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Cubic shaped micrometer and nanometer sized colloids have become a popular research subject in exper-
imental and theoretical soft matter physics. However, they are underrepresented in the field of active
matter where the most investigated colloidal shapes are spheres or rods, for which hydrodynamic inter-
actions vary from cube ones due to distinct body shape anisotropies. In this article, we are building on
this knowledge by performing simulations to elucidate how active cubes in microchannels interact
hydrodynamically with planar and curved boundaries through the flow field generated by an active force.
We find that cubes tend to not show the same oscillatory behaviour previously found for other particle
shapes, but move along a straight line near the channel centre for a range of initial conditions and param-
eters that can be accounted for in simulations. This effect arises through the cubes unique shape aniso-
tropy interacting with the flow field and demonstrates that a cube constitutes an interesting
hydrodynamic shape that deserves more attention in colloidal active matter research, in order to fully
utilise its potential as an enrichment to commonly used particle shapes.
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1. Introduction

The idea of creating and using micron sized motors has become
more and more popular over the past years due to advances in fab-
rication and measuring techniques. The interdisciplinary research
done in this field promises novel concepts to utilise suitable
motors for mechanical and biological applications. The key factors
that make a micromotor suitable are its ability to propel itself,
while at the same time having a predictable trajectory and diffu-
sive behaviour. There are a multitude of experimental and theoret-
ical works that focus on the characterisation and explanation of
emerging behaviour in active matter systems (e.g. collective
swarming), propulsion mechanisms and interaction with geomet-
rical constraints [1-6]. The latter is a key feature of micron sized
active systems that make them fundamentally different than pas-
sively diffusing particles. Especially in colloidal systems, there
exists a selection of computational modelling techniques that
allow for a detailed investigation of colloid/boundary interactions
and their influence on the colloid trajectory [7-9]. These models
have repeatedly shown that active colloids like to accumulate near
boundaries, even if no other attractive force between the particle
and boundary is present. This has also been shown in experiments,
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where boundaries are usually realised as flat walls or walls with
edges [10-13].

The dynamics at obstacles is determined by an additional
boundary induced velocity and torque through different mecha-
nisms that depend on the particle shape and fluid properties.
Included in those mechanisms are hydrodynamic, chemical and
steric interactions [14]. For single spheres at a flat wall, these
interactions, combined with the relative strength of the activity
with respect to thermal fluctuations, typically lead to a charac-
teristic time that the particle spends at the boundary before it
is reoriented and escaping away from it [15,16]. In the absence
of thermal noise, stable swimming along the boundary or trap-
ping can occur [17-19]. In systems of spherical active particle
ensembles, these interactions lead to a collective accumulation
near the boundary. [20]| have furthermore found that squirmer
spheres can experience an oscillatory motion as a result of com-
peting forces that emerge from hydrodynamic and repulsive par-
ticle/wall interactions.

Recently, [21] have shown that active rods and cylinders in
micro channels consisting of two planar walls, are moving in an
oscillatory motion around the channels centre, far away from the
boundaries [21]. They attribute this behaviour to the higher
moments of the flow field generated by the swimmer, considering
a point force/counter-force formalism for active swimming. While
for pusher type particles (particles with an extensile flow with out-
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wards pointing forces), the hydrodynamic moments force the par-
ticle closer to the wall, for puller type particles (contractile flow
field with the point forces pointing towards each other) the oppo-
site is the case and the particles end up in the centre of the channel
undergoing a damped oscillation. Due to the orientation of force/
counter-force, pushers and pullers created the inverse flow field
of each other.

While cubes are by now well established in soft matter and
microfluidics research, using them as active agents is not yet a
common practice [22-24], although they offer a great variety of
observed habits due to their shape. For example, magnetic cubes
on the micro and nanoscale are reportedly different in their assem-
bly behaviour due to the richer possibilities of magnetisation ori-
entation compared to isotropic spheres [25-27]. Furthermore, we
have shown in past research that the diffusion of active, magnetic,
nanometer sized colloids can be easily controlled by weak mag-
netic fields in isolated and bulk particle systems [28,29]. From a
hydrodynamics point of view, cubes offer a type of anisotropy that
is hard to find in other particle shapes. [30] conducted high resolu-
tion simulations of a cube in a uniform low Reynolds number
translational flow and simulations of a rotating cube in a quiescent
fluid. Measuring the forces and torques acting on the cube, they
found that its translational and rotational motion at low Reynolds
numbers are decoupled, meaning that a rotation of the cube does
not induce lateral motion and vice versa. Additionally, the friction
tensor is diagonal (therefore symmetric), where the diagonal
entries can be estimated as,

Y e = 1.384 - (37nd), (1)
PR pe = 2.552 - (), (2)

for rotation and translation respectively. This means that the fric-
tion for a cube can be treated like that of a sphere, for which the
numerical prefactors of both frictions is 1, if the Reynolds number
is sufficiently lower than unity. This is not the case, for example,
for rods and cylinders, where the entries in the friction tensor are
not equal and can therefore not be treated in the same fashion
[31,32].

For active colloidal systems, the complex flow fields pro-
duced by the propulsion mechanisms and their interaction with
the colloid are the defining factor for the colloids trajectory in
confinement. The above mentioned frictional behaviour of a
cube therefore suggests to investigate differences in cubic
shaped colloids in settings where the behaviour of differently
shaped particles is known. In this article, we set out to investi-
gate the behaviour of isolated, micro meter sized cubic active
colloids in a micron sized channel, similarly to the previous
work of [21], characterising their trajectories and getting a
detailed look at the reorientation mechanisms that the cubes
experience.

2. Methods

To model the motion of an active cube in a micron sized chan-
nel, we employ a Lattice Boltzmann (LB) hydrodynamics solver
that is coupled to the Molecular Dynamics (MD) program package
ESPResSo(v4.1.4) [33,34]. The LB method is a continuum and lattice
based procedure that attains fluid velocity fields by propagating
probability densities on the individual nodes of the space discretis-
ing lattice, which makes it per construction well parallelisable and
efficient on modern computing hardware. The LB solver is inte-
grated to exchange forces with classic MD particles via the cou-
pling scheme proposed by [35,35], which states the force exerted
on a point-particle by the surrounding fluid as,

F = —1p(bpare — tpuia). (3)
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Here, tigyiq and iipq, are the velocities of the fluid and the particle, 7,
is the LB friction parameter that tunes the interaction between par-
ticles and the fluid.

ESPResSo utilises reduced simulation units (SU) to characterise
the system. For this, we have to define a length, mass, energy
and timescale that in return define every other quantity in our sim-
ulation. The most important simulation parameters, as well as
their SI counterpart can be found in Table 1. An important note
has to be made regarding the solvent viscosity, which is chosen
to be a tenth of the viscosity of water at 298 K (25C°). This is done
for a technical reason, since using the original viscosity would lead
to problematic simulation parameters that would not allow for the
accumulation of the data in a reasonable time frame. Our choice of
viscosity allows not only for reasonable parameters that maintain
the hydrodynamic interactions, but for a greatly decreased compu-
tation time.

The aim of this article is not to model an experimental system
from a specific reference, but rather to stay within physical param-
eters by using a generic 5um hollow silica cube with a shell thick-
ness of 1um as reference to derive the simulation parameters. The
assumed colloid has a shape parameter g = 2.3, that defines the
cubicity of the particle with side length a via the superball
equation,

X\ 24 y 2q Z\ 24
@ +@ @ - @
Rather than opting for the representation of a perfect cube, which is
not realisable experimentally, we chose the given shape, keeping in
mind existing superball colloids of different material [36,37]. The
approach used in simulations to resolve the shape of the colloid is
the so called "raspberry model”. The raspberry model was invented
to circumvent the inability of the LB method to apply torques on
point MD particles, by discretising the body of essentially any shape
by spherical MD building blocks. The idea is that the discretising
MD blocks are rigidly attached, thus transferring any forces applied
by the fluid, to a central particle which carries all the information
about the colloid (e.g. mass, moments of inertia). Typically, as it is
also the case for our simulations, the choice of a Lattice Boltzmann
grid spacing agq = 1[SU] leads to a hydrodynamic radius of a single
discretisation point, therefore also to a hydrodynamic radius of the
colloid, matching the extent of the steric shell of the modelled col-
loid. The steric diameter ¢ of one discretisation point in simulations
is chosen to be unity. The cube consists of 64 coupling points on a
regular grid, resulting in 4 points per side, plus an additional point
in the centre of mass of the cube. Using this approach, together with
the point coupling stated in Eq. (3), the coupling points form an
extended body that can theoretically be made to resemble any arbi-
trary shape, in our case a cube. It is not trivial to accurately model
cubic colloids and any approach requires a separate check in order
to verify our model. We conducted simulations in periodic bound-

Table 1
Simulation parameters in simulation units (SU) and corresponding SI values. The unit
for energy is defined by E&, the kinetic energy of cube at 100um s,

kin

Quantity Value (SI) SU
Length unit 2x10°%m 1
Mass unit 8 x 10 °kg 1
Energy unit 10%E&be (100um s~ 1) 1
Time unit 6.8 x 10735 1
Cube side length 5% 10 %m 2.5
Density silica 2650kg m—3 2.65
Cube Mass 1.4 x 107 ®kg 17.2
Cube Rot. Inertia 9.5 x 10 kg m? 288
Solvent kin. viscosity 8.9 x 10 ¥m?2 s-1 1.52
Solvent density 10%kg m—3 1




M. Kaiser and S.S. Kantorovich

ary conditions to extract the friction coefficients of a single colloid
in a thermalised fluid at 298 K. Since the diffusion of the colloid is
determined by the hydrodynamic interaction with the carrier, we
can verify that the raspberry representation in simulations reflect
a real system. The translational friction has been extracted by mea-
suring the mean-square-displacement. The rotational friction coef-
ficient has been extracted by measuring the decorrelation time of
the orientation of the cube. For a chosen LB friction y,; = 23, the
computation resulted in a translational friction coefficient
yI =6.002 x 10"%kg s~'. This value is roughly 3.4% larger than
the coefficient calculated through Eq. (1),
Viheory = 5-805 x 1078kg s~1. The simulated value for the rotational
friction, Y%, = 9.035 x 10 "°kgm® 51, is 1.3% larger than the calcu-
lated one from Eq. (2), 7§, = 8.919 x 10" "°kgm’ s~'. Since both
of these equations assume a perfect cube (shape parameter
q = oo), we are satisfied with the return values of the simulations
since superballs with a lower ¢ than infinity experience a lower fic-
tion than a perfect cube [23].

The activity of the colloid is modelled by a force/counter-force
formalism that applies a constant force on the centre of mass of
the colloid and a counter-force of the same magnitude to the fluid
at some distance I away from the colloid. Due to the counter-force,
the system is momentum free. This approach, together with the
raspberry model for an extended object, creates a complex hydro-
dynamic flow field which can be checked for the presence of higher
hydrodynamic moments which were previously used to explain
the oscillatory motion in channels for rods and cylinders. This
can be done by a Legendre Fourier decomposition procedure,

= KﬁD + VﬁQ + ,LLESD + Olﬁol + OZﬂoz + ... (5)

Here, iip is the Stokes dipole, ii; the quadrupole, iisp the source
dipole term, i,, and i,, the octupole and source octupole moment
terms. The procedure for the decomposition in cylindrical coordi-
nates is,

Uyn(T) = 2n2+ 1 /nsin(H)Ln(cos(O))ux(r., 6)do (6)
0

which calculates uy,(r) for either component x =r,0 and mode
index n. A series of power law decays can be fitted to obtain the
coefficients in Eq. (5). The decays for the r component and their cor-
responding fits are shown in Fig. 1. For a detailed explanation of the
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Fig. 1. Decay of the hydrodynamic moments from the Fourier Legendre decompo-
sition procedure used in Reference [38], calculated for a single active cube in a box
with periodic boundary conditions. Dashed lines correspond to simulation data for
each moment encoded by colours. Solid lines are fits, from which the coefficients of
the decomposition are extracted. The vertical Gray line marks r = 2.5v/3/2¢ (half
the diagonal of the cube), the hydrodynamic extend of th.e cubic colloid.
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decomposition procedure, we refer to reference [38]. The extracted
coefficients from the fits are: xk=0.065v=0.19,u=0,
01 = 0.31,0, = 0. As expected from the force/counter-force formal-
ism raspberry, there is no source dipole or source octupole moment
detected. The other values are in line with the values obtained for
cylinders and rods, x and v being close to the coefficients of a cylin-
der and o, being close to that of a rod. It is importnat to mention
that for n =3 and n =4, we obtain a slower decay compared to
the reported decay of r—3 and 4, respectively. For our fits, the best
fitting results for those two moments were found to be in the order
r—28 and r-37, which hints at a slightly lower decay of those
moments.

Having fully characterised the raspberry model for our cube, we
now turn to its behaviour in a micro channel. The simulation
domain consists of two planar walls separated by a distance H
along the x-axis of the channel, enclosing a non-thermalised LB
fluid with the properties provided in Table 1. This set-up allows
us to investigate the influence of only the hydrodynamic flow field,
induced by activity, on the reorientation of our cubes, letting us
draw direct comparisons to research done on rods, cylinders and
spheres that do not take Brownian forces into account. The orien-
tation of the colloids will hence be determined by the interaction of
the colloid with the active flow field in the channel, the lateral
motion by the active force and the friction of the fluid. The domain
has periodic boundaries along the y- and z-axes. Simulation time
for all shown results is 7s. The direction of the active force, hence
the active velocity 7,, is oriented to coincide with the [111] diago-
nal of the cube body (see Fig. 2). The magnitude of the applied
active force, f, leads to a swimming velocity of 100um s~!
[39,40] in a simulation box with no walls and periodic boundary
conditions. The counter-force is applied to the fluid 1.5 LB lattice
sizes away from the closest coupling point of the cube, to ensure
that the swimming velocity in simulations is not more than 3%
smaller than the predicted swimming velocity |Zalmeory = fa/Viupe-
Initially, the colloids centre of mass is placed exactly at the centre
of the channel, or at a relative offset r.0. = (H/2) + HAx, along the
x-axis, with the active force and the channel walls enclosing a
"starting angle” ¢,, the latter being measured in the mathematical
positive sense around the y-axis, with ¢, = 0 representing align-
ment with the z-axis. The colloids velocity vector is set to 0 before
the start of the simulation, after that the colloid is free to move
along and rotate around all axes. We additionally define a
Weeks-Chandler-Andersen potential with € = 1 between each cou-
pling point of the cube and the boundaries of the channel, repeling
the cube for distances r < ¥/20,preventing the cube from moving
through the wall,

Axo=0.5

Fig. 2. Schematic representation of the simulation set up for a cube in a micro
channel of height H. The active velocity vector 7, stands in angle ¢ with the planar
channel walls (shown in zoom-in). The relative offset of the starting position of the
cube in simulations is displayed in terms of Ax,, with the offset being
r.o.= (H/2) + HAxo.
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Uwea = 46{(%)12 - <%>6} +€ if r<v20; 0 else. (7)

The dependence of the trajectories on the above choices is part of
the further analysis of this article.

3. Trajectory analysis

We first analyse the trajectories by plotting the position of the
centre of mass of a pusher cube in the x-z-plane of a channel with
a wall separation of H = 40um. The result is shown in Fig. 3, for an
offset of Axo = 0, meaning that at time zero the cube is positioned
in the centre of the channel, plus for a range of starting angles ¢,.
The curves shown were selected to graphically represent the beha-
viour of the colloid best. In the figure, we can see that the cube is
following a stable trajectory parallel to the channel walls for ¢,
between 0 and 20 degrees. This stands in stark contrast to the
motion of a pusher rod or cylinder, that display an oscillatory
motion around the channel centre axis with an increasing ampli-
tude. Interestingly, the cube does not prefer a trajectory along this
centre axis neither, but can find a stable trajectory at a certain dis-
tance from the wall depending on the initial starting angle ¢,.
Before entering those parallel to the wall trajectories, there are
oscillations which are especially well seen for ¢, = 0°,5°,10°,20°.
We attribute this effect to the initial orientation of the cube around
its active velocity vector (see Fig. 2). Since we do not take special
care of this initial orientation, but only orient the velocity vector
so it stands in an angle ¢, with the walls, there is an additional
rotational degree of freedom introduced by the anisotropic shape
of the cube that is the orientation around the vector itself. This
manifests itself during the first two oscillations, where we see a
reorientation of the cube along the velocity vector before settling
for a fixed orientation, indicating that once it has, the oscillations
are dampened until the trajectory becomes linear.

For ¢, larger than 20°, the cube is moving steadily towards the
wall before touching and sliding along it. At this point, we have to
make a technical remark. The used implementation of Lattice
Boltzmann does not consider lubrication effects at walls, as well
as proper near field effects close to the body of the cube due to
poorer resolution, that might play an important role of reorienta-
tion near the wall. Researchers have an ongoing discussion about
the weight with which near field hydrodynamic effects do affect
the reorientation at boundaries. We therefore emphasise that the
results for when the closest coupling point of the cube is getting
closer than approximately 3 LB lattice lengths are missing those
near field effects in a high resolution. This statement is primarily
based on the flow field analysis done in the Methods section,
shown in Fig. 1, where it is seen that the flow field starts to decay
to the expected far field solution around 3 LB sites away from the

B
=
=
< _10][— #0=0.00" - $o=10.00" — ¢o=20.00"

= $9=5.000 — ¢9=15.00" -- ¢o=30.00"

-20
0 100 200 300 400 500 600
Az[pm]

Fig. 3. Trajectories of the centre of mass of a single pusher cube with an active
velocity of 100um s~1 in the x-z-plane of a 40um wide channel, for an initial spatial
offset Ax = 0 and a range of initial angles ¢, distinguished by line styles as shown in
the legend. The 5um scalebar at the left hand side of the plot shows the side length
of the cube. The two horizontal black bars at —20 and 20um mark the walls
enclosing the fluid. 0 on the y-axis marks the centre of the channel in x-direction, 0
on the x-axis the starting point of the cube in z -direction.
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closest coupling point making the cubic shape. In our simulations,
any trajectory that includes the event of a coupling point getting
closer than that, resulted in the cube sliding along the wall with
the active force steadily pushing the cube towards the wall. Hence,
we consider any of those trajectories in further analysis as sliding
along the wall. Further investigation of this subject is of high inter-
est, experimentally and numerically, as the large area of attack that
the face of a cube poses will greatly vary the dynamics of the col-
loids close to a boundary, expectedly promoting a more steady
sliding along walls than, for example, spheres exhibit. Although
we have pointed out hydrodynamic similarities between cubes
and spheres, the observed behaviour of cubes differ substantially
from that of spheres. A spherical particle will be hydrodynamically
attracted to a flat surface and any occurring oscillations in its tra-
jectory are usually contributed to the competition between hydro-
dynamic and repulsive forces between surface and colloid,
meaning that the particle only experiences small oscillations if it
finds itself closer than its body length to the wall [20]. Neither
for rods, cylinders nor cubes this is the case, as the oscillations
occur even far away from the wall where the repulsive forces from
the wall are zero. Inspecting the flow field of the cube in detail, we
can find an explanation for the colloid stabilising along a parallel
trajectory to the wall opposed to the continuous oscillation of a
rod. Fig. 4 shows an exemplary state of the cube, 7um away from
the wall and at an angle ¢ ~ 11°, after finding its steady orientation
around its velocity vector, but still performing a lateral oscillatory
motion. The figure shows an asymmetry in the flow field around
the axis perpendicular to the wall and through the cube centre of
mass, causing a pressure difference between the cube faces that
are closer to the walls compared to the ones that are further away.
This results in the cube being rotated away from the wall for cases
where the active velocity is enclosing a positive angle with the
walls and in reverse, being rotated towards the wall in case the
angle is negative. The rotation is visualised in the zoom-in of the
cube in Fig. 4, showing the velocity of each coupling point of the

Fig. 4. Visualisation of the flow field around the cube in the laboratory frame. The
flow lines are supported by arrows showing the direction of the flow and are scaled
and coloured by fluid velocity magnitude. The zoom-in shows the cube in the same
state of the simulation, with the arrows depicting the velocity of each coupling
point in the cube centre of mass frame. The colour and opacity of the arrows in the
zoom-in are scaled by coupling point velocity magnitude, independently of the fluid
scaling.
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cube in the cube centre of mass frame. This also explains the fact
that the cubes can follow a trajectory that is not in the centre of
the channel, but essentially any line that is parallel to the walls,
since any deviation from ¢ = 0 induces a torque on the cube bring-
ing it into a stable trajectory, regardless of its distance from the
wall. Although we did not perform simulations that only include
a single wall rather than a channel, we expect the behaviour along
a single wall to be similar, since the flow field dominating this
dynamics is the one reflected from the wall that is closest to the
cube.

3.1. Influence of the channel width

Knowing the above results, it seems natural to check the impact
of the channel width, as a cube could potentially have more time to
relax towards a steady trajectory in a wider channel before hitting
the boundary. We repeat the above experiments, but set the chan-
nel width to H = 56um. The particle is again placed at a relative
offset from the centre of the channel as is also mentioned in the
Methods section: r.0. = (H/2)+ HAx,, where Ax, is chosen
between 0 and 0.3. Note that the same value for Ax, leads to a dif-
ferent initial separation from the closest wall, hence a larger room
for the colloid to relax its trajectory, for the two channel widths.
For example, Axo = 0.2 means that, at the beginning of the simula-
tion, the cube is 16um away from the closest wall for H = 40um
and 22.4um away for H = 56um. For both values for H, we define
two events: A: The colloid finds a stable trajectory parallel to the
wall and never comes closer than 3 LB lattice lengths to the wall.
B: The colloid touches the wall and slides along it. A stability
map of the two outcomes for a range of Axp and ¢, is seen in
Fig. 5. Fig. 5 shows that a wider channel gives more headroom
for the cube to relax towards a steady trajectory and therefore a
wider range of the initial conditions lead to a steady trajectory.
Since the active velocity in both cases is 100um s~'(note that this
is the active eigen velocity and not the effective velocity typically
obtained from measuring diffusion in experiments), we repeated

0.3
0.25
0.2
0.15
0.1
0.05

Ax,

0.3
0.25
0.2
0.15
0.1
0.05

0.0
0.0 225 45.0 67.5 90.0
Starting Angle ¢,

Fig. 5. Stability map showing the condition of initial displacement Ax, and ¢, of the
colloid from the centre of the channel for two outcomes: A: The colloid finds a
stable trajectory parallel and never comes closer than 3 LB lattice lengths to the
wall. B: The colloid touches the wall and slides along it. The region for outcome A is
coloured in red, the region for B is blue; both are marked by the corresponding
circled letter. The upper plot is for a wall separation of H = 40um, the lower for
H = 56 um. The phase map colours are interpolated between results for 20 values of
each, Axg and ¢,.
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the simulations for both channel widths and |7,| = 50,25um s~!
to see if it affects the results. Interestingly, we could not detect a
difference in trajectories for different active velocities. It would
first be intuitive to think that the faster particle would be more
likely to hit the wall at steeper ¢, but since the force that is push-
ing the cube is always directly applied back to the fluid, the flow
field that is causing the reorientation of the cube is proportionally
increasing as well, leading to the same behaviour.

3.2. Influence of the active dipole separation

One parameter given to simulations is the dipole length I;, the
distance between the points where the active force is applied to
the particle and the counter-force is applied to the fluid, which,
together with the force magnitude, determines the dipole strength
and therefore the swimming velocity of the colloid. We are bound
by numerical considerations to a separation that applies the
counter-force outside the body of the cube, at least one LB lattice
length away from the closest coupling point, to reach swimming
velocities that are within 10% of the predicted swimming speed
|Da| = fa/V per Where f, is the magnitude of the active force and
I 4 is the friction from Eq. (1). This introduces an asymmetry of
the flow field with respect to an axis going through the cubes cen-
tre, as is visible in Fig. 4. Since we attribute the reorientation of the
cube to the pressure asymmetry on the sides of the cube, we need
to check the influence of the dipole length on the cube trajectories.
The above experiments in a channel of height H = 40um were
repeated for dipole lengths so that the force is not applied 1.5 LB
lattice lengths, but 2 and 3 lengths away from the closest coupling
points. We see that the dipole length does not qualitatively influ-
ence the aforementioned findings; the colloids find a stable trajec-
tory parallel to the wall for the same Ax, and ¢, for every force/
counter-force separation. However, the separation dampens the
oscillation quicker for all initial conditions, further proving that
the interaction with the asymmetric flow vortices is responsible
for the behaviour of the oscillatory motion observed in the trajec-
tories. In experiments, the type of propulsion mechanism will
determine the exact form of the flow field and hence the detailed
dynamics will be determined by rather detailed features as is
demonstrated here. The detailed investigation of cubes with differ-
ent propulsion mechanisms is therefore encouraged.

3.3. Influence of the active force orientation

All of the above results were obtained assuming that the active
force is perfectly aligned with the diagonal of the cube. Of course,
this assumption does not have to hold true for a potential cube
used in an experiment, given that the active force from any propul-
sion mechanism can be easily misaligned with the diagonal. Hence,
we below investigate how the trajectories change due to a
misalignment with the [111] axis of the cubes body. Two more sce-
narios are taken into account. First, we keep the active force
applied at the centre of mass of the cube, but let the force vector
enclose a 5° angle with the diagonal axis, which is measured
around the y-axis after initial placement of the cube in the simula-
tion box. Second, additionally to setting the force at an angle, we
apply it 1um away from the centre of mass. Both scenarios were
investigated in a channel with width H = 56um, similar to the
channel in Section 3.1. The trajectories for the first scenario are dis-
played in Fig. 6, for the second in Fig. 7. Shifting the active force by
5° does not lead to any qualitative changes in the behaviour; cubes
will relax towards a linear trajectory parallel to the walls for a set
of Axo and ¢,. Quantitatively, we see that the rate at which this
happens (solid lines in Fig. 6)) to be lower than that for the case
of a perfect alignment between active force and body diagonal
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Fig. 6. Trajectories of two different cube species for Ax, = 0, distinguished by
linestyle. Dashed: The active force is parallel to the [111] axis of the cubes body;
Solid: The active force encloses a 5° angle with the [111] axis of the cubes body. The
curves are coloured by starting angle ¢,; black bars at the top and bottom denote
the walls that enclose the channel of width H = 56um.

(dashed lines in Fig. 6). The shown trajectories are for Axq = 0 and
¢o up to the last investigated value before the cube touches the
wall. The parallel case shows a significantly faster relaxation
towards the final linear trajectory than its non -parallel counter-
part. The oscillatory motion experienced for the aligned case, at
any ¢,, is not visibly detected for any trajectory of the non-
aligned case except for Axy = 0, due to the change in orientational
relaxation around the active force vector that is also responsible for
the occurrence of the oscillations discussed in Fig. 3. In case of a
non aligned propulsion force, with respect to the body diagonal
as well as the centre of mass, the trajectories show a significant
deviation from the rest of the configurations tested in the previous
experiments, reminiscent of active chiral or tumbling motion
[39,41-43](Fig. 7). For Axo = 0, the cubes lateral positions for all
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axes rotate around the centre of the channel during the 7 s simu-
lation time. This is seen in Fig. 7, showing the motion of the cube
in x- and z-direction as in previous results, but also encoding
motion along the y-axis of the channel with colours. If, however,
the initial position of the cube is close enough to the wall so that
the anisotropy of the flow field and the hydrodynamic interactions
between a wall and a cube start to come into play, the cube expe-
riences a slow drift towards the wall, decreasing their distance
with every rotation in the trajectory.

Another obvious orientation of the active force would be along
the [100] axis of the cube body, so pointing out of the side of the
cube. For the whole investigated range of Axo and ¢,, every cube
was immediately drifting to the wall with no oscillations or reori-
entation process happening. Here, we see the peculiarities of the
cube as a hydrodynamic shape come into play. Although it behaves
like a sphere in a steady flow with an independence of rotational
and lateral motion, the active force, hence the flow field, in relation
the cube orientation greatly diversifies the behaviour and trajecto-
ries of the cubes. The reorientation process explained with Fig. 4
does not work anymore for the case of a [100] orientation of the
active force and a experimentally synthesised active colloid will
show a greatly varying behaviour depending on the realisation of
the propulsion mechanism.

3.4. Cylindrical boundary — Tube

Having shown the trajectories of active micro cubes between
two planar walls, we now turn to a cylindrical constraint to show
that a change to a different boundary symmetry preserves the
behaviour. The procedure is similar to the previous experiments
in the first part of this section, simply exchanging the planar walls
with a cylinder with a diameter of 40um. This eliminates the peri-
odic boundary conditions along the y-axis, as was the case for the

-12uym Ay 18um
o - a
30 A . 1 1
20 1 | | | 4
b=
10 A ] a 1 .
,\
- »n
: ' L
£l 4 |- - -
5 \
-10 - i 4 _
-20 - i 4 _
Axo=0 Ax0=0.05 Ax0=0.1 Ax0=0.2
-30 - i J _
=25 0 25 =25 0 25 =25 0 25 =25 0 25
Az[pm]

Fig. 7. Series of tumbling trajectories of a cube with and active force that is applied 1um away from the cubes centre of mass and at an angle of 5° with the cubes [111]
diagonal. The starting position Ax, is increased from the left to the right panel and is marked in the bottom left corner of each panel. Black bars at the top and bottom denote
the walls that enclose the channel of width H = 56 um. The colouring of the trajectories show the displacement in the y-direction of the channel, as marked in the colour bar at
the top. The alternating colours of the leftmost panel indicate an oscillation in y-direction of the channel, similarly to the oscillation in x- and z-direction.
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Fig. 8. Trajectories of cubes in a tube with diameter 40uum, outlined as a Gray
cylinder, for three starting angles ¢, distinguished by colour; red: 0°; green: 10°;
blue: 20°. The upper and lower plot show the same result from different angles.

walls, and makes the boundary fully radially symmetric around the
cylinder axis. Fig. 8 shows a selection of trajectories that best rep-
resent the system while maintaining readability of the plot. In line
with the results presented above, cubes that have an initial angle
¢, smaller than 20°, first experience a force that tries to push them
closer to the sides of the channel, which leads to the same oscilla-
tory motion around an axis that is parallel to the cylinder axis.
After the flow field fully developed, the cubes eventually reach a
stable trajectory off channel centre. The angle of oscillation with
respect to the cylinder axis is now fully determined by the initial
orientation of the cube around its velocity vector due to the radial
symmetry of the boundary, opposed to the case of planar bound-
aries where the cube is reoriented inside the channel. This oscilla-
tion only happens in one plane and is not helical like for rods. For
¢o larger than 20°, cubes are hitting the cylinder side and slide
along it. However, the nature of this helical motion, e.g. the orien-
tation of the rotation along the tube walls, depends on the near-
field interaction of the cube with the boundary and appropriate
corrections would need to be made in order to obtain a precise
picture.

4. Conclusion

In this article, we have analysed trajectories of active cubes in
micro channels to highlight their distinct hydrodynamic behaviour
and differences to spheres, rods and cylinders, previously investi-
gated in a similar setting. We have found that compared to other
shapes, active cubes in micro channels do neither experience the
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commonly observed attraction to planar walls, nor the same oscil-
latory behaviour around the channel centre that pusher and puller
rods exhibit. Instead, for a cube that has its active velocity vector
aligned with its body diagonal, a set of initial conditions that is
constituted by the distance to the wall an the angle of the active
force vector relative to the wall, determines whether the cube
moves near the centre of the channel parallel to the wall or comes
into its close proximity. Only few oscillations are observed before
the cube relaxes to its final steady trajectory. We find this to be
true for a range of factors that we accounted for in simulations:
active velocity, channel width and the separation of active force/
counter-force application points. One factor which exploits the
geometry of the cube which has major implications for the trajec-
tories, is the alignment of the active force within the body of the
cube. If the active force stands at an angle to the body diagonal,
the initial oscillations are damped and the cube relaxes at a differ-
ent rate to its final trajectory. If in addition, the active force is not
applied at the centre of mass but at a slightly shifted position, the
cube performs helical motion either around the centre of the chan-
nel, or helical motion with a slow drift towards the closest wall,
depending on the initial condition. All of the above results are
attributed to the unique hydrodynamic behaviour of a cube which
is like that of a sphere in laminar Stokes flow, but becomes more
complicated in the presence of a complex flow field as is the one
produced by an active colloid. Our findings promote the closer
investigation of active cubic colloids, considering that the hydrody-
namic interaction between them and boundaries are not yet
understood in detail, despite having the potential to show substan-
tially different behaviour and might therefore be used in different
applications than synthetic spheres or rods.
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