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BIOMECHANICS

Serpentine steps
Andrew J. Clark and Adam P. Summers
Combine theoretical modelling, friction measurements and observations
of serpentine slithering. Together, they show that snakes are in effect just
taking a walk even when moving at high speed.
The pendular movements of walking are
dominated by gravitational forces: the body is
pushed up over the planted foot, then falls back
down as one foot leaves the ground and the
other takes over the load. But as a walk turns
to a run, inertia becomes important. Speedy
locomotion in limbed animals, from mice to
elephants, features this transition to a run,
gallop or trot, where mass and velocity
drive the animal forward.
In the unlikely event that you
are chased by a snake and have
to run for it, it is natural to suppose that the fast-moving snake is
similarly exploiting inertial forces. In
an article in Proceedings of the National
Academy of Sciences, however, David
Hu and collaborators1 present a
mathematical model that accurately predicts the biomechanics of
snake locomotion — they demonstrate that even high-speed slithering
is more similar to walking than running,
and that it depends heavily on the frictional properties of the animal’s
scales.
Snakes slither on their bellies
by bending from side-to-side,
propelling themselves forward
by pushing with their scales off microscopic
bumps, or asperities, in the ground2,3. This
force, between the scales and the ground, is of
course friction; it depends only on the force
pushing two surfaces together and their mutual
roughness, and is characterized by a coefficient
of friction. Crucially, this coefficient depends
both on the surfaces involved and on the direction in which that force is applied. From cat
tongues to cockleburs, we are all familiar with
surfaces that show different coefficients of
friction depending on the direction in which
they move. Hu and his colleagues1 show that
this phenomenon is central to a snake’s ability
to slither swiftly.
They modelled a snake as a flexible tube
with a uniform cross-section that writhed in
a sinusoidal manner. If the frictional coefficients of the belly scales were made equal in all
directions, the model snake thrashed about like
an eel on a glass table. Clearly the model was
flawed, so they moved on to measurements of
friction. It is relatively straightforward to measure belly friction in snakes: all that is needed is
a board and an anaesthetized snake.
In their experiments, Hu et al. placed the
snake in various orientations on the board,
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each time then tilting the board until the snake
started sliding. The coefficient of friction is the
tangent of the angle made between the ground
and the table at which the snake first starts to
move. They quickly discovered that, on very
smooth boards, snake belly scales have the
same frictional coefficient in all directions;
but on a board covered with rougher cloth
the snake slid more freely forwards than
backwards. Most surprisingly, the highest
friction occurred when the snake was sliding
sideways.
Throwing these measured frictional values into the wrigglingsausage model yielded a faux
snake that moved much like
the Pueblan milk snake
(Lampropeltis triangulum
campbelli, pictured) that
the authors used as a reality
check. A critical parameter
used in the model, called the
Froude number, is a dimensionless number that appears in
many contexts in physics, engineering and biology, and that in this
instance can be thought of as a ratio of inertial to frictional forces. In normal terrestrial
locomotion, low Froude numbers are associated with walking and higher numbers with
running. In the case of snake slithering, the
gravitational or frictional forces are an order
of magnitude higher than the inertial forces.
So, despite the perception, and even the reality,
of high over-the-ground speeds, snakes are not
running but walking.
The authors also noticed that as snakes slithered faster, they lifted the curved parts of their
bodies away from the ground as they pushed
off the ground with the uncurved parts, all
of which is accomplished by redistributing
body weight. Modifying the mathematical
model to take the body lifting into account,
they found an even better predictor of speed.
The lifted-snake model was also used for
calculating and visualizing the distribution,
direction and relative magnitudes of frictional
forces along the slithering body. The snake is
maximizing its weight in the areas of its body
that are subject to a sidewards force. This has
the twofold effect of increasing the stability
of the pushpoint and decreasing the friction
elsewhere on the body.
Studies of snake biomechanics have facilitated the engineering of snake-inspired robots
to perform search-and-rescue missions in
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complex to the vacuole membrane and
potentially function as a pore.
So de Koning-Ward and colleagues3 seem
to have identified the necessary components
for the PTEX that would allow it to function
as a gatekeeper. But does the PTEX actually
export proteins? The authors show convincingly that it interacts with cargo proteins and,
importantly, does so only if the protein carries
the export address tag, which is consistent with
its proposed function.
The PTEX hypothesis is not the only model
proposed to explain malaria protein export.
Another suggested model7 is based on the
budding of transport vesicles from the vacuole.
These vesicles are then predicted to transform
into membranous structures in the infected
cell known as Maurer’s clefts. It’s possible that
different sets of proteins, especially those
with different destinies or physical properties, require different machinery to reach their
target locations.
A third potential model arises from studies
on oomycetes. These plant pathogens look like
fungi, but are actually evolutionarily related
to malaria parasites and also export proteins
into the cells of their hosts. Intriguingly, these
proteins share the Plasmodium export address
tag, and swapping tags between oomycetes
and Plasmodium results in export in both
cases8,9. Oomycete researchers have made two
additional observations: they noted that the
address tag is also found on host proteins, and
that proteins carrying the tag can gain entry to
host cells in the absence of the pathogen10,11.
This might suggest that the pathogens are subverting transport elements naturally present in
host membranes.
Studying mutated versions of any of the
central players thought to be involved in these
models would provide crucial insights. For
instance, deletion of the genes encoding the
components of the PTEX complex should
ablate protein export and provide conclusive proof of the PTEX mechanism. Some
of the technical obstacles to generating such
mutants in the malaria parasite have recently
been removed12. The current paper 3 provides
a strong mechanistic model of PTEX function and, crucially, identifies a list of excellent
candidate genes to be validated in the future. ■
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unstable and dangerous environments4,5. Until
recently, robots designed for such places all had
wheels, which neatly offer huge differences in
the friction in the fore-and-aft and side-to-side
directions. Hu and colleagues’ investigations1
provide guidance on the types of material
that might be used to manufacture a robot belly

that offers similar frictional properties to those
of snakes. As a form of locomotion, the slither
has a lot going for it.
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PLANETARY SCIENCE

Io’s escape
Gerald Schubert
According to the latest study, our witnessing of the volcanic splendour of
Jupiter’s moon Io might just be a lucky circumstance. The odds are that the
satellite will become quiescent on its escape from orbital custody.

IO: NASA/JPL/UNIV. ARIZONA; JUPITER: NASA/JPL/USGS

Jupiter’s moon Io is about the same size as
our Moon, but the similarities end there. Its
motion around Jupiter is tightly constrained
by its gravitational interactions with the giant
planet and with two of Jupiter’s other moons,
Europa and Ganymede. Io’s orbital imprisonment is the cause of its spectacular volcanism1.
a

But Lainey and colleagues2, on page 957 of this
issue, provide evidence that Io is loosening the
bonds that hold it in its unexpectedly elliptical
path around Jupiter. If it eventually breaks free,
the most volcanically active object in our Solar
System will become dormant.
Io’s intense volcanism is driven by tidal heat
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Figure 1 | Jupiter–Io tidal interaction. a, The tide raised on Io by its parent planet Jupiter — indicated
by the exaggerated elliptical distortion of the body — lags behind the Io–Jupiter line at perihelion
(the moon’s orbital point closest to Jupiter) because Io’s orbital rotation is faster than its spin at this
position in its orbit. The gravitational torque exerted by Jupiter on Io’s tidal bulge tends to increase Io’s
spin at the expense of its orbital energy, and forces Io to move inward. b, The tide raised on Jupiter by
Io leads the Io–Jupiter line because Jupiter rotates faster than Io orbits the planet. The Jovian planet’s
tidal bulge pulls Io forward in its orbit and, as a result, the moon gains orbital energy and moves
outward from Jupiter. Lainey and colleagues2 show that the effect of the tide raised on Io by Jupiter
wins out, so Io is moving in towards Jupiter. (Both panels depict the tidal interaction looking from
above the orbital plane of Io.)
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created as Jupiter’s differential gravitational
pull causes the satellite to deform continuously and repeatedly as it orbits the planet: Io’s
surface probably moves up and down by more
than 10 metres over an orbit. Jupiter’s varying
gravitational pull and the resulting oscillations
in the tides on Io occur because the satellite
is in an elliptical orbit. If Io were an isolated
satellite, tidal heat would circularize its orbit.
But Io’s orbit is elliptical, a circumstance dictated by the moon’s gravitational interaction
with Europa and Ganymede (an interaction
referred to as a Laplace resonance). Although
Io’s spin and orbital periods still have equal
values, Jupiter oscillates back and forth in Io’s
sky as Io is alternately closer and more distant
from the planet.
It requires energy to tidally deform a body,
and part of this energy is eventually dissipated as heat by frictional processes within the
body. The energy for Io’s tidal heating ultimately comes from the energy of Jupiter’s
rotation. Figure 1 sketches the gravitational
tidal interaction of the planet and its moon. The
interaction is two-way, with the planet raising tides on the moon (Fig. 1a) and the moon
raising tides on the planet (Fig. 1b). These tides
influence the orbital motion of the moon in
opposite ways.
The tide raised on Jupiter by Io is carried
ahead of the line that connects the two objects
— the Io–Jupiter line — because Jupiter spins
faster than Io orbits Jupiter. The gravitational
attraction of the part of Jupiter’s tidal bulge
that is closest to Io pulls Io forward in its orbit,
whereas the attraction of the part of the tidal
bulge farthest from Io retards the moon’s orbital
motion (Fig. 1b). The effect of the part of the
bulge closest to Io dominates simply because
it is nearer to the moon. As a result, Io gains
orbital energy and moves away from Jupiter,
whereas Jupiter loses rotational energy. This is
the same interaction that is responsible for the
Moon receding from Earth as Earth’s rotation
rate decreases over time.
However, there is another effect taking place
that causes Io to spiral inward towards Jupiter.
The planet tidally deforms Io as shown in Figure 1a at the instant that Io passes perihelion
(its orbital point closest to Jupiter). The tidal
deformation lags behind the Io–Jupiter line
because, at perihelion, Io’s orbital rotation is
faster than its spin. The gravitational pull on
the part of Io’s tidal bulge nearest to Jupiter acts
to increase the satellite’s spin to match its orbital
rotation. The opposite effect occurs at aphelion
(Io’s orbital point farthest from Jupiter), but

