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Abstract
Mechano-nanofluidics, defined as the study of mechanical actuation effects on the properties of nanofluidics, have received 
broad interest recently in the field of nanofluidics. The coupling between phonons in carbon nanostructures and fluids under 
confinement is verified to enhance the diffusion of fluids. Especially, carbon nanotubes (CNTs) are applied as perfect nano-
channels with fast water mass transport, making them to be one of the next generation of membranes. Here, we investigated 
water permeation through CNT membranes with the mechanical vibrations using non-equilibrium molecular dynamics 
simulations. The simulation results reveal that the water flux is highly promoted by a travelling surface waves at 1 THz. The 
water flux is enhanced by as large as 20 times for the single-file structured water at 20 MPa. The vibration effect is verified 
to be equivalent to a pressure drop with ΔP up to 295 MPa. We show that the role of vibration diminishes for water in a 
larger CNTs. The water structure and hydrogen bond network are analyzed to understand the phenomena. The results of the 
present work are applied to provide guidance for the development of high-performance membranes.
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1 � Introductions

Water transport in carbon nanotubes (CNTs) has received 
broad interest because of the ultra-fast nanofluids mass 
transport and promising applications in membrane separa-
tions (Werber et al. 2016), energy-related fields (Secchi et al. 
2016b), and biological entities (Tunuguntla et al. 2017). In 
recent decades, a lot of experiments and molecular dynamics 
(MD) simulations have reported the unexpectedly high-water 

flow rates in CNTs (Holt et al. 2006; Qin et al. 2011; Thomas 
and McGaughey 2009). The fast water transport is often 
attributed to the frictionless interfaces of water-CNTs (Falk 
et al. 2010; Ma et al. 2011). However, the exact mechanism 
of water transport in CNTs remains unclear. This is because 
of a lack of experimental outputs, and the divergence of 
the existing results (Cao et al. 2018a; Kannam et al. 2017). 
Recently, Secchi et al. (2016a) overcame the problem of 
estimating the minuscule amounts of water, and revealed 
an unexpected large and radius-dependent slippage of water 
transport through individual CNTs. This work provides the 
challenges to the understanding of nanofluidics, while the 
experiments are still in their fancy.

MD simulations play an important role in fluid flow in 
nanochannels (Kannam et al. 2017). When comes to water 
in CNTs, the simulation results do not provide a satisfactory 
insight into the fundamental mechanism, failing to explain 
the experimental trend (Calabro 2017; Zhu et al. 2016). 
The models and setups are considered to affect the simula-
tion results very much (Thomas and Corry 2015). A recent 
MD simulation study has reported the fast water diffusion 
resulted from the coupling between the phonon modes of 
the CNTs and the running water, by controlling the flow 
velocity of water down to centimeters per second, which 
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is comparable to experimental velocities (Ma et al. 2015). 
The phonon modes of the CNTs were verified to be able to 
transfer momentum to water, leading to a nearly three times 
increase in water diffusion in CNTs. These developments 
have led to an emerging field called mechano-nanofluidics, 
which studies the effects of mechanical actuation on the 
properties of nanofluidics (Cao et al. 2018b).

The development of mechano-nanofluidics is to explore 
techniques to actuate a specific phonon mode within the 
confining materials. We aim to excite the confined fluid in 
a controlled manner. The study could borrow much from 
microscale acoustofluidics, which is the microfluids manipu-
lation by the propagation of surface acoustic waves (SAW) 
(Friend and Yeo 2011). The acoustofluids at nanoscale is 
different due to the non-Fickian fluid flow in nanochannels 
(Bocquet and Charlaix 2010). The fabrication of SAW-actu-
ated nanofluidic channels made of a piezoelectric material 
is difficult compared to that at microscale (Miansari and 
Friend 2016). For water confined in CNTs, the frictionless 
tube walls and the peculiar hydrogen bond (h-bond) network 
should be concerned (Bernardina et al. 2016). The specific 
phonon vibration has been expected to induce a fast water 
flow. This is often demonstrated in thermo-osmotic motion 
of water along CNTs driven by collision frequency of water. 
The continuous water flow were found by either heating the 
water reservoir (Fu et al. 2018), or the nanoparticles in the 
reservoir (Zhao and Wu 2015). Another example known as 
thermophoresis shows a net water flow by imposing an axial 
thermal gradient along CNT surfaces (Oyarzua et al. 2018). 
The longitudinal phonon oscillations with a frequency of 
about 0.03 THz in CNTs has been verified to be the driving 
force. This mode is also verified theoretically to enhance 
nanofluids diffusion through a synchronization mecha-
nism (Wang et al. 2018). Other phonon vibrations of CNTs 
have been proposed to increase the confined fluids flux by 
mechanical actuations, such as the radial breathing mode 
(Zhang et al. 2013), and mechanical wave propagation by 
bending (Qiu et al. 2011), buckling (Kuang and Shi 2014; 
Zhou et al. 2015), and twisting (Duan and Wang 2010) car-
bon atoms in CNTs, and Rayleigh traveling waves (Insepov 
et al. 2006) along nanotubes. The simulation shows that 
water flux is dependent on the resonant frequency in the 
terahertz region and the asymmetry of the system (De and 
Aluru 2018). Those results focus on the water pump in CNTs 
through mechanical actuation, but a thorough understanding 
of the phonon vibration of CNTs in a membrane separation 
process, e.g. by a pressure gradient, is still worth discussing.

In this work, we report a study on water transport through 
CNT membranes performed by non-equilibrium MD simula-
tions. To reveal the role of a specific phonon vibration sepa-
rately, the vibration mode was added to the carbon atoms of 
CNTs manually. We note that this work intends to explore an 
optimal vibration mode of CNTs at a certain frequency for 

water flux. The vibration models studied here are difficult to 
be realized with existing technologies. But a properly tuned 
laser excitation is expected to be applied to trigger phonons 
in CNTs. This could possibly prepared by picosecond and 
femtosecond laser ultrasonic which could generate waves 
in the THz range (Babilotte et al. 2010). Here, we studied 
the water flow through (6, 6) CNTs with single-file water 
structures and (8, 8) CNT with layered water structures. The 
relation between the surface vibration and the confined water 
structures was investigated to understand the mechanisms.

2 � Models and methods

2.1 � Simulation models

In this work, we refer to the effect of mechanical actuation 
of CNTs on the water transport. The travelling surface waves 
were generated by adding periodic displacement directly to 
all the carbon atoms of CNTs. The intramolecular force in 
CNTs was not calculated. We also performed two standing 
waves with the wave number equals to zero for compari-
son. The actuation styles studied in this work are described 
according to the equation of motion as follows:

(1) Radial breathing vibration:
For travelling wave:

For standing wave:

(2) Travelling bending vibration:

(3) Longitudinal vibration:

In these equations, u, v, and w represent the displace-
ment along x, y and z axes, respectively. The z axis is the 
direction along the tube axis. A is the amplitude, f is the 
frequency, c is the phase velocity, and k is the wave num-
ber, where k = 2�f∕c , with the direction being the same as 
pressure drop. In the simulations, A was set to be 5% of the 
tube diameter, d. This percentage is comparable to the one 
observed in experiments of the breathing mode of CNTs 
(Liu et al. 2013). The effect of water on phonon vibration of 
CNTs is neglected. We studied a serial of f to observe the 
frequency dependence with the value ranges from 10 GHz 
to 105 GHz. The travelling waves of breathing and bend-
ing modes, standing breathing and longitudinal modes are 

u(t, z) = Ax∕dcos(2�f (t − z∕c)),

v(t, z) = Ay∕d cos(2�f (t − z∕c)),

w(t, z) = 0, k = 2�∕d.

u(t, z) = Ax∕d cos(2�ft), v(t, z) = Ay∕d cos(2�ft), w(t, z) = 0, k = 0.

u(t, z) = Acos(2�f (t − z∕c)), v(t, z) = 0, w(t, z) = 0, k = 2�∕d.

u(t, z) = 0, v(t, z) = 0, w(t, z) = A cos(�t), k = 0
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depicted as TBM, TBEM, BM, and LM for short. The static 
structures of the models can be found in Fig. 1a.

Armchair CNTs were applied to transport water, with the 
chiral index set to (6, 6) and (8, 8). The diameter d equals to 
0.814 and 1.086 nm, respectively. It is anticipated that the 
solid-like water structures in narrow CNTs could be pro-
moted effectively due to the relatively stable h-bond net-
works (Striolo 2006). The length of CNTs was chosen to 
be twice of the diameter, which is 1.6 and 2.2 nm for (6, 
6) and (8, 8) CNT, respectively. Water transport through 
CNTs was performed by non-equilibrium MD simulation 
methods. Figure 1b presents a schematic picture of the simu-
lation box containing the membrane and two reservoirs. The 
membrane consists of a CNT and two rigid graphene plates. 
Each water bath size in the x and y dimensions is 4 nm, and 
in the z dimension is 8 nm. The system contains 8000 water 
molecules. Periodic boundary conditions are imposed in all 
directions. The pressure gradient along the membranes is 
obtained by the constant force applied on the rigid pistons 
on both sides. The low pressure was set to 1 bar through 
adding force to the left piston, therefore only the high pres-
sure was changed. Five pressure drops were considered with 
ΔP ranges from 0 to 100 MPa. The pressure profile along 
z direction can be found in Fig. 1c. The pressure gradient 
varied in the interior and at the entrance/exit points. The 

pressure of water inside nanotubes distributes as a wave, 
showing the spring-like water movement.

2.2 � MD methods

All simulations were performed using the LAMMPS soft-
ware packages. Carbon atoms of CNTs were modeled as 
unchanged Lennard-Jones (L-J) particles with parameters of 
�c-c = 0.07 kcal/mol and �c-c = 0.355 nm (MacKerell et al. 
1998). Water molecules were modeled with TIP3P force 
filed (Jorgensen et al. 1983). The cross-term interactions 
were estimated using the Lorentz–Berthelot mixing rules. 
The short-range van der Waals were computed with a cutoff 
distance of 1.0 nm and long-range electrostatic interactions 
were calculated with the particle–particle–particle–mesh 
(PPPM) method (Pollock and Glosli 1996).

The simulation system was first minimized with the 
carbon atoms being froze. The initial velocities were 
assigned to water according to the Boltzmann distribution. 
The dynamics of Newton’s equation were iterated using 
a 2.0-fs time step. After minimization, the system was 
equilibrated at 298 K and fully coupled to a Nose–Hoover 
thermostat for 2 ns. Those thermostats were applied to all 
water molecules. The temperature of water near vibrating 
surfaces would possible be elevated. While this effect is 

Fig. 1   a Four kinds of static 
structure of mechanical vibra-
tions of CNTs, including travel-
ling breathing mode (TBM), 
travelling bending mode 
(TBEM), breathing mode (BM), 
and longitudinal mode (LM). 
b Geometry of the membrane 
separation system. The green 
atoms represent the CNTs. c 
Resultant pressures profiles 
along the CNT axial direction 
for various applied forces, gen-
erated from (6, 6) CNTs simula-
tions. The inset panel shows the 
results in the red dashed frame. 
The dashed black lines indicate 
the positions of the atoms on the 
edges of CNTs. (Color figure 
online)
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not considered in this work, to address this problem, we 
compared our results with the ones that only thermostat 
water molecules outside CNTs. The difference of water 
flux among them was found to be neglected. Afterwards, 
the pressure drop was exerted on the pistons, according to 
ΔP = FaveNcarbon/Areagra , where Fave is the average force 
exerted on each carbon atoms (the total number is Ncarbon ) 
of the graphene piston. The mechanical actuations stud-
ied in this work were realized by adding specific periodic 
displacement to the carbon atoms in CNTs according to 
the equations aforementioned. The interactions between 
carbon atoms were not considered in the simulations. The 
simulations run for another 2 ns. After the steady state of 
water flow across the membrane reached, the time evolu-
tion of number of molecules in the reservoirs is recorded 
for 6 ns.

3 � Results and discussion

3.1 � Water flux

Figure 2 shows the water flux versus vibration frequency 
and the transmembrane pressure drop for two CNTs, i.e. 
(6, 6) and (8, 8). The two CNTs were chosen due to the sta-
ble chain-like structures of confined water inside the tubes. 
Additionally, a CNT with a diameter less than that of (8, 8) 
CNT is recognized to reject most hydrated ions, which is 
efficiently applied as desalination membranes (Corry 2017). 
Note that we do not include ions in the calculations for sim-
plicity. Here, the water flux is obtained by the linear fitting 
of the number of water molecules passing from the feed to 
the permeate as a function of simulation time. As discussed 
before, water in narrow CNTs has been reported to move 
in waves with a certain eigen frequencies, i.e. 2–14 THz 
for water in (6, 6) CNTs (Li et al. 2016). Thus, water can 
adsorb energy from CNTs at this frequency range, showing 

Fig. 2   Flux as a function of vibration frequency (a, c) and pressure 
drop (b, d) for water transport through (6, 6) (a, b) and (8, 8) (c, d) 
CNTs. The dashed lines in figure b, d indicate the flux enhancement, 

calculated by � = (Jv − Jno)∕Jno at 1 THz, where Jv , Jno is the flux 
with and without surface vibrations under an identity ΔP , respectively
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a resonance between them (Zhang et al. 2013). Figure 2a 
shows a dependence of water flux on the vibration frequency. 
Water transport through CNTs is largely enhanced by the 
actuations, the maximum flux is achieved with the frequency 
equals to 1 THz for all the four mechanical systems. Here, 
the characterize frequency as a little smaller than the pre-
dicted resonant ones. We attribute this behavior to the phase 
changes of water resulted from the actuations, due to the 
open-ended models applied. The phase behavior would be 
discussed later. Similarly, the optimal frequency is ~ 1 THz 
for water transport through (8, 8) CNTs (see Fig. 2c). How-
ever, the frequency tends to shift to lower values, especially 
for TBM. In a larger CNTs, water molecules could move 
more freely and the h-bonds are more likely to break. The 
range of vibration frequency accessed by water in (6, 6) 
CNTs is estimated to be much wider and larger than that in 
(8, 8) CNTs (Thomas et al. 2010). We also note that no water 
flow in (8, 8) CNTs at 10 THz with the travelling waves, 
which is not found in (6, 6) CNTs. The vibrating accessible 
spaces along the axial direction in tube entrances at 10 THz 
hinder the water passages.

Generally, the travelling waves are applied to overcome 
the large surface and viscous force in nanofluidics. For water 
confined in CNTs, the shear in a single file or a layered struc-
tured water is rather difficult. The hydrophobic nature of 
carbon is also not favorable in these processes compared to 
hydrophilic surfaces (Xie and Cao 2017). Despite these dis-
advantages, fast water flux is found as a result of resonance. 
This is attributed to the springs-like water structures in nar-
row CNTs. The large hydrodynamic slip would also facili-
tate the water transport driven by surface waves (Fu et al. 
2017). The driving force is different among the four types 
of vibrations studied in this work. The TBM is analogous to 
Rayleigh wave, through which water molecules move with 
the wave by the multiple reflections from the tube wall. It 
has been reported that the friction force is the driving force 
for gases flow in CNTs by TBM, with the velocity at the 
order of km/s (Insepov et al. 2006). The velocity is larger 
than that of water calculated in this work. Nevertheless, the 
frequency needed to drive the gas is found to be much higher 
than that for water. For TBEM, the water driving force is 
recognized to be the centrifugal force (Qiu et al. 2011). 
Water molecules are forced to vibrate with the tubes and 
move along the direction of wave propagation. For stand-
ing waves, i.e. BM and LM, water flux is obtained by the 
resonance between water and CNTs. The water transport 
is not comparable to that by travelling waves. The largest 
water flux in (6, 6) CNTs is found to be about twice the value 
without vibrations, which is consistent with the literature 
(Zhang et al. 2013). LM actuation is verified theoretically to 
enhance water flux through a synchronization mechanism as 
aforementioned. The water fluxes are a little less than those 
actuated by BM.

The relation between the water flux and pressure drop is 
depicted in Fig. 2b for (6, 6) CNT and 2d for (8, 8) CNT. 
Water transport through CNTs without an actuation is found 
to obey Darcy’s law (Zarandi et al. 2018), which is repre-
sented as J ∝ ΔP . Inversely, in Fig. 2b, the water flux does 
not increase monotonically with pressure drop, especially 
for travelling wave systems. The nonlinear relationship is the 
result of the change of resistance with pressure. The transfer 
process can be described according to J = (ΔP + F∕A)∕R , 
where J is water flux, F∕A is the force driven by vibrations, 
R is the resistance, R = Ren + Rin , Ren is the resistance in the 
entrance/exit region and Rin is the resistance inside CNTs. 
Ren is calculated by 3�∕8d3 , where � is the shear viscos-
ity of water. The inertial losses at the two CNT-reservoir 
boundaries has been also reported to be a factor (Thomas 
and McGaughey 2009). For water flow through CNTs, Rin 
can be often neglected because of the frictionless of CNTs. 
Therefore, we can estimate Ren by the slope of the J − ΔP 
line of water in CNTs with no vibrations. From the figure, 
we thus can find that Ren decreases for water in CNTs as 
an effect of waves, indicating that water molecules have 
a larger opportunity to enter the vibrating tubes. We refer 
to the resistance change to the change of the water density 
and h-bonding stability (see Figs. 3, 4). The rough surfaces 
resulting from travelling waves would also amplify the shear 
force between water and CNTs and Rin . For TBEM and TBM 
in (6, 6) CNTs, we find that the resistance, R , increases with 
the pressure from the curve in Fig. 2b. While for TBM, R 
would decrease with increasing pressure. For water trans-
port through (8, 8) CNTs, the nonlinear relationship is not 
so obvious.

The effect of vibration is further addressed by analyz-
ing the flux enhancement, calculated by � = (Jv − Jno)∕Jno 
under each ΔP , where Jv , Jno is the flux with and without 
surface vibrations at an identity ΔP , respectively. In Fig. 2b, 
d, we present the variation of � with ΔP shown as dashed 
lines. Here, we find that � decreased monotonically with 
increasing ΔP . That is, the vibration is more efficient under 
a smaller pressure difference across CNT membranes. In 
the calculations of (6, 6) CNTs, the largest enhancement is 
21.2 for TBEM at 20 MPa, 1 THz. From the figure, we also 
find that the enhancement as an effect of travelling waves 
is much larger than that with standing waves. For instance, 
� equals to 1.4 for BM, compared to 18 for TBM with the 
wave propagation. Additionally, the enhancements of two 
travelling waves and two standing waves are found to be 
comparable, respectively. For water transport through (8, 8) 
CNTs, the role of mechanical actuation is weakened com-
pared to that of (6, 6) CNT. The result can be understood 
by the faster self-diffusion of water in (8, 8) CNTs, com-
pared to the collective movement of single-file water in (6, 
6) CNTs. The thermo motion of water in (8, 8) CNTs would 
hinder the resonant motion actuated by surface vibrations. 
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The largest enhancement of water flux through (8, 8) CNTs 
is 10.8, for TBEM at ΔP = 20 MPa , f = 1 THz . Finally, 
we emphasize the water flux under travelling waves without 
a pressure drop, indicative of the actuation effect of water 
transport. The largest water flux in (6, 6) CNTs is found to 
be 64.1 ns−1 and 58.4 ns−1 for TBM and TBEM at 1 THz, 
respectively. This vibration effect is equivalent to a pres-
sure drop with ΔP equals to 295 MPa and 269 MPa. These 
values are estimated by first linear fitting the water flux with 
pressure drop under no actuation, and then extrapolating to 
the specific flux to get a pressure drop. For water transport 
through a larger (8, 8) CNT, the flux for TBM and TBEM at 
1 THz is both calculated to be 174.6 ns−1, corresponding to 
a ΔP of 230.5 MPa.

3.2 � Water molecular dynamics

In an effort to elucidate the highly water flux increments 
through travelling surface waves studied in this work, we 
first analyzed the water depletion in CNTs. We plot in Fig. 3 
the water density damping versus frequency, calculated by 
�v/�no . It is clear that as the frequency increases, significant 
less water molecules occupy the nanotubes. Water content 
in CNTs further increases with the frequency up to 100 THz. 
At this frequency, the confined water molecules hardly feel 
the vibrations. The depletion of water under surface waves 
is predictable due to the energy transfer from the surface to 
water. The water evaporation on surfaces under such wave 
propagation is applied to drive fluids through microchan-
nels (Cecchini et al. 2008). Previously, the entropy domi-
nated vapor-like phase for water in (6, 6) CNTs and enthalpy 
dominated ice-like phase for water in (8, 8) CNTs have been 
reported (Pascal et al. 2011). For TBM and TBEM here, the 
enthalpic penalty is expected to be amplified. This simple 
picture of unfavorable enthalpy due to the decreasing aver-
age number of h-bonds per water molecules in CNTs, repre-
sented as ⟨nHB⟩ , as seen from Fig. 4. Similarly, the entropy 
gain of water should also arise from the increase of the rota-
tion degree of freedom. The rotation entropy change should 
come from the travelling waves and the heterogeneous phase 
space sampling along the tube axis. Therefore, it is antici-
pated from thermodynamics that water would have a larger 
possibility to enter the vibrating CNTs. However, the rela-
tive continuum water flow through nanotubes breaks up with 
water depletion. This phenomenon weakens the momentum 
transfer from reservoir to water inside CNTs, further dimin-
ishes the role of pressure difference on the water passage.

It is observed that the density damping reaches the 
maximum at f = 10 THz . Water molecules are found 
to be hard to transport through CNTs at this frequency, 
especially for (8, 8) CNT. We image that once the water 
molecules enter the tube and then are “squeezed out” by 
the surface wave at a short time. Moreover, we find that 
the difference of the water density damping between dif-
ferent pressure at 1 THz is larger than other frequency. The 
result supports the finding of the nonlinear change of water 
flux with pressure (see Fig. 2). The vibration effect on 
water density also varies between different CNTs. Despite 
the smaller enhancement of water flux actuated by sur-
face waves, the larger water density decrease is found for 
water in (8, 8) CNTs, compared to that for (6, 6) CNTs. 
In (8, 8) CNTs, the depletion of water means water can 
diffuse more freely to the center of tube, indicative of 
the less impact by surface wave. To better elucidate the 
phase change, we provide the representative water struc-
tures as a result of pressure drop and vibration frequency 
for TBM, as shown in Fig. 3b. The vibration of CNTs 
induces a dominant phase change, i.e. from the current 

Fig. 3   Density damping (a), �v∕�no , versus vibration frequency. The 
solid and dashed lines are for (6, 6) and (8, 8) CNT, respectively. b 
Representative water structures as a result of pressure drop and vibra-
tion frequency. The results of TBM are shown
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state to a non-wetting state under no pressure. The non-
wetting state would transit to a liquid-like state when the 
pressure increases to 100 MPa. We anticipate the density 
would further increase with increasing pressure. The phase 
transition behavior is similar to that expected for different 
temperatures (Agrawal et al. 2017).

The dynamic of water is revealed by the h-bond network 
of confined water. The h-bond network is characterized 
by both the average h-bond number, nHB , and the average 
relaxation time, �HB . The relaxation time is calculated by 
�HB = ∫∞

0
tpHB(t)dt , where pHB(t) is the probability density 

of h-bond breaking. Figure 4 shows the h-bond damping, 
calculated by ⟨nHB⟩v/⟨nHB⟩no , and ⟨�HB⟩ of water as a func-
tion of frequency. The changes of both the ⟨nHB⟩ and ⟨�HB⟩ 
with frequency are accordant with those of water density. 
The ⟨�HB⟩ variation is also supportive to the phase change 
stated previously. The stability of the chain-like water 

structures is verified by ⟨�HB⟩ . We compare these values 
with the residence time, �res , and find that they are smaller. 
The results suggest that the h-bond network is undergoing 
continuous breaking and re-forming. Especially, the ⟨�HB⟩ 
decreases with the increasing pressure. The trend reminds us 
the aforementioned large enhancement factor under a small 
pressure drop. The water molecules under a large pressure 
would be more unstable. The frequent h-bond breaking 
and re-forming would lead to an energy penalty, and fur-
ther reduce the water flow through CNTs. Additionally, the 
⟨nHB⟩ distribution along the CNT axial direction for various 
vibration modes at 1 THz and 100 MPa is plotted in Fig. 4c. 
The ⟨nHB⟩ drops rapidly at the entrance to the membrane, 
indicating that there is an energetic penalty incurred as a 
molecule enters the membrane. We also find the large fluctu-
ation inside tubes with a surface wave compared to that with 
no vibration. This shows the non-continuum water flow in 

Fig. 4   The average hydrogen bond damping (a), ⟨nHB⟩v/⟨nHB⟩no , and 
average hydrogen bond relaxation time (b), �HB , versus vibration 
frequency. The solid and dashed lines are for (6, 6) and (8, 8) CNT, 

respectively. c The ⟨nHB⟩ distribution along the CNT axial direction 
for various vibration modes at 1 THz, 100 MPa
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CNTs. The fluctuation is more obvious for water in a larger 
CNTs, which is consistent with the larger water depletion.

The residence time is calculated by �res = ∫∞

0
tpres(t)dt , 

where pres(t) is the probability density of leaving CNTs. 
The residence time distribution reveals information regard-
ing the degree of mixing of water molecules in the CNTs. 
From Fig. 5a, the curves have the similar patterns with 
Fig. 4b. Although the residence time is small at 10 THz, 
water flux is limited due to that molecules would leave the 
tube once entering it. Such the relation of �res suggests that 
we cannot solely determine the water flux by residence 
time. An obvious parameter to consider is the number of 
water molecules occupying the CNTs. It is anticipated 

that a combination of the two is able to explain the water 
flux. We finally fit the water flux with the ⟨N⟩ divided by 
the residence time �res , as shown in Fig. 5b. Interestingly, 
a linear relationship exists regardless of the travelling 
wave styles, pressure drop or frequency. The water flux 
is expected to be further enhanced by either increase the 
water occupation or decrease the residence time. The slop 
for (6, 6) and (8, 8) CNT is estimated to be 0.67 and 0.56. 
The slightly smaller value in a larger CNT is a result of 
water diffusion along the radial direction. This linear rela-
tion is not found for standing waves, such as BM and LM. 
We note that the energy dissipation of CNTs resulted from 
the water molecules inside is not addressed in this work. 
Therefore, the fitting lines provides upper bounds to the 
flux enhancement by mechanical actuation.

4 � Conclusion

In this study, we have observed the transport of water 
through CNT membranes actuated by surface vibrations 
via non-equilibrium molecular dynamics simulations. In 
particular, we investigated the travelling surface waves 
including the breathing and bending modes with vari-
ous frequency, as well as the standing breathing mode 
and longitudinal mode. The single-file structured water 
in (6, 6) CNT and circular water structures in (8, 8) are 
both addressed here. The simulation results reveal that the 
water flux is highly promoted by a travelling surface wave 
at 1 THz. The water flux is enhanced by as large as 20 
times for the single-file structured water at 20 MPa. The 
vibration effect is verified to be equivalent to a pressure 
drop with ΔP up to 295 MPa. We show that the role of 
vibration diminishes for water in a larger CNTs, due to the 
relative unstable hydrogen bond network. The water struc-
ture and hydrogen bond network are analyzed to under-
stand the phenomena. The phase of water would transit to 
a non-wetting state with increasing frequency, and then 
transfer to a liquid-like state with increasing pressure. The 
result that the hydrogen bond relaxation time declines with 
pressure also explains the large enhancement under a small 
pressure drop. Additionally, we find that the water flux is 
proportional to the water occupation divided by the resi-
dence time in CNTs, independent of travelling wave styles, 
pressure drop and vibration frequency. The above conclu-
sions provide upper bounds to the flux enhancement by 
mechanical actuation. We believe that the water flux could 
be further enhanced, i.e. by eliminating the unstable factor 
in the single-file water chain such as hydrogen bonding 
defects (Kofinger et al. 2011).

Fig. 5   a The relaxation time, �
res

 , versus vibration frequency. b Water 
flux versus average number of water molecules inside CNTs, ⟨N⟩ , 
divided by average residence time. The symbols are the simulation 
data for TBM and TBEM. The solid lines are the linear fit to these 
data
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