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Actuation of shape-memory colloidal fibres of
Janus ellipsoids
Aayush A. Shah1†‡, Benjamin Schultz2‡, Wenjia Zhang3, Sharon C. Glotzer1,2,3,4

and Michael J. Solomon1,3*

Many natural micrometre-scale assemblies can be actuated to control their optical, transport and mechanical properties,
yet such functionality is lacking in colloidal structures synthesized thus far. Here, we show with experiments and computer
simulations that Janus ellipsoids can self-assemble into self-limiting one-dimensional fibres with shape-memory properties,
and that the fibrillar assemblies can be actuated on application of an external alternating-current electric field. Actuation
of the fibres occurs through a sliding mechanism that permits the rapid and reversible elongation and contraction of the
Janus-ellipsoid chains by ∼36% and that on long timescales leads to the generation of long, uniform self-assembled fibres.
Colloidal-scale actuation might be useful in microrobotics and in applications of shape-memory materials.

The equilibrium self-assembly of patchy particles1–3 with
anisotropic interactions4 has shown great versatility in the
assembly of structures useful for photonics5, catalysis6 and

drug delivery7. Recent studies have shown that the assembly
of shape-anisotropic patchy particles can lead to the generation
of liquid crystal phases with orientational order8–10. We find
that Janus ellipsoids, whose geometry is distinct from the more
commonly studied case of spherocylinders11,12, self-assemble into
orientationally and positionally ordered, one-dimensional, self-
limiting fibres. Such fibrillar structure, a consequence of the curved,
quadratic surface of the ellipsoids, is instrumental in facilitating
sliding motion on actuation by a.c. electric fields.

A.c. electric fields have been used to create 1D chain-like
structures and close-packed 2D assemblies from simple colloidal
particles13,14, as well as to assemble patchy spherical colloids into
staggered and zig-zag chain structures15,16. In conjunction with self-
assembly, a.c. electric fields have been used to promote order–
order martensitic reconfiguration of bulk colloidal crystals made
from both spherical17 and dumb bell-shaped colloids18. Here, we
show that application of a.c. electric fields to pre-self-assembled
fibres leads to reconfiguration of the ellipsoids through a sliding
mechanism. The assemblies thus have shape-memory properties19
in the sense that the relaxed assembly is deformed into an
ordered, elongated structure by the external stress produced by an
applied a.c. electric field. When the electric field is released, the
elongation is reversed and the assemblies regain their original self-
assembled ordering.

Janus-ellipsoid self-assembly
Figure 1 reports the equilibrium assembly of Janus ellipsoids of
aspect ratio (r) defined by major axis length (2a)/minor axis
diameter (D) = 5.0 ± 0.4. The inset of Fig. 1a shows the
scanning electron microscopy (SEM) image of one such Janus
ellipsoid. Figure 1a reports the ordered fibre (OrF) equilibrium
phase of sulphate-stabilized Janus ellipsoids, observed after 20 h of

self-assembly in a 5mM sodium chloride (NaCl) aqueous solution.
The particles were synthesized by the sequential deposition of
7.5 nm of chrome and 15 nm of gold on a monolayer of ellipsoidal
particles (Methods)9. Two-channel reflection and fluorescence
confocal laser-scanning microscopy (CLSM) was used to identify
each half of the Janus particle in the assembled phases9. In Fig. 1b–e,
we show a close-up image of one self-assembled fibre. Figure 1b
shows the fluorescence channel (red) that identifies the uncoated
polymer half of the particle, whereas Fig. 1c shows the reflection
channel (green) that identifies the metallic half of the particle.
The composite image (Fig. 1d), as well as its rendering (Fig. 1e),
shows that the gold faces are preferentially bonded, and that the
particles are aligned and offset owing to the Janus balance and
ellipsoidal shape of the particle. We further discuss the positional
and orientational symmetry of these fibres in Fig. 2.

Figure 1 also shows that the structure of the self-assembled
phase is a sensitive function of the pair interactions between the
Janus ellipsoids. In pure deionized (DI) water, the Debye layer
thickness, and thus electrostatic repulsion, is sufficiently large for
Janus ellipsoids to be free particles, owing to minimal gold–gold
binding (free particle (FP) phase, Fig. 1f). The inset images of Fig. 1f
show the fluorescence, reflection and composite channel for one
such particle. At low salt concentrations (1mM), there is sufficient
reduction in electrostatic repulsion for gold–gold binding to lead
to the assembly of Janus-ellipsoid clusters (close-packed cluster
(ClC) phase, Fig. 1g). Janus-ellipsoid clusters are predominantly
trimers or tetramers for this specific aspect ratio (r=5.0). The inset
image shows the fluorescence, reflection and composite channel for
one such tetramer. At intermediate salt concentrations (2–5mM),
electrostatic repulsion is further reduced, leading to an increased
propensity for gold–gold binding. Resultant assemblies are fibres
that are positionally and orientationally ordered (OrF phase), as
described earlier in Fig. 1a–e. At even higher salt concentrations
(10mM), assembled fibres have neither positional nor orientational
order (disordered fibre (DiF) phase, Fig. 1h) because the strong
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Figure 1 | Janus-ellipsoid self-assembly at di�erent NaCl concentrations. a, CLSM image of Janus ellipsoids suspended in 5 mM NaCl in DI water. Scale
bar, 10 µm. Inset scanning electron microscopy (SEM) of a Janus ellipsoid. Scale bar, 0.5 µm. b–e, Close-up of the fluorescence-imaging (b),
reflection-imaging (c), and composite (d) channels, and computer-generated rendering (e), for one assembled Janus-ellipsoid fibre. Red is the uncoated,
fluorescent-polymer half of the particle. Green is the gold-chrome-coated part of the particle. f, CLSM image of Janus ellipsoids suspended in DI water
without salt. Scale bar, 10 µm. Inset show the fluorescence, reflection and composite channels of one such Janus ellipsoid. g,h, CLSM images of Janus
ellipsoids suspended in 1 mM (g) or 10 mM (h) NaCl salt in DI water. Scale bar, 10 µm. The insets show the fluorescence, reflection and composite channels
of one Janus-ellipsoid cluster (g) or one disordered fibre (h). i, Dimensionless fibre length (l) as a function of salt concentration (csalt). All Janus ellipsoids
have an aspect ratio r=5.

gold–gold attractive force (∼30kbT , Supplementary Fig. 3) does not
permit reorientation of Janus-ellipsoid particles on bonding. This
kinetic trapping leads to numerous defects in the main chain. There
is therefore no internal order in theDiF phase, and theDiF structure
is probably a non-equilibriumone. The inset images show a close-up
view of the fluorescence, reflection and composite channels of one
such fibre.

In Fig. 1i, we plot the dimensionless fibre length (l) (length
of fibre L (µm)/major axis length of Janus ellipsoid a (µm)) as
a function of the salt concentration for r = 5.0 Janus ellipsoids,
and observe that the longest fibres (l ∼ 9) are assembled at a salt
concentration of 5mM (as in Fig. 1a–e). The standard deviations
for l are large because the fibre lengths are not uniform owing
to the stochastic mechanism of fibre formation, which we discuss
later. The OrF phase is unique to Janus ellipsoids, and in this

Article we focus on understanding this phase and exploiting
its properties.

Janus-ellipsoid assembly phases and structures
Figure 2a–c reports the OrF phase for aspect ratios (r) = 4.1, 5.0
and 6.8, respectively. As is evident in the inset images, although the
lattice constants of the ordered fibres depend on the dimensions
of the particle, the OrF symmetry is repeated along the fibre for
different aspect ratios. Figure 2d reports a phase diagram of the
experimentally assembled phases observed (FP, ClC, DiF and OrF
phases) at different aspect ratios. We note that the OrF phase
is observed at different salt concentrations, but only for r > 3.5.
Thus, this phase seems to require shape anisotropy in addition to
Janus functionality, an observation we next investigate by means of
computer simulations.
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Figure 2 | Phase diagram and mechanism of Janus-ellipsoid self-assembly. a–c, CLSM images of ordered fibres (OrFs) for Janus ellipsoids with aspect
ratios of 4.1 (a), 5.0 (b) and 6.8 (c). Scale bars, 10 µm. Inset images show the close-up view of one such fibre. d, Phase diagram of assembled phases of
Janus ellipsoids as a function of their aspect ratio and salt concentration, showing disordered fibres (DiFs), close-packed cluster (ClC), free particles (FPs)
and ordered fibres (OrFs). e, Simulation snapshot of the assembly of 1,000 ellipsoids into the OrF ordered phase. f, (i) Close-up view of an ordered fibre
and its cross-section; (ii) and (iii), perpendicular views of the contact network in this one-dimensional structure. g, Two primary defect types, including the
addition of an extra particle and the displacement of a particle from the unit cell, are observed in experiments (CLSM images) and simulations
(renderings). h, Simulation snapshots of the kinetics of fibre formation though cluster combination.

We conducted molecular dynamics (MD) simulations for r=5.0
using HOOMD-Blue, a GPU-accelerated MD code20,21. We model
the Janus ellipsoids with ten smoothly overlapping beads packed
inside an ellipsoidal shell. These beads interact via three potentials: a
shiftedWeeks–Chandler–Andersen (WCA) potential to account for
volume exclusion; an angularly modulated, shifted Lennard-Jones
potential to model the van der Waals attraction between gold
patches; and a Yukawa potential to model the screened electrostatic
repulsion between particles due to surface charges (see Supplemen-
tary Figs 1 and 2). We choose a rigid body comprised of beads
because of its computational simplicity and of the ease with which
we can model salt-screening effects. Our simulations reproduce
the observed phases for Janus ellipsoids when the Debye layer
thickness (κ−1) is varied (equivalent to varying salt concentration

in experiments; see Supplementary Movie 1). Figure 2e shows a
snapshot of a 1,000-ellipsoid simulation, where the OrF phase has
assembled from an initially disordered state. A fibre extracted from
this simulation is shown in Fig. 2f(i). Its detailed structure matches
the ordering observed in the experiments, as shown in Fig. 2a–c.
The simulations also reproduce the other experimentally observed
phases (FP, ClC and DiF), as shown in Supplementary Fig. 8. Ex-
tended phase diagrams are shown in Supplementary Figs 9 and 10.

The OrF phase consists of fibres that are composed of four
strands of aligned particles, touching end-to-end. The strands lie on
the vertices of a rhomb, with ellipsoids in adjacent strands shifted
by one half-particle length and rotated 90 degrees about the fibre
axis (Fig. 2f). Figure 2f(ii,iii) shows the contact network of the
ordered fibres. The blue ellipsoids lie on the minor axis of this
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Figure 3 | Electric-field-assisted assembly of Janus ellipsoids. a, Schematic of the a.c. electric field device. b, Phase diagram of the assembly phases of
Janus ellipsoids on application of a 10Vrms a.c. electric field as a function of salt concentration and frequency. c, COMSOL simulations of a single Janus
ellipsoid for polar angle φ and azimuthal angle θ , showing their tendency to align with an external field applied in the z direction (θ=0). d–g, Zoomed-out
CLSM image of a staggered chain (SC) assembly structure (scale bar, 5 µm) (d); close-up view of one of the chains (scale bar, 3 µm) (e); corresponding
rendering (f) and ball–stick bond diagram (g). h–k, Zoomed-out CLSM image of a stretched chain-link (CL) assembly structure (scale bar, 5 µm) (h);
close-up view of one of the fibres (scale bar, 3 µm) (i); corresponding rendering (j) and ball–stick bond diagram (k).

rhomb, and have five contacts and ∼30kBT of bonding energy in
our simulations. The yellow ellipsoids lie on the major axis of the
rhomb and have four contacts. Unlike the blue ellipsoids, they do
not make contact with the partner ellipsoids across the fibre. The
yellow particles are bound by ∼20kBT in our simulations. Even
with this strong bonding, the strands can still slide along each
other with just a small energy penalty (∼3kBT ; see Supplementary
Fig. 3); thus the amount of shift between adjacent strands can
fluctuate significantly. This energy landscape, generated by the
particle shape and Janus balance, is therefore the origin of the ability
for reconfiguration. It contrasts with the assembly of cylindrical
rods, for which ribbon-like assemblies growing perpendicular to
the major axis are predicted8. The ellipsoid system therefore differs
in two respects—the potential favours alignment of the particles to
maximize gold–gold interactions, rather than just contact, and the
tapered ends of the ellipsoids allow maximal contact area when the
particles are in fibres rather than ribbons.

Although the OrF motif is predominant, Fig. 2g shows the
two most common types of defects, observed in both simulations
and experiment. On the left, an extra particle is inserted into the
four-particle motif, while on the right a particle is missing from
the four-particle motif. These defects necessarily destroy the long-
range order in the fibres. However, the fibres observed in experi-
ment and simulation have well-defined ordered motifs that persist
across many unit cells; fibres rarely contain more than one defect.

Figure 2h(i–iii) reports the growth mechanism of an ordered fibre
as observed in simulation. First, the particles form clusters con-
taining between three and five particles. These clusters diffuse and
coalesce into larger clusters (Fig. 2h(ii)). Clusters of more than five
particles are elongated, but do not possess the same four-particle
motif observed in the OrF structure, owing to end effects. The Janus
particles try tomaximize the contact area of their gold patches; these
elongated clusters tend to terminate in trimers rather than dimers,
and continue to diffuse and coalesce with other clusters when their
ends, which have the most exposed gold patch, come in contact
(Fig. 2h(ii)). Once the fibres have reached a value of l greater than 4
(∼16 Janus ellipsoids in a fibre), the particles rearrange into their
equilibrium, OrF structure (Fig. 2h(iii)). We attribute this ability
to rearrange to the low potential-energy changes for sliding along
the gold patches of neighbouring ellipsoids (<3kBT ) relative to the
bonding strengths in the OrF structure (∼30kBT ; Supplementary
Fig. 1). We believe that the growth of these fibres is comparable
to a step-growth polymerization of the four-particle unit-cell com-
ponents; however, the internal rearrangement of the unit cell on
bonding complicates modelling of the average equilibrium length
of the fibres22. A movie of the fibre growth depicted in Fig. 2h is
available as Supplementary Movie 2. Our simulations thus describe
the self-limiting, one-dimensional growth mechanism of the OrF
structure, and show that the symmetry of this structure is a result
of particle geometry and torsional potential.
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Figure 4 | Actuation of Janus-ellipsoid fibres by using a.c. electric fields. Close-up analysis of Janus-ellipsoid fibres. a, Ordered fibre before application of
an a.c. electric field (scale bar, 3 µm). b,c, Chain-link (CL) structure during application of an a.c. electric field (10Vrms, 1 MHz). d, Ordered fibre after
application of an a.c. electric field. e, Dimensionless fibre length (l) as a function of time on application of an a.c. electric field. f, Dimensionless fibre length
(l) as a function of time during electric-field switching cycles. g, Distribution of the strain in the fibre length on application of a.c. electric fields for a number
of fibres with varied lengths. h,i, Rendering of the OrF structure and its rhombic cross-section, respectively. j,k, Rendering of the CL structure and its square
cross-section respectively, showing the maximal strain possible under geometric constraints.
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Figure 5 | Changes in Janus-fibre length due to an a.c. electric field. a, CLSM image of Janus ellipsoids of r=5 suspended in 2.5 mM NaCl in DI water.
Scale bar, 20 µm. b,c, Close-up view of Janus-ellipsoid assembly before and during application of an a.c. electric field, respectively. d,e, CLSM images
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Directed assembly of Janus ellipsoids by a.c. electric fields
Application of a.c. electric fields reconfigures the equilibrium-
assembly phases of the Janus ellipsoids (Fig. 3). Figure 3a shows
a schematic of the coplanar a.c. electric field device used for

these experiments (also seeMethods). A constant root-mean-square
voltage Vrms=10V and frequencies ranging from 1 kHz to 10MHz
were applied across the 1mm gap, and the resulting structures
were visualized by CLSM. Figure 3b reports the phase diagram of
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the assembly phases observed for Janus ellipsoids at different salt
concentrations and varying frequencies. At low frequencies, the
main effect of the a.c. electric field is to align the self-assembled
Janus-ellipsoid phases (see phase diagram, Fig. 2d) in the direction
of the electric field lines. Thus, as a function of salt concentration we
observe aligned free particles (AFPs), aligned close-packed clusters
(AClCs) and aligned ordered fibres (AOrFs; Supplementary Fig. 7).
At higher frequencies, however, additional ordered phases are
observed. The attractive force of the induced dipole causes the AFP
andAClCphases to combine into a staggered-chain (SC) phase. This
ordered phase, observed previously for Janus spheres15, is shown
in Fig. 3d and, in close-up, in Fig. 3e. After image processing, the
coordinates of the chains are rendered as in Fig. 3f. Janus ellipsoids
are bonded by their tips on the gold half of the particle to two
other particles, and the ball-and-stick diagram shows the various
bonds between the Janus-ellipsoid particles in the SC configuration
(Fig. 3g). At salt concentrations at which the OrF phase arises,
application of an a.c. electric field leads to generation of a new
chain-link (CL) phase that resembles the symmetry of common
jewellery chains (Fig. 3h–k). The symmetry of the repeated unit cell
of the CL phase is a four-particle motif of two pairs of ellipsoids,
with each pair oriented 180◦ relative to each other. Each pair is
connected at the tip to an adjacent pair oriented 90◦ relative to it.
Thus, each Janus ellipsoid in this assembly has four contact bonds
with adjacent Janus-ellipsoid particles. This phase, a reconfiguration
of the equilibrium OrF phase, has no analogue in the case of
Janus spheres.

The existence of the SC phase is expected for Janus particles15.
In the appropriate frequency ranges, the electric dipole moment
of the Janus ellipsoid moves away from the ellipsoid’s centre of
mass towards the extremities of the gold half of the particle
(Fig. 3c). These dipole chains create a staggered chain to minimize
electrostatic energy. Simulations show that the SC structure is
observed for particles that interact with a pair potential that
forms clusters at equilibrium (Supplementary Information) when
an additional field-induced dipole is added at the ends of the gold
half of the particle. This result is consistent with experimental
observations (Fig. 3d).

In contrast, the origin of the CL structure is an emergent,
unexpected outcome of the application of a.c. electric fields to Janus
ellipsoids self-assembled into OrF fibres. Often, a.c. electric field
structures can be explained by treating each particle as an individual
induced dipole. In that case, the CL structure would have pairs of
dipoles parallel to each other, which is energetically unfavourable.
Hence, one would expect the CL structure to be suppressed in
favour of energetically favourable SC structures. However, the SC
structure is not observed on application of an a.c. electric field to
self-assembled Janus-ellipsoid particles. We note that parallel pair
configurations of elongated Janus particles in a.c. electric fields have
also been observed23.

The mechanism driving the elongation of the OrF structure
into the CL structure is not fully understood. Previously, chaining
in a.c. fields has been modelled as the balance of a field-induced
energy that favours extension and a surface-tension contribution
that favours contraction24. Several microscopic mechanisms that
may drive the OrF to CL transition were furthermore evaluated
(Supplementary Information). Competition between offset-induced
dipole moments and the monopole moments of the Janus ellipsoids
is a potential mechanism for the reconfiguration. If the induced
dipole moment is sufficiently offset and small (Supplementary
Fig. 5), we predict that the CL structure is stable relative to the SC
structure at high salt concentrations. Furthermore, electrophoretic
forces acting on separated charges could drive the transition. Finally,
constrictive inductive forces could contribute to fibre elongation
(Supplementary Fig. 4), but the required current may dissipate too
much power given the resistivity of thin-film gold. Resolving among

these mechanisms with recently developed methods25 is a potential
direction for future study.

Actuation of Janus-ellipsoid fibres by a.c. electric fields
The OrF phase can be rapidly and reversibly reconfigured into
the CL phase on application of an external a.c. field. Figure 4
reports the short-time actuation of one-dimensional assemblies by
switching between the self-assembled OrF phase and the directed-
assembly CL phase on application of a.c. electric fields (10Vrms,
1MHz; SupplementaryMovies 3 and 4). Figure 4a reports a close-up
view of carboxylate-stabilized Janus ellipsoids self-assembled into
an OrF phase fibre (2mM NaCl in DI water; see Supplementary
Information). The a.c. electric field rapidly reconfigures the OrF
fibre phase into the CL phase (Fig. 4b). This reconfiguration
elongates the fibre, owing to the difference in lattice parameters
between the OrF and CL phases. Elongation of the fibre length is
maintained as long as the a.c. electric field is applied, as shown in
Fig. 4c. Removal of the a.c. electric field leads to reconfiguration
of the fibres from the CL to the OrF phase, and a concomitant
reduction in the length of the assembly (Fig. 4d). This structure
is now identical to the initial, equilibrium assembly shown in
Fig. 4a (self-assembled OrF phase). This elongation in fibre length is
quantified as a function of time by processing CLSM images taken
at a rate of 30 frames per second (fps, Fig. 4e and Supplementary
Movie 2). The reconfiguration in fibre length is rapid: full extension
of the fibre occurs within 1.5 s, and relaxation of the fibre occurs
within 3.5 s. This process can be reversibly repeated multiple times
on switching the a.c. electric field, as noted in Fig. 4f. The extension
in fibre length is measured to be 36 ± 7%, and we note that
this extensional strain is independent of the initial fibre length, as
shown in Fig. 4g (based on analysis of 30 fibres; see Supplementary
Movie 3). The assembly goes out of frame for certain time periods,
hence Fig. 4e,f does not show data points at all time intervals. We
added a dotted line to the graph to show the approximate fibre length
for those time intervals.

The amount of extension and contraction induced by the
reconfiguration is consistent with the self-assembled and emergent
structures. In the OrF phase, the unit cell has a rhombic cross-
section comprised of four Janus ellipsoids, only two of which
are in contact (Fig. 4h,i). The two ellipsoids not in contact slide
until they come into contact with each other owing to both
magnetic compression and electrostatic extension (compare Fig. 4i
and k). This leads to an extension of the fibre into the CL phase
(Fig. 4j). These geometric considerations yield a net predicted
strain of 41.4% in the unit cell (Fig. 4j). Accounting for the finite
size of the fibres and their average length in our experimental
measurements, we predict the strain to be 33.1% from geometric
considerations, (Fig. 4j) which is within the error bars of the 36%
strain amplitude measured experimentally for the shape-memory
OrF-to-CL transition. Furthermore, the simulations suggest that
the CL structure, although weak relative to biological actuators,
could support measurable forces. Specifically, a lower bound on the
force to extend from the OrF to the CL conformation is estimated
to be 0.1 pN/particle. Given that the average chain contains about
50 particles (Fig. 5f) and that the CL cross-sectional area is
∼1 µm2, the force to extend is ∼5 pN and the force per unit
area is ∼5 pN µm−2. This force to extend is comparable to the
stall force of molecular motors26. The force per unit area is much
weaker than that of biological actuators such as myofibrils27 and
actin networks28.

Control of Janus-ellipsoid fibre length
Traditionally, external fields have been used to accelerate self-
assembly29,30, but also more rarely to create defect-free, higher-
quality assemblies31. Over long timescales, the unique, emergent
response of theOrF phase onmicroactuation by the a.c. electric field
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permits the formation of longer, more uniform fibres (Fig. 5 and
Supplementary Movie 5). Figure 5a shows the initial equilibrium
phase of carboxylate-stabilized Janus ellipsoids (assembled at
2.5mM salt; Supplementary Fig. 6). Application of a 10Vrms 2MHz
a.c. square-wave electric field leads to reconfiguration of the OrF
phase into the CL phase (Fig. 3). The fibre ends of fibres in
the CL phase are attractive, owing to dipoles induced by the
a.c. electric field. A close-up view (Fig. 5b,c and Supplementary
Movie 3) shows that smaller fibres not only combine to form larger
fibres (as depicted by arrows in Fig. 5b), but also align in the
direction of the a.c. electric field. Subsequent removal of the field
leads to reconfiguration of the CL fibres back into self-assembled
OrF fibres that maintain their length. This change is evident in
the marked increase in fibre length of the self-assembled fibres
immediately after application of the a.c. electric field for 30min
(Fig. 5d). The chains are thus not self-limited in length in a.c. electric
fields. We note that the fibres are not only longer, but also more
uniformly ordered, consistent with the simulation results (Fig. 2),
which show that long self-assembled Janus-ellipsoid fibres promote
internal particle motion that leads to increased uniformity in the
self-assembled fibres. Thus, the application of a.c. electric fields
promotes ‘annealing’ of the fibres and improves their uniformity.
Over time, we note that Brownian fluctuations cause the fibres
to lose orientational alignment along the a.c. field direction, to
break and to attain their equilibrium length. However, there is a
net increase (Fig. 5e) by a factor of 2.5 in the dimensionless fibre
length (Fig. 5f) at 24 h after removal of the a.c. electric field relative
to that of the original fibre. This increase in length occurs because,
at higher salt concentrations, fibres become kinetically trapped
during self-assembly. Application of a.c. electric fields permits
the assembled fibres to escape this kinetic trap and achieve an
equilibrium fibre length, similarly to what occurs in the annealing of
many materials.

This net increase in fibre length is, however, not observed for
Janus ellipsoids assembled at 2mM salt concentration (Fig. 5f). This
is because at this lower concentration fibres were not kinetically
trapped during self-assembly and, hence, the equilibrium fibre
lengths obtained after application of the a.c. electric field were
similar to the length distribution of the self-assembled fibres. Thus,
when applied for long times a.c. electric fields modify the kinetic
pathways for assembly and can therefore be used as a tool to control
the length of the shape-memory colloidal assemblies.

Outlook
We have demonstrated the self-assembly of one-dimensional,
ordered, self-limiting, shape-memory colloidal fibres from Janus-
ellipsoid patchy particles that can be reconfigured rapidly on
application of a.c. electric fields. Self-assembled structures that
can be actuated by external stimuli could find use as colloidal
actuators with muscle-like function for applications in soft robotics.
Our experiments also show the possibility of generating unique,
functional structures in other colloidal systems by exploiting the
interplay between self-assembly forces and external fields.

Methods
Janus-ellipsoid synthesis. Janus ellipsoids were synthesized using methods
described in previous work32. Here, we synthesize carboxylate-stabilized ellipsoids
(F-8820, Invitrogen) as well as sulphate-stabilized ellipsoids (F-8851, Invitrogen)
using the same procedure. The zeta potential of the ellipsoids in DI water is
measured to be −38.2mV. Briefly, 300 µl of a 2-wt% PS spherical particle solution
is homogenized with 7.5ml of a 10-wt% aqueous PVA solution. This solution is
poured into Omni trays. The solution is allowed to dry overnight to form
uniform ∼40 µm thick films. This film is then cut into strips and placed in a
custom-made uniaxial mechanical-stretching device built into an oven. The strips
are first heated above the glass-transition temperature of PS (∼120 ◦C) and then
uniaxially stretched using the stretching device. The aspect ratio of the ellipsoidal
particles can be controlled by the strain applied on the PVA strips

(Supplementary Information). The strips are then allowed to cool at room
temperature, and dissolved in water. This step releases ellipsoidal particles that
are centrifuged at 5,000 g and redispersed in ultrapure deionized (DI) water (Life
Technologies) at least five times.

Next, we use spin coating to create a monolayer of the ellipsoidal particles. A
microscope glass slide (Fisher Scientific) is first placed in a base bath (30–40 g
potassium hydroxide pellets (Sigma-Aldrich) dissolved in 100ml water and
400ml isopropanol (Sigma-Aldrich)) for ∼30min. The glass slide is then
thoroughly rinsed with water. The uniform ellipsoids synthesized earlier are also
redispersed in 300 µl of ethanol. This solution is then spin-coated onto the treated
microscope glass slide to create a uniform monolayer of ellipsoidal particles.

Finally, the glass slide with the monolayer of ellipsoidal particles is placed in
an e-beam evaporator. Vertical deposition of 7.5 nm chrome and 15 nm gold onto
the glass slide leads to preferential deposition of chrome and gold on one half of
the ellipsoids to create Janus ellipsoidal particles. These Janus ellipsoidal particles
are then swept off the substrate and dispersed in water. These particles are then
centrifuged (1,000 g) and redispersed in ultrapure DI water at least five times to
remove impurities from the solution. Finally, the particles are dispersed in
∼2.5ml of ultrapure DI water to create a stock solution.

Self-assembly of Janus ellipsoids. A 2.5ml stock solution of the Janus-ellipsoid
particles is created using methods described in the earlier section. The particles
in the stock solution are dispersed using a horn sonicator (Cole-Palmer
Instruments) for 30 s. A variety of sodium chloride salt concentrations are created
in ultrapure DI water (1mM–10mM). 300 µl of the stock solution is then
centrifuged and the supernatant is replaced by 300 µl of the required salt
concentration. Janus ellipsoids in the salt solution are sonicated using the horn
sonicator for 30 s and placed in one of the wells of an eight-well Lab-Tek II
chambered #1.5 German coverglass system (Fisher Scientific). This holder was
previously treated in the base bath for at least two hours, and thoroughly rinsed
with water before addition of the Janus-ellipsoid solution. The particles are then
allowed to sediment and self-assemble for 20 h before imaging with a confocal
laser-scanning microscope (CLSM, Nikon A1r).

a.c. field assembly of Janus ellipsoids. The a.c. field assembly of Janus ellipsoids
is performed in a device with coplanar electrodes for easy visualization with a
CLSM (refs 13,15). Coplanar electrodes are created by depositing 7.5 nm chrome
and 15 nm gold on a coverslip (35 × 50 cm, Fisher Scientific) that has a 1mm
thick (50 cm long) masking tape placed in the centre of the slide. After deposition
of the metal, the masking tape is removed to create a 1mm gap between the two
coplanar electrodes. This coverslip with the coplanar electrodes is then placed in
the base bath for ∼1 h before use. After thoroughly rinsing the coverslip with
water, a chamber is constructed to hold the colloidal suspension (Supplementary
Information). T2 thermocouple wires (0.5mm diameter, Goodfellow) are glued to
each of the coplanar electrodes using silver epoxy (MG Chemicals). The colloidal
suspension is then allowed to sediment and self-assemble for ∼20 h. The wires
are subsequently connected to an a.c. field generator (Rigol DG1022). The a.c.
field generator is used to apply a 10Vrms square waveform at different frequencies
across the colloidal suspension.

Simulations of the equilibrium assembly of Janus ellipsoids. We simulated the
self-assembly of Janus ellipsoids using HOOMD-Blue Brownian dynamics at
constant volume and temperature. We present simulations representative of two
salt concentrations (1mM NaCl and 2.5mM NaCl) for Janus ellipsoids of an
aspect ratio of 5.0 run for 500million time steps (Supplementary Information).
The rigid bodies are constructed from ten overlapping spheres, equally spaced
along the major axis and with diameters such that they touch the surface of the
ellipsoidal particles they represent. Acting at each sphere is a shifted,
angularly modulated Lennard-Jones potential, a shifted WCA potential and a
Yukawa potential.

Modelling of Janus-ellipsoid configurations in a.c. fields. We used the a.c. field
module of COMSOL to calculate the behaviour of a Janus ellipsoid in an a.c.
electric field. We divide our three-dimensional domains into four regions, and
integrate the total electromagnetic energy density33. The polystyrene ellipsoid is
modelled by a permittivity of 5.0. A 30 nm gold coating is modelled as a
conducting shell using a floating-potential boundary condition. We model the
bulk ionic solution with permittivity ε=78 and conductivity σ =10−2 S/m, and
place a 100 nm double layer with permittivity ε=78 and conductivity σ =0.2 S/m
around the entire ellipsoid. The qualitative results are insensitive to changes of
geometry and parameters. However, we were unsuccessful in finding the CL
structure as an energy-minimizing structure, indicating that additional physics
may be required to explain its formation.
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