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ABSTRACT: The assembly of micro- and nanomaterials is a
key issue in the development of potential bottom-up
construction of building blocks, but creating periodic arrays
of such materials in an efficient and scalable manner still
remains challenging. Here, we show that a cymatic assembly
approach in which micro- and nanomaterials in a liquid
medium that resonate at low-frequency standing waves can be
used for the assembly in a spatially periodic and temporally
stationary fashion that emerges from the wave displacement
antinodes of the standing wave. We also show that employing a two-dimensional liquid, rather than a droplet, with a coffee-ring
effect yields a result that exhibits distinct lattice equivalents comprising the materials. The crystallographic parameters, such as the
lattice parameters, can be adjusted, where the parameters along the x- and y-axes are controlled by the applied wave frequencies,
and the one along z-axis is controlled by a transparent layer as a spacer to create three-dimensional crystal equivalents. This work
represents an advancement in assembling micro- and nanomaterials into macroscale architectures on the centimeter-length scale,
thus establishing that a standing wave can direct micro- and nanomaterial assembly to mimic plane and space lattices.
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The crystal lattice is an array of points at which atoms or
molecules are positioned that repeats periodically in two

or three dimensions and appears exactly the same regardless of
the point from which the array is viewed.1 It describes a highly
ordered structure with symmetric patterns characterized by the
lengths of the edges of a unit cell, the interaxial angles as lattice
parameters, and the symmetry unit represented by the space
group. In general, the nature of these lattice parameters that
dictate the material properties is not tunable unless it is
intentionally engineered, for example, by strain engineering.2

Analogous to the situation in a crystal lattice, positioning the
materials at a specific point of interest allows one to construct
lattice equivalents of different length scales in a way that builds
an array of discrete points with an arrangement that has an
identical environment around any point. Consistent with this
research direction, many efforts have been devoted to the
development of nanomaterial alignment and spacing that are
tunable on many length scales,3−7 leading to the development
of integrated functional nanodevices and circuits.8 This research
has long been motivated by (i) scalable top-down approaches
where the particles are assembled in a periodic fashion using
mechanical,9,10 chemical microcontact printing,11 and parallel
scanning probe-based molecular printing12,13 and (ii) bottom-
up integrated nanomaterial arrays with high registration that are
achieved by a variety of forces, such as electric,14,15 magnetic,16

optical,17−19 chemical,20,21 and mechanical forces.22 In
particular, controlling liquid surface tension in a solution23

has been used for bottom-up assembly of nanowires and carbon

nanotubes, which are potentially scalable and enable the
fabrication of large area arrays. Although advances have been
made using these solution-based techniques, such as fluid
flow24 and the Langmuir−Blodgett technique,25 creating large-
area periodic arrays with high registration in an efficient manner
remains a challenge. Recently, a nanocombing assembly
method that combines attributes of top-down and bottom-up
approaches for nanowires was developed, leading to determin-
istic design large-area logic circuits and nanobioprobe
arrays.26,27

In another approach, acoustic energy generated by an
ultrasound wave with a frequency in the range from kilohertz
to megahertz offers the ability to manipulate microscale-size
particles in a fluidic environment.28−30 This approach, as it is
commonly studied in the area of microfluidics,28−32 utilizes the
acoustic radiation force associated with a standing ultrasonic
wave to trap suspended particles in a host liquid at nodes or
antinodes of the wave.28−30 For example, the use of the acoustic
radiation force in many applications, such as sensing,31

collection,32 concentration,33 and sorting,34 is extensively
reported, particularly in a hemispherical droplet where the
pattern is limited to a ringlike shape. While taking advantage of
the acoustic energy of an ultrasonic wave, this approach does
not address the long-standing goal of building periodic lattice
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patterns of nanomaterials that could be also susceptible to
damage by high-frequency waves.35 The bottom-up assembly of
micro- and nanoscale structures from building blocks such as
colloidal spherical particles21,36 and anisotropic low-dimen-
sional materials37 is a key challenge, but most research in
wave−material interaction has focused on the wave mechanics
aspect,38,39 leaving our understanding of the assembly of micro-
and nanoscale materials at a primitive stage. To realize this goal,
a set of rules for using the liquid−material interaction within
the wave should be presented in such a way that incorporates
the dominant forces that are responsible for the materials
assembly and thus deliberately creates a lattice equivalent with
wave-dependent size control.
In this paper, we describe a set of rules for achieving micro-

and nanomaterial assembly of spatially periodic and temporally
stationary patterns in a two- and even three-dimensional
fashion that is analogous to a lattice. The lattice is generated in
a liquid spread over a square, two-dimensional surface (2D
liquid) that resonates to a low-frequency sound wave.40−42

Compared to the collection of suspended particles in a liquid
droplet, the 2D liquid provides potential advantages in terms of
symmetry, sensitivity, and scalability of the pattern. First, in a
2D liquid the position of the node/antinode is highly discrete
due to a linear combination of trigonometric functions in
Cartesian coordinates, and the projection of the node/antinode
is symmetric. Second, because a 2D liquid with low surface
energy is highly responsive to wave frequencies there is
potential for an aggressive application that requires high
sensitivity. Third, because our approach is a method that
creates large numbers of arrays in parallel we can create arrays
over macroscale areas where the total patterned area is only
limited by the size of the plate surface. Below, we first describe
the high-symmetry lattice equivalent, which consists of micro-
and nanomaterials, and which is highly sensitive to low
frequencies at the centimeter scale.
Upon applying a mechanical wave (i.e., a sound wave),

randomly distributed particles on a surface can be repositioned,
as in the classical Chladni patterns,43,44 when the surface
vibrates at its resonant frequency. The particles collect at the
displacement node or antinode of standing waves such that the
particle arrangement can be tuned from an amorphous
(statistically homogeneous) to a crystal-like structure (periodi-
cally homogeneous) (Figure 1a). This approach addresses the
challenge articulated by Hans Jenny in his visionary work,45

more than five decades ago, that led to the rise of cymatics: how
to observe the vibration phenomena that generate the regular
patterns on the resonating surface. In order to explore particle
formation systematically, we defined two separate systems
(Figure 1b): (i) a spherical coordinate system where the
hemispherical droplets are utilized and (ii) a Cartesian
coordinate system where liquids on the centimeter-scale plate,
which we term 2D liquids in this study, are employed as a
medium that can resonate with an applied wave. We formed a
droplet with low surface tension, such as ethanol, that contains
SiO2 particles, on a surface of Si. The solution droplet naturally
forms part of a hemisphere with a certain contact angle. Upon
applying the mechanical wave, standing waves in the form of
spherical harmonics determine the position of the nodes and
antinodes46 (Figure 1b, left) as shown in Supporting
Information, S1. On the other hand, by using the 2D liquid
on a square substrate, Cartesian coordinates become the more
appropriate choice for studying wave dynamics, and for this
case we describe the formation of antinodes using trigono-

metric functions47 (Figure 1b, right). In both situations, we
assume a Neumann boundary condition at the edges of the
fluid, which reflects the fact that fluid displacement is zero at
the boundaries.
As the scale of materials enters the nano- and microscale

regime, the influence of van der Waals interaction between the
materials and the surface increases. As a result, the nano- and
microscale particles adhere strongly to the surface such that the
particles are unlikely to respond to the wave applied to achieve
the pattern (Supporting Information, S2). For this reason, a
liquid medium was employed as a buffer layer that (i) prevents
the strong adhesion of particles to the surface and (ii) readily

Figure 1. Assembly of micro- and nanomaterials in a fluidic system by
applying waves. (a) Micro- and nanomaterials suspended in a liquid
medium can be assembled in a periodic fashion by applying waves. (b)
A droplet and a two-dimensional liquid of ethanol containing SiO2
form a ringlike pattern and a grid pattern, respectively, when a
vibration of 200 Hz is applied. In hemispherical droplets using the
spherical coordination system, the position of nodes and antinodes
appear in a concentric pattern (left). The scale bar is 1 mm. In a 2D
liquid on a square substrate, described in Cartesian coordinates, the
position of the nodal lines forms a two-dimensional grid (right). The
scale bar is 5 mm. (c) Three factors contribute to the material
assembly. The distribution of particles (liquid−particle interaction)
and adhesion (particle−surface interaction) should be considered for
material assembly. Furthermore, evaporation kinetics (surface−liquid
interaction) have to be considered to pin the particles assembled
during the drying process to the substrate.
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responds to the applied wave in the form of a capillary wave.
Qualitatively, several factors contribute to the nano- and
microscale material assembly using a nanocymatic approach
(Figure 1c). First, the initial distribution of particles (before
applying the waves) should be spatially homogeneous, not
aggregated with one another in the liquid (Supporting
Information, S3). Second, in addition to the size effect
mentioned above, hydrophilic particles should be used for
hydrophilic surfaces (and vice versa) so that the particles are
attracted to the surface (Supporting Information, S4). These
two challenges were met in our studies using hydrophilic
particles consisting of SiO2 and a low-surface-energy liquid,
ethanol, as the particle and liquid, respectively. In addition, a Si
wafer was used as the hydrophilic surface. Third, addressing the
vapor−liquid interaction, unlike previous research efforts, which
observed particle patterns in the presence of a liquid medium,
the particles should aggregate at the displacement antinodes
without being dispersed during the drying process of the liquid
medium such that the particles remain in place at specific points
on the surface. This makes it necessary to study the drying
process that enables pinning the particles at specific points as
evaporation proceeds, similar to the coffee-ring effect, as
described in the paragraph below.
To collect the particles at the antinodes, we utilized the

coffee-ring effect in which the particles suspended in a liquid
resting on a solid surface leave a ring-shaped structure after the
liquid has dried.48,49 Specifically, during the drying process the
liquid edges become pinned to the surface, and the capillary
flow outward from the center of the liquid brings suspended
particles to the edge as evaporation proceeds (Figure 2a,

top).50,51 Manipulating capillary flows (as indicated by blue
arrow in Figure 2a), therefore, is critical to controlling the
coffee-ring effect and thus particle collection. Such particle
collection that is enhanced by the strong coffee-ring effect leads
to a periodic pattern formation. We note that the coffee-ring
effect has been observed in several systems with diverse particle
sizes and shapes, ranging from anisotropic colloids48 to
nanoparticles.52 This indicates that the coffee-ring effect is
not limited to spherical SiO2 particles but extends to other
anisotropic matter such as the Cu nanowire, which will be
discussed in the following experiment. The velocity of the
liquid moving from the center to the edge of the droplet, vc,
proportional to the magnitude of capillary flow, is determined
by the drying process as given by the relationship vc = α(Q/A),
where α is the proportionality constant, Q is the evaporation
volume flow rate, and A is the area. This suggests that the
capillary flow can be readily enhanced by increasing vc through
an increase in the evaporation volume flow rate Q, where Q =
dV/dt and V is the evaporated volume and t is the evaporation
time. Therefore, our strategy is to increase dV/dt, which can be
simply controlled by the temperature as indicated by the
relationship vc(t, T) = α(dV(t, T)/dt)(1/A). Initially, as a
proof-of-concept for the application of temperature control in
enhancing the coffee-ring effect, our experiments used an
ethanol drop containing a suspension of SiO2 particles (of
approximately 50 μm diameter). Briefly, to prepare the droplets
the SiO2 particles were homogeneously dispersed in ethanol
and then the drops with an average area A = 59.9 mm2 and
volume V = 10 μL were placed on the Si surface and heated to
temperatures ranging from 50 to 75 °C. After completely

Figure 2. Coffee-ring flow enhancement to achieve particle aggregation. (a) The capillary flow that brings suspended particles to the edge during the
evaporation process can be manipulated by the temperature (top). A droplet of ethanol containing SiO2 microparticles after complete drying at
different temperatures from 50 to 75 °C (bottom). The scale bar is 3 mm. Two different regimes of the particle patterns are plainly distinguishable. A
clear ring pattern appeared at high temperatures above Tc (approximately 60 °C). (b) Quantitative analysis of the evaporation rate, J(t) is Q/A = dV/
dt(1/A), versus temperature by measurement of the evaporation time and ring pattern areas for a fixed initial droplet volume. A sudden increase in
the evaporation rate is observed at Tc (approximately 60 °C). (c) Enlarged photographs (top) and schematic (bottom) of the drying process of the
solvent in the 2D liquid. The capillary flow that flows outward from the midpoint is induced during the drying process and particle aggregation is
enhanced. The scale bar is 3 mm. (d) Optical microscope (Nikon, Eclipse Ni-E) image of particle aggregation in the 2D liquid after evaporation is
completed at room temperature (left) and high temperature above Tc (right). A vibration at 200 Hz was applied to create the particle lattices. The
scale bar is 500 μm. Relatively homogeneous dispersion of particles is shown in the lattice points at ambient conditions. On the other hand, the
lattice points (particle aggregation) are clearly defined at the high temperature above Tc.
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drying, images of the SiO2 particles on the Si surface were made
to indicate the temperature effect (Figure 2a, bottom).
Interestingly, at a constant relative humidity and particle
concentration, we observed two distinct regimes for the particle
deposits that appeared above or below a critical temperature,
Tc. The first regime appears when the droplets dried at
temperatures below Tc, where the suspended particles are
dispersed homogeneously. In the second regime, the particles
are efficiently transported to the edge of the drop when drying
takes place above Tc. Taken together, these results confirm that
high drying temperatures are crucial to increasing the capillary
flow that in turn increases the coffee-ring effect and thus meets
the requirements for particle positioning outlined schematically
in Figure 1c. To the best of our knowledge, a quantitative
analysis of a drying ethanol droplet with suspended particles
has not been reported.
To quantify the drying process shown qualitatively in Figure

2a, we determined the evaporation rate of the liquid, J(t), which
is proportional to the magnitude of capillary flow as given by
the relationship J(t) = Q/A = dV/dt(1/A) ∼ (V/t)(1/A)
(Figure 2b).53 We assumed that the particle motion in the
liquid does not affect the evaporation process, and a capillary
flow from the center of drop to the edge replenishes fluid at the
contact line as the evaporation proceeds. In fact, it was found
that there was a transition temperature range. Below Tc
(approximately 60 °C), where the particles were dispersed
homogeneously, the values of J were found to be 4 (50 °C), 6
(55 °C), and 8 μm/s (60 °C), while above Tc the values of J
were 13 (65 °C), 16 (70 °C), and 19 μm/s (75 °C). In general,
as the temperature increases, the cohesive energy (between
liquid molecules) decreases, whereas the adhesion energy
(between the liquid molecules and the atoms of the solid
surface) increases.54,55 The contact angle of the liquid droplet,
therefore, decreases and, as a consequence, larger dried edges
form. In contrast, based on our observations the size of the
dried edges above Tc was found to decrease as shown in Figure
2a. Specifically, a 57% reduction of area, A, compared to the
dried edges at temperatures below Tc was observed, leading to
the sudden increase in J(t), as shown in Figure 2b. These
results can be understood by considering a rapid evaporation
rate, which is faster than the rate of increase in adhesion energy
as the temperatures increase, especially for the low-boiling-
point solvent ethanol. Note that this method holds for a wide
range of particle diameters (Supporting Information, S5), and it
can therefore be used to increase the coffee-ring effect with
increased capillary flow, enabling particle aggregation.
Whereas increasing the capillary flow in the droplets by

increasing the temperature offers a dramatic demonstration of
particle aggregation at the droplet edges, increasing the capillary
flow in the liquid on a surface in a two-dimensional Cartesian
system provides a powerful platform for studying the particle
aggregation over a large area. Indeed, one could envision an
experiment in which the particles collect at the displacement
antinode when a standing wave is applied to the liquid, and the
liquid evaporates causing the particles to settle in a particular
position. As in the case of the droplets where particle
aggregation is enhanced by increasing capillary flow, we
envision that the particle aggregation in the 2D liquid can be
achieved by increasing the evaporation rate (by enhancing the
coffee-ring effect). In the text below, we describe the capillary
flow in the 2D liquid and then demonstrate the particle
aggregation after evaporation is complete.

First, we investigated how the particles in the 2D liquid
collect at the displacement antinodes of standing waves. As in
Figure 1a, the particles were collected at the specific points
where the displacement antinodes appear as a grid-like pattern
(Figure 2c, left), as opposed to the ring-like patterns resulting
from the liquid droplet (Figure 2a). In general, the fluid moves
vertically at the displacement antinode, while it moves
horizontally around the node (no vertical displacement),
which is responsible for the movement of the particles to the
displacement antinode. At low frequencies (<1 kHz), as in our
study, hydrodynamic focusing was the mechanism by which the
particles responded to the vibrating fluid motion and moved to
the antinode, similar to the acoustic radiation force mechanism
at high frequencies (>100 kHz).56 Second, we characterized
how the concept of capillary flow in the liquid droplet can be
applied to the capillary flow in the 2D liquid, namely, the
coffee-ring effect at the multiple points in the liquid where the
particles are collected at the antinode. We carried out
continuous observation using an optical microscope and readily
demonstrated that capillary flow is responsible for collecting
particles at the antinodes. Similar to the line created by pinned
particles that resulted from the liquid droplet, we found that the
points where the particles collected kept, or pinned, the liquid
in place during evaporation and, as a result, induced capillary
flow that flowed outward from the midpoint, where the
particles were not positioned (Figure 2c, middle). The
experiments thus demonstrate that despite different contact
line (or point) forms between the circular (droplet) and 2D
Cartesian systems, the evaporation rate and capillary flow
significantly affect the particle aggregation in the coffee-ring
effect (Figure 2c, right). To support this point, we also carried
out an experiment (at frequency f = 200 Hz) where the 2D
liquid evaporates at ambient conditions (i.e., room temper-
ature); these measurements show the relatively homogeneous
dispersion of the particles (amorphous) after evaporation is
complete (Figure 2d, left). Conversely, the particle aggregation,
which we term the lattice that occurs after evaporation at a
temperature above Tc is complete, is fairly well-defined (crystal-
like) as a function of dV/dt (Figure 2d, right). A clear coffee-
ring effect strengthened by capillary flow persists for a high
evaporation rate (T > Tc), but a low evaporation rate (T < Tc)
leads to uniform dispersion of the particles. Notably, for the
first time this work describes the realization of the coffee-ring
effect in the 2D liquid, which is unlikely to be obtained at
ambient conditions because of low capillary flow.
Through a cymatic approach (Supporting Information, S6

and S7), lattices with periodic symmetry can be created from
diverse wave frequencies; square arrays were created by
applying sound wave frequencies of 50, 100, 200, 300, and
400 Hz (Figure 3a). There is an inverse relationship between
the resonant frequencies and wavelength given by f = v/λ,
where v is the speed of the traveling wave in the liquid and λ is
the wavelength. The distance between particle lattices (between
antinodes), analogous to λ/2, can be varied with the applied f in
that it decreases as the frequency increases as schematically
shown in the insets of Figure 3a. To interpret these lattices, we
developed an indexing system based on the reciprocal lattice
generated by a discrete Fourier transform of a two-dimensional
real space lattice of optical images using the relation

= ∑ π π
=

− − +I i ek k n n
N

n n
ik n ik n N

, , 0
1

,
(2 2 )/

x y x y x y
x x y y , where Ikx,ky is the

discretized Fourier transform of the real-space intensity inx,ny
at pixel nx and ny and N is the image size represented in pixels.
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For the automated Fourier transform calculation, we used
National Instruments Vision Development Module 8.5 along
with the LabVIEW development platform. In general, the
construction of a reciprocal lattice from the corresponding
direct lattice is performed as follows: for each set of lattice
planes (hkl), the normal is drawn from the origin with a length
d*hkl = 1/dhkl, where d is the lattice spacing. For example, the
normal to the set of lattice planes (100) is drawn from the
origin and assigned a length d*100 = 1/d100 and a point a*1, and
a similar construction for the set of (010) planes gives the point

a*2 with a length d*010 (Figure 3b). The points a*1 and a*2
represent the relative orientations of the (100) and (010)
planes. The use of the reciprocal lattice allows a discussion of
the application of Fourier transform patterns as shown in
Figure 3c: the Fourier transform of the particle patterns shows
square dot arrays (bright spots) without continuous ring arrays,
which represents the regular periodicity of the square patterned
lattices. In addition, the distance between dots in the reciprocal
lattices, analogous to d*hkl, increased as dhkl decreased (Figure
3c). From the quantitative perspective, as the frequencies
increase in the range from 50 Hz to 1 kHz, the lattice distances,
d100 (or d010), decrease from 3.2 mm to 530 μm (Figure 3d). In
addition, the distance between the lattices in the reciprocal
lattice, d*100 (or d*010), is linearly proportional to the applied
frequencies (Figure 3e) and therefore verifies an inverse
relationship with d100 (or d010) (Supporting Information, S8).
These dynamics, which are qualitatively identical to those of
standing waves with the given frequencies in the medium,
account for the mechanism in which the particle lattices are
formed by and placed at the antinodes of the applied waves. In
addition, comparison of the wavelength versus frequency of the
experimental and the calculated capillary wave,57,58 defined by
ω2λ3 = 2πγ/ρ, where ω is the frequency, γ is the surface tension
of the liquid medium, and ρ is the density, shows excellent
agreement (inset of Figure 3e). This agreement substantiates
the existence of a capillary wave that carries the particles to the
antinodes in these experiments (Supporting Information, S9).
Having demonstrated that this approach can yield defined

lattice patterns, we explore the potential for this technique to
generate a wider range of lattices. First, a high degree of
precision in the placement of particles can be seen in the
reciprocal lattices of the Fourier transform (Figure 4a).
Interestingly, even with small intervals of 5 Hz, the distinct
d*100 for each experiment can be achieved with frequencies
ranging from 50 to 150 Hz (Figure 4b). To quantify d*100, we
count the number of pixels between the origin and a*1 in the
Fourier transform images (346 × 346 pixels per image). The
linear correlation between the number of pixels and frequencies
ensures that a capillary wave in the liquid with low surface
tension (20 mN/m), rather than the resonance of the surface
material, is generated by the applied wave and thus maximizes
the particle aggregation and pattern formation. This level of
sensitivity is substantially higher than in other previous reports
and is hardly, if ever, achievable even for the patterns driven by
ultrasonic wave frequencies. The ability to control the precise
pattern distance and size, and in particular increase the
sensitivity by utilizing capillary flow in the 2D liquid, is distinct
from previous studies where the analytical interpretations were
not available. This technique can provide flexibility for realizing
complex patterns with the materials of interest.
To verify the general applicability of this new strategy in

constructing lattice equivalents of more complex structures, we
built three-dimensional lattice structures by controlling the size
of a3 along the z-axis. Specifically, SiO2 particles were first
patterned on the glass surface, followed by the deposition of a
transparent polymer layer (i.e., polydimethylsiloxane, PDMS)
that served as another surface for the following SiO2 particle
pattern. An oxygen-plasma treatment (100 W, 30 s, 500
mTorr) was used to induce the hydrophilicity of the PDMS
surface. Because the capillary flow in the liquid is responsible
for positioning the particles, constructing the lattice equivalents
is not dependent on the type of surface. In establishing the
lattice parameters, we assumed that the thickness of the

Figure 3. Square arrays of microparticles generated by the capillary
waves on the surface of the liquid medium. (a) Lattices with square
arrays of SiO2 microparticles created by applying sound wave
frequencies of 50, 100, 200, 300, and 400 Hz. The scale bar is 5
mm. As the frequency increases, more nodes and antinodes are
generated. As shown in the insets of Figure 3a, the pattern distance
becomes smaller as the frequency increases. (b) Indexing system of a
real space lattice and a reciprocal lattice generated by a Fourier
transform. Each point (hkl) in the reciprocal space corresponds to a
plane (hkl) in the real space. The magnitude of the reciprocal lattice
distance is equal to the inverse value of the interplanar spacing in the
real space. (c) Computer-generated images obtained by the Fourier-
transform of the square dot arrays in panel a. Reciprocal lattices with
dot arrays without continuous ring arrays show the periodicity of
square dot lattices in panel a. The distance between dots in the
reciprocal lattices increases as the distance between points in the real
lattices decreases. (d) Graph showing the distance between lattices in
real space for frequencies from 50 Hz to 1 kHz. As the frequencies
increase, the lattice distances, d100 (or d010), decrease. (e) Distance
between the reciprocal lattices for frequencies from 50 Hz to 1 kHz.
The distance between the reciprocal lattices, d*100 (or d*010), is
linearly proportional to the applied frequencies. Particle lattices are
formed by the capillary waves in the medium. The capillary waves
carry particles to the antinodes of the standing waves. A comparison of
the experimental and calculated capillary wavelength versus frequency
plots shows very good agreement in the inset of panel e.
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polymer layer determines a3 along the z-axis. In addition, the
precise pattern control allows one to position particles on the
PDMS at lattice points identical to those of the prepatterned
lattices on the Si surface and therefore the interaxial angle γ

(between the z- and x−y planes) is 90°. The optical microscope
image (Figure 4c) unequivocally shows the high degree of
order in the created superlattice, where a1 is equal to a2, but not
to a3 (a1 = a2 ≠ a3) as in a tetragonal crystal system. Note that

Figure 4. Three-dimensional lattice equivalents and nanowire assembly with a high degree of precision. (a) Fourier transforms of lattices of SiO2
microparticles at frequencies from 50 to 105 Hz at 5 Hz intervals. Reciprocal lattices with square dot arrays are shown. (b) To quantify the distances
between reciprocal lattices, the number of pixels between the lattices is counted. The number of pixels in the Fourier transform images is 346 × 346
pixels per image. The placement of the particles shows a high degree of precision even at the small intervals of 5 Hz. The capillary waves in the liquid
medium with a low surface tension maximize the level of sensitivity of the particle patterning. (c) Three-dimensional lattice structures with SiO2
microparticles created by controlling the size of a3 along the z-axis. Three layers of two-dimensional lattices are overlapped between the transparent
spacers. The insert image was taken while the sample was tilted at an angle of ∼70°. The lattice points formed on the three surfaces overlap because
the capillary flow in the liquid is not dependent on the type of surface. Reciprocal lattices (bottom right) confirm the regular periodicity of the three-
dimensional lattice equivalents. (d) Assembly of nanowires, tens of nanometers in diameter and ∼5 μm in length, using the same experimental
procedures as for particles. An optical photograph (left) and an SEM (JEOL JSM-7001F) image (top right) of a particle lattice equivalent of copper
nanowires. The scale bar of the optical image is 5 mm (inset, 500 μm) and of the SEM image is 5 μm. The nanowires show excellent assembly at the
lattice point with a lattice distance of ∼1 mm. Reciprocal lattices (bottom right) also confirm the regular periodicity of the nanowire assembly.
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the inset image was taken while the sample was tilted
intentionally (by an angle of ∼70°) for imaging purposes.
The reciprocal lattices also confirmed that the lattices are in
regular periodicity, and the lattice points formed on both
surfaces are spatially overlapped (a1 at 100 = a1 at 101).
Last, we demonstrate a general method for constructing a

lattice equivalent to achieve a nanowire assembly. The assembly
of nanowire, tens of nanometers in diameter and approximately
5 μm in length, represents a significant challenge for the
development of a range of bottom-up devices but has the
potential to enable nanodevice integration. Using the same
experimental procedures as described above for the copper
nanowires demonstrates excellent aggregation at the lattice
points (or displacement antinodes of the capillary wave) with
an average lattice distance of approximately 1 mm (Figure 4d).
Indeed, the assembly done by nanowire aggregation (top-right
image of Figure 4d) is clearly observed at the lattice points
where a1 = a2, and its lattice points are also in periodicity on the
centimeter scale (bottom-right image of Figure 4d). Interest-
ingly, this level of nanowire assembly is to the best of our
knowledge the first demonstration using wave-driven methods
and greatly facilitates an assembly strategy without any
pretreatment chemistry or external electric and magnetic fields.
We have developed a new assembly strategy whereby 2D

liquids subject to low-frequency standing waves are kinetically
controlled to enable orderly positioning of micro- and
nanomaterials with distinct symmetry in patterns that are
difficult to obtain and in some cases have not previously been
observed in the context of 3D lattices. Although most studies of
wave-induced particle distribution to date have focused on
understanding the fundamental principles of wave mechanics
and visualizing waves by observing particles on liquid surfaces,
the use of low frequency waves applied to 2D liquids simply
constructs a lattice of assembled particles, rather than disks or
rings of particles from a droplet. Furthermore, our method is
the first to use a spacer layer made of a transparent polymer to
create 3D lattices of particles. We have also shown that the
coffee-ring effect in particle assembly is readily applicable to
other particle types, and the system is highly sensitive to the
applied wave frequencies. This method does have disadvantages
compared to previous researches. For example, it is less suitable
to be used for fabrication of single nanomaterial-based
nanodevices because the lattice equivalents in this study lack
well-defined local nanoscale structures. This limitation includes
(i) local concentration in which the density of nanomaterials at
each lattice point is not highly controllable and thus is not
monodisperse; (ii) local symmetry in which the nanomaterial
aligned show less directional control, that is, for nanowires; (iii)
local registration in which positioning of each lattice point with
precise location in nanometer scale is further needed to be
improved. We also note that the method is currently limited to
micro- and millimeter scales in the context of the pattern
distance, but this issue may be addressed by exploring the
viscosity of liquid subject to high frequency standing wave to
decrease the pattern distance and, as a consequence, increase
the pattern density. The additional structural diversity will be
useful in the development of nanomaterial alignment and
assembly and will be needed to fully exploit the new capabilities
afforded by this method.
Methods. Fabrication of 2D Lattices with Microparticles.

SiO2 microparticles with a diameter of approximately 50 μm
and a bulk density of 1.52 kg/L were suspended in ethanol. A
silicon wafer (iTASCO) was cut into a square shape (4 cm × 4

cm) with a diamond pencil for use as a substrate. Using carbon
tape, the silicon substrate was attached to a wave driver
(PASCO, SF-9324) in a horizontal position. Then, the solution
containing the microparticles was dropped on the substrate.
Vertical vibrations of the wave driver were induced by a
function generator (PASCO, PI-8127) at diverse frequencies
from 20 to 1000 Hz until an array of patterns was generated.
To minimize fluctuation in the liquid, the vibration was slowly
stopped by reducing the voltage applied by the function
generator. To augment the evaporation of the solvent, the
substrate was heated with an infrared heating device (ZAIGLE,
ZGSimple) after the wave driver operation had stopped. The
substrate remained fixed to the wave driver until the solvent
was completely evaporated, and it was removed from the wave
driver.

Construction of a Three-Dimensional Lattice Equivalent.
A piece of square-shaped soda lime glass (5 cm × 5 cm) was
used as a substrate for the three-dimensional lattice equivalent.
The substrate was exposed to oxygen plasma (100 W, 30 s, 500
mTorr) to reduce the hydrophobicity of the soda-lime glass
surface. Using the method described above, a 2D-lattice pattern
of SiO2 microparticles was fabricated on the substrate using a
200 Hz frequency. After using the oxygen plasma on the
substrate to achieve strong adhesion between the substrate and
a PDMS spacer, a 10:1 mixture of PDMS elastomer (Dow
Corning, Sylgard 184) was vacuum-degassed and poured onto
the substrate to a thickness of 750 μm. The PDMS spacer layer
was cured on a hot plate at 90 °C for 90 min. A 2D lattice
pattern of SiO2 microparticles was fabricated on the oxygen-
plasma-treated PDMS surface using the same frequency of 200
Hz. A three-dimensional lattice equivalent was constructed by
repeating the same process.
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