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Patterning of particulate films using Faraday waves
P. H. Wright and J. R. Saylora)
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~Received 8 April 2003; accepted 11 June 2003!

Faraday waves were used to create a patterned particulate film on the surface of a glass substrate.
The process involves deposition of a thin liquid film on the substrate, where the liquid is comprised
of water and a concentrated suspension of particles. Faraday waves were created on the surface of
the liquid film by subjecting the substrate and film to a vertical oscillation. Because the films are
thin, the standing waves create velocity fluctuations that are not negligible near the substrate surface.
As the particles in the liquid settled to the bottom, the flow field caused by the waves caused
preferential particle deposition organized in a pattern determined by the Faraday wave field.
Subsequent evaporation of the liquid film left a particulate film on the solid substrate that retained
the pattern of the original wave field. We refer to these particulate films as Faraday films. The length
scale of the patterns in these films was on the order of millimeters in the experiments described here.
Use of higher frequency oscillations could permit the formation of Faraday films having smaller
spatial scales. ©2003 American Institute of Physics.@DOI: 10.1063/1.1602936#
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I. INTRODUCTION

When a gas/liquid interface is subjected to a verti
oscillation, a parametric instability occurs that can create
face waves, called Faraday waves.1 These are standing wave
having a wave frequencyf w equal to one-half the driving
frequencyf e . Faraday waves present a basic fluid mechan
problem that has been studied both experimentally
analytically.2–6 Faraday waves are fairly easy to generate
the laboratory and have been used as a platform for the s
of chaotic dynamics.7–10These waves have also been used
study transport phenomena in nonlinear systems.11,12 A re-
view can be found in Miles and Henderson.13

When the Faraday wavelength is small, the restor
force for the wave is predominantly surface tension, a
gravity plays a negligible role. This occurs for wavelengt
l&1.7 cm for water. In this case, Faraday waves are
amples of standing capillary waves and are a useful tool
studying the role that capillary waves play in oceanic tra
port processes as has been done, for example,
MacIntyre,14 Szeri,15 Saylor,16 and Saylor and Handler.17,18

The wavelength of Faraday waves can be determi
using the linear dispersion relationship19

c25F gl

2p
1

s

r S 2p

l D G tanhS 2pH

l D , ~1!

wherec is the phase speed of the wave,s is surface tension
g the gravitational acceleration,l the wavelength,r the liq-
uid density, andH the thickness of the liquid layer. Here
has been assumed that the density of the liquid is m
greater than the density of the air above the liquid. By s
stituting c5l f w in the left hand side, wheref w is the fre-
quency of the Faraday wave, a value forl can be obtained
In the present investigation we deal with capillary wav
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exclusively, and so the surface tension term in Eq.~1! domi-
nates the gravitational term which is dropped giving

c25
s

r S 2p

l D tanhS 2pH

l D . ~2!

In typical studies of Faraday waves, the liquid layer is ma
to be deep when compared to the wavelength. In such c
the approximation tanh(2pH/l);1 is used. In the presen
study we consider thin liquid films where the liquid depth
comparable to or smaller than the wavelength. Hence
value of 2pH/l becomes small and tanh(2pH/l); 2pH/l.
Using this approximation, Eq.~2! becomes

c25
s

r S 2p

l D 2

H. ~3!

This is the shallow limit of the linear dispersion relationsh
for capillary waves.

A plot of the wavelengthl versus the wave frequencyf w

is presented in Fig. 1. This plot was obtained using Eq.~3!.
Water was used as the liquid in this calculation. Values u
for the relevant fluid properties werer51000 kg/m3 and
surface tensions50.0718 N/m. Again, note that the Fara
day wave frequencyf w is half the driving frequency. Hence
if the liquid film is vibrated at a frequency of 200 Hz, th
wave frequency will be 100 Hz and, according to Fig. 1, t
wavelength will be;4 mm.

Investigations of Faraday waves have been predo
nantly for the deep water case. However, recent work
Faraday waves for the shallow case has revealed that
parametric instability may transition from the usual subh
monic wave to a harmonic one.20,21 In this situation, mode
competition is also different from the deep water case, fav
ing a hexagonal, rather than a square pattern as the w
transition to a harmonic state.20–22

Regardless of the mechanism which causes Fara
waves, or of whether the waves are created by a harmon
il:
3 © 2003 American Institute of Physics
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FIG. 1. Plot of wavelength vs wave frequency obtain
from the linear dispersion relationship for the shallo
limit of capillary waves. Liquid depth was set to 1 mm
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subharmonic parametric instability, the resulting waves
standing waves~for sufficiently small forcing amplitude!.
Faraday waves on thin liquid layers differ from their de
layer counterparts in that the wave motion results in sign
cant fluid flow in the region near the bottom. This crea
oscillating boundary layers which are used in the pres
work to enable control of particulate deposition on the s
face of the substrate.

The second-order potential flow solution for the veloc
field (u,v) and surface profileh of finite depth standing
waves, developed by Miche23 is

u~x,y!52hb
cosh@a~H2y!#

sinh~aH!
cos~ax!cos~bt!

1
3

2

h2ab

sinh4~aH!
cosh@2a~H2y!#

3sin~2ax!sin~2bt!, ~4!
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v~x,y!522hb
sinh@a~H2y!#

sinh~aH!
sin~ax!cos~bt!

1
3

2

h2ab

sinh4~aH!
sinh@2a~H2y!#

3cos~2ax!sin~2bt!, ~5!

and

h~x!522h sin~ax!sin~bt!12h2a coth~aH!cos~2ax!

•Fsin2~bt!2
3 cos~2bt!1tanh2~aH!

4 sinh2~aH! G , ~6!

whereH is the thickness of the liquid layer, 2h is the wave
amplitude,x is the lateral dimension,a52p/l, l is the
wavelength,b52p/t, t is the wave period, andy52z is
the distance from the flat surface into the fluid (y is positive
in the downward direction!.
g
ue
FIG. 2. Velocity field and wave profile for a standin
wave using the second-order potential flow solution d
to Miche ~see Ref. 23!.
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FIG. 3. Same as for Fig. 2, but 180° out of phase
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The velocity fields and wave profiles obtained from Eq
~4!–~6! are presented in Figs. 2 and 3 for two instants in ti
separated by 180° in phase. These fields were obtained
the conditionsH50.5l andh50.05l. These figures revea
the characteristic asymmetry in the wave profile; it is flat
in shape for the trough, and sharper in shape at the peak.
velocity fields reveal nonzero velocities at the solid substr
a consequence of the inviscid solution. Although this no
zero velocity on the floor is nonphysical, the fact that the
velocities are significant indicates that the boundary lay
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which form at the bottom of these shallow waves will b
robust.

Lin, Jeng, and Jeng24 explored the boundary layer
formed beneath standing waves in shallow liquid layers a
developed a solution for theu-direction velocity field in
these boundary layers. This solution permits the analysi
transport of particles that have fallen close to the solid s
face. Based on the second-order inviscid solution due
Miche23 and using the work of Noda,25 Lin developed the
following equation foru in the boundary layer:
u

udm
52sin~ax!Fcos~bt!2e2z/d cosS bt2

z

d D G1
4h

L H 23p cos~2ax!

8 sinh3~aH! Fsin~2bt!2e2&z/d sinS 2bt2&
z

d D G
1

p sin~2ax!

4 sinh~aH!
sin~2bt!•Fe2&z/d cosS& z

d D2e2z/d cosS z

d D1
&z

d
e2z/d sinS z

d
1

p

4 D G1
p sin~2ax!

4 sinh~aH!
cos~2bt!

•F2e2&z/d sinS& z

d D1e2z/d sinS z

d D1
&z

d
e2z/d cosS z

d
1

p

4 D G1
p sin~2ax!

8 sinh~aH! F231e22z/d18e2z/d sinS z

d D
12e2z/d cosS z

d D22&
z

d
e2z/d cosS z

d
1

p

4 D G J . ~7!
y
h
les

he

ree
Hereudm is the maximum velocity~the velocity outside the
boundary layer!

udm5
2bh

sinh~aH!
, ~8!

d is the Stokes characteristic length

d5A2n

b
, ~9!
n is the kinematic viscosity, andz is the distance from the
bottom boundary@note the sense ofz is opposite that used in
Eqs.~4!–~6!#. Equation~7! provides the oscillating boundar
layer profile (u versusz) at different lateral points beneat
the wave. Plots of these oscillating boundary layer profi
are presented in Figs. 4 and 5 atx5l/8 andx5l/2, respec-
tively. In each figure, 40 velocity profiles are plotted over t
course of a single wave period~only 20 are visible in Fig. 5
due to overlapping of the profiles during the wave periodt!.
An important characteristic of these plots is that the deg
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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FIG. 4. Profiles ofu as a function ofz in the boundary
layer for x5l/8, obtained from Eq.~7!. Forty profiles
are presented, evenly spaced over a single wave per
Profiles obtained for the case ofH50.5l and h
50.05l.
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of symmetry of the velocity profile with respect to time
different at these twox locations. Figure 5 indicates a ver
symmetric set of velocity profiles atx5l/2. Hence, over the
course of a single wave period the net flux of fluid is zero
this x location. However, the velocity profiles presented
Fig. 4 reveal an asymmetry about the vertical line. This c
be seen especially at the extreme right and left hand side
this figure where the peak velocities are different in the po
tive and negative directions. A consequence of this is a
flow in the negative direction for this particularx location. In
Fig. 6 the net flow is plotted for a range ofx locations span-
ning a single wavelength. The net flow values plotted in t
figure were obtained by integrating the velocity profile
eachx over az domain from 0 to 10d and integrating over a
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time domain consisting of one period in the wave cycle.
unit depth into the plane of the page is assumed.

Figure 6 shows that the net flow achieves a maxim
negative value atx5l/8 and 5l/8 and a maximum positive
value atx53l/8 and 7l/8. In such a situation, any sedime
located in this boundary layer region would tend to be sw
to locations where two conditions are met:~i! the net flow is
zero, and~ii ! a positive net flow exists to the left, and
negative net flow to the right. These conditions are satis
at x50,l/2,l,3l/2 . . . , which is the locus of accumulation
points in the boundary layer. This accumulation behavio
not observed in thick liquid layers due to the dramatic d
crease in boundary layer velocity with increasing liqu
depth. For example, by increasing the liquid layer fromH
iod.
FIG. 5. Profiles ofu as a function ofz in the boundary
layer for x5l/2, obtained from Eq.~7!. Forty profiles
are presented, evenly spaced over a single wave per
Profiles obtained for the case ofH50.5l and h
50.05l.
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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FIG. 6. Net fluid flow in mm3 occurring over a portion
of the boundary layer from 0,z,10d over a complete
wave period, plotted againstx ranging over one wave-
length.H50.5l andh50.05l.
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50.5l to H510l, the magnitude of the peak velocities
Fig. 4 is decreased by a factor 1022, essentially eliminating
this effect.

To demonstrate the ability of these wave induced os
lating boundary layers to cause particle accumulation at
specific locations indicated above, a simulation of parti
transport was performed. Particles located in a grid j
above the boundary layer were allowed to settle while be
convected according to Eq.~7! which was numerically inte-
grated using a time step equal tot/2560. The initial particle
locations are seen in the uppermost frame of Fig. 7. The
frames below this show the particle locations after 200 a
400 wave cycles. The particles are seen to accumulate a
expected locations as they fall downward. The particle
speed was adjusted so that all particles reached the bo
boundary before 400 wave cycles elapsed. The particles w
convected at the exact local fluid velocity. Greater parti
accumulation is observed as the fall speed decreases.

The characteristic of standing waves described abo
where shallow thin films subjected to a standing wave fi
create oscillating boundary layers, was seen to be a us
method for controlling the deposition of particles. The acc
mulation points at specific nodes on the floor in the abo
simulations suggest that Faraday waves can be used to c
rectilinear particulate patterns of controllable length sca
Such particulate patterns might be useful for a variety
applications in materials science, as well as in biomed
applications. Experiments designed to prove the feasibility
this particle deposition mechanism are now described.

II. EXPERIMENTAL METHOD

The experimental apparatus used to generate Far
waves consisted of an audio amplifier driven by a funct
generator~Simpson 420!. The output from the amplifier wa
used to drive a 6W speaker. A glass microscope slide
covered with a thin film of the particulate/liquid mixture, an
mounted in the center of the speaker cone. A small pla
Downloaded 05 Sep 2003 to 130.127.220.85. Redistribution subject to 
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platform was glued onto the speaker cone to facilitate th
Four, 2 in. alligator clips were used to fix the microsco
slide in place. A top view of the experimental apparatus
presented in Fig. 8.

The particulate/liquid mixture consisted of a comme
cially available, powdered talc mixed with doubly de-ionize
water. Before use, the talc was mixed with isopropyl alco
to dissolve fragrances and other organic compounds in
talc. After thoroughly mixing the talc and isopropyl alcoh
in a beaker, the talc was allowed to settle to the bottom
the alcohol was then decanted. When as much of the iso
pyl alcohol had been decanted as possible, the remainder
allowed to evaporate. The dried talc was then used to cr
the talc/water mixture.

The substrate upon which the talc/water mixture w
placed consisted of a microscope slide. A 22 mm322 mm
glass cover slip~VWR!, was glued on top of the microscop
slide to provide a slightly elevated platform on which
deposit the liquid film. This 22 mm322 mm region is the
square region seen in the center of Fig. 8. When the t
water mixture was deposited on the cover slip, the advanc
meniscus would stop at the edge of the cover slip, creatin
square, reproducible film.

The talc/water mixture was deposited using a dropp
The solution was vigorously mixed prior to deposition
that the talc was uniformly distributed in the water. The m
ture was deposited onto the glass cover slip until the en
cover slip was covered with a liquid film. After initial depo
sition, the liquid film was typically too thick in that it ex
ceeded the Faraday wavelengthl. To thin the film, excess
moisture was wicked away by applying a laboratory tiss
~Kimberly-Clark! to the edge of the film. Liquid was wicked
away until the film thickness was smaller than or compara
to l.

Once the talc/water film was properly established on
microscope slide a Faraday wave field was established on
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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FIG. 7. Location of particles transported by the oscillating boundary la
as defined in Eq.~7!. Uppermost frame shows the initial particle location
The remaining two frames show the particle locations after 200 and
wave cycles. The fall velocity of the particles was set to a value ov
5(4.3d)/(400t). The relevant wave parameters areH50.5l and h
50.05l.
Downloaded 05 Sep 2003 to 130.127.220.85. Redistribution subject to 
liquid surface by setting the frequency of the function ge
erator, and then increasing the amplitude of the forcing us
the audio amplifier until a wave field was observed. Due
hysteresis in forcing amplitude, the onset of Faraday wa
usually occurred in the chaotic regime, and the stand
wave field was observed to wander and acted only to mix
particles in the thin liquid film. To create a fixed standin
wave field, the amplitude was slowly reduced until the fie
became stationary, with a pattern of nodes and anti-no
observed in a rectilinear array oriented with the edges of
glass cover slip. The wave field was maintained until a p
tern in the talc was observed to form on the bottom~the
surface of the cover slip!. The amplifier was then turned of
and the film allowed to dry. For a typical film, particula
patterns were observed a few seconds after a stable Far
wave field was formed. The drying time was typically arou
8 h. The evaporation process did not seem to significa
change the observed particulate pattern.

A process of trial and error was used to determine
talc concentration that produced the best patterns. Tab
shows the particulate concentrations in mg of talc per m
water used at each excitation frequency.

III. RESULTS

Digital photographs of the resulting films are presen
in Figs. 9–13. Each frame contains the complete 22 m
322 mm extent of the glass cover slip. The wave patt
seen in these particulate Faraday films is very similar to t
observed on the liquid surface when the Faraday waves w
present.

The coherence of these wave patterns varies. At lo
frequencies, the wavelengths are larger. This is helpful in
sense that the number of wave modes which can be acc

r

0

FIG. 8. Top view of experimental apparatus.

TABLE I. Parameter space for experiments.

f e ~Hz! Concentration~mg/ml! Corresponding figure

150 15 9
200 7.5 10
275 7.5 11
300 6 12
350 7.5 13
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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FIG. 9. Image of Faraday film created using an excitation frequency
150 Hz.

FIG. 10. Image of Faraday film created using an excitation frequenc
200 Hz.

FIG. 11. Image of Faraday film created using an excitation frequenc
275 Hz.
Downloaded 05 Sep 2003 to 130.127.220.85. Redistribution subject to 
modated on the expanse of the microscope slide is sm
Hence there is less mode competition and the wave pat
appears more rectilinear in shape. As the frequency incre
and the wavelength decreases in size, mode competition
creases and the wave field is not as coherent. Although
attempted in this work, this effect can be eliminated by
ducing the spatial extent of the film as the frequency is
creased. Here, the spatial extent of the film was kept cons
to make simple comparison of the different films.

In each of the images it can be seen that the edges o
particulate film do not coincide with the edges of the cov
slip. This effect is not due to incomplete coverage of t
cover slip by the liquid film. Rather, upon initiation of th
Faraday wave field, the meniscus was observed to pull a
from the edge of the cover slip. The reason for this is n
clear, but it is the cause of the somewhat rounded edge
these Faraday films.

IV. DISCUSSION

The wavelengths of the patterns in the Faraday fil
presented in Figs. 9–13 are listed in Table II. The fi

f

f

f

FIG. 12. Image of Faraday film created using an excitation frequency
300 Hz.

FIG. 13. Image of Faraday film created using an excitation frequency
350 Hz.
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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column of this table is the excitation frequencyf e , the sec-
ond is the wave frequencyf w , which is f e/2. The third col-
umn is the measured wavelength of the particulate pat
lm , and the fourth column is the wavelength predicted
Eq. ~3!, lp . Note that according to Fig. 6 and the discuss
presented in Sec. I, the distance between two accumula
points isl/2. Hence, the value oflm in Table II is twice the
distance between two regions where significant particu
accumulation is observed in the relevant figures.

There are significant discrepancies betweenlm andlp .
Exactly why this is the case is not clear. As noted in t
Introduction, prior researchers noted a switch from a sub
monic instability to a harmonic instability when the liqu
layer gets sufficiently thin. If this occurs, thenf w5 f e instead
of f w5 f e/2 as was assumed here, and the observed w
lengths would be smaller than predicted. This is in fact
case for f e52752350 Hz, however for the other frequen
cieslm is greater thanlp . It may be the case that a trans
tion to a harmonic instability occurred for the three high
frequencies, but not for the lower frequencies. Why there
such large deviations above the expected wavelengths fo
low frequency cases is unclear. It is noted that the larg

TABLE II. Comparison of measured wavelengths and expected wavelen

f e ~Hz! f w ~Hz! lm ~mm! lp ~mm!

150 75 8.0 4.7
200 100 4.4 4.1
275 138 3.2 3.5
300 150 2.8 3.35
350 175 2.0 3.1
Downloaded 05 Sep 2003 to 130.127.220.85. Redistribution subject to 
rn
y

on

te

e
r-

e-
e

t
re
he
st

deviation oflm from lp occurs for the largest wavelength.
is possible that for this case, where only about three wa
lengths fit onto the cover slip, that edge effects cause so
distortion of the wave field. This is especially possible due
the pulling-in of the meniscus which occurred during Fa
day wave initiation.
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