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Transient chirality in the gelation of
adhesive spinner monolayers
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Active systems of self-rotating elements inherently exhibit chirality, making them of fundamental
interest due to parity violation. Yet how rotational activity influences gelation and whether such
chirality can persist into the arrested state remain unclear. Using large-scale hydrodynamic
simulations, we investigate the gelation of adhesive spinners confined to quasi-2D monolayers at low
Reynolds numbers. Unlike the coarsening dynamics of passive colloids, spinner gelation follows a
different pathway, displaying structural chirality during the early stages of aggregation. However, this
chirality dissipates upon dynamical arrest, resulting in a final gel structure that resembles a
conventional colloidal gel. As a result, we find no sign of odd mechanical responses. Nonetheless, the
elastic modulus and gelation time remain tunable through spinning activity, providing a potential
avenue for the bottom-up design of programmable soft materials.

Soft particulate gels are ubiquitous in industrial applications, ranging from
daily consumer products to pharmaceuticals and biotechnology'~. These
gels usually form when attractive colloidal particles undergo Brownian
motion, aggregate into open clusters, and eventually percolate throughout
the system, i.., the colloidal gel*’. The resulting porous network imparts
unique mechanical and rheological properties*”. While non-equilibrium
protocols, such as thermal elnnealing8 and external flow’, have been devel-
oped to tune gel structures, recent studies combine active matter and par-
ticulate gels to achieve programmable properties'*". For instance, self-
propelled active particles have been utilized to regulate mesoscale dynamics
and, consequently, the structure within gels through local energy injection*.

Beyond directional swimmers, spinners—particles driven by an active
torque—also constitute an important class of active matter'*". These sys-
tems typically operate in hydrodynamic environments, which, in the
absence of Brownian diffusion, enable translational motion at a collective
level'. The inherent chirality of rotational dynamics gives rise to diverse self-
assembly behaviors and collective motions'>'**’. Moreover, the resulting
non-reciprocal interactions can lead to unique, parity-violating odd
responses, such as odd viscosity’' and Hall-like effect”. While extensive
research has been conducted on chiral active fluids">**, the interplay
between rotational activity and gelation remains less explored, despite its
scientific significance as highlighted in recent works'>>.

In this study, we employ large-scale hydrodynamic simulations to
investigate the gelation of adhesive spinners under inertialess conditions.
The system is confined to quasi-2D (i.e., monolayers) to accentuate chiral
effects. Our simulation scheme couples the Lattice Boltzmann Method
(LBM) with the Discrete Element Method (DEM)*, incorporating lubri-
cation corrections to fully resolve fluid-solid interactions. Conventional

colloidal gelation proceeds via arrested phase separation, where spinodal
decomposition textures are dynamically arrested at a percolating state”.
Unlike passive colloids, spinning rotors do not undergo diffusive motion,
making it intriguing to examine the emergence of chirality and its potential
contribution to odd mechanics. Mechanical metamaterials with chiral unit
cells display anomalous responses™™’, motivating the fundamental question
of whether dynamical chirality (self-rotation) can convert into persistent
structural chirality during gelation, and whether such symmetry breaking
continues to affect rheology after spinning activity ceases. We find that
adhesive spinners gel through a different route, yet end up with a similar
mesoscale structure to colloidal gels, irrespective of spinning activity.
Transient structural chirality arises during early-stage clustering yet dis-
sipates as clusters merge into a percolating network, resulting in isotropic
final structures and rheology. However, the elastic modulus and gelation
rate vary as functions of spinning activity, suggesting a practical approach to
tailoring particulate gels.

Results

System characterization

Our system comprises N spherical spinners (of diameter d) suspended in a
Newtonian fluid (of viscosity # and density p). These particles are confined
within a thin square simulation box with lateral dimensions L., = 120d,
which is sufficiently large to eliminate finite size effect (see Supplementary
Note 1), and height & = 3d along the z-axis, Fig. 1a. Each spinner experiences
an active torque T, applied along the —z direction, inducing clockwise self-
rotation. While periodic boundaries are applied to the x- and y-directions,
we introduce two flat walls at z = 0 and z = h, and confine the particles to the
bottom monolayer at z = 0.5d. This setup mimics experimental conditions
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Fig. 1 | Simulation setup. a Simulation setup of the quasi-2D spinner monolayer.
b Adhesion model depicting the central attractive force and tangential constraints,
including sliding and rolling resistance. ¢ Flow field in the x-y plane at z=0.5d

(d: particle diameter), showing velocity vectors (arrows) and vorticity (color map)
around an isolated spinner. d Normalized velocity profiles as a function of

radial distance r/d at different box heights h. The solid gray line represents (|v|)/
wd =0.125r"*, where v refers to fluid velocity and w to particle angular speed.

e Angular velocity w as a function of active torque T,. Linear fitting (solid gray line)

Surface Separation ¢/d

yields T, = amnd’w (y: fluid viscosity) with a = 1.31 as a shifted factor. f Comparison
of lubrication forces F;, between simulations with lubrication corrections (black)
and without lubrication corrections (pink). The two circles represent particles with
relative motions of normal approach (i), tangential sliding (ii), and rotation (iii).
Solid gray lines denote theoretical predictions*. The shaded region (§ < 10°d)
indicates the inner cutoff of the lubrication model. g Snapshot of spinner monolayer
with area fraction ¢ = 0.4 during gelation. Curved arrows indicate flow streamlines,
while the color map represents velocity magnitude.

where density-mismatched particles, such as the hematite beads™”, sedi-
ment onto a substrate. For simplicity, we consider isotropic adhesion instead
of complex interactions (such as magnetic-dipolar forces), allowing for a
more fundamental scope. The adhesion applies within a short range
(¢, =0.014d), consisting of central attraction, tangential friction, and rolling
resistance, Fig. 1b. All three components are depicted by modified Hookean
models with a unified spring constant k, which is sufficiently large
(Upqn = LkC>T,) to ensure strong adhesion. As a result, relative motions
between adhered particles are effectively constrained.

The dynamics of the adhesive spinners are implemented in DEM using

LAMMPS”, while hydrodynamic interactions are captured using LBM. To
balance efficiency and accuracy, we set the LBM lattice spacing to Ax =
0.25d, which provides minimal yet sufficient resolution to reproduce the
Stokes drag on a single-particle level. Within this resolution, lubrication
corrections are applied between particle pairs without compromising
accuracy, Fig. 1f. By setting an inner cutoff 10°d to prevent divergence at
contact, this simulation scheme well captures both near- and far-field
hydrodynamics. More simulation details can be found in the “Methods”
section.

The flow field surrounding an isolated spinner, Fig. 1c, exhibits a radial
decay. Figure 1d shows that the decay of the averaged velocity (|v]) is faster
than an expected inverse square law™, likely due to additional hydro-
dynamic resistance from the no-slip walls (particularly the bottom one). In
this work, we use a thin simulation box with a height of h = 3d, which yields
velocity profiles similar to those obtained with larger h, Fig. 1d. The rotation
speed w is proportional to the applied torque T, and a linear fitto T, = T,(w)
reveals a shift factor of « = 1.31 from the Stokes law, Fig. 1e. This deviation
also arises from the no-slip bottom wall.

To manifest the role of chirality in gelation, we systematically eliminate
potential confounding factors. Our spinners are athermal so that all motion

is solely caused by self-rotation. The Reynolds number, defined as
Re = wpd® /5 = 0.1, is sufficiently low to suppress inertial effects such as
levitation” and secondary flows™. Hydrodynamic repulsion due to the
Magnus effect™ is also negligible. The area fraction ¢ = Nrd®/4L,L, is mainly
fixed at 0.4, while we also probe the system from ¢ = 0.3 to 0.5. Simulations
are initialized with a random configuration without overlap, and evolve for
50 x 27/w (i.e., 50 laps) until reaching a steady state.

Spinner gelation
As particles spin and agitate the surrounding fluid, the consequent flow in
turn drives spinners to move translationally and aggregate under adhesive
interactions, Fig. 1g. For small clusters, the summed active torque causes
them to rotate collectively around their center of mass, while adhesion
restricts internal relative motion. More spinners then adhere to the per-
iphery of these clusters, forming chiral S-shaped clusters, Fig. 2a (wt = 20).
Due to clockwise rotation, particles preferentially bond at the leading edge of
the rotating clusters, where the swept area is larger than the interior, Fig. 2b.
Statistics on bond angle 6 reveals a peak at around 140°, Fig. 2c. Despite of
unclear mechanism, this characteristic 8 ~ 140° is unique to spinner gels and
is not observed in colloidal gels. Under the sweep-growth mode described
above, a constant 0 = 140° yields a cluster size of N, = 10 particles (Fig. 2c,
inset), beyond which additional bonds tend to grow inward (dotted lines).
This characteristic cluster size can also be estimated geometrically
as 2 X il + 1

To better characterize structural chirality, we employ the continuous
chirality measure (CCM)”*’. The dimensionless CCM, ranging from 0
(achiral) to 1 (maximally chiral), gauges the minimal deviation between a
structure and its mirror image, accounting for all possible translations,
rotations, and permutations (Fig. 2d, inset). Since clusters move as a
whole under adhesion, we compute the CCM for each cluster and use a
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Fig. 2 | Spinner gelation. a Snapshots of spinner gelation at area fraction ¢ = 0.4 and
Re = 0.1 (Supplementary Movie 1). Color indicates normalized cluster size

N, /N5, b Isolated particles preferably bond to the outer regions of these clusters
due to the larger swept area, promoting the growth of S-shaped structures. The color
represents the swept area of each particle. ¢ Distribution of bond angles 8 at wt = 20.
Inset: a typical S-shaped cluster with characteristic bond angle 8 = 140°. d Global
(CCM) (Ng,-weighted average Continuous Chirality Measure) evolves over time.
Inset: schematic CCM calculation. Using a four-particle cluster (red filled circles) as
an example, CCM measures the maximum overlap (green open circles) between its
mirror image (green filled circles) and itself upon translations, rotations, and per-
mutations. e Mean rotation speed of the cluster w,, decays with cluster size N,.
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Gray region denotes standard deviation. Solid line indicates slope of —1.3. f Mean
squared displacement (MSD) during colloidal and spinner gelation. Time is nor-
malized by the Brownian time ty = nnd*/2kT for colloids and by the spinning
frequency w for spinners. Solid lines indicate slopes of 2 (ballistic) and 1 (diffusive),
respectively. Dashed vertical lines denote percolation points. g Evolution of the
cluster size distribution during spinner gelation. The same color scheme is used in
(g, h). h Evolution of the structure factor S(k) computed from the particle config-
uration. k denotes the wavenumber normalized by particle diameter d. The dashed
black line indicates the peak position as a visual guide. i Evolution of the energy
spectrum E(k) of the flow fields in the x-y plane (z = 0.5d), considering only the
fluid phase.

Ng,-weighted average, (CCM), to represent the global chirality. Initially,
(CCM) =0, since all particles are separated. It then increases rapidly as
clustering proceeds, reaches a peak, and starts to decay upon wt = 30 until
approaching zero, Fig. 2d. The peak in (CCM) signifies the emergence of
transient chirality, predominantly in the form of small, S-shaped clusters.
As cluster size N, increases, the mean CCM decreases beyond N, = 10
(see Supplementary Note 2), consistent with the characteristic cluster size
inferred from bond angle analysis above. Apart from structural features,
chirality also manifests in the particle trajectory (see Supplemen-
tary Note 3).

The loss of chirality may be explained from two perspectives. While
chirality arises from spinning activity, the rotation of the cluster becomes
increasingly slow as aggregation proceeds. For a cluster of N, spinners, it
rotates around its center of mass with a total active torque N, T,. Since the
cluster is neither chain-like nor densely packed, its spatial size scales as
lgo ¢ Ng,'/%, where d; denotes the fractal dimension (1<ds<2).
Assuming the rotational drag coefficient ¢, follows the cubic relation
(¢, o 1y,*, see Supplementary Note 4), the cluster’s rotational speed is
estimated as:

x N clu Ta ~N .

clu d
G

1-3/d
w u £,

1

Data extracted from spinner simulations confirms this power-law decay in
wqy Fig. 2e. The fitted exponent of approximately —1.3 implies a fractal
dimension of d; = 1.3, consistent with the tenuous clusters in Fig. 2a.

As rotation slows down, structural chirality also becomes less pro-
nounced. Rotational decoherence from the difference in wg, may further
mitigate chirality. Moreover, although individual S-shaped clusters are
chiral, subsequent cluster-cluster aggregation randomizes their spatial
orientations. This spatial disorder likely contributes to the overall loss of
chirality. The growth history of clusters is shown in Fig. 2a. At wt =40,
transient chirality largely vanishes as clusters merge into larger, more open
structures. By wt = 60, the largest cluster rapidly grows and connects with
other clusters, percolating the system. Both visually and quantitatively, the
resulting isotropic network exhibits no sign of chirality.

To better investigate the role of spinning, we also simulate passive
colloidal gels with Brownian motion (U,g, > ksT) using the DEM-LBM
scheme. Although both systems percolate, their gelation pathways differ. In
colloidal gels, particles diffuse until forming a space-spanning network,
Fig. 2f (gray), upon which coarsening proceeds slowly (Supplementary
Movie 2). Conversely, spinner motion is initially ballistic due to convective
flow and transitions to super-diffusion before becoming arrested in a per-
colating state, Fig. 2f (black). Moreover, clusters in colloidal gels grow
uniformly (Supplementary Note 5), with all particles incorporating into the
final gel network over time. By contrast, even after percolation, a fraction of
isolated monomers remains in the spinner gel, Fig. 2g. As illustrated in
Fig. 2a, adhesive spinners tend to percolate first and subsequently undergo
internal coarsening, resembling “viscoelastic phase separation gel”
formation®, yet independent of ¢ (Supplementary Note 6). The largest
cluster is quite loose at the percolation point (Fig. 2a, wt=60), with
monomers and small clusters trapped inside enclosed loops. Beyond this
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Fig. 3 | Gel structure and dynamics. a Structure of a
spinner gel at ¢ = 0.4 and Re = 0.1. (i) Particle
configuration, with the color representing coordi-
nation number Z. (ii) Pair distribution function,
with the color representing intensity. (iii) static
structure factor, with the color representing inten-
sity. b Radial-averaged structure factors S(k) for a
colloidal gel and spinner gels at ¢ = 0.4. Colored
symbols refer to different values of spinning activity
Re. The gray line refers to colloids. ¢ Evolution of the
fraction of particles in the largest cluster Nj/N, for
different Re. Dashed lines denote percolation points.
d Distributions of coordination number Z for
spinner gels at different spinning activities Re and
passive colloidal gel, with the same color scheme
used in (b, ¢). Inset: mean coordination number (Z)
as a function of Re (same color scheme). The gray
dashed line refers to the colloidal gel.
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stage, no visible chirality is retained at large scales, and local configurations
become increasingly compact over time.

Colloidal gelation proceeds as an arrested phase separation”’, where a
characteristic length scale emerges and grows and gradually stabilizes over
time. In the structure factor of spinner gel, nevertheless, a time-invariant
length scale £ = 271/k;,cay. arises from homogeneity and becomes increasingly
significant (Fig. 2h) instead of a growing process in typical phase separation
(Supplementary Note 5). In contrast with the particle configuration, the
energy spectrum of the flow field in the x-y plane indicates a transition in
length scale, Fig. 2i. Initially, localized flow fields form around individual
spinners. As aggregation progresses, an inverse energy cascade occurs,
characterized by a peak shift in E(k) toward lower wavenumbers k, sug-
gesting the emergence of collective flow driven by cluster rotations. While
kinetic energy at a large scale becomes increasingly significant, a sudden
decay is observed upon percolation, which greatly arrests the motion of both
particles (Fig. 2f) and fluid (Fig. 2i).

Structural analysis

Despite their different gelation routes, the final structures of colloidal and
spinner gels are quite similar. While the spinner gel configuration appears
similarly heterogeneous, multi-scaled, and achiral, both the pair distribution
function g(r) and structure factor S(k) are isotropic without evident angular
dependence, Fig. 3a. Quantitatively, the structural differences between the
two gels are subtle, and their characteristic lengthscales are comparable,
Fig. 3b. The fractal dimension at intermediate scales seems to be lower in

spinner gels (as indicated by the shallower slope in S(k), Fig. 3b), consistent
with that inferred from rotational speed of clusters in Fig. 2e. The dis-
tribution of coordination number Z is also similar between the two systems,
Fig. 3d. The main difference lies in the presence of isolated monomers
(Z = 0), which are absent in colloidal gels.

The spinning activity T,, or equivalently the Reynolds number Re,
plays little role in the final structure. Within the inertialess regime
(0.05<Re<1.0), the structure factors are nearly identical, as shown in
Fig. 3b, with only a slight difference in the large-scale homogeneity. At the
particle level, an increase in Re leads to a higher fraction of bonded spinners,
Fig. 3d. As activity increases, the number of monomers decreases, while the
fraction of particles with coordination number Z >3 (i.e., the branching
point’) increases as shown in Fig. 3d. In general, higher spinning activity
results in a greater average coordination number (Z), Fig. 3d (inset).
Similarly, the distribution of local area fraction (from Voronoi analysis) also
presents more compact regions in Re = 1.0 spinner gel than those in Re =
0.1 (see Supplementary Note 7). The rolling and sliding constraints in this
work are implemented through a modified Coulomb model with a friction
coefficient y = 1 (see “Methods”). While small T, leads to the global rotation
of clusters, it is easier for large T, to overcome the constraints and result in
local rearrangement and densification.

Despite the structural similarities, gelation dynamics exhibits a clear
dependence on Re. As spinning becomes faster, clustering and gelation also
accelerate. While this is expected as the flow velocity is, in principle, pro-
portional to the spinning speed w, normalizing time by w ™' does not collapse
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Fig. 4| Rheology and topology. a Force chains under shearaty = —0.1 (i, misaligned
shear where the applied shear opposes the spinning direction, denoted as —) and
y=0.1 (ii, aligned shear, applied in the same direction as the spinning, denoted

as +). Red bonds indicate tension (interparticle attraction), which manifests when
stretched, while blue bonds represent compression (interparticle repulsion), which
manifests when squeezed. Bond width is proportional to the force magnitude.

b Distributions of adhesive forces (normal component) under aligned and mis-
aligned shear at |y| = 0.1. ¢ Stress response under shear applied in opposite direc-
tions. The solid gray line represents the colloidal gel rheology. d Normalized stress

differences between aligned and misaligned shear vary as functions of absolute strain
|y], with the same color scheme used in (c). e Elastic modulus G as a function of
spinning activity Re, with the same color scheme used in (c). Solid symbols, repre-
senting aligned (+) shear moduli, are overlayed by the open symbols, which denote
misaligned (—) shear moduli. The gray dashed line represents the colloidal gel
modulus. f Cycle rank as a function of Re, with the same color scheme used in (c).
The gray dashed line represents the colloidal gel. Inset: schematic nodes (pink disks)
and loops (red bonds).

the growth curves of the largest cluster Ni./N, Fig. 3c. This trend also applies
to percolation points (dashed lines), indicating that the acceleration in
dynamics exceeds simple linear scaling. A possible explanation is that faster
rotation drives spinners to better overcome the lubrication barrier before
making contact. This is further supported by the larger coordination
number at higher Re = 1.0, Fig. 3d.

Absence of odd rheology

Transient chirality is observed at various spinning speeds Re and con-
centrations ¢ (Supplementary Note 6), yet none of these chiral structures
persist in the final gel, as evidenced by the vanishing (CCM) in Fig. 2d. To
further confirm the absence of chirality, we measure the shear rheology
upon the removal of the active torque T,. In particular, T, is turned off after
gelation, and the system is allowed to fully relax under overdamped con-
ditions. Once the gels reach equilibrium, steady simple shear with a constant
shear rate is separately imposed in two opposite directions (aligned and
misaligned, see Fig. 4a). The resulting stress o is measured as a function of
strain .

Chiral active matters, such as rotors, naturally exhibit odd
mechanical responses, including odd viscosity and odd elasticity’". Even
without activity, metamaterials with a chiral unit cell could also display
abnormal asymmetric rheology with odd component™*’. For a spinner gel
at Re = 0.1, force transmission remains nearly identical when sheared
along different directions at |y| = 0.1, Fig. 4a. Statistics on adhesive forces
(normal component) F.q, also exhibits similar distributions, Fig. 4b.
Regardless of spinning activity, the absolute values of the responding
stress |o| are almost symmetric, as shown in Fig. 4c. Compared with the
stress amplitude, the stress differences between aligned and misaligned
shear remain negligibly small (<0.1) and do not present systematic bias (of
definite sign), Fig. 4d. The elastic moduli, extracted from linear fits to
0=Gy at small strain |y| <0.01, show no dependence on the shear
direction, Fig. 4e. These results, as well as oscillatory rheology (see Sup-
plementary Note 8), are all consistent with the isotropic gel structure,
Fig. 3a. Thus, spinner gels are mechanically achiral, as transient chirality
from self-rotation is not “memorized” by dynamical arrest.

Although no odd response is observed, the elastic modulus does
depend on spinning activity Re, Fig. 4c. Consistent with the coordination
number Z in Fig. 3d (inset), the modulus increases with Re in a power-law
manner with an exponent =0.5. Local densification (see Supplementary
Note 7) leads to less floppy modes and thereby enhances overall stiffness.

However, at Re = 0.1, the modulus G is comparable to that of the
colloidal gel, even though around 5% spinners are isolated (Fig. 3d) and
thereby do not contribute to elasticity. Compared with the colloidal gel,
the density of branching points is also lower in the spinner gel at
Re = 0.1. Thus, a softer spinner gel would be expected in this case. This
inconsistency may arise from differences in network topology, which is
vital to gel rheology*"*. In particular, the cycle rank, denoting the ratio of
loops to nodes in a network, accurately captures the modulus variation in
our gels, Fig. 4f. Consistent with polymeric systems"**, the modulus
increases with the cycle rank. At Re = 0.1, the spinner gel displays a cycle
rank similar to that of the colloidal gel. Although a higher coordination
number (and branching density) in the colloidal gel is expected to
increase the modulus, floppy modes associated with large loops (Sup-
plementary Note 9) may counteract this stiffening effect, ultimately
leading to similar moduli.

Discussion

We investigate the gelation of adhesive rotors in a quasi-2D monolayer,
revealing a distinct “top-down” gelation pathway where percolation pre-
cedes inward coarsening. Despite the intrinsic chirality of self-rotation, the
final spinner gel remains structurally isotropic, with no persistent chirality
or odd mechanical responses. However, the elastic modulus is highly tun-
able through spinning activity, highlighting the role of active rotation in
controlling gel mechanics. The key factor is network topology, where con-
nectivity and loop formation govern rheology. While this work mainly
reports a specific concentration (¢ = 0.4), the observed trends hold across a
range of ¢ from 0.3 to 0.5 (Supplementary Note 6), suggesting generic
physics in spinner systems. A preliminary study indicates that the mixture of
counter-spinning particles can gel much more rapidly and form a stiffer
network than unary spinner gels (Supplementary Note 10).
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While the above conclusions are purely drawn from simulations, this
setup (adhesive spinners) may be experimentally implemented as follows.
The combination of ferromagnetic material (e.g., hematite beads™*) and a
rotating magnetic field endows active self-spinning. Under gravity, density-
mismatched particles sediment onto the bottom substrate, while adding
non-adsorbing polymers (such as polystyrene®) could induce short-ranged
depletion that drives aggregation. To ensure isotropic adhesion, one may
apply a core-shell strategy to fabricate particles—a ferromagnetic core
encased in a nonmagnetic shell (e.g., PDMS). A proper shell thickness can
minimize magnetic-dipolar interactions and ensure that isotropic depletion
dominates at contact. With the potential experimental realizations, our
findings contribute to the broader understanding of self-assembled active
gels, offering design principles for programmable soft matter and chiral
metamaterials.

Methods

LBM

We employ a coupled LBM and DEM framework to simulate active spinners
in a Newtonian fluid. The fluid dynamics are governed by the LBM with the
Bhatnagar-Gross-Krook (BGK) single-relaxation-time approximation®, in
which the evolution of the distribution function f; follows:

Flr+ et +A) = (60 =~ [f60 —fFe 0, @

where ¢; are the discrete lattice velocities (D3Q19), 7 is the relaxation time,
and f;7 is the local equilibrium distribution.

To account for the presence of solid particles, we adopt the partially
saturated cell methods (PSM)”, where each lattice node contains a local
solid volume fraction ¢. The post-collision distribution is then given by:

f;lew — (1 _ €)f?uid + sf?o]icl7 (3)

with f¢ and £ computed from BGK collisions using the local fluid and
solid velocities, respectively. The superposition model, in which 5 is
formed by linearly combining equilibrium distributions of the fluid and
solid phases, is used to improve accuracy near curved or moving boundaries.

The fluid-solid interactions are then communicated to the DEM as
hydrodynamic force (and torque), computed through momentum

exchange with the surrounding fluid:

FhYdro = Z ci(fts'()hd _f?“id)7 (4)

1

summed over lattice directions intersecting the particle boundary. Lubri-
cation corrections™ are applied when interparticle gaps fall below the lattice
size, compensating for under-resolved near-field interactions. This coupled
DEM-LBM-PSM scheme captures both bulk and local hydrodynamics with
high fidelity and efficiency, making it well-suited for studying the collective
behavior of active systems.

DEM

The DEM is implemented using LAMMPS”, where particle dynamics,
including both translational and rotational motion, are governed by New-
ton’s laws:

dv
m a = Fadh + thdro + Flub7 ( )
5
dw
IE = Tadh + Thydro + Tlub + Ta7

where m and I denote the mass and moment of inertia of a particle,
respectively. The hydrodynamic force Fpyqr, and torque Tpyqro» as well as the
lubrication corrections Fy,, and Ty, are computed from the LBM solver.
The active torque T,, applied along the —z direction, is constant and drives

clockwise self-rotation of individual particles. For passive colloids, we
include an additional stochastic force (and torque) based on the fluctuation-
dissipation theorem to realize the Brownian motion.

As illustrated in Fig. 1b, the adhesive interaction consists of a radial
attraction and tangential constraints. The attraction is modeled using a
shifted Hookean spring with stiffness k, acting over a short range {, = 0.01d
beyond the particle surface. This is equivalent to a truncated harmonic
potential with a minimum energy of U4, = %k(i Tangential constraints,
including sliding and rolling resistance, are modeled by a modified Coulomb
friction. In particular, the tangential force is characterized by the same
stiffness k and a frictional coefficient y = 1, expressed as

Vi

F, = — min [‘u(Fn +k(,), kAJ 6)

Ak

where F, refers to the normal contact force, A; and v; to the relative tan-
gential displacement and velocity, respectively. Frictional torque is com-
puted analogously using rolling displacement and angular velocity. See
ref. 49 for more details of adhesion models.

Parameterization

Our system consists of spherical particles (of diameter d and mass )
settling down to the bottom of a thin square box (of side lengths L, = 120d
and height h =3d). A Newtonian fluid (of viscosity # and density p) is
confined between the top and bottom solid no-slip walls in the z direction.
While the hydrodynamics is solved in 3D, the particles are confined to the x-
y plane at z=0.5d, forming a quasi-2D monolayer. This setup mimics
density-mismatched systems in experiments. Through simulations, we
confirm that such confinement yields results nearly identical to those
obtained under moderate gravitation. Importantly, this setup avoids com-
plications arising from purely 2D hydrodynamics and provides a funda-
mental platform for chirality investigation.

The LBM is carried out with a lattice spacing of Ax=0.25d and a
dimensionless relaxation time of 7= 0.68. The consequent sound speed ¢
defines the smallest timescale in the simulation. Hydrodynamics is updated
every 100 DEM steps to ensure a balance between accuracy and computational
efficiency. Lubrication corrections are applied between particles to account for
near-field hydrodynamic interactions unresolved by the lattice. These include
pairwise forces and torques arising from different modes of relative motion. To
prevent divergence, the lubrication is held constant below an inner cutoff of
10~°d, while an outer cutoff of Ax ensures that corrections are only applied
where lattice resolution fails. While we add lubrication corrections between
particles, they are not applied to the particle-wall interactions, which, as we
confirm, do not qualitatively change the results.

To ensure overdamped dynamics, we maintain the condition that the
characteristic damping time, m/37nd, remains smaller than the interaction
timescale /m/k. Both timescales are set to be at least an order of magnitude
larger than the sound-crossing time d/c;. The adhesive interaction is mod-
eled using a Hookean spring with stiffness k and interaction range ¢, = 0.01d,
resulting in adhesion energy U, 4, = $k{ 2. To enforce strong bonding, we
ensure that U,q, > T,, where T, is the active torque applied to each particle
to induce self-rotation. The resulting spinning frequency w defines a
timescale ™', which is longer than all other dynamical timescales and
thereby leads to quasi-static rotation (low Stokes number) and inertialess
conditions (Re< 1).

Initial configurations are generated via Langevin dynamics of hard-
sphere colloids with a temporarily enlarged diameter of 1.2d to prevent
overlap. The system is then evolved for a sufficiently long time to allow stable
gelation. For rheological measurements, the system is first relaxed and then
sheared under a steady strain rate j, with ! kept significantly larger than
all intrinsic timescales to ensure a quasi-static response.

Data availability
The data that correlate with this study are available from the corresponding
authors upon reasonable request.

Communications Physics| (2025)8:452


www.nature.com/commsphys

https://doi.org/10.1038/s42005-025-02362-0

Article

Code availability
The codes of the computer simulations are available from the corresponding
authors upon reasonable request.
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