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Chiral active systems near a substrate:
Emergent damping length controlled by

fluid friction
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Chiral active fluids show the emergence of a turbulent behaviour characterised by multiple dynamic
vortices whose maximum size varies for each experimental system, depending on conditions not yet
identified. We propose and develop an approach to model the effect of friction close to a surface in a
particle based hydrodynamic simulation method in two dimensions, in which the friction coefficient
can be related to the system parameters and to the emergence of a damping length. This length is

system dependent, limits the size of the emergent vortices, and influences other relevant system
properties such as the actuated velocity, rotational diffusion, or the cutoff of the energy spectra.
Comparison of simulation and experimental results of a large ensemble of rotating colloids
sedimented on a surface shows a good agreement, which demonstrates the predictive capabilities of
the approach, which can be applied to a wider class of quasi-two-dimensional systems with friction.

Friction refers to the dissipation of energy given the relative motion of two
different elements, which can occur between two solid surfaces, two fluids,
and also between a liquid and a solid substrate. Complex fluids, such as
solutions of colloidal, polymeric, or biological components are mostly
investigated in confinement or in the vicinity of a solid substrate, whose
specific effect is frequently not taken into account. Active matter systems are
characterised by a nonequilibrium motion of microscopic units', such as
swimming bacteria® or algae’, cancer cell motility*’, or optically controlled
synthetic colloidal particles’. Ensembles of such active units display a rich
variety of macroscopic collective behaviours such as swarming’, motility
induced phase separation’, and an extensive number of further structures and
collective motions’, which can occur in bulk or confinement. In the case of
active matter, where components have an intrinsic or externally activated
motion, the friction might be of special relevance, since the relative motion of
the active components and the passive substrate is intrinsically larger.
Examples where substrate friction has explicitly shown to play an essential
role are found in propagation mechanisms such as cell migration", in the
dynamics of active nematic systems' or in turbulent flows".
Hydrodynamic interactions (HI) play an important role in many active
matter suspensions”, in particular in the presence of an interface or the
proximity of walls, where HI can coexist with substrate friction. Due to HI
with the walls, swimming bacteria experience an increased probability of
staying and eventually performing circular trajectories close to the walls"",
and spermatozoa to self-assemble into a lattice of vortices of equal direction of
circulation at planar surfaces”’. Hydrodynamic interactions can also be

responsible for the creation of large-scale vortices in chiral active
suspensions””. Chiral active matter is composed of units that spin or perform
a circular motion around a fixed axis'**’ whose hydrodynamic and inter-
particle interactions can give rise to rich cooperative effects such as the
emergence of multiscale vortices”* . The so-called odd viscosity in chiral
active fluids is an antisymmetric contribution to the viscosity tensor which
acts perpendicular to applied shear stresses and leads to correlations between
density and vorticity, which vanish in isotropic three-dimensional
systems”**”. Most of chiral systems are by construction composed of
rotating colloids trapped at interfaces or substrates, where the dynamics is
restricted to a two-dimensional plane. Experimental observations have shown
the emergence of a relevant length scale limiting the vortex size which is
system dependent and which has not yet been rigorously related to an
underlying mechanism.

From a computational perspective, there are two main approaches to
model a complex hydrodynamic fluid at a planar interface or close to a planar
substrate. The first approach is to model the complete three-dimensional
system where the boundary conditions at the confining walls or interfaces
have to be specified”™. These conditions range from no-slip boundary
conditions at a wall to a continuous coupling with another fluid, and therefore
specific to each experimental conditions. In systems where the relevant sus-
pension dynamics takes place in two dimensions, the consideration of the
third dimension leads to a considerable increase in analytical or computa-
tional effort™”, which ultimately poses a critical limit for the size of
the systems under study. The second approach is to simply model a
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two-dimensional suspension in which the colloidal degrees of freedom are
restricted to a plane. This enormously reduces the computational effort, and
allows for a clear interpretation of the system relevant dynamics. However,
since hydrodynamic interactions are very long ranged in two dimensions,
divergent or other unphysical behaviour might occur such as the Stokes or the
Jeffery paradoxes®. The Stokes paradox states that there can be no creeping
flow of a fluid around a disk in two dimensions, while the Jeffery paradox
discloses that no solution to the Stokes equation can simultaneously fulfil the
no-slip boundary condition caused by two equally sized disks rotating with
equal angular velocities and opposite directions in a resting and infinitely
large two-dimensional fluid. This means that given two close rotors in a two-
dimensional setup, if the flow velocity is never completely damped, a finite
flow velocity will remain at infinity”. In realistic setups, two effects resolve this
problem. The induced two-dimensional flows can partially escape into the
third dimension enforcing that the fluid rests at infinity. Alternatively, solvent
and suspended particles can be considered to have a non-negligible friction
with a substrate, dissipating therefore energy which has then a similar effect,
namely that the fluid rests at infinity.

In this work, we are interested in investigating the influence of the
substrate friction on a chiral active fluid. In order to explicitly account for the
momentum transfer into the substrate, we use a well-established mesoscopic
hydrodynamic algorithm, multiparticle collision dynamics (MPC)™ (see the
“Methods” section) and propose an extension to account for the momen-
tum dissipation into a substrate. This is achieved by the exchange of
momentum with a reservoir, which here takes the form of virtual particles.
Our model is in excellent agreement with the expected Brinkman equation™
which considers hydrodynamics with a linear damping term, with a friction
coefficient which nicely matches the analytic prediction here performed in
terms of simulation parameters.

The method is then applied to a chiral active fluid, proving that the
friction between substrate and fluid introduces a cutoff distance for the
hydrodynamic interactions. As a first consequence, this means that in general
the substrate friction is able to eliminate the divergences of the two-
dimensional HI, such as the Jeffery paradox for a system of couple counter-
rotating colloids®. In chiral active systems, the consideration of the substrate
friction shows that it is the cause of the emergence of a typical damping
length. This length is strongly related to the most relevant system properties,
such as vortex size, average actuated particle velocity, and rotational diffusion
timescale, all of which decrease with increasing damping length, or the power
spectra cutoff wavevector, which is shifted to larger g-values for increasing
friction. The model parameters can be then tuned such that simulations
accurately reproduce the observed experimental average behaviour.

Results

Modelling substrate friction

Substrate friction refers to the dissipation of energy and momentum when a
fluid interacts with an interface, which can be air or a solid wall at solvent-air

or solvent-substrate interfaces. The key idea used here is that the influence of
friction is similar to the interaction of the solvent with a momentum
reservoir with zero mean momentum. In the case of a fluid at rest, the
interaction with the reservoir conserves energy and momentum, and simply
providing a certain degree of memory lost. In the case of a fluid with some
average velocity, the interaction with the reservoir implies that the dissipated
energy is proportional to the fluid velocity. The proportionality factor,
which we refer as y, is then the friction coefficient.

In the here considered MPC method, the fluid is described by a number
of point particles with dynamics determined by alternating streaming steps
and collision steps (see the “Methods” section). While particles freely pro-
pagate during the streaming step and bounce-back from no-slip boundaries,
interactions between fluid particles occur in the collision step. Solvent
interactions are reduced to the momentum interchange among particles at
the same collision cell, where each particle’s velocity v,(t) relative to the cell
centre-of-mass velocity v,(t) is rotated by an angle of + 9. We modify the
MPC collision step by considering additional randomly distributed virtual
particles, as illustrated in Fig. la. In general, each collision box is now
populated by the N; MPC fluid particles and M, additional virtual particles.
The cell centre-of-mass velocity is then,

N, .
Yo vt + M

; ¢y
N, + M,

ve(t) =
The velocities ¥ of the virtual particles are drawn randomly from a Maxwell-
Boltzmann distribution, with average (¥) = 0 and variance @) = kT /m.
In that way, momentum can be transferred from the fluid to the substrate in
each collision step. This constitutes a minor adjustment in the simulation
code and only marginally increases the computational effort. The transfer of
momentum is affected by the average density of the virtual particles p,. This
density p; is an adjustable parameter of the simulations, and can be related to
the friction coefficient y.

Although substrate friction was not described in this way before, the
interaction of MPC and virtual particles has been previously considered to
improve stick boundary conditions with planar walls and with spherical
colloids" ™, and also to describe the so-called random MPC solvent",
employed to quantify the importance of hydrodynamic interactions in a
number of systems®. The method here proposed can also be easily gen-
eralised to a number of different geometries and used both in two- and
three-dimensional systems. We focus in the two-dimensional case, where
the approach is particularly useful since the very long range of hydro-
dynamic interactions in two dimensions decreases when friction is con-
sidered. When applied to a two-dimensional problem, an alternative to this
model with virtual friction particles is to consider a quasi-two dimensional
fluid, i.e., a three-dimensional system strongly confined in between parallel
walls with stick boundary conditions™. This might have advantages in
specific problems, but computationally is significantly more costly. On the
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Fig. 1 | Substrate friction for a two dimensional MPC solvent. a Illustration of a
collision step with MPC (multiparticle collision dynamics) solvent particles (in blue)
interacting with a set of random virtual substrate particles (in red). b Friction

coefficient y, and the related decay length A values in terms of the virtual particles

number density p; as given by Eq. (2) and Eq. (3), respectively. ¢ Radial distribution
function of particles for simulations of a fluid in equilibrium with different densities
of substrate virtual particles p;. Inset is a zoom out, showing that substrate virtual
particles do not modify the fluid structure.
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other hand, note that the inclusion of each virtual particle can also be
understood as the interaction with a rough surface element, obstacle or a
pore, such that the overall dynamics is supposed to be similar to that of
porous media.

The resulting friction coefficient y in a MPC fluid is determined by the
momentum transfer due to the presence of the virtual particles. We per-
formed an analytical estimation of this coefficient (see the “Methods” sec-
tion), which for a rotation angle of 9 = 71/2 the relation simplifies to

_1 p o1
y_hp+ps[1 Z(p—l)}’ @

where h is the time between collisions and p the average number of particle
in a collision cell. This result implies that the friction coefficient is directly
proportional to the relative number density of virtual particles, which in the
limit of p >> p, implies that y « p/h.

Solvent damping length
Related with the friction coefficient and the solvent kinematic viscosity
v = n/p, a typical solvent damping length can be introduced as,

14
A=, /- 3
” 3)

This length determines the extend of the fluid momentum decay. This can
be understood as the length an external perturbation to the fluid takes to
decay in an infinitely large system without any further interaction. In
practical applications, this length A determines a system typical behaviour,
which acts in combination with the other relevant system parameters.

Very small friction can make this length much larger than the system
size, which implies that friction has very little effect. However, very large
friction values render this length as small as the collision box size, or even
smaller, which would lead to complete decorrelation, a limit in which
hydrodynamic interactions do not play any role. We are therefore typically
interested in an intermediate range of damping lengths.

For the simple MPC fluid, both the friction and the decay length can be
calculated in terms of p, with Egs. (2) and (3). Figure 1b shows that already
relatively small values of p; result in decay lengths of the order of the collision
box, and that for example one single virtual particle every 1000 collision
boxes is related to a decay length of 254.

Fluid in equilibrium

We first consider the trivial case of a two-dimensional fluid at rest, simulated
with periodic boundary conditions. In MPC fluids, the density pair corre-
lation function g(r) is in principle expected to be the uniform distribution of
the ideal gas*’. Small deviations from this behaviour can be traced back to the
breakdown of molecular-chaos, i.e., fluid particles may perform several
collision on short time scales with the same neighbours, resulting in slightly
correlated dynamics of the MPC particles'". Figure 1c shows the radial
distribution function of the solvent particles for fluids with various values of
ps as mesured from simulations with g(r) = %Zizj#(é(;’ — 1)), where
r; = |ri — rjl, and the brackets refer to time and realisation averages. The
results verify that the introduction of substrate virtual particles has no
influence on the effective potential between the fluid particles independent
of the density p;. Accordingly, other fluid properties arising from effective
intermolecular potentials between the MPC particles like the compressi-
bility or viscosity are unaffected from the introduction of the substrate
friction.

Circular Couette flow

The effect of substrate friction is tested in the geometry of circular Couette
flow. The fluid is restricted in the area enclosed by two concentric cylinders.
The inner circle, with radius R, is rotating at angular frequency (2, and the
outer cylinder, with R, > R;, does not move, as schematically shown in
Fig. 2a. Both surfaces have no-slip boundary conditions®, such that the fluid
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Fig. 2 | Circular Couette flow. a Sketch of the simulated Couette flow rheometer.
The fluid is confined between concentric cylinders, the inner cylinder has a radius R;
and constant rotation velocity (, the outer cylinder has a radius R,, and is fixed.
b Fluid velocity as a function of the radius for fluids with increasing p;10°a’/
m = 0.0, 0.05, 0.1, 0.5, 1.0, 5.0. Purple line corresponds to p; = 0 and increasing blue
darkness correspond to increasing friction, as indicated by the arrow. Symbols are
simulations averaged velocities, and solid lines correspond to Eq. (4), with y as a
fitting parameter. In the inset the y values obtained from simulations (bullets) are
displayed as a function of the input p, values, together with the prediction from Eq.
(2) (dotted line), showing a very good agreement. Errorbars are extracted from the
least-square fits and are smaller than the symbol size.

velocity continuously varies in between the surfaces. The functional form of
this variation is not directly imposed in the simulations, but simply provided
by the MPC interactions. The hydrodynamic behaviour is expected to agree
with Stokes equation with the inclusion of the friction term, this is the
Brinkman equation in Eq. (14).

Given the radial symmetry of the system, the velocity has only a tan-
gential component, such that the velocity can be considered in polar
coordinates u = u,(r)e,. With this the Brinkman equation takes the form
of the Bessel equation (see the “Methods” section), such that by considering
the imposed velocity at the two boundary cylinders, namely u,(R;) = RiQ
and uy(R,) = 0, the flow field can be calculated as,

]1(_§0)Y1(—7) — Y1(_§o)]1 (_7)

= = = =, 4)
JW(=R)Y (=R = Y (=R, (=Ry)

u,(r) = RQ

with the variables change x = ix/A, and with J;(x) and Y;(x) the Bessel
functions of the first and second kind, respectively**. In the limit of vanishing
friction (A — o), the flow profile attains the result of the Stokes equation,

QR?

QR*R? 1
U=~ g YRR

R—Rr’

(©)

Both Egs. (4) and (5) decay as Up r! at distances close to the inner circle
r/R; 2 1, and vanish at the outer circle, as dictated by the no-slip boundary.
Furthermore, Eq. (4) shows exponential damping™ for 7/ > 1, leading to a
clearly faster decay of the created flows for increasing friction y or decreasing
solvent damping length A.

Simulations with an MPC fluid in two dimensions with the geometry in
Fig. 2a are performed for R; = 3a and R, = 904, and various values of p,. A
stationary flow profile is reached, and flow profiles are shown in Fig. 2b,
together with the analytical prediction in Eq. (4), whose excellent agreement
proves that our approach fulfils the Brinkman equation. In the frictionless
case, Eq. (5) is used, and for the cases with friction, the decay length A is
treated as a fit parameter according to Eq. (4). This provides a direct mea-
surement of the actual damping length and with Eq. (3) of the fluid friction
coefficient. The inset of Fig. 2b shows a comparison of the substrate friction
coefficient measured in simulations and the prediction from Eq. (2), which
demonstrates an excellent agreement. Note that the smallest non-vanishing
friction here employed is y7 = 0.0002 which corresponds to A/R; = 33, this is
larger than the system size, such that the flow profile is almost the same as
the frictionless case. Increasing the friction increases the deviation from the
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Stokes solution in Eq. (5), and for the largest simulated friction, y7=0.02, the
deviation is significant at the corresponding decay length A/R; = 3.3.

Chiral active fluids

We consider a chiral active fluid consisting of a suspension of colloidal
particles sedimented to a substrate, which due to an intrinsic property, such
as a dipolar moment, or a permanent magnetic moment, rotate with fixed
angular velocity under the influence of a rotating external field'*>*' (see
Fig. 3). Due to the no-slip boundary condition of the solvent on the colloid
surface, each rotating colloid drags a rotational flow in the surrounding fluid
which strongly affects all neighbouring colloids. Similar to the Couette case,
the rotational flow around each single colloid slowly decays like ' in the
absence of substrate friction, and faster in its presence. Given the system
symmetry, the hydrodynamic equations of motion of such systems can be
regarded as essentially two-dimensional”’. We investigate the chiral active
system sedimented on a substrate, and far away from lateral confining
container walls, which is simulated with periodic boundary conditions. The
centre-of-mass of isolated rotors display a purely diffusive motion without
any active displacement. When colloids are not isolated, the created rota-
tional flow fields drag nearby colloids. Note that the consideration of friction
affects the interaction between the fluid and the substrate, but not the
rotation of the colloids. For two rotors, this leads to a pairwise orbital
rotation of the same sign as the imposed colloid rotation around the centre-
of-mass of two rotors*>¥. In a rotor ensemble, the many-body hydro-
dynamic interactions lead to the formation of a cascade of vortices, i.e.,
vortices of different sizes form and the larger vortices themselves consist of
smaller vortices and eventually of the orbital rotation of rotor pairs'’. The

(a) (b)

Fig. 3 | Sketch of a chiral active fluid setup on a substrate related to Refs. 17,49,51.
a The colloids are sedimented to the substrate (dark plane) such that the colloidal
translational dynamics is restricted to a plane. The colloids' chiral activity stems from
an inherent particle rotation around the substrate normal. b The fixed axis of
chirality perpendicular to the substrate and the two-dimensional centre of mass
dynamics of the colloids allow to follow the dynamics of the colloids only in the 2D
plane, as seen from above.

space between vortices of the same circulation is occupied by a vortex flow of
opposite circulation, as a result of the continuity of flows, and the collective
dynamics is reminiscent of active turbulence.

We perform simulations of colloidal discs with diameter o rotating at a
constant angular velocity (2 in a two-dimensional MPC fluid. The coupling
between colloidal and solvent degrees of freedom is achieved by regarding
the colloids as moving impenetrable no-slip boundaries that exchange linear
and angular momentum with the fluid during collision and streaming
Stepsl 7,-’10,42,43'

Vorticity field. The coarse-grained velocity field, v(r), is calculated from
the colloids instantaneous displacement, which vary with time and
position. From such velocity field the streamlines of the collective colloid
dynamic can be calculated, as shown in Fig. 4 together with the corre-
sponding colloid vorticity fields w = d,v, — d,v,. Both, the streamlines
and the vorticity fields show the presence of collective vortices of
multiple sizes. Note that although the system is heterogeneous, there is no
preferential orientation such that the system can be consider to be
isotropic.

In the absence of substrate friction, the size of the vortices is only
limited by the size of the simulation box, such that vortices ranging over
more than half of the domain might emerge, as can be seen in Fig. 4a. In the
presence of substrate friction, the flows induced by each rotor experience an
exponential cutoff with length scale controlled by the strength of the sub-
strate friction, analogous to the attenuation of the created flows in circular
Couette flow. In a concentrated system, the decrease of the flow intensity
translates into smaller values of the induced vorticities, (w?), and the fastest
spatial decay into the decrease of the average vortex size. Simulations with
increasing values of the substrate friction in Fig. 4b, ¢ clearly show the
decrease of both, the vorticity magnitude and vortex size. The size of these
vortices can be estimated in various ways, which do not necessarily provide
the same value.

Particle trajectories. For a rotor ensemble, the actuated trajectory of
each rotor constantly changes in between vortices of different sizes and
locations, such that the averaged single rotor motion can be understood
as an active Brownian trajectory’’. The averaged mean squared dis-
placement is

(AP = <[r(t 1) — r(to)]2> 6)

with the angles indicating average over particles, initial times f,, and
ensembles. The values calculated from the simulation data are shown in
Fig. 5 for various values of the friction coefficient. The average actuated

Fig. 4 | Streamlines and vorticity fields of a chiral active fluid. Coarse-grained
vorticity fields with superimposed streamlines and underlying colloid positions, for
simulations with substrate friction coefficients increasing from left to right, (y7)

10°=0,0.2,2.4 and L = 3000, showing the decrease of both, the vorticity magnitude
and the vortex size with increasing y. Scale bars indicate a length of 300.

Communications Physics| (2024)7:332


www.nature.com/commsphys

https://doi.org/10.1038/s42005-024-01817-0

Article

(\lb 7 i
g 100 E 3
< ] i
= ] r
% ] i
< ] I
10714 3

3 02 F

100

10!

102

103
tQ)

Fig. 5 | Average translation properties of a chiral active fluid. Mean-square dis-
placement in a system with friction coefficients (y1) 10°=0,0.2,2.4,4.7 and L = 1000.
Purple line corresponds to y = 0 and increasing blue darkness correspond to
increasing y. Symbols are the simulation averages and lines correspond to least-
square fits to the active Brownian particle model*'. The arrow is a guide to the eye
denoting increasing y values. Top and bottom insets: Rotational diffusion times and
actuated velocity as a function of y obtained from (Ar?). Errorbars are extracted from
the least-square fits and are smaller than the symbol size.
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Fig. 6 | Vortex size of a chiral active fluid. Velocity spatial correlation function in a
system with L = 1000 with friction coefficients (y7)10° = 0, 0.2, 2.4, 4.7, purple line
corresponds to y = 0 and increasing blue darkness correspond to increasing y.
Vertical dotted lines indicate the positions of the C, minima, called here I,, for each y
value. Top inset: Zoom-out of C, with the arrow denoting increasing y values.
Bottom inset: Dependence of the measured [, with the friction y, comparison with A
values in Eq. (2) (solid line), and fit following the same dependence, as [, = 2.3
(dashed line).

velocity and rotational diffusion timescale of single rotors is obtained by
performing least-square fits of the mean-square displacements to the active
Brownian particle model™ and shown in the insets of Fig. 5. The time-
normalised mean-square displacement for the rotor system for different
values of y in Fig. 5 reveals two influences of the substrate friction on the
rotor trajectories. On the one hand, the flow attenuation due to substrate
friction decreases the mutually actuated velocity such that the overall
dynamics is slowed down. This implies that values of (Ar?) decrease with
friction already at short times, and that the average velocities decay with y
(see bottom inset in Fig. 5). On the other hand, since angular diffusion takes
place on the timescale of the largest possible vortex, the reduction of the
vortex size with increasing friction makes the rotational diffusion coefficient
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Fig. 7 | Energy spectra of a chiral active fluid. E, in a system with L = 3000 with
friction coefficients (y7)10° = 0, 0.2, 2.4, 4.7, purple line corresponds to y = 0 and
increasing blue darkness correspond to increasing y. Vertical dotted lines indicate
the positions of the E; maxima, defined here as q. Dashed-dotted lines are a guide to
the eye for the self-similar scaling behaviour g~*”, and the uncorrelated behaviour
q ™", when the friction dominates. Inset: Dependence of the measured I;; with the
friction y, comparison with A values in Eq. (2) (solid line), and fit to the same
dependence I = 4.6\ (dashed line).

g to decrease with y (see top inset in Fig. 5). This is also evident in the mean-
squared displacement curves, since the decrease with friction is more
prominent at large time than at short times.

Velocity correlation functions. An estimate of the average vortex size
can be obtained by evaluating the spatial correlation of the spatial coarse-
grained velocity field, v(r), which is calculated as a time and ensemble
average,

<v(r + 1) - v(r0)> ‘

O = T m

@)

Here the thermal energy is used as normalising factor, with m, the mass of
each colloid. Simulation results for different values of the substrate friction
are shown in Fig. 6. The correlation decays with increasing distance, which
occurs as a result of the decay of the dragged flow induced around each
rotating colloid. An exception is C,(0), which is smaller than C,(20). This is
due to the strong contribution of pairs of colloids rotating around each
other, which have therefore opposite directions.

The correlation becomes negative at intermediate distances r due to the
existence of areas of both positive and negative vorticity, as shown in Fig. 6
for all values of the employed friction. The position of the first minimum,
denoted here as ,, can then be regarded as an estimate to the average vortex
size, since it relates to the average centre-to-centre distance of neighbouring
couter-rotating vortices. For a system without substrate friction, /, is located
at half the system size, L/2. This means that, on average, the system
dynamics is dominated by adjacent vortices of opposite circulation ranging
over the whole system, which accommodate other large vortices due to
periodic boundary conditions, and also smaller internal vortices. With
increasing values of the substrate friction, the attenuation increases and the
largest vortices decrease in size such that [, is shifted to shorter lengths, as
shown in Fig. 6. The value of I, does not coincide with the value of damping
length A, but the functional dependence with the friction y is the same, as can
be seen in an inset of Fig. 6. The two values can be considered to be directly
related by a correction factor A,, with [, = A,A and A, = 2.3. Note also that
with substrate friction and for long enough distances, the velocity correla-
tion eventually vanishes, such that vortices or colloid flows distanced by
r>> I, are uncorrelated, as can be seen in Fig. 6.
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Fig. 8 | Finite size effects in the presence of substrate friction. Simulation results
for the collective behaviour of systems with different system sizes L = 3000 (dark
colour lines), L = 1000 (medium colour lines), and L = 35¢ (light colour lines). The

main plots correspond to systems without friction, y = 0, and the insets with friction,
(y7)10° = 4.7. a Time-normalised mean-square displacement (Ar?)/t, b velocity
correlation function C,, and ¢ energy spectra E,.

Energy spectra. An alternative approach to quantify the vortex size can
be obtained from the energy spectra, which quantify the kinetic energy
stored at different length scales. The translation energy spectrum can be
obtained from the Fourier transformation of the velocity correlation
function®™, yielding

B, =L (vi.,). ®)

We employ the two-dimensional discretised version of Eq. (8), where the
sum of the power spectral density is calculated from the colloid velocity field
v over annular equal-q shells".

1
E =
1 8nAq

(Vv_g)s
q—Aq<k<q+Aq

(€)

where the wave vector ¢ is by construction limited by the colloid size as
smallest relevant length scale, g, . > 27/0, and the system size as the
largest relevant length scale, g, >~ 27/L.

The energy spectra of the rotor ensemble for simulations with different
values for the substrate friction is shown in Fig. 7. While the mere rotation of
the colloids does not contribute to the translation kinetic energy spectrum,
the colloids’ pairwise orbital translation injects energy into the system at
values slightly smaller than g, . As more colloids are involved in the
formation of larger vortices, the kinetic energy of the pair orbit is subse-
quently transferred to larger length scales and thus to smaller g scales until a
steady-state is reached. Since larger vortices store larger amounts of kinetic
energy, the value of E, in Fig. 7 grows for decreasing g.

In the absence of substrate friction, the growth of E, towards smaller g
shown in Fig. 7 continues until g,,,;,, since the vortex size is only limited by
the system size. On the other hand, the self-similar energy transport renders
the energy spectrum to follow a power-law decay g—>°". For finite substrate
friction, the energy spectrum attains a maximum at a wave number g, as is
indicated by the dotted vertical lines in Fig. 7. These maxima indicate the
existence of a frictional cutoff at characteristic dissipation length scale
Ig ~ 27m/qp°. Energy is injected by the activity of the rotors and then
transported to larger scales until it is dissipated on scales where the
attenuation by the substrate dominates. Accordingly, the self-similar energy
transport from large to small g and the power-law behaviour are also clearly
disrupted. For large g, i.e., on short length scales, the substrate friction does
not play a dominant role, such that E; does not depend much on y. For finite
values of y, the colloid dynamics gets uncorrelated on inverse length scales
g < qp. Hence, the energy spectrum there follows E, o g as can be inferred
from Eq. (8) for a white, i.e., constant, power spectral density.

The obtained measurements of I, are related to the distances at which
there is maximum storage of kinetic energy, and therefore to the average size
of the vortices. The actual calculated values of I do not exactly correspond to
the friction length A, but they are both related by sharing the same functional
dependence, as can be seen in the inset of Fig. 7. Similar to the case of the

velocity correlation, the two values can be considered to be directly related
by a correction factor Ag, with I = ApA and A = 4.6.

Finite-size effects. The consideration of the substrate friction is related
to an intrinsic length scale in the system, such that is important to
understand how it interferes with the system size, both in systems without
and with substrate friction. For systems without or with negligible sub-
strate friction, the size of the vortices is only limited by the size of the
container or the simulation box, which also has a direct impact on the
system dynamics. For simulations with y = 0 and various system sizes,
mean-square displacement, velocity correlation function, and energy
spectra are shown in Fig. 8.

The time-normalised mean-square displacement <Ar2> /t in Fig. 8a
shows that the ballistic regime at short times displays an increase of the
actuated velocity due to the influence of the vortex size. At longer times, the
difference between the mean square displacement lines increases which
indicates that not only the velocity but also the rotational diffusion time
increases with system size.

In order to perform a comparative study of the velocity correlation
function, we have to consider that the magnitude of the velocity depends on
the system size, such that we normalise C, with the peak value C,(20). The
results in Fig. 8b are independent of the system size only at very short
distances, since the dynamics provided by two or three rotors orbiting
around each other is not affected much by the system size. The difference
becomes much more prominent for slightly larger until very large distances,
since the dominant minimum of C, in systems with y = 0 is located at a
distance of [, = L/2.

The energy spectra E, in Fig. 8c shows a universal behaviour for the full
range of available g values in each case. The g~*” power-law emerging from
the self-similar behaviour extends also for the smallest g scales, which
validates that the largest vortex ranges over the whole system. In general,
there are different options to normalise the power spectral densities. For
simplicity, we choose the normalisation E,/E, when comparing energy
spectra of systems of different sizes, whereas spectra in Fig. 7 where systems
of equal size are compared, the normalisation is done with the mean kinetic
energy.

For systems with friction, the damping length A in Eq. (3) arises as a
relevant system length scale. As discussed before, the value of A limits the
vortex size which affects most system properties. Simulation results with
fixed y7=5 x 10> and various system sizes are shown as insets of the plots in
Fig. 8. Both, <Ar2> and C, in Fig. 8a, b show almost no difference related to
the system size. This means that for this relatively large friction, the vortex
size is not affected by the system size, and similarly the actuated velocity and
rotational diffusion are not affected either. Similarly, the energy spectra E, in
Fig. 8c shows almost no dependence with the overall system size, in spite of
differences related to the statistical accuracy of the data.

Comparison with experiments. One relevant experimental example of
these type of chiral systems is a suspension of rod-like colloidal particles
with a perpendicular magnetic moment at one of their tips. Under the
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Fig. 9 | Comparison experimental and simulations measurements of the energy
spectra. E, as obtained from experiments (triangles) and simulations (bullets) for
two values of the rotor density, ¢ = 0.075 (open symbols) and ¢ = 0.144 (closed
symbols). The vertical line indicates g, the maximum of the spectra related to the
dissipation length I5. Experimental data comes from ref. 17. Simulation data
obtained in a system of size L/o =300 and y = 0.05(2, the last chosen to fit the
experimental g, value.

influence of an externally applied rotating magnetic field, the rods stand
up and orient perpendicular to the substrate while rotating in sync with
the external field developing the same type of vortex dynamics as
described above'. Previous simulations were performed only in the
absence of substrate friction. The measured actuated velocity in simu-
lations was then a factor 4 to 6 times larger than in experiments'’, which
can be easily related to the presence of friction in the experimental system.
For the measurements of the energy spectra, the simulation results were
able to recover the g~ power-law dependence, but not the truncation of
the spectra due to the limitation of the vortex size induced by the friction.

The question now is whether it is possible to match the value of the
friction coefficient between simulation and experiments, such that the
truncation of the spectra with both approaches quantitatively agrees. We
consider the experimental energy spectra of the system shown in Fig. 7,
measured for two values of the colloids packing fractions, ¢ = 0.075 and
¢ = 0.144. The truncation of the spectra occurs approximately at the same
wave vector, qro/(2m) ~0.023, for the two values of the density which is
related to a single friction coefficient, given by same experimental conditions
in both measurements. Simulations are then performed at the same den-
sities as in the experiments, first with a value of the friction coefficient
directly estimated from the above value of gz and calculated from the related
I = 271/q = Ag), which by using Egs. (3) and. (2) results in density of virtual
particles ps = 0.00012 in the MPC simulations, which corresponding to a
friction value y = 0.03Q2 in this system. This estimate provides satisfactory
results, but with a slight underestimation of the truncation length gg, due to
the difficulties in the determination of Ap. Accordingly, we adjust to
ps =0.0002, corresponding to y = 0.0502. Figure 9 then displays a very good
agreement using the adjusted values, which furthermore very nicely proves
the emergence of a relevant length scale in the system due to the presence of
a substrate friction.

Discusssion

Solutions of particles sedimented on a surface, or with motions restricted to
a thin fluid layer, are frequently investigated with two-dimensional theo-
retical approaches. Hydrodynamic interactions might though lead to
unphysical behaviour due to the so-called Stokes paradox, which is related
with the too slowly decaying fluid flows in two dimensions. This has been
ignored or circumvented by the consideration of three-dimensional setups
with a significantly increased analytical or computational effort. Here, we
propose an efficient method to incorporate the effect of the friction

occurring at the solid substrate or at the interfaces for a particle-based
mesoscopic model known as multiparticle collision dynamics. The idea is to
account for the momentum interchange with a reservoir by interactions
with a very small number of virtual particles, which display thermal jiggling
only. The proposed method correctly reproduces the low Reynolds number
flow behaviour of the Brinkman equation, i.e., Stokes equation with an
additional friction term given by a well-defined substrate friction coefficient
y. The friction leads to a decay of the created flows on a typical damping
length scale A, which can be analytically related to the fluid properties. The
introduction of substrate friction leads to a frictional cutoff of the created
flows and thus serves as a regularisation of the hydrodynamics in two
dimensional systems, which additionally makes most results independent
on the size of the simulated system.

Then, a chiral active system consisting of a suspension of rotating
colloids sedimented on a solid surface is considered. Vortices of different
sizes are dynamically formed as a result of the colloids individually induced
flow fields which drag other colloids exerting mutual rotational stresses. The
dynamics exhibits active turbulence with a self-similar behaviour, although
experimentally obtained power spectra exhibit a cutoff at short wavelengths,
indicating the emergence of a length scale, at which most of the kinetic
energy is stored'””', which limits the actual maximum vortex size. Here we
show how the presence of substrate friction imposes a dominant vortex or
cutoff scale such that the maximal vortex size is on the order of the solvent
damping length A, which indirectly also affects other properties such as the
average actuated particle velocity, or the rotational diffusion coefficient. The
estimation of the vortex size is done with two quantitative approaches. From
the velocity spatial correlation function J, is obtained, which relates to the
average centre-to-centre distance of neighbouring vortices with opposite
vorticity. From the energy spectra Iz is obtained. This relates to the distances
where the storage of kinetic energy is maximum, which corresponds to the
typical length scale of the dominating vortices. A third estimation could have
been obtained by a quantitative image-analysis, but a qualitative inspection
of the vorticity fields in Fig. 4 already shows that the value would have the
same trend and similar values than [, and I5. These lengths are evaluating
different properties, all related to the properties of the colloids dragged by
the solvent, such that they scale in the same way with the solvent damping
length A. This behaviour convincingly shows that the vortex size decreases
with an increasing damping length provided by the substrate friction. In
particular, additional simulations are performed to precisely agree with the
experimental power spectra, by modifying the friction such that the wave-
lengths at which is the power laws scaling are cutoff coincide. The substrate
friction can therefore be used as tuning parameter to manipulate the dis-
tribution of kinetic energy over length scales.

For active chiral systems in suspension and sedimented on a solid
surface, the effect of substrate friction can be used to tune the system
properties, and is expected to translate into further effects. A system of
rotating colloids in circular confinement has for example experimentally
shown to extend the range of the emerging edge current with decreasing
friction®. Numerous other systems in quasi-two-dimensional confinement,
such as bacterial motion or surface effects will also profit from the con-
sideration of a tunable surface friction which will extend the applicability of
the approach. Finally, we expect that the proposed extension of the method
can be also adapted to systems on three dimensions and also to other
simulation methods such as Dissipative Particle Dynamics which will be
useful for a large number of applications.

Methods

Multiparticle collision dynamics

The basic simulation method we employ is a two-dimensional variant of the
mesoscopic MPC algorithm, which includes thermal fluctuations and
hydrodynamic interactions and accordingly reproduces low-Reynolds
number flow efficiently if suitable parameters are employed®. The fluid
consists of point particles, their dynamics is governed by and alternating
streaming and collision steps. In the streaming step, the particle positions 7;
are updated by employing ballistic transport at velocities v; for the duration
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of the collision time h,

ri(t+h) =r(t) + vi(Hh. (10)
The fluid consists of point particles, their dynamics is governed by and
alternating streaming and collision steps. In the subsequent collision step,
the particles are sorted into square collision cells of length a. Then particles
exchange momentum by which each fluid particle’s relative velocity with
respect to the centre-of-mass velocity of the given collision cell is rotated by
an angle of + 9, with equal probability, i.e.,

cosd —sind

vi(t +h) =v(t) + <

- (I(_I . AL() X (Ti - r()

)«Mﬂ—mm

sind  cos?d

(11)

where r; v, I, and AL; refer to the centre-of-mass position, velocity,
moment of inertia, and change in angular momentum in a given collision
cell, respectively. The first two terms in Eq. (11) provide the local
conservation of mass and linear momentum, which is sufficient to ensure
the proper hydrodynamic behaviour”. To also account for local angular
momentum conservation, here we consider the additional third term in
Eq. (11)”. This has shown to avoid the occurrence of unphysical torques in
the fluid when studying rotational flows™. Random shift of the collision cell
grid before each collision is used in order to ensure that Galilean invariance
is retained and that fluid particles are not strongly correlated to their direct
neighbours™”. In systems with a continuous energy input, such as active
systems, we employ a cell level thermostat™, which guarantees an average
constant system temperature kzT. We employ an average fluid density of
p = 10m/a’, a rotation angle 9 = n/2, and collision time
h = 0.02a/m/ (ks T), resulting in a viscosity of 7 = 17.9/mkyT/a".

We consider m = a = kgT = 1 as the system units, such that time is measured

in units of T = av/m/(kyT).

Analytical estimation of MPC friction coefficient

We now explicitly relate the presence of a certain density of virtual particles
ps with the induced friction coefficient y in a MPC fluid. The friction can be
estimated as the average amount of dissipated momentum in an arbitrary
direction (here x) during collision time A, normalised by the total cell
momentum, such that

TR+ ) = Y 0
= ) '

(12)

By construction, in the absence of virtual particles, Eq. (11) exactly conserves
momentum and y = 0. To calculate this average, we consider the collision in
Eq. (11) together with a uniform distribution of fluid and virtual particles in
the collision cell, and average over the rotation matrix, with the assumption
of molecular-chaos, i.e., that the velocities of different particles in the same
cell are completely uncorrelated****". Note that when considering virtual
particles in the calculation of Eq. (11), the velocities and the randomly
chosen position of the virtual particles are considered for the calculation of
the values of 7, I, and AL; in Eq. (11). In principle the conservation of
angular momentum in these cells is not critical, but it is here included both,
for consistence and for simplicity.

Since we focus in the two-dimensional case, the rotational matrix
considers both possible directions of rotation, such that the average in
Eq. (12) is,

1 ps
y=-—Ps_

= 1 —cos9d—
hp+p,

(14 cosd)|. (13)

v
2(p—1)

The two first terms inside the brackets correspond to the first terms in Eq.
(11) related to the conservation of mass and linear momentum, the third

term inside the brackets corresponds to the third term in Eq. (11) related to
the conservation of angular momentum.

The Brinkman equation

The hydrodynamic equations of motion of a fluid in the low Reynolds regime
is generally described by the well-known Stokes equation. When friction plays
an important role, the Stokes equation needs an additional term that accounts
for a constant rate of momentum absorption***"”, which is directly propor-
tional to the fluid velocity u and the substrate friction coefficient y, so that

1
;aap = Z/Bﬁaﬁua — yu,, (14)

with &, 8 = x, , closure 9,u, = 0, and summation over repeating indices is
implied. This equation is known as the Brinkman equation, and is also
known from low-Reynolds flow in porous media®. A check of the validity of
this equation is therefore an important test to demonstrate the soundness of
our approach.

When considering a system with radial symmetry such as the one
describe in the main text for the circular Couette flow, the velocity can be
taken as simply radial dependent u = u,(r)e,. The pressure term is also
radial-dependent such that it has no contribution in the tangential direction.
The Brinkman equation (14) in polar coordinates is then

(15)

1 1 y
—9? Z _ gy L
0= 0;u, + ra,uq, ity — Yy

Substituting ¥ = ir/A, with i is the imaginary unit, transforms the equation
into

0=70u, + rou, +  — Du,,. (16)
This is known as the Bessel equation, and the general solution is
“(P(r) = aJ,(7) + bY,(7), (17)

with J,(7) and Y,(7) the Bessel functions of the first and second kind,
respectively”’, and the integration constants a and b to be determined by the
boundary conditions. u,(R;) = Rif2 and u,(R,) = 0.
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