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Wetting dynamics by mixtures of fast and slow self-propelled particles
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We study active surface wetting using a minimal model of bacteria that takes into account the intrinsic motility
diversity of living matter. A mixture of “fast” and “slow” self-propelled Brownian particles is considered in the
presence of a wall. The evolution of the wetting layer thickness shows an overshoot before stationarity and its
composition evolves in two stages, equilibrating after a slow elimination of excess particles. Nonmonotonic
evolutions are shown to arise from delayed avalanches towards the dilute phase combined with the emergence of

a transient particle front.
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I. INTRODUCTION

Natural active matter, such as collections of organisms,
is not composed of identical self-propelling agents [1]. In-
stead, a wide distribution of motility properties exists due to
different ages, reproduction stages, shapes, and sizes [2—4].
Moreover, active particles typically interact with “surfaces,’
e.g., bacteria swimming near the boundaries of their host body
or of contaminated medical instruments [5,6]. For simplicity,
models usually ignore at least one of these two ingredients,
i.e., diversity and surface effects.

A persistent particle has a self-propulsion direction that
fluctuates stochastically and, typically, slowly [7]. Conse-
quently, active matter accumulates on surfaces to an extent
dependent on persistence and density [8]. For bacteria, this
mechanism, together with other factors, contributes to initiate
biofilm formation [9]. Surface accumulation by persistence
is called active wetting [10-13]. Three phases are possible
[8]: complete wetting, where the wetting layer covers the wall
completely; incomplete wetting, where only a fraction of the
wall becomes covered; and “unwetting” or “drying,” where
no dense phase exists. Active wetting was studied mostly
for identical particles. However, passive and active phase be-
haviors can depend strongly on “diversity” in some particle
attribute [14-29].

In this paper, we study a mixture of “fast” and “slow”
active Brownian disks moving in two dimensions (2D), in
the presence of a flat impenetrable wall. Each type has its
own self-propulsion speed, defining a degree of speed di-
versity. Besides simulations, a dynamical kinetic theory is
developed by extending the approach of Redner et al. [30] in
three fronts: to mixtures, to include walls, and to incorporate
time dependence. This approach calculates the absorption and
emission rates for the agglomerate directly from microscopic
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considerations and is therefore different than free-energy-like
approximations [31] or phenomenological theories [32] that
can be harder to connect with microscopic properties. Our
theory relies on one fitting parameter only (similarly to Red-
ner’s original theory [30]), which assumes a single value
across all parameters, somewhat as a “universal constant.” To
isolate surface effects, we choose a range of densities that
allows for significant complete wetting while bulk motility-
induced phase separation (MIPS) remains absent. Instead of
focusing on “equilibrium” wetting-drying transitions [8], we
study the wetting dynamics, i.e., the mechanisms involved in
setting the composition and thickness of the wetting layer
versus time and how motility diversity affects those. A two-
stage evolution is found. Moreover, we identify a transient
overshoot of the layer thickness, which occurs even without
diversity but whose intensity depends nonmonotonically on
1t.

II. MODEL AND SIMULATION METHOD

We consider a binary mixture in 2D composed of N active
Brownian disks (labeled by i) where N/2 of them are “fast”
particles, with self-propulsion speed v; = vy = vo(1 + §), and
the other N/2 are “slow” particles, with v; = vy = vo(1 — §).
Thus § € [0, 1] is the degree of speed diversity [33]. Hereafter
“f” and “s” denote “fast” and “slow” particles, respectively.
Their dynamics obeys

ori=v; v+ puF; +§, 080 =nit), (1)
where »; = (cos6;,sinf;) is the self-propulsion direction,
p is the mobility, and F; =) F;;+F" is the net
force on particle i due to interactions with other parti-
cles and with the wall. The noise terms &;(z) and n;(¢)
are Gaussian and white, with zero mean and correlations
(En()E;p(t))) = 2£8;;8,58(t —1') (the greek letters denote
coordinates) and (n;(¢)n;(t")) = 2n8;;6(t —t’), where & and n
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are the translational [34] and rotational diffusion coefficients,
respectively.

We model particle interactions by a soft repulsive
Weeks-Chandler-Andersen (WCA)-like potential [35],
U =2%%(0ij/rij) = 3(0ij/rij)° + (01j/rij)'* = 3/4 for
rij <2¢0;; and U =0 otherwise [36], with r; the
interparticle distance and o;; = %(di +d;), where d;
is the diameter of particle i. To avoid crystallization
[37], each particle is randomly assigned one of two
diameters, dyman = do Or diage = 1.4dp, uncorrelated with
self-propulsion speeds. We focus on speed diversity effects
and thus the system is said to be just binary (the observed
size segregation is weak). We choose vo = 1, do =1, u =1,
£=5x%x10"* n=5x 1073, and the forward Euler method
with time step At = 10~*. Initially, positions and velocity
directions are randomly distributed independent of types.

Figure 1(a) shows the system in the steady state (SS).
The simulation box—which has total dimensions L, = 400
and L, =100 and periodic boundary conditions in the y
direction—is shown only partially. An impenetrable flat wall
(with sides at x = 195 and x = 205) is placed at the center. For
particle-wall interactions, the same potential is used with d; =
0. The occupied area fraction ¢ is the total area occupied by
particles divided by the area of the simulation box minus the
wall. In all simulations, ¢ = 0.18, i.e., 6000 particles, leading
to complete wetting during the whole dynamics without bulk
MIPS, and we focus on varying §. The average free-particle
persistence length is £ = vo/n = 200, which is comparable to
the system size but sufficiently small to avoid ballistic motion
between wall sides. Thus, each wall is treated independently
and we average data from both sides. For complete wetting,
increasing ¢ or £ trivially increases the layer thickness. For
SS averages, only configurations after + = 100t were used,
where T = ! = 200 is the rotational diffusion time.

III. WETTING

To characterize accumulation, two particles were consid-
ered “connected” if r;; < 1.10;;, allowing us to identify the
cluster of connected particles in contact with each wall. The
mean wetting layer thickness (k) is obtained by averaging
the position of the outermost particle in each of the 128 bins
in which L, is divided. Figure 1(b) shows (h)(z). The initial
growth rate is constant and independent of §. However, at long
times, the higher the 4, the thinner is the SS layer. For § = 1
(active-passive mixture), the thickness is approximately half
the value for § = 0 as passive disks cannot wet. The layer
thickness exhibits a transient overshoot before reaching sta-
tionarity. The gap between the peak of (h)(¢) and (h)(t — 00)
depends on §. Such an overshoot will be elucidated below.

The evolution of the layer composition is shown in Fig. 2
(See Supplemental Material for a movie [38]). The layer
is always richer in fast particles than the overall system.
In phase-separation problems, this is known as “fraction-
ation” [16,18]. The fractionation degree, however, is not
constant. There is a first stage where the ratio of fast and
slow particles remains constant, depending on §. A sec-
ond slower stage then starts, in which the composition is
finely adjusted towards the SS. For § > 0.7, excess slow
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FIG. 1. (a) Snapshot for speed diversity § = 0.5 and ¢ = 0.18 in
the SS. Fast (slow) particles are in red (blue). (b) Temporal evolution
of the mean wetting layer thickness for ¢ = 0.18 and § from O to 1
every 0.1. Stars indicate SS averages (¢ > 1007). Insets: 6 = 0 and
8 = 1 on the left and § = 0.5 on the right. Solid lines are the theory.

particles are eliminated, while for § < 0.7, additional slow
particles are incorporated. This slow dynamics occurs simul-
taneously with changes in (h), with both processes being
nonmonotonic.

To model the accumulation dynamics, we first analyze
the spatial distribution of orientations by computing «(x) =
(n - D), shown in Fig. 3, where 7 is the inwards normal to
the walls and the average is performed over all particles
within a y-axis stripe of width dy, centered at position x. Ini-
tially, all particles are randomly oriented, implying o (x) = 0
everywhere. Later, particles pointing away from the walls
abandon them, leaving regions close to the walls with parti-
cles mostly moving towards them. This manifests as regions
of a(x) > 0 which grow linearly in time; see red and blue
lines. This “cleaning signal” has the mean velocity in the
x direction at which a randomly oriented particle joins a

wall, (v/9)) = ffﬁz vi/s cos0dO /m = % considering only

014608-2



PHYSICAL REVIEW E 107, 014608 (2023)

0 250 500 750 1000 0 250 500 750 1000
t t

FIG. 3. Spatiotemporal diagram of the self-propulsion orienta-

tion parameter «(x) = (i1 - D), for fast (left) and slow (right) particles,
with § = 0.5 and ¢ = 0.18. The black dashed lines show the mean
thickness data shown in Fig. 1(b). The dashed red and blue lines are
the “cleaning signals” with velocities (v{'/*) (see main text).
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FIG. 2. Top: Wetting layer composition evolution for § from 0 to — §=0.3
1 every 0.1 and ¢ = 0.18 (6000 particles in total), measured by the §=04
amount of fast and slow particles in it. The diagonal corresponds to 061 5=05
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fast [¢s(x)] (medium), and all [¢¢(x) + ¢s(x)] (bottom) particles for
various values of speed diversity degree §. The global area fraction

is¢ = 0.18.
Finally, in Fig. 4, we present the stationary concentration

profiles for slow, fast, and all particles for various values of
speed diversity degree . Small oscillations arise from the fact
that, similarly to the case of molecular fluids, near the walls,
particles accumulate in a series of stable one-particle layers.

014608-3



ROJAS-VEGA, DE CASTRO, AND SOTO

PHYSICAL REVIEW E 107, 014608 (2023)

IV. KINETIC THEORY

To understand the above results, we develop a simple ki-
netic theory that estimates the emission and absorption rates
of fast and slow particles, kK and ki(rfl/s), and thus the layer
thickness and composition versus time. For that, we generalize
a previous theory originally developed for systems without
walls [30] to include mixtures (beyond the simpler approxi-
mation for mixtures in Ref. [19]).

Since the global density is low, we use an ideal gas ap-
proximation in the gas (see Fig. 4), i.e., particles there do
not interact. The rate of absorption of particles by the layer,

i.e., the incoming flux per unit length, is written as ki(n/ ) —
(f/s) . (f/s) 5, (f/s)

Py /2 (f/s) P .

5 f_n v cos 0dt = “——, where we integrate v, over

random orientations leading to the particle entering the layer
(on the right without loss of generality) weighted by the dis-
tribution p{™ /27 where p{" are the gas number densities

in contact with the layer. For a time 7, p{" is approxi-
mately constant and equal to the initial density as the front
of noninteracting gas particles arrives at the layer. Only later,
once the “cleaning signal” mentioned before has overcome the
entire system, p{"> evolves into the current bulk gas density
obtained from the absorption-evaporation balance. We esti-
mate tgc/s) =L, /(v)(cf/ $)). Finally, pzf,f/s) are assumed to change
abruptly at 73, between their two values. This approximation,
which leads to abrupt changes in layer growth rate at two
instants, is more accurate for fast particles (see Fig. 3, left), as
the crossover time is smaller and the rotational diffusion has
not significantly acted yet; for slow particles, the transition is
smoother (see Fig. 3, right).

The SS ko is calculated by solving the diffusion equa-
tion in angular space for P, the distribution of orientations
at the interface, i.e., 0;P(0,1) = nagP(G, t), with absorbing
boundaries at £ /2 and the initial condition given by the
distribution of incident particles, i.e., P(+m/2,¢) =0 and
P(0,0) = cos6/2 (as particles with |#]| > /2 cannot reach
the wall and those with adequate 6 will hit it with probability
proportional to the x-axis velocity, normalized by integrat-
ing between =+ /2). The solution is P(#,t) = e " cos6 /2.
For average diameter o and identical speeds, one can write
kout = _(:\]J\i/ri“:ﬁ = g - I:,_n where Ninterface = :52 P(9,1)is
the number of particles at the interface and the dot is the
time derivative. The result is corrected by a factor x: When
a particle escapes, some inner particles pointing towards the
gas follow it in an avalanchelike effect (see Fig. 5 for an
example of such a phenomenon). In the SS, the average
number of particles leaving the layer per escape event is
denoted k¥ = 1 + Kexcess- The value of kexcess 1S treated as a
fitting parameter (Ref. [30] found that kexcess = 3.5 works well
for all studied v and ¢ in one-component systems without
walls; in 1D, kexcess = 1 [43]). However, since at early stages
particles in the layer are highly oriented towards the wall
(see Fig. 3), avalanche effects become strong only after 7.
Before that, once a particle escapes, other particles are likely
to be still pointing towards the wall and therefore will not
escape. This is incorporated by considering that « is time de-
pendent: k() = 1 + Kexcess(1 — €~"), meaning that avalanche
events occur with probability (1 —e™™) as particles start
to rotate away from the wall. Finally, with speed diversity,

T

FIG. 5. Sequence of snapshots (from left to right and top to
bottom), showing an avalanche event for § = 0. The first escaping
particle is shown in red, followed by a small avalanche of one particle
(in light blue).

one has
N k(m
£ 2)

k(f/s) _
NP +NY o

out —

where Néf/ * is the number of particles of each type in the

layer. Crucially, the factor Néf/ 9/ (N(vfD +NL§S)), which states
that particle emission is taken as proportional to the fraction
of particles of each type in the layer, nonlinearly couples the
occupations of both types.

The evolution of the parameters involved in the absorption
and emission rates provides the layer thickness and composi-
tion at any time via dN."/* /dt = (k1Y — k/*)L,. Assuming
particle conservation and that the layer is rectangular and

close packed with the hard-disk occupied area fraction ¢, =

T/ (2\/§ ) (as observed in simulations; see Fig. 4), we obtained
a theory for (h(t)). A good agreement occurs for § near O
and near 1—see the left-hand side of the inset of Fig. 1(b).
For intermediate §, the value of ¥ grows larger than the
diffusion time and the theory becomes less good for inter-
mediate times—see the right-hand side of inset of Fig. 1(b).
Also, the theory predicts that the initial deposition rate is
independent of 8, dN;/dt = Ly(povo/m — n/0 ), in agreement
with the simulations [Fig. 1(b)]. Notably, the overshoot in
(h(t)) is well captured, which is not the case if either the
effect of t* or the relaxation of x are not included in the
model. The layer composition evolution is also well captured
(Fig. 2, bottom), showing also the two stages found in the
simulations. For § = 1, the theory predicts no slow particles
are in the layer as they are nonmotile; however, in simulations
the transient concentration of slow particles is finite, with an
ulterior elimination of them. This difference, also present for
8 = 0.9, is due to an induced accumulation of slow particles
pushed by fast ones, an effect that is neglected by the ideal
gas assumption in the gas. Figure 6 compares theory and
simulation for the fraction of slow particles in the layer. In
the inset, this comparison is shown for the SS layer thickness,
with very good agreement.

V. CONCLUSIONS

Self-propelled Brownian particles under repulsive interac-
tions spontaneously exhibit complete wetting layer formation
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FIG. 6. Ratio between the number of slow particles and the total
number of particles in the layer for ¢ = 0.18 as a function of 4.
Dashed and solid lines show the theory for the transient and for the
SS, respectively. Triangles and stars show simulation results for the
transient and for the SS, respectively. Inset: Stationary mean layer
thickness. Stars are simulation and the solid line is the theory.

in the presence of a flat wall due to persistent motion. With
simulations and a theory with speed diversity, we calculate
and explain the wetting layer composition and thickness. We
reveal a two-stage evolution for the layer composition and
a transient overshoot for the layer thickness, explained only
when the theory considers delayed avalanchelike emissions
outwards and a transient front of particles moving towards the
walls.

An implicit assumption of the theory is that no segre-
gation develops inside the layers [mean-field approximation
in Eq. (2)]. However, Figs. 1(a) and 4 indicate that spatial
segregation does exist, with fast particles closer to the wall;
a more detailed analysis is beyond our scope here. Note that
in Ref. [19], for a much denser case showing bulk MIPS
(¢ = 0.6), the opposite is seen: Faster particles accumulate
at cluster boundaries.

Since bacteria located inside thick layers may be protected,
our work shows how biological variability of motility proper-
ties can play a central role in determining the survivability of
microorganisms. More broadly, our results provide important
insights into the behavior of active matter such as the origin of
swim pressure overshoots previously seen in confined systems
[44]. Furthermore, our framework can be adapted to study
bacterial types competing to colonize niches in confined sys-
tems [45] as well as the puzzling formation of multicellular
aggregates such as ameboid slime mold, where slower cells
hijack the motion of faster cells to move further and spread
their spores at low-energy cost [46].
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