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Dynamic Self-Assembly of Magnetic/Polymer Composites
in Rotating Frames of Reference
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forces to form a variety of intricate quasi
3D and 3D structures which can subsequently be made permanent by the solidification of the polymer matrix. Extension
of DySA to noninertial FORs is of fundamental interest as it can enable assembly
of structures that with a given set of interactions would be hard—or even impossible—to assemble in static/inertial
frames.
It has been known since the times of
Peregrinus in XIII c.[23] that magnetic
particles orient their magnetic moments
along an external magnetic field and that
by interacting with one another, they can form discrete “chains”
tracing Faraday’s “lines of force” or, as they are commonly
known today, field lines.[24] In our system, we extended these
phenomena to a frame of reference that rotated with respect to
the external source of magnetic field, such that the aggregates
that form could periodically “close on themselves” in 3D.
In a typical experiment, ferromagnetic iron particles
(Hoganas, Sweden, AHC 100.29, mean diameter ≈80 µm) were
dispersed in a viscous (3.5 Pa s) liquid poly(dimethylsiloxane)
(PDMS) (Sylgard 184, Dow Corning, 10:1 w/w ratio of base to
curing agent) at concentration ≈10–12 mg mL−1. After thorough
degassing under vacuum to remove any air bubbles, the suspension was placed inside of a plastic or a glass tube (respectively, i.d. = 6 mm, o.d. = 8 mm, length 340 mm; i.d. = 4.8 mm,
o.d. = 7.9 mm, length 340 mm), which was then sealed and
mounted on a mini-lathe (Sherline Products 4100A-DRO),
allowing for rotational speeds up to ω = 10 000 rpm. One or
more neodymium magnets from KJ Magnetics (see Section S1
in the Supporting Information for specifications) were then
placed around the rotating tube to commence DySA.
Figure 1a illustrates the simplest arrangement in which
a single rectangular bar magnet (BY066, w = h = 9.53 mm,
l = 50.8 mm) is placed next to the tube rotating at ω = 200 rpm
such that the field lines at the magnet’s center are perpendicular to the tube’s axis of rotation. When the magnet is far away
(d  25 mm, image I in Figure 1a) and the field experienced by
the particles is small, no noticeable self-assembly into regular
structures is observed. When the magnet is very close to the
tube (d  1 mm, image II), the particles organize into distinct
columnar structures whose separation is due to the repulsions
between the magnetic moments induced in the particles. However, these columns are ill-shaped and at the relatively low value
of ω used, they are “pinned” to the bottom of the tube (similar
to columns observed in a static system described in ref. [25]). It
is only in the intermediate regime of the field strength (when
the magnet is 5 mm < d  10 mm away from the tube;

Small ferromagnetic particles suspended in a rotating viscous polymer and
subjected to an external static magnetic field dynamically self-assemble
into open-lattice, periodic structures. Depending on the orientation of the
magnetic field with respect to the system’s axis of rotation, these structures
range from arrays of parallel plates to single, double, triple, or even quaternary helices. Dynamic self-assembly in this rotating frame of reference can
be explained by an interplay between magnetic, dipole–dipole, viscous drag,
and centripetal forces. Once formed, the dynamic aggregates can be made
permanent by thermally curing the polymer matrix.

Since its first demonstration in the early 2000s,[1–4] dynamic
self-assembly (DySA) has been attracting considerable attention as a means of arranging structures and materials[5] able
to thrive away from thermodynamic equilibrium. Many different modalities of DySA have been demonstrated, including
magnetic,[1,2,6,7] electrostatic,[3,4] light,[8–10] or mechanically[11]
controlled, or dependent on chemical fuels[12,13]—these were
implemented on scales from macroscopic,[1–4,14] to colloidal,[15,16]
to nanoscopic,[8–10,17,18] and (macro)molecular.[12,13,19,20] Many
of these demonstrations were based on 2D systems at liquid
interfaces or on solid supports; in 3D, the constituent pieces
almost invariably formed tightly packed structures (except for
some fluidic systems[21,22]). Our motivation in the present work
has been to extend DySA to “open” 3D materials in which the
regularly spaced, self-assembling domains would be separated
from one another. To this end, we depart here from the conventional assembly in static frames of reference (FORs) and,
instead, perform DySA in a noninertial, rotating frame combining the effects of external fields with centrifugal forces.
In this FOR, small magnetic particles suspended in a viscous
polymer experience periodic variations in an external magnetic
field—as a result they interact by time-varying, dipole–dipole
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tube being stationary and the magnetic field
rotating, as in refs. [15,26,27] – is important
for the outcome of DySA. This is so because
the rotating fluid “polishes” the surface of
generated structures and thus increases their
quality (the root-mean-square (RMS) roughness of the plates is on the order of 20 µm;
see Section S6 in the Supporting Information for experiments and also Section S2 in
the Supporting Information for simulations);
iii) the high viscosity of the fluid is essential—in less viscous media, the particles do
not self-assemble at experimentally accessible
rotation rates (cf. Movie S2 in the Supporting
Information); iv) the properties of the plates,
such as thickness or plate-to-plate spacing,
depend on amount of iron used (see
Figure 1e and Section S6 (Supporting Information)), the applied magnetic field (see
Figure S2a and S4 in the Supporting Information), and to a lesser degree, on the polydispersity of the particles (Section S2, Supporting Information).
When the arrangement of external
magnet(s) is changed, a variety of regular
and sometimes quite intricate structures can
assemble. This is so, because the key forces
acting in the system depend on the field
profiles: magnetic moments induced in the
particles scale with the magnetic flux density, B, the forces imparted by the external
field on these moments are proportional
Figure 1. Rotational DySA of plate arrays. a) Snapshots of a rudimentary system comprising
to field gradient, Fm ∝ ∇B, and the interacone 478 mT permanent magnet (black, at the top) and a tube filled with iron powder in PDMS.
When the magnet is far away (image I), the filings are not organized; when the magnet is too tions between the particles’ moments depend
on their mutual orientations (cf. modeling
close, the filings form stationary and poorly organized columns (II). Only at the intermediate
later in the text). In the simplest example
field strength, the filings form plates (III). Scale bar = 10 mm. Also see Movie S1 (Supporting
Information). b) Image of plate arrays solidified in a tube having a circular cross-section. Scale
in Figure 2a, the plate structures are more
bar = 5 mm. c,d) Plate structures form irrespective of the tube’s self-cross-section. Shown equally spaced and have more uniformly
here are plates assembled in (c) a square tube and (d) one with a “teddy bear” cross-section.
filled cross-sections than those in Figure 1a
Scale bars = 2 mm. e) Collation of structures differing in the amount of iron particles used—
the higher the concentration, the larger the thickness of the plates and the (slightly) smaller because the field in the gap between two
the spacing between them. Top to bottom: particle concentrations 8, 16, and 24 mg mL−1. rectangular magnets is more uniform. In
Figure 2b, after the plates are assembled as
Scale bar = 5 mm.
in Figure 2a, one of the magnets is replaced
by a smaller one, which is then slowly (v ≈ 5 mm s−1) moved
image III) that the drag force of the viscous fluid can overcome
the “pinning” and the organizing aggregates can start moving
along the tube. This magnet increases the gradient (and so, the
with the rotating fluid. Under such circumstances, the partiforce Fm) at the tube’s nearby wall (cf. calculated field profiles
cles organize into an array of regularly spaced (ca. by 1.6 mm,
shown in the figure) causing the edges of the plates to follow
standard deviation in the disk-to-disk spacing ≈12–16% of the
its motion—as a result, the disks transform into cups held
mean; see Section S5 in the Supporting Information), ≈200 µm
together by dipole–dipole interactions. In Figure 2c, the tube’s
to millimeter-thick disks such as those shown in image III of
axis is inclined with respect to the axis of rotation passing
Figure 1a (see also Movie S1 in the Supporting Information).
through a point denoted as “0.” The outermost regions, near
While this structure collapses when the magnet is removed, it
points “A” and “B,” come periodically closest to the magnet
can be made permanent (Figure 1b) by curing the PDMS by
and so the disks forming at these locations attract most partiheating it to ≈70 °C during rotation.
cles and are the largest. The structure that eventually emerges
We make three additional comments regarding the disk/plate
is an array of disks inclined with respect to the tube and with
arrays: i) they form irrespective of the cross-section of the tube
sizes decreasing toward the central point “0.” An entirely difand conform to its shape giving, for example, arrays of squares
ferent set of structures is obtained when the gradient forces
(Figure 1c) or of “magnetic teddy bears” (Figure 1d); ii) the
are enhanced to localize all particles toward the tube’s walls.
fact that the liquid is rotating – as opposed to, for example, the
In Figure 2d, magnetic field is produced by two rectangular
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Figure 2. Structures assembled in various magnetic field configurations. Schemes in the leftmost column illustrate the experimental arrangement
and the placement of magnets. Vertical “heatmaps” (I) and (II) in the central column give the magnetic flux density over, respectively, the horizontal
and the vertical cross-sectional planes of the tube (indicated by semitransparent blue planes in the scheme in (a)). The experimental images at the
right show: a) side view of an array of uniform, regularly spaced plates and top view of one of the plates; b) side view of an array of concave, regularly
spaced plates and top view of one of these plates; c) slanted plates of size (and structural quality) decreasing with distance from the edge of the
magnet. d) An array of rings formed at the tube’s inner wall; e) helices generated with a pair of cylindrical magnets applied at time t0 and removed
when the structures began to form (t1). Structures containing one (top left), two (top right), three (bottom left), or four (bottom right) intertwined
helices formed at different angular velocities.
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magnets polarized, respectively, “up” and “down.” The calculated field profiles shown in the middle column of the figure
confirm the presence of strong gradients near the tube’s wall.
Consequently, the particles are drawn from the central portions of the tube and form regularly spaced rings. Finally, when
the particles—initially attracted to the tube’s wall—are subsequently subjected to a localized field with field lines inclined
with respect to the tube’s long axis, this region becomes a
point of nucleation from which particles start forming helices
(Figure 2e). Remarkably, when the rotation rate ω is increased
and the time to nucleate is shortened, simultaneous growth
of independent helical coils is possible as demonstrated for
single (ω = 280 rpm in Figure 2e), double (ω = 300 rpm), triple
(ω = 360 rpm), or even quaternary (ω = 380 rpm) helices. Once
assembled, all discussed structures (and also others not shown;
see Section S3 in the Supporting Information) can be made
permanent by thermally curing the PDMS matrix.
To understand the formation of these and other structures
in quantitative detail, we performed molecular dynamics
(MD) simulations, in which each particle i of mass mi
moved according to Newtonian equations of motion,

..
i
i
i
m i x i = Fdrag
+ Fmi + Fddi + Frep
+ Fcent
+ Fg . In this expression,
the drag force in a viscous medium is given by the Stokes’ fori
mula, Fdrag
= −6πν Rp ( v f − v p ), where Rp ≈ 40 µm is the average
particle radius, ν = 3.5 Pa s is viscosity of PDMS, and vf and
vp correspond to velocity of the fluid and that of the particle,
respectively. The force of the external field on the particle
is Fmi = m i ⋅ ∇ B, with particle’s magnetic dipole moment
mi = (χp Vp/μf)B where χp is the magnetic susceptibility of the
particle, Vp is its volume, and μf ≈ μ0 is the permeability of
the PDMS fluid (approximated as similar to the permeability
of free space). The values of magnetic flux density B and its
gradient ∇B over the entire experimental domain are obtained
from the finite element model (FEM) in COMSOL 5.1.[28] The
other magnetic force term Fddi accounts for the interactions of
the particle’s induced moment with the induced moments of all
the other particles present in the system:
N

Fddi = ∑
j =0
j ≠i

3µ0
4π ri − j

4

( rˆ × m i ) × m j + ( rˆ × m j ) × m i

(

)

−2rˆ ( m i × m j ) + 5rˆ ( rˆ × m i ) ⋅ ( rˆ × m j ) 


(1)

Figure 3. Dynamic self-assembly of plates, rings, and helices modeled by MD simulations. a) Snapshots of three stages in the DySA of magnetic
plates: (t = 0 s) initial, random distribution of particles, (t = 0.015 s) emergence of nucleation centers, (t = 1 s) final structure with the rightmost inset
showing the top view of one closely packed disk. Red dashed line at t = 0 s indicates cross-sectional plane along which b) corresponding (I) magnetic
flux density and (II) gradient force were calculated. c) Axial distribution of particles at the times corresponding to those in (a). d) Dependence of the
number of plates formed and the average number of particles incorporated into a single plate as a function of the number of magnetic particles used.
e) Various views of rings and helices generated in magnetic field whose f) profiles (I, II) are shown.
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where r is a unit vector pointing from ith to jth particle and
|ri −j| corresponds to the distance between their centers. To prevent particle overlap, a soft repulsive force term is included,
N
| ri − j | −2R p
i
) r , where F0 and κ are para
Frep
= − ∑ F0 ⋅ exp( −κ
j =0
2Rp
j ≠i
meters adjusted to act against attractive forces at small distances. Finally, to account for density difference between
the medium and the particles, we considered centrifugal,
i
Fcent
= Vp ( ρ f − ρ p )ω 2a , and gravity, Fg = Vp ρpg, forces where
ρ stands for density and a is the distance of the particle from
the axis of rotation.
The results of these simulations agree with experiment.
Figure 3a,b and the accompanying Movie S3 (Supporting
Information) reproduce the formation of plate arrays while the
graph in Figure 3c quantifies the distribution of particles along
the tube’s axis. As seen, this distribution is initially roughly
uniform over the magnet’s central portion (red line) but then
develops loci of increased particle density (blue line)—these
correspond to the “nucleating” structures which are not yet
fully developed plates (compare with Movie S3 in the Supporting Information) but collections of smaller, locally ordered
aggregates. As these aggregates ultimately merge into plates,
their spacing “adjusts” on account of plate-to-plate repulsive
interactions due to induced dipoles (shift from blue to green
lines; see also Section S4 in the Supporting Information), ultimately leading to a relatively regular plate array (for experimental variability in disks-to-disk spacing, see Section S5 in
the Supporting Information). In Figure 3d, the dependences
of the number of plates and their thickness on the amount of

iron particles are shown—again, these trends agree with experiment. Moreover, the model can successfully reproduce formation of rings and helices (Figure 3e,f) and also provides several
insights into the roles of control parameters (see Section S2 in
the Supporting Information).
In addition to the assembly of magnetic particles denser than
the polymer medium, the scope of rotational DySA can be significantly extended when lighter particles are used. This is illustrated by experiments on hollow, Fe3O4-covered glass, superparamagnetic spheres (Ferrospheres-N, d = 18 µm, ρ < 1 g cm−3,
Microsphere Technology, Edinburgh, UK) in Figure 4a. In the
absence of magnetic field, these particles – being lighter then
PDMS – experience centripetal force directed toward the axis
of tube’s rotation. When external magnet is introduced, this
force is opposed by a magnetic one directed radially outward.
As a result of this “competition,” the particles form ellipsoids
made of distinct plates, akin to those in Figure 1 but with radii
smaller than the radius of the tube. Yet another possibility, illustrated in Figure 4b, is to combine heavier magnetic with lighter
nonmagnetic particles. Under these circumstances, the organization of the former particles is driven by magnetic field and
the organization of the latter is dictated by centripetal forces. As
an example, Figure 4b shows a composite structure in which
the spacing between magnetic plates is dictated by the placement of the larger, nonmagnetic spheres (lighter than PDMS)
at the axis of rotation.
While many more examples can be conceived (e.g., also
using nonmagnetic, semiconductor particles interacting via
dipolar forces[29,30]), the take-home message of this work is that

Figure 4. DySA of plates generated from or in the presence of buoyant particles. a) Multiplate structures assembled from iron-oxide-coated beads,
arranged into ellipsoidal shapes in a gradient field (shown on the left). Size of the structures was controlled by varying the amount of beads: I) 0.42 g,
II) 0.20 g, III) 0.10 g per 10 mL of epoxy resin. IV) Cross-section showing surface of a single plate. b) Plate-to-plate spacing imposed by polypropylene,
buoyant beads with diameters: 2 mm (left), 2.318 mm (center), and 3.175 mm (right).
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for a given set of particles and physical interactions, the outcomes of self-assembly can be drastically different in stationary
versus rotating frames of reference. The fact that the fluid supporting DySA is rotating introduces not only centripetal forces
but also velocity gradients whose role is to “smoothen” the generated structures. We note that these effects would be absent in
a seemingly similar situation when the fluid is stationary and
the field source revolves around it. Currently, these insights are
mostly of fundamental interest to understand how the choice
of a FOR influences DySA. At the same time, the assemblies
solidified in polymer matrices can have conceivable applications
in separations (plates), in lightweight magnetically controlled
actuators (see Section S7 in the Supporting Information for
bending of composite “tentacles”), or as materials with anisotropic transport properties (cf. Section S8 in the Supporting
Information for measurements of thermal conductivity).

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the authors.
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