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Maze Solving by Chemotactic Droplets
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Solving maze problems is not only relevant to the everyday issues
of urban transportation' and to experimental psychology? but is
also one of the model problems of network and graph theory® as
well as robotics.* With the advent of computers, algorithms for
maze solving have become automated, but the solution times still
scale unfavorably with maze size/complexity.’ Several groups have
thus explored the possibility of maze solving by physical, chemical,
or even biological systems: microfluidic networks,® chemical waves’
or plasmas,® or microorganisms growing in response to food
gradients within the maze.® Inspired by the latter example, we
wished to create a system in which an inanimate/chemical construct
would be self-propelled and solve mazes in response to chemical
stimuli. Here we describe one such system comprising small
droplets powered by the combination of acid/base chemistry and
surface tension effects. When subject to a pH gradient within a
maze, these droplets move toward regions of low pH and find the
shortest of multiple possible paths. Taxis in our system is over
distances of several centimeters and derives from the convection
flows developed outside of the droplets.'®

The templates for the mazes were fabricated by conventional
photolithography in SU-8 photoresist (SU8-100, Microchem) and
were subsequently replicated into poly(dimethyl siloxane) (PDMS,
Sylgard 184, Dow Corning). The channels of the maze were 1.4
mm wide and 1.0 mm tall and were filled with 240 uL of aqueous
KOH solution (pH 12.0—12.3) with surfactant added to reduce
surface tension. A small block of high gel strength agarose (EMD
Chemicals) soaked in a solution of HCI (pH 1.2) was placed at
one entrance of the maze. After a time ¢ of 30—40 s (the minimum
time required to set up pH gradients through the maze), a small
droplet (~1 uL) of an organic solvent immiscible with water
[typically mineral oil (MO) or dichloromethane (DCM)] and
containing 20—60% (v/v) of 2-hexyldecanoic acid (HDA) was
placed at the other entrance to the maze. To increase the optical
contrast, the droplet was dyed with Calco Oil Red (American
Cyanamid).

Once in the maze, the droplet moved toward the regions of lower
pH, that is, toward the source of HCI. In doing so, it always found
the shortest path through the maze, although the details of this
process depended on the composition of the drop. HDA/DCM
droplets moved rapidly (up to ~10 mm s™') and, because of their
high inertia, sometimes veered off onto the wrong path, from which,
however, they rapidly reverted to the optimal one [Figure la,b;
also see videos 1 and 2 in the Supporting Information (SI)]. In
contrast, droplets of HDA in mineral oil moved slowly (~1 mm
s~!) but migrated smoothly along the shortest path. The difference
in the rate of motion could be due to the difference in partition
coefficients of HDA between the phases (mineral 0il/KOH solution
vs DCM/KOH solution), which can affect the rates of HDA release
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Figure 1. Maze solving by chemotactic droplets [here, 1 uL droplets of
20% (v/v) HDA in DCM]. In (a), the droplet moved straight to the exit
along the shortest path. In (b), the droplet went astray at two locations but
corrected its trajectory and ultimately found the shortest path. The images
were created by overlaying experimental images at different times. Color
coding corresponds to time: dark violet, early times; red, later times. The
position of the gel soaked with HCI at the maze’s entrance is indicated by
dashed-line boxes. Videos 1 and 2 corresponding to these images are
included in the SI.

from the droplets. We emphasize that in all of these experiments,
the presence of both HDA and the pH gradient was crucial to the
droplet’s “chemotaxis”: when the droplets lacked HDA or when
the pH was uniform throughout the maze, no directional motion of
the droplets was observed.'?

Maze solving by HDA-containing drops can be explained by
surface tension effects stemming from the nonuniform distribution
of HDA at the liquid—air interface (Figure 2). As HDA diffuses
from the droplet, it partially deprotonates in the pH gradient.
Importantly, more protonated HDA is found in the direction facing
the source of acid (i.e., toward lower pH). This asymmetric
distribution translates into a gradient of surface tension that is
determined predominantly by the concentration of the protonated
HDA at the liquid—air interface (deprotonated HDA is much less
surface-active; see ref 13). The surface tension gradients in turn
give rise to convective flows,'* which are ultimately responsible
for particle motion. In this context, it should be noted that although
there are Marangoni-like flows inside of the droplet, their velocities
(~0.1 mm s~ ') are too small to account for droplet’s translation
with the experimentally observed velocities.

The above, qualitative description can be formalized in the form
of Navier—Stokes (NS) equations describing the fluid dynamics of
the system. Consider the model geometry illustrated in Figure 2a,
where the HDA droplet is in the middle of a channel and the acid-
soaked gel is at one end of the channel. The conservation equation
for HDA can be written as v*Vc = DV?c — kgc, where v is the
velocity of the liquid, ¢ is the concentration of HDA, D is its
diffusion coefficient, and kg is the rate of consumption of HDA by
the basic solution. Since the amount of HDA emitted by the droplet
is small (~1073 4L min™!, estimated by monitoring the droplet size
as a function of time), the equation assumes a quasi-steady-state
approximation.'® The boundary condition on the side of the domain
where the acidic gel is present can be expressed as —DVc = J,e,
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Figure 2. (a) Scheme of a droplet in a channel. The presence of HDA at
the liquid—air interface gives rise to convective flows. Since more HDA is
present in the direction facing the source of acid, the flows and forces are
asymmetric. (b) Velocity field based on the theoretical model described in
the main text (calculated using the Fluent computational fluid dynamics
package from Ansys). (c) Experimental image of the convection rolls
visualized using Neutral Red indicator (see also video 3 in the SI). (d)
Numerical solution of the concentration profile of HDA in solution. The
profile shows asymmetry (more HDA on the “right” side of the droplet
facing the source of HCI than on the “left” side), which explains the motion
of the droplet toward the acidic gel.

where Jo is the flux of HDA out of this boundary into the solution.
The boundary of the droplet is assumed to emit a constant flux of
HDA, ie., =DVc = Jaopier. No-flux and no-slip conditions are
assumed for all of the other boundaries (the no-slip boundary
condition can be assumed since the fluid velocity inside the droplet
is ~0.1 mm s~!, i.e., 2—3 orders of magnitude lower than that
outside the droplet). These conditions are coupled with the NS
equation, which governs the convective flows in the liquid: pv+Vv
= —VP + uV?v, where p is the density of the liquid, u is the
viscosity, and P is the pressure. At the liquid—air interface, shear
stress is generated by the gradients 7., = u(dv,/dy) = dy/dx, where
y is the surface tension. In the dilute approximation, which is
applicable at the micromolar concentrations used here, the relation-
ship between surface tension and HDA concentration is linear:'® y
= vy — bc, where v, is the surface tension of pure water and b is
a constant of proportionality. With the parameter values D = 107°
m? s~ kg = 157" [Jaroplerl = 1077 mol m™2 57", |J o] = 1072 mol
m~2s7!, and b = 0.05 N m?> mol~! (see ref 17 and also section 3
in the SI), the system of NS equations can be solved numerically.

Figure 2b shows the calculated velocity vector field in the liquid,
where the flows form two convection rolls, one on each side of the
droplet. Such rolls were also observed in the experiments (Figure
2c¢), and the calculated and experimentally measured fluid velocities
were both on the order of centimeters per second. Importantly, the
concentration gradients of HDA are steeper in the direction facing
the source of acid (to the “right” in Figure 2d), and consequently,
the fluid velocities are also higher in this direction. By Bernoulli’s
principle [applicable because the Reynolds numbers for the system
are Re ~ O(10%)], higher velocities translate into a lower pressure
and a net force, Fy, that originates from the sum of two major
contributions integrated over the particle’s surface: (i) pressure
forces, Fprss = [P dy, and (ii) viscous drag forces due to shear
stresses, Fyis = [u(dv,/dy) dx. Overall, F, is directed toward the
acidic gel, and its value is ~6 x 107° N. When the droplet starts
moving, it also experiences a viscous drag force, F,, which

counteracts Fi.. At steady state, Fyee = Fy = 3mRuv, where R &~
0.6 mm is the radius of the droplet and vy is the steady-state
velocity. This gives vy ~ 1 mm s!, which is close to the
experimental velocities of the droplets in the maze. Although the
model we developed is simplified (e.g., by not taking into account
the actual geometry of the maze), it captures the essence of the
maze solving, namely, that wherever a pH difference exists around
the droplet emitting the surface-active chemical, this difference
translates into chemotaxis of the droplet. This property suggests
that chemicals other than those we used here can be used to
construct chemotactic chemical systems. On the other hand, it must
be remembered that in mazes significantly larger than those used
here, the times to establish the pH gradients will be significantly
longer, and these gradients might also be of comparable “steepness”
along different paths, leading to more “errors” during droplet
navigation.
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