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We numerically investigate the trapping behaviors of aligning particles in two-dimensional (2D) random obstacles
system. Under the circumstances of the effective diffusion rate and the average velocity tend to zero, particles are in
trapped state. In this paper, we examine how the system parameters affect the trapping behaviors. At the large self-propelled
speed, the ability of nematic particles escape from trapping state is enhancing rapidly, in the meanwhile the polar and free
particles are still in trapped state. For the small rotation diffusion coefficient, the polar particles circle around (like vortices)
the obstacles and here particles are in trapped state. Interestingly, only the partial nematic particles are trapped in the
confined direction and additional particles remain flowing. In the free case, the disorder particle–particle collisions impede
the motion in each other’s directions, leading the free particles to be trapped. At the large rotation diffusion coefficient,
the ordered motion of aligning particles disappear, particles fill the sample evenly and are self-trapped around obstacles.
As the particles approach the trapping density due to the crowding effect the particles become so dense that they impede
each other’s motion. With the increasing number of obstacles, the trajectories of particles are blocked by obstacles, which
obstruct the movement of particles. It is worth noting that when the number of the obstacles are large enough, once the
particles are trapped, the system is permanently absorbed into a trapped state.
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1. Introduction

Active particles are widespread concerned because their
physical properties resemble active microorganisms.[1–11] Ac-
tive matter systems can be modeled as biological systems.[12]

Recent years, fascinating discoveries have been explored ac-
tive particles with collectively interacting systems.[13–23] Par-
ticles are uniform and dense when collections of sterically in-
teracting particles act like a hard disk.

When the particles are active and follow the rules of run-
and-tumble dynamics, the system can change phase.[24–34] The
transitions of dynamical states and phases address complex
environment and have been studied in two-dimensional (2D)
or 3D systems.[35–48] The phase transitions of mixed species
with different density, including a jammed state, a phase sep-
arated state, a mixing phase, and a laning phase, are identified
by measuring the average velocity versus the driving force.[35]

The transition of a completely clogged state to a flowing state
through disordered array of obstacles is achieved when the par-
ticles density and activity are increasing, and at large activity
the motion of the intermittent state occurs in avalanches.[36]

Active particles undergo the jamming and clogging transitions
in fixed obstacles,[37] and periodic obstacle arrays.[38] When
the system includes particle-particle interaction, the activity

induces particles’ clustering effects which can occur in driven
diffusion.[25,28,31,49] It also shows trapping effects during col-
lective motion. At low activity, particles are easily trapped,
however, the ability of particles to escape from the trapped
state is enhancing with the increasing activity.[37] The study
of a transition to continuum percolation shows that the parti-
cles can be trapped above a critical obstacle density.[50] Par-
ticles can be in trapped state when they circle around the
obstacles.[51] In certain condition, the diffusion of obstacles
tends to zero and particles become trapped.[52]

The state of order is one of the interesting phenomena
created by nature. The aligning interactions can form the or-
dered state. Active particles are often used as models to study
the physical properties of aligning entities. Active particles
with head/tail asymmetry result in polar interactions, how-
ever, active particles with head-tail symmetry result in nematic
interactions.[53] Birds are keeping polarization of the flock, the
paper have proposed a new dynamical equation for the collec-
tive movement of polarizing animals.[54] Particles can move
with large-scales nematic order in the presence of the hard
core repulsive (short range) interactions.[55,56] There has been
tremendous increasing interest in the motion of aligning in-
teractions in periodic structure.[57–62] However, these papers
do not mainly consider the transitions of dynamical states and
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phases. Here we examine the trapping effects for active parti-
cles with aligning interactions in fixed random obstacles.

2. Model and methods

We model active particles moving in a 2D periodic sys-
tem of size L×L with L = 60 and the system is with periodic
boundary conditions in the x direction and hard wall boundary
conditions in the y direction. The system contains na active
particles and no randomly obstacles which are the same radius
r/2 = 0.5, giving the number ratio of 2.75:1. We introduce
n0 obstacles that are identical to the active particles but are
permanently fixed in place. The hard core repulsive interac-
tions between particles are 𝐹i j : 𝐹i j = k(r− ri j)𝑟̂i j, where k is
the spring constant, ri j = |𝑟i− 𝑟 j| and 𝑟̂i j = (𝑟i− 𝑟 j)/ri j. If
ri j < r, 𝐹i j = k(r− ri j). If ri j > r, 𝐹i j = 0. ri j is the distance
between particles and 𝑟̂i j is the displacement vector. In order
to mimic hard particles, we use a large value for the prod-
uct of spring constant and mobility µk(= 100), thus ensuring
that particle overlaps decay quickly. The coordinate of par-
ticles can be described by 𝑟i ≡ (xi,yi). The system is in the
overdamped regime, the inertial effects can be neglected. The
dynamics of particles can be governed by the Langevin equa-
tions

ẋi = v0 cosθi +µ ∑
i6= j

𝐹 x
i j +

√
2D0ξ xi(t), (1)

ẏi = v0 sinθi +µ ∑
i6= j

𝐹 y
i j +

√
2D0ξ yi(t), (2)

θ̇i =
α

Zi(t)
∑

|𝑟 j−𝑟i|<r0

Gs(θi,θ j)+
√

2Dθ ξθi(t), (3)

where v0 is the self-propulsion speed which is oriented at
an angle θ with respect to the x and y axes. µ is the mo-
bility. D0 is the translational diffusion coefficient, the ther-
mal fluctuations are modeled by the Gaussian white noises
ξxi and ξyi with 〈ξi(t)〉 = 0, 〈ξi(t)ξ j(t ′)〉 = 2D0δi jδ (t − t ′).
Dθ is the rotational diffusion coefficient, the orientational
fluctuation is modeled by the Gaussian white noise ξθi with
〈ξθi(t)〉 = 0, 〈ξθi(t)ξθi(t

′)〉 = 2Dθ δ (t − t ′). The Gaussian
white noises terms in Eqs. (1)–(3) have been seen to be in-
dependent. Strictly speaking, D0 and Dθ may be correlated
in statistics.[63] α is the aligning intensity. Zi

[58,59,64,65] is the
current number of neighbors of particle i within r0. To quan-
tify the aligning interaction, we consider the parameter Gs,
Gs(θ j,θi) = ssin(θ j − θi) + (1− s)sin2(θ j−θi). s denotes
the relative weight of the polar interactions. Polar interactions
with head/tail asymmetric cause particles to move to parallel
direction, while nematic interactions with head-tail symmetry
result in the motion of antiparallel direction. For the polar

alignment interactions, s = 1.0 and α = 1.0; For the nematic
alignment interactions, s= 0.0 and α = 1.0; For the free align-
ment interactions, s = 1.0 and α = 0.0.

Before the statistical simulation, we can rewrite Eqs. (1)–
(3) in the dimensionless forms, giving the characteristic length
scale x̂ = x/r, ŷ = y/r and the time scale t̂ = µkt.

ˆ̇xi = v̂0 cosθi +∑
i6= j

𝐹̂ x
i j +

√
2D̂0ξ̂xi(t̂), (4)

ˆ̇yi = v̂0 sinθi +∑
i6= j

𝐹̂ y
i j +

√
2D̂0ξ̂yi(t̂), (5)

θ̇i =
α̂

Zi(t̂)
∑

|𝑟̂ j−𝑟̂i|<r̂0

Gs(θ j,θi)+

√
2D̂θ ξ̂θi(t̂), (6)

where v̂0 = v0/µkr, 𝐹̂ x
i j = 𝐹 x

i j/kr, 𝐹̂ y
i j = 𝐹 y

i j/kr, D̂0 =

D0/µkr2, D̂θ = Dθ/µk, α̂ = α/µk, r̂0 = r0/r, L̂ = L/r. From
now on, we will only use the dimensionless variables and omit
the hat for all quantities appearing in the above equations.

To quantify the trapping transition, we introduce the
average velocity in the x direction, Vx = v/v0 where v =

limt→∞ 〈x(t)− x(0)〉/t. Meanwhile, We define the effective
diffusion rate in the x direction, Dx = De/Df where De =

limt→∞ 〈x(t)−〈x(t)〉〉2/2t. Df is the free diffusion coefficient,
Df = D0 +υ2

0/2Dθ .
To ensure that the system reached a steady state, we have

chosen the integration steps time ∆t to be smaller than 10−3

and run all the simulation for more than 106.

3. Results and discussion

In Figs. 1(a) and 1(b) we plot Dx and Vx versus v0 for
the polar, nematic and free aligning interactions. At the small
self-propelled speed of v0→ 0, particles’ behaviors fall in the
passive particles limit and the aligning interactions become
less important thus the dynamic behaviors are the same for
three cases; here the particles have no dynamic fluctuations
and become trapped. As v0 increases, for the polar case Dx

and Vx pass through their maximum value. It indicates that the
particles can move easily through the system, resulting in the
amount of trapping being significantly reduced. When the v0

increases to higher value, Dx→ 0 and Vx→ 0. For the nematic
case, the particles are trapped completely at v0 < 3. As v0 in-
creases, the ability of particles moves away from the trapped
state is enhanced. In the free case, the disordered particles
have no obvious dynamics fluctuations with the variety of v0.

In Fig. 2(a) we show the final Vx=0 and Dx=0 configura-
tion from Fig. 1(a) of the polar case, which reaches a trapped
state. Polar interactions with head/tail asymmetric lead par-
ticles to move to parallel direction. As we can see from
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the Fig. 2(a), almost of all particles which with parallel or-
der move toward to the upper edge of sample, at the same
time they are gather in the confined direction where particles
are trapped. Figure 2(b) shows the final configuration from
Fig. 1(a) of the nematic case. Here particles are divided into
two parts. Based on the nematic particles with head-tail sym-
metry, they can move to anti-parallel direction. A portion of
the particles are trapped in the y direction, while additional
particles have directional motion in the negative x direction.
This configuration provides a good explanation for the increas-
ing ability of nematic particles to escape the trapped state.
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Fig. 1. (color online) (a) Effective diffusion rate Dx as a function of the self-
propulsion speed v0 for polar, nematic and free aligning interactions. (b)
Average velocity Vx versus the self-propulsion speed v0 for three cases. The
other parameters are: Dθ = 0.1, D0 = 0.01, no = 80, and na = 220.

(a) (b)

Fig. 2. (color online) The dynamic configuration of the particles (blue cir-
cles) and random obstacles (black circles) from Figs. 1(a) and 1(b). (a) Final
trapped configuration of the polar cases. (b) Final trapped configuration of
the nematic case.

In Fig. 3(a) we plot Dx and Vx versus Dθ with polar, ne-
matic and free aligning interactions. The trend of three cases
emerges from data. At low Dθ , Dx and Vx tend to zero. As Dθ

increases, Dx and Vx pass through the maximum value after
decreasing. The decreasing of Dx and Vx indicate that particles
become trapped around obstacles.
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Fig. 3. (color online) (a) Effective diffusion rate Dx versus the rotational dif-
fusion coefficient Dθ for polar, nematic and free aligning interactions. (b)
Dependence of the average velocity Vx on the rotational diffusion coefficient
Dθ . The other parameters are: v0 = 1.0, D0 = 0.01, no = 80, and na = 220.

Figures 4(a)–4(c) show the configuration of the polar, ne-
matic and free aligning interactions from Figs. 3(a) and 3(b)
at low Dθ . In Fig. 4(a) the polar particles with head/tail asym-
metric circle around the obstacles (like vortices) and here par-
ticles are in trapped state.[51] In Fig. 4(b), a portion of the
nematic particles (the particles of moving in the x direction)
with head-tail symmetry move orderly to anti-parallel direc-
tions which can offset the dynamics fluctuation. Additional
nematic particles (the particles of moving in the y direction)
are trapped in the confined direction. In Fig. 4(c), the free
particles gather in the corner of sample. It indicates that dis-
ordered particle-particle collisions impede the motion in each
other’s directions, resulting in particles being trapped in the
corner. At high Dθ , the final configuration of three cases is
the same (see Fig. 4(d)). The ordered motion of aligning par-
ticles disappears, particles fill the space evenly. Since high
Dθ can break the directional motion and eliminate the order of
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aligning particles, leading particles to be self-trapped around
obstacles. The particles can be trapping evenly around the ob-
stacles, meaning that the “deepest” trapping are effectively in-
activated.

(a)

(c) (d)

(b)

Fig. 4. (color online) The dynamic configuration of the particles (blue cir-
cles) and random obstacles (black circles) from Figs. 3(a) and 3(b). (a) Final
configuration of the polar case at low Dθ . (b) Final configuration of the ne-
matic case at low Dθ . (c) Final configuration of the free case at low Dθ . (d)
Final configuration of three cases at high Dθ .
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Fig. 5. (color online) (a) Dx versus D0 for polar, nematic and free cases. (b)
Vx versus D0 for three cases. The other parameters are: v0 = 1.0, Dθ = 0.1,
no = 80, and na = 220.

In Figs. 5(a) and 5(b) we show the Dx and Vx as a function
of the D0 for polar, nematic, and free cases. At small D0, Dx

and Vx tend to zero. At large D0, Dx and Vx of the aligning
particles are larger and finite. That is D0 can activate parti-
cles motion, particles could “jump” from trapping state and
the ability of particles to escape from the trapping state con-
tinues to enhance. Compared with aligning particles, the free
particles have no obvious change with the variety of D0.

The plot of Dx and Vx versus na in Figs. 6(a) and 6(b) for
three cases. For the free cases, Vx and Dx from finite value drop
to zero. For polar and nematic cases, Dx and Vx increase with
increasing na and then decrease for higher na. As the particles
approach the trapping density, due to the crowding effect, the
active particles become so dense that they impede each other’s
motion.
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Fig. 6. (color online) (a) Effective diffusion rate Dx as a function of the
number of active particles na for polar, nematic and free cases. (b) Average
velocity Vx as a function of the number of active particles na for three cases.
The other parameters are: v0 = 1.0, D0 = 0.01, Dθ = 0.1, and no = 80.

The influence of the number of obstacles no on Dx and
Vx for three cases appears in Figs. 7(a) and 7(b). At small
enough no of no→ 0 (not shown in figure), almost all particles
are freely flowing in the obstacle-free system. In the limit of
no → 130, Dx = 0 and Vx = 0. Here the motion of the parti-
cles are eliminated. Owing to with the increasing number of
obstacles, the trajectories of particles are blocked by obstacles
which obstruct the movement of particles. It is worth noting
that when the number of the obstacles are large enough, once
the particles are trapped, the system is permanently absorbed
into a trapped state.
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Fig. 7. (color online) (a) Dx versus no for polar, nematic and free cases.
(b) Vx versus no for three cases. The other parameters are: v0 = 1.0,
D0 = 0.01, Dθ = 0.1, and na = 220.

4. Conclusion
We have examined how the aligning particles are trapped

in a two-dimensional random obstacles system. Under the cir-
cumstances of the effective diffusion rate and the average ve-
locity tend to zero, particles are in trapped state. It is known
that passive particles are easily trapped without dynamics fluc-
tuations. At the large self-propelled speed, the polar particles
are trapped in the upper edge of sample. However, the ability
of the nematic particles escape from the trapped state is en-
hanced as the self-propelled speed increases. Additionally, for
the free particles, compared with aligning particles these disor-
dered particles have no obvious dynamics fluctuations with the
variety of the self-propelled speed. At the small rotation diffu-
sion coefficient, the polar particles circle around (like vortices)
the obstacles and here particles are in trapped state. And the
partial nematic particles are trapped in the confined direction.
In the free case, the disordered particle–particle collisions im-
pede the motion in each other’s directions. At the large rota-
tion diffusion coefficient, the three cases have the same con-
figuration. The ordered motion of aligning particles disappear,
particles fill the space evenly and are self-trapped around ob-
stacles. We found that only the nematic particles increase the
ability escape the trapped state with the increasing of the trans-
lational diffusion coefficient. When the number of particles in-
crease, as the particles approach the trapping density due to the

crowding effect the active particles become so dense that they
impede each other’s motion. We also found that with the in-
creasing number of obstacles, the trajectories of particles are
blocked by obstacles which obstruct the movement of parti-
cles. It is worth noting that when the number of the obstacles
are large enough, once the particles are trapped, the system is
permanently absorbed into a trapped state. Above results may
be applied to particles separation or mixing.
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[58] Ngo S, Ginelli F and Chaté H 2012 Phys. Rev. E 86 050101
[59] Nagai K H, Sumino Y, Montagne R, Aranson I S and Chaté H 2015
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