quick study

Swimming in the desert
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Physicists and colleagues from various
disciplines are just beginning to study how
organisms and robots move within and on
granular media. An old theory from fluid
mechanics can help guide them.
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ocomotion, the movement of a body from place to
place via self-deformation and interaction with an en-
vironment, is so ubiquitous in the natural world that
many people don’t give it a second thought. But loco-
motion challenges scientists to understand the dy-
namics of biological and physical systems. Furthermore, the
substrates that animals move within—examples include air,
water, sand, and mud —can be deformable; for the cases of
sand and mud, scientists still don’t have a fundamental de-
scription of substrate rheology. Organisms have an enormous
number of degrees of freedom, and their numerous muscles,
tendons, and skeletal elements are hierarchically organized
and controlled by complex nervous systems. Despite those
complexities, biologists, mathematicians, engineers, and physi-
cists have made great strides in understanding movement.
Traditionally, movement on rigid ground or in flowing
fluids like air and water has been scientists’ focus. But many
terrestrial animals move on the surface of and even within
substrates that are neither ideal solids nor ideal fluids. One
such substrate is sand. Like other granular media, sand is a
collection of solid particles that interact through dissipative,
repulsive contact forces. Granular media can flow as fluids
do, but they can also hold their shape like solids. Sand, in
particular, is home to many arachnids, reptiles, and mam-
mals that run rapidly across its surface to hunt for prey.
Some, such as the sandfish lizard shown in figure 1, even dive
into sand and move within it to escape heat and predators.

A look below the surface

Despite hundreds of years of study, sci-
entists do not yet have a comprehensive
understanding of the flow and effective
solidification of granular media subject
to intrusion by a body or leg. One rea-
son is the complexity of grain response
to localized forces. For example, granu-
lar materials can support loads through
the formation of complex force-chain
networks, exhibit compressible flow
with heterogeneous regions of density
and pressure, or even act like gases
described by the kinetic theory. (For
more, see the article by Anita Mehta,
Gary Barker, and Jean-Marc Luck,

Figure 1. The sandfish is native
to north Africa and the Middle
East. (Courtesy of John Toon.)
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In 2009 Ryan Maladen and the three of us performed the
first detailed explorations of locomotion within granular
media; as shown in figure 2a, we used high-speed x-ray im-
aging to record the movement in sand of a 10-cm-long lizard,
the sandfish Scincus scincus. In those experiments we discov-
ered that when it is below the surface, the lizard tucks its legs
to its sides and swims forward by means of a sinusoidal body
undulation traveling from head to tail. We were surprised to
discover that the wave shape resembled that of the smaller,
1-mm-long nematode worm Caenorhabditis elegans swimming
in a viscous fluid. However, the forward speed of the sandfish
in body lengths per second was greater than that of C. elegans.
Furthermore, the sandfish moved nearly 0.4 body lengths per
undulation, double the rate achieved by C. elegans.

In trying to explain those observations, we faced a prob-
lem: We had no means to calculate the interaction of the sand-
fish with the granular medium. Further, we didn’t know if
the animal was swimming in a solid, a fluid, or a complex
combination of both. In part because the sandfish looked so
much like C. elegans, we posited that the granular medium
surrounding a continuously moving locomotor would be-
have like a fluid. With nothing else to try, we appealed to an
old theory from fluid mechanics.

A sandfish superposition principle

The partial differential equations describing fluid motion—
the Navier-Stokes equations —are complex and nonlinear. So
for more than 60 years, researchers have used a simplified the-
oretical approach called resistive force theory (RFT) to model
undulatory and flagellar propulsion in fluids at low Reynolds
number Re—that is, for motion in which inertial forces are
small relative to viscous forces. The theory, introduced by G. I.
Taylor and by James Gray and G. J. Hancock, is based on the
assumption that the forces F | and F, acting perpendicular and
parallel to the axis of an infinitesimal body element are inde-
pendent of the position and movement of other body ele-
ments. Note that the ratio of F, to F,, the so-called drag
anisotropy, must be greater than unity
for forward propulsion. At low Re, the
inertial terms in the Navier-Stokes
equations can be neglected, and thus, at
constant swimming speed, the sum of
all the independent, superposed forces
on the organism vanishes. Given that
simplification, one can calculate swim-
ming speeds in terms of, for example,
the speed at which the undulation trav-
els down the organism.

To do the calculation, one needs to
know how F, and F, depend on the ori-
entation, relative to the movement di-
rection, of a submerged body such as a
cylinder (see figure 2b). For low Re flu-
ids, those forces can be calculated theo-
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Figure 2. Locomotion within
dry granular media. (a) This
top-view x-ray snapshot shows
a sandfish lizard swimming in a
medium of small glass particles.
Yellow arrows are estimates of
the velocity of small elements
of the sandfish based on resis-
tive force theory. The overall
motion is to the right. (Courtesy
of Sarah Sharpe.) (b) In RFT, the
forces on organism elements
are assumed to be indepen-
dent; here an element is repre-
sented as a cylinder. One needs
to know how the forces parallel
(F,) and perpendicular (F,) to
the cylinder axis depend on
the orientation of the cylinder
relative to its velocity v.

(c) Swimming speeds in body
lengths per second are shown

for the sandfish, the 55-cm-long robot seen in (d), and the worm Caenorhabditis elegans, as a function of the amplitude (A) and
wavelength (A) indicated by the yellow curves. The sandfish achieves almost the optimal motion predicted by RFT (dashed curve).
(Panel c adapted from R. D. Maladen et al., J. R. Soc. Interface 8, 1332, 2011.)

retically. But for our study of motion in a granular medium,
we introduced a cylinder to represent a small element of the
sandfish’s body and determined the forces experimentally.

We discovered some interesting ways in which horizon-
tal drag forces in granular media differ from those for low Re
motion in fluids. For example, at low Re, fluid forces are pro-
portional to speed, but in granular media, forces are insensi-
tive to speed —at least at the speeds of 50 cm/s or less that are
characteristic of sandfish locomotion. The reason for the con-
stancy is that for sandfish-speed motion in granular media,
particle inertia is negligible; forces result mainly from friction
between body elements and the particles around them and
from particle—particle friction. Here’s another interesting dif-
ference: In fluids, horizontal drag forces on a small body are
independent of the body’s depth beneath the surface, but in
granular media, such forces are proportional to depth be-
cause of a hydrostatic-like pressure.

We found similar behavior for F, as a function of the ori-
entation of the cylinder axis relative to the velocity when we
looked at motion in granular media and at low Re motion in
fluids. But the behavior of F, was different; in granular
media, the force rose more rapidly at shallow angles of attack
(small angles separating cylinder axis and velocity). The
mechanism underlying that different behavior is unclear, but
we hypothesize that it is related to a solid-like pileup of
grains near the surface.

An efficient swimmer

When we summed all the forces acting on the sandfish and set
that sum to zero, we were surprised to find that RFT predicted
the speed of the animal to within 20%. The agreement indi-
cates that our picture of a sandfish swimming in a granular
fluid is reasonable; later simulations revealed that the fluid is
localized to a small region around the body. Moreover, RET
showed that the larger F, /F, in granular media accounted for
the fact that the sandfish advances a greater number of body
lengths per undulation than does C. elegans.

The theory also predicted a tradeoff between the increas-
ing thrust generated when the undulation amplitude in-
creases and the reduction of speed that ensues because the
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“wavelength” of the animal is thereby reduced. That tradeoff
results in an optimal undulation for the most rapid swim-
ming and the least energy consumed per unit distance
moved. As shown in figure 2c, the sandfish swims almost op-
timally. We also tested the utility of RFT in granular media
with the robot sandfish shown in figure 2d. Because of the
robot’s discrete construction, it can’t swim as efficiently as the
sandfish. But once that structure is taken into account, RFT
does a good job of predicting optimal robot locomotion.

Future experimental studies, in combination with
granular-media simulations, may shed more light on why RFT
works well in granular media and where it fails. Potentially,
such studies will also give insights about the universality of
force relationships and their mechanistic basis. We have, for ex-
ample, recently discovered that RET predicts motion on the sur-
face of granular media; that work, which involved robotic mod-
els, is briefly described in the online version of this Quick Study.

The information that scientists learn about natural loco-
motion should also be applicable to human-made devices op-
erating in sandy terrain —for example, extraterrestrial rovers
or robots that help at disaster sites. Those devices can cer-
tainly benefit from improved maneuverability. The Mars
rovers, for example, have a top speed of 5 cm/s and occasion-
ally suffer debilitating loss of traction.
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