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1 Introduction

Slipping and fluidisation in active crystalline rotors
Abraham Mauleon-Amieva,®® Tanniemola B. Liverpool, & € lan Williams,®
Anton Souslov® and C. Patrick Royall €2 *f

In equilibrium, commensurability between sliding surfaces underpins our understanding of nanoscale
friction and yielding in crystals. However, these concepts have only recently begun to be imported into
the realm of active matter. Here, we develop an experimental platform and a theoretical description for
active colloids confined and self-assembled into small crystals. In our experiments with Quincke Rollers,
these crystalltes form due to cohesive interactions between the particles. We apply a circular
confinement which controls the population of the system. We focus on perfect hexagonal crystallites of
61 particles whose dimensions are compatible with the confinement. Competition between solidity and
self-propulsion leads to self-shearing and complex flow-inversion behaviour, along with self-sliding
states and activity-induced melting. We discover active stick-slip dynamics, which periodically switch
between a commensurate static state and an incommensurate self-sliding state characterised by a train
of localised defects and describe the steady-state behaviour using a discretised model of active
hydrodynamics. We then investigate the intermittent stick-slip dynamics using an extension of the
Frenkel-Kontorova (FK) model, a fundamental workhorse of slipping and flow in crystals appropriate to
our geometry. Our findings in a colloidal model system point to a wealth of phenomena in active solids
as design principles for both assembly and robotics down to the nanoscale.

realise such behaviour in a system which is amenable to a
comprehensive understanding.

Self-assembly of active systems goes beyond the minimisation
of free energy to design exotic structures and dynamics and
takes many forms, from flock formation,"” to clustering
through motility-induced phase separation.®” Perhaps the sim-
plest self-assembled structures are crystals. When created from
active components, crystalline systems exhibit significant mod-
ifications to the defect behaviour® and synchronisation of
collective modes.’ Study of active crystals opens a new perspec-
tive on living systems from bacteria'® to starfish embryos, the
latter in particular exhibiting beautiful chiral oscillations."*
However, such biological systems are very complex, and con-
siderable insight can be gained from examples of these exotic
phenomena in a minimally simple setting. To this end, tunable
colloidal>"* and granular'* model systems provide a means to
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In passive matter, crystalline solids present a well-
understood microscopic framework in which yielding and slip
may be understood, through defects, dislocations and gliding
of crystal planes.'® By analogy therefore, active colloidal crystals
provide a promising means to explore mechanisms underlying
failure and fluidisation. Computer simulation predicts a rich beha-
viour, of defect mediated transitions,'® extreme deformations'” and
strong fluctuations while the two-step melting behaviour in passive
systems in 2d is preserved."® Activity also introduces novel phonon-
like collective modes™® and coarsening mechanisms.>

There are rather few experiments with active colloidal crys-
tals. Some insights have been gained from active granular
systems, where the microscopic mechanism of spontaneous
flow may be related to defects and dislocations."” Recently,
improved control over active colloids at high concentration
has permitted some colloidal solids to be investigated.*'">*
Active colloidal crystals exhibit novel annealing® and (2d)
melting phenomena.>®*” Among the few studies to explore
yielding and flow have considered rotors with strong non-
reciprocal coupling through the use of spinners®®?° where
crystal structure interplays with active dynamics to form char-
acteristic patterns.”®*® Meanwhile, active colloidal amorphous
solids have received some attention with the observation of re-
entrant dynamical behaviour.**

Soft Matter, 2025, 21, 7155-7164 | 7155


https://orcid.org/0000-0003-4376-5604
https://orcid.org/0000-0001-7247-8685
http://crossmark.crossref.org/dialog/?doi=10.1039/d5sm00109a&domain=pdf&date_stamp=2025-08-29
https://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00109a
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM021036

Open Access Article. Published on 29 August 2025. Downloaded on 11/8/2025 2:34:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Here we address the behaviour of a well-characterised
experimental colloidal model system of Quincke rollers in a
de external electric field under circular confinement.”?*3
These particles are passive until a threshold field strength Eq
is exceeded, yet even under these conditions,** long-ranged
electrohydrodynamic attractions lead to the formation of well-
defined crystallites. This quasi-2d model system of active
colloids enables us to explore the competition between crystal-
line order and self-propulsion. In this way, our system may be
regarded as prototypical for studies of crystallisation in (polar)
active matter.

We characterise the activity-induced rotation, melting, and
complex flow behaviour due to the frustration between cohesive
interactions which promote a crystalline solid and activity
which causes yielding. In our model system, we focus on a
perfect crystallite with Ny, = 61 particles, which acts as a rotor
under active motion of the particles. By rotor, here we refer to
solid body undergoing rotation. Note that the rotor spins in the
xy plane, perpendicular to the plane of rotation of each Quincke
roller particle. Here we observe that increasing self-propulsion
leads to a sequence of rigid-body rotation, faster angular
velocity at the edge and, finally, an inversion to faster angular
velocity at the centre. We are motivated to gain insight into this
flow inversion behaviour, and therefore we introduce a version
of the Toner-Tu model®® which describe the hydrodynamics in
active fluids. Here we discretise the model to reflect the layers
in our experimental system.

We then move to a time-resolved description of the rotor and
consider the intermittent self-sliding behaviour. To do so, we
apply the Frenkel-Kontorova (FK) model of nanotribological
phenomena®®?” to our active clusters. In the FK model, slip-
ping is associated with a breakdown in local crystalline order.
We expect analogues of sliding friction to be generically present
in active colloids that form crystallites, due to the frustration
between particle motility and periodic order, and our system
presents a suitable opportunity to probe this.

This paper is organised as follows. In Section 2, we describe
our experimental methodology, our discretised version of the
Toner-Tu equations is explained in Section 3. Our results are
presented in Section 4, which we divide as follows. In Section
4.1 we outline the non-equilibrium phase behaviour that we
observe. This is followed by an analysis of the steady-state
slipping behaviour in Section 4.2 and the predictions of our
minimal model in Section 4.3. We then probe the stick-slip
behaviour in Section 4.4, before applying the Frenkel-Kontor-
ova model in Section 4.5. We discuss and conclude in Section 5.

2. Experimental methods

We employ a colloidal suspension of sterically stablised
poly(methyl methacrylate) colloids, of diameter ¢ = 2.92 pm
and polydispersity 3.1% as determined with SEM. The particles
are suspended in a low conductivity solution of AOT surfactant
at a concentration of 0.15 mM in hexadecane. The suspension
is then injected into a sample cell made of ITO-coated glass
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slides (Solems, ITOSOL12), separated by a layer of adhesive tape
(100 um in thickness). Sedimentation occurs due to the density
mismatch with the solvent, and the colloids form a quasi two-
dimensional layer, as represented in Fig. 1(a). Quincke rotation
is achieved with the application of a dc field E using a potential
amplifier (TREK 609E-6) connected to the sample cell.

Confinement is introduced by patterning the top electrode
of the sample cell. Circular regions of radius R, ~ 50 are
produced employing conventional photolithography methods.
The thickness of the photoresist layer is ~ 10, sufficient for
charge screening on the top electrode. A non-zero electric
current thus results only within the circular regions upon the
application of the field E. This yields an electro-osmotic flow
which strongly confines rollers within the regions of interest.
The origin of this flow is the transport of electric charges in the
direction of the circular regions, which produces an inward
flow at the bottom electrode.’® In the absence of the electric
field, colloids are prone to escape the circular regions due to
thermal motion.

At low amplitudes of the field, e.g. E < Eq, where Eq ~
0.8 V um™ " for an isolated particle, a population of N colloids is
dragged towards the confining regions and self-assemble into
clusters. Fig. 1(b) shows nine confining regions, each with a
different population N. The maximum population observed
corresponds to Ny« = 61 which is a perfect hexagonal arrange-
ment with four layers around a central particle. The Quincke
rollers are imaged using brightfield microscopy (Leica DMI
3000B) with a 10x magnification, and recorded at high speed
(900 fps, Basler ACE) in regions of 128 x 128 px. The motion of
individual rollers is reconstructed using a Python version of a
common tracking algorithm.*®

3. Model of discrete hydrodynamics in
circular confinement

Here we introduce our discretised description of the rotor, which
we approximate as a circle. This minimal model has two key
ingredients and is constructed as follows. (i) a constant preferred
self-propulsion velocity for an individual particle layer in isolation
(captured by preferred speed u, and a “stiffness” ¢ that speeds up
or slows down a particle towards the preferred speed) and (ii) a
sliding friction between adjacent layers (captured by 77), generated
by particle-particle interactions, which favour rigid-body rotation
of the cluster as a whole. In addition, the particles at the boundary
have velocity ur # u,. This different velocity at the boundary
captures the experimental observation that although each interior
layer has two neighbouring layers, the outermost layer has only
one neighbouring layer and therefore is affected less by its
neighbours. The use of an effective friction reflects our Toner-
Tu type treatment of the system as being one-component, as we
neglect the multicomponent nature of our experimental system,
which consists of colloids, solvent and ions.

Consider the steady state of linearised Toner-Tu type equa-
tions of homogeneous dry active matter for the local self-
propulsion velocity v(r), which in this setting is

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00109a

Open Access Article. Published on 29 August 2025. Downloaded on 11/8/2025 2:34:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Soft Matter Paper
a b c d
_ 1.0
Q
E X N © 0.8
Tm {iemooee . % o apolar polar
= 0.6 [ gas fluid
@ Quincke rollers @ Photoresist S m active
O Conductive glass M Spacer o 0.4 & crystallite
°
G 02 ¢
0.0 § wG passive crystallites ==
000204060810
N /Npax N/N, o
e f
Ve 2.4/ 241
1.0 mEm ®m m O00000O0 Em = m
20’-- m m O O0OO0OO0OO0 O 20’-- [ I |
0.5 o mm ®m ®m 0000000 J - = == N/Nmax=1, E/Eq=2.3
16 L1161 1.0
0 L EE ®E B O OCOOOO ONO L EE ==
disordered orderec | apolar
tH—E—a—a—O—O-CO=O=C) () r—a—E—N
0.8 ¢ ¢ ¢ oo oiois el oleles 0.8 1 e & 000000 0 00 00 0
00 02 04 06 08 1.0 00 02 04 06 08 1.0
N / Nmax N / Nimax

N/Nmax=1, E/Eq=1

Fig. 1 Confinementinduced self-assembly of Quincke rotors. (a). The confinement of Quincke rollers into circular regions is achieved by the application
of a localised electric field E. (b). Different populations N, indicated by the labels, are found across the confining regions (E ~ Eg). Scale bar represents 50
um. (c). Order parameters as a function of N/Nnm., as the system becomes active, i.e. at £ ~ Eq. Polarisation II,, and bond orientational order, s,
parameters are shown (see Section 4.1 for definitions of order parameters). (d). Schematic dynamical phase diagram summarising structural and
dynamical states. (e) and (f). Phase diagrams indicating (e) the hexagonal ¢ and (f) polar I1,, order for passive and active rollers under strong confinement.
For electric fields above Eq (solid horizontal line), clusters become active and give rise to apolar (disordered) gas and polar (ordered) fluid phases.
Colourbars indicate the magnitude of the order parameters. Symbols are: (black hexagons) passive aggregates, (black squares) active apolar (11, < 0.5)
and (black circles) polar states (1T, > 0.5). White circles indicate polar fluids (¢ < 0.5), whereas solid black circles indicate active crystallites (¢ > 0.5).
Colours in data points for Nmax correspond to data in Fig. 2. Representative coordinates are shown in the bottom row for the state points indicated.

TV2(r) — Ev(r) — ug) = 0, (1) difference operator,

[A,:V]n: M = é(vn - Vn—l)' (S)

where the preferred interior velocity is azimuthal, u, = uy¢. For 'y — Ty

a circular domain, in plane polars we have r = (r,¢) or r =7t + )
and v = (1)t + v,(r)¢ with 0 < r < Rand ¢ € [0,2n]. Here ¢ is
the azimuthal angle. We consider the situation where v, = 0 and
radially symmetric, such that v,(r) satisfies

Applying this twice we obtain
1
[A%V]n: p(vnﬂ =2V, + Vo). (4)

Balancing the local relative friction with self-propulsion leads
to the equation,

My + 1 0wy — 1 2vg) — Evy — ) = 0 (2)

where the boundary conditions are v4(0) = 0,v4(R) = ug.

AWV A1 AV — 70 V) — (e —w) =0, (5
This model combines an effective particle-particle friction, 7 NAArVD + ro (AL = rvn) = (0n = u0) =0, (5)

which penalises relative motion between nearest neighbour
particles, and self-propulsion with average speed u,. For the
circular domain, we assume that the motion is only in the
azimuthal direction (i.e. the radial component of the velocity of
each particle is zero) and that this velocity is the same in each
layer which we label by the number n € [1, 4]. Taking the
particle diameter o, we can denote the radial position of the
centre of each particle in layer n by r, = o(n — 1). Given an
azimuthal velocity v, = v4(r,,), we can define the discrete radial

This journal is © The Royal Society of Chemistry 2025

where 7 = #j/¢ measures the local friction. The boundary condi-
tions are v, = 0 and vs = uz. Due to its position at the boundary
with lower friction, we expect that the critical field is lower for
the particles at the boundary than those in the bulk. In the
bulk, at high area fraction, each particle will have around six
neighbours, which impede the flow of ions that underlies
Quincke rotation. Hence as the electric field is increased, the
particles at the boundary will begin to move before the particles
in the bulk, i.e. they will have a lower effective critical field.

Soft Matter, 2025, 21, 7155-7164 | 7157


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00109a

Open Access Article. Published on 29 August 2025. Downloaded on 11/8/2025 2:34:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Above this boundary critical field but below the bulk critical
field, ur > uo = 0. If the bulk critical field is Eq, then at E = Eq,
the boundary layer is already moving with a finite speed, hence
above Eq, we can assume that u, = A(AE” where o = 1/2* for AE =
(E — Eq) and ug = Ay(B) + A|AE)” ~ Bgr + ARAE. We note that
because o < 1, (and assuming A;, 4}, B; are of similar size) that
the bulk layer speed can increase faster than the boundary layer
speed as AE « 1 increases from zero. This leads to the inverted
angular velocity profiles observed.

To see this, we note that the dynamics of eqn (5) can be
expressed by the matrix equation

5
Z SumVm = bm (6)
m=0

62

2

. . g . Uon

where S,,, is a tridiagonal matrix and b, = _2 07 Note that
n

R =50. We fix the boundary conditions v, = 0, V5 = uy by setting
the values of the 1st and 6th row of the matrix. The matrix is

-1 0 0 0 0 0
2
0o 2-Z 1 0 0 0
n
2
0 2 74T 4 0 0
S =
o2
0 0 6 —16 — 9— 9 0
n
o2
0 0 0 12 -29 - 16— 16
n
0 0 0 0 0 A5
) uy .
where A5 = _25’17 is chosen to implement the boundary
R

conditions. Then we can invert the matrix to solve for v,. Once
we have v, we can obtain the local angular velocity, & of each
layer: w, = v,/r, is the angular velocity of layer n, where [&], =
wy,. Parameters here are ¢ =1, 1 = 10, Ay = 1, A = 0.7, Bz = 0.5,
so that

0
(5.760(Bg + ARAE) + 5.607AE)/39.98
@ = | (6.048(Bg + ARAE) + 3.889AE)/39.98 |. )
(6.499(Bg + ARAE) + 2.529AE)/39.98
(7.137(Bg + ARAE) + 1.266AE) /39.98
4. Results

4.1. Phase behaviour in the population-activity plane

The structural and dynamic behaviour in the population-
activity (N-E) plane is summarised in Fig. 1b-f and Movie S1.
To characterise the srtucture and dynamics of the active

7158 | Soft Matter, 2025, 21, 7155-7164
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system, we shall use two order parameters to characterise the
system, one of which is structural () and the other is
dynamical (I1,,).

To elucidate the local structural (hexagonal) order, we use
the particle-averaged, time-averaged, bond orientational order
parameter

1L -
/ ‘
where

Zj
V=1 exp(is)). ()
=
The quantity z; is the co-ordination number of particle j from a
Voronoi tessellation, and 6,/ is the angle between the bond
from i to k and a reference axis. The parameter /s runs between
perfect ordering (6 = 1) and complete disorder (¢ = 0).
The collective dynamics are characterised by the time-
averaged polar order parameter,
)

-

which quantifies the degree of alignment between rollers. Here
1, is the local orientation of roller 7, and &, is a unit vector along
the azimuthal direction. I1, = 1 indicates perfect azimuthal
alignment, and II,, = 0 represents random particle orientations.

Fig. 1c shows the dynamical order parameter II, and
structural order parameter s as a function of N at the onset
of activity £ & Eq. A transition from the isotropic gas with little
alignment in the dynamics (and a low /) to a strongly aligned
polar state is seen from the polarisation order parameter II, at
N/Nmax & 0.4, even for populations with relatively little struc-
tural order. (Recall that Ny, = 61 for a perfect hexagonal crystal
of four layers around a central particle, see Fig. le.) The
structural order (i) does increase at slightly higher densities
N/Nmax & 0.5 but the intermediate regime may be considered to
be a polar fluid state. These two measures indicate the emer-
gence of active crystallites at high densities.

In Fig. 1e, we consider the hexagonal order parameter i, in
the (N, E) plane. For the passive case, E < Eq, we see moderate
values of s even at low populations, N/Np.x < 0.5. This
corresponds to inactive clusters formed due to electrohydrody-
namic attractions.> In this range of field strength /¢ increases
with population, and the clusters become increasingly crystal-
line for N approaching Ny,.. Switching on activity by increasing
the field strength to E > Eq leads to a drop in ¢ as hexagonal
ordering competes with activity.>® For the highest field
strengths of E/Eq = 2.3, we observe the formation of a layered
fluid structure in which particles are organised in concentric
layers*® (see right side of Fig. 1f). At the onset of Quincke
rotation (E = Eg), the role of density becomes apparent. With
population N/Nm.x =< 0.5, activity causes hexagonal ordering
V6 to decrease, which has also been seen for bulk systerns,34 but

1 N

NZ(ﬁi : éw)

1

(10)

This journal is © The Royal Society of Chemistry 2025
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for larger populations, /s remains at values similar to those of
passive crystallites.

Fig. 1f depicts the experimental phase diagram obtained
from the polar order parameter, II,, in the same (N, E) plane.
The passive and active phases are separated by the onset of
activity at field E = Eq. Below Eq, the polar order parameter is
close to zero as the motion of the passive colloids is largely
uncorrelated. However, when the system is active, we find a
transition between an apolar gas (low I1,,) at low population to a
polar fluid (high I1,) as N increases. The boundary between
these states appears to be insensitive to field strength.

Comparing Fig. 1e and f, we find the active apolar gas, which
has a low value for both structural and dynamical order
parameters. This then transitions to two ordered regimes
reflecting the two order parameters: a polar fluid at moderate
density (N/Nmax = 0.4) and an active crystalline phase at even
higher densities in which both parameters I1,, and i approach
1. At the highest densities, we observe that sufficiently strong
activity is still able to melt the crystalline order, a phenomenon
we return to below. We note that using structural order para-
meters such as ¢ to classify a state point as a crystal does not
by itself demonstrate that it has a long relaxation time, i.e. that
it is solid.>> We summarise the results we obtain for the full
system in the schematic structural-dynamical phase diagram in
Fig. 1d. This illustrates the states we observe, of passive ordered
states for E < Eq. In the active case at low density we find an
active gas, which gives way to a polar fluid and finally ordered,
active crystallites are found at high area fraction.

4.2. Steady-state slipping: activity vs. the boundary

To investigate the interplay between crystalline order and
dynamics, we focus on a perfect crystal, which for this confine-
ment radius corresponds to N = Np.x = 61, and the activity-
dependent rotational dynamics of both hexagonal and layered-
fluid structures. Note that here the cohesive interactions lead to
the hexagonal crystallites. The effect of the confinement (whose
radius is a little larger than the crystallite) is mainly to control the

View Article Online
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number of particles, rather than to act as a confining wall which
might perturb the structure.*!

In its quiescent state for £ < Eq, this population forms a
nearly perfect hexagonal shape, see Fig. 1. At high field
strengths, ie., E X 2.3Eq, the structure is fluid-like with four
concentric layers around a central stationary particle. The active
state exhibits field-dependent structures with different
dynamics, see Fig. 2a. For both hexagonal and layered-fluid
cases, the different layers are well resolved by the radial density
profiles p(r)/p in Fig. 2b where p is the mean density. One
signature of hexagonal structure is a split peak which merges
into a single peak as the system becomes more fluidised at a
high field strength.

Upon increasing the electric field strength E, we observe a
range of dynamical scenarios, including rigid-body rotation
and periodic rearrangements, as illustrated by the angular
velocity, w, profiles in Fig. 2c. In particular, in order of ascend-
ing field strength: (i), for E < Eq, no rotation is measured (grey
triangles); (ii), at the onset of activity, we observe rigid-body
rotation (yellow pentagons, Movie S2); (iii), the cluster rotates
fastest at the outside (magenta circles, Movie S3); (iv), we find
rigid-body rotation (purple triangles); (v), the cluster rotates
fastest in the interior (blue hexagons and teal squares, Movies
S4 and S5); therefore, we find an inversion in the flow profile as
a function of field strength. This complex dynamical behaviour
in Fig. 2c contrasts with the radial density, Fig. 2b, which shows
little change until the very highest field strength. The bond-
orientational parameter , is a more sensitive measure of
structure (Fig. 2e), and shows additional detail such as a drop
in hexagonal order when the outer layers rotate faster (magenta
data). However, the lack of sensitivity of these time-averaged
structural measures motivate a time-resolved approach, which
we pursue below.

4.3. Comparison with the minimal model

Before exploring the time-resolved behaviour, we consider the
discretised Toner-Tu model introduced in Section 3 to describe

b d
0.20 1.0
0.15 \@: 0.5
g 0.0
=0.10 g
< 0 1 2 3 4
1.0
0.05 =
£
0.00 0
00 025 05 075 1.0 0 1 2 3 4 0 1 3 4
r/R n n

Fig. 2 Perfect crystal rotor. N = Nyax = 61. (a). Time-averaged angular velocity as a function of E in layers n = 2 (black squares) and n = 4 (white circles),
with n counting outwards from the central particle (labelled n = 0). At intermediate field strength £ ~ 1.5Eq the outer layer rotates faster than the inner
layer, but this situation is inverted at high £ > 1.6Eq, where the inner layers rotate faster than the outer layer. Colours correspond to the state points
shown in Fig. 1(e and f). (b) Scaled radial density profiles characterising structures obtained at different fields E, indicated in the legend. Numbers over the
peaks indicate the layer number n. Curves are offset vertically for clarity. (c) Angular velocity profiles as function of the layer number n, where n = O is the
central particle. Symbols are experimental data, solid lines are fits obtained using egn (5) in the SI, and dotted lines are step guides. Data are offset for
clarity. (d) Distortion order parameter, (©), as a function of layer n. (e) Hexagonal order parameter, (g), as a function of layer n. For all panels, colours
correspond to the electric field values indicated by the colourbar in (b).
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the steady-state behaviour.®® We recall that our model has two
main ingredients: (i) a constant preferred self-propulsion velo-
city for an individual particle layer in isolation (captured by a
preferred speed u, and a ‘“stiffness” ¢ that brings a particle
towards the preferred speed) and (ii) a sliding friction between
adjacent layers (captured by 7), generated by particle-particle
interactions, which favour rigid-body rotation of the cluster as a
whole. In addition, the particles at the boundary have velocity
Ur # Ugp.

The results from the model are shown as the solid lines in
Fig. 2c. In the passive case E < Eq, by construction the angular
velocity w = 0 (grey data in Fig. 2c). At the onset of activity
(E = Eq, yellow data), although there is a slight upturn in the
model for the outer layer (n = 4), overall there is good quanti-
tative agreement between the model and the experiment. Con-
versely at E = 1.4Eq (red data), the model overestimates the
angular velocity at small radii (n = 1, 2).

View Article Online
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At higher field strength, the model predicts a flow inversion,
where the inside of the rotor has a higher angular velocity than
the exterior. This is apparent for E = 1.8, (purple data), where
we see good agreement between the model and the experiment.
Further increase of the field to 2.0Eq (blue data) yields a slightly
worse prediction of the experiment. At the highest field
strength (2.3Eq, teal data), the model significantly overesti-
mates the angular velocity for layers n = 2 to 4.

The key insight (see Section 3) is the fact that the threshold E
field for self-propulsion is different at the boundary and the
bulk and above the threshold the dependence on the self-
propulsion speed on applied field is nonlinear (a power law).>
The boundary begins to move at lower applied field than the
interior behaviour but once the interior begins to move, at
higher applied field, its velocity increases faster than the
boundary with increasing applied field, which can lead to the
flow inversion observed. Overall, our experimental discovery of

t/s

Fig. 3 Slipping layers and order evolution. (a) and (b) Time sequence for a single layer-slipping event, showing the change of the distortion parameter @
(a) and the hexagonal order parameter g (b). (c) Evolution of yg in layers n = 2, 3, and 4. Incommensurate and commensurate configurations are
indicated by the loss and recovery of 6. Horizontal dashed lines indicate ¢ = 0.5. Shaded regions in ¢ correspond to the slipping in sequence in (a) and

(b).
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flow field inversion is reproduced in a model with only two
ingredients: a preferred active particle velocity, and friction
between adjacent particle layers.

4.4. Stick-slip behaviour

The steady-state description that we have discussed so far
assumes velocities that are constant in time. In reality, particle
motion is intermittent, characterised by periods without relative
motion between adjacent layers (“sticking’’) interspersed with
slipping events between adjacent layers. Slipping is associated
with the creation and annihilation of localised defects in the
hexagonal order. To identify these defects, we introduce the local
bond-angle distortion parameter,

O =5 10— 0, (1)

computed at time ¢, for every simplex obtained from a Delaunay
. . ., s
triangulation, where 0° = 3 Here, © = 0 represents equal bond

angles in a perfectly ordered structure, whereas @ = 1 indicates a

. . 2n
severe distortion to 0; =3
averaged radial profile of angular distortion @ for a range of
field strengths. As anticipated, @ is largest under conditions that
generate significant slipping between layers, both in the case

In Fig. 2d, we show the time-

that the outer layers move faster than the inner layers (£ =
1.4Eq) and after the flow inversion when the inner layers move
faster than the outer layers (E ~ 2.3Eq). At low field (E x Eqg), ©
is low as the system exhibits rigid-body rotation, and it is again
low prior to the flow inversion for (E ~ 1.8Eq).

The non-monotonic behaviour observed in @ is reflected in
the layer-resolved bond orientational order parameter g,

f
A A
b o0 c
(X))
UAVAVAUARRATAYATATA
kink anti-kink
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shown in Fig. 2e. At low field strength, the system rotates
rigidly, preserving hexagonal ordering and high /¢ in all layers.
At the onset of slipping (E ~ 1.4Eg), hexagonal order is
disrupted and ¢ is reduced. Hexagonality recovers at the
higher field strengths (1.8 < E < 2.0EqQ), as the system
quickly relaxes to a locally hexagonal structure following each
slip event (see Movie S3). At the highest field strength (E ~
2.3Eq), there is a significant drop in i, indicating fluidisation.

We investigate slipping in more detail in Fig. 3. To do so, we
plot spatially resolved maps of © and s as functions of time
for a field strength of 1.4Eq in Fig. 3a and b (see also Movie S3).
During a slipping event, the two outer layers exhibit deviations
from local hexagonal order at the vertices of the hexagon. This
is reminiscent of slipping in driven assemblies of passive
discs.”® We see that locally high values of the distortion para-
meter O are correlated with low values of 1/¢. These deviations
from perfect hexagonal order are confined to the outer two
layers. The solid-body nature of the interior protects the hex-
agonal order from any bond distortion. We illustrate the
intermittent dynamics of /s showing sharp transitions between
high and low values that are highly correlated between the two
layers in Fig. 3c. (We explore these correlations further in Fig. 5
below.)

4.5. Slipping mechanism: Frenkel-Kontorova model in
periodic geometry

Slip in crystalline materials, in the form of layers sliding past
each other, has long been understood in the context of the
Frenkel-Kontorova model."> This model describes frictional
dynamics in the transition between commensurate and incom-
mensurate states when thermal fluctuations are neglected.*”*>

Commensurate

-1.0
-1.5
-2.0

BU/BUmax

0.15
0.10
0.05
0.00

da(t)/o

0.0 0.1 0.2 0.4 0.5

Fig. 4 Frenkel-Kontorova behaviour in Quincke rotors. (a) Schematic representation of the Frenkel-Kontorova model. A slipping layer is modelled by a
chain, comprising particles connected by springs of length a. The lattice periodicity is b, and the interaction between the static lattice and the sliding layer
is given by a commensurate sinusoidal potential. (b) Kink and (c) anti-kink representation. A kink forms when two particles are contained in the same well,
producing a local compression of the chain. The opposite case of an anti-kink is a local expansion of the chain, which leads to a vacancy. For our
confined geometry, the slipping layers are treated as chains forming (d) commensurate and (e) incommensurate configurations. (f) The evolution of the
rescaled interaction potential U, (g) chain extension da follows the oscillations of ¢ in Fig. 3c (see Fig. 5). In (d)—-(f), the blue lines are the outermost layer
(n = 4) and the dashed crimson lines are the adjacent internal layer, n = 3. Shaded regions in panels (f)—(h) correspond to sequences shown in Fig. 3a and
b. Here the field strength is 1.4Eq.
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While our system is of course thermal, insight can nevertheless
be gained through the Frenkel-Kontorova model. Fig. 4a-c
illustrates the one-dimensional Frenkel-Kontorova model, in
which a harmonic chain of particles with interactions modelled
by springs of rest length a is situated on a periodic potential
corresponding to a substrate with period b as shown in Fig. 4.
For a sliding chain in one dimension, the mechanism by which
two lattices slip past each other involves the propagation of
topological solitons known as kinks or anti-kinks. A kink
corresponds to a localised compression of the chain that
promotes a substrate spacing shared by two particles, as illu-
strated in Fig. 4b. Every kink propagation corresponds to the
displacement of the local chain compression. On the other
hand, anti-kinks are local extensions of the particle chain
(Fig. 4c), which significantly reduce the friction between the
particles.

Unlike the classical Frenkel-Kontorova model with an infinite
chain, our confined system consists of concentric layers as shown
in Fig. 4d and e. These illustrations show commensurate and
incommensurate configurations during stick-slip dynamics and
demonstrate that our system allows only for anti-kinks due to
local extensions of the chain. The hard-core interactions between
particles prohibit compression and the formation of Frenkel-
Kontorova kinks in these close-packed crystallites. However, in
our system, anti-kinks correspond to stretching the system against
the cohesive force between the particles, i.e., the electrohydroy-
namic interaction which binds the crystallite together.

To interpret the slipping in our system in terms of the
Frenkel-Kontorova model, we estimate the energetics of the
process. While the interactions between Quincke rollers are highly
complex, involving hydrodynamic coupling and electrodynamic
contributions,>** we have found that in fact the structure and
dynamical behavior of our system is quite well described by
treating the electrohydrodynamic interactions with a long-
ranged Yukawa-like attraction.>® As a first approximation, here
we follow the same approach and model the direct interactions
between the particles with an attractive Yukawa potential. We
stress that this is a major simplification and that the parameters
we use should be taken as approximate. Here we use a well depth
—Buyu(c) = 10, where f = (kgT)" ' is the inverse of the thermal
energy and a screening length equal to the particle diameter g,
which is somewhat shorter than that used previously,** taken to

[V
o

-1.5r ° °
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represent stronger screening of electrohydrodynamic interactions
at the high area fractions we consider here. We use this to
determine the potential energy of the assembly, which we plot
as a function of time in Fig. 4f. The time-evolution is highly
correlated with the structural order parameter 1/ shown in Fig. 3c,
which we explore further below.

To measure the commensurability, we estimate the “chain
extension”, or stretching as the nearest-neighbour separation in
each slipping layer, with reference to the layer towards the centre.
That is, the layer towards the centre is treated as a “substrate” in
the context of the Frenkel-Kontorova model. We term the stretch-
ing da, such that the distance between two stretched particles is
da + a with a the separation of two which are not stretched as
shown in Fig. 4a and, for our geometry, in Fig. 4d and e. Note that,
in a perfect hexagon, all particles touch their neighbours, so a = a.
In Fig. 4g, we see that the stretching da is anti-correlated with the
potential energy. To consider the formation of anti-kinks, ie.,

chain extensions, we determine the quantity /|ABU|/(x((da)?)
which is of order unity at the onset of slipping in the Frenkel-
Kontorova model."”” To evaluate this quantity, we estimate the
difference in potential energy between the slipping and non-
slipping states ABU and the stiffness x for our system.

We find ASU by subtracting the potential energy per particle,
pU, of the minima (corresponding to the commensurate states)
from that of the maxima, corresponding to the incommensu-
rate states, see Fig. 4d-f. We determine « by fitting a parabola
to BU(r) for a bulk system. (see Fig. Al in the Appendix, SI).

We evaluate /|ABU|/(k(da)?) for layers n =2 and 3 as 17 (¢f,,
measured value from Fig. 4g is da = 0.094) and between the
outer layers n = 3 and 4 as 18 (¢f,, measured value from Fig. 4¢g is
da = 0.079). While in the classic Frenkel-Kontorova model,
slipping is expected when +/|ABU|/(x(da)?) ~ 1 here we find a
rather larger value. It is quite possible that we have over-estimated
ApU or indeed that we have underestimated x. While of course
we can use other parameters which may provide an improved
agreement, we note that an accurate interaction potential has
yet to be determined for this system, although work in this
direction is in progress. We believe that this topic could well be
investigated in more detail in the future with a more accurate
analysis than we have been able to perform here. We further
observe that whether or not it is even possible to apply the FK
model to active matter would be worth investigating, perhaps

BU/B U max
ooy
BU/BUmax

n=4
4 0.6

0.8

(Ve

1.0

n=3

-2.0
0.4

0.6

0.8

(W)

C o015 d o1 S
0.10 . 0.10 R
o ©e o |%°
S~ ege * ° S °
o o ..'0 °® (1] ° &
D 005 . © o.05 o®
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Fig. 5 Correlations between structural measures and energy. (a) and (b) Correlation between bond-orientational order ¢ and rescaled interaction
potential fU/Umayx in layers 4 (a) and 3 (b). (c) and (d) Correlation between bond-orientational order ¢ and stretching a in layers 4 (c) and 3 (d). Here the

field strength is 1.4Eq.
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using computer simulation with precisely-controlled interac-
tions between the particles.

Relating to the slipping phenomena that we observe is
coupling between structural measures () and the stretching
parameter da and the energy fU. In Fig. 5a and b, we investigate
correlations between the energy and the structure. These
appear to be quite well correlated, although SU/fUn.x is a
nonlinear function of Y, having a strong response at high
Ve. In Fig. 5(c and d), we also consider the relationship between
Ve and da. Here the scatter is larger, and the relationship
between /¢ and da is more linear.

5. Discussion and conclusion

We have investigated the behaviour of a model system of
Quincke rollers confined in circular regions, which fix the
population of each realisation. At low particle populations, this
active system forms an apolar gas with a transition to a polar
fluid at a higher density. Further increase of particle population
leads to a hexagonally ordered packing which rotates.

For the magic number Ny, = 61, corresponding to a perfect
hexagonal packing, these particles exhibit a complex sequence
of steady states as the activity is increased with a flow inversion
and fluidisation at high activity. At the level of individual layers,
a phenomenological model based on self-propulsion and fric-
tion captures this behaviour. As activity is increased, the
quiescent state gives way first to a state with rigid rotation,
and then subsequently to a state with sliding layers. At lower
fields, the outermost layer moves fastest but at higher fields the
inner regions rotate faster than the boundary, i.e. flow inver-
sion. The model assumes a lower threshold to Quincke rotation
(ie the onset of activity) at the boundary than the interior of the
rotor. So at low activity the boundary moves faster. However, as
the field is increased, the difference in linear active velocity
between the interior and the boundary drops. The angular
velocity is then reduced for the boundary relative to the interior
and flow inversion results.

At the particle-resolved level, our experiments reveal inter-
mittent stick-slip dynamics between the layers. We use measure-
ments of the interactions between the particles®® to compare
with predictions for continuous slipping from the Frenkel-
Kontorova model. The FK model predicts that when the square
root of the ratio of the potential energy related to the displace-
ment of the slipping layer from its optimum position to the
stretching energy is around unity (i.e. \/|ABU|/(k(da)?) ~ 1),
however here we find rather higher values. Application of the
Frenkel-Kontorova model to active matter would clearly be
worthy of further investigation.

A related passive system of a hard-sphere colloidal “corral”
being driven from the boundary, like a tiny rheometer, has
been investigated previously.*>*** Both the passive and active
systems exhibit a fluidisation transition from a hexagonal
configuration to a layered fluid. However, unlike the active
system considered here, the passive rotors show neither flow-
field inversion nor intermittent slipping. This highlights how

This journal is © The Royal Society of Chemistry 2025
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the new phenomenology characteristic of active solids results
in our current experiments from a combination of interparticle
cohesion and activity.

Activity allows for solids in which complex dynamics emerge
from simple ingredients. In our Quincke roller system, the
formation of coherent active rotation due to confinement
suggests a route towards the extraction of useful work from
synthetic active matter, for example with the use of a gearwheel
and axle as investigated previously.’® We have demonstrated
how cohesion and activity can be used to design soft nanoma-
chines in which flow fields and intermittent dynamics can be
manipulated at the microscopic scale.
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Data for this article, including representative microscopy
images compiled into movies are available at Zenodo at
https://doi.org/10.5281/zenod0.14781732.

Description of Supplementary Movies: Movie 1 — Experimental
set-up. Movie shows multiple wells of diameter R = 30 um
containing different populations of Quincke rollers. Electric
strength is E = 1.4Eq. Scale bar represents 100 pm. Movie is
reproduced at 30 fps. Movie 2 - Rigid body rotation behaviour
at E = Eq. Movie shows a roller population of N = 61 showing
rigid body rotation. (a) Experimental acquisition, and (b) shows
guides to the eye for individual rollers located at different layers
and over symmetry lines. Scale bar in (a) represents 10 pm.
Movie is reproduced at 6 fps. Movie 3 - Slipping behaviour at
E = 1.4Eq. Same roller population showing steady-state slipping
of the outermost layers. (a) Experimental acquisition. (b)
Guides to the eye for individual rollers in different layers.
(c) Shows local hexagonal order ¥ and (d) is the local distortion
©. Scale bar in (a) represents 10 um. Movie is reproduced at 6
fps. Movie 4 - Onset of the flow inversion at E = 2.0Eq. Movie
shows the overtaking of internal layers past over the outermost
layers. (a) Experimental acquisition. (b) Guides to the eye for
individual rollers. (c) Local hexagonal order . Scale bar in (a)
represents 10 pm. Movie is reproduced at 6 fps. Movie 5 - Fluid
behaviour at E = 2.3Eq. Movie shows the complete fluidisation of
the structure, with every layer rotating with an independent
angular velocity w. The flow inversion becomes more evident
at this value of the field strength, where the internal layers rotate
faster. (a) Experimental acquisition. (b) Guides to the eye for
individual rollers at different layers. (c) Local hexagonal order ).
Scale bar in (a) represents 10 pum. Movie is reproduced at 6 fps.
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