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Ejection of ferrofluid grains using nonlinear acoustic impulses—
A particle dynamical study

Surajit Sen,a) Marian Manciu,b) and Felicia S. Manciu
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State University of New York at Buffalo, Buffalo, New York 14260

~Received 11 March 1999; accepted for publication 14 July 1999!

We consider a model dilute ferrofluid with the grains suspended in water~e.g.,g-Fe2O3! and subject
the system to a strong, homogeneous magnetic field directed perpendicular to the surface such that
there is chain formation along the field direction. We show that an appropriate impulse initiated at
the base of the container might travel as a nondispersive soliton pulse with sufficient energy to
overcome surface tension and eject the ferrofluid grain nearest to the liquid–air interface. The
proposed mechanism, if successfully realized in the laboratory, could help design a nozzle-free,
ink-jet printer of unparalleled resolution. ©1999 American Institute of Physics.
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Ferrofluids are colloidal systems that are composed
single-domain magnetic particles, which are usually coa
with a dispersant molecular layer and are suspended
nonmagnetic solvent.1 Ferrofluid grains are, typically,;10
nm in diameter. The present work is applicable to dilu
ferrofluids in which ferrofluid grains can be approximated
elastic objects.2

Certain ferrofluid grains, such asg-Fe2O3 ferrofluid
grains which are;8.5 nm in diameter, contain magnet
moments of about 23104 mB .3 When the ferrofluid grains
can be suspended in water or oil and the system is subje
to a strong, homogeneous magnetic fieldB that is directed
perpendicular to the ferrofluid surface, the ferrofluid gra
tend to align in vertical chains. It turns out thatg-Fe2O3

ferrofluid grains can be suspended in water and one
make a stable ferrofluid.3 Since water can be colored usin
dyes,g-Fe2O3 ferrofluid and similar systems can potential
be used as inks. If one can design an ink-jet printer in wh
the sizes of the ink droplets are dictated by the sizes of
ferrofluid grains rather than by the nozzle diameters that
evitably limit the resolution of ink-jet printers, it may be
come possible to design ink-jet printers of unparalleled re
lution. Such printers have the potential to be significan
faster than existing laser-jet printers and may be used
applications such as making small imprints to legitimi
financial/commercial transactions and high-denominat
currency bills to prevent counterfeiting.

The key obstacle to making a high-resolution ferroflu
printer lies in our inability to extract ferrofluid grains from
the surface of a ferrofluid. No matter how strong theB field
is and what its time dependence may be, it is not possibl
extract ferrofluid grains from a ferrofluid.4 In every case, it
turns out that the droplets that one can extract are ma
scopic in size. The field can be used to position the vert
chains of ferrofluid grains in the liquid~see Fig. 1!. Thus, it
is inconvenient and perhaps undesirable to use a ti
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varying field for extracting ferrofluid grains from a ferro
luid.

In this letter, we show via particle dynamical simul
tions that it is possible to preferentially evaporate ferroflu
grains aligned in chains from a dilute ferrofluid subjected
a uniform B field using nonlinear acoustic pulses.5–12

Magnetic particles interact with each other via dipo
interactions V(r i j )52S imi•B1S i . j (Ui j

dd1Ui j
nm), where

Ui j
dd52(m0

2/r i j
3 )@mi•mj23(mi•r i j )(mj•r i j )#, and Ui j

nm

5e@exp(2@rij2d#/h2exp(2@rij2d#/2h)#.13,14 We define,
r i j [ur i2r j u above, the first term on the right side of th
expression forV(r i j ) describes the fact that the magne
momentsmi5m0mi ~where mi and r i j denote appropriate
unit vectors! of the ferrofluid grains tend to align along th
field direction to minimize the potential energy of the sy
tem. The second term,Ui j

dd describes the interaction betwee

FIG. 1. Schematic showing chains of ferrofluid grains in a ferrofluid. T
chains are aligned as dictated by the shape of theB field. The striker plate
shown at the bottom generates the impulse.
9 © 1999 American Institute of Physics
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two ferrofluid grains or dipoles in the ferrofluid system. T
termUi j

nm describes the nonmagnetic interaction between
ferrofluid grains due to a soft-core repulsion at very sh
distances and a weak short-range attraction. We defind
52R, whereR is the ferrofluid grains radius. In addition,
and when the ferrofluid grains touch one another, as can
the case when a strong, homogeneousB field is applied to
the system, it is likely that there would be a repulsive for
that would come into play. If the ferrofluid grains can b
regarded as elastic objects, this force would be Hertzia15

with the potential as described below:

V~d i ,i 11!5~2/5D !~R/2!0.5d i ,i 11
5/2 [ad i ,i 11

5/2 ,
~1!

d i ,i 115d2~r i2r i 11!,

where D5(3/2)@(12s2)/Y# and Y and s refer to the
Young’s modulus and the Poisson’s ratio of the material t
make up the ferrofluid grains.

The typical numbers used are as follows:d51028 m,
ferrofluid grain mass52.72310221kg, m052.13104 mB the
Bohr magneton. The energy of the dipolar interactions
tween the neighboring ferrofluid grains separated byd is
given by m0

2/d3'7.50310218J. We choose h52.5
310210m ande51.28310221J.13,14 In Eq. ~1!, we takeY
51.031011N m23/2 ands50 ~the precise values ofY ands
are unknown for most ferrofluid grains!. An additional quan-
tity of interest is the surface tension of water, which
'7.331022 N/m. Gravity plays a negligible role, bein
about 2.67310220N on each ferrofluid grain compared t
the dipolar force'2.28310212N. For ejecting ferrofluid
grains through the water–air interface one must overcom
surface force of about 2.2931029 N. The Hertzian forces are
'1028 N, and hence, dominate the dipolar forces.

At strong, vertical, homogeneousB fields ~;200 G or
231022 T!, ferrofluid grains align in chains. The chains a
vertical stackings of the ferrofluid grains with extremities
the base of the ferrofluid and at the water–air interface~see
Fig. 1!.16 The nonmagnetic force can be ignored in dilu
ferrofluids. The ferrofluid grains, which are dipoles, can
thought of as touching one another. We ignore thermal
fects at strong magnetic fields.

We now address the problem of ejection of a ferroflu
grain by sending a nonlinear acoustic pulse from the bot
of the container to the surface of the liquid in the contain
i.e., vertically upward along the direction of the appliedB
field. We contend that for appropriate magnitude of the i
tial impulse it is possible, to eject one ferrofluid grain fro
the surface into the air. We model a dilute ferrofluid in whi
the system has a large number of vertical ferrofluid gr
chains~of about 500 ferrofluid grains! with extremities at the
base of the ferrofluid container and at the surface of
ferrofluid. We focus on one of these chains~Fig. 1!.

We note that the dipolar attraction between two adjac
ferrofluid grains in a vertical chain is}1/r 4. The net effect
of these forces is to allow the ferrofluid grains to touch o
another. Gravitational force being negligible, the ferroflu
chains are not loaded. Thus, the centers of each particle
apart byd.

If an impulse is initiated at the bottom of the contain
~Fig. 1!, we can state thatr i(t) describes the displacement
each grain. We consider the Hertzian forces that come
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play during pulse propagation and probe whether an impu
traveling along a chain can help overcome surface tens
and eject at least one ferrofluid grain outside the liquid.

In equilibrium, there is no surface force on the top gra
When the top grain tends to move above the liquid surfa
we assume that the force increases linearly with displa
ment from the equilibrium position, with the maximum valu
of the force being given by 2pRg, g being the surface ten
sion, which is the maximum static surface force that can
experienced by the macroscopic ferrofluid grain. We assu
also that the ‘‘extraction work’’ which is required in order t
remove one ferrofluid grain from the fluid ispR2g. Since
the work done by the surface force should equal the ext
tion work, we can calculate an ‘‘escape distance.’’ If t
displacement of the ferrofluid grain exceeds this distance,
surface force becomes zero and the ferrofluid grain
‘‘free.’’ If the first ferrofluid grain escapes, the surface forc
is applied to the second ferrofluid grain and then one m
determine whether the second ferrofluid grain posses
enough energy to escape, and so on.

The equation of motion of a spherical ferrofluid grain,
a chain of spherical grains in contact, labeledi at locationr i

and moving with accelerationd2r i /dt2, can be written as

md2r i /dt25k@~d2D02r i1r i 21!3/2

2~d2D02r i 111r i !
3/2#, ~2!

wherek55a/2. The quantityD0 gives the distance of closes
approach between the grains in the absence of the pulse
is a parameter that describes the ‘‘loading’’ of the chain a
is vanishingly small in this problem. The grain compressi
due to an impulse in this regime far exceeds the initial lo
ing of the chain. As a result, an impulse imparted to an e
grain travels along the chain as a perfect soliton.5–12 In
studying our problem, we are interested in the latter regim

We solve Eq. ~2! numerically using the Gea
algorithm.17 The initial conditions are as follows
dr1 /dtu t505v initm/s, dri /dtu t5050 for i .1 where i 51
defines the grain that is nearest to the striker plate in Fig
The soliton propagates from the bottom of the chain to
surface grain at the water–air interface at fixed velocityc.
For ferrofluid grains of diameter 1028 m, we find thatv init

>67 m/s for the surface grain to eject. Our calculations s
gest that such initial velocities lead to forces that result
grain compressions of about 5%. The normalized velocity
ferofluid grains as a soliton passes through them is show
Fig. 2 where the center of the soliton is placed at grain nu
ber 0, i.e., the kinetic energy of the soliton is concentra
within the central grain. The adjacent grains, while a part
the traveling soliton, carry a very small fraction of the tot
kinetic energy carried by the soliton.

Solitons are strongly nonlinear objects, and hence, th
velocities are related to their amplitudes. Our simulatio
show that the soliton velocityc}A1/4, whereA is the ampli-
tude of the displacement of a grain as a~primary or second-
ary! soliton passes through it.10–12 Since no realistic system
is ideal, it is important to account for dissipative effects. A
important dissipative effect arises due to restitution ass
ated with differences in the intergrain force as the gra
compress ~load! or decompress~unload!. We define w
5Funloading/F loading,1 if restitution is present. We find tha
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the net effect of restitution is to introduce exponential dec
of the amplitude of the propagating soliton without affecti
its width.10–12Thus, given restitution, one can infer the ma
nitude ofv init required to eject a ferrofluid grain through th
water–air interface.

Figure 3 describes the displacement of thesurface grain
as a function of time for various magnitudes ofv init . The
data show that the surface grain is able to overcome
effect of surface tension for sufficiently strongv init generated
at the bottom of the ferrofluid. It is interesting to observe th
when the surface particle is able to free itself from the f
rofluid, the second particle from the surface cannot do
same~Fig. 3!. An impulse that is some 50 times larger
needed to successfully eject the second particle. This re
can be understood by referring to Fig. 2, which shows t
while the spatial extent of the soliton is about 5 ferroflu
grains, most of its kinetic energy is confined to a single f
rofluid grain at the center of the 5 grain package.

We next ask whether significantly smallerv inits would
suffice to eject ferrofluid grains of larger diameter. Consid
a ferrofluid grain of radiusR0 and let us scale up its radiu
by s (s.1) such that the new radius isR5sR0 . The initial
massm0 becomesm5s3m0 and according to Eq.~1!, a
5(s)0.5a0 . The magnetic forceFm5s2Fm0 , the gravita-
tional force Ferrofluid grain5s3 Ferrofluid grain0 and the
maximum surface force becomesFs5sFs0 . Thus, the es-
cape distance to be traveled to overcome the surface ten
scales asDesc5sDesc0. Since escape of the ferrofluid gra
from the liquid requires the input kinetic energy to equal t
energy associated with surface tension (Es), one can write,
mv init

2 /25Es . This equation implies that the newv init-new

5v init /(s)0.5. Our study confirms this result via direct pa

FIG. 2. Plot of normalized velocity of grains vs grain location as a soli
passes through the grains. The grains are numbered with the origin fix
the center of the soliton. The maximum grain velocity depends uponv init .
We have chosen to represent the data in such a way that the maxi
velocity of the grains is 1/2, which is due to a total initial displacement
the perturbed edge grain of unity.
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ticle dynamical calculations of impulse propagation throu
a chain. The results establish that increasing the diamete
the ferrofluid grains helps in reducing the magnitude of
initial impact without making a major sacrifice in the dropl
size.
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FIG. 3. Upper panel: plot of displacement of ferrofluid grains of diameter
nm at the surface of a ferrofluid forv init525.700 m/s~for the case where
displacement starts late!, 33.441 m/s~for the case where displacement star
earlier but there is no escape!, 33.443 m/s~barely escapes!, and 33.700 m/s
~escape!. Lower panel: same as the upper panel for the ferrofluid gr
second from the surface. Thev init values in the same order as above a
1500.0, 2304.0, 2305.16, and 2330.0 m/s.
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