 

The force required to deform the tube increases linearly with the 

deformation and may be exerted by atomically sharp and stiff 45 

AFM tips. This biomimetic and mechanical nanogate based on 

CNT(12,12) can serve as a reversible device to control mass 

transport in nanofluidic devices. 
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