Helical paths, gravitaxis, and separation phenomena for mass-anisotropic self-
propelling colloids: Experiment versus theory

Andrew |. Campbell, Raphael Wittkowski, Borge ten Hagen, Hartmut Léwen, and Stephen J. Ebbens

Citation: The Journal of Chemical Physics 147, 084905 (2017); doi: 10.1063/1.4998605
View online: https://doi.org/10.1063/1.4998605

View Table of Contents: http://aip.scitation.org/toc/jcp/147/8

Published by the American Institute of Physics

Articles you may be interested in

Many-body dynamics of chemically propelled nanomotors
The Journal of Chemical Physics 147, 064910 (2017); 10.1063/1.4997572

Effective colloidal interactions in rotating magnetic fields
The Journal of Chemical Physics 147, 074903 (2017); 10.1063/1.4986501

Colloidal motion under the action of a thermophoretic force
The Journal of Chemical Physics 147, 094906 (2017); 10.1063/1.5001023

Non-equilibrium surface tension of the vapour-liquid interface of active Lennard-Jones particles
The Journal of Chemical Physics 147, 084902 (2017); 10.1063/1.4989764

Brownian dynamics of confined suspensions of active microrollers
The Journal of Chemical Physics 146, 134104 (2017); 10.1063/1.4979494

Spontaneous beating and synchronization of extensile active filament
The Journal of Chemical Physics 146, 154901 (2017); 10.1063/1.4979946

AI P The Journal of
Chemical Physics

PERSPECTIVES



http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/56140772/x01/AIP-PT/JCP_ArticleDL_110117/AIP-3075_JCP_Perspective_Generic_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Campbell%2C+Andrew+I
http://aip.scitation.org/author/Wittkowski%2C+Raphael
http://aip.scitation.org/author/ten+Hagen%2C+Borge
http://aip.scitation.org/author/L%C3%B6wen%2C+Hartmut
http://aip.scitation.org/author/Ebbens%2C+Stephen+J
/loi/jcp
https://doi.org/10.1063/1.4998605
http://aip.scitation.org/toc/jcp/147/8
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.4997572
http://aip.scitation.org/doi/abs/10.1063/1.4986501
http://aip.scitation.org/doi/abs/10.1063/1.5001023
http://aip.scitation.org/doi/abs/10.1063/1.4989764
http://aip.scitation.org/doi/abs/10.1063/1.4979494
http://aip.scitation.org/doi/abs/10.1063/1.4979946

THE JOURNAL OF CHEMICAL PHYSICS 147, 084905 (2017)

Andrew |. Campbell,’ Raphael Wittkowski,>® Borge ten Hagen,* Hartmut Léwen,®

and Stephen J. Ebbens'2

I Department of Chemical and Biological Engineering, University of Sheffield, Sheffield S1 3JD, United Kingdom
2Institut fiir Theoretische Physik, Westféilische Wilhelms-Universitit Miinster, D-48149 Miinster, Germany
3Center for Nonlinear Science (CeNoS), Westfilische Wilhelms-Universitdit Miinster, D-48149 Miinster, Germany
4Physics of Fluids Group and Max Planck Center Twente, Department of Science and Technology,

MESA+ Institute, and J. M. Burgers Centre for Fluid Dynamics, University of Twente, 7500 AE Enschede,

The Netherlands

SInstitut fiir Theoretische Physik II: Weiche Materie, Heinrich-Heine-Universitiit Diisseldorf, D-40225
Diisseldorf, Germany

(Received 24 January 2017; accepted 1 August 2017; published online 31 August 2017)

The self-propulsion mechanism of active colloidal particles often generates not only translational
but also rotational motion. For particles with an anisotropic mass density under gravity, the motion
is usually influenced by a downwards oriented force and an aligning torque. Here we study the
trajectories of self-propelled bottom-heavy Janus particles in three spatial dimensions both in exper-
iments and by theory. For a sufficiently large mass anisotropy, the particles typically move along
helical trajectories whose axis is oriented either parallel or antiparallel to the direction of gravity
(i.e., they show gravitaxis). In contrast, if the mass anisotropy is small and rotational diffusion is
dominant, gravitational alignment of the trajectories is not possible. Furthermore, the trajectories
depend on the angular self-propulsion velocity of the particles. If this component of the active motion
is strong and rotates the direction of translational self-propulsion of the particles, their trajectories
have many loops, whereas elongated swimming paths occur if the angular self-propulsion is weak.
We show that the observed gravitational alignment mechanism and the dependence of the trajectory
shape on the angular self-propulsion can be used to separate active colloidal particles with respect
to their mass anisotropy and angular self-propulsion, respectively. Published by AIP Publishing.
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. INTRODUCTION

Nano- and micron-scale self-propulsive (also called
“active”) devices'™ represent a new and exciting area of
research and are envisaged to be useful in a variety of appli-
cations ranging from medicine, where they could be used in
targeted drug delivery and minimally invasive surgery,® to
transport of materials in microfluidic setups.” To be able
to engineer devices that have both autonomous propulsion
and directional control is seen as essential to enabling many
of these future applications. Whilst directional control still
remains a target of research, autonomous propulsion is often
achieved through the asymmetric decomposition of a dissolved
fuel by an anisotropically distributed catalyst. One of the most
frequently studied synthetic self-propulsive systems is fabri-
cated by evaporating a catalyst material onto one hemisphere of
acolloidal sphere to form a Janus sphere (see Fig. 1). Typically,
platinum metal is used as the catalytic material in combina-
tion with hydrogen peroxide as the dissolved fuel.'>!3 Some
of us have recently shown that evaporation results in a catalytic
layer that varies in thickness continuously across the surface
of an insulator-sphere self-propulsive device!' and that the
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dominant propulsion force'*!> arises from an electrokinetic

mechanism,'® similar as for platinum-gold nanorods.!”'® The
asymmetrically distributed catalyst decomposes the hydrogen
peroxide to water and oxygen (see Fig. 1), generating an elec-
tric field from the flow of charged intermediate species such
as H* ions across the catalyst.'® This results in propulsion of
the Janus sphere in the direction parallel to the vector that
points from the center of the metal cap to the center of the
other hemisphere of the particle (see Fig. 1).!° These self-
propulsive Janus colloids have been the subject of previous
investigations, demonstrating promising capabilities including
cargo transport directed by external magnetic fields,'” rectify-
ing microfluidic channels,”® or proposed methods based on
chemotaxis-type effects.?!->?

Recently, we extended these previous investigations,
which had mainly focused on two-dimensional (2D) behav-
ior, to consider three-dimensional (3D) trajectories of self-
propulsive colloids in bulk solutions. We demonstrated that
depending on the thickness of the platinum coating and on
the colloid size, some trajectories displayed features simi-
lar to those observed for bottom-heavy algae cells: a grav-
itational alignment of the particle orientation resulting in a
self-propelled motion upwards towards the top of the parti-
cle’s container.!! This behavior originated because the mass
of the platinum cap was biasing the orientation of the Janus

Published by AIP Publishing.
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FIG. 1. Schematic of a self-propelled gravitactic Janus sphere in a hydrogen
peroxide (H>O,) solution as used in our experiments. The platinum (Pt) cap
of the polystyrene (PS) sphere causes a catalytic decomposition of H,O; into
water (H,O) and oxygen (O;) leading to self-propulsion of the particle with
velocity iy .!0 If the gravitational force F G acts on the particle, its translational
velocity 0 = x — vse; deviates from the self-propulsion velocity 0, where
vy is the sedimentation speed of the particle and 2, = (0,0, 1)T is the unit
vector parallel to the z axis. Because of the displaced center of mass (COM),
the particle orientation is biased towards cap-down orientations, i.e., small tilt
angles 6 € [0, ], and the particle moves upwards against gravity (negative
gravitaxis).!! The particle orientation is described by a right-handed set of
pairwise perpendicular unit vectors i, it = i3 X it1, and i3, where the latter
is parallel to the vector pointing from the center of the platinum cap to the
center of the opposing hemisphere. For an ideal particle as illustrated here,
the orientation vector 13 denotes the symmetry axis of the particle and 7 is
given by Uy = vpfiz with the translational self-propulsion speed vy = ||7a ||

sphere towards small tilt angles 6 € [0, 7], where the heavy
catalytic cap faces down (see Fig. 1). In this initial report of
mass-anisotropy-induced gravitaxis of self-propelling devices,
we only considered the case where the colloids were pro-
ducing a pure translational velocity. Under this simplifying
assumption, the observed trajectories were explained by mod-
eling the effect of a gravitational torque on the self-propulsion
velocity vector that is otherwise randomized by Brownian rota-
tions. However, it has been shown that self-propulsive Janus
colloids often produce rotational propulsion in addition to
translations. Such a rotational propulsion can be due to an acci-
dental or engineered-in asymmetry of the platinum cap'>%3
and is also observed in self-assembled agglomerates of self-
propelled colloids.?* The 3D trajectories of mass-anisotropic
colloids with both translational and rotational self-propulsion
have not yet been considered and can be expected to be
complex, as three different factors can now affect device ori-
entation: self-propulsive rotations, a gravitational torque due
to an anisotropic mass distribution, and stochastic Brownian
rotations.

In this work, we consequently focus on experimentally
and theoretically determining the 3D behavior for a range
of differently sized self-propelled colloidal Janus particles
for which varying amounts of gravitational alignment are
expected. Particle tracking in 3D is used to measure exper-
imental trajectories, and appropriate Langevin equations>>->
are derived to confirm, explain, and complement our experi-
mental findings by theoretical considerations. We show that
the typical trajectory of a self-propelled Janus particle is a
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helical path with superimposed fluctuations due to Brownian
noise.”’ If the mass anisotropy of the particle is sufficiently
large, the helical trajectory aligns parallel or antiparallel to
the direction of gravity, i.e., the particle shows gravitaxis. In
case of a small mass anisotropy, however, rotational diffusion
prevents gravitational alignment of the particle motion. This
gravitational alignment mechanism enables the separation of
self-propelled colloidal particles with respect to their mass
anisotropy. In addition, we show that angular self-propulsion
has a strong influence on the shape of the trajectory. If angular
self-propulsion is sufficiently strong and rotates the particle
about an axis not parallel to the direction of translational
self-propulsion, the trajectory has loops in quick succession.
In contrast, a small angular self-propulsion leads to a more
elongated or even straight trajectory. We demonstrate both
by experiments and simulations that, as a consequence, mix-
tures of self-propulsive colloids with varying angular self-
propulsion undergo rapid stratification. This finding allows the
separation of self-propelled colloids according to their angular
self-propulsion velocity.

This article is organized as follows: in Sec. II, we describe
the experimental and theoretical methods we used to investi-
gate the trajectories of mass-anisotropic self-propelled col-
loidal Janus particles. The results of our experiments and
theoretical considerations are discussed in Sec. III. Finally,
we conclude in Sec. IV.

Il. METHODS

To study the 3D trajectories of self-propelled colloidal
Janus particles, we applied both experimental and theoretical
methods. This section addresses the setup and performance of
our experiments as well as the basic equations underlying our
theoretical considerations.

A. Experimental methods

In our experiments, we prepared and tracked self-
propelled Janus spheres with three different radii R,
=0.95 um, Ry = 1.55 um, and R3 = 2.40 ym.

1. Materials

We purchased H,O, puriss grade (30% mass fraction
in water) and 0.25 mm thick platinum wire (99.99% purity)
from Sigma Aldrich. For preparing the Janus spheres, we used
green fluorescent Fluoro-Max polystyrene microspheres from
Thermo Scientific with radii R, R, and R3. Furthermore, we
used water from an Elga Purelab Option filtration system with
electrical resistivity 0.15 MQm.

2. Preparation of the Janus-particle dispersion

To prepare our catalytic Janus spheres, we followed the
method described in Ref. 11. We first placed a few drops of a
0.1% mass fraction dispersion of green fluorescent polystyrene
microspheres in ethanol on clean glass microscope slides and
created a monolayer of these microspheres by spin coating.
Afterwards, we evaporated a 10 nm thick layer of platinum
onto the upper hemisphere of the particles. Evaporation of
the platinum was done under vacuum using a Moorfield (UK)
Minilab 80 electron beam evaporator. The Janus spheres were
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then resuspended in water by dragging the edge of a 1 cm?
square piece of moistened lens tissue repeatedly across the
surface of the slide, immersing it in 1.2 ml of water in a vial,
and shaking vigorously. To 1 ml of this dispersion, we added
1 ml of a 30% mass fraction solution of H,O, and we sonicated
the resulting dispersion for 5 min. We waited a further 25 min
before adding an additional 1 ml of water to the dispersion
to form a 10% mass fraction solution of HyO,. During this
additional period, we have observed that the platinum catalyst
becomes fully activated and the particles reach their maximum
self-propulsion speed. We have previously estimated the final
particle volume fraction of the Janus-particle suspension to
be about 0.003%.!" This low particle concentration has two
benefits. Firstly, it avoids flows in the H,O; solution that can
be induced at higher particle concentrations. Secondly, the rate
of catalytic decomposition of the H,O, by the Janus particles
is negligible over the period of the experiments: Janus particles
were observed to still self-propel 24 h later with little change in
speed.

3. Tracking Janus-particle trajectories

All observations of self-propelled Janus particles were
made using an oxygen plasma cleaned cuvette (40 mm
X 10mm X 0.7 mm inner dimensions, 1.25 mm wall thick-
ness) filled with the Janus-particle dispersion. To track the
self-propelled particles in three spatial dimensions, the cuvette
was mounted on the stage of a Nikon Eclipse LV 100 micro-
scope, with the shortest edges of the cuvette parallel to the
direction of gravity. The microscope was fitted with a Nikon
20x, 0.45 N.A. objective and operated in fluorescence mode,
illuminating the Janus-particle dispersion with the blue exci-
tation band of a Nikon B2A filter cube. Using an Andor Neo
camera, we recorded a sequence of 1000 images (730 x 730
pixels) at a frequency of 33 Hz with the objective defocused
above the green fluorescent Janus spheres. Defocussing in this
way results in the particles being imaged as a bright diffraction
ring, where the size of the ring is dependent on the magnifica-
tion, the particle size, and the distance of the particles from the
focal plane of the objective.”® We used a set of Labview algo-
rithms to analyze the images to extract the (x, y) coordinates
from the position of the ring center and the z coordinate from
the ring radius (see Ref. 11 for details). The intensity of the
fluorescence light detected by the camera falls with increasing
distance of the particles from the focal plane of the objective.
When the Janus particles are very far from the focal plane, the
signal-to-noise ratio is too low to accurately track them.”® As
a consequence, we were limited to tracking the Janus spheres
with radius R; over a maximum z distance of about 100 ym
and the larger particles with radius R3 over 150 um. However,
we found that for most of our self-propelled Janus particles
this was not a significant limitation.

B. Theoretical methods

To study mass-anisotropic self-propelled colloidal Janus
particles theoretically, we derived appropriate Langevin equa-
tions using the general framework described in Ref. 26. This
framework has already successfully been applied to calculate
the 6 X 6-dimensional diffusion tensor of anisometric col-
loidal particles from their orientation-resolved trajectories®

J. Chem. Phys. 147, 084905 (2017)

and to predict the trajectories of an anisometric but mass-
isotropic self-propelled colloidal particle in two spatial dimen-
sions in the absence’®?! and in the presence®® of gravity.
Here, we apply this framework to bottom-heavy (i.e., mass-
anisotropic) self-propelled colloidal particles under gravity. In
order to derive corresponding Langevin equations, we assumed
a spherical particle shape and included a torque that tends to
orient the particles upwards.

We describe the translation and rotation of such a parti-
cle by the time-dependent position 7(¢) of its center and the
time-dependent orthonormal orientational unit vectors it (?),
ir (1), and 13(¢) = i11(¢) X i1p(2), respectively. The orientational
unit vectors rotate with the particle and are chosen in such a
way that i13(7) is always parallel to the vector that points from
the center of the metal-coated hemisphere to the center of the
opposing hemisphere of the particle. For an ideal Janus parti-
cle, whichis rotationally symmetric about #3(¢), this unit vector
thus denotes the direction of the translational self-propulsion
at time . A real Janus particle, however, is not ideal and small
imperfections in the particle shape and catalytic layer cause
a deviation of the direction of translational self-propulsion
from the particle orientation vector #3(¢). For such a parti-
cle, the translational self-propulsion velocity can be written
as Un = va.1fl] + va2ily + va3ft3 with constant coefficients
UA.1, UA2, and va 3. In most situations one has va 3 > va; and
vA3 > va 2. Analogously, the angular self-propulsion velocity
canbe writtenas @a = wa 181 + wa iy + wa 3ii3 with constant
coefficients wa 1, wa 2, and wa 3. Besides the self-propulsion
of the particle, we take into account the effect of gravity on the
particle motion. This is achieved by means of a sedimentation
velocity —vs2.333% with sedimentation speed v, and the unit
vector parallel to the z axis ¢; = (0,0, 1)T as well as through
an orientation-dependent angular velocity wyd that tends to
rotate the particle upwards so that &z3 becomes identical to ;.
This angular velocity with a maximum value wy; > 0 and with
the vector d = (u3y, —u3x, 0)T, which depends on the orienta-
tion vector fi3 = (U3, U3y, u3,Z)T, corresponds to the aligning
torque that results from the displacement of the center of mass
of the Janus particle towards the relatively heavy metal cap
(see Fig. 1).

Appropriate Langevin equations for describing the motion
of such a particle are given by

F = 0a10l1 +vaplly +0a305 — vsé, +y2D1ér, (1)
= WA 1T + WAL + WA 303 +wM5+\/2DR§R, 2)

ie{l,2,3} 3)

with the translational particle velocity ?(t) = dF(r)/dz, the
angular particle velocity @&(¢), and the translational and rota-
tional diffusion coefficients Dt = kgT/(6nanR) and Dg
= 3Dy/ (4R2), respectively, where kg is the Boltzmann con-
stant, T is the absolute temperature, 7 is the dynamic viscosity
of the H,O, solution surrounding the Janus particles, and R
is the particle radius. 5T(t) and gR(t) model the Brownian
noise that affects the particle motion. Their individual compo-
nents are statistically independent, zero-mean, unit-variance
Gaussian white noises.

In order to simulate trajectories of mass-anisotropic
self-propelled Janus particles, we solved the Langevin

Ift,‘Z(BXi\t,’ for
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equations (1)—(3) numerically using the Euler-Maruyama
method.>® For these numerical calculations, we chose param-
eters that correspond to our experiments. This means
that we considered the three particle radii R; =0.95 um,
Ry = 1.55 ym, and R3 = 2.40 um, the temperature 7 = 293 K,
and the viscosity 7 = 1.02 - 1073 Pa's. Furthermore, depending
on the particle radius R € {Ry, Ry, R3}, we chose the transla-

2 2 2
Va1 TUA T A3

the sedimentation speed v, the angular self-propulsion speed

wo = |loall = \/wiyl + wi’z + wiﬁ, and the maximal align-

tional self-propulsion speed vy = ||Ua]l =

ing angular velocity wy as shown in Table I. The values
for vy were directly measured in our experiments. As can be
seen from the corresponding values of the Péclet number Pe
= 2Rvy/Dr (see Table I), these translational self-propulsion
speeds are quite large so that for all considered particles self-
propulsion clearly dominates passive diffusion. We measured
the values for vs in water, where the particles are not self-
propelled, and deduced from these measurements the values
of vs in the H,O, solution. The values for wy; were calculated
from the mass distribution of the Janus particles with a 10 nm
thick platinum cap, using the relation & = (DR/(kBT))A7I
between a torque M acting on a spherical colloidal particle
and its resulting angular velocity &. (See supplementary mate-
rial for details on the calculation of v and wy.) However,
it was neither possible to measure wq directly, which would
require to track the particles with respect to all three orienta-
tional degrees of freedom, nor to calculate it from other known
quantities.

Therefore, we estimated wq from the translational motion
of the particles tracked in our experiments. For this pur-
pose, we neglected the z coordinates of the particle posi-
tions, which are biased by gravitaxis, and calculated the
angles A¢; € (—m,m) by which the direction of translational
motion of a particle changed when proceeding from the ith
to the (i + 1)th time step.** From these angles, we in turn
determined the angular speed wyy = (N — DY Zf; _]1 A¢;/At|,
where N is the number of time steps and Ar is the time
step size of the considered trajectory. The resulting mean
values (wyy) are (wxy)R] =0.860s"!, (a)xy)R2 =0.933s7!, and
{wxy )R3 =0.396s~! for particles of radii Ry, R», and R3, respec-
tively. We therefore used the intervals [0, 2{wxy) Ri] to approxi-
mate the values of wy for particles of radius R; withi € {1, 2, 3}
(see Table I). When simulating a trajectory for a Janus par-
ticle using the Langevin equations (1)-(3), we selected a
value for wg randomly and with uniform probability from the
corresponding interval in Table I.

After determining values for vy and wg, we used them to
choose reasonable values for the parameters v ; and wa ; with
i € {1,2,3}. Since for the Janus particles studied in this article

TABLE I. Parameters vy, Pe, vs, wq, and wy for our Janus particles with
different radii R and a 10 nm thick platinum cap.

Rum) w(ums™)  Pe  us@ums™)  wGT)  wmG
0.95 5.33 457 0.11 [0,1.72] 0.053
1.55 435 99.3 0.32 [0,1.87] 0.093
2.40 4.18 229 0.50 [0,0.79] 0.082

J. Chem. Phys. 147, 084905 (2017)

the translational self-propulsion acts mainly in the direction of
i13 and the angular self-propulsion velocity is assumed to have a
component with a small amount parallel to i3, we chose values
forva 1 and va 2 randomly and with a uniform probability from
the interval [-0.1vg, 0.1vp] and for wa ;1 and wa » from the set

[-V0.5wq, —V0.45wo] U [V0.45wq, VO.5wp]. The values for

va3 and wa 3 then followed from the conditions vy = ||Uall
and wy = ||@all, where a random sign had to be chosen
for WA 3.

In our simulations of trajectories of self-propelled Janus
particles, we used the origin of coordinates 7#(0) = (0,0, 0’
and a random orientation described by randomly chosen and
pairwise perpendicular unit vectors it1(0), i12(0), and #i3(0)
= i11(0) X i12(0) as initial conditions. We simulated the trajecto-
ries for a period of length 999/33 s = 30 s, which corresponds
to recording 1000 images at a frame rate of 33 Hz in the exper-
iments. For better numerical accuracy, we solved the Langevin
equations (1)—(3) with a time step size At/4, which is smaller
by a factor of 4 than the time steps in our experiments, but
for analogy with the experimental data, we downsampled the
resulting trajectories to the time step size At.

lll. RESULTS AND DISCUSSION

First, we study the qualitative shapes of the trajectories
of the mass-anisotropic self-propelled colloidal Janus parti-
cles, which depend on the values of the parameters va; and
wa,; with i € {1,2,3} and thus on the particular shapes and
sizes of these nonideal particles and their catalytic layers.
For this purpose, we analyzed the Langevin equations (1)—(3)
and numerically solved them for various different parameter
choices and random initial particle orientations. Regarding the
parameters va ; and wa ;, we only stipulated va 3 > 0 to focus
on forward-moving particles, which is in accordance with our
experiments. Apart from that, we allowed for all real values
of these parameters. Since we are interested only in the quali-
tative shapes of the trajectories, we neglected the noise terms
in Egs. (1)-(3). Furthermore, we chose vs/wy and 1/wy as
units for distance and time, respectively, so that the equations
depend only on the dimensionless ratios va,;/vs and wa ;/wm
but no longer explicitly on vs and wy. The qualitative shapes
of the trajectories can then be classified with respect to the rel-
ative orientations of the translational self-propulsion velocity
Ua, angular self-propulsion velocity @a, and orientation of the
particle axis #13*' and by distinguishing the cases @z # 0 and
Bp = 0. Figure 2 shows such a classification of the possible
trajectory shapes of mass-anisotropic self-propelled colloidal
Janus particles. Remarkably, the typical trajectory of a self-
propelled Janus particle is a helical path. This is, of course,
superimposed by fluctuations when Brownian noise is taken
into account.

If gravity is present (Fg # 6), the trajectories typically
start with an irregular transient regime, which depends on the
initial particle orientation, and then converge into a helical
curve pointing in a vertical direction so that the axis of the
helix is parallel or antiparallel to the buoyancy-corrected grav-
itational force ﬁG [see Fig. 2(a)]. This implies that the third
component of the angular velocity ¢ is constant. While the z
coordinate of the particle’s center-of-mass position increases
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FIG. 2. Classification of the noise-free solutions of the Langevin equations (1)—(3). Depending on the vectors oy =

UA,lﬁl + UA’zflz + UA,3ﬁ3 and J)’A

= wa,1ll] + WA 20y + wa3itz, which model the self-propulsion of the particles, and the gravitational force ﬁG, qualitatively different trajectories can be
observed. Note that the trajectories shown in (a)-(d) point downwards if the translational self-propulsion is weak.

linearly as soon as the particle enters the periodic regime,
the projection onto the x-y plane is a circle. Moreover, the
tilting angle of the particle with respect to the direction of
gravity is constant. This means that only the first two com-
ponents of the particle’s orientation vector &3 change in time.
Such trajectories are similar to those of self-propelled col-
loidal particles under gravity that have a homogeneous mass
distribution but an anisotropic shape.?® There are only three
exceptions from the typical helical trajectories. These special
cases can occur if @ is parallel or perpendicular to itz or if Ga
vanishes.

The first exception is realized if @ o is perpendicular to 13,
not parallel to Ua, and not vanishing. In this special case there
is a direct competition between the angular self-propulsion
velocity @a and the aligning torque due to gravity so that
depending on the modulus of @da two qualitatively differ-
ent trajectories can be observed [see Fig. 2(b)]. As long as
the maximal aligning torque occurring for i3 J_fg is larger
than the torque that corresponds to the angular self-propulsion
velocity @a, a particle starts with an initial transient regime
and then proceeds with a straight tilted trajectory. Since the
torques acting on the particle and the corresponding angular
velocities differ only by a factor Dr/(kgT), the condition for
this trajectory can be expressed by wo < wm. On the other
hand, if wgy exceeds wy, the particle moves on a circling path
without any transient regime. This path is periodic but not
a helix, with an elliptical instead of a circular cross section,
and its orientation depends on the initial orientation of the
particle. Such a transition from straight to circling periodic

trajectories, occurring if the angular self-propulsion exceeds a
critical value, is similar to what has been observed for asym-
metric self-propelled colloidal particles in two spatial dimen-
sions with a homogeneous mass distribution under gravity.>>
The second exception is given if & vanishes and if 4 is not
parallel to it3. Then the trajectory is again a tilted straight line
after an initial transient regime [see Fig. 2(c)] with the tilting
angle 6 between the straight part of the trajectory and F, G Now
given by tan(6) = |va.1|/(va 3 —vs). Finally, the third exception
requires that @4 is either vanishing or parallel to i3 and that
Ua is parallel to fi3. In this special situation, the particle starts
with an initial transient regime and converges into a straight
line that is parallel to 54 and parallel or antiparallel to F G [see
Fig. 2(d)]. The reason for this vertical alignment of the trajec-
tory is that the particle is now rotationally symmetric about i3
and that gravity can rotate the particle so that its heavy plat-
inum cap is pointing downwards and #t3 becomes antiparallel
to 1_5 G-

This means that for a sufficiently strong translational
self-propulsion that dominates gravity and thus avoids sedi-
mentation, the particles move upwards under gravity, i.e., they
show a (negative) gravitaxis. As long as gravity is present, this
is a general result and true even in all three special cases men-
tioned above [see Figs. 2(a)-2(d)]. We will address this effect
in more detail further below.

If, in contrast, there is no gravity (ﬁ G = 6), the trajectories
of self-propelled Janus particles are much simpler since their
mass distribution becomes irrelevant. Here the general trajec-
tory shape is a helix?>*? that has no transient regime and an
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orientation that depends on the initial particle orientation [see
Fig. 2(e)]. Only two limiting special cases can be distinguished
from this general case. The first one occurs if the angular self-
propulsion velocity @ of the particle is nonvanishing and
perpendicular to the translational self-propulsion velocity .
In this case, the particle can only move in a plane perpendic-
ular to @4, and the helix reduces to a circle (helix with zero
pitch length) whose position and orientation depend on the
initial position and orientation of the particle [see Fig. 2(f)].
On the other hand, for a vanishing @ or if ds and 4 are par-
allel, the particle does not rotate or the rotation has no effect
on its translational motion, respectively. In this special case,
the particle can only move parallel to U and the trajectory is
infinitely stretched to a straight line (helix with infinite pitch
length) whose orientation again depends on the initial particle
orientation [see Fig. 2(g)].

In our experiments, of course, not all parameter values
were realized and so it was not possible to observe all the tra-
jectory types distinguished in Fig. 2. The dominant trajectory
types that we observed in the experiments are shown in Fig. 3.
They are a helical curve [see Fig. 3(a)], a helix-like curve with
an elliptical cross section [see Fig. 3(b)], and a tilted straight
line [see Fig. 3(c)]. These trajectories correspond to the general
helical trajectories illustrated in Fig. 2(a), the nonhelical peri-
odic trajectories represented in Fig. 2(b), and the tilted straight
trajectories of Fig. 2(b) or 2(c), respectively. A trajectory with
a straight vertical upwards motion corresponding to Fig. 2(d)
was not observed in our experiments. In view of the fact that
this case requires very special parameter combinations, it is
not surprising that this situation is rare in experiments. Note
that in the case of periodic trajectories as shown in Figs. 3(a)
and 3(b), the reasons for observing only individual loops are
the limited tracking time of =30 s in the experiments and the
limited z distance over which particles could be tracked (see
Sec. I A 3).

Next, we study the full trajectories of self-propelled Janus
particles including Brownian noise. In Fig. 4 a group of tra-
jectories starting in the origin of ordinates and correspond-
ing to different particles is shown for each particle radius R
€ {R1, Ry, R3}. The experimental results [see Figs. 4(a)—4(c)],
which include the trajectories from Fig. 3, show a strong depen-
dence on the particle radius. While for the smallest particles

FIG. 3. Different types of trajectories observed in the experiments: (a) a turn of
show corresponding orthographic projections parallel to the curves’ axes.
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of radius Ry = 0.95 um, rotational diffusion is large and the
trajectories appear as a cloud that is centered around the origin
of ordinates, for the larger particles with radii R, = 1.55 um
and R3 = 2.40 um, the trajectories are increasingly biased
upwards, i.e., opposite to the gravitational force F G (negative
gravitaxis). This originates from the mass anisotropy of the
particles, which is due to their platinum cap and leads to a
preferred upwards orientation. The aligning effect increases
with the particle radius and leads to gravitaxis when it domi-
nates rotational diffusion. Furthermore, while the trajectories
of the smallest particles are balled up, the trajectories of the
larger particles are more and more elongated. This is in accor-
dance with the fact that the Péclet number Pe = 2Rvo/Dt
= 3v9/(2RDR) grows with the particle radius (see Table I).
However, it is an effect not only of rotational diffusion, which
decreases for a growing particle radius, but also of the increas-
ing aligning torque due to the mass anisotropy of the particles.
For comparison, we simulated the same number of correspond-
ing trajectories by numerically solving the Langevin equations
(1)—(3) (see Sec. II B for the chosen parameters). Our simu-
lation results [see Figs. 4(d)—4(f)] are in good agreement with
the experimental results and show the same features. Note
that some of the experimental trajectories are longer than the
corresponding simulated trajectories since—for each particle
size—we simulated all trajectories with the same translational
self-propulsion speed vy given in Table I, whereas in the exper-
iments some particles reached larger speeds. The facts that the
motion of the Janus particles becomes gravitactic if their mass
anisotropy is sufficiently large and that the elongation of the
trajectories increases with the particle radius are potentially
useful features since they allow to separate self-propelled col-
loidal Janus particles with respect to their mass anisotropy and
size.

When comparing trajectories of equally-sized self-
propelled Janus particles, it is observed that even for particles
with the same radius R and translational self-propulsion speed
Vo, the trajectories can have qualitatively different shapes.
Figure 5 shows two such trajectories for particles of radius
R3 = 2.40 um. Obviously, the trajectory of one particle has
many loops and is balled up, whereas the trajectory of the other
particle is much more elongated and shows less than one full
loop. Within our modeling, this behavior of the particles can

a helix, (b) about one turn of a helix-like curve, and (c) a straight line. The insets
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FIG. 4. Trajectories of various Janus spheres with different radii R (a)-(c) observed in our experiments and (d)-(f) simulated using Eqgs. (1)—(3). With increasing
radius, the particle motion is more and more biased upwards (negative gravitaxis), and the trajectories become increasingly elongated.

be attributed to different values of the angular self-propulsion
speed wg = ||@3all, which has a strong influence on the shape
of the trajectory. When wy is sufficiently large and @4 rotates
the particle about an axis not parallel to ¥a, the trajectory has
small loops in quick succession. In contrast, a small w leads to
a more elongated or even straight trajectory. Differing values

100

small ||&a ||

large ||&a ||

y/pm \% 1°
.8 n 0 n 0 n n 0 n n
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FIG. 5. Experimental trajectories of Janus spheres with the same radius
R3 = 2.40 um and translational self-propulsion speed vy but different angular
self-propulsion speeds |34 ||. The particle with larger ||3a || has a balled-
up trajectory with many loops, whereas the particle with smaller ||, || has a
more elongated trajectory that runs upwards due to negative gravitaxis. Particle
positions are shown at 5 s intervals.

of wy in this work are thought to result from small imperfec-
tions in the shape of the particle’s catalytic hemisphere, which
introduce asymmetries leading to rotational propulsion. In a
recent article, we have demonstrated that Janus spheres with
large values of wq can be intentionally produced with a high
degree of precision.”

The strong dependence of the trajectory shape on the angu-
lar self-propulsion velocity is another interesting feature of
the particles that enables them to be sorted. In a mixture of
self-propelled colloidal particles differing only by their degree
of rotational propulsion, the particles with slow rotation and
elongated trajectories will move fast away from their initial
position, while particles with larger angular self-propulsion
and balled-up trajectories remain closer to their initial position
and thus separate from the other particles. When gravitaxis is
relevant, this spatial separation effect is particularly strong in
the vertical direction. As an example, the difference in the
climb rate of the particles in Fig. 5 would result in a vertical
separation distance of about 1 mm in 5 min.

To demonstrate such particle separation, we have carried
out additional experiments with a homogeneous suspension of
self-propelled Janus particles with radius Ry = 0.95 ym and a
now 20 nm thick platinum cap. After filling a cuvette with the
suspension and waiting for 10 min, trajectories were recorded
for colloids near the center of the 700 um thick suspension
and for colloids near the upper cuvette wall. Figure 6(a) shows
the probability distribution of the two-dimensional angular
speed wyy (see Sec. 1I B) for the particles in the center of
the suspension and near the upper interface. The colloids
near the upper interface were found to have a small or no
angular speed (0 < wyy < 1 s~1), while those remaining in
the bulk had a much wider distribution of the angular speed
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FIG. 6. (a) Experimental and (b) theoretical results for the probability distri-
butions of the two-dimensional angular speed wyy in the center (i.e., in the
bulk) and near the upper interface of a suspension of self-propelled colloidal
particles with radius Ry = 0.95 um and a 20 nm thick platinum coating in a
cuvette with an inner height of 700 pm. A shift of the expected values (wxy) of
the probability distributions near the top interface to smaller values than in the
bulk suspension is clearly visible. The suspension is initially homogeneous
and the trajectories of the particles are tracked after 10 min for about 30s.

(0 < wyy <4s™"). In a control experiment, we verified that
interactions with the interface were not responsible for the
reduction in wyy: eventually rapid rotors were observed near
the cuvette interfaces and continued to show trajectories with
loops in quick succession. Furthermore, the mean transla-
tional velocities for the bulk and interface colloids were sim-
ilar (vpuik = 5.8 uMm/s, Vinterface = 6.2 um/s), suggesting that
the spatial separation was due to the difference in wq rather
than v.

To verify that mixtures of self-propulsive Janus spheres
with varying angular self-propulsion undergo rapid stratifi-
cation, we carried out additional simulations that correspond
to the experiments. Different from our previous simulations
described in Sec. II B, we chose the random initial particle
positions with the z coordinates uniformly distributed in the
interval of [-350 um, 350 um] and simulated the trajectories
for a 10 min longer period. After the initial 10 min, where
we discarded the particle coordinates, we tracked them for the
remaining time of about 30 s but only within two 100 pm thick
horizontal layers in the center and at the upper interface of the
suspension. In this way, we simulated the trajectories of 50 000
particles with radius Ry = 0.95 um, where we modeled the
upper and lower interfaces of the suspension by hard horizontal
plane walls. Furthermore, in accordance with our experiments,
we used the translational self-propulsion speed vy = 6 um/s,
sedimentation speed vs = 0.46 um/s, angular self-propulsion
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speeds w € [0,557!], and maximal aligning angular velocity
wm = 0.27s7!, where vs and wy take the increased thick-
ness and weight of the 20 nm thick platinum cap into account.
Apart from that, we used the same parameters and procedure
as for our previous simulations of self-propelled Janus spheres
with radius Ry = 0.95 um (see Sec. II B). The results of our
simulations of a mixture of Janus spheres with varying angu-
lar self-propulsion are shown in Fig. 6(b). For the particles
tracked near the upper interface of the suspension, the distri-
bution of the two-dimensional angular speed wyy is clearly
shifted to smaller values of wxy compared to the distribution
for the particles tracked in the center of the suspension. This
is similar to our corresponding experimental results. However,
a quantitative comparison of our experimental and simulation
results is not possible here since the particular shapes of the
curves in Fig. 6(b) result from the probability distributions of
the parameters wa 1, wa 2, and wa 3 used in our simulations
(see Sec. II B). The real probability distributions for these
parameters are certainly different resulting in the shapes of the
curves in Fig. 6(a) differing from those in Fig. 6(b), but it was
not possible to measure these parameters for the particles used
in our experiments.

The possibility to sort self-propelled Janus particles with
respect to their angular self-propulsion is relevant, e.g., for
applications where one wants to separate Janus particles with a
damaged or irregularly shaped metal cap from more symmetric
Janus particles. Extracting particles from the top of a con-
tainer would select for linear translators suitable for transport
tasks, while the remaining particles would on average possess
greater angular self-propulsion and so be suitable for mixing
tasks.*® This procedure could also allow the variety of trajec-
tories observed for self-propelled colloid agglomerates to be
similarly separated.’*

IV. CONCLUSIONS

Using experiments and theoretical considerations based
on appropriate Langevin equations, we have studied the 3D
trajectories of self-propulsive colloidal Janus spheres with
bottom-heaviness under gravity. The self-propulsion of such
particles often goes along with both a translational and an
angular velocity that are constant in the particle frame. Grav-
ity influences the motion of our particles by a force that is
downwards oriented and by a torque that tends to align the
particles upwards.

We found that these particles typically move along a
helical path that is perturbed by Brownian noise. If the align-
ing torque resulting from the mass anisotropy outweighs the
effect of rotational diffusion, the particle motion is gravitac-
tic and the axis of the helical trajectory coincides with the
direction of gravity. Otherwise, if the orienting torque is not
dominant, no clear gravitational alignment is observed. As
an additional finding, the characteristic features of the trajec-
tory of a self-propelled Janus particle are largely governed
by its angular self-propulsion velocity. If the latter exceeds
a certain threshold value and is not parallel to the transla-
tional self-propulsion velocity, the swimming direction of the
particle is perpetually rotated, leading to a trajectory with
an endless series of loops rapidly following each other. As
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opposed to this, the trajectory of a particle with weak angu-
lar self-propulsion is more elongated or even straight, except
for the influence of the Brownian noise. The observed align-
ment mechanism under gravity and the strong dependence of
the trajectory shape on the angular self-propulsion velocity
are valuable features in the context of application purposes
since they allow to separate self-propelled colloidal Janus
spheres according to their mass anisotropy and rotational
activity.

Our results are applicable not only to the specific Janus
particles studied here but also to various other types of syn-
thetic self-propelled particles. Since our theoretical considera-
tions are not limited to chemically driven particles, the trajec-
tories that we observed should also occur for Janus spheres that
self-propel under illumination.**~*’ Furthermore, our findings
can be generalized to other particle shapes. A first step would
be to consider rotationally symmetric shape-anisotropic parti-
cles such as rods'”*® or spheroids.**~! For these systems, the
description has to be adapted accordingly, but the underlying
physics is basically the same. This is different for particles
without any symmetry axis.>*>? In such situations, an intri-
cate interplay between the gravitational effects resulting from
an inhomogeneous mass distribution as reported in the present
article and gravitactic behavior due to the shape asymmetry>?
will govern the particle dynamics.

Instead of exposing mass-anisotropic self-propelled par-
ticles to gravity, one could also consider such particles in a
centrifuge. This allows to improve particle separation based
on the reported separation phenomena by tuning the rotation
speed of the centrifuge.

The dynamic behavior of the self-propelled Janus particles
described in this article is in close analogy to the phenomena
seen for swimming microorganisms.’** With regard to the
motion of microorganisms in nature, it would be an interesting
task for the future to extend our work towards mass-anisotropic
self-propelled colloidal particles in shear flow,”>>’ where we
expect even more complex trajectories.

SUPPLEMENTARY MATERIAL

See supplementary material for the detailed calculation of
the sedimentation speed vs and the maximal aligning angular
velocity wy due to gravity.
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