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Many organisms move using traveling waves of body undulation,
and most work has focused on single-plane undulations in fluids.
Less attention has been paid to multiplane undulations, which are
particularly important in terrestrial environments where vertical
undulations can regulate substrate contact. A seemingly complex
mode of snake locomotion, sidewinding, can be described by the
superposition of two waves: horizontal and vertical body waves
with a phase difference of ± 90°. We demonstrate that the high
maneuverability displayed by sidewinder rattlesnakes (Crotalus
cerastes) emerges from the animal’s ability to independently mod-
ulate these waves. Sidewinder rattlesnakes used two distinct turn-
ing methods, which we term differential turning (26° change in
orientation per wave cycle) and reversal turning (89°). Observa-
tions of the snakes suggested that during differential turning
the animals imposed an amplitude modulation in the horizontal
wave whereas in reversal turning they shifted the phase of the
vertical wave by 180°. We tested these mechanisms using a multi-
module snake robot as a physical model, successfully generating
differential and reversal turning with performance comparable to
that of the organisms. Further manipulations of the two-wave
system revealed a third turning mode, frequency turning, not ob-
served in biological snakes, which produced large (127°) in-place
turns. The two-wave system thus functions as a template (a targeted
motor pattern) that enables complex behaviors in a high-degree-of-
freedom system to emerge from relatively simple modulations to
a basic pattern. Our study reveals the utility of templates in under-
standing the control of biological movement as well as in developing
control schemes for limbless robots.
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Propagating waves of flexion along the axis of a long, slender
body (henceforth “axial waves”) to produce propulsion is

common in biological locomotion in aquatic and terrestrial
environments. The majority of biological studies of axial wave
propulsion at different scales have occurred in aquatic environ-
ments (1, 2). Understanding the efficacy of given wave patterns—

which are often assumed to act in a single plane (e.g., mediolateral
axial bending)—can be gained through full solution of the equations
of hydrodynamics (3) or approximations (4). Terrestrial envi-
ronments such as sand, mud, and cluttered heterogeneous sub-
strates encountered by limbless axial undulators such as snakes
can display similar (if not greater) complexity, yet far less at-
tention has been paid to such locomotion (5, 6).

Snake axial propulsion in terrestrial environments differs from
fluid locomotion in two key ways. First, most substrates are not
yet described at the level of fluids (7), making it a challenge to
understand how substrate–body interactions affect locomotor
performance, and therefore requiring robotic physical models.
Second, the body may be both laterally and/or dorsoventrally
flexed (5) to allow different elements of the body to contact (or
clear) the substrate and thereby control friction, drag, and sub-
strate reaction forces. Recently progress has been made in un-
derstanding how multiplane control allows effective limbless
terrestrial locomotion. In studies of laterally undulating snakes
(8), a single-plane frictional force model (with drag anisotropy

assumed to result from the frictional anisotropy in snake scales)
proved insufficient to predict the lateral undulation locomotion
performance of these snakes. The authors proposed, modeled,
and visualized a mechanism of“dynamic balancing” in which
regions of the body with small curvature were preferentially
loaded; the addition of this mechanism to their model improved
agreement with experiment.

A peculiar gait called sidewinding provides an excellent ex-
ample of the importance of multiplane wave movement in cer-
tain snakes (5, 9). During sidewinding alternating sections of the
body are cyclically lifted from the substrate, moved forward via
lateral axial waves, and placed into static contact with the sub-
strate at a new location (Fig. 1A and B). Owing to the vertical
undulatory wave, which controls lifting and contact, the snake
can minimize or eliminate drag forces on nonpropulsive portions
of the body (Fig. 1B), thereby enabling minimal slip at other
segments and potentially contributing to a low cost of transport
(10). This makes sidewinding particularly attractive to explore
aspects of multiplane undulation because lifting perpendicular to
the plane of the main axial wave is clearly observable and fun-
damental to this mode of locomotion (5); failure to lift results in
locomotor failure in other vipers (9). In addition, field observa-
tions show that sidewinders are remarkably maneuverable, capable
of rapidly making large direction changes to elude capture.

Another advantage to studying sidewinding is the existence of
a snake-like robot capable of performing effective sidewinding
locomotion; our previous robot experiments using this“physical
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sidewinding locomotion using a hypothesized two-wave con-
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ability using two types of turns, shallow differential turns and
sharp reversal turns, which we hypothesized are controlled by
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utility of robots to test biological hypotheses.
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minimal translation but substantial rotation (Fig. 5A). Frequency
turning was not observed in snakes, although it is unknown
whether this is due to biological limitations in the nervous or
muscular system or simple behavioral preference. This discovery
shows the potential for versatile behaviors in wave-mixing con-
trol of high-degree-of-freedom systems, as well as highlighting
the need for more thorough characterization of parameter space
in the future.

Driving a Limbless Robot. In addition to the testing of biological
hypotheses associated with neuromechanical control of side-
winding and turning using a mixture of two waves, this frame-
work has practical applications regarding steering a snake robot.
No previous snake robot controller can command a snake robot
to follow an arbitrary path, owing to the need for a sophisticated
dynamic model and difficult-to-tune motion controller (24).
With the two-wave mixing framework, however, steering a snake
robot is simplified to adjusting only a few wave parameters, and
the straightforward correspondence between the parameter
value and the resultant behaviors allows intuitive high-level
motion control of the robot. For example, the amplitude gradi-
ent in differential turning corresponds to the “steering” of a
wheeled vehicle and the wave speed directly relates to the speed
of “driving.” Fig. 6 demonstrates the robot being joystick-driven
by a human in a test course using the two-wave control method
(Materials and Methods).

Conclusions
Sidewinder rattlesnakes turned using two distinct mechanisms,
shallow differential turning and sharp reversal turning. The dif-
ferential mode allowed gradual turning across a number of
cycles, whereas the reversal mode resulted in sudden and larger
changes in direction without body rotation. We demonstrated
that such turns could be elicited in a physical robot model
through suitable modulation of two waves: the horizontal body
wave amplitude or vertical body wave relative phase, respectively.
This supports our hypothesis that snakes generate sidewinding
through a two-wave neuromechanical (21) control template, and
that turns are produced by modulations of this template. The in-
dependent modulation of control axes (e.g., axial waves) allows for
the emergence of complex behaviors from low-dimensional repre-
sentations and may be a common feature across these control sys-
tems, making terrestrial locomotion of snakes an excellent system
for understanding the generation of complex motions from simple
templates. Practically, our results demonstrate that the two-wave
mixing scheme offers a significant advance in the control of limbless
snake-like robots (which already show promise for use in chal-
lenging environments such as urban search and rescue), greatly
expanding their maneuverability and simplifying user control. Dis-
covery of such templates promises advances in use of robots in
complex and unpredictable real-world environments without com-
putationally demanding planning and control of each independent
joint. For example, adherence to a template could make the loco-
motion robust to changes in substrate conditions, simplifying nec-
essary control with the need to only slightly modulate a parameter
in one of the waves.

Materials and Methods
Snakes. We used four adult sidewinder rattlesnakes (Crotalus cerastes) (Fig.
1A) (Dataset S4) collected near Yuma, Arizona and housed at Zoo Atlanta.
Testing was conducted at air and sand temperatures of 21–25 °C, compa-
rable to the field-active temperatures of this species (25). All procedures
were approved by both Georgia Institute of Technology and Zoo Atlanta
Institutional Animal Care and Use Committees, and antivenom was stocked
at the nearest hospital.

Snake Turning Trials. All turning trials were conducted in a horizontal 1- ×
2-m2 fluidized bed filled with sand collected from the capture locality (Fig. 1A)
(9). Air is driven through a rigid porous plate beneath the sand to fluidize

the sand, erasing tracks and returning the bed to a uniform compaction
state with level sand between trials (during which airflow is off). We
attempted to minimize snakes crossing their own tracks during trials, al-
though no effect was noticeable when such crossings occurred, and it
was unavoidable in particularly sharp reversals. Test duration was limited
(<10 min) and interspersed with equal or greater rest periods to prevent
fatigue, with no more than three tests per snake per day. Recorded move-
ment sequences were discarded if snakes stopped, interacted with walls, or
turned within one period of the start or end of a sequence.

Snake Tracking and Image Processing. The anterior one-fourth of the snake
was restrained in a tube by keepers while 5-mm2-square patches of reflective
tape were adhered to the remainder of the body at � 5-cm intervals, with the
last two markers at the vent and base of the rattle (Fig. 1B). The more an-
terior portions of the snake could not be safely marked. Three-dimensional
marker motions were recorded with four calibrated infrared motion-capture
cameras at 120 frames per second (Optitrack Flex 13; Natural Point, Inc.)
using Motive software (v 1.5; Natural Point, Inc.). Point identities were not
always maintained throughout a sequence, so the tracked positions were
considered to be detections and the correspondences (and thus trajectories)
were managed using a Kalman–Munkres formulation.

Penalized B-splines (26) were used to model the geometry of the snake’s
body. The B-splines formulation fits a polynomial function to the data points
by minimizing the error term E = 1

2kXðs,tÞ � � nðsÞαðtÞk2 + λαðtÞT � 2αðtÞ, where
� nðsÞ = ½ ϕn

1ðsÞ ϕn
2ðsÞ . . . ϕn

mðsÞ � is a matrix constructed by the nth-order
B-spline basis functions, and αðtÞ = ½ α1ðtÞ α2ðtÞ . . . αmðtÞ �T are the corre-
sponding coefficients or control points. � 2 is the Laplacian operator, m is the
number of basis points used, s is the parameterization along the length of
the body, t denotes time, and λ is the regularization term. Reconstruction of
the curve fðs,tÞ is accomplished with the function, fðs,tÞ = � nðsÞαðtÞ.

For this application one basis function was used for every marker tracked.
Minimizing the error function with respect to α leads to a least-squares so-
lution with soft curvature constraints imposed by the regularization term.
Furthermore, to capture the range of motions the snakes could achieve
the model should only apply soft constraints. A benefit of the B-splines
model is that the fitting basis functions f � ðsÞ have only local support,
thereby preventing points that are spatially distant from influencing each
other significantly during fitting. For example, the fitting of the curve
near the head will not be influenced by the fitting of the curve near
the tail.

An approximate center of mass was defined as the average location of all
spline points, which was used to compute overall velocity and turn angle per
cycle. Cycles were delimited based on the initiation and cessation of motion of
the most anterior point, with the cycles during straight and differential
turning defined by two subsequent initiations of movement. Owing to the
phase shift during reversals, which would cause previously moving points to
become static, cycles were defined as a period including three such initiation
or cessation events. Each run, depending on period and duration, could

Straight

Reversal

Frequency

Differential

Fig. 6. Images from Movie S6 showing the sidewinder robot moving
through a trackway using three turn types (labeled) and straight-line side-
winding. The size of the test course is 3 × 3 m2 and the robot completed the
course in 48 s.
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