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Dynamic self-organization of side-propelling
colloidal rods: experiments and simulations†

Hanumantha Rao Vutukuri,*a Zdeněk Preisler,b Thijs H. Besseling,b

Alfons van Blaaderen,b Marjolein Dijkstra*b and Wilhelm T. S. Huck*a

In recent years, there is a growing interest in designing artificial analogues of living systems, fueled not only

by potential applications as ‘smart micro-machines’, but also by the demand for simple models that can be

used to study the behavior of their more complex natural counterparts. Here, we present a facile, internally

driven, experimental system comprised of fluorescently labeled colloidal silica rods of which the self-

propulsion is powered by the decomposition of H2O2 catalyzed by a length-wise half Pt coating of the

particles in order to study how shape anisotropy and swimming direction affect the collective behavior.

We investigated the emerging structures and their time evolution for various particle concentrations in

(quasi-)two dimensional systems for three aspect ratios of the rods on a single particle level using a

combination of experiments and simulations. We found that the dynamic self-organization relied on

a competition between self-propulsion and phoretic attractions induced by phoresis of the rods. We

observed that the particle clustering behavior depends on the concentration as well as the aspect ratio

of the rods. Our findings provide a more detailed understanding of dynamic self-organization of

anisotropic particles and the role the propulsion direction plays in internally driven systems.

Introduction

Colloids have been successfully used as condensed matter model
systems for studying fundamental aspects of both equilibrium,
as well as non-equilibrium phase behaviour.1–7 Non-equilibrium
systems exhibit a rich collective behaviour such as clustering,
segregation, and anomalous density fluctuations.8–11 Under-
standing and controlling such collective phenomena is a major
challenge and is relevant across many disciplines, ranging
from microbiology and biophysics to chemical technology and
biotechnology.12–14 Many systems with such behaviour can
be found in nature, for instance, schools of fish,15 flocks of
birds,16 and colonies of bacteria.17,18 On the other hand, recent
progress in the synthesis of ever more complex model systems
has made it possible to fabricate a wide variety of self-propelled
particles, including Janus spheres,19,20 bimetallic rods,21 bimetallic
Janus nanofibers,22 stomatocytes,23 multilayer metallic micro-
tubules,24 rollers,25 and active granular particles,26,27 based
on different self-propulsion mechanisms (for a more complete
list, see e.g. the review papers8–11,14). In particular, micron-sized

self-propelled (active) particle systems have attracted a consider-
able interest as they offer the possibility to study dynamics and
structure quantitatively in dense suspensions on a single particle
level. In contrast to passive particles that are in thermodynamic
equilibrium with the solvent they are dispersed in, active particles
are internally driven far from equilibrium by converting energy
from their local environment into active motion. In the case of
self-propelled spherical particles, clustering and living crystals
have been reported.8–10,28 Furthermore, on comparable length
and time scales, motile microorganisms like many bacteria, self-
organize into remarkable macroscopic patterns by collective
dynamics, ranging from swarms to active turbulence.17,18,29

Several recent experiments, simulations and theoretical studies
have predicted that not only particle shape30–32 and the system
composition,33,34 but also swimming speed and swimming
direction18,35 play crucial roles in the collective behaviour of
active systems. For instance, swarming motion, jamming, and
active turbulence were predicted in the case of rod-like active
particle systems,36 but experimental realizations of those phases
with synthetic anisotropic microswimmers scarcely exist. We
believe that an active rod-like particle might be the closest
shape to mimic some of the natural bacterial systems such as
the E. coli bacterium.17,18 To date, experiments on bimetallic
rods, i.e. Au–Pt rods, have only been reported at dilute
concentrations.21,37,38 This can be attributed to the fact that
these fully metallic particles strongly absorb and scatter light
that precludes the study of concentrated dispersions even in 2D
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or quasi-2D systems.12–14,21,39,40 To the best of our knowledge, a
study on the collective behaviour of synthetic rod-like swimmers
on a colloidal scale has not been reported. Here, we study
the dynamic self-organization of fluorescently labelled side-
propelling colloidal rods in dense suspensions on a single
particle level in quasi-2D systems. We refer to our system as
quasi-2D as the gravitational length of the rods was estimated
to range from 100 nm to 400 nm, which is comparable with the
diameter of the rods. The gravitational length corresponds to
the height difference for which the change in gravitational
energy of a rod equals the thermal energy kBT. Despite this,
we occasionally observed rods that moved out of the plane from
the lower glass plate, which happened mostly at low concentra-
tions due to the self-propulsion. In addition, we performed

simulations using a minimal 2D model of this system.
We investigate, both in experiments and simulations, the effect
of the swimming direction together with the shape anisotropy
on the collective behaviour of side-propelled rods as a function
of concentration, aspect ratio, and activity.

Results and discussion

Our experimental system consists of half-side platinum-coated
silica rods, i.e. Janus rods, which are fluorescently labelled. We
coated the particles along the major axis as can be seen in the
bottom-inset of Fig. 1a. These particles diffused isotropically by
thermal fluctuations, when suspended in water. However, these

Fig. 1 Mean square and mean square angular displacements of passive (a–c), and active rods in 0.5 vol% H2O2 solution (d–f). (a and d) Short-time
translational MSDs. The blue circles are the rotationally averaged and total MSD hDr2(Dt)i, the green triangles are hDr8

2(Dt)i along the long axis, and the red
diamonds are hDr>

2(Dt)i along the short axes of the particles. The solid lines denote the fits as obtained from the MSD equations (see ESI†). Top-left insets
illustrate typical trajectories of passive and active rods, respectively. Bottom-right inset shows a scanning transmission electron microscopy (STEM) image
of a Janus rod. (b) Passive rods show the normal diffusive behavior. (e) Active rods show super diffusive behavior at short times, whereas diffusive-like
behavior is seen at long times. (c and f) Angular MSDy of rods. The green squares are experimental measurements. The solid lines denote fits following the
mean square angular displacements (MSAD) equations (see ESI†).
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rods can be made self-propelling upon the addition of hydro-
gen peroxide (H2O2), which enables a catalytic reaction. The
platinum-catalyzed decomposition reaction of H2O2 generates a
concentration gradient of ions across the surface of the particles,
inducing the self-propulsion perpendicular to the long axis in
the direction of the non-coated surface. Although the underlying
mechanism responsible for the propulsion is still debated,41

the propulsion mechanism is most likely determined by a
combination of diffusiophoresis and self-electrophoresis.19,42,43

To prevent the unwanted formation of O2 bubbles we performed
our experiments at low fuel concentration (0.5 vol% H2O2) at
which, single rods of aspect ratio, a = 4.1, were propelled with a
speed of 1.0 mm s�1 (see ESI†). We measured the translational
mean square displacements (MSD) along the major and minor
axes of rods as well as the mean square angular displacement
(MSDy) from the particle coordinates and orientations as
obtained from the image analysis using the particle-tracking
algorithms as described in ref. 44. We found that the short-time
MSDs were significantly different from their equilibrium counter
parts as shown in Fig. 1a and d. In addition, the self-propelled
particles showed a crossover from super-diffusive to diffusive
behavior (Fig. 1e), and we determined the translational and the
rotational diffusion coefficients from fitting the MSDs and
MSDy, respectively. Note that we extended previous models11,45

on active diffusion of self-propelled spherical particles to our active
rods by taking into account the shape anisotropy (see ESI†). We
observed an enhancement in the transverse and parallel transla-
tional diffusion constants (Dprop,> = 1.29 mm2 s�1, Dprop,8 =
0.77 mm2 s�1) of the active rods with respect to passive dispersions
of the same rods (Deq,> = 0.16 mm2 s�1, Deq,8 = 0.20 mm2 s�1). The
enhanced diffusivity can be explained by the fact that the particles
performed a persistent random walk.8,12,21,28,46 We also observed
an enhancement in the rotational diffusion coefficient of the
active particles (Dprop,y E 0.59 rad2 s�1) with respect to the same
passive rods (Deq,yE 0.26 rad2 s�1), see Fig. 1c and e. We note that
for very long passive rods the ratio between the parallel to
perpendicular diffusion coefficients is equal to 2, while this ratio
is less than 2 for finite size rods.47,48 Tirado et al. included the
finite size effects and derived explicit expressions48 for the parallel
and perpendicular diffusion coefficients as a function of aspect
ratio (see ESI†). For a comparison, we estimated the theoretical
values of the translational diffusion coefficients for passive rods
(a = 4.1) to be D8 = 0.36 mm2 s�1, D> = 0.29 mm2 s�1. The ratio
between the parallel and perpendicular diffusion coefficients is
1.24. The experimentally measured values are D8 = 0.20 mm2 s�1,
D> = 0.16 mm2 s�1 and the ratio is 1.25. We believe that the
discrepancy between the experimental and theoretical values
might come from the hydrodynamic interaction between the
wall and the rod. The calculation of full hydrodynamic rod-wall
interactions is very challenging and beyond the scope of the
present study.

Next, we investigated the dynamic self-organization and state
behaviour at different particle concentrations, both experimentally
and by means of computer simulations. We chosen the range of
particle concentration in such a way that we can capture the
concentration dependent clustering behavior of side-propelling rods.

We first discuss the structural evolution of clustering (see
Fig. 2) as observed in experiments at a surface area fraction,
js = Nap/A E 0.07 with N the number of particles, A the surface
area of the system, and ap the surface area of a particle. When a
single self-propelled rod with aspect ratio, l/d = 4.1 (l denotes
the end-to-end length of the rod and d the diameter.), encountered
another rod moving in the opposite direction, they tend to form a
doublet (pair) in a side-by-side fashion as shown in Fig. 2b. We
occasionally observed a single particle moving in or out of the 2D
plane. This can be attributed to fact that the gravitational length
(E390 nm) is comparable to the particle thickness. Alternatively,
this can also result from a change in the propulsion direction,
however, once clusters were formed we did not observe this
behaviour. The two opposing propulsion forces of the particles
in a doublet effectively balance each other resulting in much
smaller diffusion of the doublet with respect to the single rods.
However, due to Brownian forces the relative positions of the
rods can alter, giving rise to an instantaneous net force, and
consequently in linear and circular motions. We note that this
behaviour is different from that observed in systems of active
spheres and tip-propelled rods.9,49 It demonstrates that the
collective behaviour does not depend only on the particle shape
but also strongly depends on the particle propulsion direction.
When a third rod joins a doublet then the whole cluster
experiences a net force, and the triplet immediately starts to
move either in a linear or in a circular fashion. These triplets
subsequently self-organize into tetramers, where the fourth rod
can join either along or perpendicular to the major axis of the
triplet (Fig. 2d).

As the dynamic clustering continues, the tetramers further
organize themselves into multimers, eventually forming larger
clusters depending on the particle concentration. The whole
assembly process is dynamic so the small clusters split or
grow by joining new particles or by merging smaller clusters
together. Fig. 2 and Movie S1 (ESI†) demonstrate the temporal
evolution of the side-propelling rods.

To shed light on how the state behaviour depends on the rod
density, we varied the particle concentration while keeping the
fuel concentration constant as shown in Fig. 3. At a dilute
particle concentration, js E 0.01, predominantly doublets and
triplets were observed (Fig. 3a). In addition to these structures,
rods organized into tetramers and small clusters at a particle
concentration, js E 0.07 (Fig. 3c). At concentration js E 0.26,
we observed a phase consisting of active clusters (Fig. 3e).
Although the system is dynamic and the clusters are changing
rapidly with time, on average clusters do not grow, however,
they are constantly splitting and merging over time suggesting
that this system was observed in a dynamic steady-state.
Further, we varied the particle’s aspect ratio (l/d) to investigate
how it affects the dynamic self-organization. Due to experi-
mental limitations it is challenging to study a whole range of
aspect ratios. Nevertheless, we studied the collective behaviour
for two more aspect ratios, namely l/d = 7.0, and 20.4. We did
not observe any qualitative difference in the behavior for aspect
ratios l/d = 4.1, and 7.0 (see Fig. 3 and Fig. S1, ESI†). Moreover,
we observed similar trends in the clustering behaviour even
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with binary mixtures of rods with aspect ratios 4.1 and 7.0
as shown in Fig. S2 (ESI†). While the rods with aspect ratio
l/d = 20.4 formed doublets, triplets, and tetramers at dilute
concentrations (Fig. S3a, ESI†), they got jammed at higher
particle concentrations (js E 0.09) as shown in Fig. S3b (ESI†).

After increasing the particle activity by adding a high fuel
concentration (2.0 vol% H2O2) and at this fuel concentration
rods were propelled with a speed of 1.6 mm s�1. For the particle
concentration of js E 0.28, we first observed small clusters of
rods (l/d = 4.1) being formed, which then evolved into a few
bigger clusters by merging of smaller ones within a time span
of 10–15 min (Fig. S4, ESI†). At this point, we did not observe
any further merging of the clusters in time, which might be
caused by slow dynamics of the big clusters, together with the
limited availability of fuel necessary for the propulsion. We
assume that the final state could, in principle, be the conden-
sation of particles into a single cluster. We note that, the system
resembles phase separation between dense ‘‘living’’ clusters
and a dilute gas (Fig. 4). Fig. 4b reveals the internal structure of

such a cluster. However, the internal structure of such a big
cluster did not change with time suggesting that the system is
in a dynamically trapped state. In order to quantify the ordering
we introduced a local order parameter. We evaluated the
probability distribution function (PDF) of the dot product
between the orientation vectors of two rods, which are separated
by a distance, r, smaller than a cut-off distance scut. We did not
observe any long-range positional and orientational ordering
within a big cluster, but a local orientational ordering of rods
within clusters (Fig. 4c) has been observed. We note the rods are
predominately ordered parallel to each other in all cases.

Dynamic clustering and phase separation in active systems
can be divided into two categories: (i) purely motility induced
phase separation,20,50–52 and (ii) a combination of motility and
short-range attractions53–56 induced phase separation. Several
simulation and theoretical studies have predicted that motility
alone is sufficient to induce clustering, and phase separation
of active systems due to reduced motility at sufficiently high
densities.50,52,57 On the other hand, most of the experimental

Fig. 2 Time-lapse structural evolution of active rods. (a–f) Confocal micrographs of Janus rods with aspect ratio l/d = 4.1 reveal the structural evolution
of self-propelled Janus rods at a fuel concentration of 0.5 vol% H2O2. Inset depicts the bright field image of a Pt coated (dark side) silica rod. The scale bar
is 5.0 mm and the inset scale bar is 3.0 mm.
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systems consisting of micron-sized catalytically-driven self-
propelled particles, e.g. Janus particles in H2O2, almost always
experience a net attraction19,28,41 due to the nonuniformity in
the chemical fuel concentration between the particles. In order
to mimic the experientially observed dynamic clustering and
phase separation in self-propelled particle systems, several
simulation studies have included short-ranged attractions54–56

to the motility and are able to predict the experimentally
observed dynamic clustering and phase separation. More
recently, Tung et al. have implemented this concept to anisotropic
(i.e. dumbbell-shaped) particles and predicted a rich behavior

such as rotating clusters, living clusters, and living stripes.58 We
believe that our experimental system fall into the second category,
i.e. a combination of motility and attractions induced dynamic
clustering and phase separation.

For rods with aspect ratio l/d = 7.0 and the same fuel
concentration (2.0 vol%), we did not observe the formation of
big clusters as we found for the shorter rods. We note that we
were not able to further increase the particle’s activity because
we were already close to the hydrogen peroxide concentration
(42.0 vol%) where bubble formation occurs that precluded
studies at higher levels of activity.

Fig. 3 Experimental and simulation results on the dynamic self-organization of Janus rods with aspect ratio l/d = 4.1 as a function of particle
concentration js at a fuel concentration of 0.5 vol% H2O2. (a) Mainly doublets, occasionally triplets at very dilute particle concentration, js E 0.01.
(c) Small clusters of active rods at particle concentration, js E 0.07. (e) Big clusters of rods at moderate particle concentration js E 0.26. (b, d and f) Typical
configurations from the simulations for the corresponding concentrations. The parameters used: (b) activity Fa = 2.0, and attraction strengths bl1 = 2.0, (d) Fa = 2.0,
and bl1 = 2.0, and (f) Fa = 1.8, and bl1 = 1.0 (see ESI†). The scale bar is 5.0 mm.
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We note that we observed attractions, in particular,
between the tips of the rods in the presence of the fuel as
shown in Fig. 5. This is quite evident from Movie S2 (ESI†),
where the two actively moving doublets attracted each other
and organized into staggered configuration in a linear direc-
tion that immediately starts rotating. We observed that this
configuration is rather dynamic as it can easily split or join
with other particles or doublets indicating that the attraction
between these pairs is weak. Although we do not know the
exact origin of the attraction, we speculate that it might be of
phoretic origin. We did not observe any sign of attractions
between the rods in the absence of the fuel. In order to further
confirm the attractions between the active rods, we applied an
external AC electric field to the active particle clusters. At low
field strength (Erms = 0.001 V mm�1, f = 500 kHz) the whole
cluster aligned in the field direction, suggesting that the
attractions between the particles overcome the induced dipolar
attractions between the particles (Fig. S5b, ESI†). When we
further increased the field strength the induced dipolar inter-
actions (Erms = 0.01 V mm�1, f = 500 kHz) between the rods
overcame the attractions and the whole cluster transformed into
zig-zag like configuration (Fig. S5c, ESI†), which is the most
energetically favourable configuration for Janus rods interacting
solely with induced dipoles.59–61

To better understand the experimental state behaviour
we complemented our study with computer simulations.
We performed overdamped Brownian dynamics simulations
of side-propelled rods to investigate the effect of particle shape
anisotropy together with the particle propulsion strength and
direction. We developed a minimal model that mimics our
experimental system of colloidal rods using various assump-
tions and simplifications. In particular, we assumed that the
particles are confined to two dimensions and we neglected the
hydrodynamic interactions between the colloidal particles as
well as the particle interactions with the walls. Additionally,
we assumed that our system is monodisperse and the self-
propelling force is constant in time, and we disregarded the
axial rotational diffusion, i.e., diffusion around the major-axis.
We modelled each colloidal rod by n segments equidistantly
aligned on a line,36 where each segment is described by a pair
potential (see ESI†). The total interaction of two rods is the sum
of all the segment-segment interactions between the two rods.
In attempt to find an appropriate model to obtain quantitative
agreement with the experiments, we first performed simula-
tions with purely repulsive self-propelled rods. We observed
experimentally as well as in our computer simulations that, in
the case of side-propelled rods, the rod-doublet configuration is
stable (Fig. 3a and b). We explain this by the fact that the torque

Fig. 4 Self-organization at fuel concentration 2.0 vol% and particle concentration of js E 0.28. (a) Bright field image shows the phase separation.
(b) Confocal image of a single giant cluster as depicted by the red box in figure (a). (c) The orientation probability distribution function P(ni�nj) with ni the
orientation vector of particle i. The scale bars are 70.0 mm and 5.0 mm, respectively.
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generated due to the long edges (with which the two rods touch)
suppresses the effect of the rotational diffusion, which is responsible
for the break-up of a particle pair. However, we were not able to
reproduce our experimentally observed state behaviour as a
function of particle concentration when the rods are interacting
solely via a pure repulsive potential in simulations. Moreover,
large clusters were observed in experiments suggesting that the
formation of large clusters is not only activity driven but is also
attraction induced. Based on our experimental observations
(Fig. 5) we included the attractions between segments belonging
to different rods in our simulations. The attractions observed
in the experiments appeared to be anisotropic. In particular,
we observed a stronger attraction between the tips of the rods.
We included this behaviour in our model by changing the
attractive interactions between the end segments only after
which we recovered a qualitative agreement with the experi-
ments (for more details see ESI†). Movie S3 (ESI†) demonstrates
the clustering behaviour of side-propelling rods with and with-
out added attractions for a fixed activity of rods. To find the

optimum conditions we simulate the state behaviour of side-
propelled rods for a wide range of propulsion strengths or
activities (Fa), attraction strengths (bl1), and number densities
(see ESI† and Fig. S8–S12). Simulations closely matching the
experimental results are shown in Fig. 3b, d and f. In addition,
we find that big clusters as observed in Fig. 4 are only formed at
sufficiently high attraction strength and activity. Therefore, we
suspect that the experimentally observed phase separation (Fig. 4)
of short rods (l/d = 4.1) might be a combination of activity and fuel
concentration depended phoretic attractions between the rods.
We summarized all our observed phases in a more qualitative
manner in the diagram as shown in Fig. S13 (ESI†).

Conclusions

To summarize, we studied the (quasi-)2D dynamic self-organization
of side-propelled rods using fluorescently labelled Janus silica rods
with support of computer simulations. Our model system allowed
us to follow the dynamics of the self-organization in dense
suspensions on a single particle level. In addition, we were able
to simultaneously study both the translational and rotational
diffusion of the particles and we measured enhanced self-
diffusion of the particles consistent with a persistent random
walk. We found that dynamic clustering depended on particle
concentration, and similar behaviour was observed even for
mixtures of rods of different aspect ratios l/d = 4.1, and 7.0. At
higher densities and higher activities, we observed a phase
consisting of large clusters in coexistence with a dilute gas
phase for rods with an aspect ratio of 4.1, which resembled a
gas–liquid phase separation. We hypothesize that the experi-
mentally observed phase separation resulted from a combi-
nation of self-propulsion and phoretic attractions between the
particles. As in our simulations we were not able to reproduce
the experimentally observed clustering behaviour and in general
the ‘state’ behaviour unless the specific attractions at the tips
of the rods were added into the simulation model. Our study
highlights the importance and added possibilities to tune systems
by the anisotropy in particle shape and in the self-propulsion
direction of anisotropically shaped active particles, features
already found often in biological active systems.

Materials and methods
Particle synthesis

Fluorescently labelled silica rods were synthesized following
the method of Kuijk et al.62,63 We used three different aspect
ratios (l/d) of rods: (i) the small aspect ratio (l/d = 4.1) rods have
dimensions of l = 2.6 mm (8.5%), d = 0.63 mm (6.3%), (ii) the
aspect ratio l/d = 7 rods have dimensions of l = 4.42 mm (10%),
d = 0.63 mm (6%), and (iii) the aspect ratio l/d = 20.4 rods have
dimension of l = 10 mm (7%), d = 0.49 mm (6.3%). The shorter
rods (l/d = 4.1) that are used in this study were labeled with a
gradient in fluorescence level.62,63

Fig. 5 Doublets and staggered chains of self-propelled rods. Time-lapsed
bright field images reveal the staggering configuration of doublets of rods
(highlighted by the white ellipsoids) in 0.5 vol% H2O2. The time difference
between the two images is about 30 s. The scale bar is 5.0 mm.
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Janus rods preparation

We first prepared a monolayer of horizontally flat-lying rods by
slow drying of rods from a dilute suspension (0.03 vol%) on a
clean glass microscope slide. A 15 nm thick layer of platinum (Pt)
was then vertically deposited using a sputter coater (Cressington
208HR). Prior to the particle detachment, slides were thoroughly
washed with deionized (DI) water, and subsequently the rods
were detached by sonicating the slides in DI water for about
10 min. The resulted dispersion was washed and centrifuged
3–4 times with DI water to remove uncoated particles. The
surface area fraction (js) was varied by adjusting the concentration
of the initial suspension. A typical experiment contained 10 ml of
Janus rods into 100 ml solution with a desired fuel concentration.

Sample preparation and particle dynamics

We recorded the particle dynamics using an Olympus IX81
confocal microscope, equipped with an Andor iXon3 camera,
Andor 400-series solid-state lasers, a Yokogawa CSU-X1 spinning
disk, and a Leica SP8 confocal microscope. Bright-field optical
micrographs and videos were recorded using a Nikon microscope
equipped with a CCD camera (Olympus CKX41).

Electric field set up

We used a function generator (Agilent, Model 3312 OA) and a wide
band voltage amplifier (Krohn-Hite, Model 7602M) to generate the
electric fields. The field strength and the frequency were measured
using an oscilloscope (Tektronix, Model TDS3052). We constructed
an electric cell from a no. 1 glass cover slip (130–160 mm thick,
Menzel) onto which two coplanar electrodes were fabricated by
sputter coating with 3 nm chromium followed by 20 nm of gold
(Cressington 208 h).64,65 The distance between two gold electrodes
was 4 mm (more detail see ESI†).

Particle tracking

We tracked both the positions and orientations of the particles
of time-lapsed 2D confocal images by following the method of
Besseling et al.44 We then obtained the trajectories of the centre
of mass of the rods using the particle tracking programs of
Crocker et al.66 To uniquely identify the tip of the (nearly
up-down symmetric) rod, it is required that the rotation angle
of the individual rods between successive frames is less than
p/2. We kindly refer to the ESI† for the mean square displace-
ment (MSD) and the mean square angular displacement (MSAD)
calculations.
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