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F
eynman proposed the ratchet and
pawl system in 19631 to produce
single direction motion from ran-

dom thermal motions, using two heat
reservoirs at different temperatures. This
concept has since been modified by in-
troducing Brownian particles in an asym-
metric periodic potential to explain the
working of nanosized motors in biologi-
cal systems.2�10 In this model, a motor
particle and rail have two binding states:
the random Brownian state and asym-
metric potential state (see Figure 1). In
the random Brownian state, the particle
displays one-dimensional random walk-
ing movement along the rail. In the asym-
metric potential state, the motor particle
is subject to an asymmetric potential of
sawtooth shape from the rail, in addition
to random forces from ambient mol-
ecules. As the system alters state from
Brownian to asymmetric and back, the
motor particle stochastically moves in a
single direction. The probability of for-
ward movement is higher than reverse
movement because of the asymmetric
potential.11 A similar idea was proposed
for the actin�myosin system by Oosawa
et al.12�14

Many researchers3�9 have performed
numerical simulations of this asymmetric
Brownian motor, using assumptions about
the interaction between the motor particle
and rail. They revealed that it can work on a
scale smaller than 100 nm, where thermal
fluctuations are dominant. The energy effi-
ciency of one motor system was estimated
to be 0.02�0.05%8 for the N-motor model,
in which many (N-) motors are connected to
each other. It could achieve an efficiency
as high as 30�40%.10 In numerical simula-
tions, a motor particle moves in a stepwise

manner corresponding to the length of the
repeating structure on the rail which pro-
duces the asymmetric potential. While it can
also move backward, the probability is
much lower than the forward direction.

Similar behavior has been observed in
the motion of a KIF1A molecule, the sim-
plest biological motor protein, along a
microtubule.15,16 It showed stepwise mo-
tion of 8 nm units, which corresponded to
the repeating pattern of the microtubule.
The KIF1A molecule also showed a biased
displacement when it bound with the
microtubule.

The actin�myosin system produces
muscle contraction and has been studied
as a biological motor system.17�20 Yanagida
et al.21 observed that the sliding movement
of a single action filament per one ATP cycle
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ABSTRACT The “asymmetric Brownian ratchet model” is a variation of Feynman’s ratchet and pawl system

proposed. In this model, a system consisting of a motor and a rail has two binding states. One is the random

Brownian state, and the other is the asymmetric potential state. When the system is alternatively switched

between these states, the motor can be driven in one direction. This model is believed to explain nanomotor

behavior in biological systems. The feasibility of the model has been demonstrated using electrical and magnetic

forces; however, switching of these forces is unlikely to be found in biological systems. In this paper, we propose an

original mechanism of transition between states by bubble formation in a nanosized channel surrounded by

hydrophobic atoms. This amounts to a nanoscale motor system using bubble propulsion. The motor system consists

of a hydrophobic motor and a rail on which hydrophobic patterns are printed. Potential asymmetry can be

produced by using a left-right asymmetric pattern shape. Hydrophobic interactions are believed to play an

important role in the binding of biomolecules and molecular recognition. The bubble formation is controlled by

changing the width of the channel by an atomic distance (�0.1 nm). Therefore, the motor is potentially more

efficient than systems controlled by other forces, in which a much larger change in the motor position is necessary.

We have simulated the bubble-powered motor using dissipative particle dynamics and found behavior in good

agreement with that of motor proteins. Energy efficiency is as high as 60%.

KEYWORDS: Brownian ratchet · molecular motor · bubble formation ·
dissipative particle dynamics · nanosized channel · hydrophobic pattern
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was much greater than that of both the myosin head

and actin molecule. However, the myosin molecule

could also take a step backward during one ATP hydrol-

ysis step. Thus, the myosin molecule fluctuated ther-

mally and stochastically moved during ATP hydrolysis,

which is called “loose coupling”. This loose coupling be-

havior of the actin�myosin system is consistent with

the asymmetric Brownian model and the concept pro-

posed by Oosawa et al.12�14 Asymmetric Brownian mo-

tors are useful for understanding the working principles

of molecular motors in biological systems. They can ex-

plain the behavior of a simple motor protein such as
KIF1A and also complex systems such as muscles.

Researchers have carried out experiments for artifi-
cial Brownian motor systems, exploiting electric or mag-
netic fields as asymmetric potentials.2,22�24 The size of
the motor particle is submicrometer, and their efficien-
cies are as low as �8%. By nature of electrical and mag-
netic forces, motor particles in such systems inevitably
move in directions regardless of the rail, making transi-
tions between the two states (random Brownian state
and asymmetric potential state).

In the present paper, we propose an alternative
way to construct an asymmetric Brownian motor based
on the hydrophobic (or equivalently capillary) interac-
tion between two bodies immersed in water. Our model
consists of a small board (a motor) with hydrophobic
surfaces and a rail structure on which left-right asym-
metric patterns of hydrophobic molecules are printed
(see Figure 2). When the board is close to the rail, wa-
ter molecules between them are expelled from the nar-
row channel. A bubble or vacuum then forms due to
the higher potential between surrounding hydropho-
bic molecules.

The motor is pushed with a net force (capillary force)
toward the rail. It is also subject to a net force in the
horizontal direction because of the hydrophobic ma-
terial pattern in the direction that maximizes the bubble
area (the area surrounded by only hydrophobic mol-
ecules). Since the pattern on the rail is asymmetrically
left-right oriented, the exerted force is naturally asym-
metric. Switching of this hydrophobic interaction occurs
based on the existence a single layer of water mol-
ecules. Therefore, our model can achieve a high effi-
ciency with minimal (�0.6 nm) change in position be-
tween the motor and rail. In practice, hydrophobic
interactions between two biomolecules originate from
similar bubble formation and a net attractive force.
Such hydrophobic interactions are common in biomol-
ecules including motor proteins.

We have performed numerical simulations using
the dissipative particle dynamics (DPD) method and
confirmed that an efficiency as high as 60% is attain-
able. DPD methods25,26 allow us to perform simulations
on a millisecond time scale and micrometer length scale
since it simulates the motion of coarse-grained par-
ticles, which represents 10�20 atoms. In this study, we
have performed calculations on behavior over several
microseconds. It is not feasible to calculate on this time
scale using molecular dynamics methods.

The following section explains the methodology in
constructing a thermal ratchet model. We have
achieved a thermal ratchet model by controlling bubble
formation in the narrow channel between the motor
and a rail. A comparison of this model to experimental
data of a KIF1A motor protein is also given. We were
able to achieve a higher efficiency when we placed an-
other rail over the motor.

Figure 1. Principle of the Brownian motor. The system of a
motor particle and a rail has two states: (a) random Brown-
ian state and (b) asymmetric potential state. As the system
alternatively transits from (a) to (b) and back, the motor par-
ticle moves stochastically in one direction (to the right, in
this case).

Figure 2. Motor system composed of a motor and a rail. (a) Motor is a board
made solely of strongly hydrophobic particles (red). (b) Rail is made of both
strongly (red) and weakly (white) hydrophobic particles. The pattern of the
strongly hydrophobic particle is left-right asymmetric, in this case using tri-
angles. (c) Motor particle (red) and rail (red and white) are dipped in water.
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Three particle types have been used in this study:

strongly hydrophobic (labeled hs), weakly hydropho-

bic particles (labeled hw), and water particles

(labeled w). The interactions between two particles

are characterized by aij, where aw-w � ahw-hw � ahs-hs

� 25 kBT, aw-hw � ahw-hs � 50 kBT, and aw-hs � 100 kBT.

These hydrophilic and hydrophobic interactions are

related to the solubility parameters.27 Values for vari-

ous materials have been examined by various re-

search groups.28�34 The interactions between the hy-

drophobic part and the water particle range from

50 to 130. Nearly half of the KIF1A and microtubule

structures are hydrophobic amino acids, and param-

eters should be distributed among similar values.

Thus, we have set these values to be constant for

the model and believe that they are physically rel-

evant values. The absolute values from this study

have no specific meaning and will be further com-

mented upon later. We adopted 100 and 50 kBT as

the representative values for the two kinds of hydro-

phobicity, and the temperature was kept constant

while the energy was normalized as kBT � 1.

Koishi et al.35,36 performed molecular dynamics

simulations to study bubble formation in a narrow

channel surrounded by a hydrophobic material and

found that the phase transition in the confined

nanochannel was different from that in the bulk.37�39

Bubble formation exerted a net attractive force be-

tween the channel walls. They argued that this net

attractive force was the origin of the hydrophobic in-

teraction between two biomolecules. They also

found that a force was also exerted in the horizon-

tal direction to maximize the bubble area and to

minimize total energy of the system.

On the basis of their results, we construct an asym-

metric Brownian motor as follows (Figure 2). A rail and

a motor molecule are embedded in water. The motor is

made solely of strongly hydrophobic particles (red).

The rail is made of both strongly (red) and weakly

(white) hydrophobic particles. The pattern of the

strongly hydrophobic particles is left-right asymmetric.

The x-, y-, and z-directions were taken to be along the

asymmetric pattern of the rail, across the asymmetric

pattern of the rail, and perpendicular to the rail surface,

respectively.

We assume the rail and motor to be rigid: the par-

ticles in the motor and the rail do not move with re-

spect to the centers of mass. We take the center of mass

of the rail as the coordinate origin.

The position of the motor is calculated by

where Fx � �i
Nmfx, i and Fz � �i

Nmfz, i, M, Xmotor, Ymotor, and

Zmotor are the mass and position of the motor in x-, y-,

z-directions, Nm is the number of particles that com-

poses the motor. The motor only moves in x- and

z-directions, and rotation may also occur.

Figure 3. (a) Time evolution of distance between the motor and the rail in the z-direction. The rail was located 0.646 nm in
the z-direction. The dashed lines are the time average positions of the motor. (b,c) Snapshot of the side view around the mo-
tor; the distribution the water is projected to x�z plane, (c) bubble state, (b) one-layer state.
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The cutoff radius of the DPD parameter, rc, is 0.646
nm. We have adopted the method by Groot and Ra-
bone for sealing of length and time.27 We used 17 070
particles in total. The number of water, rail, and motor
particles was 13 500, 3400, and 170, respectively. The
simulation box size was 19.39 � 9.69 � 6.46 nm3, and
we used periodic boundary conditions.

RESULTS AND DISCUSSION
The motion of the motor without any external force

was observed to study the natural binding states of the
system. The simulation was started from various initial
conditions, where Zmotor � Z0, and Z0 was set at 0.517,
0.646, 0.776, 0.905, 1.034, 1.163, 1.293, and 1.422 nm.
The position of the motor was first restricted to Zmotor

� Z0 for 17.6 ns to equilibrate the distribution of the wa-
ter molecules. The position was allowed to subse-
quently move in the z-direction to investigate the
change in Zmotor, as shown in Figure 3. For the cases of
Z0 � 1.034, 1.163, 1.293, and 1.422 nm, the Zmotor con-

verged to z � 1.219 nm, and a one-layer state of water

molecules was formed between the motor and rail (Fig-

ure 3b). On the contrary, for cases of Z0 � 0.517, 0.646,

0.776, and 0.905 nm, the motor position converged into

z � 0.599 nm (Table 1). In such cases, no water par-

ticles were located in the channel between the motor

and rail, as can be seen in Figure 3c. This state is named

the bubble state, and this observation suggests that

the system has two distinct binding states.

The time averaged force �Fx� exerted on the motor

from the water particles for these two states was calcu-

lated. The time averaged force �Fx� is negligible for all

positions in the one-layer state (blue dots in Figure 4a).

A finite net force exists in the bubble state because

the distribution of ambient particles around the motor

is not symmetric, due to the hydrophobic pattern

printed on the rail surface (red dots in Figure 4a). The

shape of the net force on the motor particle corre-

sponds to the asymmetric potential shown in Figure 1;

in other words, the bubble state corresponds to the

asymmetric potential state, and the one-layer state cor-

responds to the random Brownian state for the asym-

metric Brownian motor model.

The contour curves for the density of water par-

ticles around the motor are shown in Figure 4b,c for

Xmotor � 4.28. In the case of the bubble state, a high den-

sity region is located around the motor. The length of

the high density region in the left-hand side is greater

than that in the right-hand side because of the asym-

metry of the hydrophobic patterns on the rail. The bias

TABLE 1. Result for Simulation of Natural Binding State

case z0 (nm) average from 44.0 to 52.8 ns (nm)

1 0.517 0.599
2 0.646 0.599
3 0.776 0.600
4 0.905 0.600
5 1.034 1.213
6 1.163 1.222
7 1.293 1.221
8 1.422 1.220

Figure 4. (a) Time average force acting on the motor �Fx� in the x-direction. The horizontal axis is the position of the motor
and shows one periodic pattern of the rail. The blue points and red points are z � 1.219 nm (one-layer state) and z � 0.599
nm (bubble state), respectively. (b) Contour line of water density around the motor z � 1.219 nm (one-layer state). (c) Same
as for (b) but with z � 0.599 nm (bubble state). As can be seen in (a), the one-layer state and bubble state correspond to
the random Brownian state and asymmetric potential state, respectively.
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of high density regions causes the net force. In con-

trast, in the one-layer state (Figure 4b), there is no clear

density enhancement around the motor, which corre-

sponds to the net force exerted on the motor being al-

most zero.

The alternating between the one-layer state and

the bubble state was accomplished by applying an ex-

ternal force to the motor molecule in the z-direction, as

shown in Figure 5.

The procedure of applying the external force is as

follows. The external force acts on the motor molecule

from t0 to t1, and the system shifts from the bubble to

one-layer state (Figure 6); Fext is kept at zero from t1 to t2.

Subsequently, from t2 to t3, the external force acts

downward on the motor to give a transition from the

one-layer to the bubble states. From t3 to tcyc, the exter-

nal force is kept at zero again, and this pattern of force

exerted is repeated for a period of tcyc.

We optimized the values of A1, A0, t1, t2, t3,
and tcyc for driving the motor system. The param-
eter A0 is the magnitude of the external force for
conversion from the one-layer state to the bubble
state, and A1 is the magnitude of the external
force for the opposite conversion from the bubble
state to the one-layer state. If the external force
is too strong, the motor moves too far from the
rail, considerably decreasing the efficiency be-
cause of unnecessary work. If the external force
is too weak, the motor does not show a transition
between the two states. For time parameters (t0,
t1, t2, t3, and tcyc), we chose the values in which the
motor molecule sufficiently diffused with a short
computing time. The parameters in Figure 5 are
shown in Table 2.

Figure 6 shows the time evolution of Xmotor and
Zmotor. The probability for the positive x-direction

is higher than that for the negative x-direction.

Thus, the motor moves forward, though there is no

net force. The motor motion is stochastic for the

x-direction, during the bubble layer state as shown in

the figure inset.

The motor moves randomly in the one-layer state,

corresponding to the random Brownian motion state.

The motor stochastically moved in one direction, and

the asymmetric Brownian model is achieved in this sys-

tem. The motor molecule moved stepwise with a step

factor of 6.46 nm, and this step size corresponds to the

period of the triangle pattern of the rail. The motor in

this study moves up and down in the z-direction due to

an external force. The behavior seen in Figure 6 is simi-

lar to the motor protein, KIF1A.16,40

We measured deviations of the Xmotor in the one-

layer state and the bubble state (Figure 7). In the one-

layer state, the distribution of the displacement of

Figure 5. External force, Fext, acting on the motor particle in
the one-layer state in the z-direction during the period of tcyc.
The time sequence is divided into four phases: (1) t0 � t1, the
motor particle is pushed downward to the rail transit to the
bubble state; (2) t1 � t2, no external force is applied; (3) t2 �
t3, the motor particle is pushed upward from the rail to cause
the bubble to vanish (transit to one-layer state); (4) t3 � tcyc, no
external force is applied.

Figure 6. (a) External force, Fext; the coordinate of the motor, Xmotor, Zmotor, as the function of time. (b) Close-up view from
4.1 to 4.85 �s. The gray area represents the bubble state. One direction motion is invoked in the bubble state because of
the asymmetric potential.
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Xmotor is similar to the Gaussian distribution. The move-

ment of the motor in the one-layer state is a single di-

rection Brownian motion. The motor hardly moves in

the x-direction of the bubble state because it is cap-

tured with a potential pocket.

The energy efficiency, �, of the motor system can

be estimated by the work in the x-direction required

to move surrounding water molecules, divided by that

done by the external force in the z-direction:

where ts and tt are the start and termination times of

the measurement, respectively, and Fx, i is the conserva-

tion force exerted by the i-th particle composing the

motor; xk and zk are the positions at the k-th time step,

and �t is the time step. The efficiency was about 39%

for an average of four simulations. We also examined

the efficiency of other physical conditions (tempera-

tures and hydrophobic interaction parameters).

We carried out calculations over a temperature

range of 0.90 to 1.10 with increments of 0.05. As a re-

sult, efficiencies in T � 0.90, 0.95, 1.05, and 1.10 kBT

were about 20, 26, 43, and 47%, respectively.

The movement of the water molecule becomes

slow when the temperature is low, and the phase tran-

sition does not occur easily, hence a lower efficiency.

Conversely, the water molecule moves more actively

when the temperature is higher, and phase transition

occurs more easily. Hence, efficiency is higher. When

the temperature is increased further than earlier, the at-

traction between the motor and rail becomes rela-

tively weak and the efficiency decreases.

An exploration on the hydrophobic interaction

parameter aij was also performed. A strong param-

eter is changed from 35 to 200, and a weak param-

eter is changed from 30 to 150 (see Figure 8). A

bubble is formed easily and is not broken when the

difference between strong and weak parameters is

large. On the contrary, a bubble is broken easily and

is not formed when the difference between strong

and weak parameters is small. Similarly, the water

and hydrophobic interaction parameters also affect

the efficiency in this model. A bubble is formed eas-

ily and is not broken when the difference between

water and hydrophobic interaction parameters is

large. On the contrary, a bubble is broken easily and

is not formed when the difference between water

and hydrophobic interaction parameters is small. In

this model, when the strong and weak hydrophobic

parameters are 50 and 40 kBT, respectively, the

model motor efficiency is at its highest. Conse-

quently, the essence of the proposed mechanism is

that there are two kinds of hydrophobicity but no

physical meaning of a specific value.

As can be seen in Figure 6, a considerable amount

of work is lost by (1) abrupt increases in Zmotor beyond

the one-layer state and (2) backward motion. Such un-

necessary motor motions are prohibited in a double-

sided motor. In this system, we placed another rail over

TABLE 2. Parameters for the External Force

A0 (pN) A1 (pN) t1 (ns) t2 (ns) t3 (ns) tcyc (ns)

�9.73 7.49 0.35 43.99 44.20 140.78

Figure 7. Deviations of the Xmotor in one step. The deviation is left-right symmetric in the one-layer state (a) but asymmetric
in the bubble state (b).

Figure 8. Contour line of efficiency in our model. Dashed
line indicates that a strongly repulsive parameter (aw-hs) and
a weakly repulsive parameter (aw-hw, ahw-hs) are the same. The
condition discussed is denoted by a star.

η )

∆t ∑
ts

tt

( ∑
i

Nm

Fx,i)(xk - xk-1)

∆t ∑
ts

tt

Fext(zk - zk-1)

(5)
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the motor molecule, as shown in Figure 9. The asym-

metric patterns are shifted by a half of the periodicity.

The sizes of the rail and motor are the same in the ear-

lier simulations, and the external force for the phase

transition is given in Table 3. It was designed so that,

when the motor proceeds closer to the lower rail, the

distance between the lower rail and motor is in the

range of the bubble state, and the distance between

the upper rail and motor is in the range of the one-layer

state. The opposite applies when the motor gets closer

to the upper rail. Finally, simulations where the external

force is switched from that of Figure 5 to a sine wave

were carried out (Figure 9c). It was possible to move the

motor in a similar manner to the earlier simulations.

The efficiency was 41%.

Host�guest bindings due to the hydrophobic inter-

action are common in biological systems, such as the

KIF1A/microtubule system. The behavior of the motor

shown in Figure 6 is remarkably similar to that of KIF1A,

investigated by other research groups.15,16,40 Okada et

al.15,16 measured the movement behavior of a KIF1A and

found two characteristic binding states, a strong bind-

ing state and a weak binding state, during the ATP hy-

drolysis process. In the strong binding state, KIF1A is

tightly bound to a specific site of the microtubule. In

the other state, KIF1A is loosely bound to the microtu-

bule, and KIF1A shows a one-dimensional random mo-

tor microtubule. The transition from a tight binding to

weak binding state takes place at the expense of the

chemical release of energy during ATP hydrolysis. The

switch between these two states is achieved by molec-

ular conformational change.

In our study, the motor moves up and down due to

an external force, and it models the conformational

change during ATP hydrolysis. The external force corre-

sponds to chemical energy that is acquired by this

cycle. The bubble and one-layer states correspond to

strong and weak binding states, respectively.

This study has demonstrated a nanomotor sys-

tem using bubble propulsion, which is a new mech-

anism. It has been compared with other artificial

Brownian motor systems that use electric or mag-

netic fields as an asymmetric potential.2,23 Rousselet

et al.’s ratchet system2 controlled the motion of col-

loidal particles using a sawtooth dielectric potential

field. The field was generated by an interdigitated

electrode deposited on a glass slide, which had a

Christmas tree structure. The size of the patterns and

particles was about 50 and 0.25 	m, respectively. Vil-

legas et al.23 demonstrated the ratchet system with

superconducting critical temperatures between 8.3

and 8.7 K using a magnetic field. It stands to reason

that the motor actually moved according to Feyn-

man’s ratchet model in our system. The advantage

of our motor system is that it can be integrated be-

cause of its reduced size (nanometer order).

The alternating reaction is distinct and easy to con-

trol because it uses the bubble nucleation phenom-

enon (the motor stays at the targeted position z � 0.599

and 1.219 nm in this model). This mechanism only

needs to control the gap between the motor and rail,

so high efficiency is expected.

CONCLUSION
Our molecular simulation showed that the “asym-

metric Brownian ratchet model” can be achieved by a

Figure 9. (a) Double-sided motor system. Water particles are not shown. (b) Same as Figure 6b but for the double-sided
motor system. (c) External force form is changed from Figure 5 to a sine wave (Fext � A sin(2�/tcyc), A � 14.97 pN, tcyc �
175.975 ns).

TABLE 3. Parameters about the External Force for the
Double-Sided Motor System

A0 (pN) A1 (pN) t1 (ns) t2 (ns) t3 (ns) tcyc (ns)

�14.97 14.97 1.76 87.99 89.74 175.97
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system with a motor and a rail which has asymmetric
hydrophobic patterns. The mechanism uses bubble
propulsion: the phase transition between the bubble
and one-layer states acts as a switch. The switching time
is as short as 50 ns. This mechanism needs only to the
control the gap between the motor and rail by one mol-

ecule length (about 5�6 Å). The behavior of the motor
molecule obtained in this model is similar to that of the
KIF1A motor protein.

Our motor system is small enough to accumulate it
like a integrated circuit. It is applicable to machine ele-
ments which are required to operate continuously.

METHOD
The DPD method uses Newton’s equation of motion for a

particle i,

where m is the mass, v the velocity, Fij
C the conservative force,

Fij
R the pairwize random force, and Fij

D the dissipative force. The
conservative force is softly repulsive and is given by

where rij � rj � ri, and nij � rij/|rij|. Here, aij is a parameter to de-
termine the magnitude of the repulsive force between particles i
and j, and rc is the cutoff distance. Random force (Fij

R) and dissi-
pative force (Fij

D) are given by

and

where vij � vj � vi, 
 is the noise parameter, � the friction param-
eter, and �ij the random number based on the Gaussian distribu-
tion. Here 
R and 
D are r-dependent weight functions which
are given by

The temperature is controlled by a combination of dissipative
and random forces. The noise parameter 
 and friction param-
eter � are connected to each other by the
fluctuation�dissipation theorem in the following equation

where kB is the Boltzmann constant and T is the temperature.
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Supporting Information Available: Movie 1: the motor motion
in nanoscale motor system using bubble propulsion. The bubble
formation is controlled by changing the width of the channel be-
tween a motor and a rail by an atomic distance. Water particles
just inside the channel are displayed. The bubble state in the
channel corresponds to the asymmetric potential state, and the
one-layer state in the channel corresponds to the random
Brownian state for Feynman’s asymmetric Brownian motor

model. Movie 2: the motor motion in double-sided motor. In
this system, we placed another rail over the motor molecule.
The asymmetric patterns are shifted by a half of the periodicity.
The external force for the phase transition is given in a sine wave.
It was designed so that when the motor proceeds closer to the
lower rail, the distance between the lower rail and motor is in the
range of the bubble state, and the distance between the upper
rail and motor is in the range of the one-layer state. The oppo-
site applies when the motor gets closer to the upper rail. Water
particles just inside the channels are displayed. This material is
available free of charge via the Internet at http://pubs.acs.org.
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