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Particle assembly from fluids
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Advances in the technology of microfluidics should make it possible to assemble complex structures out of
individual particles.
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Microfluidic technologies, which refers to a wide class
of methods for controlling fluid flows at the scale of a
few hundred microns and smaller, are leading to new
approaches for addressing biophysical and biochemical
problems at the scale of individual cells and innovative
uses of droplets, bubbles, and small particles. Most ap-
plications for microfluidics are focused on channeling
or screening miniscule amounts of liquid and whatever
chemicals or particles are carried within it. But, the same
technology that allows us to control liquids on the mi-
cron scale can be helpful in the assembly of complex
objects out of smaller components. This is the idea be-
hind a proposal for a microfluidic assembly device that
Tobias Schneider, Shreyas Mandre, and Michael Bren-
ner at Harvard University present in a paper appearing
in Physical Review Letters [1]. They propose basic prin-
ciples, supported by numerical simulations, for using
fluid motion to control the trajectories of individual par-
ticles so as to assemble the particles into more compli-
cated aggregates.

One route to organizing complex structures out of
micron-scale particles is to specially design each compo-
nent to recognize its mate (or mates) through selective
interactions and assemble them piece by piece. For ex-
ample, particles floating at a liquid-air interface can self-
assemble due to capillary forces (a “capillary bond”).
Here, the discrete control comes from spatially pattern-
ing different wettabilities over the surface of the par-
ticles [2]. Alternatively, thermal fluctuations can pro-
mote the binding of colloid particles containing “pro-
grammed” DNA strands [3] or the interlocking of ap-
propriately shaped “lock-and-key” colloids [4]. Finally,
small numbers of particles in close proximity can be ma-
nipulated with electric fields [5] and laser tweezers [6].

In their work Schneider et al. explore the possibil-
ity of using the force of moving fluid to bring two or
many particles together into a static configuration. They

FIG. 1: Flow-driven assembly, one particle at a time, forms
distinct letters. (Credit: Schneider et al. [1])

consider a flat chamber— somewhat like a closed petri
dish—into or out of which fluid can flow through evenly
spaced inlets along the rim (Fig. 1). The flow rates of the
inlets can be independently controlled.

Particles introduced at the various inlets are then ma-
nipulated by the flow, and when the particles get close
together, the authors assume they are irreversibly bound
together, as can be achieved by chemical means. With
this simple model in mind, Schneider et al. ask: How
many flow rates are needed to manipulate N particles?

By design, the team focuses their attention on mi-
crofluidic configurations where inertial effects are typ-
ically small. This “low Reynolds number” approxima-
tion is central to their mathematical characterization of
the fluid dynamics. The fluid motion in this limit de-
pends linearly on all of the “knobs” available for gener-
ating and manipulating the flow through the inlets. In
this picture, if there are no external forces on the indi-
vidual particles, they tend to move with the local fluid
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velocity, which in turn can be regulated by the flow rates
specified at various entrances to and exits from the mi-
crofluidic device.

Suppose the goal is to organize N particles by manip-
ulating all of them simultaneously. In one algorithm the
particle trajectories can be assumed as given and it is
necessary to solve for the flow rates at each inlet that
make specified particle trajectories possible. Schneider
et al. find that this approach, while feasible for a few par-
ticles, cannot manipulate a large number of particles.

Instead, they propose a sequential algorithm where
the particles are assembled one at a time into a larger or-
ganized aggregate. To understand how a finite number
of controls (i.e., the flow rates at the boundary inlets),
in principle, allow a sequential algorithm for assembly,
consider the two-dimensional case. To control the posi-
tion of the large aggregate requires specifying two coor-
dinates, i.e., this step corresponds to two degrees of free-
dom. The location of the free particle to be added to the
aggregate also requires two degrees of freedom. Control
of the aggregate in order to properly locate the free parti-
cle at a specified position around the periphery requires
creating a stagnation point in the flow about the aggre-
gate (technically, this step requires a velocity field that
varies linearly with position measured about the aggre-
gate), which involves the orientation of the flow and its
magnitude, i.e., there are two more degrees of freedom.
Finally, the system must conserve the fluid volume so
the controlled flow rates must add to zero. Thus, there
are seven degrees of freedom and consequently seven
inlets or flow rates are required. The same arguments
applied to the three-dimensional case suggest that 11
different flow rates are required to sequentially struc-
ture an aggregate.

What kinds of two-dimensional assemblies might be
possible with a fluidic manipulator like this? As one ex-
ample among many possibilities, Schneider et al. give
an instructional demonstration where letters of the al-
phabet are organized by manipulating independent par-
ticles and assembling them into recognizable shapes. In
this way, they show their sequential algorithm can orga-
nize letters such as I, B, and M (Fig. 1). Consequently,
they suggest that in two dimensions these ideas should
allow the construction of arbitrarily shaped aggregates.

The authors recognize that there may be limitations
to this approach, and some of the limitations may prove
daunting. For example, for micron dimension parti-
cles (or smaller) Brownian motion is important and such
thermal noise may prove to be a significant barrier if the

trajectories of the particles are highly sensitive. The lat-
ter is possible since it is well known that coupled non-
linear ordinary differential equations, such as those that
describe the particle dynamics in these systems, can be
chaotic, meaning they are sensitive to small perturba-
tions. Moreover, the Harvard group’s model is based on
a set of assumptions, each of which neglect certain phys-
ical effects, some of which are known to have systematic
influences on particle motion in microfluidic systems.
As but one example, small inertial effects can lead to
positioning of small particles due to drift across stream-
lines [7]. Finally, in these confined systems, hydrody-
namic interactions, i.e., the movement of one particle is
influenced by a boundary or another particle, may cre-
ate unforeseen difficulties. An example of this kind of
instability plagues the stable formation of microfluidic
crystals [8].

In spite of potential hurdles, the idea of microflu-
idic assembly, one particle at a time, suggests intrigu-
ing possibilities. Other particle-scale manipulation ap-
proaches fall into the same category. Imagine an assem-
bly line where particles of different material type, size,
and shape and different cells are available for particle-
by-particle manipulation into a complex aggregate. At
the least, such an approach may make new kinds of bio-
logical assays possible, and at its most speculative, new
kinds of machines may be possible.
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