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One-dimensional mass transport with dynamic external potentials*
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Using non-equilibrium molecular dynamics and the Monte Carlo method, we simulated mass transport in a one-
dimensional channel with dynamic external potentials. This study focuses on the influence of the dynamic external potential
field on the mass transport. Traveling wave and standing wave potential fields have been employed as our dynamic potential
field. We found that mass transport can be promoted by the traveling wave field when the external potential moves along the
direction of the mass current. When the standing wave field is exerted on the channel, the channel is found to work like a
switch. The mass current can be “on” or “off” by adjusting the standing wave frequency. The effects of the period number,
the amplitude and the velocity of the external potential on the mass transport are also discussed. Our research provides
valuable advice for the control o particle transport through one-dimensional channels.

Keywords: dynamic external potentials, traveling wave, standing wave, mass transport
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1. Introduction

Studies of mass diffusion and transport in low dimen-
sional systems play an important role in the field of nanoflu-
idics, especially with the discovery of low dimensional mate-
rials, such as carbon nanotube and graphene.!!~3] Researchers
have been able to find some special characteristics of mass
transport in low dimensions,*! or some ways to control the
transport. (7]

In previous studies, some basic properties of fluids have
been derived. The equilibrium adsorption and surface prop-

8 or two!”! dimensional pores have successfully

erties in one!
been predicted using a weighted density functional theory. The
ion density distributions and partitions in a charged cylindrical
pore were investigated using a partially perturbative density
functional theory based on the modified fundamental measure
theory.[!9 The expression of the effect of interparticle poten-
tial on nanofluids was derived by mathematical methods.!!!]
The dynamic separation factors and equilibrium selectivity of
Lennard—Jones particles and their mixture in two-dimensional
pores were studied using grand canonical Monte Carlo and
molecular dynamics simulations.!'?! In the process of studying
the fluid properties, an external potential is found to be able to
influence the diffusion or transport behavior of fluid. Stud-
ies of Brownian particles moving in a periodic potential have
been done and the diffusion state has been obtained.!'*! The
invariability of particle transport velocity,!'*! peak value,!]
the locked-to-running transition,!'®! and retardation or promo-
tion characteristics°! under different potential field conditions
have been discussed. In addition, particle transport rate under

the deformation potential fields has also been studied.!!”]

DOI: 10.1088/1674-1056/28/2/020505

In addition to studies that used static external potentials,
a dynamic external potential field can be used to control mass
transport due to its dynamic mode and speed controllabil-
ity. In previous studies, the enhanced diffusion with noise
modulation under the fast moving period potential has been
achieved.[!8! Later, diffusion anomalies in ac driven Brown-
ian ratchets were discovered.!!”! In fact, dynamic potential can
be defined as a driving force that changes with time, which
means that this type of research can appear in many forms.
Rakesh et al.!?°! mimicked the effects of periodically moving
external potential on particle transport through a moving de-
fect site. They found that the most efficient transport can be
achieved in either direction along the ring. Bandyopadhyay et
al.®! previously analyzed the dependence of Brownian par-
ticles on frequency and space in the periodic potential field
by numerical calculation. Sandor et al.!??! studied the process
from strong coupling to complete separation for active mat-
ter run-and-tumble disk systems on a traveling-wave substrate.

Benichou et al.!?3

analyzed the negative differential migra-
tion between particle velocity and applied force in crowded
environment. These studies show some of the possibilities of
applying dynamic external potential to realize transport con-
trolling or particle separation. However, more research in this
area is worthwhile.

Most researchers design their dynamic potential in the
form of a traveling-wave. In this paper, we construct two types
of dynamic potentials: traveling wave and standing wave po-
tential. They are applied on a non-equilibrium particle sys-
tem in one dimension.>*?3 The mass transport under the po-
tentials is simulated by molecular dynamics method, which is
based on the statistical mechanics.*®! The major goal of our
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research is to find if the dynamic potentials influence the mass
transport behavior, and thus provide insights on the possibility
of realizing mass transport control by using dynamic external
potentials.

2. Models and methods

The model used in this paper, as shown in Fig. 1, con-
sists of three parts: a high concentration particle reservoir (the
green balls on the left side), a low concentration particle reser-
voir (the blue balls on the right side), and a particle transport
channel (the middle part between the two reservoirs). During
the process of simulation, the particle reservoir maintains a
relative constant particle number. The lengths of the two reser-
voirs are Lj and L;, while N} and N; are the particle numbers in
them, respectively. Two types of dynamic external potentials
are exerted on the particle channel: the traveling wave and
standing wave potential, as shown in Fig. 1(a) and Fig. 1(b),
respectively. The arrows in Fig. 1 represent the moving direc-
tions of the potential fields.

channel (L)

—— > ,'”\\ l,"\“ ,/’\\ /l’\‘ - >
000000000 00 00 00 0 ©
Ny < > N,
channel (L)

(b)

Fig. 1. One-dimensional model for dynamic external potentials: (a)
traveling wave channel model, (b) standing wave channel model. The
solid and dashed lines represent the waveform of the external potential
field at two different moments, respectively.

In Fig. 1(a), the solid line and dashed line respectively
represent the waveform of the external potential field at two
different moments for the traveling wave channel. It can be
seen that the field moves along the particle channel, and the
field shape and amplitude are fixed, which is similar to the
travelling wave. The motion pattern of standing wave channel
is given in Fig. 1(b). The potential does not move along the
channel but its amplitude changes in a cyclical manner, which
is similar to the half standing wave. The potentials of the two
motion patterns described above are given by the following

equations:
Ut(x,t):Uncosa)<t—§), (1)
v
T
Us (x,1) = Upcos? (1 ft) sinzjx, 2)

where Uy (x,1), Us (x,t) represent the traveling wave and stand-
ing wave potential, respectively, and x and ¢ represent the po-
sition and time. U, and Uy, are the amplitude of the corre-
sponding potential field. @ = 2r/Tp, is the angular velocity,

in which Tj is the motion period of the potential field. v is
the traveling wave velocity. f is the standing wave frequency.
A = (xr — x1)/ny, is the wavelength of the potential field func-
tion, in which n; is the number of spatial cycles of the potential
field in the range of particle channel, and x; and x; are the co-
ordinates of the left and right endpoints of the channel.

The particle transport process is simulated by molecular
dynamics method. The interaction between particles is de-
scribed by the Lennard—Jones (LJ) potential. The temperature
of the system is controlled by Langevin heat baths.?”] The cal-
culation process involved in the molecular dynamics method
is realized by Verlet algorithm, and the time step is 0.55 fs. 28]
Particles are subjected to two kinds of force in the process of
passing through the channel. One is the interaction force be-
tween the particles due to the LJ potential, and the other is
the force coming from the external potential. The comprehen-
sive effect of these forces will eventually affect the transport
behavior of particles.

In the simulation, we control the number of particles in
the left and right reservoirs by the Monte Carlo method. The
specific algorithm refers to Metropolis calculation method.
The particle number in the reservoir is set as N. When the
number of particle in the reservoir is less than N, the system
will generate a new particle. A random position and initial ve-
locity are given to this new particle. The probability that the
particle will be accepted is

P., = min [Lexp (—i;]ﬂ , 3

where k is the Boltzmann constant, 7 is the temperature of
the particle reservoirs, and AU is the variation of the system
potential energy after adding this particle. If AU < 0, the ac-
ceptance probability is 1, which means the particle generated
at this time can be fully accepted. If AU > 0, its acceptance
probability Py = exp (—AU /kT). A random number P in the
range between O to 1 is generated. If P, > P, the generated
particle can be accepted, otherwise, the behavior of generat-
ing the particle is invalid, and the number of particle in the
reservoir remains unchanged.

When the number of particles in the reservoirs is greater
than N, the system randomly selects a particle that may be
deleted, and the deletion probability is

Pj. = min {l,exp (i;{)} . (€]

The specific method is similar to the process of adding parti-
cles.

The interaction between particles is expressed by the LJ
potential function

vo-e(@-@] o

where 7 is the distance between particles, € and o, which de-
pend on the type of particles, are potential parameters. The
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magnitude of € reflects the depth of the potential function
curve, and o reflects the equilibrium distance between parti-
cles. In this potential function, (¢/r)'? describes the repulsive
term and (o/r)® describes the attraction term, respectively.
Langevin heat bath controls the temperature of the sys-
tem. The equation of motion is described as
2
mi%Z—a%y—miCi%+Ri(t), (6)
where m is the particle mass, x is the position vector, and
is the friction coefficient. R;(¢) is the random force with zero
mean and variance of 2m;{;Kg Ty, of which denotes the inde-
pendent Wiener process. U; (x) represents the sum of the ex-
ternal potential field and the LJ potential between particles.
For convenience of description, dimensionless processes
are taken for all the physical quantities involved in the model.
The specific formulas are as follows: the length is L* = L/ 0y,
the temperature is T* = T /&, the concentration is ¢* = c0yp,
the potential parameters are £* = /¢y and o* = /0y, the
average velocity is v* = v(mg/ 80k)l/ 2, the potential is U* =
U /eok, the mass flux is J* = Jcro(mo/sok)l/2
= foo/(my/ k) 172 In these formulas k is the Boltzmann’s
constant, mg is 1/12 mass of carbon atoms, 6y and & are the

, the frequency is

LJ potential parameters of the helium atom, oy = 0.258 nm,
& = 10.22 K. The particle mass m used in our model is the

relative atom mass.

3. Results and discussion
3.1. Traveling wave channel

To study the effect of the potential moving along two di-
rections of the channel on particle transport, we take the di-
rection from high to low concentration as a positive direction,
and on the contrary as negative. Figure 2 shows the relation-
ship between the particle current through the channel and the
parameters of the traveling wave potential, including the am-
plitude, the number of periods, and the velocity of the traveling
wave potential. It can be seen that when the potential moves
along the positive direction, the particle current is enhanced
significantly. The particle current has a maximum value in the
positive direction, and the corresponding potential velocity is
defined as the optimal velocity V. For the same period num-
ber ny, V; does not change with the amplitude of the potential.
The inset of Fig. 2 shows that Vjj increases with n;. When n¢
is larger than 10, the optimal velocity does not change. This
happens because when a particle passes through the channel,
the force exerted by the external potential field is positive—
negative alternating. Both of the positive and negative force
will influence the particle current. If the potential moves in

the positive direction, then it can provide a driven force to the

particle at most of the time, just like we swallow food, so the
particle current increases obviously. Furthermore, as the po-
tential moves faster and faster, the particle cannot keep up with
it and then the particle current will decrease.

To reach a quantitative analysis, we make the fitting ac-
cording to the feature of the curve in Fig. 2. It is found that the
dependence of particle current J* on traveling wave velocity
V* can be fitted by the Maxwell-like formula:

T = bo+aV* (e*kv*) : %

The solid lines in Fig. 2 show the fitting results, In our model,
the particle coupling to heat baths which obey Maxwell—
Boltzmann distribution, then there is a most probable velocity
for all particles. Thus, when the travelling velocity matches
the most probable velocity of particles, the driven force will
reach maximum and the particle current has a maximum value
in the positive direction.

U 1.6

A36 v 27 0.8 Eqation|  J"=byt+aV" (ekV")
€418 »9 0.4 Us bo a k
[ fitting 72 | 0.03246] 0.11941] 0.47597
[ 0 8 16 54 0.02478| 0.07337| 0.48493
0. 12 ng 36 0.01908| 0.03179| 0.47132

27 0.0172 | 0.01711| 0.45846
18 0.01624| 0.00709| 0.45625
0.01552| 0.00172| 0.41861

0.08

0.04

v*

Fig. 2. Particle current depends on the traveling wave velocity of the channel.
The inset shows the ny dependence of optimal traveling wave velocity. The
concentration difference between the left and right particle reservoirs is 0.57.

We studied the effect of traveling wave field on mass
transport at different concentration gradients, the results are
shown in Fig. 3. The data shown in Fig. 3(a) are obtained when
there is no concentration difference between the two reser-
voirs. We found that under the action of the traveling wave
field, there exists a directional particle current, even if there
is no concentration difference between the left and right par-
ticle reservoirs. The relationship between particle current and
traveling wave velocity is similar to that in Fig. 2. The opti-
mal velocity Vj; of the potential field still exists, but the corre-
sponding V;;” without concentration gradient is larger than that
of Fig. 2. Figure 3(b) shows the variation of particle current
with concentration gradient at different traveling wave veloc-
ity. It can be seen that the particle current increases linearly
with the concentration gradient when the concentration gradi-

ent is small, and the effect of traveling wave velocity on parti-
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cle transport is not obvious. As the concentration gradient in-
creases, the increase rate of particle current decreases but the
effect of traveling wave velocity on particle transport increases
significantly. At a certain concentration gradient, the particle
current increases at first and then decreases with the increase

of velocity, which is consistent with the previous conclusion.

Uy =144 (a)

ng
0.15-& 20

15
< 11
0.10F49
-~ 7

5
0.05-e 3
-1

J*x

0.00F

ne=2, Uy =180

0.09

J*

0.06

0.03 0 0.3 0.6 0.9

Fig. 3. Particle current depends on the traveling wave velocity (a) and
the concentration gradient (b).

To understand this result, we analyze the distributions of
the velocity and the concentration of the particles in the chan-
nel. Usually, particles are more likely to be concentrated in a
local potential minimum for static potential, [**! so the distribu-
tion of particle density and velocity is not uniform under static
potential. But the situation changes when the potential is dy-
namic. The distributions of particle density and velocity under
dynamic potential field are given in Fig. 4. When U} = 18,
the particle density and velocity distribution conform to the
law of diffusion transport. The particle density in the channel
decreases gradually from the left-hand reservoir to the right-
hand reservoir, while the velocity increases gradually. With
the increase of the potential amplitude, the gradient of den-
sity and velocity at the channel boundary increases, but within
the channel, the distribution tends to be uniform. This implies
a gradual transition from diffusion transport to ballistic trans-
port. When U} = 180, ballistic transport is fully achieved.
Under this situation, there is almost no collision between par-
ticles in the channel, and the particle density and velocity tend

to be the same along the channel.

0.8+ V'=1.19, n;=2 (a)
0.6}
% i
B H
0.4f i
0.2}
left reservoir E channel iright reservoir
0 160 320 480
Location (L")
V'=1.19, ng=2
0.2} U P (b)
180 '
-o- 144
-y 108
—A- 72
> 0.1F -e-36
- 18
0 il |
left reservoir' channel ' rightreservoir
0 160 320 480

Location (L™)

Fig. 4. Distribution of (a) particle density and (b) average velocity of
the particle under traveling wave field.

3.2. Standing wave channel

In this section, we will show the effect of standing wave
field on the mass transport. Figure 5(a) gives the dependence
of particle current on the standing wave frequency and the am-
plitude of the external potential. We can see that the particle
current decreases with the potential amplitude. When the po-
tential amplitude is small, the particle current is almost inde-
pendent of the standing wave frequency. However, when the
amplitude is greater than 126, the standing wave frequency
presents a switch effect on the particle current. Here, for con-
venience of description, we define the stable region with high
particle current as the low frequency region, the frequency
range with sharp variation of particle current as medium fre-
quency region, and the stable region with lower particle cur-
rent as high frequency region. The frequency point connecting
the intermediate frequency region and the high frequency re-
gion is defined as the cutoff frequency. From Fig. 5(a), it can
be seen that the cutoff frequency does not change with the am-
plitude of the external potential when ny is fixed.

Figure 5(b) shows that the particle current almost does
not change with n¢ in high or low frequency area. The low
frequency corresponds to large particle current, and the high
frequency corresponds to small particle current. This result is

020505-4



Chin. Phys. B Vol. 28, No. 2 (2019) 020505

consistent with Fig. 5(a). For the frequency between 140 and
5.5 x 103, the particle current increases with ng, and finally
reaches saturation. The saturated current is dependent on the
frequency. Figure 5(c) describes the effect of frequency and
ng on particle current from another perspective. It can be seen
that nf may influence the cutoff frequency. Although n¢ does
not change the particle currents in the low and high frequency
region, it changes the conversion point. The cutoff frequency
increases with the ny.

To explain this phenomena, we tried to give the trajecto-
ries of the particles in the channel. The n¢ is chosen as 2, so
there is a potential well in the middle of the channel. On ei-
ther side of the potential well is a potential barrier. A particle
has to pass through the two barriers to get to the other side
of the channel. The particle trajectories under different exter-
nal potential frequencies are given in Fig. 6. From Fig. 6(a) it
can be seen that when the frequency is low, the particles pass

through the channel almost without stopping. While when the
frequency becomes medium (see Fig. 6(b)), the particles will
stay in the potential well for a long time, which means that
the probability for the particle passing through the barrier de-
creases. When the frequency reaches the high frequency re-
gion (see Fig. 6(c)), the probability of passing through the
barrier is almost zero. This result may give an insight into
the mechanism that how the external potential field influ-
ences the particle current. Our research model is similar to
the literature, ") both of which are driven by external forces
to produce a directed mass flux with frequency dependence.
However, the specific physical mechanism is somewhat differ-
ent, which is attributed to the fact that standing wave in our
study could not propagate forward like the mechanical vibrat-
ing in Ref. [30] and generate the differences in the phase and
decay between the two waves. In addition, there is no obvious
resonance region in our research.

e anme - (a) o (b) U =270 (©)
’nf:2, m:4, o-*:l 4 0004-)’_%\
0.012r Un —@-1.4x10} 8
J' v - 18 —@-2.7X10!
-0-54 o —de—1.4x10?
—A-90 5 —@-2.5X10?
¥ ¥ 126 - —--5.5x104 & 0.002r
> 0.006} €162 E € 1.4X107
-+ 198 —-2.5X107
--234 —9-5.5X109
-8-270 —A-1.4x10
—@—2.7X10% ot
or —m-1.4x10°
0 6 24 0 3 6

Fig. 5. Effect of standing wave field on particle current. (a) Frequency dependence of particle current for different potential amplitudes, (b) the variation of
particle current with ny at different standing wave frequencies, (c) the frequency dependence of particle current for different ny.
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Fig. 6. Particle trajectory tracking with U}, =270 and ny = 2 under f* =1 (a), f* =273 (b), and f* = 13632 (c). The line distinguished by color

in each figure represents the trajectory of a particle.

In addition, to study the transport performance of dif-
ferent kinds of particles in the standing wave channel, we
changed the values of particle mass m and LJ parameters 6* in
order to understand the effects of particle mass and size on par-
ticle transport. As shown in Fig. 7, with the increase of particle
mass or 6" value, the particle current shows an overall down-
ward trend. The common feature is similar to that of Fig. 5.
The curve of particle current with frequency can be divided
into three regions: low, medium and high frequency. In the

medium frequency region, the particle current drops sharply,
which exhibits the switch characteristics of the standing wave
frequency to the particle current. The cutoff frequencies are
different for different mass and o*, which means that different
types of particles have different cutoff frequencies. This result
provides possibility for realizing particle filtration by control-

ling the standing wave frequency.
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Fig. 7. Frequency dependence of particle current for different parame-
ters: (a) mass m, (b) LJ potential parameter ¢*.

4. Conclusion

We used the molecular dynamics and Monte Carlo
method to study the transport performance of particle chan-
nel with traveling wave and standing wave potential field. Our
results show that the positive traveling wave velocity is helpful
for the particle transport. There is an optimal traveling wave
velocity in the positive direction, at which the particle current
reaches the maximum value. The optimum velocity is related
to the period number of potential, but is not affected by the
amplitude of potential.

For the standing wave channel, the standing wave fre-
quency presents a switch effect to the particle current. When
the frequency is low, the particle current is large, and the chan-
nel is “on”, while when the frequency is high, the particle cur-
rent is small, and the channel is “off”. The cutoff frequency is
independent of the amplitude of the external potential, but is
related to the periodic number of the potential field ns. When
ng is larger, the cutoff frequency is also larger. The particle
mass and the LJ potential parameter o* also affect the cutoff
frequency. When value of the mass or ¢* is larger, the cutoff
frequency will be lower.

Finally, we would like to emphasize the practical implica-
tions of this work. The study presented in this paper gives an
insight into the potential relationship between particle trans-
port with the motion mode of the external potential. The pa-
rameters that enter the potential can be used to separate differ-
ent species of particles and control the particle transport rates.
These results provide some references for controlling or filter-

ing mass transportation.*!l This study is helpful for design-
ing nanofluidic device, or provide some new thoughts on the
study about fluid movement in porous media. In addition to
applications mentioned earlier, it can also be an analogy to the
simplified movement pattern of biological ion channels with
potential field, *>-34 which also provides some insights for the
research of biological ion channels.
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