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We characterize the assembly of microscopic particles in patterned beds. The particles are immersed in a liquid
template generated by vibration.We study, at the same time, thewaves in the liquid surface, and the topography
of the bed. Results show that the surfacewaves are travelling, harmonic and capillarywaves, in contrastwith pre-
vious studies that examined Faraday subharmonic waves. The patterned bed presents an alternation of annular
ridges and troughs, with a characteristic lengthscale similar to the surface wavelength. The amplitude of the var-
iation of the bed thickness increases as the mean bed thickness increases, and as the vibration frequency de-
creases; this is explained in terms of a Shields number that depends on both variables. In turn, the localization
efficiency of the particles decreases with the bed thickness but increases with the pattern characteristic
lengthscale. We discuss assembly design and compare with dry granular systems.
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1. Introduction

The appearance of patterns in particulate systems has been studied
since many years [1,2]. Generated by vibrations, shear, buoyancy and
other perturbations, they were observed both when particles are dry
or immersed in a liquid. From the technological point of view, the ability
to assemble nano- and microscopic particles by localizing them into ar-
rays or patterned films over a substrate is of interest in the development
of newmaterials, such as colloidal crystals, and in several biological and
medical applications [3,4] like tissue engineering [5].

Different methods based on electric [6], magnetic [7], and acoustic
[8,9] fields have been used to control particle position and orientation.
For example, convective self-assembly [10] uses capillary forces and
evaporation to produce patterned particulate films.

Moreover, the use of liquid templatesmakes it possible to rapidly re-
configure the structure once a first assembly is achieved, an advanta-
geous feature for technological applications. This technique consists in
creating flow structures in a liquid so they interact with the particles,
mobilizing them to specific positions in a substrate. Oneway of generat-
ing liquid templates, is to apply a controlled vibration to a liquid layer,
either by using acoustic waves or by direct mechanical stimulus.

Takagi et al. [11] used this technique to produce cylindrical patterns
of endothelial cells in very short times. The localization of deposited talc
particles by standing waves generated by vibration was studied by
Wright and Saylor [12], who found that the lengthscale imposed by
the vibration frequency strongly influenced that of the patterns despite
some discrepancies. Saylor and Kinard [13] studied numerically how the
particle diameter and liquid layer thicknessmodified the localization ef-
ficiency. Chen et al. [14] studied a variety of reconfigurable patterns in
which spheroids assembled in arrays of lines, demostrating the versatil-
ity of the technique. They observed that, as the number of loaded spher-
oids increased, thewidth of these lines increased linearly, then implying
a decrease of the localization efficiency. Later [15], the authors created
stem cell-derived cardiac tissue using liquid templates. All these
works assumed that the mechanism driving the pattern formation
was the drift of the particles to the nodes of Faraday waves, focusing
mainly on the particle patterns. From a basic research perspective, it
has been shown that the coupling of the particles with a fluid is inti-
mately related with the appearance of structures [16,17]. Actually, this
type of couplingwas intensively studied in the framework of coastal sci-
ences and hydrology [18], in natural landscapes and lab experiments
[19,20]. The oscillatory shear stress generated by the surface waves
propagates downwards, and, as the shear force exerted on the bed par-
ticles exceeds a certain critical value, the motion of the particles gives
rise to the formation of patterns in the form of ripples and dunes [21].

Finally, considering the liquid template configuration employed by
the above mentioned investigations, we recall that harmonic capillary
waves may coexist with subharmonic Faraday waves [22] in the flow
field driven by the vertical oscillation of a thin layer of a pure viscous liq-
uid. Taking also into account the interaction among the particles, the liq-
uid and a vibrating container, that involves at least three phases, many
types of interactions, and several degrees of freedom [23,24], achieving
a comprehensive description of the assembly process using liquid tem-
plates is difficult. It should be also mentioned that vibration does not
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only generate theflow structure in the liquid that interactswith the par-
ticles, but it is also expected to directly influence the bulk structure of
the bed [25–27] by mechanical contact with the container.

Indeed, for dry granular systems, it has been shown that vibration af-
fects the structure of packings: 1D vibration causes compaction of the
random bed structure, but, under certain conditions, 2D and 3D vibra-
tions can force the particles to assemble into compact crystalline struc-
tures, such as hexagonal close-packed or face-centered cubic [28–30].
Although this phenomenon has not been observed for particulate beds
immersed in a liquid, that always maintain a random disordered struc-
ture [26,31,32], vibration can still generate a considerable degree of
compaction, which affects the stability of the bed.

These issues motivate the present work, whose objective is twofold:
First, to study, at the same time, the waves in the liquid (that conform
the template), and the patterns that develop in the particulate bed, in
order to improve the understanding of the underlying mechanisms.
Second, to enhance the existing description of assembly process using
by liquid templates, by reproducing topographic maps of the beds, and
by assessing the volumetric localization efficiency.

We analyze first the nature of the waves at the free surface, compar-
ing their wavelength to the characteristic length of the patterned bed.
The bed topography is then studied by using a photometric technique,
varying the two parameters that control the structure of the bed
[12,14,15]: the mean bed thickness (the quantity of particles in the
bed), and the vibration frequency, that sets the lengthscale This tech-
nique allows us to study aspects of the patterned beds that weren't
accesible in the previous studies that used 2D descriptions.

The paper is organized as follows: Section 2 presents the materials
and the experimental device,while Section 3 develops the experimental
methodology. The results are presented in Section 4, and discussed in
Section 5.

On the other hand, Appendix A explains the choice of the vibration
parameters, while Appendix B presents the photometric technique
used to obtain the bed topography.
2. Experimental setup

The experimental device was designed so that imaging of both the
free surface and the patterned bed could be performed. Fig. 1 shows
the experimental configuration.
Beam splitter

High speed/
photo camera

Collimated light

LED ring
Accelerometer

Shaker

H

Fig. 1. Scheme of the experimental device. A beam splitter was used to acquire images of the li
other hand, imaging of the patterned bed at the bottom of the container was performed by usin
high spatial resolution.
ABrüel and Kjaer V406 LDS vibrator (5Hz to 9 KHz,maximumaccel-
eration 50 g) was held by an anti-vibration table, the plexiglass con-
tainer was attached to the vibrator by using a cylindrical steel piece
with screws in both ends. The cylindrical container was attached to
the axis of an electromagnetic shaker, which is, in turn, held by an
anti-vibration table. The shaker was fed with a sinusoidal signal from
a power amplifier (MAXD, Model 4210) driven by a function generator
(GW-INSTEK, Model 8219A). An accelerometer (Analog Devices
ADXL325, ±5 g, sensitivity 174mV/g), attached to the body of the con-
tainer, makes it possible to monitor the resulting vibration acceleration
Γ and frequency f with an osciloscope.

The containerweighted 146 g, its inner diameter d=78mm, and its
inner heightH=45mm. Because pattern visualization close to the cen-
ter of the container was poor, a circular crown region (ROI) of internal
radius 8 mm and external radius 24 mm (extended to 39 mm for the
free surface) was used. This also helped avoiding border effects caused
by the container inner walls.

Two led circular rings of 140 mm of diameter surrounded the con-
tainer and illuminated inwards; a plastic diffuser served to homogenize
their light. Imaging of the particle patterns was performedwith a Nikon
D90 (4MP)photo camera.On the other hand, imagingof the free surface
was performed by using the beam splitter of Fig. 1, with a collimated
light source, with a Basler A640–750 high-speed camera (500 fps), or,
with a Nikon D90 photo camera (4 MP) sincronized with a strobe light.

The liquid template was a solution of glycerol in water (9 % m/m),
with a small amount of SDS surfactant was added to avoid particle ag-
gregation. Its interfacial tension was 45 Dyn/cm as measured in a
Kruss Tensiometer, Model K8, and its density ρl = 1.03 g/cm3. The par-
ticles were dispersed in this solution to formmixtures with particle vol-

ume fractions Φ ≡
Vpart

Vpart þ Vliq
ranging from 2% to 10%.

We employed monodisperse polystyrene spheres (MicroBeads) of
radius a = 20 μm and density ρp = 1.05 g/cm3. A characterization of
the radius and sphericity of the particles can be found in Fig. 2. In the
Table 1 shows the values of the experimental parameters.

3. Experimental procedure

As explained in Sec. 1, the two main parameters that are known to
control the structure of the patterned beds are quantity of particles
Cylindrical vessel

he

d

ght intensity reflected in the free surface with a fast camera and a collimated light. On the
g a led ring that surrounded the container illuminating inwards and a photo camera with
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Fig. 2. Characterizations of the polystyrene particles used in the experiments. Top:
histogram showing the diameter probability, solid line in top is a gaussian fit. Bottom:
histogram showing the circularity probability.

Table 1
Definition of constants of liquid, particles and vessel.

Experimental parameter Symbol (Unit) Value

Liquid density ρl (g/cm3) 1.03
Liquid absolute viscosity η (Pa. s) 0.001
Liquid kinematic viscosity ν (cm2/s) 0.001
Liquid surface tension τ (Dyn/cm) 45
Particle density ρp (g/cm3) 1.05
Particles radius a (μm) 20
Inner container diameter d (cm) 7.8
Inner container height H (cm) 4.5
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(defined by the target assembly or structure one wants to create) and
the vibration frequency (that imposes a length scale). In experiment
A, the patterned beds where studied varying the mean bed thickness
(the volume fraction Φ of the mixture samples i.e. the total quantity of
particles). Table 2 characterizes the composition of the samples, with
the corresponding mean bed thickness, expressed in mm, and in terms
of the particle radius a. For this experiment, the vibration frequency
was set to 65 Hz and the reduced acceleration Γ (the measured acceler-
ation divided by the gravity acceleration) to 1.03, with a vibration am-
plitude of 0.061 cm. We recall that the vibration amplitude is related

to Γ as A ¼ g Γ

ð2πf Þ2
.

In experiment B, the vibration frequencies and accelerations of
Table 3 were imposed to the container, using sample No 2 of Table 2.
The resulting vibration amplitudes of the container is also listed. The
choice of the vibration parameters is explained in Appendix A.

In all cases, the samples had a volume of 9 ml, with a mixture layer
thickness e of 1.88mm. This value of the thickness provided the clearest
patterns.

The procedure used to obtain patterned beds from themixture sam-
ples for both experiments, depicted in Fig. 3, was the following:

a) The mixtures were prepared in an external reservoir, where they
were homogenized by vigorous stirring (the relatively low values of Φ
made homogenization by stirring efficient). Then, a 9 ml sample was
rapidly transferred to the container. There, the particles settled freely
under the action of gravity.

b) Then the container was vibrated during 30 s at f=65 Hz and Γ=
2.3, attaining a non-stationary chaotic regime, that strongly stirred and
agitated the sample, resuspending the particles into a visibly homoge-
neous mixture. The different regimes are developed in Appendix A.

c) Then vibration was turned off for 240 s to let the particles settle
again [15], obtaining a uniform bed of thickness h. To verify the unifor-
mity of the bed thickness, the radial intensity profiles were compared
with those of layers of milk, with good agreement. This is the initial
state of our experiments.

d) Finally, to generate the bed patterning, vibrationwas set to f=65
Hz and Γ = 1.03, for experiment A, and to the values of Table 2, for
experiment B.

Under these conditions, after approx. 150−200 s, the uniform beds
evolved gradually into a steady-state consisting in an alternation, in
the radial direction, of ridges and troughs, concentric with the center
of the container. These were visualized by the camera as a concentric
succession of lighter (ridges) and darker (troughs) rings, the distance
between two consecutive lighter rings defining a patternwavelengthλp.

In turn, after a short transient of approx. 5 s, the surface waves, as
well concentric, reached a steady-state in which they travelled inwards
from the container walls to its center, presenting a well defined wave-
length λw, that remained unaffected by the presence of particles.

Imaging of both was performed, then, after 400 s (the vibration was
stopped to aquire images of the patterned bed).

The upper half of Fig. 4 shows the steady-state of the patterned bed,
while the lower half shows the surface waves. The characteristic
Table 2
Characteristics of themixture samples used in experimentA: themean bed thickness 〈h〉 is
given inmm, and also in terms of the particle radius a, as 〈h′〉. Note that the free surface is
located at 〈h〉/a∼ 94. The vibration frequency was set to 65 Hz, the reduced acceleration to
1.03, and amplitude 0.061 cm..

Sample. No mp (g) mf (g) Φ 〈h〉 (mm) 〈h′〉 = 〈h〉/a

1 0.189 8.979 2% 0.064 2.14
2 0.378 8.796 4% 0.129 4.96
3 0.567 8.612 6% 0.193 7.65
4 0.756 8.429 8% 0.257 10.02
5 0.945 8.246 10% 0.321 12.76



Table 3
Vibration frequencies, reduced accelerations Γ, and amplitudes A employed in
experiment B.

Frequency f (Hz) Red. Acceleration Γ Amplitude A (cm)

60 1.00 0.069
65 1.03 0.061
80 1.20 0.047
120 1.90 0.033
140 2.40 0.030
200 3.99 0.024
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lengthscale of the patterned bed λp is given by the ridge-to-ridge dis-
tance, while the wavelength of the surface waves (crest-to-crest) is λw.

Alternative tests were performed with the vibration on (f = 65 Hz
and Γ = 1.03) during step c). Notably, steady state particle patterns
achieved with both methods were impossible to distinguish.

Details of the calibration used for mapping local light intensity onto
bed thickness are presented in Appendix B.

As for the structure of the bed, in the absence of vibration a random
loose packing (RLP) configuration is expected for spheres settling in a
liquid [33], with a particle volume fraction Φ approaching a value of
(a) (b)
e

Fig. 3. Scheme of the patterned bed formation procedure. (a) The mixtures were prepared in
(b) and (c) are then performed to obtain a uniform bed. Finally, step d) takes place to generate

�

Fig. 4. Upper half: Patterned bed at steady-state, ridges appear lighter and troughs darker. Low
indicate the inner and outer limits of the ROI, while the characteristic lengthscale of the patte
λw are shown by short vertical bars. For both figures: f = 65 Hz, Γ= 1.03, sample No 2.
0.56–0.58 within the bed. Without considering the surface flow struc-
tures,vibration typicallygeneratesaslightcompactionof thebed [26,31].

4. Results

4.1. Nature of the surface waves and relation with the patterned beds

We analyze first the nature of the waves in the liquid free surface.
Fig. 5 shows a spatiotemporal diagram of the normalized light intensity
reflected by the liquid surface, obtained at approximately eight points
per vibration cycle. Images were acquired at 500 fps. In the diagram,
the time variation of the light intensity is identical in all radial positions,
except for a phase lag, and there is no evidence of the node-antinode
configuration characteristic of standing waves.

In fact, the diagonally oriented stripes (which represent the time
evolution of the fringes in the bottom half of Fig. 4), make it possible
to identify a clear propagation direction: the waves travel inwards
from the containerwall towards its center (this could be also seen by di-
rect inspection in the high speed videos). We deduce then that they are
capillary waves generated by the vertically oscillating meniscus at the
contact point between the wall and the liquid free surface [22]. More-
over, the time variation of the light intensity in any point of the ROI,
(c) (d)

h

an external reservoir, then a 9 ml sample was rapidly transferred to the container. Steps
the patterns.

�

p

w

er half: the waves at the free surface as acquired by the beam-splitter. The white circles
rned bed λp (given by the ridge-to-ridge distance), and wavelength of the surface waves



Fig. 5. Spatiotemporal diagramof the normalized light intensity reflected by the liquid free surface at f=65Hz. The orientation of the diagonal stripes indicate a clear propagation direction
for the waves, that travel inwards from the container wall towards the center. This is for sample No 2, and for a vibration frequency f = 65 Hz. Images were acquired at 500 fps.
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Fig. 6. Solid line: Time variation of the light intensity as measured in a position 24mm away from the container center (from Fig. 5). A sinusoidal fit (dashed line) spanning 40 oscillation
cycles yields a frequency of 65.35 Hz, in good agreement with the vibration frequency f = 65 Hz.
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shown in Fig. 6 for a radial position near the external ROI limit, is well-
fitted by a sinusoidal function, yielding a frequency parameter of 65.35
Hz, in good agreement with the f = 65 Hz of the signal sent to the
shaker, and measured by the accelerometer. This reveals the harmonic
nature of the surface waves.

These results expand those of previous works [11,12,14], that found
that the formation of patterns was due to the particle drift to the nodes
of Faraday subharmonic waves. Regarding the type of waves involved,
the relative weight of capillary to gravity effects, quantified by the
ratio 4π2τ/gρlλw2 , ranges between 8 and 50 in our experiments, implying
a strong prevalence of capillarity.

Fig. 7 shows the wavelength λw of the waves in the free surface, and
the characteristic length λp of the patterned bed (respectively depicted
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Fig. 7.Wavelengthsλw (open squares) of the surfacewaves and λp (solid circles) of the particula
harmonic capillary waves (Eq. (1)). Error bars quantify fluctuations over different radial positi
by the two small vertical bars of Fig. 4) as a function of the vibration fre-
quency f, for experiment B.

The dispersion relation for harmonic capillary waves in an inviscid
fluid, given by Eq. (1), is shown for reference, using f = 65 Hz, τ = 45
Dyn/cm, ρl = 1.03 g/cm3, g = 980 cm/s2, and e = 1.88 cm; a very good
agreement with λw is observed, in agreement with the hypothesis of
meniscus waves. No significant variation of λw was observed when
varying 〈h〉 within the range studied, being determined solely by f.

f ¼
ffiffiffiffiffiffiffiffiffiffi
2πτ
ρlλ

3
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te bed as a function of the vibration frequency f. Solid line shows the dispersion relation for
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On the other hand, λp approaches λw for the lowest frequencies.
4.2. Topography of the patterned bed

Aphotometric technique, developed in Appendix B,was used tomap
the smoothly varying local light intensity onto the local bed thickness.
This made it possible to obtain 3D topographic maps of the
patterned bed.

Taking advantage of the azimuthal simmetry, and, to provide results
in terms of the particle radius a, results are shown as radial profiles of
the dimensionless thickness h′(r′), where h′ = h/a and r′ = r/a.
Fig. 9. Results of experiment A. Ridge-trough heightΔh′, quantifying the amplitude of the thickn
monotonic increase is observed, except for a plateau for 5 b 〈h′〉 b 8. Note that, as 〈h′〉 increase

Fig. 10. Results of experiment B. Radial profiles h′(r′) for different frequencies f. The curves are v
bar at the left indicates Δh′ = 5. From bottom to top: 60 Hz (〈h′〉 = 4.8), 65 Hz (〈h′〉 = 4.7), 8
Fig.8 shows the profiles h′(r′) for experiment A (themean bed thick-
ness 〈h′〉 increases from bottom to top). The profiles present an alterna-
tion of ridges and troughs, the distance between two ridges being λp.

It can be observed that the ridge-trough height Δh′, that quantifies
the amplitude of the bed thickness variation, increases with 〈h′〉, while
λp is independent.

Fig. 9 quantifies this variation, that presents a plateau for 5 b 〈h′〉 b 8,
with the overall trend approximately following a linear behavior.

Regarding experiment B, Fig. 10 shows the profiles h′(r′) for differ-
ent vibration frequencies.
ess variation (or pattern roughness), as a function of 〈h′〉 for the same condition of Fig. 8. A
s, the bed surface gets closer to the liquid free surface. Inset: λp as a function of 〈h′〉.

ertically shifted for clarity, themean value of h′ is indicated as a reference, the short vertical
0 Hz (〈h′〉 = 5.2), 120 Hz (〈h′〉 = 5.4), 140 Hz (〈h′〉 = 4.2) and 200 Hz (〈h′〉 = 5.3).
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As in Fig. 7, it can be seen that λp can be modified by tuning the vi-
bration frequency f, but, this also affects Δh′, that decreases markedly
with f (Fig. 11). As for 〈h′〉, it remains nearly constant.

Note that, in all cases, the patterning of the bed is a smooth corruga-
tion (note the spatial scales in Figs. 9 and 10).

5. Discussion

5.1. Underlying mechanisms

We summarize here some of the findings of the previous sections.

• The surface waves, and in particular, their wavelength λw, were unaf-
fected by the presence of bed particles. We recall that, in our experi-
ments, the bed thickness h was much smaller than the liquid layer
thickness e.

• The characteristic lengthscale of the patterned bed λp approximated
λw rather well, particularly for low frequencies.

• Both the characteristic length of the patterned bed λp, and the ampli-
tude of the bed thickness variation Δh, depended on f, with λp typi-
cally 20 to 60 times larger than Δh. The smooth radial variation of
the bed thickness implied by this ratio is consistent with the hypoth-
esis of the photometric technique (see. Section Appendix B).

The first two findings show that the surface waves create the pat-
terns in the particulate bed.

Having inmind thatmotion of the bedparticles takes placewhen the
destabilizing effect of the applied shear stressΘ ¼ η _γovercomes the sta-
bilizing effect of gravity [34], we discuss our results in terms of the
Shields number, that quantifies the relative weight of these two effects
(Eq. (2)).

Θ ¼ η _γ

ρp−ρl

� �
g 2að Þ

h i ð2Þ

A characteristic velocity for a liquid particle in the free surface can be
estimated as Usurf = A ω/2 [35], where A is the vibration amplitude and
ω = 2 π f the angular frequency. Under the approximation of
linear wave theory, this velocity attenuates downwards by a factor
cosh (kwz) [36], where z is the depth distance of a given point in the liq-
uid to the free surface and kw = 2π/λw. Then, at the bed surface, we

have: Ubed ¼ Aπ f
coshðkw ðe−hhiÞÞ where e − 〈h〉 is the thickness of the

supernatant liquid layer above the bed. Finally, η _γbed ¼ η
Ubed

δ
, where

δ is the Stokes boundary layer thickness δ ¼
ffiffiffiffiffiffiffi
ν
π f

r
[35]. The estimated
Shields number Θ (Eq. (3)) then depends on f3/2, through the shear ve-
locity acting on the bed surface, and through the boundary layer size,
while it depends on themean bed thickness 〈h〉 through the attenuation
factor cosh (kw (e − 〈h〉)).

Θ ¼ A πfð Þ3=2 νð Þ1=2

2 a ½ cosh ðkw e− hh ið Þ� g ρp=ρl−1
h i ð3Þ

Fig. 12 shows the amplitude of the thickness variation Δh′ as a func-
tion of Θ (from Eq. (3)) for all the experiments in the present work. The
straight dotted line denotes the limiting value Δh′ = 1, as Δh′ is ex-
pected to fluctuate of a particle radius as Θ tends to zero (uniform bed).

On the other hand, considering the amplitude of the thickness vari-
ation as a bed roughness, scaling in powers of Θ between 0.5 and 2 has
been reported in the literature [37], which is consistent with our results
(see. Fig. 12).

This suggests that it is the shear stress acting on the bed particles
that controls the magnitude of Δh′, and then, that the influence of f
over λp (through λw) is independent from its influence over Δh′
(through Θ).

The present experimental values of the Shields number are notably
large compared to the existing literature, however we recall that, in
most works, the liquid particle density contrasts are much higher than
the one used in this work (typically ρp/ρl − 1 = 1.7 for a sand-water
mixture, while ρp/ρl − 1 = 0.02 in this work), and particles are greater
than the micrometric ones employed in the present work.
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5.2. Localization efficiency

As stated in Sec. 1, several authors [11,12,14,15] have used the liquid
template technique to localize organic and inorganic particles over a
substrate, creating an assembly. They frequently employed cells of sim-
ilar sizes than our particles (10–100 μm), focusing mainly on biological
aspects that come on the scene once a first assembly is achieved. It be-
comes then of technological interest to evaluate the localization effi-
ciency in our experiments, analyzing its dependence on the quantity
of particles (quantified by 〈h′〉) and on the pattern characteristic
lengthscale λp, as these two parameters control the geometrical struc-
ture of the assembly.

Quantifying the localization efficiency is not straightforward. For ex-
ample, Saylor and Kinard [13], could, in their numerical study, track
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Fig. 15. Results of experiment B. Localization efficiency parameter L as a function of λp for samp
0.25 (lower frequencies). The parameter L increases as λp increases.
individual particle trajectories, and so they used the standard deviation
of the particle final deposition location about an accumulation point as a
localization efficiency parameter. We have preferred to take into ac-
count the fact that the assembly is a patterned bed, retaining a 3D pic-
ture of the bed topography.

Defining the radial position of the higher points of the bed (the
tip of the ridges) as accumulation planes, and the points midway be-
tween two accumulation planes as depletion planes (coincident in
many cases with the bottom of a trough but not necessarily), we
consider as localized the particles that fulfil the two following
conditions:

1) They are closer to an accumulation plane than to a depletion
plane.

2) They are situated above the level of the bottom of the troughs.
0.450.400.350.30
(cm)
le No 2. The curve shows a plateau for higher frequencies, with a marked increase for λp N
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The localization efficiency L is then calculated as the ratio of the vol-
umeoccupied by the bed particles that are localized to the volume occu-
pied by all the particles (the volume under the bed surface). Fig. 13
depicts this definition by showing a cut viewof the bedwith the volume
of localized particles coloured in black, while the volume of non-
localized particles is coloured in grey, for sample No 3, and at f=65 Hz.

Note that the definition of such a parameter L remains arbitrary and
should bemodified if studying different types of patterns. In the follow-
ing, we study the dependence of L on the experimental parameters,
with focus in assembly design.

Fig. 14 shows the variation of L as a function of the dimensionless
mean bed thickness 〈h′〉. Despite the fact that Δh′ increases with 〈h′〉
(Fig. 9), L decreases from a value of 0.3 with it until reaching a plateau.
A localization efficiency that decreases with the quantity of particles in
the system has already been reported in liquid templates: Chen et al.
[14] found that their spheroids aligned themselves in line assemblies,
whosewidth increased as the quantity of particles increased, then yield-
ing a lower localization efficiency. Both results imply that the localiza-
tion of fewer particles is more efficient.

On the other hand, Fig. 15 shows the variation of L with the pattern
lengthscale λp. An increase can be observed for λp0.25, favouring
the choice of larger lengthscales for obtaining better localization
efficiencies.

Previous studies by other authors [30] in dry particle systems
showed a data collapse when the assembly efficiency was plotted as a
function of the vibration velocity amplitude, instead of as a function of
the (more frequently used) vibration acceleration Γ. For dry systems,
the vibration velocity amplitude Vdry is defined in Eq. (4):

Vdry ¼ A 2πfð Þ=
ffiffiffiffiffiffiffiffi
2ag

p ð4Þ

For immersed systems, the velocity amplitude can be expressed as
shown in Eq. (5), where the velocity of a particle falling freely under
gravity

ffiffiffiffiffiffiffiffi
2ag

p
is replaced by the Stokes velocity VSt = 2a2g(ρp − ρl)/

9η. All parameters are defined in Table 1.

Vimmersed ¼ A 2πfð Þ=VSt ð5Þ

Fig. 16 shows the variation of the localization efficiency L as a func-
tion of Vimmersed. A data collapse for different frequencies is not observed,
in contrast with dry granular systems [30].
6. Conclusions

Wehave studied systematically the formation of particulate patterns
in liquid templates.

By visualizing simultaneously the particles bed and the free
liquid surface, we conclude that, in our experimental conditions, the
waves that conform the template are harmonic travelling waves,
complementing previous results that examined subharmonic Faraday
waves as the driver for particle assembly. The waves travel inwards
from the container walls to the center, favouring the hypothesis of cap-
illary waves generated by themeniscus at the boundary [22].Moreover,
a good agreement of the surface wavelength with the capillary disper-
sion relation is found.

It is shown that, by tuning this surface wavelength through the
choice of an appropriate vibration frequency, it is possible to control,
in reasonable degree, the characteristic scale of the patterned bed.
Regarding the underlying mechanisms, by studying the topographic
profiles of the bed, we find that the amplitude of the thickness varia-
tions increases as themean bed thickness increases, and as the vibration
frequency decreases. Both dependences are well accounted for by ex-
pressing results in terms of a Shields number. This suggests that themo-
bility of the particles is due to the existence of an erosive process driven
by the shear stress acting on the bed surface.

To verify that the influence of the vibration frequency over the pat-
tern characteristic length is independent from its influence over the pat-
tern roughness (both are two important constructive parameters in the
assembly design), experiments in which the vibration frequency is var-
iedwhile the Shields number is kept constantmight be performed. For a
given frequency, the patterns became rapidly blurred as the vibration
acceleration values departed from those used in this work, due to global
recirculation currents. This means that this verification constitutes an
experimental challenge, which might be subject of future work.

It is likely that the particle size should also be taken into account, be-
cause the Shields number, that drives particle motion, depends on it. In
this work we've studied a single particle size. In the same direction, the
density contrast between fluid and particles affects the capacity of the
waves to mobilize particles.

In addition, our results show that the localization efficiency depends
both on the quantity of particles and on the pattern characteristic
lengthscale, both dependences should be taken into account during as-
sembly design.

Finally, comparing particle assembly in dry and immersed partic-
ulate systems, the patterns generated by the liquid templates present
some similarity with those found in the dry case (see, for example,
Fig. 6 a) in [2]), but the presence of the liquid template strongly
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modifies the mechanisms of interactions among particles and con-
tainer [38], and the vibration conditions seem to affect both systems
differently [30].

Further studies should address a detailed description and under-
standing of the pattern formation mechanism and dynamics, for exam-
ple by performing PIV (Particle Image Velocimetry) measurements in
different stages of the formation of the patterns.

Nomenclature
a Particles radius (20 μm)
f Vibration frequency (Hz)
A Vibration amplitude (mm)
Γ Reduced acceleration
d Container diameter (7.8 cm)
H Container height (4.5 cm)
ρl Liquid density (1.03 g/cm3)
η Liquid absolute viscosity (0.001 Pa. s)
τ Liquid surface tension (45 Dyn/cm)
ρp Density of the particles (1.05 g/cm3)
Φ Mixture sample volume fraction (%)
ΦRLP Random close packing volume fraction (58%)
V Mixture sample volume (9ml)
Vdry Dry vibration velocity amplitude
Vimmersed Immersed vibration velocity amplitude
e Mixture layer thickness (1.88 mm)
mp Particle mass (g)
mf Liquid mass (g)
h Mean bed thickness (mm)
h′ Dimensionless mean bed thickness (a)
IN Normalized light intensity
λp Characteristic length of the patterned bed (cm)
λw Wavelengths of the free surface waves (cm)
ν Kinematic viscosity of fluid (cm2/s)
Δh′ Ridge-trough height (a)
δ Stokes boundary layer thickness (cm)
ω Angular velocity (rad/s)
Θ Shields number
_γ Shear velocity(1/s)
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Appendix A. Regimes and choice of the vibration frequency and acceleration

A set of preliminary exploratory measurements was performed to determine the working frequency and acceleration for the experiments
by inspecting the particle patterns. Regarding the influence of the acceleration at fixed frequency f, for example, for f = 65 Hz, e = 1.88 mm and
0.1 b Γ b 1.03, the particle patterns were the concentric alternation of ridges and troughs shown in Fig. 4. For 1.04 b Γ b 1.26, the particle patterns
presented complex star-shaped patterned beds with some resuspension (the surface waves also lost the circular simmetry), while for Γ N 2 particles
resuspended and no pattern formation was observed (the surface waves became non-stationary).

On the other hand, for example, when Γwas held constant at a value of 1.03 and f varied, the localization of particles in rings was poorer as f in-
creased from 70 Hz, while recirculation flow begun to distort the rings as f decreased from 60 Hz.

In view of these observations, it became evident that a quantitative characterization of the particle patterns was only possible in situations in
which they kept a concentric annular structure. Because of this, we chose to work, for each frequency, in the maximum value of Γ that maintained
that condition, achieving the clearest particle patterns for each frequency. These are the pair values (f,Γ) presented in Table 3 for experiment B,
and the pair (f = 65 Hz, Γ = 1.03), for experiment A.

Fig. 17. Surface waves (top row) and particle patterns (bottom row) for f= 65 Hz and different ranges of Γ. Left: 0.1− 0.2 b Γ b 1.03. Center: 1.04 b Γ b 1.26 (some particle resuspension
occurred). Right: Γ N 1.3 (the surface waves were non-stationary and significant particle resuspension occurred).
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Appendix B. Calibration curve

To study the topography of the patterned beds, we employed a technique based on monotonic increase of the light intensity captured by
the camera with the local bed thickness. This technique is inspired in that employed in reference [39, 40] and makes use of a calibration
curve constructed over known reference values of uniform bed thicknesses hk, and the corresponding measured light intensity for each pixel
Ik (x,y) in the images, to obtain a map of bed thicknesses h (x,y).

To avoid the influence of any spatial non-uniformity in the illumination, mapping was performed on a pixel by pixel basis, each pixel having its
own calibration curve. Similarly, to avoid the influence of possible time fluctuations in the illumination, intensities were normalized by a reference
value reference zone, located outside the container, in the images.

For a uniform bed, h0k ¼
hk
a

is related to Φk according to:
h0k ¼
e Φk

a ΦRLP
ðA:1Þ

where hk′ is the dimensionless bed thickness, a is the radius of particles, e is themixture layer thickness,Φk is themixture volume fraction andΦRLP ∼
58%, corresponding to a bulk volume fraction of particles slowly settled in a liquid [26,41].

Steps a), b) and c) of section 3 were reproduced to obtain the uniform beds, and then, images of the light intensity were acquired. In order to
achieve a good sampling of hk′ in the range of thicknesses sampled by the patterned beds (taking into account the ridges and troughs), we extended
the range of Φk, using 2%, 4%, 6%, 8%, 10%, 12%, 16%, 20%, 24%.

In our point of view, under the assumption of smooth spatial variation of the bed thickness in the direction perpendicular to the optical axis, the
technique provides acceptable accuracy. In Sec. 4.2 it is shown that this condition is reasonably satisfied. A source of error exists due the fact that vi-
bration (step d) of the formation procedure of thepatterned beds)might increase the bulk volume fraction of the bed. According to the literature [26],
this variation might be of approximately 3%.

Fig. 18. Symbols: Example of the calibration curve relating the measured light intensity IN with the local dimensionless bed thickness h. Right axis is the mixture volume fraction that
corresponds (after settling) to each bed thickness. Solid line: Fit by the expression of Eq. (7) that is used to interpolate the intensities. Horizontal bars indicate themagnitude of the spatial
fluctuation of IN.

Fig. 18 shows the variation of the dimensionless bed thickness
h0k
a

with the normalized light intensity Ik (averaged over the ROI) and a fit by the

analytical expression of Eq. (7), used to interpolate the calibration values.W0;W1;W2;W3 are adjustable coefficients.W0= 0.09± 0.02,W1= 23±
2,W2 = 6 ± 3, W3 = −3.0000 ± 6 e − 5
.

h0 ¼ W1 IN−W0ð Þ exp W2 INð Þ2þW3 INf g ðA:2Þ

The technique yielded a bed thickness map h′(x,y). In view of the circular symmetry of the patterns, an azimuthal average was performed to ob-
tain a radial bed thickness profile h′(r′) for each experiment these are the profile presented in Section 4.2.
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