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Water channels are important to new purification systems, osmotic power harvesting in salinity
gradients, hydroelectric voltage conversion, signal transmission, drug delivery, and many other applica-
tions. To be effective, water channels must have structures more complex than a single tube. One way of
building such structures is through a water bridge between two disjoint channels that are not physically
connected. We report on the results of extensive molecular dynamics simulation of water transport through
such bridges between two carbon nanotubes separated by a nanogap. We show that not only can pressurized
water be transported across a stable bridge, but also that (i) for a range of the gap’s width lg the bridge’s
hydraulic conductance Gb does not depend on lg, (ii) the overall shape of the bridge is not cylindrical, and
(iii) the dependence of Gb on the angle between the axes of two nonaligned nanochannels may be used to
tune the flow rate between the two.

DOI: 10.1103/PhysRevLett.122.214506

Fabrication of water channels and understanding the
dynamics of flow in them have attracted wide attention. The
problem was originally motivated by the need for new
purification systems [1,2] for drinking water as large parts
of Earth is afflicted by prolonged draught. Man-made
channels for water transport have numerous other appli-
cations, including osmotic power harvesting in salinity
gradients [3] and hydroelectric voltage conversion [4],
conversion and multiplications by polar molecules [5,6],
advanced conductance systems such as water channel
proteins [7], and releasing biomolecules during drug
delivery [8]. Carbon [9], boron nitride [10], and graphene
oxide nanotubes [11] have been used as the building blocks
of such channels. To be effective, artificial water channels
must have more complex structures than a single tube. For
example, many purification processes are based on multiple
channels with a variety of sizes. Although microfluidic
systems with a Y shape (a tube branching into two others)
[12] and nanofluidic systems that consist of nanotubes of
various sizes connected together by nanojunctions [13]
have been proposed, it is still very difficult to fabricate
complex structures with interconnected nanotubes.
One possibility is water bridges, i.e., those made of water

between two channels separated by some distance. Such
bridges have been set up experimentally between two
beakers [14,15], and by an atomic-resolution force micro-
scope [16]. In this Letter we report on the results of an
extensive study of the properties of bridges between two
single-wall carbon nanotubes (CNTs) for efficient transport
of water across the nanogap between the two CNTs. We
demonstrate that, for an optimal pressure difference and

gap width, the bridge is capable of supporting stable water
flow between the two CNTs. To our knowledge, our study
represents the first of its kind.
We used molecular dynamics (MD) simulation to study

the problem. The system consists of two water reservoirs
separated by a distance L ¼ 74 Å along the nanotubes’
axes in the z direction, each consisting of two parallel
graphene sheets normal to the z axis; see Fig. 1. At time
t ¼ 0 the distance between the two sheets in each reservoir
was 81.4 Å, each filled by 16 848 water molecules and
distributed on a simple-cubic lattice. Two identical and
coaxial (12,12) CNTs with radius 6.5 Å and separated by a
gap of length lg were connected to the reservoirs. The
entrance to the left CNT represents z ¼ 0, while the exit of
the right CNT is at z ¼ L with the nanotubes’ length being
H. The outermost graphene sheet in each reservoir acted as
a piston exerting constant pressures Pl on the left and Pr <
Pl on the right. Periodic boundary conditions were imposed
in the transverse directions.
Water molecules were represented by the TIP3P model,

and their interactions with the carbon atoms were repre-
sented by the Lennard-Jones potential with the usual
energy and size parameters ϵ and σ, calculated on the
basis of the interactions between the water oxygen and the
carbon atoms. To study the effect of the interaction
parameters and the contact angle θ between the water
droplets and the carbon surface, we used two force fields
(FF). One was the AMBER96 FF [17] for which, ϵO-C ¼
0.4784 kJ=mol and σO-C ¼ 3.28 Å that correspond to θ ≈
57° [18]. For the second FF [19], ϵO-C ¼ 0.392 kJ=mol and
σO-C ¼ 3.19 Å, corresponding to θ ≈ 86°. The two sets of
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parameters correspond to hydrophilic and hydrophobic
CNT surface, respectively. We used a cutoff distance of
1.4 nm for the extent of the Lennard-Jones interactions. The
particle-particle-particle-mesh method was used to com-
pute the long-range Coulombic interactions.
Initially, the simulations were carried out in the NVT

ensemble at T ¼ 300 K using the LAMMPS package [20]
with a time step of 2 fs. The density of water at 300 K was
0.98 g=cm3. Both CNTs were initially capped. The water-
reservoir system reached equilibrium after typically 0.2 ns,
after which the caps were removed to allow water to enter
the CNTs. Then, the thermostat was also removed and the
simulations were continued in the NVE ensemble. In the
NVE ensemble the temperature T can rise due to dis-
sipation of mechanical energy whose main source is the
applied pressure (see also below). We should note,

however, that once water enters the right CNT, mechanical
energy is needed to move the piston in the right reservoir to
create the required space for the arriving water molecules.
As a result, the dissipated energy is very small and the
simulations indicated that T increases by at most 5 K. We
mostly used the pressures Pl ¼ 1001 and Pr ¼ 1 atm, and
varied the gap length lg up to 40 Å to estimate Q, the
volume flow rate of water passing through. For compari-
son, we also carried out simulations for lg ¼ 0, i.e., a single
pristine CNT. For the hydrophobic case the upstream
pressure Pl must be large; otherwise, water will have great
difficulty entering the CNT on the left side. The Reynolds
number of the flow was about 0.3. Duration of each
simulation run was 2 ns. Longer preliminary simulations
did not produce results distinctly different from what we
present below.
Flow of water in small nanotubes does not satisfy the no-

slip boundary condition. Moreover, in small constrictions
and for strong wall-fluid interactions, the positions of the
fluid molecules are strongly correlated with perfect spatial
ordering [21–23], which may affect fluid flow. Previous
MD simulations indicated, however, that water flow in
(12,12) CNTs (and similar small CNTs) has the character-
istics of bulk flow for both hydrophobic [21] and hydro-
philic [24] interactions, and that the steady-state condition
is described [18,25,26] by a modified Hagen-Poiseulle
equation that takes into account both the access
resistance Ωa due to the entrance losses and the hydraulic
resistance Ωi within the CNTs. Thus, if, Q ¼ ΔP=Ω, with
Ω ¼ Ωa þΩi, we have, Ωa ¼ ηC=R3 with η being the
dynamic viscosity of water, and C a numerical constant ≈3,
and Ωi ¼ 8ηH=½πðR4 þ 4R3bÞ�, where b is the slip length.
Capillary forces play the most important role in the first

stage of filling the CNTs. Over a period of less than 0.1 ns
the number of water molecules in both reservoirs reduces,
as they begin filling the CNTs. In a nanocapillary the
volume flow rate Q that penetrates the nanotubes and the
reservoir pressure P are related by [27–29]

P − P0 ¼
ηC0Q
R3

þ 8ηQhðtÞ
πðR4 þ 4R3bÞ −

2γ cos θ
R

; ð1Þ

where P0 is the ambient pressure, C0 ¼ C=2, and hðtÞ is the
temporal location of the contact line from the entrance
inside the tube. In the case of hydrophobic surfaces, a
minimum pressure, Pmin ¼ −2γ cos θ=R, is needed for
water to penetrate the nanotube, i.e., Pmin ≈ 190 atm.
Note that with the hydrophobic CNTs water still penetrates
the right CNT from the low-pressure reservoir on the right
side by slow diffusion [30].
After filling the left CNT, water leaves it and enters the

space between the two CNTs, forming a drop at its mouth.
The maximum pressurePðRÞ that can be applied to the flow
without detaching the drop is the Laplace pressure,
PðRÞ−P0¼2γ=R [31]. With R ¼ 6.5 Å, γ ¼ 0.072 N=m,

FIG. 1. (a) A stable bridge. (b) Only part of the pressurized
water is transported across the gap. (c) Stable bridge between two
nonaligned nanochannels.
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and P0 ≈ 0, we obtain P ≈ 2000 atm, twice Pl in the
simulations. The assumption that P0 ≈ 0 is not really
accurate though, because when the right CNT is filled by
water, the affinity of water molecules for each other
generates a negative pressure just outside its entrance. In
addition, with hydrophilic carbon walls, the attractive forces
exerted by the walls’ atoms on the water molecules should
also be taken into account. This explains why the growing
water nanodrops at the left CNT’s exit eventually form a
stable bridge to the right CNT, even at a pressure of
Pl ¼ 1000 atm. For large gap width, water still leaves the
highly pressurized side, but its flow is unstable, and a portion
of it cannot reach the right CNT.
The simulations indicate that if Pl in the left reservoir is

high enough, then, depending on the system’s conditions,
three types of flow may develop: (i) a stable nanobridge that
transports almost all the water from the CNTs on the left
toward the one across the gap; (ii) a jetlike unstable flow
from the CNTon the left that, instead of moving toward the
one on the right, accumulates on and near the sheet on
the left; and (iii) a flow system in which only a part of the
pressurized water is transported to the right CNT via a
water bridge, with the rest released similar to a nanojet into
the free space. These are shown in Fig. 1. If Pl is not high
enough, then a pendant drop of water forms at the left CNT’
exit, but does not detach itself from the nanotube.
In case (i) a continuous and stable bridge is formed

across the gap, if the gap width lg does not exceed a certain
threshold. For example, with both hydrophilic and hydro-
phobic carbon walls and Pl ¼ 1000 atm, water flow
between the two CNTs is maintained for ≤ 25 Å, which
is comparable with the maximum length of 24 Å for a water
bridge formed by capillary affinity, one in which water is
transported only by diffusion. At higher pressures, how-
ever, say Pl ¼ 1500 atm, which is still significantly less
than the threshold value set by Eq. (1), flow instabilities
develop in the water flow across the gap [see Fig. 1(a)],
which is the type of instability that results in the formation
of the nanojet [see Fig. 1(b)] that has been already
studied [32–35].
Figure 2 presents the dependence of the temporal

variations of the number of water molecules, which leave
the high-pressure reservoir, on the gap width and the type of
wall-water interactions. Three stages of water transport is
identified in each case: (i) penetrating the CNT on the left
whose early stage of filling the nanotube is dominated by
capillary forces, (ii) forming pressurized water drops at the
exit of the left CNT (the flat part in Fig. 2) that may take a
relatively long time for large gaps and hydrophobic
interaction, and (iii) forming a stable water bridge between
the two CNTs. These are all consistent with our discus-
sions above.
We calculated the water volume flow rate Q ¼

ðm=ρÞΔN=Δt at steady state that leaves the left CNT
and enters the right nanotube, with ρ and m being the

density and mass of the water, and studied its dependence
on lp. The results for hydrophilic walls are depicted in
Fig. 3, indicating that for lg < 25 Å all the water that leaves
the left CNT enters the right one, except perhaps for a few
molecules that evaporate in the gap. The same behavior
develops for the hydrophobic interaction, hence demon-
strating that the bridge is viable. For 25 Å < lg < 35 Å
water still flows across the gap, but its flow rate is neither
steady nor equal in both CNTs; i.e., not all the water exiting
the left CNT reaches the right one.
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FIG. 2. Temporal variation of the decrease ΔN of the number
of water molecules N in the high-pressure reservoir for gap
width lg ¼ 0.0 and hydrophobic CNT (þ) and hydrophilic CNT
(×); lg ¼ 9.8 Å and hydrophobic CNT (square); lg ¼ 14.8 Å and
hydrophobic CNT (triangle); lg ¼ 24.6 Å and hydrophilic CNT
(circle), and lg ¼ 34.4 Å and hydrophilic CNT (diamond). The
inset shows the early time behavior.
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FIG. 3. Dependence of water volume flow rate Q on the gap’s
width lg for hydrophilic CNTs in the left (circles) and the right
reservoir (squares) in a stable bridge. Note the equality ofQ in the
two nanotubes.
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Properties of the water bridge.—Both the instantaneous
and time-averaged properties of the water bridge manifest
important features. Figure 3 indicates that, after an initial
steep decrease in the bridge’s hydraulic conductanceΩ over
a length that is at most twice the size of the water molecule;
Ω is essentially constant over a relatively wide interval of
the gap width, [5 Å, 25 Å], for both hydrophilic and
hydrophobic CNTs. Beyond the plateau, the flow rate
arriving in the right CNT begins to decrease rapidly. It
eventually vanishes, as the bridge is unsustainable when the
gap is large. But before that happens, instability develops in
the fluid flow on both sides of the gap. For lg > 35 Å, water
flow coming out of the left CNT exhibits jetlike behavior;
see Fig. 1(b).
A quantitative measure of the shape of a cluster that

consists of Nw particles is the eigenvalues of its gyration
tensor, G ¼ ð1=NwÞ

PNw
i¼1ðX2

i I −XiXiÞ, with Xi being
the distance of the ith water molecule from the cluster’s
center of mass, and I the unit tensor. We used an efficient
method [36] to determine the eigenvalues of G, namely, λ2x,
λ2y, and λ2z , the acylindricity of the bridge, A ¼ jhλ2xi − hλ2yij,
and the mean transverse radius of gyration, R2

g ¼
1
2
ðhλ2xi þ hλ2yiÞ. They vary rapidly as the water clusters

evolve during the simulation. The evolution of Nw and A
for a gap of width lg ≈ 20 Å and hydrophilic walls are
depicted in Fig. 4. We estimate that Rg ¼ 4.7� 2.8 Å,
A ¼ 10� 6 Å2, and Nw ¼ 150� 50, with the error bars
representing the fluctuations over time. For lg ¼ 0 (a single
CNT) we obtain A ¼ 8.4� 0.8 Å2. These are typical
values for all the cases that we studied and indicate that
(i) the overall shape of the water bridge is neither
necessarily cylindrical, nor constant in time, and (ii) the
cross section of the bridge is larger than the diameter of
the CNTs, hence indicating expansion and contraction of
the streamlines at the high- and low-pressurized sides,

respectively. The expansion and contraction generate large
fluid velocity gradient, ∇v, resulting in a viscous dissipa-
tion rate [13], ηΦ ¼ −ðτ∶∇vÞ, with τ being the stress
tensor. This explains how the gap induces additional
hydraulic resistance in the bridge.
Having demonstrated the effect of viscous dissipation in

the bridge, we inspect the plateau region in Fig. 3. The axial
density of water, ρðzÞ ¼ ð1=ΔzÞhNwðz; zþ ΔzÞi in the
gap, where h·i represents an average over the duration of
the simulation, providing insight into the bridge’s conduct-
ance. The results for four gap widths lg and hydrophilic
walls are shown in Fig. 5, indicating that for lg > 5 Å the
mean axial density, in addition to expansion (contraction)
area of the streamlines near the high (low) pressurized
CNT, has an essentially parabolic shape centered in the
middle of the gap in which the ∇zρðzÞ is relatively small.
Therefore, on average, the middle part of the bridge may be
regarded as roughly cylindrical whose length increases as lg
does. Since at steady state the mass of water in this region is
constant, the radius of the cylindrical area in the middle
must also increase with lg. This implies that for steady-state
flow in the bridge the hydraulic resistance of this region is
much smaller than when lg ¼ 0. Thus, the plateau region of
Fig. 3 is due to the reduction in the hydraulic resistance in
the middle part of the gap that offsets the increase in the
resistance arising from viscous dissipation due to the
deformation of the streamlines next to the CNTs’ opening.
To test this we carried out MD simulations with two

nonaligned CNTs by displacing the center of the right
CNT’s entrance by Δx ¼ Δy ¼ Δz ¼ 5 Å. Then, the gap’s
width, defined as the center-to-center distance between the
two CNTs is lg ¼ 8.6 Å. A snapshot of the configuration is
shown in Fig. 1(c). The rate of water transport across the
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FIG. 4. Temporal fluctuation of the number of water molecules
in the bridge for a gap of width 19.7 Å. The inset shows the
acylindricity A of the bridge.
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slanted bridge, dN=dt ≈ 700� 20 (water molecules/ns), is
about 50 percent of that of the pristine CNT (lg ¼ 0) and 70
percent of its value in the plateau region for the aligned
CNTs. Such a remarkable reduction in hydraulic conduct-
ance is due to convergence and divergence of the stream-
lines around the CNTs’ openings into the gap, with
additional curvature imposed by the nonaligned geometry,
and the reduction of the effective cross section of fluid
flow.
Summarizing, with proper design and conditioning,

water can be transported efficiently via a bridge across
nanoscale gaps between two disjoint nanochannels, such as
CNTs. For a range of the gap’s width, the hydraulic
conductance of the bridge is essentially constant, support-
ing a stable bridge. The overall shape of the bridge is not
cylindrical. The hydraulic conductance of a curved bridge
between two nonaligned nanotubes changes rapidly with
the tilt angle between the two CNTs, which can be
exploited in practice for tuning the flow rate in nanofluidics
devices, such as nanovalves. These features should find
applications in the development of new types of nano-
membranes with separable parts, as well as designing new
nanofluidic devices and circuitry. Since the formation of a
nano–water bridge depends on the existence of a water
column in both nanochannels, the system can be used
as a water sensor, or as a one-way path (diode) for fluid
transport.
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