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on circularly patterned substrates
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The collective behavior of self-propelled particles (SPPs) under the combined effects of a circularly patterned
substrate and circular confinement is investigated through coarse-grained molecular dynamics simulations of
polarized and disjoint ring polymers. The study is performed over a wide range of values of the SPPs packing
fraction φ̄, motility force FD, and area fraction of the patterned region. At low packing fractions, the SPPs are
excluded from the system’s center and exhibit a vortical motion that is dominated by the substrate at intermediate
values of FD. This exclusion zone is due to the coupling between the driving force and torque induced by the
substrate, which induces an outward spiral motion of the SPPs. For high values of FD, the SPPs exclusion from
the center is dominated by the confining boundary. At high values of φ̄, the substrate pattern leads to reversals in
the vorticity, which become quasiperiodic with increasing φ̄. We also found that the substrate pattern is able to
separate SPPs based on their motilities.
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I. INTRODUCTION

Active matter systems, which are collections of individual
self-driven units that consume energy from the environment
to move, have been the subject of a significant amount of re-
search over the last few decades [1–3]. Active matter systems
range widely from macroscopic systems, including schools
of fish [4], flocks of birds [5], and granular media [6–8], to
microscopic systems, including colonies of bacteria, eukary-
otic cells [9–12], actin filaments and microtubules that are
propelled by their respective motor proteins [13], and active
colloids [14]. Active matter systems often exhibit intriguing
collective behavior characterized by clustering of the units
and large-scale collective motion [15]. This collective be-
havior is used, for example, in bacteria colonies to reduce
competition for nutrients, accelerate growth of the colony, or
to increase resilience in hostile environments [16]. Likewise,
the collective behavior of assemblies of eukaryotic cells, such
as epithelial monolayers and cancer cells, has physiological
and pathological implications. These include embryogenesis,
wound healing, and tumor metastasis [17–19].

Many studies have shown that clustering and collective
motion of self-propelled particles (SPPs) are influenced by
various physical factors, including the packing fraction of
the SPPs, nature of the coupling between neighboring SPPs,
and the type of motion of a single SPP [20,21]. Other phys-
ical factors include environmental constraints [3] such as

*Corresponding author: mlaradji@memphis.edu

anisotropy of the embedding fluid [22,23], geometric con-
finement [24–36], and obstacles [37,38]. An interesting effect
of circular confinement, for example, is an induced vortical
motion of the SPPs that is concentric with the boundary
[26–28].

While in most studies of SPPs’ collective behavior, the
substrate is nonpatterned, the effect of patterned substrates on
SPPs collective behavior has recently been investigated in a
few studies. For example, it was shown that patterning the
substrate, into periodic linear furrows, aligns Pseudomonas
aeruginosa along the furrows while greatly suppresses their
migration across them [39]. Likewise, collective migration of
epithelial cells is substantially promoted by linear grooves of
patterned substrates [40,41]. However, computational investi-
gations of the effect of patterned substrates on SPPs collective
behavior are lacking. In this article, we address the effect
of substrates, which are partially circularly patterned, on the
collective behavior of soft SPPs with the ability to switch
their polarity. In particular, we investigate how a circular con-
finement that is concentric with the substrate’s pattern further
influences their collective motion.

II. MODEL AND METHOD

We consider a total number of P SPPs in two dimensions,
each modeled as a semiflexible ring polymer composed of N
beads in a good solvent. This model was recently introduced
by us to investigate SPPs collective behavior on a nonpat-
terned substrate [42] and is a generalization of an earlier
model for strongly adsorbed disjoint ring polymers [43]. The
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potential energy of the SPPs is given by
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where r(l )
i is the coordinate of bead i belonging to SPP l and

r (l )
i = |r(l )

i |. The lth SPP has two symmetrically positioned
poles with indices p1 = 1 and p2 = N/2 + 1. Ubond is a har-
monic potential ensuring connectivity between consecutive
beads within an SPP and is given by
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where k is the spring constant, r (l )
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is the preferred bond length. In Eq. (2), r (l )
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three-body interaction
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where κbend is the bending stiffness of the polymers and
cos θ
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1 . Equation (3) implies that the preferred bending
angle of a triplet is 180◦. To account for the polarization of the
SPPs, triplets of beads centered at the pole beads with indices
p1 and p2 have a preferred bending angle θp � 180◦. Since
Eq. (3) does not allow for preferred angles different from
180◦, beads p1 and p2 are assigned the following slightly dif-
ferent three-body interaction, which allows for any arbitrary
splay angle θs,

Ubend
(
r(l )

p−1, r(l )
p , r(l )

p+1

) = 1
2κ ′

bend

(
cos θ (l )

p − cos θs
)2

, (4)

where κ ′
bend is the bending stiffness at the poles. Due to the

softness of the potential given by Eq. (4), we found that
achieving the same persistence length of the polymer with
this potential as with that given by Eq. (3) requires κ ′

bend ≈
10κbend.

The disjointness of the ring polymers is maintained by the
following fully repulsive two-body interaction between any
two nonbonded beads

Urep(r) =
{

1
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(
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)2
if r � rc,

0 if r > rc,
(5)

where ζ and rc are the strength and range of the repulsive
interaction, respectively. Finally, the area constraint of each
SPP is maintained by the effective potential energy
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where χ is the area-stretch modulus, A0 is the SPP’s preferred
area, and A({r(l )

i }) is the area enclosed by the SPP’s boundary

and depends on the coordinates of the beads belonging to the
SPP through the shoelace formula,
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with x(l )
N+1 = x(l )

1 and y(l )
N+1 = y(l )

i .
Finally, the SPPs are confined within a circle of radius R

by the interaction potential

Uwall(r) =
{
εwall(r − R + a)n/an if R − a � r < R,

0 if r < R − a,

(8)
where εwall and a are the strength and range of this interaction,
respectively. We choose n = 4 since this value is large enough
to prevent the SPPs from crossing the circular confining wall.
The main difference between this model and prior models for
the collective behavior of elongated self-propelled particles is
that the present model accounts for the elongation of the self-
propelled particles and their flexibility. This is in contrast with
previous studies wherein particles are either rigid [44–46]
or deformable with high aspect ratio and with practically no
account for the enclosed volume of the particles [47].

We consider the case where a region of the substrate is
circularly patterned. Experimentally, this would correspond,
for example, to a substrate that is circularly grooved [40,41].
The effect of the substrate’s pattern on an SPP is to align it
along the local direction of the pattern. This is achieved by a
simple effective potential energy between the SPP’s poles that
produces a torque on the SPP,

Usub
(
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p2

) = ks

2
sin2 ϕl , (9)

where ks is the strength of the interaction and ϕl is the angle
between the polarity Pl = r(l )

p2
− r(l )

p1
and the local tangent to

a circle of radius (r (l )
p1

+ r (l )
p2

)/2 centered at the origin. This
torque tends to align an SPP’s polarity with the local tangent
of a circle centered at the origin and passing by the midpoint
of the two poles, as schematically shown by Fig. 1. We focus
on the case where the substrate is patterned only within the
region (r � Rp). Otherwise, the substrate is uniform (nonpat-
terned) for Rp < r � R.

Each SPP is propelled by a motility force of magnitude FD,
along its polarity, that is given by

fl (t ) = FD[Pl (t )/Pl (t )]g[v̄l (t ), Pl (t )], (10)

where g(A, B) = +1 or −1 if A · B > 0 or <0, respectively,
and where v̄l (t ) is the SPP’s average velocity over the time
interval [t − τm, t], i.e.,

v̄l (t ) = 1

τm

∫ t

t−τm

vl (t
′)dt ′, (11)

with vl (t ) = (1/N )
∑N

i=1 v(l )
i (t ). In Eq. (11), we take τm = τ

where τ = rb
√

μ/ε, rb is the preferred bond length, ε is the
energy scale, and μ is the bead’s mass.
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FIG. 1. Schematic of the system. Solid black circle of radius R
corresponds the confining wall of the system. The yellow disk of
radius Rp corresponds the region of the substrate that is patterned.
The green annulus corresponds to the region of the substrate that
is nonpatterned. The midpoint of the polarity vector Pl of an arbi-
trary SPP l is at a distance (rl1 + rl2 )/2, where rl1 and rl2 are the
coordinates of the two poles (The origin of the coordinate system
is at the center of the system). The effect of the patterned substrate
is to reorient the SPP’s polarity through a torque, whose forces are
indicated by the green vectors). In this schematic, the size of the
SPP is not to scale with the system size and the size of the patterned
region.

Beads are moved according to a molecular dynamics
scheme,
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i is the instantaneous ve-
locity of bead i belonging to SPP l . In Eq. (12), 
 is the
friction coefficient, D is the diffusion coefficient of the beads
in the ideal limit (i.e., in the absence of interactions and
beads connectivity), and �
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i (t ) is a random vector that has

zero-mean and is δ-correlated for the same particle and same
component, i.e., �
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where α, β = x or y, δnm is the Kronecker δ, and δ(t ) is the
Dirac δ-function.

The equations of motion are integrated using the velocity-
Verlet algorithm with a time step �t = 0.01τ . The numerical
value of a component of the random force is given by



(l )
i,α =

(
3

�t

)1/2

λ
(l )
i,α, (14)

where λ
(l )
i,α is a random number generated from a uniform

distribution in the interval [−1, 1]. Each SPP is composed
of N = 40 beads. The values of the parameters of the model
SPPs, which are kept fixed in the present study, are given by

k = 100ε/r2
b , κbend = 100ε, κ ′

bend = 1000ε, θs = 120◦,

ζ = 50ε, rc = rb, χ = 1ε/r2
b , A0 = 100r2

b , (15)

τm = τ, D = 1.0r2
b/τ, and 
 = 1.0μ/τ.

III. RESULTS

A. Effects of patterned substrate and motility
force on SPPs’ collective behavior

We first focus on the combined effect of the patterned
substrate and circular confining wall on the SPPs collective
behavior at an average packing fraction φ̄ = PA0/πR2 =
0.398 with R = 200rb. This corresponds to P = 500. Steady-
state snapshot (a) in Fig. 2(a) and Movie 1, at FD = 20ε/rb

and nonpatterned substrate (ks = 0), indicate a small amount
of clustering and a weak collective motion, in agreement with
prior results [42]. Figure 2(c) shows that at these conditions,
the radial distribution of the SPPs packing fraction, φ(r), is
almost uniform. As FD is increased to 24ε/rb at ks = 0, the
motility force drives many SPPs to the boundary leading to
their accumulation as shown by snapshot (b) in Fig. 2(a) and
collective unidirectional vortical motion (see Movie 2). This
is also demonstrated by the time dependence of the average
tangential velocity of the SPPs in an annulus of thickness
10rb near the boundary [red graph in Fig. 2(b) at ks = 0 and
FD = 24ε/rb]. SPPs accumulation at the boundary is due to
the asymmetry between the effect of the motility force, which
drives the SPPs toward the boundary, and thermal effects,
which drive the SPPs away from the boundary, and has been
observed in earlier studies [3]. In contrast, although the SPPs
that are away from the boundary move collectively in clusters,
they do not exhibit a net vortical motion, as demonstrated by
the fluctuations around 0 of the average tangential velocity
of the SPPs in the annulus close to the center [blue graph in
Fig. 2(b) at ks = 0 and FD = 24ε/rb].

Interaction between the SPPs and the patterned substrate
leads to a much richer dynamical behavior. Snapshots (c) and
(d) in Fig. 2(a) and their corresponding tangential velocities
versus time in Fig. 2(b) show that, at ks = 100ε and FD = 18
or 20ε/rb, the patterned substrate and the driving force col-
lectively lead to (1) a tangential alignment of the SPPs in the
patterned region, (2) their accumulation at the periphery of
the patterned region, and (3) their exclusion from the center.
At ks = 100ε and FD = 20ε/rb, Fig. 2(b) and Movie 3 show
that the SPPs move as a vortex, in the patterned region of the
substrate, with very few reversals in its direction. In contrast,
the SPPs outside the patterned region exhibit a weak collective
behavior, as demonstrated by the fact that the SPPs’ average
tangential velocity in this region fluctuates around 0 [red
graph in Fig. 2(b) at ks = 100ε and FD = 20ε/rb].

As FD is further increased to FD = 22 or 24ε/rb, at ks =
100ε, the corresponding snapshots (d) or (e), respectively,
shown in Fig. 2(a), show that more SPPs are driven to the
confining wall. This is also demonstrated by increased pack-
ing fraction next to the boundary at these values of FD in
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FIG. 2. (a) Steady-state snapshots at (a) FD = 20ε/rb and ks = 0, (b) FD = 24ε/rb and ks = 0, (c) FD = 18ε/rb and ks = 100ε, (d) FD =
20ε/rb and ks = 100ε, (e) FD = 22ε/rb and ks = 100ε, and (f) FD = 24ε/rb and ks = 100ε. (b) Time dependence of the average tangential
velocity for different values of ks and FD corresponding to those in panel (a). The blue (red) graphs correspond to SPPs in the blue (red)
annulus, shown in snapshot (a). Shaded yellow (green) region corresponds to the regime where the vortices in the patterned and nonpatterned
regions are in same (opposite) directions. (c) Radial profiles of the packing fraction, φ̄ at values of FD and ks corresponding to those in panel
(a). All data shown in this figure are at φ̄ = 0.398, Rp = 100rb, and R = 200rb.

Fig. 2(c). Figure 2(b) shows that, at these values of FD, the
SPPs exhibit collective vortical motion in both patterned and
nonpatterned regions. These vortices can move either in the
same direction [shaded yellow regions in Fig. 2(b) and Movie
4] or opposite directions (shaded green regions and Movie 5)
with frequent reversals. Inspection of the vorticity reversals
indicates that they are due to collectively moving clusters in
the nonpatterned region, which collide with the vortices in the
patterned region or in the boundary layer.

The SPPs collectivity is quantified through the vortical
order parameter defined as

Sv = 1

P

〈∣∣∣∣∣
P∑

l=1

σl

∣∣∣∣∣
〉
, (16)

where σl = +1 (−1) if the direction of the tangential ve-
locity of SPP l is clockwise (counterclockwise). Figure 3,

FIG. 3. SV vs FD at φ̄ = 0.398, Rp = 100rb, and R = 200rb for
ks = 0 (red circles) and ks = 100ε (blue circles). Full (open) blue cir-
cles correspond to Sv at ks = 100ε where the vortices in the patterned
and nonpatterned regions have same (opposite) directions. (Inset) Sv

vs ks at FD = 20ε/rb. The solid lines are simply guides to the eye.

which depicts Sv versus FD at φ̄ = 0.398, shows that the
substrate pattern shifts the onset of vortical collective motion
to smaller values of FD. Four distinct regimes in the case of
ks = 100ε are identified. In regime I (FD � 16ε/rb), there is
no collective motion. In regime II (16ε/rb � FD � 21ε/rb),
the collective behavior is dominated by the patterned region,
and is characterized by an almost unidirectional vortical mo-
tion. Figure 2(c) shows that regime II is also characterized
by an increase in the maximum of the SPPs packing frac-
tion in the patterned region with increasing FD. In regime III
(21ε/rb � FD � 25ε/rb), both patterned substrate and con-
fining wall independently promote SPPs collective motion,
and lead to vortical motion in both regions with same or
opposite directions. This results in a bifurcation of Sv into
two branches: one branch with high values of Sv (solid blue
circles in Fig. 3) where the two vortices have same direction,
and a second branch with low values of Sv (open blue circles
in Fig. 3) where the two vortices have opposite directions.
Regime III marks the beginning of the decrease in the value of
the maximum of the SPPs’ packing fraction in the patterned
regions. Finally, in regime IV (FD � 24ε/rb), the majority of
the SPPs are accumulated near the confining wall, where they
move as a unidirectional vortex.

Interestingly, snapshots (c) to (f) of Fig. 2(a) and Fig. 2(c)
demonstrate that the patterned substrate induces an exclusion
zone in the center with a diameter that increases with FD.
This is contrasted with the case of a nonpatterned substrate,
in which the radial profile of the packing fraction is almost
uniform, except at the boundary. The source of this exclusion
zone, is inferred from simulations of a single SPP (dilute
regime) at finite values of ks and FD, starting from a location
near the center. Figure 4(a) (see Movie 6 as well) shows
that the SPP’s trajectory is an outward spiral, with a number
of turns that increases with increasing ks or decreasing FD.
Hence, the motility force and the substrate’s pattern cooper-
atively drive the SPPs away from the patterned region with a
rate that increases with FD and decreases with ks, leading to
an exclusion zone in the center.

In addition to the exclusion zone in the center, Fig. 2(c)
shows that the radial profile of the packing fraction exhibits
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(a)

(c)

(b)

(d)

FIG. 4. (a) Trajectories of a single SPP starting from a posi-
tion near the center, for differemt values of FD and ks. (b) Radial
profile of the radial velocity of the SPPs for the case of a circu-
lar confining wall. (b) Radial profile of the packing fraction for
the case of a circular confining wall (solid line) and PBC (dashed
line). Data shown in (b) and (c) are in the case of FD = 24ε/rb,
ks = 100ε, φ̄ = 0.398, Rp = 100rb, and R = 200rb. (d) Radial pro-
files of the packing fraction for different values of the radius of
the patterned region, Rp, indicated in the legend. These data corre-
spond to FD = 22ε/rb, ks = 100ε, R = 200rb, and φ̄ = 0.398. The
vertical dashed lines in (b–d) indicate the location of the boundary
between the patterned (left) and nonpatterned (right) regions of the
substrate.

a broad peak within the patterned region, and close to the
boundary between the patterned and nonpatterned regions.
The emergence of this peak is understood as follows. The
motion of the SPPs within the patterned region is mainly
tangential, while in the nonpatterned region (but away from
the confining wall), the motion is more turbulent. As a result
v

p
⊥ < vn

⊥, where v
p
⊥ and vn

⊥ are the averages of the magni-
tudes of the radial components of the SPPs velocities in the
patterned and nonpatterned regions, respectively, as shown in
Fig. 4(b). Steady state requires that the outflux of the SPPs
from the patterned must be equal to the influx of the SPPs
from the nonpatterned regions to the patterned region, i.e.,
φpv

p
⊥,out = φnv

n
⊥,in, where φp (φn) is the packing fractions of

the SPPs in the patterned (nonpatterned) region, close the
boundary between the patterned and nonpatterned regions.
v

p
⊥,out is the average of the radial component of the velocity of

the SPPs outgoing from the patterned region at the boundary
between the patterned and nonpatterned regions. Likewise,
vn

⊥,in is the average of the radial component of the velocity
of the SPPs incoming from the nonpatterned region at the
boundary between the patterned and nonpatterned regions.
Therefore, mass balance between the outflux and influx of the
SPPs across this boundary, at steady state, imposes φp > φn.
Combined with the fact that the interplay between the motility
force and the torque induced by the patterned substrate, which

FIG. 5. Vortical order parameter vs packing fraction at ks =
100ε, FD = 24ε/rb, Rp = 100rb, and R = 138rb. Vortical motion is
dominated by the circular confining wall at low φ̄ (green region).
Both circular confining wall and patterned substrate contribute to
vortical motion at intermediate φ̄ (blue region). At high φ̄, vortical
motion exhibits reversals (red region). Inset shows radial packing
fraction profiles at different values of φ̄. Steady-state snapshots at
different packing fractions are shown at the top of the figure. The
dashed circles in these snapshots indicate the boundary of the pat-
terned region of the substrate.

leads to SPPs exclusion from the center, the argument above
implies that the radial packing fraction profile must exhibit a
peak within the patterned region, and close to the boundary
between the patterned and nonpatterned regions, as shown by
Fig. 2(c). FD enhances the SPPs outflux from the patterned
region, i.e., it increases v

p
⊥, while it decreases the influx from

the nonpatterned region, due to increased accumulation of
the SPPs near the confining wall. As a result, the size of the
exclusion zone increases with FD [see Fig. 2(c)]. Elimination
of SPPs accumulation at the boundary, through imposing pe-
riodic boundary conditions (PBC), enhances SPPs influx from
the nonpatterned region to the patterned region. This leads to
a decrease in the size of the exclusion zone, as demonstrated
by Fig. 4(c).

The results thus far presented correspond to the case of a
radius of the patterned region of the substrate, Rp = 100rb.
To infer the effect of the size of the patterned region, we
performed a series of simulations in the case of φ̄ = 0.398,
FD = 22ε/rb, ks = 100ε, and R = 200rb. Figure 4(d) shows
the radial profile of the packing fraction of these systems with
Rp varying between 25rb and 175rb. This figure demonstrates
that the diameter of the depletion zone increases with Rp,
which implies that the size depletion of the SPPs from the
middle is also affected by the behavior of the SPPs in the
nonpatterned region of the substrate, in line with the argu-
ments presented in the previous paragraph.
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(a)

(b) (c)

(d)

FIG. 6. (a) Time-sequence of velocity snapshots showing vorticity reversals at FD = 24ε/rb, φ̄ = 0.836, Rp = 100rb, R = 138rb, and ks =
100ε. (b) Tangential velocity vT (t ) vs time at FD = 24ε/rb and φ̄ = 0.836. (c) Rate of vorticity reversals vs φ̄ at ks = 100ε. (d) The Fourier
transform, F (ν ), of the velocity autocorrelation function f (t ) = 〈vT (t0 + t )vT (t0)〉 vs frequency at ks = 100ε at two high values of the packing
fraction.

B. Effect of SPPs’ packing fraction on their collective behavior
on a patterned substrate

We now turn to the effect of SPPs packing fraction on their
collective motion. We consider the case where FD = 24ε/rb

and ks = 100ε. The packing fraction is varied by changing
the number of SPPs from P = 59 to 540, while the radius
of the system is kept fixed at R = 138rb. Corresponding Sv

versus φ̄, shown in Fig. 5, reveals three main regimes. For
φ̄ � 0.3, most SPPs accumulate at the boundary where they
move as a unidirectional vortex (see Movie 7). For 0.3 � φ̄ �
0.8, the amount of SPPs is increased in the patterned region,
where they move as a vortex with same direction as that in the
boundary layer (see Movie 8). Figure 5 shows that for φ̄ �
0.8, Sv increases monotonically with φ̄. Surprisingly, however,
Sv decreases with φ̄ for φ̄ � 0.8. This decrease is interestingly
correlated with the disappearance of the exclusion zone in the
center as demonstrated by the profiles of the packing fraction
in the inset of Fig. 5. In fact, the inset of Fig. 5 shows that an
excess of SPPs at the center is induced at φ̄ � 0.8.

Inspection of movies at φ̄ � 0.8 reveals an emergence of
reversals in the vorticity [demonstrated by SPPs velocities
snapshots in Fig. 6(a) and by Movie 9]. These reversals are

quantified by the time dependence of vT (t ), defined as the
average of the tangential velocity of the SPPs in an annulus of
thickness 10rb near the system’s boundary. Figure 6(b) shows
that vT is essentially constant in the case of a nonpatterned
substrate (ks = 0) at FD = 24ε/rb, indicating a unidirectional
vortical motion. At ks = 40ε and same FD, Fig. 6(b) shows
that vT exhibits a single reversal during the time interval
[20 000τ, 40 000τ ]. In stark contrast, however, vT exhibits
many reversals at ks = 100ε and same FD during the same
time interval. Therefore, at high packing fractions, the rate of
vorticity reversals (i.e., number of reversals per unit of time),
κ , increases with increasing ks beyond some threshold value.
Likewise, Fig. 6(c) shows that κ increases with φ̄ for φ̄ � 0.8.
The decrease in Sv at φ̄ � 0.8, shown in Fig. 5(b), is simply
due to coexistence of two vortices with opposite directions
during the reversal events, as demonstrated by a series of
snapshots in Fig. S1 in Supplemental Material [48].

Correlations between reversal events are inferred from the
power spectrum F (ν), defined as the Fourier transform of
the velocity autocorrelation f (t ) = 〈vT (t0 + t )vT (t0)〉, where
ν is frequency. Figure 6(d) shows that, at φ̄ = 0.836, F (ν)
is peaked at ν ≈ 0. This indicates that reversal events are
weakly correlated at packing fractions around this value of
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FIG. 7. Time dependence of the tangential velocity of an an-
nulus of thickness 10rb near the system’s boundary for the case
of FD = 24ε/rb, Rp = 100rb, R = 200rb, and ks = 100ε. Top and
bottom graphs correspond to φ̄ = 0.836 and 0.887, respectively.

φ̄. Figure 6(d) shows that F (ν) exhibits a well-defined peak at
φ̄ = 0.887. Therefore, reversal events of the vorticity become
interestingly quasiperiodic with increasing φ̄. The emergence
of quasiperiodic reversals at high densities is also demon-
strated by the time dependence of the tangential velocity in
Fig. 7.

Inspection of Movie 9 shows that vorticity reversals always
originate from the center of the system. This concurs with the
fact that vorticity reversals are absent at low packing fractions,
i.e., when the exclusion zone is present. To demonstrate that
the geometry of the confining wall has a weak effect on
vorticity reversals, we performed a simulation on a system
with a square boundary, of linear size Lx = 400rb, and same
circular pattern with ks = 100ε, FD = 24ε/rb, φ̄ = 0.887, and
Rp = 100rb, and found reversals in the vorticity similar to
the case with circular boundary and with about same value
of κ , as demonstrated by Fig. S2 [48]. Likewise, Fig. S3
[48] shows that systems with periodic boundary conditions,
at same values of FD, ks, φ̄, Rp, and Lx, also exhibit vorticity
reversals, albeit not as correlated as in the case of circular or
square boundary. This is due to the fact the periodic boundary
conditions induce more turbulent flow of the SPPs in the
nonpatterned region.

As stated above, reversals in the vorticity are associated
with an increase in SPPs packing fraction at the center. This is
found to also be associated with an increase in the misalign-
ment between the SPPs polarities and velocities, as shown by
Fig. S4(A) [48]. This results in a high degree of fluctuations
in the average of the tangential velocity of the SPPs in the
center as opposed to those away from the center, as shown
by Fig. S4(B) [48]. These increased fluctuations at the center
leads some SPPs to move in a direction opposite to that of

(a) (b)

(c) (d)

FIG. 8. (a) Radial profile of the packing fraction in the case of a
binary system of fast SPPs, with FD = 24ε/rb (blue) and slow SPPs,
with FD = 20ε/rb (red), in the case where the average packing frac-
tion is 0.6, ks = 100ε, R = 162rb, and Rp = 100rb. (b) A snapshot
of the binary system at steady state. Blue and red SPPs correspond
to fast and slow SPPs, respectively. The dashed vertical line and
circle in panels (a) and (b), respectively, indicate the boundary of
the patterned region. (c) and (d) same as in panels (a) and (b),
respectively, but in the case of a nonpatterned substrate (ks = 0).

the vortex, and in some cases these SPPs force neighboring
SPPs to follow, leading to the observed intermittent vorticity
reversals.

C. Patterned-substrates induced segregation between
fast and slow SPPs

As discussed in the two previous subsections, at low and
intermediate values of the packing fraction, the SPPs spatial
distribution depends on their motility force. One would there-
fore expect that patterning the substrate may be used as a tool
to spatially separate SPPs, based on their motility force. To
verify this hypothesis, we performed a simulation of a binary
system, at an average packing fraction φ̄ = 0.6, in which
half of the SPPs are slow (with Fd = 20ε/rb) and the other
half are fast (with FD = 24ε/rb). The two types of SPPs are
otherwise identical. The packing fraction profiles of the two
components and a steady-state snapshot, depicted in Figs. 8(a)
and 8(b), respectively, show that the fast and slow SPPs mostly
segregate such that the fast SPPs are highly concentrated in the
patterned region and the slow SPPs are more concentrated in
the nonpatterned region. In comparison, the two types of SPPs
are mixed in the case where the substrate is fully uniform, as
shown by Figs. 8(c) and 8(d), except that the fast SPPs are
more concentrated at the confining wall than the slow SPPs.

The separation between the fast and slow SPPs shown in
Figs. 8(a) and 8(b) is counterintuitive in that the coupling
between the pattern of the substrate and the motility force tend
to expel the SPPs from the patterned region. Therefore, one
would expect that the fast SPPs are more concentrated in the
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nonpatterned region and that the slow SPPs are more present
in the patterned region, as discussed earlier in Sec. III A,
which is opposite to what is observed from Figs. 8(a) and
8(b). The fact that the patterned substrate is able to segre-
gate the SPPs based on their motilities is very interesting
and potentially very useful. However, an explanation of this
phenomenon is lacking at the moment and requires further
systematic simulations. This segregation could be understood
from a balance of the normal stresses exerted by the SPPs at
the interface between the patterned and nonpatterned regions,
using for example the Irving-Kirkwood formalism [49]. This
study is planned to be performed by the authors in the near
future. Separation between SPPs may also be induced through
differences in their interaction strength with the substrate and
possibly the degree of their flexibility.

IV. SUMMARY AND CONCLUSIONS

We showed in this article that a complex collective be-
havior is exhibited by SPPs that are confined in a circular
geometry and that interact with a circularly patterned sub-
strate, which tends to orient the SPPs polarities with the local
tangent of the pattern. This collective behavior is charac-
terized by SPPs vortical motion, accumulation in the outer
portion of the patterned region and/or the system boundary,
and SPPs exclusion from the center. This collective behavior
is enhanced with increasing SPPs driving force. The size of
the exclusion zone is determined by an interplay between, on
the one hand, the combined effects of the driving force and the
patterned substrate, which tends to drive the SPPs outward,
and, on the other hand, motion of the SPPs in the nonpat-
terned region of the substrate which drives the SPPs into the
patterned region. Interestingly, the vortices in the patterned
and nonpatterned regions, at intermediate values of the SPPs
packing fraction, may have same or opposite directions.

Another interesting feature of this system is that at in-
termediate packing fractions and intermediate values of the
motility force, the radial profile of the packing fraction is
nonmonotonic, with a peak in the patterned region close to
its boundary with the nonpatterned region.

With increasing packing fraction, the exclusion zone in
the center disappears. High misalignment between the SPPs
polarities and tangential velocities, in the center of the system,
leads to an increased degree of fluctuations in their tangential
velocities and reversals in the vorticity that originate from
the center. Interestingly, these reversals become quasiperiodic
at high packing fractions. It is worth noting that while the
system exhibits vorticity reversal at both intermediate and
high packing fractions, the mechanisms leading to the two
types of reversals are different. The results of the present work
implies that circular patterning of the substrate can be used as
a tool to guide the motion of SPPs into a collective vortical
motion, and that at high packing fractions, it can be used to
create quasi periodic reversals in their vortical motion. We
also showed that the patterned substrate is able to segregate
a binary mixture of slow and fast SPPs. We expect that SPPs
can likewise be segregated based on their degrees of adhesion
to the substrate. This segregation can be enhanced by further
increasing the adhesion strength of the fast SPPs to the sub-
strate.

We note that the present model of SPPs accounts for de-
tails often not accounted for in other models. These include
elongation, flexibility, and enclosed area of the SPPs. It would
of course be very desirable to determine the effects of each
of these ingredients on the details of the results. Furthermore,
there should be a close connection between the SPP dynamics
described here with that of swimming bacteria. However, it is
noted that the estimated value of the Reynolds number based
on the parameters used in this study [Eq. (15)] is about 1,
which is much larger than that of swimming bacteria. Us-
ing the present approach to investigate the collective motion
of cells such as bacteria requires a much smaller Reynolds
number which can be achieved by increasing the value of the
drag coefficient 
 in our model. In the near future, we plan
to investigate the effects of this parameter on the observed
phenomena.
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