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Driven self-assembly of hard nanoplates on soft elastic shells∗
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The driven self-assembly behaviors of hard nanoplates on soft elastic shells are investigated by using molecular
dynamics (MD) simulation method, and the driven self-assembly structures of adsorbed hard nanoplates depend on the
shape of hard nanoplates and the bending energy of soft elastic shells. Three main structures for adsorbed hard nanoplates,
including the ordered aggregation structures of hard nanoplates for elastic shells with a moderate bending energy, the
collapsed structures for elastic shells with a low bending energy, and the disordered aggregation structures for hard shells,
are observed. The self-assembly process of adsorbed hard nanoplates is driven by the surface tension of the elastic shell,
and the shape of driven self-assembly structures is determined on the basis of the minimization of the second moment of
mass distribution. Meanwhile, the deformations of elastic shells can be controlled by the number of adsorbed rods as well
as the length of adsorbed rods. This investigation can help us understand the complexity of the driven self-assembly of hard
nanoplates on elastic shells.
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1. Introduction
Self-assembly behavior has received great attention for

potential applications in nanoscience and nanotechnology.[1–8]

Aggregation of proteins into functional nanomachines,[9]

trimeric proteins into a desired symmetric structure,[10,11]

pH-induced self-assembly of peptide-amphiphile into
nanofibers,[12] packing of phospholipids into biological
membranes,[12] and aggregation of colloidal nanoparticles
into crystalline[13] are just a few examples of self-assembly
processes. Understanding the physical mechanisms driving
self-assembly of biological or artificial components can reveal
critical biological processes, and hold promise in the regula-
tion and shaping of nanomaterial in the micrometer range or
smaller size.

Elastic surfaces are ubiquitous in nature, and the me-
chanical properties of these surfaces play an important role
both in their biological function and in their wide usage
in material engineering.[5] The simplest and most important
example of elastic surfaces is biological membrane. The
main constituents of biological membranes are phospholipids-
amphiphilic molecules, and biological membranes are con-
stantly in contact with various macromolecules that either re-
side on their surface, or are being transported between the
cell and its environment as well as shuffled between differ-
ent compartments within eukaryotic cells. Since a lipid mem-
brane is only permeable to small uncharged molecules and
water, all macromolecules are required to interact with it or
cross it. Therefore, self-assembly on biological membranes
is an inevitable step in cellular transportation, signaling and

recognition.[14] The elastic surface has revolutionized the field
of self-assembly by providing a universal mechanism through
which arbitrary building blocks can be driven close to each
other. The stiffness of an elastic substrate can alter the mor-
phology and dynamics of the tissue cells adhering to it,[15] and
there are variable cytoskeleton assembly[16] and cell spreading
on substrates of different mechanical properties.[17] Moreover,
the surfaces’ response to external stress has been exploited in
metrology[18,19] and in the production of micro- and nano-
scale patterned surfaces that may serve as components with
novel optical, electronic and magnetic properties.[20]

The idea of using elastic surfaces as a means of driv-
ing self-assembly of arbitrary building blocks was first intro-
duced by Whitesides et al.[21] Millimeter-size microchips and
micro-components have been successfully self-assembled by
manipulating the tension of the interface as well as by tailor-
ing the chemistry of the building blocks.[22] When noninter-
acting hard particles bind to a deformable elastic shell, some
very fantastic phenomena are observed.[3–6,23–25] For exam-
ple, nanoparticles adhering to the outer surface of an elas-
tic nanotube can self-assemble into linear structures as a re-
sult of curvature-mediated interactions.[3] The nontrivial elas-
tic response to deformations of soft elastic surfaces can lead to
anisotropic interactions between the nanoparticles resulting in
aggregation with different geometrical features, and the mor-
phology of the patterns can be controlled by the mechanical
properties of the surface and the strength of the nanoparticle
adhesion.[5] Hard nanoparticles binding to a deformable elas-
tic shell can self-assemble into a variety of linear patterns.[6]

Recently, focus has shifted to the development of novel
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fabrication techniques for various shapes, such as cubes,
rods, plates and pyramidal particles.[26] In fact, the shape of
nanoparticles plays an important role in the self-assembly be-
haviors. For example, nanocrystals often exhibit well-defined
facets that result in a three-dimensional (3D) polyhedral shape
or in a polygonal two-dimensional (2D) shape. The self-
assembly of such faceted particles enables the formation of
highly ordered superlattices, and it is dominated by driv-
ing forces that maximize face-to-face contact.[27–29] More re-
cently, a joint experimental-computational multiscale inves-
tigation of a class of highly faceted planar lanthanide fluo-
ride nanoplates was performed, and the nanoplates can self-
assemble into long-range ordered tilings at the liquid-air inter-
face formed by a hexane wetting layer. The combination of
shape-induced entropic and edge-specific energetic effects di-
rects the formation of long-range ordered assemblies,[30] and a
series of monodisperse faceted nanocrystals that include circu-
lar, rhombic and irregular hexagonal plates, as well as tetrag-
onal bipyramids, are experimentally observed.[30–32] In this
paper, we use molecular dynamics (MD) simulation method
to study the self-assembly behaviors of nanoplates on elas-
tic shells. As the nanoplate has a two-dimensional structure
and the soft elastic shell is also quasi-two-dimensional one,
the self-assembly processes of nanoplates on soft elastic shells
may be interesting. Understanding the critical physical mech-
anisms of driving self-assembly will illuminate the key phys-
ical processes and simultaneously it is possible to aggregate
new materials with novel functional, biochemical and optical
properties.

2. Model

As depicted in Fig. 1(a), the elastic surface is modeled by
connecting beads into a triangular network.[33,34] To prevent
overlap between any two surface monomers, the monomers
interact with each other via a purely repulsive truncated and
shifted Lennard–Jones potential[6,23,24]

ULJ(r) =

{
4ε

[(
σ

r

)12−
(

σ

r

)6
+ 1

4

]
, r ≤ 21/6σ ,

0, r > 21/6σ ,
(1)

where r denotes the distance between the centers of two sur-
face monomers, σ is the monomer diameter, and ε = 1.0kBT .

We enforce the elastic surface connectivity by linking ad-
jacent beads via a harmonic spring potential[6]

Uharmonic(r) =
K
2
(r− r0)

2, (2)

where K = 300kBT/σ2 is the spring constant, and r0 = 1.23σ

is the equilibrium bond distance.
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Fig. 1. (color online) (a) Detailed models of hard nanoplates for (b) regu-
lar triangle, (c) regular square, (d) regular hexagon, (e) circle and (f) rod;
(b)–(f) a fishnet-like network for the elastic surface of shells. Here bond
lengths as well as monomer radii are also shown.

The bending rigidity of the elastic surface is modeled by
a dihedral potential between adjacent triangles[6,23,24]

Ubending = Kb(1+ cosφ), (3)

where φ is the dihedral angle between opposite vertices of any
two triangles sharing an edge, and Kb is the bending energy.

The nanoplates are composed of Nn monomers with di-
ameter σC, which are frozen into rigid-like bodies via the
harmonic potential introduced in Eq. (2) with K′ → K, r′0 →
r0, and the dihedral potential given in Eq. (3) with b→ Kb

and θ → φ , where θ is the bond angle between two neigh-
boring bonds. Detailed models of the hard nanoplates are
shown in Fig. 1(b). The parameters are σC = 4σ except that
σC = 6σ for the rods, K′ = 1000kBT/σ2, r′0 = 0.38σC, and
b = 10000kBT to minimize possible deformation of the hard
plates. For regular triangle (Nn = 15) and hexagon (Nn = 19),
monomers are arranged on a two-dimensional hexagonal lat-
tice; for regular square (Nn = 25), monomers are arranged on
a two-dimensional simple cubic (SC) lattice, while for rods,
monomers are connected by Nn monomers into a 1D “stick”.
In order to maintain stability, the neighboring monomers are
partially overlapped. Meanwhile, monomers between any two
different nanoplates interact with each other via the L–J po-
tential described in Eq. (1), and the plate–plate interaction is
short-ranged repulsive.

The generic binding of the monomer of nanoplates to the
elastic shell is described by a Morse potential[23,24]

UMorse(r) =
{

D0(e−2α(r−rM)−2e−α(r−rM)), r ≤ 10σ ,
0, r > 10σ ,

(4)

where r is the center-to-center distance between a nanoplate
monomer and a surface monomer, D0 = 8.0kBT is the binding
energy, rM = 2.5σ is the monomer-bead contact distance, and
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α = 1.25/σ . Our aim of this paper is to investigate the self-
assembly of nanoplates on an elastic shell, strong attractive
interactions have to be considered. For a very weak binding
energy, there is almost no interaction between the nanoplates
and the shell, and the nanoplates are located randomly in the
box, known as the gas phase.[25] At a moderate binding energy,
the nanoplates are uniformly adsorbed on the shell, and there
are no self-assembly structures for nanoplates.[25] Although
a weak or moderate binding energy has an important influ-
ence in the self-assembly behavior, there are no self-assembly
structures for nanoplates at a weak or moderate binding en-
ergy. Therefore, only at a large enough binding energy, one
can observe the driven self-assembly behaviors for nanoplates
on elastic shells.

We employ the LAMMPS molecular dynamics
package[35] with a Nose–Hoover thermostat[36,37] in the
NVT ensemble to study the driven self-assembly behavior
of nanoplates on soft elastic shells. The temperature of the
system is set to T = 1.0, the time step is τ = 0.001τ0, and
each simulation runs at least 2×107 steps in the periodic box
200σ ×200σ ×200σ . Meanwhile, the number of the surface
monomers is Ns = 10242, and the radius of elastic shell is
R = 32.5σ .

3. Results and discussion
3.1. Ordered structures of adsorbed hard nanoplates on

elastic shells

A dimensionless parameter known as the Föppl–von
Kàrmàn number γ = Y R2/Kb can well describe the surface
tension of elastic shells, where Y is the Young’s modulus of
the elastic shell and Kb is the bending rigidity defined in the
continuum theory of elasticity.[38] Since the Young’s modu-
lus of the elastic shell Y and the shell radius R in our model
are constant, the Föppl–von Kàrmàn number is simplified as
γ ∝ 1/Kb. Therefore, the elastic property of the shell can be il-
lustrated by the bending energy Kb. The driven self-assembly
behaviors of hard nanoplates on soft elastic shells depend on
the shape of hard nanoplates, the bending energy of elastic
shells, and the number of hard nanoplates. A series of simula-
tions for various shapes of nanoplates (regular triangle, square,
regular hexagon, circle, and short rod with 4 monomers) with
different nanoplate numbers N = 36, 48, and 60 are carried
out, and the results are shown in Fig. 2. For the elastic shell
with a moderate bending energy (Kb = 10000), the nanoplates
aggregate in the flat regions, and the ordered structures of ag-
gregation nanoplates are observed. The structure of each ag-
gregated cluster is governed by the shape of nanoplates and the
number of nanoplates in the system, while the total number of
the aggregation clusters is always a constant of 12. Accord-
ing to previous work, for an elastic shell with a weak bending
energy of Kb = 1000, there are a series of peaks on the ΘΦ sur-
face in the spherical coordinate system, and the area of each

peak and the distance between any two neighboring peaks are
identical, and the number of peaks is twelve.[23,25] There are
twelve required five-fold disclinations due to the topology of
the discrete spherical model, which has been proved in previ-
ous works.[39,40] However, for the elastic shell with a relatively
high bending energy of Kb = 10000, which is larger than the
stretching energy,[6] the shape of the elastic shell is mainly de-
termined by the bending energy and the radius distributions of
the elastic shell on the ΘΦ surface. The ΘΦ surface of the
shell with Kb = 10000 is completely different from that of the
shell with Kb = 1000.[23] The peak regions in the radius dis-
tributions of the elastic shell with a weak bending energy be-
come the valley regions for the elastic shell with a high bend-
ing energy.[23] The aggregation clusters of hard nanoplates are
distributed among these 12 regions. For nanoplates with the
fixed shape, the aggregation structure depends mainly on the
total number of nanoplates in the simulation system. For ex-
ample, for square nanoplates, there are three different aggre-
gation structures for N = 36, in which two, three, and four
squares are aggregated, while six, seven, and eight squares are
aggregated for N = 60.

N/

N/

N/

triangle square hexagon circle rod

Fig. 2. (color online) Simulation snapshots of representative aggregation
structures for regular triangle, regular square, regular hexagon, circle, and
rod with various numbers of hard nanoplates N = 36, 48, and 60, respec-
tively. Here the bending energy of the elastic shell is Kb = 10000, and N
is the total number of hard nanoplates.

Detailed descriptions of the ordered structures are given
in Fig. 3. For each n, there are various aggregation structures,
where n is the number of nanoplates in one aggregation clus-
ter. For a large n, there are different conformations for a given
n, and the percentage of different conformations is shown in
the top right corner of the snapshots. Hard nanoplates are ag-
gregated on elastic shells on the basis of the minimization of
the second moment of the mass distribution.[41,42] As there ex-
ist some plate regions in the radius distributions on the ΘΦ

surface,[23] hard nanoplates are aggregated on these regions as
compactly as possible. For regular triangles, the aggregated
structures are not perfect and the triangle edges are not par-
allel to each other completely for n = 6, 7. However, regular
triangles are aggregated in a perfect manner for n = 2, 3, and
4. For regular squares, most of the squares are in the parallel
arrangement, and some squares can move randomly along the
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parallel edges. For regular hexagons and circles, the perfectly
aggregated structures are shown in Fig. 3.

triangle square hexagon circle rod

n/

n/

n/

n/

n/

n/

Fig. 3. (color online) Some representative conformations of hard
nanoplates on the soft elastic shells with various n at Kb = 10000. Here nis
the number of nanoplates in one aggregation cluster, and the percentage of
different configurations is shown in the top right corner of the snapshot.

To understand the mechanism of forming the ordered
aggregation structures, we choose the regular hexagons as
an example to explore the simulation process of a system
with a constant bending energy Kb = 10000, and the re-
sults are shown in Fig. 4. Initially, the nanoplates are placed
randomly in the simulation box and away from the elastic
shell. The radius distribution on the ΘΦ surface for the
elastic shell is uniform, and the radial distances of the sur-
face monomers are almost close to 32.5σ for all surface
monomers. After a short simulation time, the nanoplates
are adsorbed on the elastic shell under the effects of bind-
ing energy, which makes the shells fluctuate drastically and
leads to a decrease of the mean radius of elastic shells from
〈R〉= 32.5 at t = 0 to 〈R〉= 31.4 at t = 104τ due to the com-
pression of adsorbed nanoplates on the elastic shells. The
surface tension of the elastic shell can drive the nanoplates
to move towards the flat regions of the elastic shells and
these movements can minimize the total system energy,
see Fig. 4(c2). After a long period of equilibrium, ordered
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Fig. 4. (color online) Left: Snapshots at different simulation times sug-
gesting that the combination of nanoplate shape and surface tension of
soft shell directs the formation of an ordered structure for regular hexagon.
Right: The corresponding radius distributions of elastic shells at different
simulation times.

structures of nanoplates are finally formed, in which the ad-
jacent hexagon edges are parallel to each other because this
parallel arrangement can maximize the local packing fraction,
see Fig. 4(e2). Therefore, we can conclude that the driven
self-assembly behavior of the hard nanoplates consists of two
stages: firstly, nanoplates are adsorbed onto the shell randomly
and then accumulate towards the center of the flat region
driven by the surface tension of the elastic shell; secondly, the
nanoplates rearrange on the basis of the maximization of local
packing fraction. To explain the process of self-assembly be-
havior more intuitively, we draw schematic illustrations about
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the aggregation mechanism in Fig. 5. When nanoplates are ad-
sorbed on the surface of the elastic shell, the shell surface has
an obvious deformation and there are some valley regions on
the surface of elastic shells. If the nanoplates are adsorbed on
these valley regions, the nanoplates move towards the center
of the valley regions, see Fig. 5(a). After the nanoplates are
driven by the surface tension, the nanoplates approach each
other, and they are arranged on the basis of maximization of lo-
cal packing fraction and the parallel arrangement of nanoplate
edges, see Fig. 5(b). This is the mechanism of forming ordered
structures for nanoplates on elastic shells.

(a)

(b)

Fig. 5. (color online) Schematic illustrations indicating that the driven
self-assembly behaviors of the hard nanoplates consist of two stages: (a)
the nanoplates are adsorbed onto the shell randomly and then accumulate
towards the center of the flat region driven by surface tension of the elas-
tic shell; (b) the nanoplates rearrange on the basis of the maximization of
local packing fraction.

In order to explore whether nanoplates are driven to flat
regions or flat regions are induced by aggregated plates in
more detail, we calculate the energy distribution of the elas-
tic shell for N = 0, 12, and 36, as shown in Fig. 6. It can
be concluded that the adsorption behaviors depend mainly on
the bending energy of the elastic shells because all the regular
hexagons are located at the regions with the low bending ener-
gies. The nanoplates are aggregated on the basis of the mini-
mization of the second moment of the mass distribution.[41,42]

The driving force for nanoplates to be aggregated comes from
the surface tension of elastic shells because there are no inter-
actions between the nanoplates.

I

energy

II

Fig. 6. (color online) The energy distribution of the soft elastic shell (first
row) and the corresponding snapshots (second row) for regular hexagons
with N = 0, 12, and 36.

3.2. Effects of bending energy on driven self-assembly be-
haviors of adsorbed nanoplates

In order to investigate the effects of bending energy Kb

on the driven self-assembly behaviors of nanoplates on elastic
shells, a series of simulations with various bending energies
for Kb = 100, 10000, and 5× 105 are performed, and the re-
sults are shown in Fig. 7. For the elastic shell with a very
low bending energy of Kb = 100, it is collapsed completely
no matter what shape the nanoplate is. For the elastic shell
with a moderate bending energy of Kb = 10000, the aggrega-
tion structures of nanoplates are distributed among the rela-
tively flat regions. For the elastic shell with a very high bend-
ing energy (such as 5× 105), it needs a very large energy for
the shells to deform a little, and the adsorption behavior of
nanoplates on the shells is isotropic. The driven self-assembly
process cannot occur for Kb = 5× 105, and no aggregation
cluster for nanoplates can be formed, see Fig. 7(c). In fact,
the adsorption behaviors of nanoplates on elastic shells are
quasi-dimensional. In order to compare the different adsorp-
tion behaviors of nanoplates on elastic shells with those on a
two-dimensional (2D) surface, we also simulate the adsorp-
tion processes of nanoplates on two-dimensional surfaces, and
the results are also shown in Fig. 7(d). The nanoplates are
adsorbed randomly on a two-dimensional surface, and no ag-
gregation clusters are formed. Therefore, the adsorption be-
haviors of nanoplates on soft elastic shells are completely dif-
ferent from those on two-dimensional surfaces.

A

B

C

D

Kb/Τ10
2

Kb/Τ10
4

Kb/Τ10
5

2D surface

Fig. 7. (color online) Evolutions of hard nanoplates on soft elastic shells
at various bending energies with Kb = 100 (A), 10000 (B), and 5× 105

(C) for regular triangle, square, hexagon, and circle, respectively. The ad-
sorption behaviors of hard nanoplates on two-dimensional (2D) planes are
shown in panel (D) for comparison. Here N = 48.

To gain insight into the physical origin of different aggre-
gation behaviors for nanoplates on elastic shells with different
bending energies, we plot three possible schematic illustra-
tions in Fig. 8. For a very soft elastic shell, the shell is so soft
that the nanoplates can affect the shapes of shells seriously,
and the collapsed structures are observed, see Fig. 8(a). For the
elastic shell with moderate bending energy, as there are some
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flat regions on the elastic surface, several nanoplates can be ag-
gregated on the plate regions of the elastic surface. As the shell
surface is relatively soft, the elastic shell can deform a little
according to the interactions between the nanoplates and the
elastic shells. However, for elastic shell with a very high bend-
ing energy, the attraction ability of hard shell for nanoplates
may decrease because some monomers for nanoplates exceed
the attraction ranges, see the inset of Fig. 8(c). In fact, the ad-
sorption abilities of nanoplates on the hard shells are weaker
than those on the elastic shells at the same binding energy.
Meanwhile, the adsorption process onto the soft elastic shells
for nanoplates includes two stages: i) the nanoplates are ad-
sorbed on the shells randomly; ii) the nanoplates are rear-
ranged on the basis of the maximization of local packing frac-
tion. However, for the very hard shells, the adsorption process
of the nanoplates on the hard shells only consists of the first
stage. Therefore, the effects of bending energy on driven self-
assembly behaviors of adsorbed nanoplates are obvious, and
the adsorption behaviors of nanoplates on elastic shells have
their distinguishing features.

A                 B                C

Kb/100

Kb/Τ10
4

Kb/Τ10
5

Fig. 8. (color online) Schematic illustrations showing the effects of bend-
ing energy on the driven self-assembly behaviors of regular triangle on soft
elastic shells. A: Nanoplates are located randomly in the simulation box;
B: nanoplates are adsorbed onto the shell; C: the whole system reaches
equilibrium. Different attractive abilities of soft elastic shells and hard
shells for regular triangles are given in the top right corner, and the cross
means that the shell monomer and the regular triangle monomer are hardly
attractive to each other.

3.3. Deformations of elastic shell controlled by adsorbed
rods

Rods have a special property of additional orientation
entropy, which is different from the normal nanoplates. Pre-
vious simulations on the aggregation behaviors of short and
long rods on soft elastic shells have found that the aggregation
structure of the rods is relevant to the bending energy of the
elastic shell.[24] However, the detailed discussion about the
dependences of rod lengths and the number of rods has not
been given yet. Figure 9 shows the phase diagram in the Nb–N
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r
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Fig. 9. (color online) Phase diagram of aggregation structures for rods on
elastic shell in the plane of rod length Nb and the number of rods N. There
are three main phases: 12-cluster (A, black square), (3+n)-cluster (B, red
circle), irregular (C, blue triangle). Additionally, two possible phases are
hidden in the above phases and labeled by dashed lines, and they are 2-
cluster (D), 1-cluster (E). Typical snapshots are: A phase with N = 66,
Nb = 5; B phase with N = 66, Nb = 6 B(1); N = 66, Nb = 9 B(2); N = 42,
Nb = 15 B(3); C phase with N = 78, Nb = 20; D phase with N = 48,
Nb = 15; and E phase N = 36, Nb = 18.

plane. Here Nb is the number of monomers in a rod, and N is
the number of rods in our simulation system. For short rods
(i.e., Nb ≤ 9), the rods are aggregated and can form 12 clus-
ters in the 12 flat regions as mentioned above, while the shell
maintains its original shape as a sphere (see phase A in Fig. 9).
When the rod length increases, due to the parallel arrangement
of the rods, some flat regions can no longer hold enough rods,
so that some clusters tend to connect to each other and form
some larger clusters, and a transition from A phase to B phase
occurs. B phase consists of 3 large clusters and several small
clusters. Three large clusters pinch the shell and the shell is
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deformed into a tricorn. Some small clusters are aggregated
in the empty flat regions, and the number of small clusters de-
creases with the increase of rod length. The number of large
clusters is 3, and the numbers of small clusters are 6, 3, and
1 in Figs. 9(b1), 9(b2), and 9(b3). For simplicity, we group
them into phase B. For long rods (Nb ≥ 15) with N = 36, the
rods can squeeze the shell into an ellipsoid, and form a large
circular cluster surrounding the shell surface (see phase D in
Fig. 9). For a sufficient number of long rods, such as Nb ≥ 12
and N ≥ 54, or Nb ≥ 15 and N = 48, a two-cluster phase is
observed, in which the rods nearly cover the entire surface of
the shell, and the shell deforms like a pillow (see phase E in
Fig. 9). If the number of long rods is greater than 68, although
the adsorbed rods are locally parallel to each other, they have
no space to adjust their positions on the shell, and the shell
deforms irregularly (see phase C in Fig. 9).

We calculate the surface asphericity A of the shell, which
is defined as[6,23]

A =
〈∆R2〉
〈R〉2

=
NS

∑
i=1

(Ri−〈R〉)2

〈R〉2
, (5)

where Ri is the radial distance of the surface monomer i, and
〈R〉 is the mean radius of the elastic shell. Figure 10 shows that
the asphericity of the shell increases slowly for short adsorbed
rods with Nb ≤ 8, followed by a rapid growth for the moderate
lengths of rods with 9 ≤ Nb ≤ 15, and slows down a little
with Nb ≥ 16. One notes that for long rods, the larger number
of rods the system consists of, the smaller the asphericity A
is. For short rods, the elastic shell does not undergo large
deformations to ensure the rod–shell interactions to mini-
mize total energy, so that the original spherical shape of the
shell is well maintained. When the rod length increases, the
binding energy causes remarkable deformations of the shell,
followed by the self-assembly behaviors of the long rods.
Governed by the orientational entropy, these rods rearrange
themselves and affect the shape of the shells in return. Finally,
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Fig. 10. (color online) The surface asphericity of elastic shell A as a func-
tion of rod length Nb for various numbers of nanorods.

one can obtain various shapes of shells such as a tricorn, an
ellipsoid, or a pillow-like shape. However, for a number of
long rods in the system, the adsorption behaviors of the rods
are isotropic, and there is not enough space to adjust their po-
sitions. The shell has to accommodate and deform irregularly,
so we can observe a slight decay on the curve for large Nb,
see Fig. 10. The potential interactions dominate the deforma-
tion of the elastic shell and the driven self-assembly behavior
of rods depends on the competition between the orientational
entropy of rods and the potential interactions of elastic shell.

4. Conclusions
In this paper, we investigate the driven self-assembly be-

haviors of hard nanoplates on soft elastic shells by employ-
ing a molecular dynamics simulation method. The adsorp-
tion behaviors of nanoplates on elastic shell depend mainly
on the bending energy of the elastic shell. The driven self-
assembly structures of adsorbed nanoplates are determined by
the minimization of the second moment of the mass distribu-
tion. For shells with a low bending energy, the elastic shells
are completely collapsed. For shells with a moderate bend-
ing energy, ordered structures are formed for various shapes
of hard nanoplates. For shells with a high bending energy,
the nanoplates are adsorbed randomly on the shell. The shell
is hardly deformed for triangles, squares, hexagons, circles,
and short rods, and has a remarkable deformation for long
rods because of the large binding energy caused by the rod–
shell interactions. One can observe various shapes of shells
such as a sphere, a tricorn, an ellipsoid, and a pillow-like
shape by adjusting the number of rods and the rod lengths.
These investigations can help us understand the complexity of
driven self-assembly of hard nanoplates on elastic shells and
can hold promise for the applications in material designing as
well as controlling the shape of shells in the micrometer range
or smaller sizes.

References
[1] Zhang S M, Greefield M A, Mata A, Palmer L C, Bitton R, Mantei J R,

Aparicio C, Olvera de Cruz M and Stupp S I 2010 Nat. Mater. 9 594
[2] Vernizzi G, Sknepnek R and Olvera de Cruz M 2011 Proc. Natl. Acad.

Sci. USA 108 4292
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