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PREFACE

This thesis presents my Ph.D. research in soft condensed matter physics, performed
under the supervision of Prof. Pietro Tierno at the University of Barcelona between
March 2016 and September 2019 in the Magnetic Soft Matter Group.
It is a compendium of publications including exclusively the published projects joined
by a common introduction and discussion. During my Ph.D., I did a three-month stay
at the University of Bayreuth under the supervision of Prof. Thomas M. Fisher. The
results of this collaboration were published in a separate paper, which is not included
in this thesis in view of the fact that it was on a different subject.
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ABSTRACT

In this thesis we investigate the structure formation and the out-of-equilibrium
dynamics of driven and active magnetic colloids. The interactions in our system
were tuned in situ by using external fields, with the aim of finding novel approaches
to drive and engineer these microparticles into a rich variety of microstructures.
The colloids formed chains and clusters able to transport cargos, space-filling gels
and self-healing crystals. Moreover, we demonstrated the bidirectional transport
of paramagnetic particles on top of a structured magnetic substrate. Because of
their associated length-scale, colloids are experimentally accessible with traditional
optical microscope techniques. We analysed the data extracted from digital video
microscopy and used such information to infer the particle dynamics. Colloids have
been proven to be excellent model systems for structures across different length
scales that are more difficult to observe, such as collections of atoms and molecules.
Furthermore, they can be helpful test-beds to investigate fluid dynamics at low
Reynolds number and can form artificial micromachines that are essential for the
realization of disparate functional tasks at the microscale.
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CHAPTER 1

GENERAL INTRODUCTION

Colloidal particles containing magnetic materials can be manipulated by external fields
and their interactions tuned from short to long-range, giving rise to captivating collective
phenomena. Because colloids are characterized by experimentally accessible length and
time scales, they are used as model systems to investigate similar effects arising in atomic,
molecular or granular assemblies. Moreover, colloids are useful probes that help to under-
stand the principles that govern the hydrodynamics at the microscale, where swimming
by reciprocal motion does not lead to net translation. Finding ways to realize propelling
microdevices is essential for the miniaturization of numerous processes in physics, biol-
ogy and analytical science. Thus, magnetic colloids are fascinating for both fundamental
and technological reasons.

1.1 Thesis aims and structure

The main objective of this thesis is to investigate soft condensed matter systems using
the manipulation of magnetic colloids in an effort of realizing propelling microdevices
and assembling large and complex structures. In this context, we tuned the interactions
between collections of particles by using external magnetic fields, magnetic substrates and
the photoactivity of specially synthesised hematite particles. With this control, we want to
understand the fundamental properties of these microscopic systems and find numerous
applications in emerging technologies as microfluidics and lab-on-a-chip.

This thesis is structured into five parts. After a first introduction (Part I), I will define
some fundamental concepts in order to better understand the basic principles of magnetic
colloidal systems (Part II). Chapter 2 explains why colloids can be used as model systems,
lists some common techniques employed to visualize and characterize colloids, describes
their main interactions and mentions some of the structures that these particles can form.
In Chapter 3 I will talk about magnetic micro and nanoparticles, illustrating some of the
interactions that play a role when magnetic colloids are subjected to external fields. Chap-
ter 4 deals with the peculiarities of fluid dynamics at low Reynolds number, introducing
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some of the latest developments in active particle suspensions and magnetic micropro-
pellers. In Part III I will report the materials and methods used in this work. In Chapter 5
I will detail the colloids we used and how we prepared our samples. Chapter 6 describes
our experimental set-up and data analysis processes. In Part IV I will summarize all the
results we obtained (Chapter 7) and include all the publications (Chapter 8). Finally, in
Part V I will recapitulate the conclusions and give some future perspectives.

1.2 Soft condensed matter and colloids

The work described in this thesis is done in the context of soft condensed matter, which is
a very broad area of research. Condensed matter physics mainly deals with the properties
of solid and liquid matter in macroscopic or microscopic states. Soft condensed matter is
the part of condensed matter that studies soft materials, i.e. materials that can easily with-
stand deformations. In these systems, interactions have often the strength of the order
of the thermal energy kBT . Soft condensed matter materials have essentially slow dy-
namics and experimentally accessible time and length scales. They include a wide variety
of substances ranging from liquid crystals, granular materials and polymers to biologi-
cal matter. Thus, this research field is rather multidisciplinary, as it embraces different
disciplines spanning from physics to chemistry and chemical engineering [1].

Colloids are also a class of soft condensed matter systems. According to the Ency-
clopaedia Britannica, a colloid is any substance consisting of particles substantially larger
than atoms or ordinary molecules but too small to be visible to the unaided eye. More
specifically, a colloidal suspension is a mixture of insoluble particles between approxi-
mately one nanometer and a few micrometers dispersed in another medium such as a
fluid. There are many examples of colloids in everyday life, such as toothpaste, milk and
paint.

The name colloid was first used by Thomas Graham in the 1860s to describe a nat-
urally occurring gum. It comes from the greek "glue" (kolla) [2–5]. Thanks to Perrin’s
experiments in 1910 [6] and Einstein’s theory of Brownian motion in 1905 [7, 8] colloids
helped prove the molecular composition of matter. Colloidal science started to develop
more quantitative theories in the 1940s with the derivation of the effective pair potential
of charged colloidal particles by Derjaguin, Landau, Verwey and Overbeek [9]. In the same
decade, the first synthetic colloidal spheres were made [10]. In the following years, col-
loidal science attracted more attention to both experimentalists and theorists. Nowadays,
colloids are a widely used system in soft condensed matter studies.
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CHAPTER 2

COLLOIDAL SCIENCE

Colloidal science has gained more attention over the past decades thanks to the develop-
ment of experimental techniques and tools that allow the fabrication, manipulation and
visualization of microscopic and nanoscopic particles with high precision. Furthermore,
colloids have become a useful model system since, on a collective level, they behave simi-
larly to a collection of atoms and other systems across different length scales.

The colloids involved in the present work are specifically solid microparticles dis-
persed in a liquid solution. In this chapter, I will only briefly introduce some concepts
relevant to this thesis. For further reading, Peter Pusey’s lectures [11, 12] are one of the
basics of modern colloid physics. Numerous books explain colloids from different inter-
esting perspectives, ranging from applied to more fundamental ones [13–15].

2.1 Colloids as a model for atoms

A dilute suspension of colloidal particles, from a thermodynamic point of view, can be-
have like a collection of "large atoms": the particles can have the same equation of state
at equilibrium and show the same sedimentation processes as a classical ideal atomic gas
[11]. This analogy enforces the use of colloids as model systems for condensed matter
physics. For instance, colloids have been widely used to study phenomena such as crys-
tallization [16, 17] and glassy arrest [18–20] (Figure 2.1). One of the advantages of us-
ing these microscopic particles is that they have accessible experimental length and time
scales. However, at the level of individual units, atoms and colloids present many differ-
ences. Atoms need a quantum description and present very different types of interactions,
while colloids are also affected by Brownian motion and usually present polydispersity.
Therefore, it is important to carefully choose the particles used and understand the inter-
actions involved in the suspensions in order to properly describe them.
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FIGURE 2.1: Colloidal phases. (a) Photography of suspensions of colloidal spheres with
different concentrations illuminated with white light. Concentration increases from right
to left: the phases go from colloidal fluids to the appearance of polycrystalline states. The
samples with larger concentrations present glassy phases. From Ref. [21]. (b) Confocal

microscope image of a colloidal glass. Scale bar is 10 µm. From Ref. [22].

2.2 Visualisation and characterization of colloids

In the last century, the main technique that was used to study colloids was light scattering.
In general, scattering is the process where the incident radiation on a sample deflects from
its initial trajectory. Because this process averages over large ensembles of the system’s
configurations, it provides highly accurate measurements of both structure and dynam-
ics, but it can not probe its local properties. For example, light scattering can accurately
measure the fraction of a colloidal sample which is in a crystalline state, but it can not
determine the exact domain shape. Scattering is useful, for instance, to study the kinetics
of crystallization [23].

Rheology is the study of the deformation and flow of a material in response to an ex-
ternal perturbation, as an applied force. It can reveal interesting properties regarding
the particular microstructure and the forces involved in colloidal suspensions [24]. Since
these measurements are macroscopic in nature, the structure and dynamics at short length
scales can only be indirectly studied. Understanding the rheology of colloidal suspen-
sions, how the flow is affected and can be manipulated by external stresses, is necessary
especially when engineering industrial products made of colloids such as paint and phar-
maceuticals [25].

In the last decades, the developments of optical and video microscopy techniques have
enabled to study the dynamics of colloids in real space [26, 27], since they have a size of
the order of the wavelength of visible light and relatively slow dynamics. These are easy
and cost-effective techniques, but they do not allow three-dimensional imaging. This can
be solved by confocal laser scanning microscopy, whose functioning lies in the illumination
of a small sample volume and the rejection of out-of-focus light. It allows for high-quality
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direct imaging of a sample both in two or three-dimensions [28]. However, it has a higher
cost and a lower time resolution than an optical microscope. Thus, an optical microscope
coupled with a camera with a high repetition rate is an excellent tool to investigate the
dynamics and local properties of colloidal particles, even if its observation capability is
constrained to two-dimensional or quasi-two-dimensional systems. All of our experi-
ments were performed with this technique (Chapter 6). We also used Scanning electron
microscopy (SEM) as a complementary tool to characterise the size and shape of our par-
ticles, since it allows the imaging of dried samples of colloids in vacuum with extremely
high resolution.

2.3 Brownian motion

When microscopic or nanoscopic particles are suspended in a fluid they display Brownian
motion due to the continuous collision with the surrounding solvent molecules [7, 8]. The
Brownian motion of colloids, in fact, played an important role in proving the granular
nature of matter [29, 30]. This type of motion is random and erratic and, on average, it
does not result in a net displacement. Thus, to measure the extent of the diffusion process
of a particle, the mean square displacement 〈∆r2〉 is used. For an isolated free particle
which has diffused a time t, that can be written as [2]:

〈∆r2〉 = 2nDt (2.1)

This is the Einstein-Smoluchouski equation, where D is the diffusion coefficient and
n is the dimensionality of the system. To characterise D for particles in a low Reynolds
number fluid, the Stokes-Einstein relationship is often used [31, 32]:

D =
kBT

γ
(2.2)

Where kB is the Boltzmann constant, T is the temperature and γ is the drag coefficient
of the particle, which depends on its shape and size and on the viscosity of the medium η.
This is related to a characteristic time called the Brownian time (τB), which is the time that
a particle takes to diffuse its own radius [33]. Using Equations (2.1) and (2.2) for a particle
with radius R, that is:

τB =
γR2

2nkBT
(2.3)

For a colloid that has a size of the order of a few micrometers, τB is of the order of
seconds, which can be easily captured using video microscopy.

It is important to note that Eq. (2.1) is true for a single isolated passive particle not
diffusing in a complex environment, i.e. a medium where there are no geometrical con-
finements, external flows, obstacles or heterogeneities that could affect the random walk in
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FIGURE 2.2: Schematic showing different interactions between colloids. (a) Electrostatic
repulsion by the electical double layer of negatively charged particles in an electrolyte so-
lution. (b) Steric repulsion of particles coated with polymers. (c) Depletion attraction by

random-coil polymers.

any direction. This type of transport where the mean square displacement is a linear func-
tion of time is called normal diffusion [34]. Otherwise, there is anomalous particle trans-
port, which can be observed for instance in active self-propelled particles (Chapter 4.3).
Furthermore, even the diffusion of isolated particles has a ballistic behaviour (〈∆r2〉 ∝ t2)
at very short time scales because of the particle’s inertia [35, 36]. Anisotropic particles
such as ellipsoids have also a different diffusive behaviour because of their shape and are
characterized by distinct friction coefficients related to their translational and rotational
motion [37–41].

2.4 Interactions between colloids

When studying dense suspensions of colloidal particles it is important to understand their
interactions, which have distinctive origins, as described below.

Firstly, colloids experience a Van der Waals attraction, which is a purely attractive force
caused by the interaction between the electromagnetic fields of the particles associated
with their electric polarisabilities. This attraction depends on the properties of the ma-
terials which the particles are made of and on the suspension medium. With the correct
solvent, the Van der Waals interactions can become very small [42]. Otherwise, stabiliza-
tion is necessary to avoid aggregation. One common strategy is to have either ionizable
moieties or short polymer chains present on the surface of the colloids, which gives rise to
additional repulsive interactions, as follows.

If the particles are ionizable, they experience repulsion due to their electric double layers
(EDL), which in general form when a charged interface is in contact with an electrolyte
[43]. The ionizable groups on the surface of the colloids dissociate, the particles acquire
a net charge and attract counterions from the liquid. The result is an electrical double
layer surrounding the particle, where the concentration profile of ions is different from its
bulk value. When charged colloids approach each other, the overlap of their EDL causes a
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repulsive force which helps to avoid aggregation (Figure 2.2a). The interaction energy of
charged colloidal particles in an electrolyte can be described by the DLVO potential, which
is an effective pair potential derived by Derjaguin, Landau, Verwey and Overbeek [44]. It
includes the EDL repulsion and the Van der Waals attraction (Figure 2.3). However, this
represents a simplified picture and other more detailed theories have been developed [42].

If the colloids are coated with polymers, they experience steric repulsion. When two
coated particles approach too closely there is compression of their interpenetrating poly-
mer layers, which results in a strong repulsion (Figure 2.2b). However, this interaction
depends on the coating polymers and it is difficult to generalize. In the solvents where the
Van der Waals attractions can be neglected, the effective pair potential of coated colloids
can be approximated to that of hard spheres. Minimizing the inter-particle interactions
can be useful to investigate excluded volume effects, which represent a simple system
mathematically where the only relevant thermodynamic variable is the volume fraction φ.
For a system of volume V with N spheres of radius R that is given by:

φ =
4πR3

3

N

V
(2.4)

However, measuring φ in colloidal systems is not completely straightforward, due to the
particles’ polydispersity and the fact there is always some softness in the interparticle
potential [45].

The interactions in colloidal suspensions can also be modified by tuning the properties

FIGURE 2.3: DLVO interaction energy versus distance between two surfaces with charges σ
and the inverse of the Debye screening length κ in a 1:1 electrolyte solution. From Ref. [42].
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of the dispersing medium. When smaller solutes are added to the suspension, for instance
free random-coil polymers, particles experience an attractive force of entropic origin (de-
pletion attraction in Figure 2.2c).

2.5 Examples of colloids

When choosing a colloidal suspension to use as a model system, it is important that
its constituent particles are monodisperse in size and uniform in shape such that the
inter-particle interactions are similar. In this context, there are a number of very well-
characterised types of spherical colloids.

Polystyrene (PS) spheres [47, 48] (Figure 2.4), composed of polystyrene molecules, are
one of the most used colloids and they were one of the first to be synthesised. At the par-
ticles’ surface there are hydrophilic groups that in water and other polar liquids acquire a
negative charge such that the particles do not aggregate irreversibly. Polymethylmethacry-
late (PMMA) spheres sterically stabilised are also often employed since they can behave
as nearly-perfect hard spheres in solvents that match the particle density and refractive
index [33]. Silica (SiO2) particles are widely used as well. They acquire a negative charge
when in contact with a solvent like water [49] and can be sterically stabilised by a variety
of polymers.

In this work we used silica particles mixed with magnetic colloids, both commercial
and synthesised. As I discuss in Chapter 3, the latter present additional interactions be-
cause of their magnetic properties. Furthermore, they can be manipulated by external
fields.

FIGURE 2.4: Electronic microscope images of polystyrene microspheres with a diameter of
270 nm. From Ref. [46].
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2.6 Colloidal crystals and gels

The fact that inter-particle interactions can be tuned in colloidal suspensions opens up
the possibility to engineer different microscale materials. Here I will describe colloidal
crystals and gels [52], although glasses have been also widely studied [22].

Colloidal crystals are highly ordered periodic structures formed by monodisperse par-
ticles [53] with a surface charge to avoid random aggregation but not large enough to pre-
vent close packing [54]. A crystalline order can be achieved by equilibrium self-assembly
or by dynamic self-assembly processes [55]. In general, self-assembly is the autonomous
organization of components into patterns or structures. Systems formed through static
self-assembly are at global or local equilibrium and do not dissipate energy. For instance,
monodisperse colloidal particles can spontaneously organize into equilibrium periodic
crystals in three dimensions. When left undisturbed, most colloidal particles settle to the
bottom of their container where their concentration can become high enough for crystal-
lization [50] (Figure 2.5a). On the other hand, colloidal crystals can also be formed through
dynamic self-assembly. This process involves the continuous injection of energy that pro-
duces dissipation. As an example, two-dimensional colloidal crystals can be assembled
by rotating magnetic fields (Figure 2.5b). Furthermore, self-propelled active particles can
also form crystals (Chapter 4.3). Stable three-dimensional ordered colloidal systems with
lattice constants comparable to the wavelength of visible light can find applications as
photonic crystals [56], optical switches [57] or sensors [58]. Additionally, periodic struc-
tures formed in systems driven out-of-equilibrium by external fields or forces have been

FIGURE 2.5: Colloidal crystals. (a) Scanning electron micrograph of a polysterene colloidal
crystal formed by equilibrium self-assembly from Ref. [50]. (b) Optical microscopy image of
a 2D colloidal crystal made of magnetic colloids dynamically self-assembled with rotating

magnetic fields. Scale bar is 10 µm. From Ref. [51].
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FIGURE 2.6: Colloidal gels. (a) Transmission electron micrograph of a gold colloid aggregate
formed by diffusion-limited cluster aggregation. From Ref. [52]. (b) Confocal micrographs
of a gel network of charged PMMA particles in suspension with non-adsorbing polymers.

From Ref. [63].

the subject of much attention over the last few years because of their richness and com-
plexity [51, 59, 60]. They have also fundamental interest in investigations of different
processes such as melting and crystallisation [61, 62].

Colloidal gels have also been investigated as model systems. In general, a gel is a
system that aggregates in a low-density disordered percolating network that does not
flow but possesses solid-like properties. There are different routes to gelation, both non-
equilibrium and equilibrium ones [64]. A colloidal gel can be formed, for instance, when
the attraction between particles is strong and short-ranged. If colloids stick irreversibly to
each other upon contact, particles diffusing in a fluid aggregate to form clusters that per-
colate in a gel [52] (Figure 2.6a). Charged PMMA spheres in solutions with non-adsorbing
polymers can also be assembled into gel networks [63] (Figure 2.6b).

In this thesis, we will show the magnetic field assembly of large-scale two-dimensional
propelling clusters that are able to crystallise and self-heal (Publication 4). Furthermore,
using interactions activated by light, we found a new out-of-equilibrium route towards
the formation of two-dimensional colloidal space-filling gels, clusters, and bicontinuous
structures (Publication 7).
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CHAPTER 3

MAGNETIC PARTICLES

Magnetic colloids exhibit a wide range of functionalities because they can be easily ma-
nipulated with magnetic fields. With the correct strategy, they can be transported in a mi-
crofluidic environment and carry or deliver drugs previously attached to their surfaces.
Furthermore, magnetic fields can be used to induce interactions in a collection of magnetic
particles: while the amplitude of the external magnetic field can tune the strength of the
pair interaction, its direction can control the sign of the interaction potential, from attrac-
tive to repulsive. This gives rise to the formation of different types of structures and to the
appearance of a broad variety of phenomena [65–67].

In general, magnetic materials can be used in a wide range of applications, from micro-
electronics to motors [68]. Magnetic colloids specifically, besides being used as microflu-
idic probes, can be used for functions such as biomedical imaging [69].

3.1 Magnetic materials

Magnetic materials can be classified as diamagnetic, paramagnetic or ferromagnetic. The
origin of this behaviour lies in the orbital motion, spin and interactions between the elec-
trons [68].

Diamagnetic materials exhibit a weak magnetisation in the direction opposite to the
applied field (Figure 3.1). In the absence of a magnetic field, they have no net moment.
On the other hand, paramagnetic materials have moments that align parallel to the exter-
nal field. If there is no magnetic field, they have randomly oriented dipoles and no net
magnetisation.

Typically, paramagnets and diamagnets have very weak magnetic interactions, which
gives rise to low magnetisations. What we traditionally understand as magnetic materials
are the ones with ferromagnetic behaviour, which can have a net magnetisation even in the
absence of an external field, and have atoms with strongly interacting magnetic moments.
The maximum magnetisation of a ferromagnet is called the saturation magnetisation MS ,
and it occurs when all of the spins of the material are oriented along the same direction.
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The magnetisation M as a function of the applied field H for these materials describes a
hysteresis loop (Figure 3.2a). The remanence magnetisation Mr is the magnetisation that
remains when there is no applied field. To reduce the magnetisation to zero, an external
field Hc, called coercivity field, is required.

Materials with ferromagnetic behaviour can have a ferromagnetic, ferrimagnetic or
antiferromagnetic coupling of their adjacent magnetic moments (Figure 3.1), depending
on their crystal structure. Strictly ferromagnetic materials present parallel coupling, while
antiferromagnetic and ferrimagnetic have antiparallel coupling. In ferrimagnetic mate-
rials the moment in one direction is weaker than that in the other direction, resulting in
a finite net magnetisation. In most antiferromagnetic materials, the net magnetisation is
zero. Nevertheless, sometimes the magnetic moments in antiferromagnets can be canted,
which gives rise to a non-zero net magnetisation. In this work we will use hematite parti-
cles, which have a permanent moment because of their canted antiferromagnetic coupling.

Magnetic materials can be characterised by their volumetric magnetic susceptibility χ.
In an applied field of strength H , the magnetisation induced in a material is [68]:

M = χH (3.1)

The magnetisation depends on the magnetic moment m of a volume V of the material
as M = m/V . The susceptibility χ in ferromagnetic materials depends on the tempera-
ture and also on H , which causes the hysteresis curve.

FIGURE 3.1: Schematic illustrating the arrangements of magnetic dipoles for five different
types of magnetic materials in the absence or presence of an external magnetic field (H).

From Ref. [69].
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FIGURE 3.2: (a) Typical magnetisation curve for a ferromagnetic material. From Ref. [73].
(b) Typical curve for a superparamagnetic material. From Ref. [73]. (c) Dependence of
the magnetic coercivity on the particle size. For a superparamagnetic particle Hc = 0. In
the single domain regime, the coercivity can follow either curve depending on whether the

particles have coupling between them. From Ref. [69].

3.2 Size effects in magnetic nanoparticles

The magnetic properties of nano- and micron-sized magnetic particles differ from those
of the corresponding bulk magnetic materials due to their size [70]. Large particles have
different magnetic domains, which are groups of spins pointing along the same direction,
acting cooperatively and separated by domain walls. When a magnetic field is applied,
there is nucleation and motion of these domain walls. However, if the size of the parti-
cle is lower than a critical value, the formation of domain walls is no longer energetically
favourable. These are single-domain particles. If the radius of the particles is decreased fur-
ther, the thermal energy kBT can be enough to flip the direction of a spin, which leads to
a randomization of the magnetic moments. In these nanoparticles, if H = 0 the measured
magnetization is zero. They are called superparamagnetic [71] because they behave like a
paramagnetic spin with a very large moment. The blocking temperature is the temperature
above which the thermal energy is comparable to the energy barrier for spin reorientation.
For superparamagnetic particles above the blocking temperature, theM -H curve does not
show any hysteresis, i.e. the coercivity is zero (Figure 3.2b,c). For example, at room tem-
perature, the maximum radius for a superparamagnetic spherical particle of iron is 6 nm.
Iron oxide (Fe3O4) particles with diameters in the range of 5-100 nm are also superparam-
agnetic [72].

Magnetic nanoparticles have been widely studied over the last decades since they have
applications ranging from biomedicine [74] to high-density data storage [73, 75]. There
are numerous methods to synthesize microscopic magnetic particles, which are beyond
the scope of the present work [69, 76–79].

In this work we used microscopic (1-2.8µm) paramagnetic colloids in Publications
4 and 5. These particles are formed by a matrix of mono-domain superparamagnetic
nanoparticles embedded in a polymer. The nanoparticles are dispersed enough to avoid



18 Chapter 3. Magnetic particles

FIGURE 3.3: Schematic illustrating two magnetic particles with the same moment m aligned
with an external field H .

interaction, causing superparamagnetic behaviour in these relatively large particles. We
also used polycrystalline ferromagnetic particles in Publications 1, 2, 3, 6 and 7, which will
be explained more in detail in Chapter 5.

3.3 Magnetic interactions in a fluid suspension

In general, when there is a collection of particles with magnetic moments, each particle
experiences interaction with the others because of the local field generated by each dipole.
The dipolar interaction Ud between two point particles i and j separated a distance rij is
given by [68]:

Ud =
µm
4π

[
mi ·mj

r3ij
− 3(mi · rij)(mj · rij)

r5ij

]
(3.2)

Where mi and mj are their dipole moments and µm is the magnetic permeability of
the dispersing medium. It is often interesting to consider the particular case where two
particles have the same moment m. The interaction of equation (3.2) reduces to:

Ud = −µmm
2

2πr3ij
P2(cos θ) (3.3)

Where P2(x) = (3x2 − 1)/2 is the second-order Legendre polynomial and θ is the an-
gle between the dipoles and the vector that connects the particles’ centers rij (Figure 3.3).
There is an angle θm = 54.7º, called the magic angle [80] where this interaction becomes
zero. When θ < θm the particles are attracted to each other and when θ > θm they repel.
Thus, the orientation of an applied field aligns the magnetic moment and can tune the in-
teractions in collections of magnetic particles, which can be used to assemble a rich variety
of structures. For instance, in two-dimensionally confined suspensions of magnetic col-
loids, triangular lattices of repulsive particles form when θ = 0º (Figure 3.4a) and chains
of attracting spheres assemble for θ = 90º (Figure 3.4b) [81].
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FIGURE 3.4: Optical microscopy images of paramagnetic colloids confined in a air–water
interface under an external magnetic field. (a) For a field perpendicular to the particle plane
(θ = 0º) a two-dimensional triangular crystal is found. (b) For in-plane fields (θ = 90º) there

is chain formation in the direction of the field. From Ref. [81].

Beyond the formation of static structures, colloids can also dynamically rotate in a
fluid. For instance, when a static external field H is applied to a ferromagnetic colloid,
there is a reorientation time where the particle rotates at an angular velocity Ω while its
moment m aligns with the field H . There is a magnetic torque that acts on the particle
that is [82]:

Tm = µm (m×H) (3.4)

Assuming large enough particles where the thermal fluctuations can be neglected, Tm

is balanced by the viscous torque created by the particle’s rotation in a low Reynolds
number fluid. The torque balance equation implies:

Tm + Tv = 0 (3.5)

This viscous torque Tv is:
Tv = −ζrΩ (3.6)

Where Ω is the velocity of rotation and ζr the rotational friction coefficient. Equations
(3.4), (3.5) and (3.6) for a static field, lead to a reorientation angle between m and H after
a time t of:

Θ(t) = tan−1

[
tan

(
Θ0

)
exp

(
t− t0
τr

)]
(3.7)

Where Θ0 is the angle at time t = t0 and τr = 2ζr/(µmmH) is the relaxation time. Ad-
ditionally, if instead of a static field there is a rotating field acting on the particle, ferromag-
netic colloids can continuously rotate [67, 83]. For low enough frequencies, the phase-lag
angle between m and H is constant and the particle rotates synchronously with the field.
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FIGURE 3.5: Anisotropic magnetic colloids. (a) Optical microscope image of a paramagnetic
ellipsoid from Ref. [82]. (b) Optical microscope image of rings of dipolar ellipsoids. The
schematic shows a section of one ring composed by ellipsoids and the permanent moments.
Scale bar is 10 µm. From Ref. [67]. (c) Optical images of a suspension of dipolar Janus
rods. Scale bar is 5 µm. Inset: scanning electron microscopy image of individual rods with

schematic representation. Scale bar is 0.5 µm. From Ref. [86].

For frequencies that are too large, the phase-lag is no longer constant, the particles are not
able to follow the field and show a "back-and-forth" motion, slowing down their rotation
frequency.

Paramagnetic particles can also rotate in a fluid medium when there is a circularly
or elliptically polarised field because of their internal relaxation time τint [66, 84, 85]. This
causes a phase shift between the particle magnetisation and the external magnetic field,
which makes the particle experience a time-average non zero magnetic torque Tm =

µm 〈m ×H〉 and continuously rotate. This can quantitatively be described with a com-
plex susceptibility which is dependent on the frequency. The fact that colloids can have a
tunable rotation frequency can lead to important applications for particle manipulation in
microfluidic environments.

Anisotropic magnetic colloids, i.e. particles with a preferred magnetisation direction,
can show additional exciting properties [80]. This anisotropy can come from different fac-
tors such as crystal or shape anisotropy [87] and it causes a wider variety of collective
phenomena. Their magnetic susceptibility becomes a tensor instead of a scalar and it has
been shown that this anisotropy also affects fundamental behaviour such as Brownian mo-
tion [38]. Moreover, the orientation of the magnetic moment of particles with anisotropic
shape can be inferred by visualizing them with simple optical techniques (Figure 3.5). In
this work, we used ferromagnetic ellipsoids in Publications 1, 2, 3, 6 and 7.



21

CHAPTER 4

FLUID DYNAMICS AT LOW REYNOLDS NUMBER

When manipulating driven and active colloidal particles, it is essential to understand the
fluid dynamics at the microscale, where the hydrodynamic regime is different than that
of the macroscale. The equations regarding the flow become time-reversible and moving
by reciprocal motion does not lead to net translation. Realizing propelling microdevices
able to move and transport cargos is crucial for the engineering of microfluidic devices,
controlled cargo delivery for biomedicine [88–95] and for the fundamental understanding
of the physics of motion at such scales [96].

4.1 Swimming at low Reynolds number

The origin of the time-reversibility of microscale flows can be explained as follows. In an
incompressible Newtonian fluid (∇ · u = 0) with viscosity η and density ρ, the flow field
u follows the Navier-Stokes equation [97]:

ρ
∂u

∂t
+ ρ(u · ∇)u = −∇p+ η∇2u (4.1)

Where p is the pressure. These, together with the corresponding boundary conditions,
describe the flow field in a system. The Reynolds number value (Re) is often used to deter-
mine the hydrodynamic regime. Re is a dimensionless quantity and it is defined as the
ratio of the inertial to the viscous forces. That is:

Re ≡ inertial forces

viscous forces
∼ LUρ

η
(4.2)

WhereL andU are the characteristic length and velocity scales of the flow, respectively.
For large Re the inertial terms in the Navier-Stokes equation are dominant, which is the
case for a human swimming in water (Re ∼ 104). On the other hand, for very small objects
(L � 1) or highly viscous fluids (η � 1) the inertial terms are negligible, i.e. Re is very
low, which is what happens when a microscopic object swims in water. In that case, the
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FIGURE 4.1: (a) Illustration of the Scallop theorem from Ref. [99]. (b) Illustration of the
reciprocal motion of the Scallop from Ref. [106].

Navier-Stokes equation (4.1) simplifies to the Stokes equation, where the inertial term is
neglected:

−∇p+ η∇2u = 0 (4.3)

Equation (4.3) is linear and independent of time, which is why it is time-reversible. In
this situation, reciprocal motion does not lead to propulsion [98, 99]. This is explained in
the seminal paper Life at low Reynolds numbers [99], in which Purcell states that a scallop
that moves by opening and closing its valves would not translate in water at the microscale
(The Scallop Theorem, Figure 4.1). This is why living microorganisms such as bacteria have
to perform complex movements that are not reciprocal in order to swim [100, 101] (Fig-
ure 4.2). For instance, amoeba deform their bodies, E. coli beat flagella, paramecia use
ciliary motion and cyanobacteria traveling surface waves [102]. Many studies have been
devoted to the understanding of motion in biological systems [103, 104]. Over the last
decades, these mechanisms have inspired the design of numerous microdevices and mi-
croswimmers, i.e. microscopic objects capable of performing self-propelled motion in fluids
through converting different types of energies into mechanical movement [96, 105].

There were several attempts to theoretically design simple microswimmers. Purcell’s
Three-Link Swimmer (Figure 4.3a) consists of three stiff arms and it translates by moving
its front and rear parts in a cyclic way [99, 108, 109]. Similarly, the Three-sphere swimmer
(Figure 4.3b) is composed of three spheres performing one-dimensional displacements
[110, 111]. To obtain net propulsion, it is also possible to use the flexibility or elasticity of
the swimmer [112–115] (Figure 4.3c). There have been theoretical models [116] inspired
by microorganisms propelled by flagella, e.g. spermatozoa.
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FIGURE 4.2: Examples of biological swimmers. (a) Salmonella swim by a bundle of rotating
helical flagella. Scale bar is 1µm. (b) The surface of Opalina is covered by many hairlike
filaments called cilia. Opalina swims by a stroke-like wiggling of the cilia. Scale bar is
100µm. (c) Chlamydomonas swim by a breast-stroke-like motion of its two flagella. Scale

bar is 2µm. Images from Ref. [107]

Mathematical models such as the Squirmer [117, 118] have been useful for the mod-
elling and simulations of some microorganisms such as ciliates (Opalina), colonies of flag-
ellates (Volvox) and Paramecium. These are approximately spherical in shape and swim
using beating arrays of cilia or short flagella covering their surfaces. The physical actu-
ation of the microswimmer on the fluid is described as the generation of velocities on a
continuous spherical surface [119].

There has also been an extensive effort put into experimentally realizing microscopic
synthetic propellers [120]. Because of the focus of this thesis, I will differentiate between
the structures propelled by external fields, specifically magnetic fields, and the ones driven
by chemical reactions and phoretic effects, i.e. propulsion mechanisms relying on local
field gradients [121, 122]. However, there are numerous other ways to achieve propulsion
at low Reynolds number. For instance, particles can be moved using external electric fields
[123], structured light has been used to control intrabody shape changes in microrobots
[124] and strategies to develop hybrid biotic/abiotic swimming microrobots have been
investigated [125]. The possible applications of these synthetic motors include their use as
practical propelling drug-delivery systems and chemical sensors [126, 127].

FIGURE 4.3: Examples of theoretical proposals of microswimmers. (a) Three-link swimmer
from Ref. [99]. (b) Three-sphere swimmer from Ref. [110]. (c) Elastic swimmer from Ref.

[116].
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FIGURE 4.4: Examples of magnetic micropropellers. (a) Swimming magnetic flexible fila-
ment. Illustration and beating pattern when attached to a red blood cell from Ref. [129]. (b)
Worm of paramagnetic colloids translating close to a glass plate from Ref. [66]. (c) Tumbling
motion of magnetic particles on a magnetic substrate induced by a rotational magnetic field
from Ref. [130]. Scale bar is 10µm. (d) Propelling anisotropic doublet rotors from Ref. [131].
(e) Microscopic magnetic helices are propelled in a rotating magnetic field from Ref. [132].

Scale bars are 20µm and 2µm. (f) Swimming colloidal asters from Ref. [133].

4.2 Magnetic micropropellers

External magnetic fields can be used to drive magnetic bodies at low Reynolds number
with a high degree of control in direction and speed [128]. Additionally, compared with
swimmers powered by chemical reactions, magnetic micropropellers do not present ef-
ficiency reduction due to fuel shortage. Below I list distinct approaches that have been
proven to transport microscopic particles in viscous fluids using magnetic fields.

A red blood cell with an attached flexible tail made of a chain of paramagnetic col-
loidal particles that imitates a flagellum can be propelled by inducing a beating pattern
on the filament with an oscillating magnetic field [129] (Figure 4.4a). Similarly, magnetoe-
lastic filaments [134], flexible nanowire motors [135], DNA-based flagellar bundles [136]
and rotating helical shaped structures [132, 137, 138] (Figure 4.4e) can be moved under the
command of time-dependent magnetic fields and show translation at low Reynolds num-
ber. Magnetic substrates can help to induce propulsion as well. For instance, the tumbling
motion of paramagnetic particles on a magnetic substrate under a rotational magnetic
field has been reported [130] (Figure 4.4c).
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Confinement plays a critical role in microswimmers. If particles are close to a bound-
ing wall, their rotational motion is rectified into net translation [139, 140]. For instance,
rotating anisotropic doublet rotors [131] (Figure 4.4d), nickel nanowires [141] and worms
of paramagnetic colloids [66] (Figure 4.4b) translate close to a confining wall. Addition-
ally, a collection of ferromagnetic microparticles confined at the interface between two
immiscible liquids dynamically self-assemble into asters which exhibit locomotion and
shape change by applying an alternating magnetic field [133] (Figure 4.4f). Propulsion
under confinement can be exploited for cargo transport in microfluidic channels or nar-
row pores in biological networks. Furthermore, it can imitate the symmetry breaking in
the proximity of a boundary that has been observed for bacteria such as E. Coli, which
perform circular trajectories instead of straight runs when swimming close to a solid sur-
face [142]. In the present work we used confinement in order to propel structures made of
paramagnetic and ferromagnetic particles.

4.3 Synthetic active Brownian particles

Synthetic active particles are able to take up energy from their environment and to con-
vert it into directed motion [143]. Therefore, they are excellent candidates for propulsion
at low Reynolds number. Moreover, because of their interactions with each other and with
the dispersing medium, active particles can present very interesting and diverse collective
phenomena while reproducing the behaviour observed in collections of living active sys-
tems, with the advantage that their interactions can be tuned on command [122]. Complex
living systems present phenomena across different length scales and some examples in-
clude birds that form flocks, land animals that assemble into herds, fish that organize into
schools and bacteria that form clusters [101].

Propulsion in active Brownian particles can be achieved by different techniques. One
of them is phoretic motion [144], which is caused by local field gradients around the swim-
ming body. The particle interacts with this field, is driven out-of-equilibrium, and converts
energy into directed motion. Because of this constant flow of energy, their behavior can be
explained and understood only within the framework of non-equilibrium physics [145].
In self-phoretic particles, the field gradient is caused by the particle’s own asymmetries
[121]. The gradient driving the particle can also be imposed externally, e.g. a temperature
gradient. There are different types of phoresis depending on the type of field that presents
local inhomogeneities. Below I list some examples.

Electrophoretic swimmers move because of an electric field gradient. This effect seems
to cause the propulsion of bimetallic nanorods in a hydrogen peroxide solution (Fig-
ure 4.5a,b) [146, 147], which was one of the first realizations of a synthetic micromotor.
Half of the rod is made of platinum, which catalyses the oxidation of the hydrogen per-
oxide and produces electrons and protons. These are consumed on the other side of the
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rod, which is made of gold, by the reduction of hydrogen peroxide. As a consequence, an
electron current in the rod and a proton current in its surface create a flow field that re-
sults in propulsion (Figure 4.5b). However, in this particular case, the possibility for other
phenomena contributing to the rod propulsion have also been considered [149]. Elec-
trophoresis has been used to propel other systems, for instance by applying an external
alternating electric field to microdroplets in anisotropic fluids [150].

In thermophoresis, a local gradient of temperature is what causes the directed motion
(Figure 4.5c). For example, silica particles half-coated with gold propel when irradiated
with a laser beam. This is because the gold-coated side of the particle absorbs more light
than the silica side, causing a local asymmetry of temperature [151, 152]. In a similar
approach, a time-dependent magnetic field can be used to heat an object with a ferromag-
netic cap, inducing its thermophoretic motion, while an additional constant magnetic field
can orient and guide the synthetic particle [153].

In diffusophoresis [154], the particle moves because of a gradient of concentration of one
type of molecules (Figure 4.5d). It is often caused by a chemical reaction on one part of
the particle, but it can also be the result of the local demixing of a critical mixture in one
half of a sphere when it is illuminated by light [155] (Figure 4.6a). Figure 4.5d shows a
common self-diffusophoresis example: a polystyrene-platinum Janus particle dispersed
in a solution of water and hydrogen peroxide (H2O2) [156, 157]. Due to the presence of
H2O2, its molecules are decomposed into oxygen and water at the platinum side of the

FIGURE 4.5: Examples of phoretic swimmers. (a) Bimetallic nanorod from Ref. [146]. (b)
Representation of a bimetallic Pt–Au nanorod powered by the catalytic decomposition of
hydrogen peroxide of [147] from Ref. [121]. (c) Illustration of self-thermophoresis from Ref.

[148]. (d) Illustration of self-diffusophoresis from Ref. [121].
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FIGURE 4.6: Examples of self-propelled bodies. (a) Self-propulsion of Janus particles in
critical mixtures. Scanning electron microscopy image of a colloidal particle with gold cap
and 2D trajectories of a Janus particle for different illumination intensities. From Ref. [155].

(b) Microtubular catalytic engine from Ref. [159]. Scale bars are 20 µm.

colloid with the reaction:

2H2O2(l) → O2(g)+2H2O(l)

This decomposition can be catalysed by platinum, but it is also catalysed by hematite un-
der blue light. This provides an extra degree of control to the system, since the interaction
that causes the propulsion can be deactivated by switching off the light. Diffusophoresis
can also cause the reversible docking of chemically active particles to passive bodies [158].
In this case, the symmetry of the chemical gradient surrounding an activated particle is
broken by the presence of passive colloids in the solution.

Self-propulsion has also been seen in systems where the decomposition of hydrogen
peroxide causes bubble nucleation. In that case, motion does not result from phoresis
but from momentum transfer due to the bubbles growing and detaching from the sur-
face. This propels particles to ultrafast speeds, e.g. 305 body lengths per second [159–162]
(Figure 4.6b).

However, the requirement of high concentration of hydrogen peroxide fuel, which is
toxic for biological systems, has complicated practical applications. In the last few years,
other reaction schemes have been studied in order to solve this problem. The catalytic de-
composition of hydrazine in very low concentrations has proven to be very efficient [163].
Acid-driven hydrogen-bubble-propelled microrockets characterised by a spontaneous re-
dox reaction occurring at the surface [164] and polymerization-driven motors have also
been investigated [165].

I have listed so far several methods that propel synthetic particles using magnetism
and diffusophoresis. It is also very interesting when both approaches are combined. The
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applied magnetic field can be used to steer the swimmer, or a chemically bound dimer can
be propelled by an external magnetic field [158, 166].

There are very interesting collective effects that can be observed in assemblies of active
particles [167]. The interactions responsible for these phenomena can be very different and
include excluded-volume interactions, hydrodynamic interactions, or interactions medi-
ated by the field responsible for the phoretic motion.

For instance, dense solutions of self-propelled particles can accumulate into clusters
separated by gas-like dilute regions [121, 143]. This is a consequence of the out–of–
equilibrium dynamics [171] and, qualitatively, it can be explained as follows. When par-
ticles collide, their orientations have to change for them to become free. If more particles
collide before this happens, a cluster starts to form (Figure 4.7b). This mechanism de-
pends on several parameters such as the rotational diffusion time. Theoretical work has
introduced the concept of Motility Induced Phase Separation (MIPS) to explain this phe-
nomenon [172]. In experimental systems, the cluster formation is often also promoted by

FIGURE 4.7: Examples of clusters formed in active systems. (a) Living active crystals and
scanning electron microscopy image (SEM) of the constituent: a colloidal sphere with pro-
truding hematite cube. Scale bar is 10µm. Inset is the initial configuration. From Ref. [168].
(b) Illustration of the clustering process from Ref. [143]. (c) Cluster of self-propelled diffu-
sophoretic Janus particles from Ref. [169]. (d) Bacterial crystal from Ref. [170]. Scale bar is

10µm.
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FIGURE 4.8: Examples of collective phenomena in a mixture of active and passive particles.
(a) Crystallisation of passive particles promoted by active particles. Experimental snapshots
of the temporal evolution of a mixture of passive (red and grey) and active (blue) particles
at 0s and 1200s. Scale bar is 50 µm. From Ref. [176]. (b) Asymmetric gear (48µm external
diameter, 10µm thickness) rotates when immersed in an active bath of motile E. coli cells.

From Ref. [177].

an attraction between the particles caused by the same phoretic interactions that produce
self-propulsion [168]. In most of the cases, the formed clusters are dynamic, i.e. as they
move, they accumulate new particles, expel some of them, rotate and merge with other
clusters [169, 173–175] (Figure 4.7a,c). Active clusters have also been seen in living sys-
tems such as fast swimming bacteria [170] (Figure 4.7d), where the dynamics are caused
by the hydrodynamic and steric interactions between the cells.

A mixture of active and passive particles also undergoes interesting collective effects
[107, 143]. For instance, few active particles can promote the crystallization of passive
particles [176, 178, 179] (Figure 4.8a). If the number of active particles increases, there
can be turbulence [180], phase separation [181] and the passive particles can present non-
thermal fluctuations caused by the active suspension. Additionally, a passive particle in
an active bath can behave like an active particle [182] and it can even present directed
motion (or rotation) if it has an asymmetric geometry. For example, an asymmetric gear
rotates in an active bath of motile E. coli cells [177].

It is often interesting to study collective effects in collections of active particles when
there are interactions beyond phoresis [183, 184]. For instance, if there are interactions
that align the particles, there can be phase separation and swarming. This was shown by
the Vicsek model [185, 186] and it can be very useful as a model system to understand
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biological living systems such as schools of fish, flocks of birds, or groups of migrating
bacteria [101].

In this thesis, we used light-activated hematite colloids to dock passive particles through
diffusophoretic mechanisms and transported them using an external magnetic field (Pub-
lication 6). We also found a non-equilibrium diffusiophoresis route to form two-dimensional
arrested structures in collections of active hematite colloids and passive particles (Publi-
cation 7).
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MATERIALS AND METHODS
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CHAPTER 5

SAMPLE PREPARATION

In this work we have mainly used paramagnetic and ferromagnetic colloids. We also
mixed them with non-magnetic colloids and used magnetized substrates in order to trans-
port them or tune their interactions. Below I describe the particles and substrates we em-
ployed and explain how we prepared the samples.

5.1 Ferromagnetic Colloids

We synthesised ferromagnetic hematite (α-Fe2O3) ellipsoids with two different sizes using
a sol-gel method developed by Sugimoto and co-workers [187]. This is an efficient proce-
dure since it results in large quantities of monodisperse particles. Also, different shapes
can be obtained, such as cubes, peanuts or ellipsoids.

For the work described in this thesis, we used ellipsoids of two sizes. The smaller
ellipsoids have an average major and minor axes of length a1 = 1.80 ± 0.11 µm and b1 =
1.31 ± 0.12 µm, respectively (Figure 5.1a). The larger ellipsoids have a subtle peanut-like
shape and axes of length a2 = 2.5 ± 0.12 µm and b2 = 1.4 ± 0.13 µm (Figure 5.1b).

The preparation for the small ellipsoids was as follows. A sodium hydroxide solu-
tion (21.64 g of NaOH in 90 ml of high deionized water) was slowly mixed with an iron
chloride hexahydrate solution (54.0 g FeCl3 · 6H2O in 100 ml of high deionized water)
at room temperature. During the mixing process, which lasted 5 minutes, both solutions
were vigorously stirred. Then, a solution containing potassium sulfate (0.285 g K2SO4

in 10ml of high deionized water) was poured and the resulting dark brown mixture was
stirred for another 5 minutes. The resulting liquid was transferred to a Pyrex bottle and left
unperturbed in an oven at 100ºC for 8 days. For the bigger ellipsoids, the preparation pro-
cedure was identical but a different quantity of sodium hydroxide was added: 19.48 g of
NaOH in 90 ml of high deionized water. In both cases, a dense aqueous suspension com-
posed of microscopic ellipsoids together with rod-like nanoparticles made of akaganeite
(β-FeOOOH) was obtained after 8 days. This is because the particles are formed through
a two-step phase transformation and β-FeOOOH is a secondary product and a precursor
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FIGURE 5.1: Scanning electron microscopy (SEM) image of the hematite ellipsoids. (a) Small
ellipsoids. Scale bars are 10 µm and 200nm. (b) Big ellipsoids. Scale bars are 10 µm and

200nm.

of the hematite in the synthesis [188]. The akaganeite could be easily removed by diluting
the suspension with high deionized water, letting the particles sediment and removing the
resulting yellowish supernatant. This procedure was repeated several times until a clear
supernatant appeared.

The hematite ellipsoids were functionalized with the surfactant sodium dodecyl sul-
fate (SDS, 0.12g of SDS in 80ml of high deionized water). SDS consists of a single neg-
atively charged sulfate group with a hydrophobic alkyl chain. The surfactant grafts on
the particle surface and it disperses the ellipsoids in the solution, avoiding the irreversible
sticking between the particles [189].

Finally, the pH of the resulting solution was adjusted to 8.5-9.5 by adding Tetramethy-
lammonium Hydroxide (TMAH). We used TMAH since in basic conditions the hematite
particles display a negative phoresis, i.e. they are able to attract colloidal particles made
by polystyrene or silica, as previously reported [158]. This was taken advantage of in Pub-
lications 6 and 7. Furthermore, adjusting a basic pH in the solution of these iron oxide
particles seemed to increase their stability and reduce permanent aggregation [190].

With this method, we obtained monodisperse hematite particles with a prolate shape.
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FIGURE 5.2: Schematic showing the permanent magnetic moment orientation in the SEM
images of the (a) small and (b) big hematite ellipsoids, which is perpendicular to their long
axis. Scale bar is 1µm. (c) Schematic showing the particle’s microstructure derived from

aggregates of crystallites (blue spindles). From Ref. [192].

Particle size and shape were analyzed by scanning electron microscopy (SEM, Quanta 200
FEI, XTE 325/D8395). The particles acquired a permanent moment perpendicular to their
long axis (Figure 5.2), which is a consequence of the hematite shape and microstructure.
These particles are polycrystals consisting of much smaller elongated monocrystals in the
direction parallel to the particle’s long axis [188, 191] (Figure 5.2c). At room tempera-
ture, hematite presents the coupling of a canted antiferromagnet and it exhibits a non-zero
spontaneous magnetization. Because of how the iron cations are aligned, the permanent
dipole moment is perpendicular to the monocrystals’ and the particles’ long axis [192].

The resulting permanent magnetic moment of the small and big particles was m1 =

2 · 10−16Am2 and m2 = 9 · 10−16Am2, respectively. Furthermore, from SQUID (Supercon-
ducting Quantum Interference Devices) measurements, we find that, in the range of field
used, the induced magnetization is negligible compared with the permanent magnetiza-
tion (Supporting Information in Publication 6).

In the right conditions, these hematite particles can also show chemical activity. When
exposed to blue light, they catalyse the decomposition of hydrogen peroxide in solution,
which, together with their magnetic properties, makes these particles very useful for a
wide variety of studies.

5.2 Paramagnetic Colloids

We used commercial spherical monodisperse paramagnetic colloids. Smaller particles
with a diameter d = 1.0 µm (Dynabeads Myone, Dynal) and larger ones with dL= 2.8
µm (Dynabeads M-270, Dynal) (Figure 5.3a,b). These particles have been widely used and
studied in the literature [193, 194] because of their wide range of applications, for instance,
in biomedical analysis [74].
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FIGURE 5.3: SEM images of the (a) MyOne and (b) M270 Dynabeads from Ref. [194].
(c) Schematic illustrating the dispersion of nanosized magnetic particles distributed in a

polymer spherical host matrix.

These magnetic microspheres are composed of a dispersion of superparamagnetic
nanoparticles (NP) made from iron oxides (Fe3O4 or γ-Fe2O3), which are uniformly and
randomly distributed within a spherical porous host matrix (Figure 5.3c). They are sep-
arated enough to not interact and to show superparamagnetic behavior (Chapter 3). The
small and large particles have magnetic volume susceptibilities of approximately χs= 1
and χL= 0.4, respectively [195, 196]. Furthermore, these particles are functionalized with
surface carboxylic acid groups, which increases dispersion in the solution due to their
electrostatic double layer and avoids aggregation.

5.3 Ferrite Garnet Films

We used complex magnetic substrates to manipulate the colloids, specifically ferrite gar-
net films (FGFs). The FGFs were grown by dipping phase epitaxy in the group of Tom
H. Johansen at the University of Oslo and have a composition of Y2−5Bi0−5Fe5−qGaqO12

where q = 0.5 − 1 [197]. These films present magnetic domains which have a magnetiza-
tion perpendicular to their surface. The domains are each magnetized oppositely to their
adjacent ("up" or "down") and are organized into lattices of stripes (Figure 5.4) or bubbles,
with a spatial periodicity λ of the order of a few microns. In the boundaries of the mag-
netic domains there are Bloch walls (BWs), which are narrow transition regions where the
magnetization vector rotates by 180 degrees. These domains can be easily modulated in
size by applying magnetic fields with a perpendicular component to the substrate.

The FGFs have been used to transport paramagnetic colloidal particles [198–200] (Fig-
ure 5.4c,d). The mechanism is as follows. When an aqueous solution of the particles is
deposited over the film, the colloids pin to the BWs due to the intense field generated. To
avoid particle sticking and reduce the strong attraction of the FGF, we coat the film with
a uniform layer of a positive photoresist AZ-1512 (Microchem, Newton, MA) by standard
spin coating. Due to electrostatic repulsive interaction, the particles float a few nanome-
ters above the coating layer without touching it. Under no applied field, a FGF with stripe
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FIGURE 5.4: Ferrite garnet films (FGFs). (a) Magneto-optical images of domains in a stripe
patterned FGF in different magnetic fields Hz , applied perpendicular to the film. The first
image is forHz = 0. The scale bar is 30µm. (b) Side view of the domain configuration. From
Ref. [197]. (c) Schematic of a paramagnetic colloidal particle on top of a FGF subjected to a
rotating magnetic field. (d) Optical microscope image showing a diluted sample of particles

and the magnetic pattern of the FGF. Scale bar is 10µm. From Ref. [199].

domains causes a one-dimensional λ/2-periodic magnetic landscape. If an external time-
dependent rotating magnetic field is applied, it generates a travelling wave potential that
translates at a constant speed. Thus, the particles are trapped in the minima of the trav-
eling wave and can translate on the FGF surface. This method can be used to achieve
directed transport with particle speeds up to 200 µm/s [197]. We used this strategy in
Publication 5 to transport paramagnetic colloidal particles on the surface of FGFs with
parallel stripe domains.

5.4 Final solution preparation

In the different publications, we used similar strategies to prepare the samples that are
placed in the magnetic coil stage and observed under the light microscope. They were as
follows.

First, we prepared the solution. In Publication 1 and 3, the solution consisted of the
magnetic ellipsoids with surfactant and adjusted pH. In Publication 2, non-magnetic par-
ticles, specifically commercial aqueous suspensions of monodisperse silicon dioxide par-
ticles (44054 Sigma-Micro, Sigma-Aldrich) of diameter 4 µm, were added to the solution
of magnetic ellipsoids. In Publication 4 the solution contained paramagnetic particles of
diameter 2.8 µm (Dynabeads M-270, Dynal). In Publication 5 the solution contained para-
magnetic particles of diameter 2.8 µm and also smaller ones of 1 µm (Dynabeads MyOne,
Dynal).
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In Publication 6 and 7 hydrogen peroxide was added (H2O2, 9 vol%) to the solution
of ellipsoidal particles. The non-magnetic samples employed in Publication 6 were com-
mercial aqueous suspensions of monodisperse particles based on silicon dioxide (44054
Sigma-Micro), which have diameters in the range of 1-5µm. In Publication 7 silicon diox-
ide particles (44054 Sigma-Micro, Sigma-Aldrich), having 4 µm were added.

In Publication 1, 2, 3, 4, 6 and 7 the solution was introduced in a sealed capillary cham-
ber (inner dimensions 0.1–2.00mm, CMC Scientific). The colloids sedimented and each
particle floated at a certain distance from the glass bottom plate due to the balance be-
tween gravity and electrostatic interactions with the negatively charged substrate. The
glass surface has a negative charge caused by the dissociation of silanol groups [49]. The
particles, at room temperature, displayed small Brownian motion above the substrate and
negligible out-of-plane fluctuations. In our experiments, particles remained quasi-two-
dimensional confined due to gravity. In Publication 5 the solution containing paramag-
netic particles of different sizes was deposited above the coated FGF surface, where the
particles sedimented on top of the photoresist and were also confined to the horizontal
plane.
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CHAPTER 6

EXPERIMENTAL SET-UP

The experimental set-up allowed us to apply external constant and time-dependant mag-
netic fields in situ while observing the evolution of the sample in real-time with video
microscopy techniques. We analysed the resulting videos and obtained information about
the out-of-equilibrium dynamics of our systems.

6.1 Magnetic coils system

A set of magnetic coils were used to apply different magnetic fields in the three directions
of space. It consists of a triaxial magnetic coil system connected to a waveform generator
(TGA1244, TTi) feeding a power amplifier (AMP-1800, AKIYAMA or BOP 20-10M, Kepco)
or a direct current power supply (EL 302RT, TTi).

The three sets of coils have their main axis aligned along with the three orthogonal
directions (x, y, z). These coils were custom-made and are composed each by N = 1100

turns of a 0.4 mm copper wires. They are able to generate a uniform magnetic field on the
sample plane. The solution of colloids was placed in the center of the (x, y) plane which
is aligned with the fifth coil (Figure 6.1a).

This set-up allowed to apply both time-dependent fields generated by an alternating
current (AC) passing through the coils, as well as constant fields generated by a direct
current (DC). Rotating fields in a given plane, such as (x, z) or (x, y), can be applied by
passing through two perpendicular coils two sinusoidal currents with a ninety degrees
phase shift. The field in the center of the coil configuration for each direction (x, y, z) was
calibrated using a Teslameter (FM 205, Projekt Elektronik GmbH). Under time-dependent
fields the calibration was done for all the measuring frequencies. Due to the inductance
of the coils, keeping the field constant when increasing the driving frequency requires an
increase of the applied voltage.
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FIGURE 6.1: Experimental set-up. (a) Image of the set-up including the magnetic coils
and the set of chosen coordinates. The sample is in the center. (b) Full experimental set-
up including the light microscope, the waveform generator, the DC power supply and the

mercury-fiber illuminator system.

6.2 Observation of the system and illumination set-up

The magnetic coils were arranged on the stage of a light microscope (Eclipse Ni, Nikon),
equipped with high magnification objectives (Figure 6.1b). The objectives used were 100x,
1.30 NA (Nikon) and 40x, 0.60 NA (Nikon). We sometimes also used a TV lens of mag-
nification of 0.45x. The dynamics were investigated by determining the motion of the
colloidal particles with a CCD camera (Balser Scout scA640-74f, Basler), at a frame rate of
up to 75 fps, mounted on top of the microscope.

Illumination of a chosen wavelength can be applied to the sample using a commercial
mercury-fiber illuminator system (C-HGFI Intensilight Nikon) connected to the optical
microscope through an epifluorescent tower. Blue light was obtained using a fluorescent
filter with an excitation wavelength between 450nm and 490nm. The optical power was
measured at the sample plane with a power meter (PM200, Thorlabs) equipped with a
photodiode sensor (400 - 1100 nm, S121C, Thorlabs).

6.3 Image and data analysis

The positions of the particles were obtained from the movies recorded by the commercial
software (STREAMPIX) and later on analyzed using a MATLAB adaptation of the particle
tracking software developed by Grier, Crocker, and Weeks [201, 202], in which the centres
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of particles are found by computing the brightness-weighted centroid of each particle in
the image. Using this method, the particle positions can be determined with sub-pixel
resolution [26]. The images and videos captured were also analysed using the software
packages ImageJ.
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PART IV

RESULTS
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CHAPTER 7

SUMMARY OF RESULTS

Colloidal microparticles made of magnetic materials were manipulated by external fields.
In Publications 1-5 we used magnetic fields to assemble and drive magnetic particles and
we analysed the structures they form. We assembled chains and clusters that were able
to propel at a constant speed above the sample plane. Furthermore, we observed the
bidirectional transport of colloids over a magnetic patterned substrate. In Publications
6 and 7 we introduced activity to our system. The latter was formed by a mixture of
active colloidal particles and passive microspheres. This activity induced diffusophoretic
mechanisms that allowed the docking of cargos to the magnetic active particles, which
were transported using an external field. Furthermore, the same particles were used as
active dopants towards the formation of two-dimensional clusters and gels.

In dense solutions, our hematite ellipsoids with axes of length a1 = 1.80± 0.11 µm and
b1 = 1.31 ± 0.12 µm self-assembled into elongated ribbon-like structures due to their per-
manent magnetic moment (Figure 7.1). In Publication 1 we studied how the magnetic in-
teractions between the particles affect the stability of the ribbon. These structures aligned
parallel to the direction of an applied static field, while the thermal fluctuations caused
the ellipsoids to have a certain orientational motion which depended on the field ampli-
tude. We characterised the orientational dynamics of these structures experimentally and
compared it to an analytical expression derived from theoretical arguments. We measured

FIGURE 7.1: (a) Schematic showing a chain of ferromagnetic ellipsoids subjected to an ex-
ternal static magnetic field H . (b) Optical microscope image of a ribbon under a field of

strength H = 1600A/m. Scale bar is 10µm. From Publication 1.
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FIGURE 7.2: (a) Schematic illustrating a magnetic ribbon propelling due to a precessing
magnetic field H . (b) Sequence of microscope images showing how the motion of one silica

particle is controlled by the propelling ribbon. Scale bar is 10 µm. From Publication 2.

the average angle ϑ between the permanent dipoles in the chain with respect to the ap-
plied external field H (Figure 7.1a) and found that increasing H reduced the amplitude
of the orientational fluctuations, centering the angular distribution at ϑ=0º. The study of
the fluctuations in these chains of dipolar particles is interesting from a fundamental point
of view and it also serves to understand and characterise the stability of similar magnetic
chains that can be used for microfluidic applications.

Additionally, these ribbons can be propelled using an external eliptically polarysed
field (Figure 7.2a), which torques the particles forming the ribbon and makes them rotate.
Differently than in Publication 1, the ribbons reorient perpendicular to the field direction
[67]. Because of the confining wall, this rotation causes propulsion of the entire structure.
We further strengthen the ribbon along a defined direction by adding also a static mag-
netic field. In Publication 2 we demonstrated a method that uses the hydrodynamic flow

FIGURE 7.3: (a) Schematic illustrating a ferromagnetic hematite ellipsoidal particle pro-
pelling due to the application of a rotating magnetic field H . (b) Position vs. time of
two particles performing the leap-frog dynamics. Insets show experimental images and

a schematic of the motion. From Publication 3.
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field created by these propelling ribbons to trap, transport and release microscopic par-
ticles. We varied the amplitudes of the external field in order to determine the range of
experimental values where the propelling ribbons are observed. For very high amplitudes
of the rotating field, the ribbon breaks. This results from the fact that the magnetic torque
is able to spin the entire structure, and the ribbon behaves as a compact rod that tries to
follow the rotation of the field, but it ruptures when standing up due to the presence of
the solid substrate and the action of gravity. Furthermore, the ribbon does not propel for
very low field amplitudes. We also found that these chains have a twisted conformation,
with groups of particles rotating together. The ellipsoidal shape of the particles allowed
to characterize this distortion. On the other hand, we characterised the propulsion speed
and direction in terms of frequency and amplitude of the applied field. We propelled
the ribbon next to a silica particle of 4 µm of diameter (Figure 7.2b) and found that the
non-magnetic colloid can be either repelled or attracted when located in front or behind
the translating chain, respectively. We measured the average speed of the non-magnetic
tracer particles as a function of the distance from the center of a ribbon and compared it to
a theoretical model of the flow field generated by the chain. Our magnetic ribbons may be
used in channel-free microfluidic applications, where the precise trapping and transport
of particles is required.

When the ribbon ruptures, it breaks apart into individual ellipsoids that rotate follow-
ing the direction of the applied field. We explored this regime for ellipsoids with axes

FIGURE 7.4: (a) Sequence of microscope images and (b) schematics showing the forma-
tion and propulsion of a carpet. (c) Self-healing of the magnetic carpet. Experimental im-
ages showing an initial polycrystalline carpet and a monocrystalline carpet obtained after

propulsion. The scale bars are 20 µm. From Publication 4.
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of length a2 = 2.5 ± 0.12 µm and b2 = 1.4 ± 0.13 µm in Publication 3. We described first
the motion of a single rotor, propelled by applying a rotating magnetic field circularly
polarized. For low frequencies, the ellipsoid rotates synchronously with the field, while
for frequencies beyond a critical value the motion becomes asynchronous and there is a
reduction of the average rotational motion. When these hematite rotors propel very close
to each other, they may couple their motion forming bound states, dynamically assem-
bling into translating three-dimensional stable clusters that perform a periodic leap-frog
type dynamics and propel at a faster speed (Figure 7.3). We observed that this bound
state can be formed by two or more rotors. We experimentally analysed the cluster for-
mation and its lifetime. We described a theoretical model that qualitatively explains the
observed phenomena and the role of particle shape in the propulsion speed and stability.
These clusters of rotors could be used to transport a biological cargo by entrapping it in
their vortical flow. From a more fundamental perspective, it is interesting to investigate
the role of hydrodynamic interactions in synchronization phenomena between actuated
magnetic colloids.

On the other hand, we made experiments using paramagnetic particles. We assem-
bled these colloids into two-dimensional colloidal clusters (carpets) by inducing attrac-
tion using an in-plane rotating magnetic field (Figure 7.4a). The particles are torqued
by the magnetic field because of their finite internal relaxation time. Furthermore, these
structures can be steered in any direction of the plane by adding a perpendicular compo-
nent to the field [203]. In Publication 4 we analysed the different dynamic states of these
structures by changing the parameters of the external field. We found a stationary phase
where particles can detach from the rear end of the propelling cluster and transport above
the carpet, while the entire structure continues to propel close to the plane. These parti-
cles travelling above the carpet surface follow its crystallographic direction. During their

FIGURE 7.5: (a) Schematic showing a binary mixture of paramagnetic colloids deposited
above a ferrite garnet film, characterised by parallel stripes. (b) Sequence of microscope
images showing the bidirectional transport of a large particle (moving to the right, red circle)

and a small particle (moving to the left, blue circle). From Publication 5.
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path, they can either fill vacancies or reach and rejoin the leading edge of the structure. We
showed that with this mechanism, large-scale propelling disordered carpets can continu-
ously transform into a perfect crystalline lattice (Figure 7.4b). We combined experiments
with a theoretical model and simulations. This out-of-equilibrium colloidal model system
allowed us to investigate crystallization in transported systems and could thus provide
deep insight for similar processes occurring in systems at different length and time scales.

The high-velocity transport of paramagnetic particles on top of a substrate can be
achieved by using the cooperative motion of clusters (Publication 4). Alternatively, mag-
netic substrates can also induce large particle velocities [197]. In Publication 5 we pro-
pelled paramagnetic colloids on top of Ferrite Garnet Films (FGFs) with parallel ferromag-
netic domains. Two types of particles with different sizes were proven to be simultane-
ously transported in opposite directions when subjected to a square-wave modulation of
an externally applied oscillating magnetic field (Figure 7.5). This is due to the fact they are
located at distinct elevations from the surface (because of their size) and are subjected to
different energy landscapes. This system allowed remote control over the particle motion,
speed and trajectory, by using relatively low intense magnetic fields. We also explored
the sorting capability of our system by depositing on the FGF a polydisperse suspension
composed of paramagnetic colloids with seven different sizes, from 270 nm to 10 µm. We
found that the particles with a diameter equal or smaller than 1µm moved in a certain
direction, while larger particles transported in the opposite one. Regarding applications,
this work could provide a method to separate magnetic microspheres in a channel-free
microfluidic environment.

Separately, in Publications 6 and 7 we exploited the activity of our hematite ellipsoids.
When exposed to blue light, they start the decomposition of hydrogen peroxide in solu-
tion. This reaction produces a gradient in the chemical concentration around the particle.
Because of its symmetry, if the ellipsoid is isolated it does not self-propel, i.e. it is an active
apolar colloid. However, the generated diffusiophoretic flow can attract and bind other

FIGURE 7.6: (a) Schematics showing the attraction induced by blue light and snapshots
illustrating the binding and unbinding of one hematite ellipsoid close to a silica particle. (b)
Images showing the transport of the cargo cluster. Scale bar is 10 µm. From Publication 6.
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FIGURE 7.7: Colloidal gel assembled from doping a bath of silica spheres with a few
hematite ellipsoids in a water solution containing H2O2 (a) before and (b) after applica-
tion of blue light (t=165s). (c) Schematic of the assembly of clusters due to photoactivated
dopants. (d) Enlargement of the region shown in the box in (b). Scale bars are 20 µm. From

Publication 7.

particles that are close enough to its surface. In Publication 6 we used external magnetic
fields to transport a light-activated hematite particle attached to passive particles to any
location of the experimental platform. The binding–unbinding is completely reversible
since, when switching off the illumination, the ellipsoids immediately detach from the
cargo’s surface due to their diffusive motion. This allowed to precisely dock, transport
and release microscopic objects on external command (Figure 7.6). Furthermore, the trans-
ported active colloidal clusters were of various sizes. We demonstrated the possibility to
easily reconfigure the location of the docker above the cargo, which enabled to optimize
transport and cargo release operations. This work has direct applications regarding the
delivery of drugs, chemicals and other cargos in small channels and pores.

Finally, in Publication 7 we showed that, only with the light activation and without
the presence of a magnetic field, a mixture of passive and active colloidal particles can
assemble into two-dimensional colloidal clusters and gels by non-equilibrium diffusio-
phoresis (Figure 7.7). By varying the relative fraction of active and passive particles, we
found a rich phase diagram including ordered and disordered clusters, space-filling gels,
and structures formed by filamentary dockers percolating through a solid network of silica
spheres. We compared experimental results with numerical simulations and characterised
the slow relaxation and dynamic arrest of the different phases. This work has applications
towards the engineering of mesoscopic gels and clusters using active colloidal doping.
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We combine experiments and theory to investigate the dynamics and orientational fluctuations of ferromagnetic
microellipsoids that form a ribbonlike structure due to attractive dipolar forces. When assembled in the ribbon,
the ellipsoids display orientational thermal fluctuations with an amplitude that can be controlled via application
of an in-plane magnetic field. We use video microscopy to investigate the orientational dynamics in real time
and space. Theoretical arguments are used to derive an analytical expression that describes how the distribution
of the different angular configurations depends on the strength of the applied field. The experimental data are
in good agreement with the developed model for all the range of field parameters explored. Understanding the
role of fluctuations in chains composed of dipolar particles is important not only from a fundamental point of
view, but it may also help understanding the stability of such structures against thermal noise, which is relevant
in microfluidics and laboratory-on-a-chip applications.

DOI: 10.1103/PhysRevE.96.012607

I. INTRODUCTION

Brownian particles assembled into a linear chain due to
anisotropic interactions, as the ones arising from dipolar
forces, represent an accessible and thus appealing model
system to study the role of noise in simple polymerlike
structures [1]. When the linkage between the particles is
not provided by a strong chemical bond [2–6], but it results
from a weak attractive interaction [7,8], then the fluctuations
of the single particles may significantly influence the chain
dynamics, producing torsions, bending, or even irreversible
breakage. Investigating the role of thermal noise in such
systems, and how the single-particle fluctuations affect the
chain dynamics, is thus necessary to understand the behavior
and the stability of the whole structure.

There are different works that explored the deformations
and the dynamics of chains composed by spherical micro-
spheres [9–12]. More recently, experiments with magnetic
dumbbells [13], Janus rods [14], and hematite ellipsoids [15]
have shown the possibility to realize and manipulate elongated
structures composed by anisotropic colloids via external fields.
In contrast to spherical colloids, anisotropic particles such as
ellipsoids introduce an additional rotational degree of freedom
that complicates their dynamics, giving rise to a richer physical
behavior. However, the role of thermal fluctuations in the
orientation of the anisotropic elements when assembled into
linear chains has not been addressed yet.

In this article, we study the dynamics of ferromagnetic
microellipsoids around the direction determined by an external
field, both alone and when assembled into a ribbon. In the
latter case, the orientational fluctuations are described by
formulating a theoretical framework based on a modified
version of the wormlike model [1]. The model allows capturing
the fundamental physics of the process and deriving an analytic
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expression for the distribution of the particle orientations
within the ribbon.

II. EXPERIMENTAL SYSTEM AND PROCEDURES

The anisotropic ferromagnetic ellipsoids are synthesized
following a well-established procedure developed by
Sugimoto and coworkers [16] and described in detail in
several previous works [17–20]. With this method, we obtain
monodisperse hematite particles with prolate shape and a
major (minor) axis equal to a = 1.80 ± 0.11 μm (b = 1.31 ±
0.12 μm, respectively). From the analysis of scanning electron
microscopy images, we measure a polydispersity index equal
to σa = 0.022 and σb = 0.023, for the long and short axis of
the synthesized particles, respectively. After synthesis, the par-
ticles have a small permanent moment m � 2 × 10−16 Am2,
perpendicular to their long axis, as depicted in Fig. 1(a). The
peculiar orientation of this moment, as compared to other
anisotropic magnetic particles [21], is caused by the magnetic
structure of hematite, which crystallizes in the corundum
form [22]. The value of m was obtained by measuring
the reorientational motion of individual hematite particles
subjected to a static magnetic field [15]. The permanent
moment of the particles allows us to estimate a dipolar coupling
constant λ = μ0m

2/(4πkBT b3) = 0.44 and a Langevin
parameter equal to � = μ0mH/(kBT ) = 93.2, for an external
field H = 1500 Am−1 [23]. Here, μ0 = 4π10−7 Hm−1 is the
magnetic permeability, T ∼ 293 K is the room temperature,
and kB is the Boltzmann constant. Moreover, from the
superconducting quantum interference devices measurements
(data not shown here), we find that the particle permanent
moment is one order of magnitude larger than the induced
moment in all the range of explored field strengths [24].

After synthesis, the particles are dispersed in highly
deionized water (purified using a Milli-Q system, Millipore),
stabilized with a surfactant by adding 0.11 g of sodium dodecyl
sulfate for 80 ml of water, and finally the pH of the solution

2470-0045/2017/96(1)/012607(6) 012607-1 ©2017 American Physical Society
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FIG. 1. (a) Schematic showing a chain of ferromagnetic ellipsoids
subjected to an external magnetic field H , being ϑ the angle between
the particle moment and the x axis, that coincides with the direction
of the applied field. Each particle displays orientational thermal
fluctuations around this axis. (b) Optical microscope image of a chain
composed by 39 ellipsoids under a constant field H = 1600 Am−1,
applied along the same direction as shown in the schematic at the top.

is adjusted to 9.5 by adding tetramethylammonium hydroxide.
These procedures are used to create a protective steric layer
around the particles that avoids the irreversible sticking
due to attractive Van der Waals interactions. The particles
sediment close to a glass plate, where they remain quasi-two-
dimensionally confined due to the balance between gravity
and the electrostatic repulsion with the glass surface. The
particle dynamics are visualized using an optical microscope
(Eclipse Ni, Nikon), and their positions and orientations are
recorded with a CCD camera (Scout scA640-74f, Basler)
working at 50 fps. The anisotropic shape of the particles
allows for monitoring the instantaneous direction of their
permanent moment. The external magnetic field is generated
with a custom-made coil system connected to a direct current
power supply (EL 302RT, TTi).

III. SINGLE-PARTICLE DYNAMICS

Before analyzing the orientational fluctuations in the
ribbon, we have first characterized the thermal motion of a
single ellipsoid in absence and in presence of an external
field. The dynamics of an individual ellipsoid in water has
been treated in different works [25–29], and thus here will be
only briefly described. In the absence of a magnetic field, the
anisotropic shape of the particle causes a nontrivial coupling
between its rotational and translational motion. In particular,
the particle translational diffusion is anisotropic at short times,
t ∼ 0 s, t being the time interval defined with respect to the
initial measured position of the ellipsoid. Thus, the dynamics
can be described by two different diffusion coefficients, D‖
and D⊥, characterizing the translational dynamics parallel
and perpendicular to the particle long axis, respectively. This
behavior arises from the fact that the ellipsoid has two different
friction coefficients, γ‖ and γ⊥, along the direction parallel
and perpendicular to its long axis, respectively. Since γ⊥ > γ‖
and D = kBT /γ , one obtains that D⊥ < D‖. In contrast, after

a long time the diffusion becomes isotropic, and the two
diffusion coefficients coincide D⊥ = D‖. The crossover time
between both behaviors is given by the rotational diffusion
time, τϑ = 1/(2Dϑ ), Dϑ being the rotational diffusion coef-
ficient. Thus, for time t < τϑ , one has that D‖ �= D⊥, since
the rotational motion still needs to become important in the
particle dynamics. When t > τϑ , the rotational movement
erases the directional memory of the particle, and the two
diffusion coefficients approach a common value. To determine
the characteristic time τϑ for our particles, we record the
motion of several individual ellipsoids (i = 1...N ) and extract
the particle positions and orientations, (xi(t),yi(t),ϑi(t)), ϑi(t)
being the angle between the x axis and the particle minor axis.
We then determine the corresponding diffusion coefficients
from the mean-square displacement (MSD). For the angular
variable, the MSD can be written as

Dϑ (t) = 1

2Nt

〈
N∑

n=1

[ϑi(t) − ϑi(0)]2

〉
. (1)

From these data, we measure Dϑ = 0.08 rad2s−1 that corre-
sponds to τϑ = 6.2 s. We note that this value is larger than
what was found for nonmagnetic ellipsoids (τϑ = 3.1 s [26]),
probably due to the different aspect ratio and the higher
density of the hematite ellipsoids that could hinder diffusion
by forcing the particle to stay closer to the substrate, thus
increasing the values of the translational and the rotational
friction coefficients. For time t > τϑ , we measure a common
diffusion coefficient, D‖ = D⊥ = 0.074 μm2s−1.

An external magnetic field can be used to impede the
rotational motion, separating the diffusion coefficients along
the directions parallel and perpendicular to the particle’s long
axis. In this situation, the particle aligns with its short axis (long
axis) parallel (perpendicular) to the field direction. Thus, there
is no transition toward the isotropic diffusion, and the hematite
ellipsoids present an anisotropic motion with two different
diffusion coefficients, even at long times. In particular, for a
field amplitude of H = 1500 Am−1, we find that the diffusion
is totally anisotropic, with D‖ = 0.112 μm2s−1 and D⊥ =
0.037 μm2s−1. We next analyze, first theoretically and later via
experiments, the dynamics of a chain of interacting hematite
ellipsoids.

IV. THEORETICAL MODEL

We consider a chain of permanent dipoles aligned along
the direction imposed by a constant field H and subjected to
thermal fluctuations that disorder the particle orientations by
increasing the angle ϑ , Fig. 1(a). We describe this situation
by using a modified version of the stretched wormlike model
[1,30,31]. In our model the energy of the chain is given by

E = Kb

2

∫ L

0

(
dϑ

dl

)2

dl − MH

∫ L

0
cos (ϑ)dl, (2)

where Kb is the bending constant that takes into account the
dipolar interactions between the ellipsoids and can be written
as Kb = m2/2b2, b being the ellipsoid minor axis. Further,
M is the particle magnetization per unit length and L is
the length of the chain. Our analysis of the chain thermal
fluctuations is based on the relation between the propagator of
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the orientation angles of the dipoles and the chain free energy.
The orientational distribution function of the system can be
written as

P (ϑ,l) =
∫ 2π

0
G(ϑ,l|ϑ ′,l′)P (ϑ ′,l′)dϑ ′, (3)

where the function G in the limit l − l′ → 0 is given by the
Boltzmann distribution:

G(ϑ,l + 	l|ϑ ′,l) =
√

Kb

2πkBT 	l
e

(
− Kb (ϑ−ϑ ′)2

2kB T 	l
+ MH cos (ϑ)	l

kB T

)
. (4)

In the limit l → l′, we may derive the following differential
equation for P [31]:

∂P

∂l
= 1

2lp

∂2P

∂ϑ2
+ MH cos (ϑ)

kBT
P = ĤP, (5)

where lp = Kb/kBT is the persistence length of the chain. As
a result, G may be expressed through the eigenfunctions ψk

and the eigenvalues λk of the operator Ĥ as follows:

G =
∑

k

exp [λk(l − l′)]ψk(ϑ)ψk(ϑ ′). (6)

For infinitely long chains, L → ∞ (l = L; l′ = 0), only the
largest eigenvalue λ1 will contribute in Eq. (6), and

G(ϑ,L|ϑ ′,0) = exp (λ1L)ψ1(ϑ)ψ1(ϑ ′). (7)

Since

G(ϑ,L|ϑ ′,0) =
∫

...

∫
G(ϑ,ϑn−1|	l)...G(ϑ1,ϑ

′|	l))

× dϑ1...dϑn−1, (8)

we thus obtain ∫
G(ϑ,L|ϑ ′,0)dϑdϑ ′ = Z, (9)

where Z is a statistical sum done over all the ellipsoids that
form the magnetic chain. Thus, the total free energy can be
expressed as

F = −kBT ln Z = −kBT λ1L. (10)

For large values of L, the orientation distribution function can
be determined by the eigenfunction of Ĥ corresponding to the
largest eigenvalue λ1:

P (ϑ) ∼ ψ1(ϑ). (11)

Now we present the results for the two limiting regimes
characterized by the amplitude of the applied field.

V. LARGE APPLIED FIELDS

Let us consider a magnetic chain with length L under
periodic conditions, ϑ(l + L) = ϑ(l). We can write the angle
ϑ as

ϑ =
∑

k

ϑk exp (ikl); k = 2πn

L
. (12)

For small thermal fluctuations, the energy of the system may
be expressed as

E = L

2

∑
k

(Kbk
2 + MH )|ϑk|2. (13)

According to the Boltzmann principle, we can write the
probability density of the amplitude of the fluctuations as

� ≈ exp

(
−L

∑
k>0

(Kbk
2 + MH )|ϑk|2/kBT

)
, (14)

and the spectral amplitude as

〈|ϑk|2〉 = kBT

L(Kbk2 + MH )
, (15)

and 〈∫ L

0
cos (ϑ)dl

〉
= L − L

∑
k>0

|ϑk|2. (16)

The sum in Eq. (16) can be calculated upon direct integration,〈∫ L

0
cos (ϑ)dl

〉
= L

(
1 − 1

4

1√
MHKb/(kBT )2

)
. (17)

At equilibrium, the variation of the chain free energy with the
magnetic field may be expressed as

∂F

∂H
= −M

〈∫ L

0
cos (ϑ)dl

〉
, (18)

where the right member in Eq. (18) is the total magnetic
moment of the chain. From Eqs. (10), (17), and (18), we derive
the following relationship:

kBT L
∂λ1

∂H
= ML

(
1 − 1

2
√

2
√

ξ

)
, (19)

which can be used to test our variational approach, ξ =
MH2lp/kBT being the dimensionless magnetic energy. By
defining the dimensionless variable λ̃1 = λ12lp, we have

∂λ̃1

∂ξ
= 1 − 1

2
√

2
√

ξ
(20)

or

λ̃1 � ξ − 1√
2

√
ξ . (21)

VI. SMALL APPLIED FIELDS

In the limit of small applied fields, and according to the
perturbation theory, the magnetization is given by〈∫ L

0
cos (ϑ)dl

〉

= Z−1
∫

D(ϑ)
∫ L

0
cos [ϑ(l)]dl exp (−E/kBT )

∼= MH

kBT

〈∫ L

0
cos [ϑ(l)]dl

∫ L

0
cos (ϑ(l′)dl′

〉
. (22)

From Eq. (5), it follows that in the absence of a magnetic field

〈cos[ϑ(l)] cos [ϑ(l′)]〉 = 1
2 exp [−|l − l′|/(2lp)]. (23)
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Integrating the previous equation, one obtains

∫ L

0

∫ L

0

1

2
exp [−|l − l′|/(2lp)]dldl′ � 2lpL. (24)

From Eqs. (22), (23), and (24), the magnetic moment is given
by

M

〈∫ L

0
cos (ϑ)dl

〉
= M

MH

kBT
2lpL, (25)

and from Eq. (18),

kBT
∂λ1

∂H
= M

MH

kBT
2lp. (26)

FIG. 2. (a) Ratio λ/ξ versus ξ , λ being the eigenvalues corre-
sponding to the maximum of the functional W . The continuous red
line is a fit corresponding to Eq. (21), where the numerical data are
obtained for large values of ξ . (b) Eigenvalues λ calculated for small
values of ξ ∈ [0...1]. The continuous red line corresponds to Eq. (27)
in the text.

Finally, we arrive to another relationship that is valid for large
thermal fluctuations,

∂λ̃1

∂ξ
= ξ ; λ̃1 = 1

2
ξ 2, (27)

and its validity can be demonstrated by using a variational
method, as described in the following section.

VII. VARIATIONAL SOLUTION

By defining the dimensionless length l/2lp, Eq. (5) follows
from the variation of the functional

W =
∫ 2π

0

[
−

(
∂P

∂ϑ

)2

+ ξ cos (ϑ)P 2

]
dϑ/

∫ 2π

0
P 2dϑ. (28)

From this equation, we have

d2P

dϑ2
+ ξ cos (ϑ)P = WP, (29)

and the largest eigenvalue of the operator Ĥ corresponds to
the maximal value of the functional W . To find this value,
we use the following trial function for the probability density
distribution:

P = exp [α cos (ϑ)]√
2πI0(2α)

, (30)

where In(x), (n = 0,1,2,...) are the modified Bessel functions
of the first kind. This function is normalized as

∫ 2π

0 P 2dϑ = 1,
and it is proportional to exp (α cos ϑ). Using this expression,
the functional in Eq. (28) can be written as

W = 1

I0(2α)

[
− 1

2
F01(2,α2) + ξI1(2α)

]
, (31)

where F01(2,z) is the confluent hypergeometric function. To
justify the selection of the trial function, we calculated the
values of the parameter α that maximize the functional in
Eq. (31) for both small (ξ ∈ [0; 0.1]) and large (ξ ∈ [10; 100])
values of ξ . The data resulting from these calculations are
plotted versus ξ in Figs. 2(a) and 2(b). From these images,
it follows indeed that the numerical data are in excellent
agreement with the theoretical expressions derived from small
[Eq. (21)] and large [Eq. (27)] thermal fluctuations.

VIII. FLUCTUATIONS IN THE COLLOIDAL RIBBON

To validate our model, we perform different experiments
by measuring the average angle ϑ as a function of the applied
field. Thermally induced torsions, which cause the rotation of
the ellipsoids around the main axis of the chain, are hindered
by the presence of the glass surface, and almost all the
ellipsoids rest on the surface with their long axis parallel to the
horizontal plane. In this study, we have also neglected the weak
out-of-plane fluctuations of the magnetic moments. Further,
we find that during the measurements the magnetic ribbons
are sensitive to the Earth’s magnetic field, He ∼ 40 Am−1,
and thus they orient along He even in the absence of any
extra applied field. To cancel He, we balance the latter by
applying a small DC field in the opposite direction. Under
this condition, the particles in the chain do not present any
preferential orientation, as shown by the empty circles in Fig. 3,
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FIG. 3. Distribution of the particle orientation, P1(ϑ), for differ-
ent amplitudes of the applied field H . Symbols denote experimental
data, continuous lines starting from H = 40 Am−1 are theoretical
curves calculated following the equation of P1(ϑ) in the text. The
obtained values of the fitted dimensionless parameter α = α̃/2 for
all the curves are shown as a function of ξ = mHlp/bkBT in the
top inset. Here we use lp = 0.3 μm and m = 2.3 × 10−16 Am2. The
continuous line results from the functional W in Eq. (31).

and the ribbons form rings [14,20,32] or break due to thermal
fluctuations.

The distribution of the angles P1(ϑ) are shown in Fig. 3,
where the experimental data are scattered points, while the
continuous lines are fit to the theoretical model. Due to
the geometry of our experimental system, we have assumed
that the distribution is symmetric around the x axis, P1(ϑ) =
P1(−ϑ), and that P1(ϑ > π/2) ∼ 0. Thus, we normalize
the experimental data as

∫ π/2
0 P1(ϑ)dϑ = 1 and use the

expression P1(ϑ) = exp [α̃ cos (ϑ)]/[πI0(α̃)]. We note that
this distribution reduces to Eq. (30) of the model P1(ϑ) =
P (ϑ) for α = α̃/2 and large values of the parameter α. The
application of an external field reduces the amplitude of the
orientational fluctuations, centering the angular distribution
about ϑ = 0 rad. The half width of the distribution decreases
with the field, in agreement with the prediction of Eq. (30).
The good agreement between the experimental data and the
theoretical expression is also proved by the small inset in
Fig. 3. Here we show the fitting parameters α = α̃/2 obtained
from the main graph as a function of the normalized magnetic

energy ξ . To determine ξ , we use as persistence length of the
chain the value lp ∼ 0.3 μm, which was previously determined
in a set of independent experiments [20]. The scattered data
are in excellent agreement with the continuous line that was
independently obtained from the numerical calculation of the
maximum of the functional W in Eq. (31).

IX. CONCLUSIONS

We have combined experiments and theory to analyze the
orientational fluctuations in a colloidal chain made by fer-
romagnetic hematite ellipsoids. Our model quantitatively cap-
tures the physics of the colloidal system, showing a good agree-
ment with the experimental data. In absence of external field,
the chain shows large fluctuations of the individual elements
along the whole range of angles [0,2π ] and can easily break.
When an external field is applied, the amplitude of the fluctua-
tions decreases, becoming limited to a narrow range of angles.

The assembly of magnetic colloids into linear chains is an
appealing research subject with both fundamental [33] and
technological applications [34]. In the first case, magnetic
chains influenced by thermal fluctuations have shown a
variety of interesting phenomena, including diffusion limited
aggregation [35,36], multiscale kinetics [37], and subdiffusive
dynamics [38]. On the application side, magnetic chains have
been used in the past as micromechanical sensors [3,39], to
measure the growth of actin filaments [40], the rheological
properties of the dispersing medium [41,42], or even to realize
biomimetic structures, such as actuated magnetic propellers
[43,44] and artificial cilia [45,46]. Further, our mesoscopic
colloidal system may be also used as a simplified model for
magnetic polymer beads, which present exciting applications
in targeted drug delivery and in the oil industry [47].
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Abstract
Wedescribe amethod to trap, transport and releasemicroscopic particles in a viscous fluid using the
hydrodynamic flowfield generated by amagnetically propelled colloidal ribbon. The ribbon is
composed of ferromagneticmicroellipsoids that arrangewith their long axis parallel to each other, a
configuration that is energetically favorable due to their permanentmagneticmoments.We use an
external precessingmagnetic field to torque the anisotropic particles forming the ribbon, and to
induce propulsion of the entire structure due to the hydrodynamic couplingwith the close substrate.
The propulsion speed of the ribbon can be controlled by varying the driving frequency, or the
amplitude of the precessing field. The latter parameter is also used to reduce the average inter particle
distance and to induce the twisting of the ribbon due to the increase in the attraction between the
rotating ellipsoids. Furthermore, nonmagnetic particles are attracted or repelledwith the
hydrodynamic flowfield generated by the propelling ribbon. The proposedmethodmay be used in
channel freemicrofluidic applications, where the precise trapping and transport of functionalized
particles via non invasivemagnetic fields is required.

1. Introduction

The trapping and transport ofmicroscopic entities via hydrodynamic flow is an emergent field of research that
could lead to novel and exciting developments in lab on a chip devices, such as the controlled release and site
specific delivery of chemical or biological cargos. Inmicrofluidic systems, where pressure fields are used to
displace nanoliter volumes of reagent in 100 mm~ wide channels, the trapping, assembly and positioning of
microspheres via hydrodynamic flowhas been demonstrated in different works [1–6]. The time reversal nature
offluid flow at lowReynolds (Re)number [7] allows for realizing precise single particle operations at the
microscale, since inverting thefluid current does not lead to the formation of swirls or turbulence that can
randomize themotion of the dispersed particles.

An alternative approach that is gainingmuch attention is the use of externally drivenmicropropellers
capable to drag and transportmicroscopic objects using the hydrodynamic flow generated by theirmovement.
This strategy does not require lithographic confinement or externally imposed pressure fields, but a suitable
actuation scheme that enables net propulsion at lowRe number, avoiding reciprocalmotion, namely periodic
backward and forward body displacements [8]. Recent examples in this direction include the use ofmagnetically
driven nanorods [9], colloidal rotors [10–12], ormagnetic particles driven above ferromagnetic structures
[13–16]. In contrast to other actuation schemes, for instance the ones based on chemical reactions [17], electric
[18], acoustic [19] or optic fields [20], magnetic fields have the advantage of not directly altering the dispersing
medium, although they requiremagnetic parts within the prototypes [21–28].
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In this article we demonstrate amethod to assemble and propel a colloidal ribbon, which is later used to trap
and release nonmagnetic objects in a viscous fluid by using the hydrodynamic flow that it generates. The ribbon
is composed by a collection of hematitemicroellipsoids assembled and propelled upon application of an external
precessingmagnetic field. The applied field aligns the particles and forces them to rotate in a plane perpendicular
to the close surface. The ribbon translates as awhole at a constant speed due to the collective rotations of the
composing particles, generating a net fluxwith amajor component perpendicular to its long axis. This
hydrodynamic flow is used tomanipulate unbound nonmagnetic particles in a fluid, by attracting or repelling
themdepending on the sense of rotation of the ellipsoids forming the ribbon.We develop a theoreticalmodel
that allows us to compute the generated hydrodynamic flowby using analytical arguments, and to obtain a good
agreementwith the experimental data.

2. Experimental

The colloidal ribbon is composed of hematite (α-Fe2O3)microellipsoids, synthesized following themethod
developed by Sugimoto and coworkers [29]. The realized particles aremonodisperse prolate ellipsoids with a
major axis (twominor axes) equal to1.80 0.11 mm (1.31 0.12 mm resp.). During the synthesis, the
particles acquire a permanentmoment orientedmainly perpendicular to their long axis, as shown in the
schematic infigure 1(a). The nonmagnetic particles used as a cargo are commercial aqueous suspensions of
monodisperse silicon dioxide particles (44054 Sigma-Micro, Sigma-Aldrich), having 4 mm in size. Before the
experiments, we first disperse the particles in high deionizedwater (milliQ,Millipore), stabilize themwith
sodiumdodecyl sulfate (0.11 g of SDS for 80 ml of water) and finally adjust the pHof the solution to 9.5, by
adding different aliquots of tetramethylammoniumhydroxide. This procedure avoids irreversible sticking
between the particles and to the glass surface, induce by attractive Van derWaals interactions. The resulting
solution is introduced in a sealed capillary chamber (inner dimensions 0.1 2.00 mm– , CMCScientific), where
the particles sediment due to densitymismatch. After fewminutes, the ellipsoids float at a certain distance above
the bottomplate due to balance between gravity and electrostatic repulsive interactions with the surface.We
visualize the particle dynamics with an upright opticalmicroscope (EclipseNi, Nikon) connected to aCCD
camera (Balser Scout scA640-74fc) equippedwith a100´1.3NAoil immersion objective.

The precessing field used to propel themagnetic ribbon is generatedwith a custommade system composed
by three coils with theirmain axis aligned along the three orthogonal directions (x y z, ,ˆ ˆ ˆ). Thewhole

Figure 1. (a) Schematic illustrating amagnetic ribbon composed of 13 ferromagnetic ellipsoids, propelling due to a precessing
magnetic field H , with amplitudes H H,x 0( ) and angular frequencyω; here H H Hz y0 = = . (b) Sequence ofmicroscope images
showing the transport of one ribbon upon application of a precessing fieldwith H 2000 A m0

1= - , H 460 A mz
1= - , and

314.2 rad s 1w = - . The corresponding video can be found in the supporting informationwhich is available online at stacks.iop.org/
NJP/19/103031/mmedia. (c) and (d)Diagrams in the H H,y z( ) plane (c) for H 800 A m ;0

1= - and in the H H,x 0( ) plane (d) both for
125.7 rad s 1w = - . The diagrams show the regimeswhere the ribbons break, propel ( v 0yá ñ > ) or stopmoving ( v 0yá ñ = ). (e)Average

speed vyá ñof a ribbon versus driving frequencyω for two amplitudes of the appliedfieldHx, where H 640 A m0
1= - .
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experimental setup is oriented in such away that the x̂ axis coincides with the direction of the Earthmagnetic
field. In order to generate a rotatingmagnetic field in the (y z,ˆ ˆ)plane, i.e. perpendicular to the glass substrate,
two pairs of coils are connected to a power amplifier (IMGSTA-800, Stage Line) that is commanded by an
arbitrary waveform generator (TGA1244, TTi). To apply a constant field along the x̂ direction, the third coil is
connected to aDCpower supply (EL 302RT, TTi).

3. Ribbon assembly and propulsion

In absence of any externalfield (H 0= ), the hematite ellipsoids spontaneously assemble into chains or rings due
to attractive dipolar interactions arising from their permanentmagneticmoments [30]. In a previous work [31],
we investigated the orientational dynamics of individual ellipsoids under a static external field andmeasured an
averagemagneticmoment of m 2.3 10 A m16 2= ´ - . Since thismoment is perpendicular to the long axis of
the ellipsoid, when chaining the particles arrange side by side, forming a ribbon. This configuration is similar to
that previously found for ferromagnetic Janus rods, that also showed amagnetization along their short axis [32].
The assembled structure however is rather fragile, and can be easily broken by thermal fluctuations. As amatter
of fact, the interaction energy between two isolated ellipsoids at close contact can be estimated as:
U m a k T4 0.4m 0

2 3
Bm p= ~( ) , being 4 10 H m0

7 1m p= ´ - - , kB the Boltzmann constant andT 293 K= the
room temperature. This interactionmay increase within the ribbon due to nearest particles, but still it would be
of the order of few k TB .

We strengthen and propel the ribbon along a defined direction, in this particular case the ŷ axis, by applying
an external precessingmagnetic field, composed by a static component of amplitudeHx and aligned along the
x-axis, and a rotating one polarized in the perpendicular plane y z,( ˆ ˆ),figure 1(a). The appliedfield is thus given
by: H H x H t y t zcos sinx 0 w w= + -ˆ ( ( ) ˆ ( ) ˆ), where H H H 2y z0

2 2= +( ) corresponds to the amplitude of the

rotatingfield andω its angular frequency. This field has different effects on the chain of ellipsoids. First, the
componentHx orients the ribbon along the x axis,minimizing themagnetostatic and the effective
demagnetizing energy densities [31]. This effectmakes the chain stiffer, as it further aligns the particlemoments
along the ribbon axis. Second, the rotating component applies a net torque to the ellipsoids, m Hm 0t m= ´ ,
forcing them to rotate around their short axis. The existence of this torque is due to the fact that, within each
ellipsoid, the permanentmoments are not exactly perpendicular to the particles’ long axis as in an ideal
situation, but they have a narrow tilt angle distribution that arises from imperfections during the chemical
growth process. This distributionwas assessed for isolated particles bymeasuring the angles between the long
axis of the ellipsoids and the direction of a constant applied field, and it is shown in the supporting information5.
The rotation of the individual ellipsoids within the ribbon is essential for inducing its net displacement. Since the
ellipsoids are close to a surface, their rotationalmotion is rectified in a rolling dynamics, and the ribbonmoves as
awhole at a constant average speed and along a direction that is dictated by the chirality of the rotating field,
figure 1(b).

Wefirst vary the different amplitudes of the precessing field in order to determine the range of experimental
valueswhere the propelling ribbons are observed. In the diagram infigure 1(c), we keep constant the staticfield
Hxwhile varying the ellipticity of rotating field, defined as H H H Hz y z y

2 2 2 2b = - +( ) ( ) [33]. The red line
cutting in half the diagramdenotes the circularly polarized case where 0b = (H H Hy z 0= = ). The ribbon is
propelled for both positive (H Hz y> ) and negative (H Hz y< ) values ofβ, while it breaks for largefield
amplitudes, H 1200 A m0

1> - . The ribbon rupture results from the fact that themagnetic torque is now able to
spin the entire structure, and the ribbon behaves as a compact rod that tries to follow the conical precession of
thefield.However, themagnetic chain inevitably breaks when standing up due to the presence of the solid
substrate and the action of gravity. Below H 400 A m0

1~ - , themagnetic actuation is tooweak to induce any
propulsivemotion.When considering a rotatingfield circularly polarized ( 0b = ), the propelling ribbons are
stable for awide range of values ofHx, as shown infigure 1(d). The tendency to break or to stop propulsion are
found for large and small values ofH0 respectively, in agreement with the previous graph.Wenote that v 0yá ñ =
was defined as the condition accomplishedwhen the average translationalmotion of the ribbon cannot be
distinguished by the one observed in absence of the precessing field, i.e. when themotion of the ellipsoids is due
to sole thermalfluctuations.

The average speed of the ribbon vyá ñcan be easily tuned by varying two control parameters, namelyω andHx.
We start bymeasuring the dependence of vyá ñwithω, and at constantHx,figure 1(e). Formost of themagnetic
propellers that are actuated by time dependentfields, the driving frequency is the natural parameter used to
control their speed. The frequency allows for changing the particle dynamics from a synchronous regime, where

5
See supporting information for two videos illustrating the propulsion of one individual ribbon and the controlled hydrodynamic trapping

on a silicamicrosphere.
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velocity of the propeller is proportional to the driving frequency, to an asynchronous one, where vyá ñdecreases as
ω increases since the propeller is slower than the field rotations.Wefind that, for ourmagnetic ribbons, the
rotations of the ellipsoids are in the asynchronous regime for all the explored frequencies,

10, 650 rad s 1w Î -[ ] . In this regime ofmotion the phase anglef between the direction of themagnetic field
and the orientation of the permanentmoment follows the Adler equation [34]with sin 2cf w w f= -˙ ( ), being

cw the critical frequency that separates the synchronous from the asynchronousmotion. Solving the previous

equation for cw w> gives the average rotational speed as 1 1 c
2w w wáWñ = - -( ( ) ) [35]. Thus, in the

asynchronous regime the hematite ellipsoids rotate with an angular frequency W⟨ ⟩ smaller than the driving
frequencyω, showing characteristic ‘back and forth’ oscillationswithin the ribbon.

The relative low value of the average speed found, as compared to othermagnetic rotors [36–40] results from
both, the strongly constrainedmotion of the particles within the ribbon, and from the small tilt angle of their
permanentmoments. For H 800 A mx

1= - , the average speed vyá ñdecreases withω, starting from
v 1.5 m sy

1má ñ = - ( 43.9 rad s 1w = - ) and reducing to zero at 628.3 rad s 1w = - . From the data infigure 1(e) it
also emerges that an increase in the amplitude of the in plane fieldHx decreases the particle rotationalmotion
and thus the velocity vyá ñ. However, both curves display similar trends beyond 300 rad s 1w ~ - which could be
an indication that a differentmechanism such asmagnetic relaxation [41] becomes dominant at high frequency.

We next characterize the average speed vyá ñand the deformation induced by the increase in the amplitude of
the static componentHx, while keeping constantω. The observed trend is similar to that of varyingω, since vyá ñ
decreases asHx increases,figure 2(a). However, as shown in the small schematic infigure 1(a), the field
componentHx is also responsible for the degree of alignment of the particlemoments, since it determines the
cone angle of the precessionalmotion described by the ellipsoids. At high values ofHx, the average inter particle
distance dá ñ reduces linearly towards the the hard sphere limit 1.3 md m= ,figure 2(b). A direct consequence of
this compression is that the colloidal particles experience stronger dipolar attractions that forces them to rotate
in a collectivemanner. Thus, the colloidal chain assumes a twisted conformation, with groups of particles
rotating together. The ellipsoidal shape of the particles allows for characterizing thisfield induced distortion,
and thewavelength of the twist can bemeasured in terms of the average number of particles contained in a
complete turn. This number increases almost linearly withHx, as δ reduces. For very largefield values, all the
ellipsoids within the ribbon try to rotate together, and the twisting reaches the size of the entire structure, while
vyá ñgoes to zero. The twisted ribbon resembles the helical ribbon formed by paramagnetic colloids subjected to a
precessingmagnetic field [42]. However, in our case the pitch remains constant along the chain, and no
transversalmotion of domainwalls was observed as in [42].

Figure 2. (a)–(c)Average translational speed vyá ñ (a), inter particle distance dá ñ (b) andwavelengthλ (c) versusHx for ribbons
composed by hematite ellipsoids. The precessing field has H 640 A m0

1= - and 125.7 rad s 1w = - . The small schematics in the
images illustrate the effect of the componentHx on the alignment of themagneticmoments (a), the average distance δ (b) and the
wavelengthmeasured in terms of the number of particlesN (c).
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4. Transport of nonmagnetic colloids

Themagnetic ribbons can trap and transport nonmagnetic particles by using the hydrodynamicflowgenerated
by the rotations of the composing particles.We demonstrate this feature infigure 3(a), wherewe drive a colloidal
ribbon close to a large silica particle of 4 mm diameter.Wefind that the nonmagnetic colloid can be either
repelled or attractedwhen located in front or behind the propelling chain, respectively. Even though the ribbon
has a finite extension, this length can bemuch larger than the silica bead diameter, and the latter can be stably
trapped and transportedwhen located close to the central part of the ribbon, see the corresponding
supplementary video (see footnote 5). By tracking the relative distance yD between the particle and the central
position of the ribbon,figure 3(b), we observe that in both cases, i.e. when located in front or behind the chain,
the silica colloid reaches a constant distance from the center of the ribbon.When attracted, the nonmagnetic
particles reaches the back of the chain and remains there as long as the precessing field is applied. Inverting the
polarity of one of the two components of the rotating field, here H Hy y= - , reverses the sense ofmotion of the
ribbon.Now the cargo becomes repelled,moving away from the chain till reaching amean distance of

y 8 mmD = . The silica cargo can be further localized in a given place by applying a driving frequency higher
than 600 rad s 1w = - , so that the chain does not propel but it still generates an attractive flow in its back. An
alternative way to trap the nonmagnetic object withoutmoving it away from the observation area and keeping
the frequency constant, would be to periodically switch the sign ofHy. This procedure would allow changing
fromattraction to repulsion and thusmoving the particles back and forth along the same path, confining the
colloid along a narrow line.We alsofind that this hydrodynamic trappingmechanism becomes less stable for
shorter ribbons. As shown infigure 3(c), and corresponding VideoS3 (see footnote 5), when transported by a
shorter ribbon composed ofN=9 particles, the silica colloid eventually escapes from the lateral direction. This
indicates that the repulsive hydrodynamicflow is only strictly perpendicular to the ribbon long axis at its center,
while it becomes tilted near the edge. This effect can be howeverminimized by placing the ribbon such that it
attracts the nonmagnetic object at its center.

5. Flow generated by the propelling ribbon

Themagnetic ribbon generates a net hydrodynamic flowdue to the rotation of the constituent particles.We
model thisflowby considering the translating chain of ellipsoids as a line of equally spaced particles that rotate
close to a solid surface. Direct analytic expressions of the flowproduced by this array can be obtained in the
Stokes regime, by assuming that each particle has associated an hydrodynamic singularity placed below the solid
surface and at the same distance from the solid wall. As described in [43], this singularity is composed by a rotlet,

Figure 3. (a) Sequence ofmicroscope images showing how themotion of one silica particle (diameter 4 mm ), placed above the glass
surface, is controlled by a propelling ribbon subjected to a precessing field of amplitudes H 640 A m0

1= - , H 80 A mz
1= - and

angular frequency 125.7 rad s 1w = - . (b)Corresponding distance yD between the center of the ribbon and the center of the silica
particle versus time. Blue (magenta) regions indicate hydrodynamic attraction (repulsion) induced by the translation of the ribbon.
The reverse of thefieldHy, that changes the polarity of the rotating field and consequently the propulsion direction of the ribbon is
shown at the bottomof the graph. (c) Images showing two snapshots of one silica particle being repelled by a short ribbon composed
ofN=9 hematite ellipsoids. The trajectory of the particle is superimposed as amagenta line.

5

New J. Phys. 19 (2017) 103031 HMassana-Cid et al



a stresslet and a source doublet. Thus, the velocity of the flow generated by one colloid rotating at an angular
velocityΩ is given by the tensorial equation [43]:
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It should be noted that our theoreticalmodel considers only the hydrodynamic contribution, neglecting any
further interaction between the particles. Themagnetic interactions are important to assemble the chain of
particles and to generate the net torque, but do not have any direct influence on the produced hydrodynamic
flow. As amatter of fact, such interactions have been already addressed in a different context [30, 31], and here
we assume that the ellipsoids rotates at an average angular velocity áWñ˜ . Using equation (1) it also possible to
determine the average speed for a chain of spherical rotors in a similar way as done in [44], where paramagnetic
colloids weremagnetically assembled in chains that translated parallel to the surface and along theirmain axis.
However, in our case this calculationmay give rise to theoretical values different than the experimental ones due
the non spherical shape of our ellipsoids and the asynchronous rotation resulting from the strong dipolar
attraction between the particles.

We test ourmodel by first calculating the flowprofile generated by a chain of rotors thatmoves towards the
ŷ direction, figure 4(a). As expected from the experimental evidence, theflowprofile is attractive behind the
propelling chain of particles (blue arrows), and repulsive in front of it (magenta arrows).Moreover, it radially
converges toward the center of the chain, sign that tracer particles placed close to the border of the chainmigrate
toward the chain center when attracted, or are expelled from it when are repelled, as observed in figure 3(c).

A quantitative comparisonwith the experimental data is shown infigure 4(b), wherewemeasure the average
speed of the nonmagnetic tracer particles as a function of the distance from the center of a ribbon, which is
propelled at different speeds obtained by varying the amplitude ofHx.We then performmultiple fits to the
experimental data (scattered data infigure 4(b)) by using equation (2) of themodel. In all cases, the experimental
parameters that we kept fixed are the radius of the rotating particles, r 0.65 mm= , their elevation h 0.75 mm= ,
mean distance 1.3 md m= and the elevation of the silica particle H 2.1 mm= .We then leave as the only
adjustable parameter the average angular rotation of the ellipsoids áWñ˜ , that is induced by the precessing field.
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The values of áWñ˜ obtained from thefits are always smaller than thefield frequencyω, confirming the fact that
the particles rotates asynchronously with the driving field. For short distances or small speed of the chain (high
values ofHx), there is a good agreementwith the experimental data, even if the developedmodel present
different approximations. At large separations between the ribbon and the silica particle, some deviations from
the theoretical trend become visible. At such distances, thermalfluctuationsmay be strong enough to perturb
the particle trajectory, or the effect of the finite size of the chainmay become significant.

6. Conclusions

In this article we have demonstrated amethod to trap and transport nonmagnetic objects in a viscousfluid by
using amagnetically assembled and twisted chain of rotating ferromagnetic ellipsoids. The chain propulsion is
induced by an external precessing field, that allows for tuning both the chainmean speed and the twisted
conformation.We describe the generated hydrodynamic flow as the cooperative flow resulting from a one
dimensional ensemble ofmicroscopic rotors. Even though our theoretical approach uses far field
approximations, it properly captures the physics behind the hydrodynamic trapping process. Further extension
of this studymay include the effect of themagnetic interactions between the particles and how these interactions
lead to the twisted state. On the application side, ourmagnetic twisted ribbonmay be potentially used in lab on a
chip devices where precise transport of nonmagnetic objects is required for the delivery of drugs or chemicals
attached to functionalized particles.
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FIG. 1. Distribution of the particle orientation P (ϑ), for different amplitudes of the static field H. Here ϑ denotes the angle
between the applied field and the short axis of the ellipsoid, as shown in the small schematic.

TILT ANGLE OF THE FERROMAGNETIC ELLIPSOIDS

In Fig.1 we measure the tilt angle ϑ that the magnetic moments have in the hematite ellipsoids with respect to their
short axis. We have subject different particles in a diluted solution to a static external field H, and measured the
angle ϕ that the long axis of the ellipsoid makes with the field direction, obtaining thus ϑ = 900 − φ. As shown from
Fig.1, for small applied field thermal fluctuations can easily perturb the particle orientations, and the distribution are
broad. However, for H > 900 Am−1 the distribution becomes narrow and its variance remain constant, demonstrating
effectively that the permanent moment within the ellipsoids can have a small tilt up to 10 degrees from the short axis.

SUPPORTING VIDEOS

With the article are 3 videoclips as support of Figs.1(b) and Figs.3(a,c).

• VideoS1(.WMV) This videoclip illustrates the transport of a ribbon composed by N = 38 hematite ellipsoids
and subjected to an external precessing magnetic field with amplitudes H0 = 2000 Am−1, Hx = 460 Am−1, and
driving frequency ω = 314.2 rads−1. The video corresponds to Fig.1(b) of the article.

• VideoS2(.WMV) The video illustrates the controlled trapping of a silica particle of 4µm diameter when placed
close to a ribbon propelling due to a precessing field. The field has H0 = 640 Am−1, Hx = 80 Am−1, and driving
frequency ω = 125.7 rads−1. The sign of the field component Hy is inverted two times such that the ribbon first
repel the non-magnetic particle, than attract after 13.6 s since Hy = −Hy, and finally at 23.2 s −Hy = Hy and
it repels again. The video corresponds to Fig.3(a) of the article.
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• VideoS3(.WMV) Transport of a silica particle of 4µm diameter by a shorter chain composed of N = 9 hematite
ellipsoids. The precessing field has the same parameters as the one used in VideoS3, and after 26 s the silica
particle escapes from the hydrodynamic flow of the ribbon due to its tangential nature close to the ribbon
boundary. The video corresponds to Fig.3(c) of the article.
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ABSTRACT
In this article, we combine experiments and theory to investigate the transport properties of anisotropic hematite colloidal rotors that dynam-
ically assemble into translating clusters upon application of a rotating magnetic field. The applied field exerts a torque to the particles forcing
rotation close to a surface and thus a net translational motion at a frequency tunable speed. When approaching, pairs of particles are observed
to assemble into stable three-dimensional clusters that perform a periodic leap-frog type dynamics and propel at a faster speed. We analyze the
cluster formation and its lifetime and investigate the role of particle shape in the propulsion speed and stability. We show that the dynamics
of the system results from a delicate balance between magnetic dipolar interactions and hydrodynamics, and we introduce a theoretical model
that qualitatively explains the observed phenomena.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086280

I. INTRODUCTION

Recent years have witnessed a surge of activities in realiz-
ing artificial microscopic prototypes that could be remotely guided
toward a defined target in a fluid medium.1–3 The driving interest
arises from both fundamental and technological needs. The physics
of artificial microswimmers navigating fluids fascinates scientists
due its direct connection with biological systems, such as bacteria,
that operate at the low Reynolds number. From the point of view
of applications, artificial prototypes demonstrated the capabilities of
performing useful tasks in microfluidic chips,4–6 in biomedicine,7,8

or to transport microscopic cargoes.9–15 Thus, the community has
been mainly focused on designing individual microswimmers and
understanding their principle of propulsion or on analyzing their
collective dynamics in high density suspensions.16–23,37,38 However,
investigating the interactions and dynamics between few micropro-
pellers represents a first step toward understanding the complex

phenomena arising from a collection of them. In particular, the
use of colloidal particles as model microswimmers has the advan-
tage that it avoids the intrinsic complexity of biological systems,
providing tunable interactions and experimentally accessible length
scales.

In this context, we recently realized controllable colloidal rotors
that are composed of anisotropic hematite particles and are driven
in water by an external rotating magnetic field.24 The particles
rotate close to a surface, and the hydrodynamic interaction with the
plane rectifies the rotational motion into a net drift velocity.4 We
find that when two rotors approach each other, they couple form-
ing a dynamic bound state by adjusting their translational speed.
The relative orientation of the particles within these states depends
on the field parameters: the hematite ellipsoids align side-to-side
or tip-to-tip, i.e., with the relative position parallel or perpendic-
ular, respectively, to their long axis. However, in all the observed
cases, the bound states remain confined in two dimensions with a
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relatively long interparticle distance. Here, by further exploring the
space parameter, we discover a new type of cooperative dynamics,
where a pair of propellers combines into a rolling three-dimensional
cluster that displays a leap-frog type motion while propelling faster
than individual rotors. We observe that this bound state can be
formed by two or more rotors, and we characterize its stability and
dynamics by varying the different field parameters. We comple-
ment these experiments with a theoretical model that considers the
hydrodynamic interactions between the particles and the bounding
plane.

II. EXPERIMENTAL PART
We realize micropropellers by using anisotropic hematite par-

ticles that are synthesized via the “sol-gel” technique.25 The particles
present a long and a short axis equal to α = 2.5 µm and β = 1.4 µm,
respectively, and a permanent magnetic moment m perpendicular
to their long axis, as shown in the schematic of Fig. 1(a). In a pre-
vious studies,24,39 the magnitude of this moment was measured as
m ≃ 9 × 10−16 Am2. After synthesis, the particles are diluted in
highly deionized water (Milli-Q system, Millipore) and are stabilized
by adding sodium dodecyl sulfate (SDS), namely, 0.11 g of SDS for
80 ml of water. This surfactant is used to avoid sticking of the par-
ticles due to van der Waals interactions. Before the experiments, the
pH of the resulting solution is raised to 9.5 by adding tetramethy-
lammonium hydroxide. The particles sediment on a glass surface,
and the balance between gravity and steric interactions due to the
SDS confines them on the plane.

The external magnetic field used to propel the particles is
generated by using a triaxial magnetic coil system connected to
a waveform generator (TGA1244, TTi) feeding a power amplifier
(AMP-1800, AKIYAMA or BOP 20-10M, Kepco). A rotating field
in a given plane is obtained by passing through two perpendic-
ular coils two sinusoidal currents with 90○ phase shift. We then
use optical microscopy (Eclipse Ni, Nikon) to record the parti-
cle motion with an area-scan camera (scA640-74f, Basler) working

at 50 fps. The videos are then analyzed via particle tracking rou-
tines26 to extract the position and the orientation of the hematite
particles.

III. DYNAMICS OF AN INDIVIDUAL ROTOR
We start by describing the propulsion of a single rotor and later

focus on the emergence of the three-dimensional leap-frog states.
The particles are propelled by applying a rotating magnetic field
circularly polarized in the (x̂, ẑ) plane that is perpendicular to the
glass substrate, as shown in Fig. 1(a). The applied field is given by
H = H0(cos (ωt)x̂ − sin (ωt)ẑ), being H0 the amplitude and ω the
driving frequency. Figure 1(b) shows two snapshots of a dilute sus-
pension of rotors driven toward the right by the rotating field. Since
the permanent moment of the particles is directed along the short
axis, Fig. 1(a), during propulsion, the particles keep their long axis
always perpendicular to the direction of motion, here given by x̂.
From particle tracking, we extract the position of each particle i,
(xi(t), yi(t)), and determine the mean speed of the individual rotors
as ⟨vx⟩ = 1

N ∑N
i

∆xi
∆t , where the average ⟨. . .⟩ is performed over

N different and independent particles. As shown in Fig. 1(c), the
particle dynamics is characterized by two regimes of motion, sep-
arated by a critical frequency ωc. The synchronous transport occurs
for ω < ωc, where the magnetic moment of the particle follows the
applied field, and thus, the particle rotational frequency Ω coincides
with the driving one, Ω = ω. In this situation, assuming that the
particles have an elevation from the surface equal to ∼β/2, the net
drift velocity is given by vx ∼ βω/2. The dashed lines in Fig. 1(c)
show the corresponding fit to the experimental data in this linear
regime. For ω > ωc, the motion becomes asynchronous, and the
phase lag angle between the particle’s moment and the field is not
constant. This effect induces characteristic back-and-forth oscilla-
tions during each field cycle and a consequent reduction of the aver-
age particle rotational motion. Neglecting thermal fluctuations, the
average speed of the particles can be calculated as27 vx ∼ βΩ/2 with

FIG. 1. (a) Schematic illustrating a ferromagnetic hematite ellipsoidal particle propelling in water due to the application of a rotating magnetic field H. Green arrows indicate
the direction of propulsion. (b) Sequence of images showing a dilute solution of hematite particles that propel toward the right due to a rotating field with amplitude H0 =
2700 A m−1 and angular frequency ω = 251.3 rad s−1. In the bottom image, the trajectory of one particle is superimposed and the scale bar is 20 µm. (c) Average speed⟨vx⟩ vs driving frequency ω for a single propeller when subjected to a rotating field with amplitudes H0 = 1400 A m−1 (black circles) and H0 = 2700 A m−1 (orange circles).
Dashed (continuous) lines are fit to the synchronous (asynchronous) regime, while ωc is the critical frequency. Error bars are obtained from the statistical average of different
experiments.
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Ω = ω −√ω2 − ω2
c , as shown by the continuous lines in Fig. 1(c).

From the fits to the experimental data, we determine the critical
frequencies for the two field amplitudes ωc = 243 ± 3 rad s−1 for
H0 = 1400 A m−1 and ωc = 376 ± 3 rad s−1 for H0 = 2700 A m−1,
which, as previously observed,27 increase linearly with H0. Thus, our
hematite rotors display a tunable speed that increases linearly with
the driving frequency up to ωc, while this threshold frequency could
be further raised by tuning the field amplitude.

IV. LEAP-FROG DYNAMICS OF ROTORS
At large density of rotors, propelling particles start to inter-

act with each other. Very close hematite rotors may couple their
motion forming bound states and altering their translational speed.
As shown in the diagram in Fig. 2(a), we observe different situa-
tions depending on whether the motion occurs on the same plane or
becomes three-dimensional (leap-frog state). For high driving fre-
quencies, we observe that the rotating particles never come too close
to generate the leap-frog state, but rather they bound into metastable
states confined in the plane of motion (x̂, ŷ). In this situation, the

FIG. 2. (a) Diagram in the (ω; H0) plane showing the regime where the leap-frog
dynamics is observed (yellow region) and where the movement of the hematite
particle is limited to a 2D plane (gray region). The magenta dashed line corre-
sponds to ω = 54.8 rad s−1. (b) Position vs time of two particles performing the
leap-frog dynamics. Insets at the top show experimental images of the hematite
particles exchanging their positions during propulsion and the microscope image
visualizes the (x̂, ŷ) plane at a fixed height. The inset at the bottom shows the
corresponding schematic in the (x̂, ẑ) plane.

relative particle arrangement is the same to that reported in a previ-
ous study24 and thus here will not be described. By contrast, at low
frequency, we find that the pair of approaching particles can form
three-dimensional leap-frog states, where the hematite ellipsoids roll
one on top of each other, periodically exchanging their positions
and always keeping their long axis perpendicular to the propulsion
direction [Fig. 2(b)].

The resulting dynamics is mainly dictated by the balance
between the magnetic dipolar and hydrodynamic interactions. The
first type of interaction favors that the particles arrange side by
side with their long axis parallel to each other. In this configu-
ration, the permanent moments tend to be aligned along a com-
mon direction in order to minimize the magnetic energy of the
couple, Um. If we consider two hematite rotors with moments mi,
mj and at a relative distance rij = |ri − rj|, the dipolar interaction
between the couple is given by Um = µw

4π (mimj

r3
ij
− 3(mi ⋅rij)(mj ⋅rij)

r5
ij

). Here,

µw ∼ µ0 = 4π ⋅ 10−7 H m is the magnetic susceptibility of the medium
(water) and ri is the position of particle i. Thus, the dipolar poten-
tial is maximally attractive (repulsive) for particles with magnetic
moments parallel (perpendicular) to rij. Since the moment of the
particles follows the field that rotates in the (x̂, ẑ) plane, the leap-
frog motion minimizes the potential Um. This follows from the
fact that the distance between mi and mj is shorter (longer) when
mi ,j ∥ rij (mi ,j � rij) during one field cycle. The time average poten-
tial between two dipoles performing the leap-frog motion is indeed
attractive in the plane (x, z) and given by Um = −µ0m2/(8π(x+z)3).
In the opposite case, when the particles are aligned tip to tip
on the same plane, the moments are always perpendicular to
their separation distance, and the potential becomes repulsive
Um = µ0m2/(4πy3).

This configuration, however, could be perturbed by the hydro-
dynamic interactions (HIs), which arise from the particle spinning
and the generated vortical flow field. The order of magnitude of
the two competing interactions can be estimated, in first approxi-
mation, by considering the range of forces that act over the pair.
The magnetic dipolar forces Fm between two equal dipolar parti-
cles of radius a and moment m and located at distance r = 2a is
given by Fm = 3µ0m2/(64πa4), while the viscous force generated by
a single hematite particle is Fh = 3πηΩh2/4, being η = 10−3Pa s the
solvent viscosity and h ∼ a the particle elevation from the surface.
Hence, for a ∼ β/2 = 0.7 µm, we find that when both forces bal-
ance, Fm = Fh, the angular frequency becomes Ω = µ0m2/(16π2ηa6)
= 54.8 rad s−1, which corresponds to the dashed line in Fig. 2(a).
Thus, at low driving frequencies, magnetic interactions dominate
over HIs and help keeping the leap-frog stable, as shown in the dia-
gram in Fig. 2(a). However, our simple argument does not explain
how the transition region depends on the field amplitude. Indeed, at
large values of H0, the presence of an induced dipole moment mind∼ H0 within the particle may lead to strong dipolar interactions and
further favor the leap-frog state. While magnetization measurements
of similar particles show a negligible value of mind,27 its contribu-
tion to Fm may become important for large amplitudes, as it grows
as ∼ H2

0 .
In Fig. 3(a), we measure the average speed ⟨vx⟩ of a cluster

of hematite particles performing the leap-frog and compare its val-
ues to the speed of individual rotors in the synchronous regime.
The cluster displays a faster translational motion until it reaches the
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FIG. 3. (a) Average propulsion speed ⟨vx⟩ vs angular driving frequency ω for
single rotors (open symbols) and for a leap-frog state (filled symbols). The straight
lines are linear fits that serve as guides to the eyes. (b) Average lifetime ⟨τ⟩ vs
ω for a bound state performing the leap-frog dynamics for two field amplitudes. In
both graphs, the error bars are obtained from the statistical average of different
experiments.

critical frequencyωc, where the two particles enter the asynchronous
regime reducing their rotational motion. In this case, the couple eas-
ily breaks due to the difference in speeds between the two hematite
rotors. Furthermore, we report in Fig. 3(b) the average lifetime ⟨τ⟩
of the observed leap-frog states for two different field amplitudes.
The presence of thermal noise or disorder in the experimental sys-
tem may produce the disassembly of the pair during propulsion,
even at frequencies well inside the synchronous regime. The disor-
der may be due to small polydispersity in the particle shape, in their
magnetic moments, or to the presence of surface asperities. These
sources of noise can induce variations of the hydrodynamic flow that
easily destabilize the propelling cluster. In general, we find that stable
clusters with longer ⟨τ⟩ are observed at low frequencies when mag-
netic dipolar interactions completely overcome the hydrodynamic
ones.

V. THEORETICAL MODEL
We describe the HIs between a pair of particles performing the

leap-frog state by considering the direct interactions and the pres-
ence of the bounding plane. The surface is replaced by an hydrody-
namic singularity located below the interface at the same distance

to it as the colloidal particle. The latter image is represented by a
particle rotating in the opposite sense that the actuated colloid, and
contributing to the flow field with additional stresslet and source
doublets.28 We neglect the magnetic dipolar interactions between
the pair and assume that the imposed rotating field simply prescribes
the angular velocity of the colloid Ω. Thus, in the synchronous
regime, the colloids of radius a rotate at Ω = ω. In the far field, the
flow generated by one of them is given by

ui
a3 = �ijkΩjrk

r3 − �ijkΩjRk

R3

+ 2h�kjzΩj(δikR3 − 3RiRk

R5 ) + 6�kjz
ΩjRiRkRz

R5 , (1)

where r is the position vector from the center of the particle, R is
the position of its image, and the subscripts (i, j, k, z) refer to vector
components. From Eq. (1), we can derive analytic expressions for
the speeds vi of the two spheres i = 1, 2 rotating with angular speed
Ωi and at elevation hi; see the Appendix for the full expressions. To
explore the role of anisotropy on the leap-frog state, we perform
numerical simulation of single spheres rotating at a common angu-
lar velocity and of colloidal dumbbells. We model a dumbbell as a
pair of spherical particles linked by a harmonic potential with a stiff
spring constant that allows the particle rotation but not separation
between the pair. Thus, the dumbbells are made of a pair spheres
(i, i + 1) bounded by a harmonic potential

V(ri,i+1 = r) = k
2
(r − r0)2, (2)

where r0 defines the distance between the two composing spheres at
rest and k is a spring constant. Thus, each sphere evolves according
to an overdamped dynamics

γṙi = γvi + f i, (3)

where γ is the viscous friction and f i = −∇iV(ri ,i+1) is the spring
force. We choose a relatively very stiff spring (k = 103) that guaran-
tees the dumbbell stability (k ≫ Ωγa) avoiding particle separation
and set r0 = a.

Figures 4(a)–4(d) show the results of our numerical simulations
based on the hydrodynamic model. We start by first calculating the
flow profile generated by a pair of spherical rotors that moves toward
right along the x̂ direction side by side [Fig. 4(a)] and one on top of
the other [Fig. 4(b)]. In the first case, the effective flow field induced
by the pair creates an elongated dipole with a source corresponding
to the front particle and a sink on the back one. When one particle
is above the other, the two flow patterns superimpose, creating two
lateral swirls with opposite rotational motion. Thus, tracer particles
could be easily transported by the propelling pair, being attracted
to it when at the back of the pair and pushed when in front of
it.

Furthermore, we explore the role of shape anisotropy on the
propulsion speed and on the formation of the leap-frog states.
As shown in Fig. 4(c), we find that single spheres and dumbbells
present almost the same speed that linearly increases with ω. The
main difference arises when the pair of spheres or dumbbells per-
forms the leap-frog as we observe a much faster propulsion speed
for the latter. However, we find that the normalized velocity ⟨vx⟩
overshoots the experimental data by almost a factor of two. This
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FIG. 4. [(a) and (b)] Plot of the streamlines of the fluid flow velocity u generated by a pair of spherical rotors performing the leap-frog motion before one particle jumps on top
of the other (a) and when the particle sits on top of the other. The (x, y) coordinates are normalized with respect to the particle radius a. The velocity field was calculated in
(a) considering both particles at the same elevation (z1 = z2 = 2a) and in (b) with different elevations (z1 = a; z2 = 3a) being a the particle radius. The motion of the particles
occurs toward the right. (c) Average speed ⟨vx⟩ vs frequency for a single sphere (green filled points) and dumbbell (orange circles) and for a pair of spherical rotors (magenta
triangles) and dumbbells (blue squares) performing leap-frog motion. The continuous line is obtained from Eq. (1) in the main text. The inset illustrates enlargement of the
main graph. (d) Diagram illustrating the regions where the leap -frog is stable (black squares) and not (red squares) by varying the initial distance dx and orientation angle α
between the two dumbbells. The schematic inset shows α and dx .

discrepancy could result from the different simplifications used in
our model. Specifically, the theoretical model disregards both grav-
ity and magnetic interactions and neglects the homogeneous surface
of the particles by considering them as dumbbells. Nevertheless, we
find that the leap-frog states could be formed by both spherical and
anisotropic rotors, which does not limit our mechanism to magnetic
particles with anisotropic shape but also to other types of colloidal
systems.29

We also observe that the leap-frog state is much more sta-
ble for spherical rotors than for pairs of dumbbells. In the first
case, according to the hydrodynamic model, we find that there is
no preferred distance between two particles to generate the leap-
frog motion. Thus, identical spherical particles will always be cou-
pled, unless thermal dissipation or other types of noise break the
bound state. This contrasts with our experimental observation of a
finite lifetime [Fig. 3(b)] and can be explained by considering the
anisotropic shape of the particles and the presence of a relative ori-
entational motion. In Fig. 4(d), we show the stability of a pair of

dumbbells performing leap-frog by varying their initial distance dx
and orientation angle α. We define the stable leap-frog when it lasts
for all the simulation time (1000 Ω−1 with Ω = 200 rad s−1) while
unstable when it breaks, or does not form at all, as observed for
larger distance or angle between the dumbbells. Leap-frog motion
might be broken by thermal fluctuations, or other sources noise
such as particle inhomogeneities, tumbling induced by particle col-
lision, and substrate roughness. These factors may easily change
the distance and relative orientation or even change the particle
speed as the cluster of rotors could develop a self-propelling velocity
that depends on their elevation (the closer they are, the faster they
move).

VI. TRANSPORT OF SEVERAL PARTICLES
The leap-frog state is reminiscent of the walking-like dynamics

observed both on dimers30,31 and clusters32,33 assembled from para-
magnetic colloids. However, in contrast to the mentioned studies,

FIG. 5. (a) Sequence of optical microscopy images illustrating the transport of a cluster formed by 4 hematite rotors that move toward the right. The scale bar at the bottom
is 10 µm. (b) Position (x̂) vs time of two clusters composed by 3 (cluster 1) and 4 [cluster 2, image (a)] particles propelling toward the right. (c) Average speed ⟨vx⟩ vs
number of particles N of a propelling cluster for two different driving frequencies and field amplitudes. The error bars are obtained from the statistical average of different
experiments.
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here, we find that increasing the number of particles, the leap-
frog extends along the x̂ direction, thus parallel to the plate, rather
than forming tumbling columns perpendicular to it. This situation
is illustrated in Fig. 5(a), where a cluster composed by 4 hematite
rotors translates toward the right at an average speed of ⟨vx⟩ = 5
µm s−1. During propulsion, particles forming the chain are expelled
from it to the top, roll on top of the chain, and re-attach at the
front of it creating the pair of propelling leap-frog states. This pro-
cess can be appreciated by tracking the position of the individ-
ual particles within smaller clusters, as shown in Fig. 5(b) for two
particular cases. If we consider “cluster 2” composed by 4 parti-
cles, the positions of each particle periodically alternate with short
and long periods where the slope, and thus the velocity, changes
or it remains constant, respectively. This indicates that the parti-
cles approach the edges of the cluster and slow down, while when
they slide above the other 3 particles, they display a constant speed.
This process becomes more evident for longer clusters containing
more than 6 particles. However, we find that these structures are
more difficult to track due to the continuous particle overlapping
that impedes the identification of the single elements within a clus-
ter. The average speed along the propulsion direction for different
number of particles N is shown in Fig. 5(b). Here, we measure the
average speed of the center of symmetry of the cluster that approx-
imately coincides with the center of velocity. We find that larger
clusters propel faster until reaching a saturation value for N ∼ 7. The
general trend is similar to that reported for paramagnetic colloids
assembled into two-dimensional carpets, where the speed rapidly
increases at the beginning and then it saturates at a large value of
N. We have explained this behavior in terms of the hydrodynamic
coupling among the colloids. Generically, beyond a characteristic
length of the chain, the hematite rotors composing the colloidal
structure start to be far away, and the relevance of flow additivity
vanishes.

VII. CONCLUSIONS
We have investigated the transport properties of anisotropic

hematite colloidal rotors that are driven in a viscous fluid via an
external rotating magnetic field. We find that close propelling rotors

assemble into rotating clusters performing a leap-frog type dynam-
ics. The clusters display an enhancement of their average speed
which arises from the hydrodynamic coupling between the pair. We
explain the propulsion using the far field approximation by extend-
ing Blake’s tensor formalism to our system.28 We further investi-
gate the role of shape on the dynamics of the pair by comparing
numerical simulations of single spheres with dumbbells. We find
that while both types of rotors display the leap-frog state, the orien-
tational degrees of freedom of the dumbbells make such a state more
unstable.

Our colloidal rollers require a confined geometry to propel and
thus could be implemented in microfluidic environments in order
to trap, control, and transport micro-objects in a fluid medium.
Indeed, previous experimental studies based on paramagnetic col-
loids,34 hematite-polystyrene composite,35 and ellipsoidal particles36

showed promises in this direction. In our particular case, one could
use the pair of rotors to transport a biological cargo entrapped in
their vortical flow and then release it by simply varying the frequency
of the applied field that allows to tune the lifetime of the leap-frog
state. From a more fundamental perspective, our work invites fur-
ther investigations related to the role of hydrodynamic interactions
in synchronization phenomena between emerging suspensions of
actuated magnetic colloids.

ACKNOWLEDGMENTS
H.M.-C. and P.T. acknowledge support from the ERC Grant

“DynaMO” (No. 335040). E.N.A. and I.P. acknowledge support
from MINECO (Grant No. FIS2015-67837-P) and DURSI (Grant
No. 2014SGR-922). P.T. acknowledges support from MINECO
(Grant Nos. FIS2016-78507-C2-2-P and ERC2018-092827), DURSI
(2017SGR1061), and Generalitat de Catalunya under program “Icrea
Academia.”

APPENDIX: DETAILS ON THE THEORETICAL MODEL
For two particles of radius ai located at positions (xi, yi, hi) with

an angular velocity Ω⃗i = Ωiŷ, the velocities at which they will displace
are given by

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

vx,1 = Ω1a5
1

8h4
1

+ Ω2a3
2(6h1

(x1 − x2)2

(∆2 + (h1 + h2)2)5/2 +
h1 − h2(∆2 + (h1 − h2)2)3/2 +

h2 − h1(∆2 + (h1 + h2)2)3/2 ),

vx,2 = Ω2a5
2

8h4
2

+ Ω1a3
1(6h2

(x1 − x2)2

(∆2 + (h1 + h2)2)5/2 +
h2 − h1(∆2 + (h1 − h2)2)3/2 +

h1 − h2(∆2 + (h1 + h2)2)3/2 ),

vy,1 = 6h1Ω2a3
2
(x2 − x1)(y2 − y1)(∆2 + (h1 + h2)2)5/2 ,

vy,2 = 6h2Ω1a3
1
(x2 − x1)(y2 − y1)(∆2 + (h1 + h2)2)5/2 ,

vz,1 = Ω2a3
2( x2 − x1(∆2 + (h1 − h2)2)3/2 +

x1 − x2(∆2 + (h1 + h2)2)3/2 + 6h1
(x1 − x2)(h1 + h2)(∆2 + (h1 + h2)2)5/2 ),

vz,2 = Ω1a3
1( x1 − x2(∆2 + (h1 − h2)2)3/2 +

x2 − x1(∆2 + (h1 + h2)2)3/2 + 6h2
(x2 − x1)(h1 + h2)(∆2 + (h1 + h2)2)5/2 ),

(A1)
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with ∆2 ≡ (x2 − x1)2 + (y2 − y1)2.
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The process of crystallization is difficult to observe for transported, out-of-equilibrium sys-

tems, as the continuous energy injection increases activity and competes with ordering. In

emerging fields such as microfluidics and active matter, the formation of long-range order is

often frustrated by the presence of hydrodynamics. Here we show that a population of

colloidal rollers assembled by magnetic fields into large-scale propelling carpets can form

perfect crystalline materials upon suitable balance between magnetism and hydrodynamics.

We demonstrate a field-tunable annealing protocol based on a controlled colloidal flow above

the carpet that enables complete crystallization after a few seconds of propulsion. The

structural transition from a disordered to a crystalline carpet phase is captured via spatial and

temporal correlation functions. Our findings unveil a novel pathway to magnetically anneal

clusters of propelling particles, bridging driven systems with crystallization and freezing in

material science.
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In colloidal science, crystalline order is usually obtained from
equilibrium self-assembly, when a system spontaneously forms
an organized phase due to specific inter-particle interactions.

This general phenomenon has proven to be simple, robust, and
scalable, all appealing features that make colloidal crystals ideal
candidates for photonic band gap materials, optical switches, or
sensors. Investigating the assembly process of tunable colloidal
systems may also shed light on fundamental mechanisms under-
lying melting1 and crystallization2, which are general phenomena
occurring in a broad range of systems at different length scales3.

Recent trends in the field are now shifting the focus toward
structure formation in systems driven out-of-equilibrium by external
fields or forces. Examples are widespread and include the assembly
induced by external electric4,5, magnetic6,7, optic8 fields, or the
organization of active particles9–13. However, an important challenge
that still remains to be tackled is whether it is possible to realize
perfect crystalline lattices starting from a disordered collection of
driven particles, where the individual units display a net propulsive
dynamics. Such a feature would be important not only for practical
means, i.e., to rapidly realize periodic system on the visible wave-
length, but it will also provide a starting point for understanding the
fundamental mechanisms behind crystal formation in driven or
active out-of-equilibrium systems. We also note that a crystallization
process induced by a few active dopants in a bath of passive particles
has been demonstrated recently in computer simulation studies14,15.
Recent experiments with active particles report melting16,
clustering10,13, or interstitial dynamics17 but not annealing.

Here we advance in this field by demonstrating a novel field-
induced annealing process where an ensemble of propelling
particles is able to rapidly form a crystalline lattice upon magnetic
command. In particular, we study the dynamics of magnetic
colloidal rotors that are assembled into flat, two-dimensional
propelling carpets due to external magnetic field modulations. In
a previous work18, we demonstrate that the carpet could be used
as an efficient drug-delivery vector for transporting biological
cells across its surface. Beyond its technological applications, here
we report the discovery that such carpet could be used as a
general model system for nonequilibrium crystallization process,
by demonstrating a self-healing process that can be controlled by
an external magnetic field. We show that by increasing the field
amplitude the carpet displays a tread-milling dynamics, where
particles detach from the back of the carpet, travel across the
lattice, and reattach at the moving front. The dynamic phases of
the system may be understood from the delicate balance between
magnetism and hydrodynamics. This regrowth process represents
a novel annealing process that enables to rapidly regenerate col-
loidal structures upon magnetic command.

Results
Assembly and propulsion of colloidal carpets. We assemble the
colloidal carpets from a dispersion of paramagnetic colloids
having radius a= 1.4 μm and subjected to time-dependent
external fields. The particles are initially dispersed in water and
two-dimensionally confined above a glass substrate due to the
balance between gravity and electrostatic interactions (see
Methods). Figure 1a–f illustrate the complete process. To realize a
propelling carpet we start to apply a rotating magnetic field cir-
cularly polarized in the plane of the substrate bx;byð Þ,
B1ðtÞ ¼ B0½cosð2πftÞbx � sinð2πftÞby�, where B0 is the field
amplitude and f is its frequency. We use a narrow frequency
range f 2 ½20; 100�Hz, far away from resonance frequency (~400
KHz) as reported in the past19. For sufficiently high frequencies,
the rotating field induces attractive dipolar interactions that are
isotropic when time-averaged18. The dipolar interaction between
two equal dipoles mi,j at a distance rij = ri − rj is given by

Um ¼ �μ0=4πf½3ðmi � rijÞðmj � rijÞ=r5� � ðmi �mjÞ=r3g, and
becomes maximally attractive (repulsive) for particles with
magnetic moments parallel (normal) to rij. Performing a time
average of the potential gives an effective attractive interaction in
this plane hUmi ¼ �μ0m

2=½8πðx þ yÞ3�. Thus, a random disper-
sion of particles that would otherwise perform simple Brownian
motion, is forced to assemble into a compact cluster, as shown in
Fig. 1a, b. Under the rotating field, the cluster is also observed to
perform a spinning motion around its center, since the rotating
field applies a magnetic torque, Tm � B2

0, due to the finite internal
relaxation time of the particle, see Methods. Once the cluster is
formed, propulsion of the carpet is obtained with the following
strategy. The rotating in-plane field is transformed in a more
complex modulation composed by a field that rotates in the bx;bzð Þ
plane plus an oscillating component along the by direction with a
different frequency fy. The full expression is given as
B2ðtÞ ¼ B0½cosð2πftÞbx þ sinð2πfytÞby � ðBz=B0Þsinð2πftÞ�, where
fy ¼ f =2 (see Fig. 1b, c). The rotating field in the perpendicular
plane, bx;bzð Þ, is used to induce a magnetic torque on the indivi-
dual particles, which now rotate close to the glass substrate. As
the particles are hydrodynamically coupled to the plane20, this
rotational motion is converted into a net translational one. As a
consequence, all the cluster elements are now a collection of
microscopic rotors that make the whole carpet translating at a
constant average speed as shown in Fig. 1e, f (see also Supple-
mentary Movie 1 in the Supplementary Information). On the
other hand, the carpet is kept stable by the oscillating component
By that avoids lateral separation of the rotors due to attractive
dipolar interactions.

The carpet speed vc can be varied mainly by changing the field
amplitude B0 or the number of rotors N. In the latter case it
becomes constant above N ~ 300, which corresponds to a carpet
area S � 1800 μm2. Although a previous work18 analyzed the
dependence of vc on N, here we focus on much larger carpets
(N ≥ 1000 particles) and use only B0 to tune vc. Moreover,
previously the amplitude of the perpendicular field Bz was always
kept below a threshold value, in order to stabilize the structure
confined in two dimensions18. In contrast, here we show a series
of remarkable new phenomena that emerge when the propelling
carpet is forced to extend toward the third dimension by raising
Bz. We also find that, for a certain range of field amplitudes close
to the transition region in Fig. 1g, our method allows the relative
motion of two lattice planes of colloidal particles. This
phenomenon could offer new possibilities in the study of
frictional effects at the microscale in the presence of hydro-
dynamic lubrication.

In Fig. 1g we show the different dynamic states observed in the
(B0,Bz) space, where stable carpets with defects (vacancies) are
found at low perpendicular field Bz (“2D carpet”). Increasing Bz
forces the carpet to fold into a membrane in the third dimension.
However, competition with gravity breaks the monolayer into a
series of separate, rolling chains (“broken carpet”), see also
Supplementary Movie 2 and Supplementary Movie 3 in the
Supplementary Information. Between both dynamic states, we
found a stationary phase where particles are transported above
the carpet, while the entire structure continues to propel close to
the plane (“tread-milling”). We explain the different dynamic
phases observed in Fig. 1g by considering the balance between
magnetic and hydrodynamic interactions. For a pair of
paramagnetic particles located at a distance r, the dipole–dipole
interaction averaged over one period of the rotating field is given
by

hUmi ¼
ðVχB0Þ2
4πμ0r

3
1� B2

z

B2
0
� 3
2

1� B2
z

B2
0

� �
sin2θ

� �
; ð1Þ
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where V= (4/3)πa3, χ= 0.4 is the magnetic volume susceptibility
and μ0= 4π × 10−7 Hm. We then assume that the hydrodynamic
interactions between the two particles can be cast in terms of an
effective energy potential given by

Uh ¼ 3πηa3ωcθ ; ð2Þ
where η the solvent viscosity (water), θ is the angle between the
two particles (see Fig. 1h). Here ωc ¼ B0Bzχτrω½6ημ0ð1þ τ2rω

2Þ�by
is the particle angular velocity, which is in general lower than the
driving one, ω= 2πf, and τr is the magnetic relaxation time of the
paramagnetic colloids (see Methods). By combining the con-
tributions from the magnetic dipole–dipole interaction and
hydrodynamics, the effective total energy of the colloid that is
located at the edge becomes Utot=Um+Uh. This leads to the
dynamic equation for the angle θ as

_θ ¼ � 1
4ζa2

∂Utot

∂θ
; ð3Þ

where ζ is the friction coefficient, see Methods for a detailed
derivation.

From Eq. (3), the condition for obtaining a stable θ is given by:

sin2θj j ¼ 6B0Bz

χ B2
0 � B2

z

� � τrω

ð1þ τ2rω
2Þ

�����
����� � 1 : ð4Þ

Equation (4) allows us to understand how the particle behavior
changes at the rear edge of the carpet by varying the ratio of field
amplitudes, B2

z=B
2
0. (1) For small B2

z=B
2
0, there is a stable

solution θ∼π/2 corresponding to a structure where the colloid
at the rear edge tends to lie in the bx;byð Þ plane; (2) for moderate
values of B2

z=B
2
0, there is no stable solution of θ and then the

colloid at the rear edge of the carpet is transported toward the
front edge (“tread-milling”); (3) for large B2

z=B
2
0, there is a

solution θ∼0 and the colloid at the rear edge “stands up,” giving
rise to a structure in the by;bzð Þ plane (“Broken carpet”). As shown
in Fig. 1g, we find that the developed model is in excellent
agreement with the experimental data with the following
conditions: Bz=B0<0:84 for carpet confined in the bx;byð Þ plane,
and Bz=B0>1:19 for a disk in by;bzð Þ plane. The fit to the data are
obtained by using as sole adjustable parameter the relaxation time
τr ’ 10�4 s, which is in agreement with the value found in
separate experiments18.

Discussion
We next explore in more details the tread-milling phase and how
it induces a regeneration of the propelling carpet. By increasing
the amplitude of Bz, the particles are forced to detach from the
back of the carpet and are transported above the surface by the
hydrodynamic flow field. The detached particles move faster than
the underlying monolayer, but do not leave the structure when
they reach the end, as they remain strongly attracted there by
dipolar interactions. Due to this attraction, the particles follow
one of the crystallographic axes of the underlying lattice during
transport. As shown in Fig. 2a, b, three different situations can be
observed, illustrated also in Supplementary Movie 4 in the Sup-
plementary Information. The particles can be adsorbed in the
monolayer by filling vacancies that encounter during their
excursion, they can change direction when they reach a grain
boundary that merges domains with different crystalline orien-
tations, or they can reach the moving front and reattach there. In
the latter case, the particles form a growing interface that repli-
cates the carpet wedge and shows no defect or vacancies. This
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Fig. 1 Realization of a propelling carpet and out-of-equilibrium phase diagram. a–c Sequence of schematics showing the formation of a carpet due to a
rotating field in the plane bx;byð Þ (a, b) and its propulsion induced by a field rotating in the perpendicular plane bx;bzð Þ plus an oscillating component along theby direction (b, c). d–f Corresponding optical microscope images of a carpet assembled by a rotating field with amplitude B0= 1.6 mT and frequency f= 40
Hz (d, e), and transported by a field B2 with amplitudes B0, Bz= 1.7 mT, and frequencies fx= fz= f, fy= f/2 (e, f). In image f, the trajectory of one particle is
superimposed. Scale bar is 20 μm, see Supplementary Movie 1 in the Supplementary Information. g Diagram showing the different assembled structure
observed in the (B0, Bz) plane. The pink region denotes stable propelling structures (“2D carpet”), whereas the white region refers to the situation where
the paramagnetic colloids flow above the monolayer (“tread-milling”). The blue region indicates the formation of three-dimensional structures (“broken
carpet”). Scattered points are experimental data and continuous lines result from linear stability analysis as described in the text. Error bars are obtained
from the statistical average of different experiments. h Schematic illustrating the definition of the angle θ and position vector r. Videos illustrating the tread-
milling motion and formation of broken carpets (Supplementary Movie 2 and Supplementary Movie 3) are in the Supplementary Information. Scale bars of
the experimental images at the top are 20 μm
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process can be also appreciated from Supplementary Movie 2 in
the Supplementary Information. Furthermore, we calculate the
hydrodynamic flow field generated by the particles using a
boundary element simulation technique; see Fig. 2c for the cor-
responding velocity profile and the Methods section for more
details. The moving carpet generates a cooperative chiral flow
field, which advects continuously the monolayer of particles in a
similar way as a hydrodynamic conveyor belt. Although the flow
velocity is small below the carpet given the short distance with the
surface, it increases significantly close to the edge of the structure
and thus forces particle detachment there. The average speed of
the particles traveling above the carpet 〈vp〉 is twice the carpet
speed 〈vc〉 as shown in Fig. 2d. This result, which is consistent
with the kinematics of rolling motion, is confirmed in the
numerical simulation.

The tread-milling phase generates a net colloidal flow above
the carpet allowing to completely rebuild its structure in a rela-
tively short time scale. This occurs as the growing front of the
carpet crystallizes in a perfect periodic lattice of colloidal rotors,
while it smoothen the edge of the structure. The process is illu-
strated in Fig. 3a, where an initially disordered structure com-
posed by 1045 particles is propelled at a speed of 〈vc〉= 5.7 μm s
−1 and after t= 2 min it has regrown with a perfect crystalline

order. We analyze this process in terms of bond-orientational
correlation function

g6ðrijÞ ¼ Ψ�
6ðriÞΨ6ðrjÞ

D E
; ð5Þ

where Ψ6ðrjÞ ¼ 1
Nb

Pnn
k¼1 e

6iθjk
��� ���, Nb is the number of neighboring

particles k, and θkj is the angle between a fixed axis and the bond
joining particles k and j. The initial disordered state results from
the assembly of the carpet due to the rotating field and gives rise
to a hexatic structure, with an algebraic decay of g6ðrÞ � r�η6 that
characterizes quasi-long-range order. Here we find an exponent
η6 � 0:3, which is higher than the threshold value 1/4 as pre-
dicted by the KTNHY theory1 of melting in two- dimensional
(2D) at equilibrium. As time advances, the carpet front recrys-
tallizes and the nominal exponent of the correlation function
decreases (to values as small as η6 � 0:1). In this nonequilibrium
situation, all rotors are characterized by six nearest neighbors and
long-range order develops.

We then monitor the ability of the monolayer to recrystallize or
heal itself by varying the carpet speed vc via the external field
amplitudes B0 and Bz. As shown in Fig. 3c, in order to keep the
carpet within the tread-milling phase, we need to simultaneously
vary both amplitudes, which allows us to increase vc from 2.5 to ~

100

1

2

3

Enters grain
boundary

Particle 1

Fills hole

Leaves grain boundary

C
ar

pe
t e

nd

Particle 2

Particle 3

60

80

40

Δx
 =

 x
p-

x
c 

(μ
m

)

〈�
p 

〉/〈
� c

 〉

20

0

0

4

5

50

� z
/(

af
 )

� z
/(

af
 )

z
/a

z
/a

x /a

x /a
–5

0

3

6

9

–5 0 5
0

6

9

3

0.2

0.0

0.2

0.0

–0.2

–0.2

3

1

2

0
1.8 2.0

Bz (mT)

2.2 2.41.6

10

Time, t (s)

B0 = 2 mT

B0 = 2.5 mT

15 25 30205

c

b

d

a
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6 μm s−1. The carpet speed can be calculated by considering a
triangular lattice of surface rotors, with lattice constant l (see
Methods section for more details). We can fit the experimental
data of Fig. 3c with Eq. (16) using l ~ 3.2 μm with the magnetic
relaxation time τr as an adjustable parameter. We obtain a value
of τr= 0.3 × 10−4 s that is consistent with the diagram in Fig. 1g.

The dynamics of the ordering process is then characterized via
both the nominal time-dependent exponent η6 of g6(r) (see
Supplementary Fig. 1 in the Supplementary Information) and the
global orientational order parameter averaged over all N particles,
ΨðtÞ ¼ 1

N

PN
i¼1 Ψ6;i shown in Fig. 3d. In all cases we find that the

increase in the carpet speed boosts the annealing process and
allows the carpet to reach the crystalline phase more quickly. We
confirm these observations by extracting the annealing time τc of
the carpet as a function of the applied magnetic field (Fig. 3e).
The time to eliminate a single defect in a carpet of area Lx × Ly
can be approximated as τp ’ Ly=vp, with the tread-milling speed
given by vp � B2

0χτrωa=½6ημ0ð1þ τ2rω
2Þ�. For a carpet with Nd

defects before annealing, the total annealing time can be
approximated as the corresponding annealing time of one col-
loidal row along the y axis, given by

τc ¼ nτp �
12NdLyημ0ð1þ τ2rω

2Þ
LxB

2
0χτrω

; ð6Þ

where n= 2Nd a/Lx is the number of the defects along one
colloid row. For Lx � Ly , the annealing time can be simplified as

τc � 12Ndημ0ð1þτ2rω
2Þ

B2
0χτrω

and can be used to fit the experimental data
shown in Fig. 3e.

We also investigate the scalability of the carpet formation
(Supplementary Fig. 2 in Supplementary Information), pro-
pulsion (Supplementary Fig. 3 in Supplementary Information),
and the tread-milling motion (Supplementary Fig. 4 in Sup-
plementary Information). By varying the number of particles in
the carpet, we find that the initial self-assembly process could
lead to an ordered crystalline structure below N= 150 particles,
as shown in Supplementary Fig. 2 in the Supplementary
Information. Larger carpets assembled by the rotating field
display grain boundaries and vacancies that require the tread-
milling motion to crystallize. The carpet speed increases with
the number of particles, reaching a saturation value above N ~
300 particles, as shown in Supplementary Fig. 3 in the Sup-
plementary Information. Also, we found that the tread-milling
behavior can be observed for all the carpet size, and until filling
completely the observation area of our experimental system for
N= 4000 particles (see Supplementary Fig. 4 in Supplementary
Information).

In active colloidal systems, increasing particle activity via
the propulsion speed leads to an increase in the effective dif-
fusion coefficient or effective temperature of the system, which
we might expect to give rise to a reduction of the global
order. Here we report exactly the opposite effect: the faster the
propelling carpets are, the more rapidly they form ordered
structures. Our novel results demonstrate the versatility of our
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active magnetic system, as the governing interactions are
based on a subtle interplay between hydrodynamics and
magnetism

In conclusion, we investigate the collective dynamics of pro-
pelling magnetic carpets in a range of field parameters, where the
colloidal structures are able to continuously transform into per-
fect crystalline lattices. The annealing process occurs due to the
detachment of individual rotors from the back of the carpet,
traveling above the carpet surface following a crystallographic
direction, and either filling vacancies or reaching and rejoining
the leading edge. We theoretically account for the out-of-
equilibrium phase diagram by using a delicate balance between
magnetism and hydrodynamics. The mechanism of the motility
of our carpets is cooperative and is based on the rectification of
the hydrodynamic flow generated by each rotor close to the
bounding wall. Moreover, the use of external field allows us to
steer and control the colloidal carpet and the corresponding flow
of magnetic colloids that dictate the annealing process. From an
application point of view, our annealing process could be easily
extended to other types of recently engineered microscale parti-
cles with heterogeneous and functional properties21–23, or used to
entrap, transport, and release non-magnetic particles across the
carpet surface18. All in all, our out-of-equilibrium colloidal model
system allows us to investigate crystallization in transported
systems and could thus provide deep insight for similar processes
occurring in systems at different length and time scales.

Methods
Experimental details. We use paramagnetic colloidal particles (Dynabeads M-270,
Invitrogen) with diameter d= 2.8 μm, density ρ= 1.3 g cm−3, and magnetic
volume susceptibility χ= 0.4. The particles are coated with surface carboxylic acid
group with an active chemical functionality of 150 μmol × g−1 per particle. When
dispersed in highly deionized water (18.2 MΩ × cm−1, MilliQ system), hydrogen
ions (H+) dissociate from such groups, leaving a negative charged surface and
inducing the formation of a double layer. The solution containing the particles is
introduced by capillarity in a rectangular microtube made of borosilicate glass
(inner dimensions 0.1 × 2.0 mm; CMC Scientific) that is immediately sealed. The
particles sediment close to a glass plate, where they remain quasi-2D confined due
to gravity, displaying a small thermal motion. The sample is placed in the center of
a triaxial coil system arranged on the stage of a light microscope (Eclipse Ni,
Nikon). External time-dependent magnetic fields are generated by passing an
alternate current through the coils via a waveform generator (TGA1244, TTi)
connected to different power amplifiers (AMP-1800, AKIYAMA, and BOP 20-
10M, Kepco). The particle position and dynamics are extracted using digital video-
microscopy with a charge-coupled device camera (Scout scA640-74fc, Basler)
working at 50 frames per second.

Theoretical model. Under a static external magnetic field B, a paramagnetic
colloid of radius a acquires an induced moment m= VχB/μ0, where V= 4πa3/3 is
the particle volume. For a dynamic field, such as the field B1(t) rotating in the bx;bzð Þ
plane, the paramagnetic colloid experiences a finite magnetic torque24

Tc ¼
B0BzVχτrω

μ0ð1þ τ2rω
2Þby ð7Þ

when the angular frequency of the magnetic field, ω= 2πf, is comparable with the
inverse of the magnetization relaxation time, ωτr � 1. Here, τr � 10�4 s for our
paramagnetic colloids18. Thus, a colloidal particle suspended in a fluid of viscosity
η will rotate with angular velocity ωc < ω. The hydrodynamic interaction with the
substrate induces a translational motion of the particle with velocity v � ωca. In
the case of translating carpet, the induced moment for the individual colloid is
given by,

m ¼ 4
3μo

πa3χB0 cosωt; sinω2t;�
Bz

B0
sinωt

� �
: ð8Þ

The energy due to the magnetic dipole–dipole interaction among the
magnetized colloids is:

Um ¼ �
X
i;j≠i

μ0 3ðmi � rijÞðmj � rijÞ �mi �mjr
2
ij

h i
4πr5ij

; ð9Þ

where rij denotes the vector pointing from the ith colloid to the jth one. Due to the
employed field strength, we will consider these interactions only at the level of

nearest neighbors. For two close particles as depicted in Fig. 1h, the magnetic
dipole–dipole interaction averaged over one period of the rotating magnetic field
can be explicitly expressed by Eq. (1), with the vector pointing from one colloid to
the other as,

r ¼ r sin θ cosϕ; sin θ sin ϕ; cosθð Þ; r � 2a: ð10Þ
Note that when Bz 	 B0, the averaged magnetic dipole–dipole interaction is

attractive in the bx;byð Þ plane and the particles will form a carpet.
The flow field that the colloids at the edges experience can be approximately by

a two-colloid model. Let us denote the colloid at the rear edge as colloid 1 and its
nearest neighbor in x̂ direction as colloid 2. The rotating colloid 2 induces a flow
field around it, which can be approximated by a rotlet. In this case, the flow velocity
that colloid 1 (edge colloid) experiences is approximately:

v ¼ T ´ r
8πηr3

¼ aωc ´br
4

ð11Þ

where the distance between the colloids is taken as r ≈ 2a. As a result, colloid 2 will
rotate around 1. Or effectively, it can be considered that there is an effective torque
acting on colloid 2 by the rotating colloid 1,

Th ¼ 3πηa3ωc ¼
πa3B0Bzχτrω

2μ0ð1þ τ2rω
2Þby: ð12Þ

We thus write an effective hydrodynamic potential as, Uh= Thθ that gives rise
to the total potential Utot=Um+Uh. The dynamic equation in terms of the
orientation of the colloid, i.e., Eq. (3) can be expressed as:

_θ ¼ 1
4ζa2

3ðVχB0Þ2
64μ0πa

3
1� B2

z

B2
0

� �
sin 2θ � 1

4ζa2
πa3B0Bzχτrω

2μ0ð1þ τ2rω
2Þ : ð13Þ

Thus, the conditions for obtaining stable θ become:

Bz

B0
≤
�cþ ffiffiffiffiffiffiffiffiffiffiffiffi

c2 þ 4
p

2
; ð14Þ

Bz

B0
≥
cþ ffiffiffiffiffiffiffiffiffiffiffiffi

c2 þ 4
p

2
; c ¼ 6τrω=½χð1þ τ2rω

2Þ� ð15Þ

or alternatively Eq. (4) in the manuscript.

Carpet speed. Here we calculate the mean speed of a carpet composed by a
triangular lattice of rotating paramagnetic colloids. An individual particle close to a
surface and subjected to a magnetic torque Tcex acquires a propulsion speed

v0 ¼ Tca
2

32πηh4 ey , where a is the radius of the particle and h its elevation from the

surface. We consider the hydrodynamic interactions of the particle in presence of
the surface and extend the calculations in ref. 25 to a 2D triangular lattice. If we
consider that the rotating particles form a triangular lattice with lattice constant l,
the particle position can be denoted by: l(iu+ jv), −N ≤ i, j ≤N, where u= (1, 0)
and v ¼ ð1=2; ffiffiffi

3
p

=2Þ are the base unit vectors of the lattice. By treating each
rotating colloid as a rotlet, the velocity of the colloid at the lattice center (0, 0) is
given by:

v ¼ v0 þ
PN

i¼�N

PN
j¼�N

a
h

� ��2 3ε2ðiþj=2Þ2
f1þ½ðiþj=2Þ2þð ffiffi

3
p

j=2Þ2 �ε2g5=2 v0

’ Tc
a2

32πηh4 þ 1
4ηl2


 �
ey :

ð16Þ

where ε= δ/2h with δ being the the center-to-center separation between con-
secutive colloids in the array.

Boundary element simulation. We describe the flow field v at a given point x
using a boundary integral formulation 26, which is a surface integral on the particle
surface as

viðxÞ ¼ � 1
8πη

XM
m

Z
Am

Gijðx; yÞqjðyÞdA ð17Þ

where G is the Blake tensor27, Am is the surface of m-th particle, and q is the
viscous traction acting at a point y on the surface. Integrating the traction force q
over a sphere surface gives the hydrodynamic force Fh and torque Th acting on the
particle. As each particle is in force- and torque-free conditions, these satisfy

Fh þ Fm ¼
Z
Am

qdAþ Fm ¼ 0; ð18Þ

Th þ Tm ¼
Z
Am

fq ´ ðx � x0ÞgdAþ Tm ¼ 0 ð19Þ

where x0 is the hydrodynamic center of the particle, and Fm and Tm are
external force and torque acting on m-th particle, respectively. The motion of
the particles are described by 6 degrees of freedom: i.e., three translational velocities
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U= (Ux, Uy, Uz) and three rotational velocities Ω= (ωx, ωy, ωz). Therefore, as the
boundary condition, a given surface material point xs on the particle moves with a
velocity

vðxsÞ ¼ U þ Ω ´ ðxs � x0Þ: ð20Þ
The surface of each sphere is divided into NE= 512 triangular elements and NN

= 258 nodes. According to Eqs. (17) and (20), the i-th node xi on the particle
surface has to satisfy a boundary condition

U þ Ω ´ ðxi � x0Þ þ
1

8πη

XM
m

XNE

e

Gðxi; yeÞqðyeÞΔAe

( )
¼ 0 ð21Þ

where ΔA is the surface area of the element, subscript e is the index of elements,
and ye is the position of the element e. The force- and torque-free conditions (18),
(19) can be discretized as XNE

e

qðxeÞΔAe ¼ �Fm; ð22Þ

XNE

e

qðxeÞ ´ ðxe � x0Þf gΔAe ¼ �Tm: ð23Þ

Note that four-point Gaussian quadrature is used to calculate the surface
integral over each element. For singular elements, we work in polar coordinates to
remove the 1/r singularity28.

The external magnetic field is imposed in xz-plain, Bex(t)= (B cos (2π ft), 0, −B
sin(2π ft)), and the torque acting on each particle can be obtained as

Tm ¼ m ´ fBex þ Bdd
m g ð24Þ

where Bdd is the magnetic field that is created by other particle:

Bdd
m ¼

X
j≠m

μ0
4πr3

f3ðmj � nÞn�mjg ð25Þ

where μ0 is the vacuum permeability, r is the particle distance, and n is the normal
vector pointing from particle m to j. We have three components for the external
force: the gravitational force Fg

m , the magnetic dipolar force Fdd
m , and the repulsive

force Frep
m , as follows

Fg
m ¼ � 4

3
πa3Δρgbz; ð26Þ

Fdd
m ¼

X
j≠m

3μ0
4πr4

f5ðmj � nÞðmm � nÞn� ðmm � nÞmj � ðmj � nÞmm � ðmm �mjÞng;

ð27Þ

Frep
m ¼

X
r<r0

kðr � r0Þn ð28Þ

where bz is a normal vector pointing +z direction, k is the spring constant, and r0 is
the natural length. The repulsive force is introduced in order to avoid overlap
between sphere–sphere and sphere–wall, and the force is present only when the
distance is less than the natural length.

The velocities are obtained by solving the linear equations Ax= b with a known
vector b= {v∞, −Fm, −Tm} and an unknown vector x= {q, U, Ω}, where A is the
dense matrix of size M(3NN+ 6) based on Eqs. (21)–(23). For details, see previous
works26,29,30.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request (ptierno@ub.edu).
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Caption Supplementary Figure 1.  Exponent 6 of the correlation function g6(r) versus 

time for different values of the magnetic field B0, and hence carpet speed vc. 

 

 

 

 

 

 

 

 



Supplementary Figure 2  

 

Caption Supplementary Figure 2. Bond orientational order parameter 6 versus the 

number of particles within the carpet in the assembly stage. The continuous black line is 

an average of the experimental data, which are the scattered open circles. The applied  

rotating field has amplitude B0=2.5 mT and frequency f = 40 Hz. 

 

 

 

 

 

  



Supplementary Figure 3 

 

Caption Supplementary Figure 3. Average speed of the carpet versus the number of 

particles N for a carpet driven by a time dependent field with amplitudes B0 =2.5 mT, Bz 

=1.8 mT and frequency f = 40 Hz. 

 

 

 

 

 

 

 

 



Supplementary Figure 4 

Caption Supplementary Figure 4.  Bond orientational order parameter versus time for 

four different carpet sizes.  

 

 

 

 

 

 
 



File Name: Supplementary Movie 1 

Description:  This videoclip illustrates the assembly of paramagnetic colloids in a two-
dimensional carpet via a rotating magnetic field with amplitude B0 = 1.6 mT and 
frequency f = 40 Hz. The carpet is later transported to the right via the application of a 
rotating field perpendicular to the plane of the particles with amplitudes B0 = 1.6 mT and 
Bz = 1.7 mT, and frequency f = 40 Hz. The oscillating component applied along the y-axis 
has amplitude By = B0 and frequency fy = f/2.  The video correspond to the Figs.1(d,e,f) 
of the article. 

File Name: Supplementary Movie 2 

Description:  This videoclip illustrates the breakage of a two-dimensional carpet when 
the amplitude of the perpendicular component of the rotating field is raised above a 

limiting value; here Bz = 2.2 mT. The remaining field parameters are B0 = 1.17 mT, f = 40 
Hz and fy = f/2. The video corresponds to the first of the two micrographs at the top of 
Fig.1(g) in the manuscript. 

File Name: Supplementary Movie 3 

Description: Generation of the colloidal flow above the carpet in the tread-milling regime. 
The video shows the motion of paramagnetic colloids above the carpet and was obtained 
by using the optical microscope in the reflection mode rather than the transmission one. 
The applied field parameters are B0 = 2.2 mT, Bz = 1.8 mT, f = 40 Hz and fy = f/2. The 
video corresponds to Fig.2(a) in the manuscript. 

File Name: Supplementary Movie 4 
Description: This video illustrates the three different possibilities that the particles 
propelling above the carpet have in the treadmilling phase: (i) filling one hole, (ii) 
traveling across the whole carpet, (iii) change direction due to a grain boundary. The 
applied field parameters are B0 = 2 mT, Bz = 2 mT, f = 40 Hz and fy = f/2. The video 
corresponds to the second of the two micrographs at the top of Fig.1(g). 

File Name: Supplementary Movie 5 

Description: Videos showing the transformation of a carpet composed by 1045 particles 
from a disordered phase with one grain boundary to a perfect crystalline lattice after 2 min 
of propulsion in the tread-milling phase. The applied field parameters are B0 = 2.5 mT, Bz 
= 2.7 mT, f = 40 Hz and fy = f/2. The video corresponds to the second of the two 
micrographs at the top of Fig.3(a) of the article. 
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Bidirectional particle transport and size selective
sorting of Brownian particles in a flashing spatially
periodic energy landscape†

Fernando Martinez-Pedrero,a Helena Massana-Cid,a Till Ziegler,b

Tom H. Johansen,cd Arthur V. Straubeae and Pietro Tierno*afg

We demonstrate a size sensitive experimental scheme which enables

bidirectional transport and fractionation of paramagnetic colloids

in a fluid medium. It is shown that two types of magnetic colloidal

particles with different sizes can be simultaneously transported in

opposite directions, when deposited above a stripe-patterned ferrite

garnet film subjected to a square-wave magnetic modulation. Due to

their different sizes, the particles are located at distinct elevations

above the surface, and they experience two different energy land-

scapes, generated by themodulatedmagnetic substrate. By combining

theoretical arguments and numerical simulations, we reveal such

energy landscapes, which fully explain the bidirectional transport

mechanism. The proposed technique does not require pre-imposed

channel geometries such as in conventional microfluidics or lab-on-

a-chip systems, and permits remote control over the particle motion,

speed and trajectory, by using relatively low intense magnetic fields.

The nonequilibrium dynamics of particles driven above periodic
potentials are common to different physical and biological systems,
from vortices in superconductors,1 to charge density waves,2

frictional surfaces,3 cell migration4 and molecular motors.5 On
the technological side, periodic potentials generated by patterned
substrates have been successfully used in the past to transport and

separate microscopic particles dispersed in a fluid medium. It is
possible to direct different particle species along separate paths
under similar experimental conditions, when the interaction of the
particles with the imposed landscape depends on their particular
properties, such as their size, electric, magnetic susceptibility or
surface charge. Particle sorting has been demonstrated in the past
via electric,6–8 magnetic9–12 and optic13–15 fields among other types
of driving mechanisms.16,17 In most of the cases, the colloidal
species are deflected from the periodic potential, and the degree
of deflection is used to transport different particles towards
different locations. A smaller number of experimental realizations
have demonstrated the possibility to use an external field to direct
the particles in opposite directions. In this context, most of the
examples have been obtained by driving the particles with an
electric field, in presence of a periodic pattern,6,8,18 or using
binary mixtures of oppositely charged particles.19,20 This task is
even more challenging if the particles are driven with a magnetic
field. In this case the periodic potential is usually generated by a
structured magnetic substrate, and unless a proper strategy to
steer polarizable particles is designed,10,12 the magnetic particles
typically exhibit a unidirectional transport.

In this article we report on the controlled transport and
separation of paramagnetic colloidal particles driven by an
externally modulated spatially periodic energy landscape, gener-
ated across the surface of a structured magnetic substrate. We
demonstrate via real-time experiments that colloidal particles of
different sizes can be transported in opposite directions at a well
defined speed, the latter being mainly controlled by the driving
frequency of the applied field. The mechanism behind the
bidirectional transport is rather robust, and it is fully determined
by the different shapes that the magnetic potential adopts at the
different particle elevations. We use theoretical arguments to
assess the shape of these energy landscapes, finding a good
agreement between the experimental data and the numerical
simulations performed using these potentials. Extending our
procedure to a polydisperse colloidal system, we determine the
sensitivity to sorting colloidal species when transported across
the magnetic substrate.
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Fig. 1(a) shows a sketch of the experimental system. The
substrate potential is generated by the stray field of a bismuth substi-
tuted ferrite garnet film (FGF), of composition Y2.5Bi0.5Fe5�qGaqO12

(q = 0.5–1). The FGF is grown by dipping liquid phase epitaxy,
and is characterized by parallel ferromagnetic domains with
alternating up and down magnetization and a spatial periodicity
of l = 6.8 mm.21 Bridging the magnetic domains are Bloch walls
(BWs), i.e. ~20 nm narrow transition regions where the magne-
tization vector rotates by 180 degrees. The position of the BWs
can be easily manipulated with the aid of a relatively low (fewmT)
external field, a feature which is used to modify the magnetic
stray field of the film.We demonstrate the bidirectional transport
by dispersing small (s) and large (L) paramagnetic colloids above
the FGF, with diameters ds = 1.0 mm (Dynabeads Myone, Dynal)
and dL = 2.8 mm (Dynabeads M-270, Dynal), and magnetic volume
susceptibilities ws = 1 and wL = 0.4, respectively.22,23 Both types of
particles are composed of a crosslinked polystyrene matrix with
surface COOH groups and are diluted in highly deionized water
(MilliQ) before being deposited above the FGF surface.

Once above the FGF, the particles sediment due to density
mismatch, and are attracted by the stray field Hsub of the film,
which confines them to the horizontal plane. To avoid particle
sticking and reduce the strong attraction of the FGF, we coat the
latter with a uniform layer (thickness h) of a positive photoresist
AZ-1512 (Microchem, Newton, MA) via standard spin coating and
UV photo-crosslink.24 Due to weak residual electrostatic repulsive
interaction, particles hover slightly above the coating layer without
mechanically touching it. Under no applied field, the FGF generates
a one-dimensional l/2-periodic magnetic landscape. The particles

are attracted to the minima of the landscape located above the
BWs and stay at fixed elevations, zs for the small or zL for the large
particles. The external fields are applied with a custom-made
triaxial coil system connected to a wave generator (TTi-TGA1244,
TTi) feeding a power amplifier (IMG STA-800, Stage Line). The
particle dynamics are visualized with an upright optical micro-
scope (Eclipse Ni, Nikon) equipped with a CCD camera (Scout
scA640-74f, Basler) operating at 60 frames per second.

As shown in Fig. 1(a), we transport the magnetic colloids
above the FGF film upon application of a square-wave magnetic
field,Hac � [Hxsgn(cos(2pft)),0,Hzsgn(cos(2pft))], where sgn(x) is
the signum function and f denotes the driving frequency. The

field strength can be described in terms of the amplitude H0 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hx

2 þHz
2ð Þ=2

p
and the field anisotropy b = Hx/Hz. The applied

field modulates the magnetic domains such that the potential
is switched between two states every half (T/2) a period, T = 1/f,
inducing a net particle current above the FGF. Before discuss-
ing in detail the resulting potential, we will describe the main
experimental observations. As shown in Fig. 1(b), we find that
for a certain range of field amplitudes and anisotropies, particles
of different size are transported in opposite directions above the
FGF surface. In particular, the series of polarization microscopy
images in Fig. 1(b) show one large particle (highlighted by the red
circle) and a small particle (highlighted by the blue circle), which
completely exchange their positions after 4.98 s. Both particles
display step-like trajectories reflecting the discontinuous nature
of the driving field, see Fig. 1(c) and ESI† (Video S1). The particle
motion proceeds through a series of successive steps: every half a

Fig. 1 (a) Schematic showing a binary mixture of paramagnetic colloids deposited above a ferrite garnet film, characterized by parallel stripes with spatial
periodicity l = 6.8 mm. The two applied field modulations are characterized by strengths Hx and Hz of zero phase lag. (b) Sequence of microscope images
showing the bidirectional transport of a large particle (moving to the right, size 2.8 mm, red circle) and a small particle (moving to the left, size 1.0 mm, blue
circle). The applied field has amplitude H0 = 1500 A m�1, anisotropy b = 1 and frequency f = 3 Hz. The corresponding video-clip can be found in the ESI†
(Video S1). (c) Displacements along the x-axis versus time of the large (red) and small (blue) particle.
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period (T/2), when the oscillating field changes sign, the particles
start to move towards the nearest energy minimum (steep part of
the trajectory) at a distance of onemagnetic domain (l/2), reach it
and wait (flat part of the trajectory) for a next change of sign. This
movement leads to an average speed hvji = �lf with j = {s,L}. In a
more concentrated system, particles propelling in opposite direc-
tions might accidentally collide. In this case, the small particles
usually slide over the surface of the large ones and continue
further almost unperturbed. Thus, for the discontinuous magnetic
modulation used here, the magnetic dipolar interactions between
particles of different sizes are irrelevant, as recently observed for a
binary mixture of particles driven unidirectionally by a continuous
modulation.25 In contrast, the pair interactions between similar
particles are non-negligible, as discussed in a previous work.26

However, for the measurements of average speed, we avoid chain
formation by using low concentrations of particles, such that the
pair interactions do not affect the particle motion.We also note that
the bidirectional transport observed for the square-wavemodulation
was not found for other types of magnetic driving, such as linear
oscillating27 or rotating magnetic fields.28

In order to understand the mechanism behind the bidirec-
tional transport, we calculate the magnetic energy landscape
generated by the FGF surface under the influence of an external
field. We consider two paramagnetic colloidal particles having
different diameters dj, volumes Vj = pdj

3/6, and effective magnetic
volume susceptibilities wj. Under a magnetic field H the
particles acquire a dipole momentmj = VjwjH(x,zj,t), and an energy

Ujðx; tÞ ¼ 1

2
m0Vjwj
� �

H2 x; zj ; t
� �

. Here, m0 = 4p� 10�7 Hm�1 is the

magnetic permeability of the free space, and the global magnetic
fieldH =Hac +Hsub is the sum of the external modulationHac and
the substrate field Hsub expressed as29

Hsub ¼ �2Ms

p
log

1� u�
1� uþ

� �
; (1)

withHsub
x = Re{Hsub} andHsub

z =�Im{Hsub}. Here, u� = e�kzeik(x�D)

with k ¼ 2p
l

the wave number,Ms is the saturation magnetization,

and D(t) = eHac
z (t)/2 is the displacement of BWs via the external

field, where e is a prefactor which determines the amplitude of
such displacement. Fig. 2 shows the magnetic energy landscape
for the two particles calculated at two different time steps,
separated by half a period of the driving field. The modulation
switches the potential between two states, which are represented
by the l-periodic profiles in the top (state 1) and bottom (state 2)
panels of the image. Because of exponentially strong dependence
on the elevation in eqn (1), small differences in the particle size
significantly affect the shape of the potential seen by the two
types of particles. As shown in Fig. 2, the potential for a small
particle has a more complex shape as compared to the magnetic
landscape of the large one. This shape results from higher order
harmonic terms in the Fourier expansion of eqn (1) which
decrease with the elevation, thus remaining non-negligible for
the small particle but becoming less relevant for the large one.
In both cases, a particle in state 1 appears close to a maximum
when the switching to state 2 occurs and tends towards the

nearest minimum. The crucial point is that the emergingmaximum
is always slightly displaced with respect to the minimum, to the left
for the large and to the right for the small particles, forcing the
two species to move in opposite directions.30 At low frequencies
(such that a particle has enough time to reach its target minimum
within the time T/2), its average speed hvji = �lf, as discussed
above. In contrast, when the switching between the two states is
too fast, the particle is unable to reach the minimum in such
brief period of time and gets trapped, moving back and forth
between the two minima in states 1 and 2. As a consequence, at
high frequencies the average speed vanishes for both types of
particles.

In order to probe these theoretical arguments, we next perform
a series of experiments and measure the average speed hvji of the
two types of driven particles, varying the frequency and keeping
constant the amplitude and the anisotropy of the applied field.
The experimental data in Fig. 3 (the filled symbols) show the
speeds having different signs for the two types of particles. In both
cases, the motion is characterized by two well defined regimes, as
described above. At low frequencies, the particles display net
motion with the average speed hvji increasing almost linearly with f.
In contrast, beyond a critical value ( f cs = 14.2 Hz for the small
particles and f cL = 30 Hz for the large ones), the beads cannot
follow the flashing minimum, showing a gradual decrease of hvji
with f. To achieve a quantitative agreement with the experiment,
we simulate the individual dynamics of particles in the magnetic
potential based on eqn (1) with account of thermal fluctuations,
as described by the equation

zj
dxj

dt
¼ �@Uj xj ; t

� �
@x

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2zjkBT

q
xjðtÞ; j ¼ s;Lf g: (2)

Here, zj = 3pZdj is the viscous friction coefficient, Z = 10�3 Pa s is
the dynamic viscosity of the solvent, kBT is the thermal energy,
and xj (t) is a Gaussian white noise with zero mean and unit
covariance. The results of the numerical simulations, shown as
empty symbols in Fig. 3, agree well with the experimental data for
all the range of frequencies explored. In the numerical simulation

Fig. 2 Normalized magnetic potential Uj (x)/kBT, j = {s,L} illustrating the
mechanism of bidirectional transport of the large (2.8 mm, red left panels)
and the small (1.0 mm, blue right panels) particles, as described in the text.
Top panels show two states of the flashing potential plotted at t = 0 and
bottom panels after half a period at t = T/2 = p/2o.
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we fixed the elevation of the particles as zs = 0.9 mm (zL = 1.8 mm)
for the small (large) particle, considering that the thickness of
the polymer film covering the FGF surface is h = 0.4 mm. We
used the corresponding experimental values for the field amplitude
H0 = 1820 A m�1 and the anisotropy b = 0.72. The saturation
magnetization was a free parameter and we find the best agree-
ment with Ms = 27 kA m�1.

We now explore the sorting capability of our system by changing
the size of the employed paramagnetic particles. We deposit on
the FGF a polydisperse suspension composed of particles having 7
different sizes, from 270 nm to 10 mm. The corresponding average
speeds for a suspension subjected to a field with amplitude H0 =
4300 A m�1, frequency f = 12 Hz and anisotropy b = 1.12, are
shown in Fig. 4. Particles having size d r 1 mm display a positive
velocity, while larger particles are transported in opposite direction.
We note that the largest particle (d = 10 mm) is unable to move on
average. For such long distance to the particle center, the land-
scape gets perfectly symmetric, and the potential switches between
two inverted states, which forbids any net motion.31 Moreover,
because of stronger thermal fluctuations, smaller nano-particles
exhibit a lower speed as compared to the paramagnetic colloids
having d = 1 mm size. Fig. 4 makes it evident that the threshold
for the magnetic separation depends crucially on the distance
between the particle center and the FGF, assuming that each
particle is doped by the same fraction of magnetic content. One
thus can increase or reduce the thickness of the polymer film
deposited above the FGF in order to tune this threshold,
allowing to efficiently sort magnetic colloids with different sizes.

To summarize, we have experimentally demonstrated and
theoretically explained a novel method to control and transport
paramagnetic colloids in opposite directions. We note that an
earlier study using a different FGF film showed an apparently
similar size-based particle separation method.27 In that work,
bidirectional motion of a bidisperse mixture of particles was

induced by applying a rather complicated Lissajous-like magnetic
modulation, characterized by two different driving frequencies.
In contrast, here we straightforwardly use one driving frequency
and a switching field which simultaneously generates different
energy landscapes depending on the elevation. The transport
method proves robust over a wide range of field parameters,
allowing one to reach an unprecedented difference in the
speed between particles of different sizes, as high as |hvLi � hvsi| =
80 mm s�1. As for fundamental implications of our work, the
realization of a flashing potential able to simultaneously generate
opposite particle fluxesmay prompt further extensions of previously
developed ratchet models.31,32 In this context, an intriguing aspect
would be the role of the thermal fluctuations in the process, which
are negligible for the large particles used in the present study,
but become increasingly important while reducing the size of the
particles down to the nanoscale. On the technological side, our
work could provide a method to fractionate magnetic micro-
spheres in a channel-free microfluidic environment, since it does
not require the presence of hard walls to confine the motion of
micro-particles. Furthermore, paramagnetic particles can be easily
functionalized in order to target and bind specific biological or
chemical agents, which could be then transported on command by
the applied field. This feature opens up the possibility for novel
applications in micro- and nanofluidic systems.
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discussions. F. M. P., H. M. C. and P. T. acknowledge support
from the ERC Starting Grant ‘‘DynaMO’’ (Proj. No. 335040).
P. T. acknowledges support from Mineco (No. FIS2013-41144-P)
and AGAUR (Grant No. 2014SGR878). A. V. S. and P. T. acknowledge
support from a bilateral German-Spanish program of DAAD

Fig. 3 Average speed hvji versus field frequency f for a large (red) and small
(blue) colloidal particle driven above the FGF. The magnetic modulation is
characterized by H0 = 1820 A m�1, and b = 0.72. Filled points denote
experimental data, while open symbols connected by dashed lines are
from the numerical simulations.

Fig. 4 Average speed hvi versus size of different paramagnetic colloids
driven above the FGF upon application of a square-wave magnetic field
with amplitude H0 = 4300 A m�1, anisotropy b = 1.12 and driving frequency
f = 12 Hz. Inset shows a snapshot of the FGF with all types of particles,
where only three are highlighted by arrows. In particular, the arrows
indicate the direction of motion of particles having sizes 1.0 mm (blue
arrow, to the right), 2.8 mm (red arrow, to the left) and 10 mm (green double
arrow, no average motion). Scale bar is 20 mm. The corresponding video-
clip (Video S2) can be found in the ESI.†
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Assembly and Transport of Microscopic Cargos via 
Reconfigurable Photoactivated Magnetic Microdockers

Fernando Martinez-Pedrero, Helena Massana-Cid, and Pietro Tierno*

prototypes in viscous fluids is related with our understanding 
of the physics of locomotion at such scale,[1,2] which is 
common to many biological systems, such as bacteria. When 
reducing the size to the microscale, inertia is negligible (low 
Reynolds number), and the corresponding hydrodynamic 
laws become time-reversible. As a consequence, swimming by 
reciprocal motion, i.e., based purely on symmetric backward 
and forward body distortions, does not lead to net transla-
tion, as described in the Purcell seminal work.[3] Different 
experimental prototypes capable to attain directed motion 
at low Reynolds number have been proposed in the past, 
being powered by electric,[4,5] optic,[6,7] acoustic,[8,9] or mag-
netic[10–15] fields, or via a chemical reaction. In the latter case, 
a common strategy relies on the use of hydrogen peroxide 
as fuel, catalytically decomposed by platinum located only on 
one side of the propeller. Since its proof-of-concept realiza-
tion via microscopic boats,[16] this actuation scheme has been 
further extended to different systems, including nanoscale 
platinum–gold nanorods,[17] Janus colloids half coated with 
Pt,[18] dimer particles,[19] and many others.[20–24] The field 
has recently evolved beyond the use of hydrogen peroxide, 
by designed reaction schemes which could dramatically 
improve the motor propulsion efficiency,[25] developing novel DOI: 10.1002/smll.201603449

The realization of micromotors able to dock and transport microscopic objects in a 
fluid medium has direct applications toward the delivery of drugs and chemicals in 
small channels and pores, and the realization of functional wireless microrobots in 
lab-on-a-chip technology. A simple and general method to tow microscopic particles 
in water by using remotely controllable light-activated hematite microdockers is 
demonstrated. These anisotropic ferromagnetic particles can be synthesized in bulk 
and present the remarkable ability to be activated by light while independently 
manipulated via external fields. The photoactivation process induces a phoretic flow 
capable to attract cargos toward the surface of the propellers, while a rotating magnetic 
field is used to transport the composite particles to any location of the experimental 
platform. The method allows the assembling of small colloidal clusters of various 
sizes, composed by a skeleton of mobile magnetic dockers, which cooperatively keep, 
transport, and release the microscopic cargos. The possibility to easily reconfigure 
in situ the location of the docker above the cargo is demonstrated, which enables 
optimize transport and cargo release operations.
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1. Introduction

The realization of propelling microdevices able to navigate 
and transport objects in a fluid medium plays a crucial role 
in the miniaturization of many basic processes in physics, 
biology and analytical science. From a fundamental point 
of view, the development of strategies to design efficient 
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prototypes able to move in nontoxic environments,[26] or via 
a biochemical reaction.[27]

A major effort in the field relies on the design of micro-
motors featuring the possibility to transport and release a 
cargo on command. This ability has direct applications in bio-
medicine[28,29] targeted drug delivery,[30] and microfluidics,[31] 
when there is the need to pick-up, transport, and release[32] 
a microscopic cargo at a defined location in a vein[33] or a 
microfluidic network.[34] External fields can provide an effi-
cient way to steer and guide micromotors during the trans-
portation of a given cargo, since the applied field determines 
the path to travel, avoiding the trajectory randomization that 
arises from rotational diffusion or fuel consumption when the 
propeller is powered by a chemical reaction. Alternatively, 
recent advances with lithographic patterning showed that also 
boundaries[35] and topographic pathways[36] could provide a 
steering mechanism for chemically powered Janus particles.

Magnetic propellers are usually actuated by an oscillating 
or rotating external field: for large enough field strengths, the 
propulsion speed can be well controlled by the driving fre-
quency, allowing speeding up or slowing down the prototype by 
varying this sole control parameter. Time dependent magnetic 
fields have been used to date for disparate applications like to 
self-assemble and transport ferromagnetic particles,[37] artifi-
cial helical swimmers,[38] nanowires,[39] Janus micro motors,[40] 
or DNA flagellar bundles.[41] Nevertheless, realizations which 
can combine magnetic and chemical actuation schemes could 
give rise to a higher level of functionality.[42] For example, a 
composite system formed by a microscopic cargo chemically 
bound to the magnetic motor could be propelled by an external 
field and later released by a different chemical reaction when 
entering another region of the experimental platform. Another 
possibility would be to power the prototype via a chemical reac-
tion, if it guarantees a faster transportation mechanism, and use 
the applied field either to steer the micromotor, or as a com-
plementary mean of transport when reaching the full consump-
tion of the catalysts. In this context, some of us demonstrated 
in the past that catalytically driven anisotropic paramagnetic 
microellipsoids could be steered in a hydrogen peroxide (H2O2) 
aqueous solution by using a static magnetic field.[43] The field 
oriented the particles due to their magnetic anisotropy allowing 
to precisely guide them to a given location. However, the 
applied field did not provide the propulsion mechanism, which 
was only due to the decomposition of hydrogen peroxide. 
Moreover, these prototypes were not tested for microscopic 
cargo loading/delivery, but it was only demonstrated the possi-
bility to steer them by means of a constant magnetic field.

Other more recent works showed that hematite micro-
particles in the form of cubes[44] or peanuts,[45] represent 
versatile prototypes where both, chemical propulsion and 
magnetic steering could be independently and simultaneously 
achieved. When dispersed in a solution of water and H2O2, 
the hematite particles were activated by blue light, which 
triggered the photocatalytic decomposition of H2O2 and 
produced self-propulsion. These microdockers were able to 
transport large cargos attached due to an imbalanced osmotic 
flow, and were guided along straight paths using either a con-
stant magnetic field or microscopic tracks embedded in a 
polydimethylsiloxane (PDMS) substrate.[45]

We introduce here an alternative and general method to 
manipulate and transport hematite ellipsoidal micropropel-
lers, activated by light but transported and fully controlled 
via time dependent magnetic fields. We use a rotating mag-
netic field to translate these particles at a well-defined speed, 
and to easily set the direction of motion by changing the field 
orientation or its sense of rotation. This feature provides the 
possibility to surpass obstacles via magnetic guiding and thus 
to react to environmental changes. The unique ability to inde-
pendently actuate over the light-induced phoretic attraction 
and field induced actuation allows to precisely dock, trans-
port, and release microscopic objects on command. We use 
this method to assemble small active colloidal clusters which 
are transported by the cooperative rotational motion of sev-
eral magnetic inclusions. Finally we show the possibility to 
reconfigure in situ the relative location of the docker above 
the cargo, a feature which enables the optimization of trans-
portation and cargo release via magnetic command.

2. Results and Discussion

We synthesize hematite ellipsoids by using the “gel–sol” tech-
nique,[46] more details are given in the Experimental Section. 
The process allows producing monodisperse ferromagnetic 
microparticles with different shapes, such as cubes, peanuts, 
or spheres, at a relative high yield. We focus here on parti-
cles with ellipsoidal shape, since the magnetic properties and 
the corresponding propulsion speed can be well described 
theoretically and easily characterized using video-micros-
copy. Particle inspection via scanning electron microscopy 
(SEM), Figure 1a, reveals that the synthesized ellipsoids have 
a rather uniform shape, with an average major and minor 
axes of length a = 1.80 ± 0.11 µm and b = 1.31 ± 0.12 µm, 
respectively, see also Figure S1 in the Supporting Informa-
tion for the EDX spectra. The particles are characterized 
by a small permanent moment m = 2 × 10−16 Am2, which 
was previously measured by following the particle reorien-
tation under a static field.[47] A major difference with other 
anisotropic magnetic colloids is that the hematite ellipsoids 
present the permanent moment perpendicular to their long 
axis, as shown in the schematic of Figure 1b. This peculiarity 
results from the magnetic structure of hematite, which crys-
tallizes in the corundum form.[48] In this configuration, the 
Fe cations are antiferromagnetically aligned along the c axis, 
and above the Morin temperature (Tm ≈ 263 K) the hematite 
becomes weakly ferromagnetic, with the magnetic spins lying 
mostly in the basal plane, and thus perpendicular to the long 
axis. From SQUID measurements (see Figure S1 in the Sup-
porting Information), we find that, in the range of field used, 
the induced magnetization is negligible (<5%) compared 
with the remanent magnetization. Hence the orientation and 
dynamics of the hematite particles under the external field 
can be well described by considering only the particle’s per-
manent magnetic moment.

Once dispersed in a mixture of water and H2O2 (9 vol%), 
the ellipsoids sediment close to a glass–substrate, where they 
remain 2D confined, displaying a small thermal motion. As 
shown in Figure 1b,c, the particles are propelled by a uniform 
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rotating magnetic field circularly polarized in the plane per-
pendicular to the wall (x,z) with amplitude H0 and angular 
frequency ωH, namely H

���
 = H0(cos(ωH t), 0, − sin(ωH t)). The 

magnetic field applies a net torque 


τ  to the particles, and the 
torque induces the rotational motion of the ellipsoids around 
their long axis with an average angular velocity 〈ωr〉, being 

m H
� ��� ���
τ µ= ×0  and µ0 = 4π × 10−7 H m−1. This rotational motion 
is translated into a net drift velocity due to the hydrody-
namic interaction with the substrate.[49] The particle velocity 
is given by 〈v〉 = bfr 〈ωr〉/2, being fr a correction factor which 
takes into account the proximity of the wall.[50] The average 
speed of one magnetic propeller versus the driving frequency 
is shown in Figure 1d, in absence and in presence of blue 
light (λ = 450–490 nm) irradiated at a power P = 1.04 mW 
and for two field strengths. The similarity between the curves 
with and without illumination suggests that the photoinduced 
decomposition of H2O2 does not affect significantly the pro-
pulsion speed, while being crucial for the docking process as 
we discuss later. In all the cases analyzed in Figure 1d, the 
average speed of the microdocker shows two distinct regimes 
of motion. Below a critical frequency ωc, the magnetic 
moment of the particle is able to follow synchronously the 
field rotation, and 〈ωr〉 = ωH. As a consequence, the ellipsoids 
translate along the substrate at a constant average speed pro-
portional to the driving frequency. Above ωc, the magnetic 
field becomes too fast, and the magnetic torque is unable to 
balance the viscous one arising due to the particle rotation 
in the dissipative medium. Thus, the phase lag angle between 

the permanent moment and the field increases, showing a 
characteristic “back-and-forth” motion during each cycle 
of the magnetic field. The average rotational motion of 
the docker decreases with ωH, following the relationship 

r H H
2

c
2ω ω〈ω 〉 = ω − − ,[51] continuous lines in Figure 1d. As a 

consequence, the speed of the microdockers also decreases, 
vanishing at very high frequencies and reducing the efficiency 
of these propellers as cargo transporters. From the fits to the 
experimental data in Figure 1d, we determine the correction 
factor fr, which allows estimating the elevation h of the sur-
face of the microdocker from the boundary wall. We find that 
in absence and in presence of light, the microdocker trans-
lates very close from the surface at an elevation h = 0.042 and 
0.040 µm, respectively. We also find that the critical frequency 
increases linearly with the amplitude of the applied field, as 
shown in the small inset in Figure 1d.

To carry out tasks as microtransporters, the hematite 
particles require an effective interaction field which could 
be used to attract a cargo on command, without interfering 
with their rotational motion. When exposed to blue light, the 
surface of the hematite particles starts the decomposition 
of the H2O2 in solution as, 2H2O2(l) → O2(g) + 2H2O(l). Thus, 
the particles generate an unbalanced osmotic flow which 
pushes them toward the bottom surface, slightly reducing 
their diffusive motion. The generated osmotic flow is also 
able to attract other particles located nearby, as shown in 
Figure 2a,b, opening the possibility to use these particles as 
microdockers. The attraction is long ranged, extended over 
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Figure 1. a) Scanning electron microscopy (SEM) image showing the monodisperse hematite ellipsoids. Scale bar is 5 µm. b) Schematic illustrating 
one ellipsoid propelling in H2O + H2O2 solution due to the application of a rotating magnetic field of amplitude H0 and angular frequency ωH. The 
ellipsoid displays a small permanent moment m, perpendicular to its long axis. c) Sequence of images showing one propelling microellipsoid 
translating at a speed 〈vx〉 = 15.6 µm s−1 due to the application of a rotating field with amplitude H0 = 4400 A m−1 and frequency ωH = 502.6 rad s−1, 
in absence of light. Scale bar is 5 µm (Video S1, Supporting Information). d) Average speed versus frequency of one microdocker at two different 
field amplitudes with and without illumination. Continuous lines are fits obtained from the model, see text. Inset shows the critical frequency ωc 
versus amplitude H0. The continuous red line is a fit to the data following ωc ~ H0.
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several micrometers, and it is quantified in Figure 2c. There, 
we measure the average speed of the hematite particles 
when attracted toward a large polystyrene (PS) cargo having 
a radius of R = 5 µm. By using cubic-shape particles, it was 
already shown that this complex hydrodynamic attraction can 
be approximated by an effective potential scaling as r−2, as 
expected for phoretic attraction from a reaction site.[44] The 
continuous line in Figure 2c confirms this tendency also for 
our hematite ellipsoids. In these measurements, we avoid the 
effect of Brownian motion by measuring the attraction toward 
cargos which were previously irreversible stuck to the surface 
of the substrate. Moreover we restrict our measurements to 
distances shorter than 15 µm, where the effect of Brownian 
fluctuations on the trajectory is negligible. As shown in the 
inset in Figure 2c, the long axis of the microdockers faces 
toward the surface of the large silica particle during the 
last stages of the binding process. Moreover, the binding–
unbinding is completely reversible since, when switching off 
the illumination, the dockers immediately detach from the 
cargo surface due to their diffusive motion, Figure 2b. To 
avoid irreversible binding via van der Waals interaction, the 
dockers were previously coated with an anionic surfactant 
(sodium dodecyl sulfate). This surfactant creates a protec-
tive shell that produces steric repulsion and avoids the close 
contact with the cargo surface during application of light. We 
also notice that, once the particles are attached to the col-
loid cargo, sometimes they display a small self-propulsion 
induced by the chemical reaction. This behavior arises from 

the Janus-like morphology of the composite particles, since 
the osmotic flow generated by the hematite particles is 
attenuated on the side occupied by the colloidal cargo, see 
Figure S2 in the Supporting Information for more details. In 
a previous work[45] the peanuts particles were etched with 
hydrochloric acid before being immersed in the water H2O2 
solution, in order to roughen their surface and enhance fur-
ther their mobility. We avoid this step to not alter the mag-
netic properties of the propellers.

We use the phoretic attraction to dock colloidal cargos of 
different sizes, which can be later released by switching off the 
illumination. Then, the rotating magnetic field is applied as an 
independent mean to propel the whole composite structure. 
Figure 2d shows the average translational speed of one mag-
netic microdocker pulling different colloidal cargos with radii 
ranging from R = 1 to 5 µm, with the corresponding micro-
scope images showed at the top. All measurements are taken 
in the synchronous regime, i.e., when the propeller speed 
grew linearly with the driving frequency. Thus, for a trans-
ported colloidal cargo with radius R = 2.5 µm, the composite 
cluster could reach an average speed of 〈vx〉 = 5.8 µm s−1 
for ωH = 314.8 rad s−1, much higher than the value reached 
by the chemically driven one 〈vx〉 = 0.22 µm s−1 (Figure S2, 
Supporting Information). Although the latter could be 
increased by roughening the surface of the hematite par-
ticle,[45] the magnetic actuation scheme provides a full con-
trol over particle direction and a constant velocity over time, 
not perturbed by the fuel concentration in the environment. 
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Figure 2. a) Schematics showing the attraction induced by blue light. b) Snapshots illustrating the consecutive binding (light on at t = 6.38 s) and 
unbinding (light off at t = 18.3 s) of one hematite ellipsoid close to a 5 µm SiO2 particle (Video S2, Supporting Information). c) Log–log plot of the 
average speed of the hematite particle versus distance Δr from the cargo, see schematic. The continuous red line is a quadratic fit (~Δr−2), assuming 
an attractive phoretic potential. Bottom inset shows the orientational angle θ of the microdocker (in degrees) with respect to the surface of the 
cargo. d) Average speed 〈vx〉 versus driving frequency ωH for the hematite propellers subjected to a rotating field with amplitude H0 = 4400 A m−1. 
Orange disks indicate propellers without cargo, red squares with a cargo of radius R = 1 µm, first image on the top; green up-triangles, a cargo 
of radius R = 2.5 µm, middle image on the top; blue down-triangles, a cargo of radius R = 5 µm, last image on the top. In the last case, the arrow 
indicates the docker position, scale bar is 5 µm. Continuous lines are linear fits, while the gray region in the graph represents the asynchronous 
regime of the magnetic propeller. Small inset at the top left shows the propulsion forces 〈vx〉⋅γR versus ωH.
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The decrease in the slope of the curves in Figure 2d is pri-
mary due to the additional drag coefficient γ experienced by 
the microdocker, which also grows linearly with the size of 
the transported cargo. Here γ = 6 πηR and η = 10−3 Pa⋅s is the 
viscosity of water. We demonstrate this point in the inset of 
Figure 2d by multiplying the experimental data and also the 
linear fits by γR, being γR = γ0 + 6 πηR and γ0 = 3 πηb the fric-
tion coefficient of a single microdocker. The product 〈vx〉 γR 
gives the net propulsion force of the composite particle, that 
also grows linearly with the driving frequency ωH. All data 
in the inset fall on the same line, with small deviations that 
could be a result of the neglect of the differences in the cor-
rection factor due to the interaction with the wall.

Even if the microdocker speed decreases with the cargo 
size, one could clearly use more magnetic particles to speed 
up the motion of the assembled structure. This feature is dem-
onstrated in Figure 3, which shows different active colloidal 
clusters composed by different number of microdockers and 
SiO2 cargos, Figure 3a, with their corresponding average 
speeds reported in Figure 3b. These examples represent only 
few of the several possible configurations observed, but they 
can be used to illustrate the assembly pathway of the smaller 
units. When many ellipsoids bind to one cargo, the parti-
cles also slightly attract each other due to the phoretic flow, 
tending to cover the SiO2 cargo by aligning tip to tip around 
its surface. The cluster speed increases linearly with the 
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Figure 3. a) Images of different clusters composed by magnetic microdockers and SiO2 particles (R = 2.5 µm) assembled via blue light (P = 9.94 mW, 
 λ = 450–490 nm). Schematics indicating the number of ellipsoids and their location within the cluster. b) Average translational speed versus 
number of attached dockers (Nd) for the colloidal clusters composed by small cargos (R = 1 µm, filled symbols) and large cargos (R = 2.5 µm, 
empty symbols). Nc denotes the number of cargos present in the cluster. c) Schematics with experimental images illustrating the position of 
the ellipsoids in the assembled clusters. d) Sequence of images showing the cluster assembly via application of blue light, (from t = 0 s to t =  
22.4 s), transport of the cargo toward left (from t = 10.1 s to t = 22.4 s), right (t = 32.1 s), the cluster disassembly by turning off the illumination 
(t = 40.8 s) and the final propulsion of the sole magnetic docker toward left (t = 50.5 s). Arrows in the first three images mark the colloidal cargos 
(radius R = 1 µm) that are finally attracted to the magnetic docker. Schematics on the top right of third, fourth, and sixth image display the sense 
of rotation of the field applied in the (x,z) plane with frequency ωH = 125.6 rad s−1 and amplitude H0 = 4400 A m−1. Scale bar in first image is  
10 µm (Video S4, Supporting Information).
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number of attached dockers Nd, as shown by the empty cir-
cles in Figure 3b. However, we find that for a high number of 
cargos, the average speed increases slower since it is affected 
by the additional drag exerted by the attached particles. As 
shown in Video S3 in the Supporting Information, clusters of 
dimers or trimers propelled by the rotating field could display 
an addition rotational motion in their linear path, which does 
not affect significantly their translational speed. The clusters 
composed of large cargos are usually formed by a skeleton 
of magnetic ellipsoids located in the interstitial regions of a 
compact triangular lattice, Figure 3c. The situation is different 
when the cargos have a size similar to the dockers, since the 
magnetic inclusions become part of the packed structure, as 
shown on the right side of Figure 3c. Given the radial sym-
metry of the photoactivated osmotic flow, the dockers attract 
particles nearby rapidly, forcing them to pack into a com-
pact cluster which completely encircles the magnetic inclu-
sions. However, the phoretic attraction represents not only a 
reversible but also a rather flexible bond, since it allows the 
magnetic particles to rotate within the structure.

The sequence of images in Figure 3d illustrates the high 
maneuverability of such composite structures, when subjected 
to the rotating field. We assemble via blue light a small col-
loidal tetramer that afterward is translated by the rotating 
field first toward the left, and later toward the right, just by 
inverting the chirality of the applied field. During these 

operations the illumination is always on, in order to preserve 
the cluster. The composite structure grows when it approaches 
to other colloidal cargos, which are attracted by the phoretic 
flow, reaching its final size at t = 32.1 s. Switching off the blue 
light melts the cluster, dispersing the cargos evenly above 
the plane. At the end of the process, the microdocker is pro-
pelled to a different region to eventually dock and transport 
back other particles. Besides the basic trajectories shown 
in Figure 3c, more complex paths can be equally obtained 
by adjusting on the fly the orientation and direction of the 
driving field. Drug delivery operations could be performed 
by using colloidal cargos functionalized with specific chemical 
agents able to bind and transport functional molecules.

Many microswimmers can be classified as pushers or 
pullers depending whether the generated flow is outward 
or inward the axis of net swimming.[52] When transporting 
a given cargo, a swimmer can also act as a “pusher” or a 
“puller”, depending on if it drags the cargo directly in front 
or behind it. In the last case, transport could occur only 
if the cargo is bound to the swimmer via a certain interac-
tion but not via the sole mechanical contact of the two sur-
faces. A lingering question which naturally arises is whether 
being in front of the transported particle (puller) or behind 
it (pusher) implies a significant difference in the transport 
velocity. To answer this question, in Figure 4a we report the 
translational speed of a towed PS cargo (R = 5 µm) versus 
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Figure 4. a) Average speed of a microdocker transporting a 10 µm PS colloidal cargo versus the angle ϕ formed by the y -axis and the line joining 
the centers of the particles. The red triangles represent the mean velocity, averaged excluding all velocities corresponding to configurations with 
angles −60° < ϕ < 60°. In all measurements the applied field has a frequency of ωH = 125.6 rad s−1 and an amplitude of H0 = 4400 A m−1. b) Two 
images corresponding to the data in (a) showing the “pusher” (top) and the “puller” (bottom) configurations. The sense of rotation of the magnetic 
field (see small schematics) is opposite in the two images. Green arrows in (a) and (b) indicate the direction of propulsion of the colloidal assembly. 
c) Rotational motion of one magnetic microdocker above a 5 µm SiO2 colloidal cargo. The applied field is circularly polarized in the (x,y) plane with 
amplitude H0 = 2900 A m−1 and frequency ωH = 125.6 rad s−1. Top panel refers to counterclockwise rotation while bottom panel to clockwise. The last 
snapshots in both cases display the epitrochoid-like trajectory of one tip of the particle above the colloidal cargo (Video S5, Supporting information). 
The trajectory can be matched by using the parametric equations: x = (Rc + Rd)cos(t) − δ⋅cos((Rc + Rd)/Rd t); y = (Rc + Rd)sin(t) − δ⋅sin((Rc + Rd)/Rd t); 
where Rc = 2.5 µm and Rd = 0.3 µm are geometrical radii of the trajectories described by the cargo and docker, and δ = 0.1 µm is a fitting parameter.



(7 of 9) 1603449© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.com

the relative angle ϕ, which is the angle between the y axis and 
the line joining the centers of the two particles. This angle is 
defined in the schematic in Figure 4a. The sign of the speed of 
the microdocker and the angle ϕ are used to determine if the 
propeller tows the cargo in a pusher or a puller configuration. 
From the experimental data, we do not observe significant 
differences of the speed when being in one of the two con-
figurations. However, the relative position can be essential 
during the process of cargo release: if the docker is placed 
behind the cargo, then the cargo could be released faster 
without entering into the region were the cargo could react.

The manipulation via rotating field also allows control-
ling the position of the docker around the cargo as demon-
strated in Figure 4c. When subjected to a rotating in-plane 
field, H

���
 = H0(cos(ωH t), sin(ωH t), 0), the hematite particle 

performs rotational motion close to the surface of the silica 
particle, remaining attached to the cargo due to the phoretic 
attraction. The trajectory traced by the tip of the microdocker 
around the cargo equator is an epitrochoid, as shown in the 
last two microscope images in Figure 4c. The docker does not 
roll along the cargo surface, but rather performs a “walking”-
like motion, since the combination of osmotic flow and the 
magnetic torque lift the hematite particle during its excur-
sion around the cargo equator. One can easily control the 
direction of rotation of the hematite particle by changing the 
sense of rotation of the applied field. The driving frequency 
controls the period of the epitrochoid and thus the average 
circulation speed 〈ωl〉 of the microdocker around the cargo. 
In the range of frequencies used, ωH ∈ [20, 300] rad s−1, the 
rotating docker follows synchronously the applied field and 
thus 〈ωl〉 is proportional to the driving frequency 〈ωl〉 = αωH, 
as shown in Figure S3 in the Supporting Information. These 
features enable a selective control and reorganization of the 
bound couple microdocker/cargo on the fly, optimizing the 
potential shipping and final delivery of any drug transported 
by the cargo.

3. Conclusion

In summary, we investigated the transport properties and 
versatility of ferromagnetic hematite microdockers towing 
microscopic cargos and being powered by an external 
rotating magnetic field. The colloidal cargos can be revers-
ibly bound to these microdockers via photoinduced decom-
position of H2O2 in water, and can be picked up, transported, 
and released on command in any place of the experimental 
platform. Since the proposed method works well for both 
cases, one could envisage switching from a chemically based 
driving mechanism to a magnetic one in order to optimize 
the towing process or reduce the consumption of fuel within 
the medium. The possibility of varying the driving frequency 
of the applied field allows for tuning the speed of the proto-
type in order to fasten or slow down the delivery of a given 
cargo in a fluidic based microdevice. Moreover, the use of 
a time dependent magnetic field allows us to vary the rela-
tive position of carrier and cargo, in order to change at will 
the towing scheme from a pusher to a puller, depending on 
the defined need. While the amount of H2O2 required to 

trigger the cluster assembly excludes, for the moment, direct 
biological applications, our method can be improved in the 
future by contemplating different and more biocompatible 
reaction schemes. Finally, in absence of catalytic agents, the 
sole magnetic dockers can be used to drag biological species 
via the hydrodynamic flow field generated by their coupled 
rotational–translational motion. A similar feature indeed was 
demonstrated for isotropic particles driven above a magnetic 
substrate.[53]

4. Experimental Section

Particle Synthesis and Procedures: Monodisperse hematite 
(α-Fe2O3) ellipsoids were synthesized via a co-precipitation of 
FeCl3 and NaOH solutions, followed by a hydrothermal treatment 
of the slurry in the presence of potassium sulfate as an additive. 
A sodium hydroxide solution (21.64 g of NaOH in 90 mL of high 
deionized water) was slowly mixed with an iron chloride hexahy-
drate solution (54.0 g FeCl3⋅6H2O in 100 mL of high deionized 
water) at room temperature. During the mixing process, which 
lasted 5 min, both solutions were vigorously stirred, giving rise to 
an iron hydroxide gel submerged in an acid environment. After this 
stage, a 10 mL aqueous solution containing 0.29 g of potassium 
sulfate (K2SO4) was added, and the resulting dark brown mixture 
was stirred for another 5 min. Then, the mixture was hermetically 
sealed and left unperturbed in an oven at 100 °C for 8 days. After 
8 days, a dense aqueous suspension composed of monodisperse 
ellipsoids together with rod-like nanoparticles made of akaganeite 
was obtained. The ellipsoids were recovered by diluting the sus-
pension with high deionized water, letting the particles sediment 
and removing the resulting yellowish-brown supernatant, a proce-
dure that was repeated several times. The hematite ellipsoids were 
finally functionalized with sodium dodecyl sulfate (SDS). The sur-
factant was grafted on the particle surface by dispersing the ellip-
soids in an aqueous solution containing 0.12 g of SDS in 80 mL of 
high deionized water. Finally, the pH of the resulting solution was 
adjusted to 8.5–9.5 by adding tetramethylammonium hydroxide 
(TMAH). The authors used TMAH since in basic conditions 
(pH ≈ 9.5) the hematite particles display a negative phoresis, i.e., 
they are able to attract colloidal particles made by PS or silica, as 
previously reported.[54] In contrast, the authors also found that a 
small positive phoresis (repulsion of the cargos from the dockers) 
appeared when the pH was adjusted to 6.5.

Particle size and shape were analyzed by SEM (Quanta 
200 FEI, XTE 325/D8395). The nonmagnetic samples employed 
in this study were commercial aqueous suspensions of monodis-
perse particles based on silicon dioxide (44054 Sigma-Micro), 
that are 1–5 µm in size, and commercial aqueous suspensions of 
polystyrene particles (C37259, Thermo Fisher) 10 µm in size. The 
use of two types of particles (PS and Si) having different density 
and surface charges, demonstrated the generality of the proposed 
approach, which could be applicable to a large variety of micro-
scale cargos.

Observation of the Particles: The solution containing the mag-
netic dockers and the colloidal cargos was introduced by capillarity 
in a rectangular microtube made of borosilicate glass (inner dimen-
sions 0.1 × 2.0 mm, CMC scientific) that was immediately sealed. 
The dynamics of the microdockers were investigated determining 
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the motion of the colloidal particles with a CCD camera (Balser 
Scout scA640-74f, Basler), at a frame rate of 50 Hz, mounted on 
top of a light microscope (Eclipse Ni, Nikon), equipped with high 
magnification objectives.

Magnetic Coils Systems: The external magnetic field was pro-
vided by using two pairs of custom-made coils arranged in an 
Helmholtz-like configuration and having a common axis aligned 
along the x and y directions. These custom made coils were 
composed each one by N = 1100 turns of a 0.4 mm thin copper 
wire, and they were able to generate a uniform magnetic field on 
the sample plane. A fifth coil was located under the sample cell 
to provide a perpendicular field along the z direction. AC fields 
were obtained by connecting the coils to a wave generator (TTi-
TGA1244, TTi) feeding a power amplifier (IMG STA-800, stage line 
or BOP 10-20 M, KEPCO). Under AC field the field amplitudes at 
different frequencies were calibrated via a Teslameter (FM 205, 
Projekt Elektronik GmbH).

Illumination Set-Up: The illumination was provided via a com-
mercial mercury-fiber illuminator system (C-HGFI Intensilight, 
Nikon) connected to an upright optical microscope via an epif-
luorescent tower. Blue light was obtained via a fluorescent filter 
cube with excitation wavelength between 450 and 490 nm. The 
optical power was measured at the sample plane with a power 
meter (PM200, Thorlabs) equipped with a photodiode sensor 
(400–1100 nm, S121C, Thorlabs).

Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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Supplementary Figure 1S. 
 

 
 
Figure 1S. (a) Scanning electron microscopy image showing the monodisperse hematite 
ellipsoids, with an enlargement on the top-right inset. Scale bar is 10 m (1m for the inset). 
(b) Corresponding energy-dispersive X-ray spectroscopy (EDX) of the hematite ellipsoids 
(continuous black line) and of the sample holder (dashed blue lines) composed by a 
borosilicate glass. The peaks at 0.71, 6.41 and 7.05 KeV denote the location of Fe, at 0.52 
KeV of Oxygen while 1.74 KeV of Si, the latter being present due to the sample holder. (c) 
SQUID magnetization curve of a dry sample of hematite particles and (d) enlargement of the 
central section, which displays the range of field used in the propulsion experiments (shaded 
region). The almost constant slope of M in the shaded region demonstrates the small 
contribution of the induced moment as compared to the permanent one.  
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Supplementary Figure 2S. 
 

 
 
Figure 2S. (a) Optical microscope images showing the active motion of a 5 m SiO2 particle 
decorated by 6 hematite ellipsoids under a constant blue light illumination. (b) Average 
translational speed measured in presence of a small DC field for a 5 m SiO2 decorated with a 
different number of hematite particles.  Schematic on the bottom shows the geometry of one 
cargo propelled chemically by three microdockers while the composite particle is oriented by 
a static magnetic field H, oriented along the x-axis. 
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Supplementary Figure 3S. 
 

 
Figure 3S. Average circulation frequency of an hematite microdocker 〈 〉 around a 10 m 
polystyrene particle, on a plane parallel to the glass surface, versus driving frequency . The 
hematite particle was subjected to a rotating magnetic field in the particle plane (x,y) with 
amplitude H0=2700 A/m. The empty symbols denote the experimental data, while the linear 
fit emphasizes the fact that in the range of frequency used the motion occurs in the 
"synchronous" regime of the microdockers, where 〈 〉 = . Top inset shows an optical 
microscope snapshot illustrating the microdocker and the polystyrene cargo with the 
corresponding schematic of the rotating magnetic field H. 
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Supplementary text: Chemically powered motion.   

In Figure 2S we analyze the average speed of the microdockers due to the sole chemical 
reaction when carrying a microcargo. The average speed of the transported cargo can be 
increased by enhancing the number of hematite particles attached to it. Fig.2S(a) shows a 
typical particle trajectory of a 5 m silica bead covered by 6 hematite microdockers and 
subjected to a constant illumination, via blue light. When binding to the cargo due to the 
phoretic interaction, the ellipsoids also slightly attract each other, and thus they tend to align 
close to each other on the particle surface. The microdockers form a protective "hand", which 
drags the cargo along a randomized path. The random trajectory could result either from small 
differences in the chemical propulsion of the attached particles, or due to the rotational 
diffusive motion of the composite cluster. In Fig.2S(b) we show how the average propulsion 
speed depends on the number of attached particles. Here, we use a small uniform magnetic 
field for steering the composite micro-object along a linear path. The chemical powered 
motion displays a translational speed which almost growths linearly with the number N of the 
attached hematite particles. A higher number of hematite ellipsoids indeed enlarges the area 
of the composite cluster able to generate osmotic flow, reaching a maximum speed of 〈 〉 = 
1.2 m/s for N=9 attached dockers. When the microdockers encircle completely the colloidal 
cargo, the chemical gradient is symmetric and the translational speed vanishes, since now the 
whole perimeter surrounding the cargo generates osmotic flow. As a consequence, the 
encircled particle performs an enhanced diffusive motion, but does not show any net drift. 
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Supplementary Movie legends 

Video1S(.MPEG1): Single particle propulsion. Hematite microellipsoids transported above a 
glass substrate upon application of an external rotating magnetic field with amplitude 
H0=4400 A/m and frequency H = 502.6 rad/s. The movie is in real time and it corresponds to 
Fig.1(c) in the main article. 
 
Video2S(.MPEG1): Reversible binding-unbinding via light activation. Video illustrating the 
phoretic attraction induced by blue light (=450-490 nm, P = 1.04mW) applied after t = 6.38s 
on a field of view that encloses a docker and a large PS cargo (radius R=2.5 m) suspended in 
a solution of 9%-by-volume H2O2 in water. After t = 18.3s, the light is switched off and the 
particles is dispersed back by random fluctuations. The movie is in real time and it 
corresponds to Fig.2b in the main article.   
 
Video3S(.MPEG1): Transport of colloidal clusters composed by Nc = 1 SiO2 cargo (radius 
R=2.5 m) and Nd = 3 magnetic dockers (top row);  Nc  = 3 and Nd = 3 (middle row); Nc = 7 
and Nd= 7 (bottom row). The rotating magnetic field used to transport these structures was 
circularly polarized with an amplitude H0=4400 A/m  and frequency H=188.5 rad/s. The 
movies are in real time. 
 
Video4S(.MPEG1): Video illustrating the formation of a cluster upon illumination via blue 
light. The assembly is transported towards the left and right via application of a rotating 
magnetic field with frequencyH=125.6 rad/s and amplitude H0=4400 A/m. After t=47.1 s 
the illumination and the rotating field are switched off, and the cargos are released. Then the 
magnetic field is switched on again, and the particle is transported toward right. The movie is 
in real time and corresponds to the sequence of images in Fig.3(d) in the main article. 
 
Video5S(.MPEG1): Rotation and transport above the cargo. The video illustrates the different 
operation of binding (via blue light), rotation above the silica colloidal cargo (radius R=2.5 
m) and transport via magnetic field. The rotation was powered by a circularly polarized 
rotating field in the (x,y) plane with amplitude H0=2900 A/m and frequency H=125.6 rad/s. 
Reversing the sense of rotation of the field inverts the angular rotation of the magnetic 
microdocker which now moves around the cargo in the opposite sense. Top panel refers to 
counterclockwise rotation while bottom panel to clockwise. The movie is in real time and it 
corresponds to Fig.4c of the main article. 
 



PUBLICATION 7

Active apolar doping determines routes to colloidal
clusters and gels

Proceedings of the National Academy of Sciences 115, 10618-10623
(2018)

Helena Massana-Cid1,5, Joan Codina1,2,5, Ignacio Pagonabarraga1,2,3 and Pietro
Tierno1,2,4

1 Departament de Física de la Matèria Condensada,
Universitat de Barcelona, 08028 Barcelona, Spain

2 Universitat de Barcelona Institute of Complex Systems
(UBICS), Universitat de Barcelona, 08028 Barcelona, Spain

3CECAM, Centre Européen de Calcul Atomique et Moléculaire,
École Polytechnique Fédérale de Lasuanne Batochime,

Avenue Forel 2, 1015 Lausanne, Switzerland
4 Institut de Nanociència i Nanotecnologia, IN2UB,

Universitat de Barcelona, 08028 Barcelona, Spain
5 These authors contributed equally





PH
YS

IC
S

Active apolar doping determines routes to colloidal
clusters and gels
Helena Massana-Cida,1, Joan Codinaa,b,1, Ignacio Pagonabarragaa,b,c, and Pietro Tiernoa,b,d,2
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Collections of interacting active particles, self-propelling or not,
have shown remarkable phenomena including the emergence
of dynamic patterns across different length scales, from animal
groups to vibrated grains, microtubules, bacteria, and chemical-
or field-driven colloids. Burgeoning experimental and simula-
tion activities are now exploring the possibility of realizing solid
and stable structures from passive elements that are assembled
by a few active dopants. Here we show that such an elusive
task may be accomplished by using a small amount of apolar
dopants, namely synthetic active but not self-propelling units. We
use blue light to rapidly assemble 2D colloidal clusters and gels
via nonequilibrium diffusiophoresis, where microscopic hematite
dockers form long-living interstitial bonds that strongly glue pas-
sive silica microspheres. By varying the relative fraction of doping,
we uncover a rich phase diagram including ordered and dis-
ordered clusters, space-filling gels, and bicontinuous structures
formed by filamentary dockers percolating through a solid net-
work of silica spheres. We characterize the slow relaxation and
dynamic arrest of the different phases via correlation and scatter-
ing functions. Our findings provide a pathway toward the rapid
engineering of mesoscopic gels and clusters via active colloidal
doping.

active systems | colloids | gels

Active colloids constitute an emergent class of autonomous,
motile elements that display fascinating collective behav-

ior evoking that of active biological systems (1–8). Given the
experimental accessible time/length scales, these artificial pro-
totypes represent a laboratory-scale model system for self-
organization under out-of-equilibrium conditions with the pos-
sibility of describing them in terms of simplified potentials and
interactions. While densely packed passive colloids have been
used as a reference system to analyze the formation of gels (9),
glasses (10), or jammed phases (11), active systems may provide
a faster route toward their formation, and richer phenomenolo-
gies, due to the emergent dynamics intrinsic to their nonequi-
librium nature. However, at low or moderate concentrations,
active particles displaying self-propulsion have been unable to
form stable and long-living structures due to the presence of a
net drift velocity that gives rise to collisional dynamics. Recent
experiments (12–15) and simulations (16–22) have reported the
formation of clusters from mixtures of active–passive systems,
but at moderate concentrations such structures were found to
be dynamic in nature, i.e., continuously breaking and reforming
over time.

We show here that more routes toward the formation of 2D
clusters and gels may be uncovered by using a few active apo-
lar colloidal dopants that are dispersed in a population of inert
passive particles. The activity and interactions between the syn-
thetic dopants are controlled by light, and the absence of self-
propulsion makes them ideal dockers for the formation of stable
and strong bonds that chemophoretically glue different inert par-
ticles, creating solid, space-filling networks. This contrasts with
previous works based on active polar, i.e., self-propelling, units
that were activated by external fields or chemical reactions. By

varying the fraction of doping, we show different types of gels
where either the active particles localize in the interstitial regions
of large clusters or they assemble into percolating structures that
surround the passive spheres, forming a protective, structural
scaffold. Computer simulations complement our experiments
and allow us to explore in depth the structural relaxation of the
identified phases.

To realize gels and clusters via external command, we use a
mixture of passive and apolar colloidal particles. The former are
silica microspheres (diameter σp = 4 µm) that present simple
Brownian fluctuations in the dispersing medium, here presented
by a mixture of water and 9% hydrogen peroxide (H2O2). The
apolar particles are ferromagnetic hematite ellipsoids with a long
(short) axis equal to a = 1.8 µm (b = 1.3 µm) (Fig. 1A). The par-
ticles are characterized by a small, permanent dipole moment
m = 2× 10−16Am2 in the direction of the particle short axis
(23). The presence of this moment adds a further degree of
functionality to the system, since external magnetic fields can
be used as an independent tool to manipulate the inclusions
outside or within the formed clusters. The hematite magnetic
dipole can also be used as an additional means to manipulate
the morphology of the emerging structures, since the magnetic
anisotropy favors the initial chaining of the hematite ellipsoids.
Hence, both the hematite chain orientation and the associated
structure kinetics may be controlled by an external field.

Once dispersed in water and sedimented above the surface, the
system is globally in a liquid phase, with both types of particles
performing simple Brownian diffusion (Fig. 1B). Illumination
with blue light activates only the hematite ellipsoids that start
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Fig. 1. (A) Scanning electron microscopy (SEM) image of one hematite ellipsoid (α− Fe2O3). (Scale bar, 500 nm.) (B and C) Colloidal gel assembled from
doping a bath of silica spheres (SiO2) with a few hematite ellipsoids in a water solution containing H2O2 (9% vol). The time t = 0 s (C) corresponds to
the application of blue light (λ= 450− 490 nm, P = 1.04 mW) that triggers the phoretic attraction, and C shows the stationary structure observed after
t = 2.7 min. (D) Enlargement of the central region shown in the box in C. (Scale bars, 50 µm for all images.) See corresponding video (Movie S1). (E) Schematic
showing the assembly of SiO2 particles due to photoactivated dopants. (F) Formation of one colloidal cluster composed of 4-µm silica particles, when light
is applied at t = 0 s. (Scale bar, 10 µm.)

the decomposition of hydrogen peroxide (H2O2) in solution,
2H2O2(aq)→O2(g) + 2H2O(l). This reaction produces a gradi-
ent in the chemical concentration around the particle, inducing
diffusiophoretic flows (24). These flows push hematite particles
toward the bottom surface, slightly reducing their diffusivity and
promoting the capture of neighboring particles (Fig. 1E). As a
result, strong, long-range effective attractive interactions arise
between the particles, leading to a fast aggregation process: The
hematite dopants attract both neighboring silica colloids and
other hematite ellipsoids. On the contrary, under the same illu-
mination a suspension of passive silica spheres does not induce
any interaction in the same medium. Already a small number
of hematite colloids are able to promote the rapid formation
of large clusters of silica particles that, once merged at high
concentration, form an extended network covering the entire
observation area (Fig. 1 C and D). The assembly process is rel-
atively fast, as after a few minutes of light exposure a stable
colloidal structure is formed. The activated inclusions locate in
the interstitial space between the silica particles (Fig. 1 E and F),

aligning their long axis parallel to the passive colloids. This geo-
metric arrangement favors close packing and maximizes order,
avoiding the frustration observed in other binary mixtures where
active and passive colloids are located on the same plane (25).
The cluster formation over a long time results from the absence
of self-propulsion. Indeed, isolated hematite ellipsoids, when
illuminated by light, do not show any drift motion due the sym-
metry of the generated flow around their surface. Even when this
symmetry is broken by the presence of the silica sphere as shown
in Fig. 2A, we did not observe any propulsive behavior that can
be distinguished from thermal fluctuations. We also note that
similar hematite dockers were observed to propel in an aque-
ous H2O2 solution after being etched with hydrochloric acid (26).
The etching process increased the particle porosity and thus the
generated chemical field (26, 27).

The phoretic attraction between the hematite–silica particles,
here named active–passive (ap), and the hematite–hematite par-
ticles, active–active (aa), can be described by considering the
chemical field c(r), generated by a hematite colloid at position
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Fig. 2. (A, Left) Microscope images showing the light-induced attraction between two active–active (aa) particles (Top) and an active–passive (ap) pair
(Bottom). A, Right shows the color-coded logarithm of the chemical-field concentration around the aa (Top) and ap (Bottom) pair. The vector field denotes
at each point the direction of the diffusiophoretic speed, while the level curves are the absolute value of the velocity-field module. (B) Relative particle
speed V rel of an ap pair (black circles) and of an aa pair (blue squares) vs. relative distance ∆r. Solid lines are fitted to the data following the model in the
main text. B, Inset shows the corresponding distances ∆r vs. time.

r. In a first approximation, an active spherical particle of diam-
eter σa , acting as a source, generates an isotropic, monopolar,
chemical field, c(r) = c0 +ασ2

a/(4Dcr), where Dc is the diffu-
sion constant of the chemical product, and α is the produc-
tion/consumption rate of the chemical per unit area (28, 29). A
probe particle of diameter σ at a distance d from the source expe-
riences a concentration difference δ across its size of magnitude
proportional to δ∝σc′(d)∝σ/d2. To the lowest order, this con-
centration gradient on the probe particle can be described by a
dipolar chemical field. This chemical gradient induces a diffu-
siophoretic velocity of the probe particle, v =µ∇‖c, where µ is
a mobility, and forces motion of the embedding fluid (Fig. 2A).
Integration of the surface velocity over the surface of the probe
particle results in a net diffusiophoretic velocity with dominant
magnitude v ∝ d−2. Specifically, the relative speed between pairs
of active and passive particles of radii, σa and σp , respectively,
reads as

V rel
ap =V0

[
µ̄
(σa

d

)2
+

1

4

(
σp

σa

)3(σa

d

)5
]

, [1]

V rel
aa = 2V0

[(σa

d

)2
+

1

4

(σa

d

)5]
, [2]

where V0 =µaσ
2
a/(12Dc) is the characteristic chemical diffu-

siophoretic velocity for an active pair, and µ̄=µp/µa is the
ratio between mobilities of the two types of particles (Materi-
als and Methods). The first terms on the right-hand side of Eqs.
1 and 2 describe the direct interaction between two particles,
while the second terms result from the reflection of the chem-
ical concentration produced by an active particle on the recep-
tor one.

Due to their permanent magnetic moment, the hematite ellip-
soids will attract magnetically at short distances, forming ribbon-
like structures where they assemble side by side to minimize
their magnetic energy. For parallel aligned magnetic particles,
such interactions contribute to the relative speed with a term of
smaller magnitude, 2Vm(da/r)4. Here Vm = 3µ0m

2/(4π2ηd5
p ),

with µ0 the permittivity of vacuum and η the kinematic viscos-
ity of the dispersing medium. Thus, two apolar particles will
approach with a total relative velocity Vaa =V rel

aa +Vm . As
shown in Fig. 2B, we validate the derived functional dependence

of the interaction velocity for a pair of particles vs. ∆r by fitting
Eqs. 1 and 2 to the experimental data. We then use the result to
calibrate the magnitudes of V0 and µ̄ for the numerical simula-
tion. At parity of light power and H2O2 concentration, we find a
stronger attraction between ap particles than between two active
ones. The attractive phoretic flow generated by one active parti-
cle can easily drag a passive sphere nearby, while two activated
dopants have to adjust their relative orientation to assemble side
by side (Fig. 2A). When in close contact, the magnetic dipolar
interaction becomes dominant and promotes chain formation.
We note that the magnetic interactions are shorter range com-
pared with the phoretic ones. In fact, for distances of r ∼ 1 µm
they become of the order of thermal energy Um ∼ kBT , being
T = 293 K, the ambient temperature.

We next characterize the assembly process in a mixture of
hematite and silica particles, by varying the relative surface
fraction covered by the two active and passive particles, quanti-
fied by Φa =Naπab/(4L

2) and Φp =Npπσ
2
p/(4L

2), respectively.
Here L is the lateral size of the observation area and Na ,Np

the number of particles of a given type. The emerging station-
ary phases are shown in Fig. 3A, while the diagram in Fig.
3B reports their location in the (Φa , Φp) plane. The system is
activity quenched from a homogeneous distribution of silica par-
ticles and hematite ellipsoids. We observe the appearance of a
rich phase behavior after a fast aggregation process, with dif-
ferent types of clusters and space-filling structures. In the first
case, the clusters may be either composed of a triangular lat-
tice of silica colloids glued together by a few interstitial dopants
(Φa ≤ 0.06, Φp < 0.4, cluster I) or composed of a more disor-
dered morphology (0.09<Φa < 0.2 and Φp < 0.25, cluster II).
Here an entangled cluster-percolating network of active parti-
cles destroys the hexagonal structure of the silica clusters and
slows down its dynamics, as shown in Fig. 4. At a larger surface
fraction of ellipsoidal particles, Φa > 0.2, chains of active parti-
cles completely surround the silica clusters, forming a continuous
gel-like structure (gel II). Another way to create an arrested gel
is by increasing the concentration of silica particles Φa . Above
Φp = 0.35 (0<Φa < 0.15), only the silica particles form a perco-
lating network, while few ellipsoids that assemble the structure
remain separated within its interstitial region (gel I). In contrast,
for Φa > 0.15 the active colloids form a percolating network that
now completely scaffolds the silica spheres (gel III), preventing
the collapse into a compact aggregate. Here the percolation of
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Fig. 3. (A) Sequence of images showing the five different morphologies observed. Left column displays experimental images. (Scale bar, 20 µm for all
images.) Right column shows small snapshots from numerical simulations. See corresponding videos (Movies S2–S6). (B) Phase diagram in the (Φa, Φp) plane
combining experimental points (open symbols) and simulation results (regions with solid lines). Solid symbols indicate the location of the experimental
(symbols) and simulation (stars) images shown in A. (C) Normalized average radius of gyration 〈rg〉 vs. fraction Φa for different densities of passive particles,

Φp = 0.1 (Left graph) and Φp = 0.3 (Right graph). Here we define 〈rg〉= 1/N
∑

k nk[1/nk

∑
j(r

k
j − rk

cm)]
1/2

, with N the total number of particles, nk the

number of particles that belong to the kth cluster, and rk
j the position of the jth particle in the kth cluster with center of mass located at position rk

cm.

hematite particles is different from that of the silica ones, as their
dipolar attraction leads to a preferential linear growth, giving
a certain degree of directionality in the formed structures. The
emergence of gel structures is also seen in the low-q divergence
of the structure factors S(q)∼ q−D , as shown in SI Appendix,
Fig. S1.

To reproduce numerically the main features observed in the
experimental system, we have set up a simulation code based
on the pair interactions between the different colloidal units
(SI Appendix). The phase diagram summarized in Fig. 3B and
the snapshots of the different morphologies in Fig. 3A, Right
column show that the computational model captures satisfac-
torily the experimentally observed self-assembled structures. To
classify them we calculate the radius of gyration 〈rg〉 form the
particle positions (30) (Fig. 3C). From these measurements we
distinguish between cluster and percolating structures by identi-
fying a relative percolation threshold for the passive particles,
r∗p ∼ 0.5, and active inclusions, r∗a ∼ 0.4. Cluster phases occur
when the emerging structures stay below the percolation thresh-
olds, 〈rpg 〉< r∗p and 〈rag 〉< r∗a , and thus type I (II) occurs for
〈rag 〉< 〈rpg 〉 (〈rpg 〉< 〈rag 〉). We note here that the observed clus-

ters represent a stable stationary phase, as they were found to not
coalesce over the whole experimental/simulation time. Further,
above the respective percolation thresholds gels I (〈rag 〉< r∗a ,
〈rpg 〉> r∗p ), II (〈rag 〉> r∗a , 〈rpg 〉< r∗p ), and III (〈rag 〉> r∗a , 〈rpg 〉>
r∗p ) were observed. The presence of a magnetic interaction com-
peting against the attractive interaction of chemical origin gives
an internal structure and slows the size growth of the system
below R∼ t1/4 and arrests the structures in the gel phases.
When comparing the images in Fig. 3, one can note a more
anisotropic shape for the clusters obtained in the experiments
than the one from the simulations. While it could be consid-
ered an effect of hydrodynamic interactions (31), it arises from
the presence of a small bias field that results from an imper-
fect balance of the Earth’s magnetic field. This field induces
initial particle chaining and a more anisotropic growth of the
structures.

We characterize the structural arrest of the observed gels
both through the dynamic scattering function Fq(t0, ∆t) that
describes the relaxation of the density field ρ(r) and through
the bond-orientational correlation function CΨ(t0, ∆t), which
quantifies the evolution of the local hexatic ordering in the
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Fig. 4. Numerical simulations. (A and B) Dynamic scattering function Fq(t) (A) and self-correlation function of the bond orientational order CΨ(t) (B) vs. time
calculated for the different assembled structures. Here the wave vector is |q|= 2π/σp, being σp = 4 µm the diameter of the passive spheres. Experiments in
C show scattering function from the experimental data obtained for the cluster I (Φp = 0.22, Φa = 0.03) and gel III phases (Φp = 0.421, Φa = 0.105). C, Insets
show color-coded clusters analyzed from the particle position in the experimental system.

system. Both quantities, defined in SI Appendix, are shown in
Fig. 4 A and B for the different phases obtained from the com-
putational model. In all cases, we find that the slow dynamics
of our systems do not display any intermediate plateaus and
thus particle localization, in agreement with what is theoreti-
cally predicted for 2D systems (32). While cluster phases rapidly
relax toward equilibrium, where Fq vanishes, gel phases dis-
play a very slow decay of Fq over all time scales, corresponding
to a long subdiffusive regime of the passive particles, as also
confirmed by measuring their mean-square displacement. The
decay of the bond orientational correlation function identifies
more clearly the slow relaxation associated to the gels in con-
trast with a fast relaxation process for cluster phases. Despite
the difficulties in maintaining stable experimental conditions
over sufficiently long times for large concentrations of chem-
ically reacting hematite particles, we succeeded in measuring
the intermediate dynamic scattering function for the cluster I
and gel III phases (Fig. 4C). In agreement with the computa-
tional predictions, in the cluster I phase Fq shows a smooth
decay for large values of the wave vector q . As we move to
small wave vectors, the system decorrelates at longer time scales,
while for gel III we observe an initial decay that subsequently
slows down.

In conclusion, we have shown that a few active apolar dopands
are enough to rapidly engineer large-scale space-filling 2D gels
or clusters composed of passive microscopic particles. Thus,
we have demonstrated how active doping may be used for the
realization of amorphous soft–solid materials. Moreover, we also
uncovered a rich scenario for arrested systems that may have
distinctive properties emerging from their intrinsic nonequilib-
rium nature, tunable upon external command. We note that
our structures are the result of nonequilibrium interactions that
arise solely from the activated hematite particles. Thus, in con-
trast to clusters and gels realized via attractive interactions such
as polymer depletion (9, 10, 33), our particles are subjected to
interactions that favor the formation of anisotropic clusters of
bicontinuous structures (gel II and gel III). This is not possible
via simple attractive interactions such as the ones in a polymer–
colloidal mixture (34). It would be interesting to explore how
the reported structure changes upon further variation of the
density and size of the colloidal dopants. In the first case, we
limit to a maximum density of active particles Φa = 0.17, to
avoid bubble generation and the appearance of artifacts in the
experimental system. In the second case, increasing the size of
the hematite ellipsoids would favor disorder, as the active par-
ticles would not be able to fit within the interstitial region of
the passive spheres. Thus, we expect that this could produce
a change in the phase diagram in Fig. 3A, with the appear-
ance of more disordered clusters. Our colloidal model system

bridges gels and glass formation with active systems allowing us
to investigate on exceptionally short time scales exciting scenar-
ios when driven by nonequilibrium forces. All in all our findings
may be extended to other arrested systems and states or more
complex environments spanning living and nonliving artificial
systems.

Materials and Methods
Experimental Details. Monodisperse hematite ellipsoids are synthesized fol-
lowing the “gel-sol” technique (35). Typically, an iron chloride hexahydrate
solution (54.00 g FeCl3−6H2O in 100 mL of high deionized H2O) is grad-
ually added to a sodium hydroxide mixture (19.48 g of NaOH in 90 mL
of H2O) and stirred at room temperature. After 5 min, we add to the
stirring solution 10 mL of H2O containing 0.29 g of potassium sulfate
(K2SO4). The resulting mixture, after being stirred for 5 min, is hermeti-
cally sealed and left to age at 100 ◦C for 8 d. After synthesis, the ellipsoids
are stabilized with SDS in a highly deionized H2O (milliQ; Millipore) solu-
tion containing also hydrogen peroxide (H2O2). We add 0.11 g of SDS
and 11 g of H2O2 for 80 mL of H2O2. The pH is adjusted to 9.5 by
adding tetramethylammonium hydroxide. As passive microspheres we use
monodisperse particles of 4 µm based on silicon dioxide (44054; Sigma-
Micro). Particle size and shape were analyzed by SEM (Quanta 200 FEI,
XTE 325/D8395).

The solution containing the magnetic ellipsoids and the SiO2 particles is
introduced by capillarity in a rectangular microtube made of borosilicate
glass (inner dimensions 0.1× 2.0 mm; CMC Scientific) that is immediately
sealed. The particles sediment close to a glass plate, where they remain
quasi-2D confined due to gravity, displaying a small thermal motion. The
illumination is provided via a commercial mercury fiber illuminator system
(C-HGFI Intensilight; Nikon) connected to an upright optical microscope via
an epifluorescent tower. Blue light is obtained via a fluorescent filter cube
with excitation wavelength between 450 nm and 490 nm. The optical power
is measured at the sample plane with a power meter (PM200; Thorlabs)
equipped with a photodiode sensor (S121C; Thorlabs). We irradiated at a
power P = 1.04 mW. The dynamics of the particles are monitored with a CCD
camera (Basler Scout scA640-74f), at a frame rate of 50 fps, mounted on top
of a light microscope (Eclipse Ni; Nikon) equipped with high-magnification
objectives.

Theoretical Model. We model active and passive particles as spheres of size
σa and σp, respectively, immersed in a concentration field with Neumann
boundary conditions Dc∂rc(r)|σ ∝α on each particle, where α is the pro-
duction/consumption rate of the chemical, and Dc its diffusion constant;
for passive particles α= 0. We consider the production and consumption
to be small compared with the provided reactant and hence disregard fuel
depletion.

The concentration field around an active particle, i, located in the
origin in the presence of a second one, j, a distance d =

∣∣ri − rj
∣∣ away

from each other, with the center-to-center direction parallel to ẑ, can be
expressed as

ci(r, d, θ) =
αiσ

2
i

4Dc

1

r
+ ci,j (r, d, θ), [3]
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where the first term on the right-hand side corresponds to the correspond-
ing production of chemicals, and the second term gives the disturbance
of the chemical concentration produced by the jth particle to guarantee
the boundary condition in the ith particle. The disturbance term cij can be
expanded as a multipolar series with the axis of symmetry along ẑ.

The first contribution on particle i created by a particle j, c(1)
i,j (r, d, θ), cor-

responds to a dipole and depends on the activity αj of the jth particle, and
the distance between the pair,

c(1)
i,j (r, d, θ) =− 1

2

(
σi

2

)3 1

d2

αjσ
2
j

4Dc

cos θ

r2
. [4]

The second dipolar contribution on particle i appears only on active parti-
cles. The monopolar field generated by i is reflected on particle j and gives,
on i the dipolar term, c(2)

i,j . As expected it depends on αi as

c(2)
i,j (r, d, θ) =− 1

2

(
σi

2

)3(σj

2

)3 1

d5

αiσ
2
i

4Dc

cos θ

r2
. [5]

The gradient of the chemical concentration on the surface of a sphere
generates a tangential diffusiophoretic velocity, v =µd∇‖c(r), of the fluid
at the particle interface. Momentum conservation leads to a particle
velocity,

V =
−1

πσ2

∫
dΩv(r, θ) = (πσ2)−1

µd

∫
dΩ∇‖c(r, θ). [6]

The integration of ∇‖c for a multipolar expansion of the form c(θ, r) =∑
l BlPl(cos θ)r−(l+1) on a spherical shell of diameter σ results in a velocity

in ẑ, the symmetry axis of the system:

V =
2

3
µd

(
2

σ

)3

B1ẑ. [7]

Introducing Eqs. 4 and 5 into Eq. 7, we recover the relative velocities Eqs.
1 and 2, with a characteristic velocity V0 =ασ2

a/(12Dc). We have taken
into account that active and passive particles have different diffusophoretic
mobilities, µ(a)

d , µ(p)
d , and have introduced their ratio, µ=µ(p)

d /µ
(a)
d .
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NUMERICAL SIMULATION

We model silica particles as diffusive discs of diameter
σp, and centre of mass at positions {Ri}. To account
for their ellipsoidal shape, active particles are modeled
as dimers with beads of diameter σa at positions {qai },
and {qbi } in the direction of the orientation vector {n̂i}.
The particles are connected by a restoring force, {Fhi },
with rest length r0, and elastic constant k. We introduce
σa = 1.3µm and r0 = 0.5µm to model the aspect ratio
of the experimental ellipsoids, 1.3× 1.5µm.

Particles follow an overdamped Langevin dynamics
with mobilities µt for the beads of the dimers, and
σp/σaµt for passive particles,

q̇ai = vai + µt
(
Fhi n̂i + F c,ai + Fm,ai

)
+
√

2Dtξi (1)

q̇bi = vbi + µt

(
−Fhi n̂i + F c,bi + Fm,bi

)
+
√

2Dtξi (2)

Ṙi = Vi + µt
σa
σp
F ci +

√
2Dtσa/σpξi (3)

with the diffusiophoretic velocities vαi for the active
beads, and Vi for passive particles, as derived in the pre-
vious section. For the relative velocity between an active
and a passive pair we consider the symmetrized relative
velocity that ensures that action-reaction is fulfilled. Ex-
cluded volume is introduced by the repulsive WCA force,
{F c,αi }, α = a, b, with σ = σa for aa interactions, σ = σp
for pp interactions, and σ = (σaσp)

1/2 for ap interactions,
and characteristic energy ε = 24kBT . The choice of σ for
ap interactions corresponds to the centre-to-centre dis-
tance for two touching spheres lying on the same surface.

Active particles have a permanent magnetic moment
in the direction of their short axis, a vector t̂ in the
plane perpendicular to n̂. We introduce relative mag-
netic interactions, body force and torque, on each bead
{Fm,αi }, α = a, b.

The last term in Eq. (1-3) accounts for thermal
diffusion, Dt, for active beads, and σp/σaDt for passive

colloids, respectively, with random Gaussian vectors ξ
with zero mean and unit variance.

ORDER PARAMETERS

We define the particle density in Fourier space ρq(t) as
the discrete Fourier transform of the real density ρ(r; t) =∑
j δ(r − rj) at time t,

ρq(t) =
∑

j

exp (iq · rj(t)) , (4)

We decompose the domain in q in elements of size dq =
2π/L, where L is the system size. From the structure fac-
tors, S(q) (see Supporting Information), we identify the
position of qmax, corresponding to a characteristic maxi-
mum of S(q). For passive particles qmax ≈ 2π/σp ≈ 1.57,
while for active particles qmax ≈ 2π/σa. To study the re-
laxation of the density field in Fourier space, ρq, at differ-
ent times we measure the dynamic structure factor [1, 2]
relative to an initial time t0 from the activity quench,

Fq(t0,∆t) =

〈∑
i ρq(t0)ρ†q(t0 + ∆t)

〉

〈∑i ρq(t0)ρq,† (t0)〉 (5)

which we compute for the values of the wave vector
|q| = qmax ±∆q of modulus qmax in a shell of thickness
∆q ≈ 0.1[3]. We identify t0 when the system is arrested,
or in a steady state and measure the dynamic structure
factor.

To describe the relaxation of the local orientation of
particles we define the local hexagonal order on each par-
ticle as,

Ψn
6 =

1

nb

nb∑

j∈{neigh}
exp (i6θnj(t)) (6)

Where nb is the number of neighbors of a particle that
satisfy r < rc = 1.5σp. A structured hexagonal pattern
gives Φ6 =

∑
iN
−1Ψn

6 = 1. θnj is the angle formed by
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the center-to-center vector between neighboring particles
n and j, with the x̂ axis – the choice of axis is not relevant
as long as it is kept fixed for all j neighbors of n.

θnj = arctan

(
rnj · ŷ
rnj · x̂

)
, |rnj | < rcut (7)

The temporal evolution of the local hexatic order param-
eter defines the self-correlation function CΨ(t0,∆t)

CΨ(t0,∆t) =
〈∑n Ψ∗6(t0)Ψ6(t0 + ∆t)〉
〈∑n Ψ∗6(t0)Ψ6(t0)〉 (8)

SUPPORTING VIDEOS

With the article there are 6 videoclips as supplements
of the figures in the main text.

• MovieS1(.WMF): Formation of a colloidal gel
via doping of passive silica particles (diameter
σp = 4µm) with hematite ellipsoids (short and long
axis equal to b = 1.3µm and a = 1.8µm resp.).
Both particles are suspended in a water solution
of H2O2 (9% in Vol) and subjected to blue light
(λ = 450− 490nm, P = 1.04mW) that induces the
phoretic attraction. The corresponding process is
illustrated in Fig. 1(b,c,d) of the article.

• MovieS2(.WMF): Formation of the cluster I
phase via application of blue light. Left video cor-
responds to the experimental system (Φa = 0.01,
Φp = 0.04) while right video results from numerical
simulations (Φa = 0.02, Φp = 0.1). The illustrated
process corresponds to the first row Fig. 2(a) of the
manuscript.

• MovieS3(.WMF): Formation of the cluster II
phase via application of blue light. Left video cor-
responds to the experimental system (Φa = 0.06,
Φp = 0.04) while right video results from numerical
simulation (Φa = 0.1, Φp = 0.14). The illustrated
process corresponds to the second row Fig. 2(a) of
the manuscript.

• MovieS4(.WMF): Formation of the gel I phase
via application of blue light. Left video corresponds
to the experimental system (Φa = 0.05, Φp = 0.51)
while right video results from numerical simula-
tions (Φa = 0.55, Φp = 0.5). The illustrated pro-
cess corresponds to the third row Fig. 2(a) of the
manuscript.

• MovieS5(.WMF): Formation of the gel II phase
via application of blue light. Left video corresponds
to the experimental system (Φa = 0.15, Φp = 0.17)
while right video results from numerical simula-
tion (Φa = 0.25, Φp = 0.1). The illustrated pro-
cess corresponds to the fourth row Fig. 2(a) of the
manuscript.
• MovieS6(.WMF): Formation of the gel III phase

via application of blue light. Left video corresponds
to the experimental system (Φa = 0.14, Φp = 0.45)
while right video results from numerical simulation
(Φa = 0.25, Φp = 0.3). The illustrated process cor-
responds to the last row Fig. 2(a) of the manuscript.
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FIG. 1. (a,b) Images from numerical simulations (left) and corresponding static structure factor S(q) (right) calculated for the
different assemblies observed in the diagram showed in Fig.3(b) of the main article. Fig.(a) shows the cluster I (top) and the
cluster II (bottom) phases, Fig.(b) the cluster phases I to III from top to bottom.
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PART V

CONCLUSIONS
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CHAPTER 9

CONCLUSIONS AND PERSPECTIVES

This thesis has focused on the dynamics of out-of-equilibrium driven and active magnetic
colloidal systems and on their individual and collective effects. We applied external mag-
netic fields to control and manipulate these particles and, in some cases, exploited the ac-
tivity of hematite colloids. We observed the dynamics of these systems in real-time using
video microscopy. Our experiments were compared and contrasted both with analytical
models and simulations.

We studied the assembly of ferromagnetic ellipsoidal particles into elongated ribbons
that could transport cargos using the hydrodynamic flow they create. Changing the pa-
rameters of the applied field, these types of particles assembled into dynamically bound
three-dimensional clusters. Furthermore, when activated by blue light, the magnetic ellip-
soids could transform into dockers that were able to move around the experimental plat-
form, trapping, transporting and releasing cargos. Their chemical activity also induced
the formation of dynamically arrested two-dimensional gels, bicontinuous structures and
clusters. Additionally, when we fine-tuned the parameters of an external field, paramag-
netic particles assembled into two-dimensional propelling crystals were able to self-heal.
On the other hand, we demonstrated the bidirectional transport of paramagnetic particles
on top of magnetic substrates, where smaller and larger particles moved towards opposite
directions.

In conclusion, we found novel approaches to tune the interactions of magnetic colloids
on an external command in order to drive and engineer a rich variety of microstructures.
Colloids are an excellent model system to investigate collective processes that are more
difficult to observe and control, such as those in atomic and living systems. Furthermore,
they are a useful test-bed that helps to understand microscale fluid dynamics, which has
applications in miniaturization processes that are essential for lab-on-a-chip studies and
biomedicine. This work gets us one step further into finding an optimal microdevice based
on colloidal particles to manipulate, transport and control processes at such scales. There-
fore, this thesis is of great interest for both fundamental and technological reasons.



As for future perspectives, one open question relates to how chains of hematite par-
ticles would behave when activated. Enhancing the activity of some of the colloids by
increasing the intensity of applied light, we expect to obtain self-propulsion of individual
asymmetric clusters. Moreover, the propelling carpets could be studied further in order
to understand the fluctuations of their shape during the self-healing process. The evolu-
tion of their edges’ roughness and the deposition procedure could provide insight into
the process of surface growth. Additionally, the collective effects of denser solutions of
ellipsoids under external magnetic fields, such as cluster formation, could be explored
in future research. We also observed highly surprising phenomena when paramagnetic
particles were confined in a cell of a thickness of the order of their diameter under a time-
dependent magnetic field. This gave rise to the emergence of colloidal currents in the ab-
sence of external gradients and to the formation of bimodal lattices and rotating dimers.
Exploring further this system is an exciting future perspective.
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RESUM EN CATALÀ

En aquesta tesi hem investigat la dinàmica fora de l’equilibri de col·loides magnètics i el
seu comportament individual i col·lectiu sota camps externs. Explico com els vam ma-
nipular per construir microdispositius nedadors capaços de transportar altres materials i
formar cadenes, agrupacions, gels, i cristalls amb l’habilitat de reordenar-se.

Una suspensió col·loïdal és una barreja de partícules insolubles de mida nanomètrica
o microscòpica dispersades en un altre medi, com un fluid. Hi ha molts exemples de
col·loides en la vida quotidiana, com ara la pasta de dents, la llet i la pintura. En aquest
treball quan parlem de col·loides ens referim a micropartícules sòlides disperses en una
solució líquida. A causa de la seva mida, els col·loides són fàcilment accessibles exper-
imentalment i es poden observar amb microscopis òptics tradicionals. A més, s’ha de-
mostrat que poden ser sistemes model excel·lents per estructures amb diferents escales
de longitud, que van des de sistemes atòmics a matèria biològica. D’altra banda, poden
ser útils per entendre la hidrodinàmica a la microescala i per formar micromàquines de
transport que són essencials per a processos de miniaturització.

L’objectiu principal d’aquesta tesi és investigar sistemes de matèria tova a través de la
manipulació de col·loides magnètics per tal de trobar maneres de propulsar microdisposi-
tius i per formar diferents tipus d’estructures. Per aconseguir-ho, vam controlar les inter-
accions presents en col·leccions de partícules utilitzant camps magnètics externs, substrats
magnètics i l’activitat química de col·loides especialment sintetitzats. Tot això serveix per
entendre les propietats fonamentals d’aquests sistemes microscòpics i per trobar nom-
broses aplicacions.

Aquesta tesi està estructurada en cinc parts. Després d’una breu introducció (primera
part), explico alguns fonaments que ajuden a entendre millor els principis bàsics que inter-
venen en aquest treball (segona part). El Capítol 2 es dedica a la ciència col·loïdal. Explico
l’analogia de col·loides com a àtoms, descric les seves interaccions principals i algunes
de les estructures que aquestes partícules poden formar. La ciència col·loïdal ha guanyat
més atenció durant les últimes dècades gràcies al desenvolupament de tècniques i eines
experimentals que permeten fabricar, manipular i observar partícules microscòpiques i
nanoscòpiques amb alta precisió.

Al Capítol 3 parlo de microparticules i nanopartícules magnètiques, esmentant les



interaccions que intervenen quan els col·loides magnètics es sotmeten a camps externs.
Aquests camps es poden utilitzar per induir interaccions en una col·lecció de partícules.
L’amplitud del camp defineix la força de la interacció mentre la seva la direcció con-
trola si aquesta és atractiva o repulsiva. Això dóna lloc a la formació de diferents tipus
d’estructures i a l’aparició d’una gran varietat de fenòmens.

El Capítol 4 tracta de les peculiaritats de la dinàmica de fluids a la microescala i intro-
dueix alguns dels últims desenvolupaments que s’han fet en sistemes de partícules actives
i de micropropulsors magnètics. Quan s’estudia la dinàmica de suspensions col·loïdals
és essencial entendre la hidrodinàmica a baix nombre de Reynolds. Les equacions rela-
tives al flux es converteixen en reversibles en el temps i el moviment recíproc no indueix
translació. Els camps magnètics externs poden ajudar a aconseguir propulsió en cossos
magnètics. Per altra banda, les partícules actives, capaces d’agafar energia del seu en-
torn i convertir-la en moviment dirigit, també són candidates excel·lents per aconseguir
translació en ambients microfluidics.

A la tercera part parlo dels materials i dels mètodes utilitzats en aquest treball. Al
Capítol 5 detallo els col·loides emprats en aquesta tesi, principalment col·loides paramag-
nètics i ferromagnètics, i explico com vam preparar les nostres mostres. Vam sintetitzar
el·lipsoides ferromagnètics d’hematites amb dues mides diferents utilitzant un mètode
sol-gel i vam utilitzar col·loides paramagnètics esfèrics comercials. També els vam barre-
jar amb col·loides no magnètics i vam utilitzar substrats magnetitzats per canviar les seves
interaccions.

El Capítol 6 descriu el nostre muntatge experimental, el qual ens va permetre aplicar
camps magnètics externs constants i dependents del temps in situ, mentre observàvem
l’evolució de la mostra a temps real amb tècniques de videomicroscopia. Vam analitzar els
vídeos resultants per obtenir informació sobre la dinàmica fora d’equilibri dels sistemes
estudiats.

La quarta part inclou tots els resultats obtinguts. El Capítol 7 els resumeix i el Capí-
tol 8 conté totes les publicacions. A les Publicacions 1-5 vam utilitzar camps magnètics
per organitzar i conduir partícules magnètiques i les estructures que formen. Vam poder
traslladar cadenes i agrupacions de partícules al llarg del pla bidimensional de la mostra.
A més, vam observar transport bidireccional de col·loides sobre un substrat magnètic. A
les Publicacions 6 i 7 vam introduir activitat química al nostre sistema, format per una
barreja de partícules col·loidals actives apolars i partícules passives. Aquesta activitat
indueix mecanismes difusoforètics que permeten acoblar cossos a les partícules magnè-
tiques actives, que poden transportar-se mitjançant un camp extern. A més, vam util-
itzar les mateixes partícules com a dopants per la formació de diferents estructures, com
gels bidimensionals. Els nostres experiments es van comparar i contrastar amb models
analítics i simulacions.

Finalment, a la cinquena part resumeixo les conclusions obtingudes i afegeixo algunes



perspectives futures. Ajustant les interaccions de sistemes col.loidals mitjançant camps ex-
terns vam trobar noves maneres de transportar i formar una gran varietat de microestruc-
tures. A més, els col·loides ens van ajudar a comprendre la dinàmica de fluids a baix nom-
bre de Reynolds, el que té aplicacions en estudis de microfluídica. Aquest treball és un pas
més que ens acosta a trobar un microdispositiu òptim basat en partícules col·loïdals per
manipular, transportar i controlar processos a aquestes escales. Una qüestió que encara
roman oberta és com es comportarien les cadenes de partícules d’hematites en presèn-
cia d’activitat química. A més, augmentant l’activitat d’alguns dels col·loides canviant
la potència de la llum aplicada esperaríem obtenir autopropulsió de cossos asimètrics.
També es podrien estudiar les fluctuacions en les partícules constituents de les estructures
propulsores bidimensionals, així com l’evolució de la rugositat de les seves vores. Per
altra banda, hem observat fenòmens sorprenents quan partícules paramagnètiques estan
sota un camp magnètic dependent del temps i són confinades en una cel·la d’un gruix de
l’ordre del seu diàmetre. Hem vist corrents col·loidals, la formació de xarxes bimodals i
dímers rotatius. Explorar més aquest sistema és una altra perspectiva emocionant.
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SYMBOLS

kB Boltzmann constant
T Temperature
∆r Average displacement
t Time
D Diffusion coefficient
R Radius
γ Drag coefficient
τB Brownian time
φ Volume fraction
V Volume
N Number of particles
M Magnetisation
H Magnetic field
MS Saturation magnetisation
Hc Coercivity field
χ Volumetric magnetic susceptibility
m Magnetic moment
µ0 Permeability of free space
µm Permeability of the medium
Ud Dipolar interaction
Ω Angular velocity
Tm Magnetic torque
Tv Viscous torque
ζr Rotational friction coefficient
τr Relaxation time
τint Internal relaxation time
η Dynamic viscosity of the medium
u Flow field



ρ Density
p Pressure
Re Reynolds number
L Characteristic length scale
U Characteristic velocity scale
a Major ellipsoid axis
b Minor ellipsoid axis
d Diameter

ABBREVIATIONS

EDL Electrical Double Layer
PS Polystyrene
PMMA Polymethymethacrylate
MIPS Motility Induced Phase Separation
SDS Sodium Dodecyl Sulfate
TMAH Tetramethylammonium Hydroxide
SEM Scanning Electron Microscopy
SQUID Superconducting Quantum Interference Devices
NP Nanoparticles
FGF Ferrite Garnet Film
BW Bloch Wall
AC Alternating Current
DC Direct Current
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