
DOI: 10.1126/science.1255718
, 224 (2014);346 Science

 et al.Hamidreza Marvi
slopes
Sidewinding with minimal slip: Snake and robot ascent of sandy

 This copy is for your personal, non-commercial use only.

 clicking here.colleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

 
 here.following the guidelines 

 can be obtained byPermission to republish or repurpose articles or portions of articles

 
 ): October 9, 2014 www.sciencemag.org (this information is current as of

The following resources related to this article are available online at

 http://www.sciencemag.org/content/346/6206/224.full.html
version of this article at: 

including high-resolution figures, can be found in the onlineUpdated information and services, 

http://www.sciencemag.org/content/suppl/2014/10/08/346.6206.224.DC1.html 
can be found at: Supporting Online Material 

 http://www.sciencemag.org/content/346/6206/224.full.html#related
found at:

can berelated to this article A list of selected additional articles on the Science Web sites 

 http://www.sciencemag.org/content/346/6206/224.full.html#ref-list-1
, 16 of which can be accessed free:cites 30 articlesThis article 

 http://www.sciencemag.org/content/346/6206/224.full.html#related-urls
1 articles hosted by HighWire Press; see:cited by This article has been 

 http://www.sciencemag.org/cgi/collection/app_physics
Physics, Applied

subject collections:This article appears in the following 

registered trademark of AAAS. 
 is aScience2014 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience 

 o
n 

O
ct

ob
er

 9
, 2

01
4

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

O
ct

ob
er

 9
, 2

01
4

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

O
ct

ob
er

 9
, 2

01
4

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

O
ct

ob
er

 9
, 2

01
4

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

O
ct

ob
er

 9
, 2

01
4

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

O
ct

ob
er

 9
, 2

01
4

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

O
ct

ob
er

 9
, 2

01
4

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/346/6206/224.full.html
http://www.sciencemag.org/content/suppl/2014/10/08/346.6206.224.DC1.html 
http://www.sciencemag.org/content/346/6206/224.full.html#related
http://www.sciencemag.org/content/346/6206/224.full.html#ref-list-1
http://www.sciencemag.org/content/346/6206/224.full.html#related-urls
http://www.sciencemag.org/cgi/collection/app_physics
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/


On the basis of our previous computational
and experimental studies (12, 15), we believe that
sceptrin (1a) and ageliferin (3a) are derived from
two hymenidin (4b, X=H) molecules whereas
massadine (2a) is assembled from one oroidin
(4a, X=H) and one dispacamide A (4d, X=OH)
molecule (Fig. 1). The homodimerization (path a
and b) and heterodimerization (path c) of 4 are
enantiomeric pathways. The pathway selectivity
is determined by the stability of the radical in-
termediates. The redox-neutral, reversible SET-
promoted heterodimerization of 4a and 4d
would give “pre-massadines” (6) with a C9 aminal
group that is present in all [3+2] pyrrole–imidazole
dimers (fig. S2). Although enantiomeric biosyn-
thesis that produces both enantiomers of a natural
product has been reported (39), enantiodivergent
biosynthesis that produces opposite enantiomers
of natural products as congeners described herein
is unknown. This discovery may serve as a new
guiding principle for protein engineering and
catalyst design.
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ANIMAL MOTION

Sidewinding with minimal slip: Snake
and robot ascent of sandy slopes
Hamidreza Marvi,1,2 Chaohui Gong,3 Nick Gravish,2 Henry Astley,2

Matthew Travers,3 Ross L. Hatton,4 Joseph R. Mendelson III,5,6 Howie Choset,3

David L. Hu,1,2,5 Daniel I. Goldman2*

Limbless organisms such as snakes can navigate nearly all terrain. In particular,
desert-dwelling sidewinder rattlesnakes (Crotalus cerastes) operate effectively on
inclined granular media (such as sand dunes) that induce failure in field-tested limbless
robots through slipping and pitching. Our laboratory experiments reveal that as
granular incline angle increases, sidewinder rattlesnakes increase the length of their
body in contact with the sand. Implementing this strategy in a physical robot model of
the snake enables the device to ascend sandy slopes close to the angle of maximum
slope stability. Plate drag experiments demonstrate that granular yield stresses decrease
with increasing incline angle. Together, these three approaches demonstrate how
sidewinding with contact-length control mitigates failure on granular media.

T
he majority of terrestrial mobile robots are
restricted to laboratory environments, in
part because such robots are designed to
roll on hard flat surfaces. It is difficult to
systematically improve such terrestrial ro-

bots becausewe lack understanding of the physics
of interaction with complex natural substrates
such as sand, dirt, and tree bark. We are thus
limited in our ability to computationally explore
designs for potential all-terrain vehicles; in con-
trast, many of the recent developments in aerial
and aquatic vehicles have been enabled by so-
phisticated computational-dynamics tools that
allow such systems to be designed in silico (1).
Compared with human-made devices, orga-

nisms such as snakes, lizards, and insects move

effectively in nearly all natural environments. In
recent years, scientists and engineers have sought
to systematically discover biological principles of
movement and implement these in robots (2).
This “bioinspired robotics” approach (3) has
proven fruitful to design laboratory robots with
new capabilities (new gaits, morphologies, and
control schemes), including rapid running (2, 4),
slithering (5), flying (6), and swimming in sand
(7). Fewer studies have transferred biological
principles into robust field-ready devices (4, 8)
capable of operating in, and interacting with,
natural terrain.
Limbless locomotors such as snakes are excel-

lent systems to study to advance real-world all-
terrain mobility. Snakes are masters of most
terrains: They can move rapidly on land (9, 10)
and through water (11), burrow and swim
through sand and soil (12), slither through tiny
spaces (13), climb complex surfaces (14), and
even glide through the air (15). Relative to legged
locomotion, limbless locomotion is less studied,
and thus broad principles that govern multi-
environment movement are lacking. Recently
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developed limbless robotic platforms (5), based
generally on the snake body plan, are appealing
for multifunctional robotics study because they
are also capableof a varietyofmodesof locomotion.
These robots can traverse confined spaces, climb
trees and pipes, and potentially dive through loose
material. However, the gaits that carry these ro-
bots across firm ground can be stymied by loose
granular materials, collections of particles that
display solidlike features but flow beyond critical
(yield) stresses.
A peculiar gait called sidewinding is observed

in a variety of phylogenetically diverse species of
snakes (9, 16). Animals with excellent sidewind-

ing ability—such as the North American desert-
dwelling sidewinder rattlesnake (Crotalus cerastes)
in Fig. 1, A andC—are often found in environments
that are either composed of granular materials
(such as sand dunes) or are smooth, such as
hardpan desert. Sidewinding is the translation
of a limbless system through lifting of body
segments while others remain in static (in the
world frame, locally rolling/peeling in the frame
of the body) contact with the ground. Such in-
teractions minimize shear forces at contact, and
thus, sidewinding is thought to be an adaptation
to yielding or slippery surfaces (16). Biological
measurements (17, 18) indicate that relative to

lateral undulation, rectilinear locomotion, and
concertina motion, sidewinding confers ener-
getic advantages on hard surfaces, mainly through
lack of slip at the points of contact. But al-
though sidewinding motion of biological snakes
has been extensively studied on hard ground,
(16, 17, 19, 20), only one study has reported kin-
ematics on granular media (9).
An initial robotic version of the sidewinding

gait has proven useful to enable snake robots to
maneuver over flat and bumpy terrain (21). In a
robotic sidewinding mode, the device maintains
two to three static (locally rolling/peeling) con-
tacts with the substrate at any moment (22).
During this motion, individual segments of the
robot are progressively laid into ground contact,
peeled up into arch segments, and then trans-
ferred forward to become new ground contact
segments (16, 22). However, when in field tests
a limbless robot [which we will refer to as the
Carnegie Mellon University (CMU) robot (Fig. 1,
B and D)] was confronted with evenmodest gran-
ular inclines (≈10°) far from the maximum angle
of stability (≈30°), it failed to climb (either slipping
or rolling downhill).
We posit that the study of success and failure

modes in biological snakes can improve the me-
chanics and control of limbless robot performance,
whereas study of success and failure modes of
robots can give insight into important mecha-
nisms that enable locomotion on loose material
and perhaps explainwhy sidewinding has evolved
in such organisms. This idea builds on recent
work using biologically inspired robots as “phy-
sicalmodels” of the organisms; suchmodels have
revealed principles that govern movement in bio-
logical systems, as well as new insights into low-
dimensional dynamical systems [for example, (8)
and references therein].
To discover principles of sidewinding in loose

terrain, we challenged C. cerastes (n = 6 snakes,
mass = 98 T 18 g, body length, tip-to-tail, L = 48 T
6 cm) (23) to climb loose granular inclines (table
S2) (28) of varied incline angle, in a custom track-
way housed at Zoo Atlanta (fig. S2A). The data
comprised 54 trials: six snakes, three inclinations,
three trials each. Before each experiment, air flow
through a porous rigid floor fluidized the granular
media and left the surface of the sand in a loosely
packed state with a smooth surface (movie S4); de-
tails of this technique are described in (24). Three
high-speed cameras tracked three-dimensional
(3D) kinematics of 8 to 10 marked points on the
body. For systematic testing,we chose three incline
angles, q = 0°, 10°, and 20°; themaximum angle of
stability q0 of the loosely packed material, where
local perturbations resulted in system-wide sur-
face flows, was q0 = 27°.
As shown in Fig. 1, A and C, and fig. S1A and as

previously noted (9, 16), on level granular media
the snake generated two contacts (as highlighted
by dashed lines in Fig. 1A) with the substrate at
each instant, similar to the movement on hard
ground (16, 17). As shown in Fig. 1E, the side-
winding pattern could be approximated by
posteriorly propagating waves in both horizontal
(xy) and vertical (yz) planes, with a phase offset

SCIENCE sciencemag.org 10 OCTOBER 2014 • VOL 346 ISSUE 6206 225

Fig. 1. Sidewinding locomotion on granular media. (A) A Sidewinder rattlesnake (C. cerastes) loco-
moting on a granular substrate of 20° inclination. (B) The CMU modular snake robot traversing granular
media at ≈20° inclination. The arrow indicates the direction of motion. (C and D) Two superimposed
snapshots of (C) a sidewinder and (D) the robot moving on level sand. The initial position is denoted by
“1,” and the successive position is denoted by “2.” The time between snapshots in (C) and (D) is 0.2 and
3.1 s, respectively. The vertical bars beneath the images indicate vertical displacement along the body at
the two times. (E) Two rendered snapshots of a snake sidewinding on level sand, with red indicating the
initial time and blue a successive time; time between images is 0.2 s. The 3D configurations were
reconstructed according to shape data collected from a sidewinder rattlesnake moving on level sand.
Centerline projections of the 3D snake data are shown on three orthogonal planes. The z coordinates of
the snake are scaled up four times to increase visibility in the yz and xz projections. The horizontal (xy)
and vertical (yz) waves travel in the posterior direction of the snake with respect to a coordinate system
rigidly attached to the animal (as shown by the green arrows). (F) Snapshots of the CMU snake robot
executing a sidewinding gait on level sand and projections of the resultant body shapes onto three
orthogonal planes. Red and blue indicate the initial and successive images, respectively. Time between
images is 6.3 s.The horizontal and vertical waves travel in the posterior direction of the robot with respect
to a body-fixed coordinate system (as shown by the green arrows).

RESEARCH | REPORTS



of Df = 1.51 T 0.17 rad. The position of contact
points moved from head to tail, leaving pairs of
straight parallel lines on the substrate. The angle
between these lines and the direction of mo-
tion (fig. S4D) was a = 33 T 8° on granularmedia.
The length of each track line was the same as
snake body length; the spacing of tracks was thus
determined by the spacing of contact points on
the snake’s body (fig. S4C) (16). As previously ob-
served on hard ground (17), speed increased with
frequency (defined here as the number of cycles
per second) (fig. 2C, inset). The snake body in-
truded into sand by 1.4 T 1.3 cm and created a hill
of material at each contact point; details on pen-
etration depthmeasurement are provided in (23).
We next examined the behavior of the animals

as q increased. A sidewinder climbing an incli-
nation of q = 20° is shown in fig. S1A and movie
S1. Unlike the robot, the snakes were able to as-
cend the granular inclines without any axial or
lateral slip (movie S1), indicated by the horizon-
tal regions in Fig. 2B. In addition, increasing q
did not significantly change the penetration depth
[analysis of variance (ANOVA), F2,51 = 0.33, P =
0.72], the angle between direction of motion and
track lines (ANOVA, F2,51 = 0.06, P = 0.81), or the
number of contacts. Instead, we observed that as
q increased, the length of the contact regions
relative to the body length increased (ANOVA,
F2,51 = 48.99, P < 0.0001); we refer to this quantity
as l/L. To determine this quantity, we analyzed
the 3D kinematics data to find the length of
snake body in static (peeling) contact with sand
in each cycle; details on contact length measure-
ment are provided in (23). As shown in Fig. 2C, l/L
increased by 41% as q increased from 0° to 20°.
At all q, portions that were not in contact were
lifted clear of the substrate. Wave frequency and
climbing speed decreased with increasing q (fig.
S4, A and B) with effective step length St [defined
as the distance the head moves forward in each
period (fig. S4C)] remaining constant over all fre-
quencies and q. Further kinematic details of the
movement are provided in the supplementary text.
To determine whether the ability to climb ef-

fectively on sandy inclines is common in closely
related snakes, we examined the locomotor behav-
ior of 13 species of pit vipers [subfamily Crotalinae
(table S1)] in the collection of Zoo Atlanta on
granularmedia. None of these species performed
sidewinding in any conditions, instead using ei-
ther lateral undulation or concertina, sometimes
combined with rectilinear, gaits (table S1). On
level sand, many species failed to achieve for-
ward movement, and on sand slopes at q = 10°,
all but a single species failed to move uphill (Fig.
3C andmovie S3). Yielding of the sand was accen-
tuated by the failure of these species to lift portions
of their body above the substrate (movie S3).
We hypothesize that the sidewinder rattlesnake’s

ability to move effectively on loose substrates
(compared with the robot and the other closely
related snakes) is made possible by neuromechan-
ical control that generates appropriate contact
length as sandy inclines become more suscepti-
ble to flow. To test this hypothesis, we next used
the CMU robot as a physical model to study

locomotor performance as a function of l/L for
different q (23). In particular, the CMU robot’s
ability to deform in arbitrary modes [using 17
modules (23), section 1.3], including a combi-
nation of traveling waves that generate side-
winding, makes it an attractive model on which
to test the generality and efficacy of the con-
tact length mechanism. And despite the dif-
ferences in weight and size of the snake robot
relative to the organism—as demonstrated in pre-
vious studies of fish, turtles, and cockroaches
(8, 25, 26) (and shown below)—principles of small
organism locomotor bio and neuromechanics
can be deduced through systematic variation of
parameters in larger-scale physical models.
To generate sidewinding in the robot, we con-

trolled its modules (and joints) to generate two
posteriorly directed traveling waves in the hori-

zontal and vertical planes with a 1/4 period
phase offset, Df = 1.57 rad (comparable with that
of the animal). These waves were generated so
that dorsal and ventral surfaces maintained their
respective orientations throughout the motion.
This produced a pattern of undulation and lifting
similar to that observed in the biological snakes
(Fig. 1, E and F). When the traveling waves are
approximated by using sinusoids, the resultant
shape of the robot resembles an elliptical helix
whose minor axis is perpendicular to the ground
and major axis is aligned with the direction of
motion. Similar to the biological snake, during a
gait cycle each module (segment) traced an ap-
proximately elliptical trajectory (Fig. 1F). All ex-
periments were performed at constant wavelength
(l = 0.5L) and at frequencies sufficiently low as
to avoid motor angular position and speed error.

226 10 OCTOBER 2014 • VOL 346 ISSUE 6206 sciencemag.org SCIENCE

Fig. 2. Sidewindingmotion at different granular incline angles q. (A) Traces of the sidewinder rattlesnake
(C. cerastes) sidewinding on level sand; green dashed lines indicate tracks that an animal leaves on sand. (B)
Displacement versus time of the snake at q = 0° (top) and 20° (bottom); colored lines correspond to colored
dots on the snake in (A). Regions of each curve that have zero or near zero slope correspond to static contact
with the granular medium. (C) Contact length l normalized by the body length L as a function of q for side-
winder rattlesnakes. The data shown encompass six sidewinder rattlesnakes, with three trials per animal at
each condition. (Inset) Snake forward speed v versus wave frequency f. Green circles, light blue triangles, and
redupsidedown triangles correspond to q =0°, 10°, and20°, respectively. Data aremean T SD. (D) Illustration of
the CMU snake robot sidewinding on level sand; green dashed lines indicate the tracks the robot leaves on the
sand. (E) Displacement versus time of the robot at inclinations of 0° (top) and 20° (bottom); colored lines
correspond to the colored dots on the robot in (D).The robot wave frequency in both of these plots was f =
0.31Hz, and its normalized contact lengthwas0.53 T0.03and0.45 T0.05 for q =0° and20°, respectively. (F)
Minimum (black), optimum (red), and maximum (blue) normalized contact length l/L for successful robot
climbs as a function of q. The gray region below the minimum l/L corresponds to pitching failure. The pink
region between theminimumand optimum l/L indicates slipping (but still maintains forward progress) due to
insufficient contact, and the blue region above the maximum l/L indicates slipping failure due to insufficient
lifting.Dashed linesareestimatedboundariesof regionsofdifferentperformance.The robotwave frequency for
this plotwas f=0.08Hz. l/L at several other wave frequencies are plotted in Fig. S6B. Data denotemean T SD.
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On level hardground, aminor-to-major-axis aspect
ratio of 0.9 produced steadymotion at a speed of
0.03 m/s (at frequency f = 0.08 Hz). On hard sur-
faces at q = 20°, decreasing the aspect ratio to 0.7
allowed the robot to climb without pitching or
rolling down the hill and at comparable speeds
as on level hard ground (22).
The waves that generated effective robot side-

winding on solid inclines were ineffective on
granular media (movie S2). To improve the per-
formance, we decreased the aspect ratio of the
elliptical core, which increased the contact length
in a manner analogous to the behavior observed
in the biological snakes (fig. S6A). The minimum

l/L needed for successful climbing (defined as
ascending at positive forward speed without
pitching; example traces are provided in Fig.
2D and tracked markers in Fig. 2E) increased by
≈70% as q increased from 0° to 20°. Within the
successful regions, we were further able to opti-
mize the contact lengths to minimize slip and
slightly improve the speed as compared with
moving with the lower-bound of l/L. Details on
robot contact lengthmeasurements are provided
in (23). There was no dependence on frequency,
indicating that body inertial forces wereminimal
and that granular frictional forces determined
the resistive forces (27). Thus, despite the many

differences between the biological and robot
sidewinding, comparable performance was ac-
hieved through use of a similar strategy of in-
creasing contact length with increases in q. The
elliptical helical gait is only one way to gener-
ate the traveling wave that propels the sidewind-
ing in both hard ground and sand. Experimenting
with helices of other cross-sections (such as oval
shapes) led to similar results. Also, themaximum
penetration depth d at the minimum l/L for suc-
cessful climbing (at f = 0.08 Hz) decreased by
≈30% as q increased from 0° to 20° (ANOVA,
F4, 10 = 9.03, P = 0.007).
We next systematically studied how robot

performance changed with l/L (Fig. 3A). As
shown in Figs. 2F and 3A, the robot was able to
ascend effectively for a given q only within a
range of l/L. The range narrowed as q increased,
indicating that for shallow slope angles, side-
winding performance was robust to variations
in contact length, whereas for higher slope an-
gles, the control effort must increase to target a
narrower range of contact length. On inclina-
tions of <15°, the robot exhibited high perform-
ance (speed) in a wide range of l/L until too large
l/L produced slipping that decreased forward
speed; this was related to an inability of the
robot to lift itself sufficiently to avoid unneces-
sary ground contact (similar to the slipping fail-
ures observed in other snake species). At the
other extreme, small l/L resulted in an insuffi-
cient supporting region, causing the robot to
pitch down the slope. In the pink region be-
tween minimum and optimum l/L in Fig. 2F,
the robot slipped due to insufficient contact but
still made forward progress. For large q, even
within the band of effective ascent, performance
was degraded because of downhill slip, which de-
creased the effective step length (fig. S6D).
The success of the robot and its similar per-

formance to the biological sidewinder suggest
the following picture of sidewinding on sandy
slopes. First, the animal targets a neurome-
chanical control scheme consisting of two inde-
pendently controlled and appropriately phased
orthogonalwaves (Fig. 1, E and F). Such a scheme
satisfies the definition of a “template”—that is, a
behavior “contains the smallest number of var-
iables and parameters that exhibits a behavior of
interest” (4). Discovery of templates is useful be-
cause they provide an organizing principle for
the enormous number of degrees of freedom in-
herent in all organisms. Second, the robot ex-
periments suggest that the two-wave template
dynamics can be simplymodified on sandy slopes
so that the animal targets a pattern of l/L and body-
segment lifting that minimizes slip and pitching.
Understanding the ground reaction forces

responsible for the relevant interactions (for ex-
ample, optimal l/Lwithout slip) requires amodel
of the interaction of objects with granularmedia.
However, there is no fundamental theory for bio-
and robotically relevant interactions in granular
media and a wider class of materials (mud, rub-
ble, or leaf litter). In particular, despite recent
discoveries in terradynamics (28), drag (27),
and impact (29) on level dry granularmedia [and
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Fig. 3. Sensitivity of locomotor performance on granular media. (A) CMU snake robot speed versus
l/L for inclination angles q = 0° (green circles), 5° (light blue rectangles), 10° (dark blue triangles), 15°
(purple diamonds), and 20° (red upside down triangles). Failure regimes due to pitching and slipping are
circled in black. Three trials were performed at each condition. Data indicate mean T SD. (B) Super-
imposed frames showing pitching and slipping failure modes in the robot ascending q = 20° and 10°
inclines, respectively. Uphill direction is vertically aligned with the page. t0 and tF represent the time at
which each body configuration is captured. The time between two images in the pitching and slipping
failure modes is 1.6 and 6.3 s, respectively. (C) Slipping failure of nonsidewinding snakes. Superimposed
images show failed lateral undulation on level sand by Sistrurus miliarius (left, length 47 cm) and failed
concertina locomotion on level sand by Mixcoatlus melanurus (right, length 47 cm). The time between
two images of S. miliarius and M. melanurus is 0.5 and 9 s, respectively.
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theoretical approaches to characterize granular
rheology (30)], none of these studies have invest-
igated drag forces on granular inclines.
We therefore studied the physics of transient

granular yield forces as a function of q. For con-
text, studies of steady-state drag on level granular
surfaces reveal that force is proportional to plate
width, w, and depth squared, d2 (31). To make the
first measurements of drag force F dependence on
q, d, and w, we performed drag force measure-
ments on granular inclines (23). We inserted flat
plates of different widths (w = 1.5 to 6 cm) to
different depths (d = 1 to 2 cm) into the granular
medium perpendicular to the slope plane and
displaced the plate downhill 15 cm. Depths were
chosen to bound the range of penetration depths

observed in the animal experiments. Because we
were interested in the yield behavior of the gran-
ular slope in the quasi-static limit (we assume
inertial effects are small at speeds at which the
snakes generally operate), we performed drag at
slow speeds and studied the force increases
under small displacements d from rest.
As shown in Fig. 4B, force increased substan-

tially for small displacements until it reached a
saturation regime, after which therewas a slower
increase in force associated with the buildup of a
granular pile in front of the plate. We refer to the
regime of rapid rise as the “stiffness” of the sand
(before large yielding) and denote it k (F/d near
d = 0). We estimated k by fitting a line to the
first 17% of data (corresponding to a displacement

0.5 cm, before material yielded noticeably) pre-
sented in Fig. 4B, and we plot this in Fig. 4C. For
fixed d, k decreased by ≈50% as q increased from
0° to 20° (Fig. 4C). For a fixed q, k increased
quadratically with d and nearly linearly with w.
This scaling indicates that in the limit of shal-
low drag and small displacements d, Fº k d with
k º w0.8 d2cos{[p/(2q0)] q}, where the phenome-
nological cos term reflects the rapid decrease in
force as q approaches q0 [details on curve fitting
are provided in (23)]. For q = 0° and fixed d, the
dependence on w is similar to that previously ob-
served (31), even though our depths are shallower.
The drag force measurements support our hy-

pothesis of contact length control: As q increases,
effective sidewinding can be maintained by in-
creasing the contact length to offset the decrease
in yield forces. This allows the locomotor tomain-
tain stresses below the yield stress, minimizing
slip. Insights from the drag measurements also
indicate why the appropriate amount of body lift
and contact to be within the range of l/L is im-
portant. If lift is too small, other segments of the
locomotor encounter drag forces that must then
be offset by either increases in l/L, or potentially
increasing intrusion depth. However, increases in
l/L would decrease lift, resulting in greater drag.
Increasing contact length relative to increasing
intrusion depth has obvious benefits because in-
trusion into granular media requires yielding ma-
terial, and the force to do so increases with depth
[the challenges associated with penetration are
described in (32)]. The energetic cost to vary l/L
is small in comparison.
The contact length modulation strategy has

benefits in terms of locomotor control: Once the
animal or robot is moving using a sidewinding
template (again, two independently controlled
waves with phase difference of approximately p/2),
slip and pitch mitigation in flowable substrates
can be effected with relatively simple modula-
tions of the basic template wave pattern. This
control has features in common with our previ-
ous biological (33) and robotic (24, 26) studies of
relatively slow-legged movement on the surface
of granularmedia, which also demonstrated that
use of the solid features of granular media had
benefits in certain locomotor regimes. We pre-
dict that other locomotors thatmove on granular
surfaces could target movement patterns whose
modulation can be used to achieve minimal-slip.
As expected, there were differences in the de-

tails between the sidewinding in the two systems.
We view these differences, necessarily present
because of the relative simplicity of the robot
compared with the organism, as consequences
of the different mechanisms that are used (bio-
logical complexity versus relative robot simplicity)
as “anchors” of the templates, in the terminology
discussed in (8). For example, the CMU robot has
no compliance in its joints, many fewer degrees
of freedom, and larger range of rotation (–90° to
90°) compared with those of biological snakes.
Another interesting difference between a snake
and the robot is that although both of them
slowed as q increased (figs. S4A and S6C), the
snake’s decrease in speed was correlated with
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Fig. 4. Granular incline drag force experiments. (A) Schematic of drag force apparatus. (B) Drag
force F versus horizontal displacement d for different plate widths w and penetration depths d. The
dashed line indicates the region used to calculate sand stiffness, k. (C) The fitted k versus inclination
angle q for different w and d. (Inset) The sand stiffness data collapse when normalized by w0.8d2; the
thick black line is the fit function 0.12 cos([p/(2q0)] q), with q0 = 0.47 rad (q0 = 27°).Triangles, circles, and
squares represent w = 1.5, 3, and 6 cm, respectively. Black, red, and blue colors illustrate d = 1, 1.5, and 2
cm, respectively. Data denote mean T SD.
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a decrease in frequency (indicating possibly
either muscle limitations or active control to
decrease inertial forces), whereas the robot speed
decrease was largely determined by a decrease in
spacing between tracks, as shown in fig. S6D.
This decrease in effective step length was related
to slipping of the robot at the highest q. Com-
parative study of the anchoring mechanics is
useful to learn about which lower-level mech-
anisms in the control hierarchy are critical, both
to generate template dynamics as well as to
understand neuromechanical control targets for
the anchors.
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ECONOMIC DEMOGRAPHY

Is low fertility really a problem?
Population aging, dependency,
and consumption
Ronald Lee,1* Andrew Mason,2,3* members of the NTA Network†

Longer lives and fertility far below the replacement level of 2.1 births per woman are
leading to rapid population aging in many countries. Many observers are concerned that
aging will adversely affect public finances and standards of living. Analysis of newly
available National Transfer Accounts data for 40 countries shows that fertility well above
replacement would typically be most beneficial for government budgets. However,
fertility near replacement would be most beneficial for standards of living when the
analysis includes the effects of age structure on families as well as governments. And
fertility below replacement would maximize per capita consumption when the cost of
providing capital for a growing labor force is taken into account. Although low fertility will
indeed challenge government programs and very low fertility undermines living
standards, we find that moderately low fertility and population decline favor the broader
material standard of living.

E
conomic behavior, abilities, and needs vary
strongly over the human life cycle. During
childhood and old age, we consume more
thanwe produce through our labor. The gap
is made up in part by relying on accumu-

lated assets. It is also made up through inter-
generational transfers, both public and private,
that shift resources from some generations to
others with no expectation of direct repayment.
Private transfers occur when parents rear their
children andwhen older people assist their adult
children or receive assistance from them. Pub-
lic transfers include public education, publicly
funded health care, public pensions, and the taxes
to pay for these programs. Because of these
economic interdependencies across age, fertil-
ity rates that are falling or already low will drive
rapid population aging in economies around the

world. Forty-eight percent of the world’s people
live in countries where the total fertility rate (TFR)
was below replacement, about 2.1 births per
woman for 2005 to 2010. The TFR is 1.5 births
per woman in Europe and 1.4 births per woman
in Japan (1). With fertility this low, population
growth will give way to population decline, and
population aging will be rapid. The median age
of the Southern European population, for ex-
ample, is projected to reach 50 years of age by
2040 as compared to 41 in 2010 and 27 in 1950 (1).
In 2013, governments in 102 countries reported
that population aging was a “major concern,” and
54 countries had enacted policies intended to
raise fertility (2).
This is a remarkable reversal from decades of

concern about the economic and environmental
consequences of high fertility and rapid popula-
tion growth (3). Should we now be alarmed about
low fertility, population decline, and population
aging? Should governments encourage their citi-
zens to bearmore children to balance thedramatic
future increase in the number and proportion
of elderly?
Identifying an optimal population policy is

likely to be impossible for several reasons. First,
children yield direct satisfaction and impose
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Materials and Methods 
Snakes, fluidized bed, visualization, and tracking  

Data was collected for six adult sidewinder rattlesnakes, Crotalus cerastes (N = 6, m 
= 98±18 g, L = 48±6 cm) and 200 kg of sand from Yuma County, Arizona (Fig. S1a). All 
of these snakes were housed at Zoo Atlanta where the experiments were conducted. We 
designed and built an air-fluidized bed (Fig. S2a) of size 2 x 1 m2 to control the sand 
compactness (volume fraction) and inclination angle. In the fluidized bed, above a critical 
air flow rate (against gravity), the granular material behaves like a fluid. Gradually 
decreasing the flow to zero results in the media reaching a loosely packed state with a flat 
surface; previous disturbances to the medium are no longer present. Air flow was turned 
off during experiments. 

We recorded kinematic shape change data (snake and robots) using 3 AOS X-PRI 
high speed cameras at 120 fps. We calibrated the cameras, analyzed all of the videos, and 
obtained the position of each dot on snake body as a function of time using an automated 
image processing software developed in MATLAB (34). We used a calibration object 
with 49 markers (Fig. S2b) to calibrate our 3 cameras. As detailed in the Contact length 
measurement section, we used the 3D shape data to find the portion of the animal’s body 
in contact with sand. Penetration depth was obtained based on the z-displacement of the 
dots on snake body; see penetration depth measurement section for details. Body speed 
was measured as distance traveled per unit of time averaged over all points tracked on the 
snake’s body; regularization was performed such that contributing measurements were 
taken from periods where the average gait frequency varied by less than 10%. The wave 
frequency was found by analyzing the x-displacement data using a peak detection 
algorithm (18). To determine the phase offset between xy and yz waves we found the 
phase of horizontal wave (xy) at the static regions of body. We know the phase of vertical 
wave (yz) at the center of these static regions since they correspond to the lowest point of 
a wave. We assumed a sinusoidal curvature and determined xy phase of the static regions 
based on the body curvature and its rate of change at these points. The mean of these xy 
phase values was the center of the static region, corresponding to the lowest point in the 
vertical wave.  
 
Contact length measurement  

We provide a more detailed description of our methods for measuring contact length 
of the snake and snake robot. The MATLAB program DLTdv4 (34) was used to analyze 
synchronized videos, recorded using 3 AOS high-speed cameras, to obtain time resolved 
xyz positions of tracking dots on the dorsal surface of the snake’s body (Fig. 2b,e). We 
tested the accuracy of this method by putting 5mm spherical markers at known xyz 
positions on sand and computing their positions in the tracking software. The xyz 
coordinates of these markers were determined to within 2mm (the penetration depth of 
snakes were on the order of 1.4 ± 1.3 cm). Although the snakes generate continuous 
traveling waves as they move, parts of the body form regions in static contact with the 
substrate (unless the material yields). These instantaneously static segments roll/peel 
away from the substrate as the snake moves. This process is similar to a slip-free wheel, 
which makes instantaneous static contact with the ground as it rolls. The fact that these 
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regions are in static contact is shown by observation of snake ventral scale imprints on 
the sand (see Fig. S2c).  

Thus, to obtain the normalized contact length for the snakes, we must find the 
proportion of the snake body that has zero velocity at each instant. Using our digitally 
tracked 3D points we determined snake-ground contacts by examining the velocity 
profile along the body of the snake. We calculated the numerical time derivative of 
displacement in the direction of travel for each dot on the snake’s body. We then found 
the proportion of time this derivative was below a manually tuned threshold in each 
period (Fig. 2b,e). We averaged this proportion for all of the dots on each snake in each 
trial. We report this average as the proportion of time the snake was in contact with the 
ground in each trial. According to the following discussions this parameter is equal to the 
portion of snake length that is in contact with sand, which we call the normalized contact 
length l/L.  

We assume wave speed and contact length stay constant in a gait cycle, and any 
point on the substrate is touched only once by the snake body. As the wave travels down 
the snake body, the amount of time that a particular marker is static, ts is proportional to 
the length of contact, l/L = ts /T. As discussed above, we determined ts /T (the length of 
horizontal segments of the plots in Fig. 2b divided by the period T) and averaged over all 
of the markers to calculate the normalized contact length l/L.  

To find the contact segments for the snake robot we stopped the robot at the same 
phase after each trial and directly measured the robot-sand contact length. This contact 
length was independent of the phase at which we stopped the robot (all experiments were 
performed at constant wavelength (λ = 0.5L)). This direct measurement removed the need 
for 3D data analysis.  

In addition, we used video inspection to validate our contact length calculations. We 
used open source Tracker, a video analysis and modeling tool 
(https://www.cabrillo.edu/~dbrown/tracker/), to manually analyze each video and 
estimate the portion of snake and robot body that was in contact with the sand in each 
trial. The manual video inspection proceeded in the following steps: We opened the video 
of interest in Tracker. We then chose a configuration/phase of the animal that is easy to 
visualize the segments that make contact with sand; see Fig. S1 (we consistently used the 
same configuration for all of the videos, although contact length remains constant during 
each period). We then manually measured the length of body in contact relative to the 
entire length of the animal. Regions of the snake body in which a visual shadow below 
the body were observed were classified as the lifted segments of the body, the portions of 
the snake body which were in contact with the sand did not have a shadow and were 
often signified by a lack of body curvature in these regions. The equally spaced dots we 
placed on the snake’s body helped us estimate the normalized contact length. As shown 
in Fig. S1, the contact regions were clear from the side view and were consistent between 
different trials (small error bars in Fig. S3a). As shown in Fig. S3a,b the results of the 
manual video inspection were consistent with our previously reported data for contact 
length of snake/robot.  
 
Penetration depth measurement  

We found penetration depth of snakes using the z-displacement of the markers on 
the snake’s body using the visual tracking system discussed above. We assumed a 
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constant dorsoventral thickness for the snakes and searched for the maximum z-
displacement of the markers in each trial and defined this as penetration depth. However, 
we needed to know where the sand surface was relative to an inertial frame to get 
accurate xyz coordinates of the markers. Thus, before each trial we fluidized the bed to 
obtain a uniformly flat granular surface with minimal variation from trial to trial. Our 
experimental test bed was constructed specifically for this purpose, with a porous floor 
along the entire bottom area so uniform air flow through the sand is possible. This 
resulted in the creation of a uniform and repeatable granular surface for each trial. The air 
fluidization technique has been used in studies of locomotion on granular media to 
construct such environmental initial conditions (7, 24).  
 
Granular  
Granular drag experiments were performed in an air fluidized bed of length, L = 43 cm, 
and width, W = 28 cm, filled with the same sand used in the snake and robot experiments. 
Air flow through a porous floor in the bed fluidized the sand into a loosely packed 
granular state consistent with that used in locomotion experiments. After fluidization and 
once the sand settled, we slowly (0.9 degrees/s) tilted the bed to an angle between 0 − 20 
degrees. A flat plate of width, w = 1.5 − 6 cm, was inserted to a depth d = 1 − 2 cm and 
displaced a distance of 6 cm at a speed of 0.65 cm/s along the sand slope. Plate 
displacement was performed by a Firgelli L16 miniature linear actuator. The flat plate 
was constructed of 1 mm thick aluminum; four strain gauges (Omega KFG) were 
attached to the top of the plate. Using the strain measurements, we were able to extract 
the granular drag force experienced by the flat plate. We estimated sand stiffness, k, by 
fitting a line to the first 17% of data corresponding to a displacement 0.5 cm, before 
material yielded significantly. We used MATLAB curve fitting and optimization tool 
boxes to find the best fit of the measured stiffness data. Our choice of fitting function was 
based on the physical characteristics of the granular media. We first collapsed the 
stiffness data by dividing it by dawb (31). At each inclination angle, θ, k increased 
quadratically with d and nearly linearly with w (similar to steady state drag on level 
granular surfaces (31)). We then fit the function c cos(π θ /2θ0) to the reduced data. The 
cos term reflects the rapid decrease in force as θ approaches θ0.  
 
Robot  

The CMU modular snake robot (m = 3150 g, L = 94 cm) used for our robotic 
experiments (Fig. S5c,d) (22, 35, 36) was composed of 17 identical modules. Each 
module was 5 cm in diameter and could output over 3 Nm of torque. Each of these 
modules serves as a single-DOF joint and the joints are chained together such that they 
rotate alternatively in pitch and yaw directions with respect to a body-fixed frame. This 
mechanical configuration enables the snake robot to form three-dimensional shapes. The 
robot’s tail module includes a tether connection with integrated slip-ring.  
 
Supplementary Text  

Fig. S1 shows a sidewinder rattlesnake and CMU robot traversing loose sand at 
inclination of 20 degrees. The lifting regions for both snake and robot are highlighted by 
red bars.  



 
 

5 
 

As shown in Fig. S4c spacing of snake tracks St did not change significantly with 
incline angle (ANOVA, F2,51 = 0.73, p = 0.49). However, wave frequency of the snake 
decreased with increasing θ (Fig. S4b, ANOVA, F2,51 = 5.93, p = 0.005). The decrease in 
wave frequency led to a decreased forward speed with increasing incline angle (Fig. S4a, 
ANOVA, F2,51 = 7.84, p = 0.001). As shown in Fig. S4d, the angle between snake tracks 
and the direction of motion was also α = 33 ± 8 degrees on granular media and did not 
significantly change across inclines (ANOVA, F2,51 = 0.09, p = 0.77). Open source 
Tracker, a video analysis and modeling tool (https://www.cabrillo.edu/~dbrown/tracker/), 
was used to manually analyze each video and find St and α.  

Choset’s group at CMU has developed a family of limbless robots called modular 
snake robots (22, 35, 36). These robots comprise 17 independent modules, each with a 
single joint arranged orthogonal to the previous one. A schematic of sidewinding gait, 
sidewinding backbone, and CMU robot schematic are shown in Fig. S5.  

Normalized contact length of the robot is plotted versus aspect ratio in Fig. S6a. The 
plot shows only the minimum required contact lengths for successful climbing. As we 
increased aspect ratio, the vertical wave amplitude increased. As a result of this increased 
lifting action, the normalized contact length l/L decreased. With increasing θ  we had to 
decrease the aspect ratio of the elliptical helix for successful climbing (corresponding to 
an increase in minimum required l/L). The minimum required l/L for successful climbing 
of the CMU robot is plotted versus θ  in Fig. S6b. The wave frequency did not have an 
impact on l/L within the range of frequencies the robot can handle without significant 
joint error. As shown in Fig. S6c, speed of the robot at each frequency decreased with 
increasing θ. Speed also depended on frequency and the higher the frequency, the higher 
the speed. The reason speed of the robot was decreased with increasing θ  at each 
frequency (Fig. S6c) was the decrease in spacing of tracks at higher inclinations (Fig. 
S6d). As shown in Movie S1, there was more local slipping at higher inclinations (even 
in the range we call effective locomotion on Fig. 2f). Thus, the spacing of the tracks was 
reduced by increasing the inclination.  

Table S1 presents locomotor performance of thirteen species of pit vipers on sand at 
zero and ten degree inclinations. These results show that while several viper (and non-
viper) species can sidewind (9, 37), this ability is neither universal nor even common. 
Further examination and broader taxonomic sampling is the subject of future work.  
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Fig. S1. 
(a) A sidewinder rattlesnake and (b) CMU snake robot traversing a 20 degree granular 
slope. The lifting regions are highlighted by red bars.  
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Fig. S2 
(a) The experimental apparatus including a diagram of a tiltable fluidized bed trackway 
and the 3D high-speed imaging system. (b) The calibration object covering the entire bed. 
(c) Marks of a sidewinder ventral scales during sidewinding, indicating static 
(peeling/rolling) contact.  
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Fig. S3 
Comparison of data analyzed using the two different methods described in the supporting 
methods text for (a) snakes and (b) robot. Data indicate mean +/- SD. 
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Fig. S4 
Snake (a) speed V color coded with wave frequency f, (b) wave frequency color coded 
with speed, (c) spacing of tracks St, and (d) angle between tracks and direction of motion 
α versus inclination angle θ. Data indicate mean +/- SD. 
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Fig. S5 
(a) A schematic of the sidewinding gait showing the direction of travel, direction of 
traveling wave, and regions of locomotor in contact with ground (38). (b) The 
sidewinding backbone curve is an elliptical helix which acts as a helical tread around a 
hypothetical core cylinder, driving it forward (38). (c)-(d) The CMU robot. Each module 
has one degree of freedom and is oriented 90 degrees with respect to the previous one to 
allow motion in three dimensions. Each joint has a full ±90◦ range of motion. The front 
module of the robot has a camera with LED lighting, and the tail module includes a tether 
connection with integrated slip-ring.  
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Fig. S6
(a) The normalized contact length l/L of CMU snake robot versus aspect ratio of the 
elliptical helix at different frequencies. Snake robot’s (b) normalized contact length l/L, 
(c) speed V, and (d) spacing of tracks St versus inclination angle θ. The data presented in 
(a)-(d) are for successful climbing trials (without slipping or pitching down the hill). Data 
indicate mean +/- SD. 
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Table S1. 
The locomotor behavior of thirteen species of pit vipers on sand at zero and ten degree 
inclines.  
  

 
 

Species Mode of 
Locomotion

Success / 
Failure

Mode of 
Locomotion

Success / 
Failure

Agkistrodon contortrix Lateral 
Undulation Success Lateral 

Undulation Failure

Agkistrodon piscivorus Concertina Success
Lateral 

Undulation / 
Concertina

Failure

Crotalus cerastes Sidewinding Success Sidewinding Success

Crotalus horridus Concertina Success Concertina Failure

Crotalus lepidus Lateral 
Undulation Success Lateral 

Undulation Failure

Crotalus mitchellii Concertina / 
Rectilinear Success Concertina / 

Rectilinear Success

Crotalus oreganus NA NA Concertina Failure

Crotalus polystictus Lateral 
Undulation Success Lateral 

Undulation Failure

Crotalus pricei Concertina Success Lateral 
Undulation Failure

Crotalus viridis Rectilinear Success Concertina / 
Rectilinear Failure

Crotalus willardi
Lateral 

Undulation / 
Concertina

Success Lateral 
Undulation Failure

Mixcoatlus melanurus Concertina / 
Rectilinear Failure Concertina / 

Rectilinear Failure

Sistrurus catenatus Lateral 
Undulation Success Lateral 

Undulation Failure

Sistrurus miliarius Lateral 
Undulation Failure Lateral 

Undulation Failure

Level Sand 10 Degree Incline Sand
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Table S2. 
Particle size distribution of sand from Yuma County, Arizona (28).  

 
Particle diameter (mm) Mass percentage (%)

< 0.06 2

0.06–0.3 68

0.3–3.0 17

>3.0 13



 
 

14 
 

 
Movie S1 
A sidewinder rattlesnake climbing on loose sand. The videos illustrate sidewinding 
motion of a snake on inclinations of 0, 10, and 20o at real-time speed followed by 4-times 
slower speed. The side by side videos show each trial from two different angles. 
 
Movie S2  
The CMU robot climbing loose sand at wave frequency of f = 0.08 Hz. At inclination of 
10 degrees the robot pitched at contact length of l/L = 0.28 and slipped at l/L = 1. The 
CMU robot could successfully climb inclination of 10o at l/L = 0.55. The last two videos 
show the robot climbing inclinations of 5 and 20o at similar contact lengths successfully 
(l/L = 0.49 and 0.45, respectively). However, due to the presence of local slipping at the 
higher inclination angle (θ = 20o) the step length is shorter and thus the speed is slower. 

Movie S3  
Movements of Other Crotaline Vipers on Horizontal and Inclined Sand. Sequence 1- A 
rock rattlesnake (Crotalus lepidus) uses lateral undulation on level sand. Sequence 2 - A 
speckled rattlesnake (Crotalus mitchellii) uses concertina with rectilinear locomotion on 
level sand (2x speed). Sequence 3 - A Mexican pitviper (Mixcoatlus melanurus) attempts 
to move using concertina locomotion on horizontal sand, but fails to make forward 
progress (3x speed). Sequence 4 - A pigmy rattlesnake (Sistrurus miliarius) attempts to 
move using lateral undulation on horizontal sand, but fails to make forward progress. 
Sequence 5 - A speckled rattlesnake (Crotalus mitchellii) uses concertina with rectilinear 
locomotion on 10o inclined sand (2x speed). Sequence 6 - A ridge-nosed rattlesnake 
(Crotalus willardi) attempts to move using lateral undulation on 10o inclined sand (uphill 
is upwards in the video), but fails to make forward progress. Sequence 7 - A Mexican 
pitviper (Mixcoatlus melanurus) attempts to move using concertina locomotion on 10o 

inclined sand, but fails to make forward progress. Sequence 8 - A pigmy rattlesnake 
(Sistrurus miliarius) attempts to move using lateral undulation on 10o inclined sand 
(uphill is upwards in the video), but fails to make forward progress. 
 
Movie S4  
Fluidizing sand using an air-fluidized bed. We constructed a setup to prepare a uniform 
and consistent state for the granular media before each trial. Our fluidized bed has a 
porous floor allowing the air to uniformly flow through the entire sand and letting it re-
settle into an equilibrium condition. As shown in this video, regardless of the initial state 
of the sand we were able to achieve a loosely packed granular media with a smooth 
surface after the fluidization process.  
 
Movie S5 
A sidewinder rattlesnake climbing loose sand at an inclination of 27o. The video is sped 
up 4 times and illustrates the extended contacts the snake makes during sidewinding 
motion on the highest possible angle (angle of maximum stability) on loose sand.  
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