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ABSTRACT: We have performed molecular dynamics simulations and developed a scaling model of a
nanopropulsion engine. The engine consists of a nozzlelike pore with catalytic sites located at the closed end of
the nozzle. The nozzle is immersed in a solution of monomers that serves as a “fuel” for the polymerization
reaction. The engine can be thought of as an analogue of the jet propulsion engine that secretes polymers in a
solution and utilizes polymer viscoelasticity for its motion. Using scaling analysis, we have established that the
nozzle velocity is proportional to the chain’s polymerization rate with the proportionality coefficient being
determined by the nozzle geometry, the nozzle friction coefficient, and the dynamics of the polymer chains inside
the nozzle. The results of the molecular dynamics simulations are in remarkable agreement with the predictions
of the scaling model.

Molecular motors are machines that convert chemical energy
to mechanical energy and force.1-9 Molecular motors in nature
are used to transport biochemicals and provide motility to the
cells. For example, the kinesin protein moves along microtubules
carrying chemical payloads by converting the energy released
upon ATP hydrolysis into mechanical work.8 A flagellar
biological motor provides motility to bacteria through a
whiplike rotary motion.10,11Many intracellular pathogens such
asListeria propel themselves by assembling the host cell actin
into a cometlike tail of cross-linked filaments.5,12,13 Another
fascinating example of molecular machinery is the gliding of
cyanobacteria and myxobacteria on surfaces, which is ac-
companied by a steady secretion of gel (slime) from
nozzlelike pores.5,7,14 These complex machines serve as an
inspiration for design of artificial devices capable of transporting
“cargo” in chip size laboratories for future nanotechnological
applications.11,15-22

In this paper we study a simple model of a polymeric
nanopropulsion engine, which generates a self-propelling motion
via polymerization within a nozzlelike pore. We consider a
cylindrical pore with one end of the pore being closed by a
circular cap, as shown in Figure 1. A circular cap contains
catalytic sites that facilitate polymerization of macromolecules
inside a nanonozzle. The nozzle is immersed in a solution of
monomers that serves as a “fuel” for the polymerization reaction.
The physical principle for the operation of this engine is very
simple and is based on the viscoelastic nature of polymeric
liquids.23-26 Addition of new monomers to a polymer chain
induces a local stress in the polymeric liquid confined
inside the nozzle. The response of a polymeric liquid to an
external perturbation strongly depends on a rate with which
this perturbation is applied. In our case this external perturbation
is the addition of a new monomer (taken from outside the
nozzle) to a polymer chain, growing inside the nozzle. If
addition of a monomer to a polymer chain occurs faster than
the relaxation time of chain sections confined inside the
nozzle, it results in the chain’s compression, which generates

an osmotic force acting on the nozzle cap pushing the nozzle
forward. However, only a fraction of the free energy stored
during the chain’s polymerization is used for the propulsive
motion while the rest is dissipated as friction when the
polymeric liquid moves through the nozzle and the nozzle moves
through the solvent. The energy partitioning depends on the
chain polymerization rate, solution viscosity, and nozzle ge-
ometry. Indeed, our simulations and scaling analysis of the
nozzle motion show that the nozzle velocity is proportional to
the net polymerization rate with a proportionality coefficient
being determined by the geometric characteristics of the
nanonozzle.

To test the design idea of the nanopropulsion engine, we
performed coarse-grained molecular dynamics simulations of
a nozzle with growing inside polymer chains immersed in a
solution of monomers. These simulations correspond to the
Zimm dynamics of the nanonozzle.23-26 In our simulations, a
nanonozzle was modeled by an end-capped tube (see Figure
2). The cylindrical surface of the tube was formed by wrapping
hexagonally packed sheet consisting ofC × L monomers, where
C is the number of monomers forming the circumference of
the tube andL is the number of monomers along the tube axis.
One end of the tube was closed by flat circular cap withC
monomers in its circumference. Each monomer on the tube
surface was connected to its six neighbors by elastic bonds
which elasticity is described by the finite extension nonlinear
elastic (FENE) potential

whereKs is the spring constant,Ks,tube ) 30kBT/σ2 (kB is the
Boltzmann constant,T is the absolute temperature, andσ is the
bead diameter),r is the distance between the center of mass of
two neighboring beads, and the maximum bond length is
Rmax ) 1.5σ. The growing polymer chains were modeled by
bead-spring chains with the spring constant,Ks,polymer) 30kBT/
σ2. In addition to the FENE potential, all beads in the system
including solvent molecules interact through the truncated-
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shifted Lennard-Jones (LJ) potential with the cutoff distance,
rcut ) x62σ, and the interaction parameterεLJ ) kBT.

This choice of parameters corresponds to a purely repulsive LJ
potential.

The simulations were performed with explicit solvent with
concentrationc ) 0.1σ-3 (see Figure 2). In our simulations we
used periodic boundary conditions with simulation box sizeL
) 60σ. Simulations were carried out in a constant temperature
ensemble. Constant temperature was maintained by coupling
the system to a Nose-Hoover thermostat, which preserves
hydrodynamic modes.27 In this case, the equation of motion for
the ith bead is

whereVbi is the bead velocity,FBi is the net deterministic force
acting onith bead of massm, andFBi

T(t) is a force coupling the
system to a thermostat.27 The velocity-Verlet algorithm27 with
a time step (MD time step)∆t ) 0.002τLJ was used to integrate
the equations of motion (3), whereτLJ is the standard LJ time,
τLJ ) σ(m/kBT)1/2. Each simulation run lasted 2.5× 107

integration steps.
Growing polymer chains were permanently attached to

catalytic sites that were uniformly distributed over the nozzle
cap. We have performed simulations with 1, 2, 4, 6, and 8
polymerization centers. The chain polymerization was performed
as follows: a reactive monomer located outside the nozzle
within a capture radius from a polymerization site was selected
and inserted as a pointlike monomer into polymer chain; a point
bead was generated between the catalytic site and the first bead
of the polymer chain with a velocity randomly picked from the
Maxwell distribution. The size of a bead grows at a rate of 0.01/

∆t. After a polymer chain achieved a degree of polymerization
Np ) 100, its lengthNp was kept constant for the rest of the
simulation run by removing a bond connecting a monomer at
the terminal end as new monomer was added to the chain. This
prevented depletion of the number of monomers during the
simulation run. Note that the presence of the explicit monomers
in a system at given concentration and the size of the capture
radius determine the rate at which new monomers were added
to growing polymer chains. In our simulations the capture radius
was equal to 1.25σ, 1.5σ, and 1.75σ. Figure 2 shows the
evolution of the chain growth during the simulation run.

It is important to point out that the simulations of the
nanopropulsion engine presented in this paper correspond to
the Zimm (nondraining) dynamics23-25 of the moving nozzle
and growing polymer chains. This is achieved by implementing
the Nose-Hoover thermostat to maintain the system temperature.
In this respect these simulations are different from the ones
presented in our previous paper28 in which we have studied the
Rouse (free draining) dynamics23-25 of the nozzle motion.

Figure 3 shows a linear relationship between the nozzle
velocity and chain’s polymerization rateRp for nozzles of fixed
geometries. The data points for this plot were obtained by fitting
the mean-square displacement〈∆r(t)2〉 of the center of mass of
the nozzle to the following equation

describing the motion of an object with a constant average
velocityVt which orientational correlations decay exponentially,
〈Vb(t)Vb(t + ∆t)〉 ) Vt

2 exp(-∆t/τp), with characteristic timeτp.
The loss of the orientational correlations is due to fluctuations
of the direction of the propulsive force caused by the nozzle
shape fluctuations that are determined by the nozzle rigidity
and compressibility of the polymeric solution inside the nozzle.
Note that during the time intervalst < τp the motion of the
nozzle is ballistic with〈∆r(t)2〉 ≈ Vt

2t2 while at longer time
intervalst > τp the motion is diffusion-like,〈∆r(t)2〉 ≈ 2Vt

2τpt,
with the effective diffusion coefficientD ) Vt

2τp/3. The

Figure 1. Snapshot of the nozzle in solution. Monomers forming nozzle surface are shown in green, polymerization centers are colored in blue,
growing polymer chains are shown in red, and surrounding nozzle solvent molecules are shown in light gray. Note that the most of the solvent
molecules located in front of the nozzle in the simulation box are removed to make a clear view of the nozzle.
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existence of the constant average velocityVt is an indication of
the constant propulsive force acting on the nozzle. As one would
expect, the magnitude of this force is larger for the faster
polymerization ratesRp and is manifested by the faster motion
of the nozzle. The nozzle velocity also depends on the geometric
characteristics of a nozzle such as its length and size. The larger
nozzle moves slower than the smaller ones at the same
polymerization rateRp.

To establish how this propulsion motion is related to the
nozzle geometry, we modified a scaling model describing the

nozzle motion to take into account the hydrodynamic interac-
tions.28 Consider a nozzle with radiusR and lengthl moving
with an average velocityVt (see Figure 4). Let us choose a
moving system of coordinates associated with a nozzle and
select the direction of thex-axis along the cylindrical axis of
the nozzle, pointing toward its open end. The monomers are
constantly inserted into polymer chains at the closed end of the
nozzle with the net polymerization rateRp. In a steady-state
regime, the distribution of polymers inside the nozzle is given
by the density profileF(x). This polymer density profile sets
up the distribution of the polymeric osmotic pressureP(x) along
thex-axis. We will assume that polymer mass is pushed toward
the open end of the nozzle as a plug and will neglect the radial
variations in the polymer density distribution. Thus, all mono-
mers which are located at the distancex from the origin of the
moving frame have an average velocityVp(x) relative to the
moving frame. In the steady-state regime the polymeric mass
is moving through the nozzle without acceleration. Thus, the
sum of all forces acting on the slice of polymer solution with
thickness∆x and areaS) πR2 is equal to zero (see Figure 4).
This slice is pushed toward the open end of the nozzle by the
force generated by the polymeric pressure difference on both
sides of the slice

Figure 2. Evolution of the growing polymer chains inside a cylindrical
nozzle (C30L20) during the simulation run. Monomers forming nozzle
are shown in green, polymerization centers are shown in blue, growing
polymer chains are shown in red, and the solvent molecules are shown
in light gray.

Figure 3. Dependence of the nozzle average velocity on the net
polymerization rate for the nozzles of different geometries: C18L20P1,
open triangles; C18L20P2, filled triangles; C30L20P1, open squares;
C30L20P2, semifilled squares; C30L20P4, square with hourglass;
C54L20P1, open diamonds; C54L20P4, semifilled diamonds; C54L20P6,
diamonds with hourglass; C54L20P8, filled diamonds.P denotes the
number of polymerization centers on the nozzle cap.

Figure 4. Schematic representation of blob structure of polymer
chains inside a nozzle and of the forces acting on the slice of polymer
solution.

Fpol(x) ) S(P(x) - P(x + ∆x)) ≈ -S∆x
∂P(x)
∂x

(5)
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This force is opposed by the friction of this slice against solvent
Ff(x) and by the sliding friction forceFs(x) against the nozzle
surface.

The analysis of the polymer density profile inside the nozzle
shows that polymer chains inside a nozzle form semidilute or
concentrated polymer solutions. In such solutions the hydro-
dynamic interactions are exponentially screened at length scales
larger than the solution correlation lengthrê (correlation blob
size).23-25 The hydrodynamic interactions between different
parts of the chain subsections control its dynamics at the length
scales shorter than the correlation lengthrê. The motion of these
subsections is described in the framework of the Zimm
model.23-26 Because of the exponential screening of the
hydrodynamic interactions at length scales longer than the
solution correlation lengthrê, the polymer chain behaves as a
Rouse chain of beads whose size is equal to the solution
correlation lengthrê. The friction coefficient of the blob against
solvent is equal to

whereη is the solvent viscosity andê ) 6πησ is the effective
monomeric friction coefficient.

In the case of the nonuniform polymer density profileF(x)
the correlation blob sizerê(x) and the number of monomers in
correlation blobg(x) are varying along thex-axis. For polymer
chain in a good solvent for the polymer backbone, there is a
following relation between the blob sizerê(x) and the number
of monomers in itg(x)

whereν ) 0.588 is the good solvent exponent.23-25 In semidilute
polymer solution the blobs are densely packed such that

Solving this equation for the number of monomers in a blob
g(x) as a function of the local polymer volume fractionæ(x) )
F(x)σ3, one has

In solution of blobs, the friction coefficient of the slice of a
polymer chain with thickness∆x is proportional to the total
number of blobs within volumeS∆x, which is equal to
F(x)S∆x/g(x), times the blob friction coefficientêrê(x)/σ. The
projection on thex-axis of the friction force against solvent is
equal to the slice friction coefficient times the velocity difference
between the polymer and solventVp(x) - Vt

In derivation of the eq 10, we use a steady-state condition that
the polymeric flux through each cross section area is equal to
the chain polymerization rate,Vp(x)F(x)S ) Rp.

The friction force between the surface of the nozzle and the
polymer is proportional to the relative velocityVp(x) between
the nozzle surface and the growing polymer. We will assume
that the sliding friction coefficient is equal toêsrê(x)/σ and that
only those blobs that are within thicknessδ from the surface of

the nozzle experience this friction. The projection of the sliding
friction force on thex-axis is equal to

Taking into account new expressions for the friction forces given
by eqs 10 and 11, we can write the following differential
equation describing distribution of the polymer density inside
the nozzle as a function of the nozzle average velocityVt and
the chain polymerization rateRp

This equation describes the distribution of the polymeric osmotic
pressure and the polymer density inside nozzle. In polymer
solution the polymeric osmotic pressure depends on the local
polymer density asP(x) ≈ kBTæ(x)3ν/(3ν-1)/σ3.23-25

To obtain the expression for the nozzle velocity, we have to
write the equation describing the motion of the nozzle itself. In
the steady state the sum of all forces acting on the nozzle also
should be equal to zero. These forces include the net force
exerted by the confined polymer solution on the surface of the
nozzle capSP(0), pointing toward the direction of the nozzle
motion, the friction force between nozzle and solvent-Vtêt,
and the net sliding friction forceFs

n between the nozzle surface
and the growing polymers which direction coincide with the
nozzle velocity. For a cylindrical nozzle of radiusR and length
l moving along its long axis, the friction coefficient is equal
to26

The magnitude of the net sliding friction forceFs
n between

the nozzle surface and polymer chain is obtained by summing
contributions from all sliding friction forces acting along the
whole lengthl of the nozzle

Combining all contributions together, we can write the following
equation describing nozzle motion

In the general case, in order to obtain the relation between
the nozzle velocity and chain polymerization rate, we have to
solve eqs 12 and 15. However, in the limit when the polymeric
pressure at the open end of the nozzleP(l) is small such that
P(0)/P(l) . 1, we can integrate eq 12 between 0 andl and obtain
another equation relating the polymeric pressureP(0), nozzle
velocity Vt, and chain polymerization rateRp. EliminatingP(0)

êblob ≈ 6πηrê ≈ êrê/σ (6)

rê(x) ∝ σg(x)ν (7)

F(x) ∝
g(x)

rê(x)3
∝ σ -3g(x)1-3ν (8)

g(x) ∝ æ(x)1/(1-3ν) (9)

-Ff(x) ∝ -(Vp(x) - Vt)
êrê(x)

σ
F(x)S∆x

g(x)
∝

- (Rpê
S

æ(x)(1-ν)/(3ν-1) -
Vtê

σ3
æ(x)(2ν)/(3ν-1))S∆x (10)

-Fs(x) ∝ - Vp(x)2πRδ
êsrê(x) F(x)

σg(x)
∆x ∝

- Rpês
2δ
R

æ(x)(1-ν)/(3ν-1)∆x (11)

-
∂P(x)
∂x

∝ -
Vtê

σ3
æ(x)2ν/(3ν-1) +

Rp

S(ê + ês
2δ
R )æ(x)(1-ν)/(3ν-1) (12)

êt ) 2πηl
ln(l/2R)

(13)

Fs
n(x) ∝ ∫0

l
Vp(x)2πRδ

êsrê(x) F(x)

σg(x)
dx ∝

Rpês
2δ
R∫0

l
æ(x)(1-ν)/(3ν-1) dx (14)

P(0)S∝ êtVt + Rpês
2δ
R∫0

l
æ(x)(1-ν)/(3ν-1) dx (15)
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from these equations, we can write the expression relating the
nozzle velocity with the polymerization rate

Thus, the velocity of the nozzle is proportional to the polym-
erization rate with the proportionality coefficient being depend-
ent on the nozzle friction coefficient, nozzle length, and the
polymer density profile inside the nozzle.

Figure 5 confirms the linear relation between the nozzle
velocityVt and the reduced polymerization rateRp*. This choice
of the reduced variables allows collapse of all simulation data
shown in Figure 3 into one universal plot. To obtain this plot,
we have performed numerical integration of the average polymer
density profile inside a nozzle and setν ) 0.6.23,24This universal
plot validates the proposed mechanism for the nozzle propulsion
motion. Note that the relation eq 16 describing the Zimm
dynamics of the moving nozzle is qualitatively different from
the one obtained for the nozzle obeying the Rouse dynamics.28

In the case of the Rouse dynamics the nozzle velocity is
inversely proportional to the sum of the total number of
monomers inside the nozzle and the number of monomer
forming a nozzle. This is due to the absence of the hydrody-
namic interactions between monomers in the Rouse model,
which results in independent contribution of each monomer to
the net nozzle friction coefficient. Thus, in the case of the Rouse
dynamics the effective friction coefficient of the nozzle is
proportional to the net nozzle mass while in the case of the
Zimm dynamics the effective friction coefficient depends on
the nozzle geometric characteristics such as its length and width
and distribution of the monomer density inside the nozzle.

To the end let us comment on the finite chain length used in
simulations. The presented above analysis shows that the nozzle
velocity only depends on the distribution of the monomer density
inside the nozzle. Thus, as long as the number of monomers in
the polymer chain is larger than the number of monomers

confined inside the nozzle, we do not expect any significant
effect of the finite chain length on the nozzle motion. Note that
the increase of the number of monomers in a polymer chain
beyondNp ) 100 can only slightly influence the nozzle motion
due to renormalization of the local solution viscosity outside
the nozzle by the sections of the growing polymer chains.

In conclusion, we have proposed a model of the polymeric
nanopropulsion engine, which can generate a directional motion
in a solution by polymerizing macromolecules inside nozzlelike
pores. The engine can be thought of as an analogue of the jet
propulsion engine, which secretes polymers in a solution and
takes advantage of the polymer viscoelasticity to propel itself
forward. The proposed design of the nanopropulsion engine is
simple enough that its construction should be feasible using
modern chemical techniques.
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Figure 5. Dependence of the average nozzle velocity on the reduced
polymerization rateRp*. The symbol notations are the same as in
Figure 2.

Vt ∝ Rp* ≈ Rp

ê∫0

l
æ(x)(1-ν)/(3ν-1) dx

êt + Sê
σ3∫0

l
æ(x)(2ν)/(3ν-1) dx

(16)
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