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A class of artificial microswimmers with combined translational and rotational self-propulsion is studied
experimentally. The chemically fueled microswimmers are made of doublets of Janus colloidal beads with
catalytic patches that are positioned at a fixed angle relative to one another. The mean-square displacement and
the mean-square angular displacement of the active doublets are analyzed in the context of a simple Langevin
description, using which the physical characteristics of the microswimmers such as the spontaneous transla-
tional and rotational velocities are extracted. Our work suggests strategies for designing microswimmers that
could follow prescribed cycloidal trajectories.
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For living microorganisms, their ability to direct their mo-
tion toward or away from specific targets is key to their
survival. For example, in the case of E. coli this is achieved
through temporal sensing of specific chemical signals via
chemical receptors on the outer membrane of the cell that are
connected with feedback loops to the motility machinery �1�.
The signals would thus determine whether a cell should
choose to run �i.e., move in a straight line� or tumble �i.e.,
randomly rotate in a same neighborhood�. In the quest for
making smart artificial swimming devices at the micro- and
nanoscale �2�, it would be ideal if such elaborate behaviors
can be incorporated in the designs.

Recently several forms of such microswimmers have been
made and shown to achieve autonomous motion by cata-
lyzing reactions on an asymmetric surface �3�. These devices
have been designed to produce enhanced translational dis-
placements, and achieve this within the constraints imposed
by their micron and nanoscale dimensions, which result in
the eventual Brownian randomization of orientation and thus
direction of propulsion direction. Examples include bimetal-
lic nanorods �4,5� and spherical Janus particles �6�. Incorpo-
rating additional asymmetry into such swimming devices is
expected to produce driven rotations or a combination of
rotation and translation. This has been demonstrated in ex-
periments where the asymmetry causing rotation has been
unintentional; for example, nanorods have been reported to
undergo rotation and circling due to surface pining and struc-
tural heterogeneity �5� and inhomogenous catalyst-coated
spheres have been observed to perform persistent rotary mo-
tion �7�. A sophisticated dynamic shadow method has also
been used to manufacture nanorotors by patterning catalyst
onto silicon rods �8�. However, these devices only represent
a limited sample of the wide range of trajectories that are
potentially accessible by varying the relative proportions of
translational and rotational propulsion, and it will be desir-
able to be able to make such microswimmers in a controlled
way. This will open up exciting possibilities given the poten-

tial to use such swimmers as components in nanodevices,
and probe physical phenomena such as the proposed inver-
sion of the direction of confined circling microswimmers �9�.

Here we report on a class of agglomerate swimmers
formed by the spontaneous self-assembly of individual pro-
pulsive catalytic Janus particles that demonstrate the rich va-
riety of trajectories achievable for swimmers with transla-
tional and angular propulsion, such as fast linear translation,
spiralling, and stationary spinning motion. The experimental
trajectories show a good agreement with a simple analytical
model for the stochastic motion of swimmers undergoing
controlled rotational and translational propulsion while sub-
ject to Brownian randomization. We analyze both positional
and angular mean-square displacements within the theoreti-
cal model and extract the corresponding velocities and diffu-
sion coefficients.

Individual platinum Janus particles were prepared by
evaporating a 5 nm Platinum �Agar scientific� film onto the
surface of a clean glass slide that is covered with a mono-
layer of polystyrene beads �2 �m diameter, Duke Scien-
tific�. The resulting asymmetric particles were transferred
from the slide into 20% w/v H2O2 solution. After storage for
several days the solution was diluted to 10% w/v H2O2 and
transferred to a sealed cuvette �1 mm path length� for exami-
nation using a Nikon Eclipse ME600 microscope with epis-
copic illumination. Doublets, and larger agglomerates had
formed and were observed to execute a variety of spiralling
trajectories in free solution. The aggregates were allowed to
settle on the bottom of the cuvette where their two-
dimensional �2D� motion was recorded using a Pixelink PL-
742 machine video camera and personal computer. The re-
sulting movies were analyzed using custom image analysis
software �LABVIEW� to extract positional coordinates x and y
as well as orientational coordinate � as functions of time.
Videos were recorded for up to 1 h at frame rates of 3–15
fps.

Typical trajectories observed for aggregates containing
two Janus particles, referred to as “doublets” henceforth, free
to move in peroxide fuel and pure water are shown in Fig. 1
�10�. The addition of fuel to these doublets produced propul-
sion �via self-diffusiophoresis �11� as demonstrated in Ref.
�6�� with a variety of trajectories ranging from linear trans-
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lation through spiralling to tight rotation. This suggests that
the swimmers are generating both translational and rotational
propulsion. Instantaneous translational velocities �v� ex-
tracted from the distribution of successive displacements ap-
pear constant for a given trajectory, while average values
vary between swimmers �1.3–6.0 �m s−1� as presented in
Table I. Persistent angular propulsion is also present for all
but the control �trajectory a� and linearly translating �trajec-
tory f� swimmers, as shown in Fig. 1. Here, the rotation rate
appears to be an intrinsic property of a given doublet, with

average angular velocities ��� for different swimmers rang-
ing from 0–1.3 rad s−1 �see Table I�. These velocities are
obtained by analyzing the mean-square displacement �MSD�
and the mean-square angular displacement �MSAD� within a
simple Langevin description �see below�. As one would ex-
pect, translational and rotational propulsions have competing
effects on the trajectory of a swimmer: increased v tends to
straighten up the trajectory while increased � tends to en-
close it. Observation of a large number of trajectories for
different swimmers suggests that the characteristic features
and repetitive patterns that swimmers exhibit are roughly
identical if both v and � are scaled by the same factor, as if
their effects cancel each other �see below�. The variety of v
and � observed in the experiment can be explained by con-
sidering the various possible relative orientations of the cata-
lytic patches of the Janus particles forming the fixed dou-
blets, shown in Fig. 1. This scheme is similar to that
demonstrated on a much larger scale by the pioneering work
of Whitesides et al., where asymmetrically catalyst-patterned
plates spontaneously formed stable doublets �12�.

To quantitatively analyze the trajectories, the MSD ��L2�
as a function of time interval �t� is determined and shown in
Fig. 2. The main distinctive feature of the MSD plots of
these agglomerate swimmers as compared to simple self-
propelled Janus particles �6� is a new oscillatory feature that
is superimposed on the crossover behavior from propulsive
to diffusive regimes. Figure 2 �left� shows the MSD plots for
the trajectories in Fig. 1, which range from simple diffusive
behavior to oscillatory and propulsive behaviors. The quan-
titative effect of angular propulsion on the MSD plots can be
seen in Fig. 2 �middle�, where increasing � at �nearly� con-
stant v is found to decrease the magnitude of MSD as well as
the amplitude and period of oscillations. On the other hand,
Fig. 2 �right� shows that increasing v at �nearly� constant �
increases both the magnitude of MSD and the amplitude of
its oscillations.

To understand the observed behavior of tumbling swim-
mers, we can model their stochastic motion using a Langevin
description. A detailed analysis of the dynamics of the dou-
blets needs to take into account the anisotropy in the diffu-
sion �13� as well as the fact that the spontaneous translational
velocity �caused by propulsion� is not necessarily along one
of the symmetry axes of the swimmers. For simplicity, we
ignore this complexity at this stage and treat the swimmers
as isotropic objects. Moreover, we treat the system as if it is
intrinsically two dimensional, rather than looking at the 2D

FIG. 1. �Color online� �Top� 25 s trajectories for a range of
Janus doublets in solution: �a� Janus doublet in pure water �b-f�
Janus doublets in 10% H2O2 with mean instantaneous velocity �v�
and average angular velocity ��� shown in Table I �pink �dark gray�
and turquoise �light gray� to scale doublets show the starting and
finishing position, respectively�. �Bottom� Orientation versus time
plots for the trajectories shown above, and example Janus particle
doublet schematic configurations corresponding to each type
motion.

TABLE I. Extracted physical parameters for the tumbling swimmers whose trajectories are shown in Fig. 1, from fitting the experimental
data to Eqs. �4� and �5�.

Trajectory
� �rad s−1�

from MSAD
�r �s�

from MSAD
�r �s�

from MSD
D ��m2 s−1�
from MSD

v ��m s−1�
from MSD

� �rad s−1�
from MSD

a 0 14.5 n/a 0.10 0 0

b 1.32 11.1 19.2 0.06 2.07 1.35

c 1.08 16.4 15.6 0.15 1.30 1.07

d 0.63 22.7 21.3 0.07 1.66 0.63

e 0.39 20.5 24.5 0.03 2.80 0.49

f 0 21.8 14.1 0.09 5.99 0
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projection of a three-dimensional �3D� motion as done in
Ref. �6�. This assumption is supported by the experimental
observation that the doublets tend to stay near the substrate
once settled there, and exhibit 2D motion parallel to the sur-
face. The Langevin equations for the position r�t�
= �x�t� ,y�t�� and orientation ��t� of the swimmer can be writ-
ten as

dx�t�/dt = v cos ��t� + �1�t� , �1�

dy�t�/dt = v sin ��t� + �2�t� , �2�

d��t�/dt = � + ��t� , �3�

where the noise terms �i and � are Gaussian random vari-
ables with zero mean, and their correlators read ��i�t�� j�t���
=2D�ij��t− t��, ���t���t���=2Dr��t− t��, and ��i�t���t���=0
�for i , j=1,2�. Here, D is the translational diffusion coeffi-
cient of the swimmer �that is assumed to be isotropic for
simplicity� and Dr is the rotational diffusion coefficient, from
which the rotational diffusion time can be defined via �r
=1 /Dr. Equation �3� is decoupled from the others and can be
integrated on its own to yield

��2�t� � ����t� − ��0��2� = �2t2 + 2Drt , �4�

for the MSAD. We can also calculate the velocity �v�t�
=dr�t� /dt� auto-correlation function, which reads
�v�t� ·v�0��=4D��t�+v2 cos �te−Drt. The MSD can then be
calculated as �L2�t����r�t�−r�0��2�
=�0

t dt1�0
t dt2�v�t1� ·v�t2��. We find

�L2�t� = 4Dt +
2v2Drt

Dr
2 + �2 +

2v2��2 − Dr
2�

�Dr
2 + �2�2

+
2v2e−Drt

�Dr
2 + �2�2 ��Dr

2 − �2�cos �t − 2�Dr sin �t� .

�5�

The above result shows that the MSD starts off as 4Dt
+v2t2 for t	�r&1 /� like a simple self-propelled particle,
goes through an oscillatory period for 1 /�
 t
�r �provided
1 /�
�r� and crosses over to a purely diffusive regime with
the effective diffusion coefficient

Deff = D +
v2�r

2�1 + ���r�2�
. �6�

This shows that in the limit where ��r�1, the effective dif-
fusion coefficient that determines the long-time behavior of
the swimmers is only a function of v /�, which means that
scaling both v and � by the same factor does not produce a
different type of motion, as observed in our experiments. In
the opposite limit where 1 /���r, the crossover from pro-
pulsive to diffusive behavior precludes the appearance of the
oscillatory regime. The physical origin of this crossover ef-
fect �that causes dampening of the oscillations seen in the
MSD vs time plots for rotationally propulsive swimmers� is
the cumulative effect of Brownian rotation which reduces the
correlation between the orientation of the swimmer as a
function of time.

The experimental trajectories were analyzed within the
above simple analytical description, by fitting the MSD and
MSAD data to Eqs. �4� and �5�. All cases showed a near
collapse of the experimental data on the analytical fits in the
relevant time domain, as the example of Fig. 3 shows. All fits
were performed for the first 10 s of the plots, except for the
non-rotating case �trajectory f� where the fit was performed
for the first 1 s because the fast linearly propelling mi-
croswimmer would leave the field of view very quickly. Us-

FIG. 2. �Color online� �Left� Mean-square displacements versus time for selected trajectories shown in Fig. 1. �Middle� Effect of � on
MSD plots �from top to bottom v=1.65, 1.30, and 1.49 �m s−1, respectively�. �Right� Effect of v on MSD plots �from top to bottom �
=1.49, 1.35, and 1.32 rad s−1, respectively�.

FIG. 3. �Color online� Example unconstrained fit to 10 s of
Janus doublet MSD data corresponding to trajectory c in Fig. 1. The
fit yields D=0.15 �m2 s−1, �r=15.6 s, v=1.30 �m s−1, and �
=1.07 rad s−1. Inset: Quadratic fit to mean-square angular data,
yielding �=1.08 rad s−1 and �r=16.4 s.
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ing the fits we could extract the values of v, �, D, and �r, as
reported in Table I. It is important to note that using the
above model—that corresponds to spherical particles—to
analyze the trajectories of doublets introduces a systematic
error, which will affect the estimates for D and �r.

The two parameters � and �r can be determined indepen-
dently from both the MSD and MSAD fits, and comparing
these estimates provides a consistency check. We find �see
Table I� that the independent estimates are in very good
agreement for �, which should be less affected by the aniso-
tropy effect. The two fitted estimates of the rotation time �r
are in reasonable agreement, mainly differing by a system-
atic error and showing no strong dependency on v and �. We
find an average of �r=183 s from the MSAD fits and �r
=202 s from the MSD fits. The translational diffusion co-
efficient is fitted less accurately, yielding an average value of
D=0.080.03 �m2 s−1. This is presumably due to the ef-
fect of anisotropy mentioned above, as well as the fact that
there is insufficient information about the translational be-
havior of the swimmer in the experimentally accessible ini-
tial part of the MSD curve, where propulsion dominates. For
comparison, we can make estimates of these intrinsic param-
eters using the analytical expressions Dsphere=kBT / �6��R�
and �r

sphere=8��R3 /kBT for a sphere of radius R, where kBT
is the thermal energy and � is the viscosity of water. Using
�=10−3 Pas, T=22 °C, and a nominal radius R=2 �m
�equal to the diameter of our colloidal beads�, we find
Dsphere=0.1 �m2 s−1 and �r

sphere=22 s, which is in reason-
able agreement with the above values.

Finally, we note that the self-assembly leading to the for-
mation of the doublets appeared to produce a random distri-
bution of relative particle orientations, with no bias toward
any particular configuration despite the heterogeneous nature
of the individual swimmer surface. In our experiments, most
doublets formed by self-assembly would rotate, and linear
translators were rare �out of the �100 doublets observed
only one linear translator was seen, along with one perpen-
dicular translator�, which is consistent with the low probabil-
ity of this alignment occurring. In addition to the doublets
discussed here, higher order aggregates of up to six beads, in
a variety of morphologies were also observed to undergo
persistent motion. The motion of these larger objects could
also be described within the model presented above.

In summary, we have demonstrated the self-assembly of
individually propulsive Janus particles into autonomous
swimmers with a wide variety of trajectories and morpholo-
gies. The experimental findings have been accounted for rea-
sonably well by a simple Langevin description that ignores
the anisotropy of the doublet. It is hoped that the class of
microswimmers will make possible investigations into the
many-body behavior of spiraling low-Reynolds number
swimmers, and find use as easy-to-make small scale trans-
porters and assemblers with a wide range of paths.
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