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Rectification of Confined Soft Vesicles Containing
Active Particles†

M. C. Gandikota and A. Cacciuto∗

One of the most promising features of active systems is that they can extract energy from their
environment and convert it to mechanical work. Self propelled particles enable rectification when
in contact with rigid boundaries. They can rectify their own motion when confined in asymmetric
channels and that of microgears. In this paper, we study the shape fluctuations of two dimensional
flexible vesicles containing active Brownian particles. We show how these fluctuations not only are
capable of easily squeezing a vesicle through narrow openings, but are also responsible for its recti-
fication when placed within asymmetric confining channels (ratchetaxis). We detail the conditions
under which this process can be optimized, and sort out the complex interplay between elastic and
active forces responsible for the directed motion of the vesicle across these channels.

1 Introduction
It is well known that the second law of thermodynamics prohibits
the extraction of work from any cyclic process performed on a
system in thermal equilibrium with a single thermal bath1. This
exploit can instead be achieved in systems that are subject to ac-
tive fluctuations. Seminal experiments on micro-gears placed in
a suspension of bacteria have demonstrated how sustained and
rectified rotational motion of a gear can be achieved2–4. Further
work demonstrated how motion rectification can occur when E.
coli is confined in a chamber divided by funnel shaped walls5–7

and when active components such as active colloids or chains are
subject to asymmetric potentials8–10 or when confined in asym-
metric periodic channels11–13.

Motion rectification breaks both space and time symmetries
and is thus not permitted in equilibrium systems except as tran-
sients. In contrast, rectification can be achieved in thermal sys-
tems using time-dependent spatially asymmetric potentials14,15.
Time-dependent potentials are, however, unnecessary for active
particles to achieve rectification of motion given that active sys-
tems are inherently out of equilibrium at the single particle
level16–18.

While previous studies on active rectification have mostly fo-
cused on active components directly interacting with hard pas-
sive objects, be that a gear or a micro-channel, here we show
how rectification can also develop as a result of the interplay be-
tween active and elastic forces. We report the rectification of soft
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vesicles enclosing active Brownian particles when confined in an
asymmetric periodic channel.

Experimentally, the vesicle can be realized by enclosing active
particles inside lipid membranes, and it has been shown that
large non-equilibrium shape deformations capable of reshaping
the vesicle can develop under certain conditions19. Experiments
on macroscopic soft circular scaffolds that enclose small centime-
ter size actuators have also been shown to be capable of squeez-
ing through tight spaces20. Overall, the shape and motility as-
pects of these vesicles have been studied in detail by employing
simple models such as a closed flexible boundary enclosing spher-
ical or rod shaped active particles21–23. However, to the best of
our knowledge, rectification aspects of vesicles undergoing active
fluctuations have not been paid any attention. Yet this is an im-
portant problem especially given the experimental demonstration
of directional motion of fibroblasts and epithelial cancerous cells
when confined within asymmetric periodic channels24. While
cells are complicated entities involving sub-structures such as the
cytoskeleton, here, we show that rectification can be achieved by
far simpler deformable entities such as a two dimensional soft
vesicle that encloses spherical active particles.

2 Model

We model the two dimensional vesicle as a flexible closed bound-
ary consisting of N self-avoiding passive spheres of diameter σ

connected with stiff harmonic springs. The active fluctuations of
the vesicle are due to NA active Brownian particles (ABP) of spher-
ical shape and diameter σ enclosed within its perimeter. These
particles are activated using a self-propelling force of constant
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Fig. 1 Probability distribution of local curvatures κ for different numbers
of ABPs. The vertical dashed lines are guides to the eye indicating κ = 0
(flat region) and κ = r−1

0 (the curvature of the exact circle described
by the vesicle). The ∗ sign on the x-axis is the pore curvature in the
circular cavities. The inset is a typical snapshot from our simulations
with φ = 0.072. The flat distribution of curvatures of the passive ring
(NA = 0) is shown as a black dotted line.

magnitude vp and follow these equations of motion:

drrri(t)
dt

=
1
γ

fff ({ri j})+ vp n̂̂n̂ni(t)δti,1 +
√

2Dξξξ (t),

dn̂̂n̂ni(t)
dt

=
√

2Dr ξξξ r(t)× n̂̂n̂ni(t),

(1)

where i is the particle index, n̂̂n̂n is the axis of propulsion, and
ti is a binary index, which is set to zero (one) for passive
(active) particles. The Kronecker delta function δti,1 activates
the self-propulsion term for the active particles. The transla-
tional diffusion coefficient D is related to the temperature T
and the translational friction γ via the Stokes-Einstein relation
D = kBT γ−1. Likewise, the rotational diffusion coefficient, Dr =

kBT γ−1
r , with Dr = 3Dσ−2. The solvent-induced Gaussian white-

noise terms for both the translational ξξξ and rotational ξξξ r motions
are characterized by ⟨ξξξ (t)⟩ = 0 and ⟨ξm(t)ξn(t ′)⟩ = δmnδ (t − t ′).
fff ({ri j}) indicates the excluded volume forces between parti-
cles and the stretching forces between neighboring monomers
of the vesicle. Excluded volume forces between any two parti-
cles are enforced via a Weeks-Chandler-Andersen (WCA) poten-

tial Uw = 4ε

[(
σ

ri j

)12
−
(

σ

ri j

)6
+ 1

4

]
. The bonds between neighbor-

ing monomers obey the harmonic potential Us = ks(ri,i+1 − σ)2

where ri,i+1 is the distance between consecutive monomers along
the chain. The spring constant ks is set to 2500kBT/σ2.

We performed our simulations using the numerical package
LAMMPS25 and set σ , τ = σ2D−1 and kBT as the units of length,
time and energy respectively. All simulations were run with a
time step of ∆t = 10−5τ. We collected statistics for up to 1010 time
steps. The strength of the active forces is reported in terms of the
Péclet number defined as Pe = vpσ/D. The packing fraction of
the ABPs φ = NA/(πr2

0) where r0 is the radius of the exact circu-
lar shape of the soft vesicle. We used a soft vesicle composed of
N = 64 colloidal particles unless otherwise stated.

Fig. 2 Average escape time of a soft vesicle from a circular cavity as a
function of number of ABPs, NA for different values of Pe. The inset is
a typical snapshot from our simulations for φ = 0.072 at Pe = 100.

3 Shape fluctuations and escape from a circular
cavity

We first study the effect of the active particles on the shape of a
soft vesicle in open boundary conditions.

For an inextensible soft vesicle, the shape statistics of the vesi-
cle is fully determined by the distribution of the local curvatures.
We fitted osculating circles to every three consecutive monomers
and determined the local curvatures by taking the inverse of their
radii. The probability distribution of the local curvatures ρk for
varying number of active particles, φ , at Pe = 100 is shown in
Fig. 1. For large φ , the particles distribute homogeneously along
the vesicle perimeter and push on it. The imposed tension on the
vesicle suppresses the shape fluctuations19,26 resulting in a rather
sharp curvature distribution centered around κ = r−1

0 = 0.098σ−1.
For small φ , particles create local kinks on the vesicle and stretch
flat the region of the vesicle connecting any two kinks. This re-
sults in a broad distribution of curvatures that peaks at k/r−1

0 ≃ 0
and extends all the way to κ/r−1

0 = 10. For intermediate values
of φ , the distribution presents a peak near κ/r−1

0 = 0 and devel-
ops a shoulder (rather than a distinct second peak observed for
run-and-tumble particles21) for larger values of κ, suggesting the
presence of moderately curved regions generated by particle clus-
tering on the surface that are then connected by flat regions (see
a typical snapshot in Fig. 1.) Curvature-mediated particle cluster-
ing is a well known phenomenon for ABP near a curved surface27,
and plays an important role in understanding the active shape of
these flexible boundaries.

The presence of these large curvature fluctuations is of crucial
importance when considering the ability of vesicles to squeeze
through narrow openings, as they can be exploited to drive the
vesicle out of a confinement cavity with a narrow opening. We
study this phenomenon by considering a circular hard wall con-
structed by freezing in space a number of WCA particles of di-
ameter σ as shown in the schematic of Fig. 2. The wall has an
opening of size 7.9σ which allows the passage of the vesicle only
if the local curvature of the vesicle at this pore is greater than
1/7.9σ = 0.25σ−1. This curvature is marked with a “∗" on the
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Fig. 3 Establishing a preferential direction of motility using asymmetric
walls. The vesicle escapes to the left for all finite γ in the wall geometry
specified in the schematic. The solid curve is Eq. (3). Here, φ = 0.03
and Pe = 150.

κ/r−1
0 axis of Fig. 1, and indicates how vesicles containing small

numbers of active particles will be more likely to generate large
enough shape fluctuations to drive the vesicle out of the cavity.

The average escape time ⟨te⟩ is calculated over a hundred runs
for a range of Pe and φ and is shown in Fig 2. Interestingly, the es-
cape time has a distinctly non-monotonic dependence on NA. This
can be understood by considering that while small number of ac-
tive particles lead to large curvature fluctuations of the vesicle,
larger values of φ result in overall larger driving forces and coop-
erative pushing on the vesicle (see snapshot in Fig. 2). However,
if the vesicle is filled with too many active particles, curvature
fluctuations become rare, and the vesicle escape is hindered. We
find that φ ∈ [0.012,0.024] provides the best compromise between
these two tendencies for the range of Peclét numbers considered
in this study.

4 Rectification in asymmetric periodic channels
We have now seen the interplay of the high-curvature segments
of the vesicle and the directed motility of active particles which
squeeze the vesicle through a pore. However, a vesicle containing
active particles in free space does not have a preferential direction
of motion. The mean square displacement (MSD) of the center of
mass of this system can be calculated to be †21,28,〈

rrr2(t)
〉
=

4D t
N +NA

+
2 Pe2σ2NA

9 (N +NA)2

(
e−Drt +Drt −1

)
. (2)

The vesicle is diffusive in the limit of t ≫ τ with the long time
diffusion constant attaining its maximum for N = NA †. The MSD
of a vesicle containing active particles can be considered to be the
MSD of a single active particle with re-scaled diffusion constant
and Péclet number while keeping the rotational diffusion constant
unchanged.

For the vesicle to achieve directional motion, we need to break
the spatial symmetry in the system14. For instance, we can con-
strict the vesicle between two vertical walls as shown in the
schematic of Fig. 3, where the active particles are equally dis-
tributed between the left and right regions. With this setup, the

Fig. 4 The position of the vesicle’s center of mass denoted by x as
a function of time t. The vesicle displays leftward rectification when
confined within a periodic asymmetric channel The inset is a snapshot
from simulations. Here, φ = 0.072 and Pe = 150.

vesicle has equal probability of escaping towards the left or the
right side of the space, i.e. PL = PR = 0.5. The probabilities are
computed by calculating the number of times the vesicle translo-
cates to the left (or right) divided by the total number of translo-
cation events. A simple way of breaking the spatial symmetry is
to add a second set of walls tilted of an angle γ with respect to the
vertical axis as depicted in Fig. 3. Crucially, as shown in Fig. 3,
for any γ > 0, PL > 0.5 and it monotonically increases with γ. For
large Pe and NA, the vesicle conforms to the shape of the walls
with most of the active particles located along its perimeter with
their axis of propulsion parallel to the surface normal. In this
limit one can estimate the relative forces pushing the vesicle on
either side. While all particles on the left hand side contribute to
push the vesicle their way by applying an homogeneous internal
pressure to the left lobe, particles along the slanted walls of the
right hand side generate no contribution to the overall pressure
on the right lobe. In this limit, PL(γ) can be approximated to be †,

PL(γ) =
1

2(1− γ/π)
, (3)

and is shown as the solid curve in Fig. 3.
We next consider a channel constructed with periodic cavities

incorporating such a sloped geometry as shown in Fig. 4. The
cavity is characterized by a width x0 = 30σ , a pore size d0 = 7.6σ

and γ = atan(0.6).
The preferential leftward motion of the center of mass of the

vesicle, x, is readily observed and highlighted in Fig. 4. The recti-
fication of motion as measured by PL consistently increases with φ

as seen in the inset of Fig. 5(a). However, the escape rate from the
narrow (left) side of the cavity in the periodic system, kL, is non
monotonic as seen in Fig. 5(a). The escape rate has its maximum
at φ ≈ 0.024 and decreases with further increase in φ consistent
with the minimum of the average escape time in Fig. 2. The es-
cape rate monotonically increases with Pe while the rectification
of motion monotonically decreases as can be seen in Fig. 5(b)
and its inset. Clearly, for Pe = 0, that is when the vesicle is pas-
sive, we do not expect any rectification and expect PL = 0.5. How-
ever, measuring PL for Pe< 50 is a challenge as each translocation

Journal Name, [year], [vol.],1–6 | 3

Page 3 of 6 Soft Matter



Fig. 5 a) The leftward escape rate of vesicle kL is non-monotonic with respect to NA. Inset: The probability of leftward transitions consistently
increases with the number of ABPs. Here, Pe = 150. b) The leftward escape rate monotonically increases with Pe while the probability of leftward
transitions monotonically decreases (inset). Here, φ = 0.024.

event becomes extremely slow making it very hard to collect suf-
ficient statistics.

We have already identified one mechanism that explains why
the left side of the cavity is the more likely escape route for the
vesicle. There is a secondary driving force that becomes impor-
tant for intermediate to large number of particles and results from
the collective tendency of active particles to cluster around highly
curved regions. To understand how this comes about, we con-
sidered a non-periodic, isolated triangular cavity as depicted in
Fig. 6. Within this cavity, the vesicle faces no asymmetry immedi-
ately upon exiting the cavity. If we factor the escape probabilities
into the probability of docking, Pd , and that of translocating, Pt ,
then the ratio between PL and PR can be written as

PL

PR =

(
PL

d
PR

d

)(
PL

t

PR
t

)
. (4)

Our simulations on this system indicate that the docking proba-
bility ratio PL

d /PR
d increases with NA whereas the transition proba-

bility ratio PL
t /PR

t remains roughly independent of NA. See Fig. 6.
Crucially, in this cage, we observe a cross-over behavior where
for small values of φ , the vesicle rectifies its motion to the right,
whereas for larger values of φ , leftward rectification is achieved.
This result suggests that for small number of particles, when the
vesicle can undergo large curvature fluctuations, the slanted side
of the cage effectively acts as a barrier against the vesicle passage
by reducing the amount of space available to it. However, when
φ becomes sufficiently large, and large shape fluctuations become
rare, the slanted side of the cavity can promote the formation of
high curvature regions (as the vesicle conforms to the shape of
the walls) which in turn drive the accumulation of active particles
that can cooperatively push the vesicle through the left side pore.
Clearly for large φ the docking probability decreases for both sides
of the cavity, however, the decrease is more pronounced on the
right side where such cooperative behavior is harder to achieve.
Since, as was already established above (see Eq. 3), the probabil-
ity of translocation is more likely on the slanted side of the cavity.
For about φ > 0.036 the overall rectification direction switches

from right to left.

Fig. 6 Relative docking and translocation probabilities for a vesicle con-
fined inside an isolated triangular cavity for different values of φ . The
inset is a snapshot of a vesicle in this cavity. The lines connecting the
data points are a guide to the eye.

5 Relevance of vesicle size for rectification
Lastly, we consider the behavior of a vesicle placed in a periodic
asymmetric channel with a single active particle in its interior.
Individual active particles are known to rectify their motion in
asymmetric channels when the persistence length of the particles
is larger than the cavity size (Knudsen regime)11. Operating in
the Knudsen regime for the isolated particle (Pe = 100), we find
that while a particle in the absence of the vesicle readily rectifies
its motion, when we place it inside the vesicle the response of the
vesicle is crucially dependent on the vesicle size. Vesicles with
a diameter 2r0 smaller than the pore size d0 do not rectify their
motion. However, for diameters 2r0 > d0, vesicles rectify to the
left (see table 1).

One could expect that placing an active particle within a small
vesicle (2r0 < d0) could move it away from the Knudsen regime
because the effective Péclet number of the particle-vesicle system
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decreases with vesicle size according to Pe → Pe/(1+N) (see Eq.
2). However, the rectification of larger vesicles under the same
conditions is counter intuitive. In fact, if anything, one should ex-
pect the particle-vesicle system to further reduce its Pećlet num-
ber upon increasing the size of the vesicle (N). The emergence
of d0 as a relevant lengthscale for the problem is an important
result because it shows that the rectification of the vesicle is not a
simple consequence of the rectification of the individual particles,
but emerges from a complex interplay between active and elastic
forces.

Table 1 Probability that a vesicle containing a single active particle with
Pe = 100 escapes from the left side of an asymmetric channel for different
ratios of vesicle size, 2r0 to pore size, d0

2r0/d0 0.27 0.55 1.09 1.64 2.18
PL 0.50 0.50 0.50 0.53 0.62

This can be qualitatively understood by considering that when
a particle squeezes part of a vesicle through the right opening of
the cavity, it can only keep on transporting the vesicle to the next
cell if its axis of propulsion forms an angle, |φ |, with the x axis
that is smaller than that formed by the normal to the slanted side
of the cavity. This constraint does not apply when a particle is
attempting to transport a vesicle through the left opening. In this
case, a particle can complete the translocation process indepen-
dently of its orientations as it faces a flat vertical wall, rather than
a slanted wall on its way back. When that happens, the particle
can still complete the translocation by dragging part of the vesicle
vertically as it slides along the flat wall for any value of |φ |> 0.

6 Conclusions
To conclude, we studied the interplay of elastic and active forces
in an active vesicle. We measured the shape fluctuations and
motility of a soft two-dimensional vesicle containing active Brow-
nian particles in free space, in confined cavities and inside an
asymmetric periodic channel. When unconstrained, we observe
large positive curvature fluctuations which are suppressed upon
increasing the density of active particles inside the vesicle. When
confined within a spherical cavity containing a small opening, the
average escape time of the vesicle has a non-monotonic depen-
dence on the number of active particles, suggesting an optimal
particle density for enhanced vesicle translocation. When placed
inside an asymmetric periodic channel the motion of the vesicle
rectifies as long as its diameter is larger than the size of the cav-
ity’s smallest constriction.

Our simulations clearly show how vesicle rectification emerges
from the complex coupling between the active and elastic forces
of our model and is not a mere mere result of active particles
pushing and sliding against the triangular asymmetric cavity11.
In fact, for low particle packing fraction, where it is easy to in-
duce large curvature fluctuations on the vesicle, rectification is
determined by the number of ways particles can push the vesi-
cle across the asymmetric cavity once the translocation process
is initiated. At moderate to large packing fractions, high curva-
ture fluctuations, necessary for a translocation event to occur, can
only develop as a result of the collective behavior of the particles

which tend to more likely cluster near regions with the largest
curvature.

It is quite remarkable that this model, which could be consid-
ered as what is possibly the simplest active model of a cell, can
generate a sufficient level of complexity to produce behavior, such
as ratchetaxis of a living cell when placed in asymmetric confining
channels24.
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