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The small structures that decorate biological surfaces can signif-
icantly affect behavior, yet the diversity of animal–environment
interactions essential for survival makes ascribing functions to
structures challenging. Microscopic skin textures may be par-
ticularly important for snakes and other limbless locomotors,
where substrate interactions are mediated solely through body
contact. While previous studies have characterized ventral sur-
face features of some snake species, the functional consequences
of these textures are not fully understood. Here, we perform
a comparative study, combining atomic force microscopy mea-
surements with mathematical modeling to generate predictions
that link microscopic textures to locomotor performance. We
discover an evolutionary convergence in the ventral skin struc-
tures of a few sidewinding specialist vipers that inhabit sandy
deserts—an isotropic texture that is distinct from the head-to-
tail-oriented, micrometer-sized spikes observed on a phyloge-
netically broad sampling of nonsidewinding vipers and other
snakes from diverse habitats and wide geographic range. A
mathematical model that relates structural directionality to fric-
tional anisotropy reveals that isotropy enhances movement dur-
ing sidewinding, whereas anisotropy improves movement dur-
ing slithering via lateral undulation of the body. Our results
highlight how an integrated approach can provide quantita-
tive predictions for structure–function relationships and insights
into behavioral and evolutionary adaptations in biological
systems.

snake | locomotion | evolution | structure | function

Small surface features, ubiquitous in biological systems,
can have profound and diverse functional consequences

(1). While developing a link between microscopic structure
and macroscopic function is challenging in general, some
progress has been made in specific systems, where surface-
characterization techniques are combined with mathematical or
physical modeling. For example, nanostructured and microstruc-
tured patterns on biological surfaces manipulate interactions
with light and can greatly affect appearance (2, 3); microscopic
hair-like structures enhance adhesion (4) and manipulate fluid
flows (5); microscopic denticles on shark skin affect fluid flows
(6, 7); and microscopic cilia on bird feathers help to stabi-
lize wing shape and improve flight mechanics (8). Here, we
build upon the approach taken in these studies, combining
surface-characterization techniques and mathematical model-
ing as a part of a comparative study across snake species
from diverse habitats (Fig. 1) to develop an understanding
of how putative evolutionary adaptations may affect snake
locomotion.

Limbless locomotion is achieved through the use of prop-
erly coordinated sequences of body curvatures that push on
the surrounding environment to generate propulsive forces—an
interaction that in terrestrial situations is primarily mediated by
the highly frictional interface between the body’s ventral surface
and the substrate. A common strategy for generating move-
ment [and one that all snakes are capable of (11)] is lateral

undulation—in which an animal creates and subsequently prop-
agates lateral body bends from head to tail, producing overall
displacements primarily in the cranial direction. An example
of this movement pattern in Chionactis occipitalis (Colubridae)
(Fig. 2A), a desert specialist, is shown for two cycles of lateral
undulation in Fig. 2B.

Some snakes have adopted modifications to this mode of
movement, where a coupled, but independently modulated, ver-
tical wave of body bending is also generated and propagated
from head to tail. Depending on the environment and lifting
pattern, this vertical wave can act to modulate environmental
contact—leading to enhanced speed through drag reduction dur-
ing typical slithering locomotion (12), improved maneuverability
on sandy slopes through weight distribution modulations that
help reduce avalanching events during sidewinding (13)—and
has even been shown to stabilize the aerial glides of arboreal
snakes (14). Here, we focus on the differences between sidewind-
ing specialists and other vipers that primarily use other modes of
locomotion.

During sidewinding, a 90◦ phase-shifted vertical traveling
wave creates nearly static contact patches with the substrate
that, when coupled to the lateral wave, enables the animal to
move forward at an angle (relative to the cranial–caudal axis)
in a continuing series of steps (13, 15) (Fig. 2 D and E). Spe-
cialization for sidewinding has evolved a small number of times
and has been best characterized in the sidewinder rattlesnake
(Crotalus cerastes), a pitviper from North American deserts,
and in several true vipers (e.g., Cerastes species [spp.], Pseudo-
cerastes spp., and Bitis spp.) from African and Middle Eastern
deserts (16). Despite the unique mode of locomotion, the only
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Fig. 1. Geography and phylogeny of vipers. (Upper) World map showing approximate geographic locations of 22 viper species. Symbols indicate natural
substrates, and colors distinguish species within a habitat. (Lower) Phylogeny of viperid snakes (data from ref. 9), with the pitviper (Crotalinae) clade
expanded to the right (data from refs. 9 and 10). we show a conservative polytomy for the topology of the subclade (Cr. cerastes, Cr. enyo, and Cr.
polystictus). Bold text and colored symbols (consistent with map labels) identify species investigated here. Cladistic and geographic patterns underscore the
independent, convergent nature of sidewinding locomotion (bolded stars) in the American sidewinder (Cr. cerastes), a crotaline pitviper, and the African
sidewinding viperine vipers (Cerastes spp.). Each snake shown is approximately 35 cm in length. Cr. Cerastes and Ce. Vipera images credit: Wolfgang Wuster
(photographer). Ce. cerastes image credit: iStock/acceptfoto. Map image credit: VectorStock/SpicyTruffel.

morphologically distinctive feature identified thus far is a shorter
musculus semispinalis-spinalis, a muscle likely involved in lifting
portions of a snake’s body (17, 18).

Atomic force microscopy (AFM) surface characterization of
the ventral scales from shed skins of Ch. occipitalis (Fig. 2C)
revealed a structurally anisotropic texture in which the epidermal
skin cells have caudally directed, elevated, regular, micrometer-
sized spikes we refer to as microspicules; previous literature
has inconsistently used other terms for these structures (e.g.,
microfibrils, denticles, or digits) that we feel offer poor or mis-
leading anatomical characterizations (19–21). The anatomy seen
in Ch. occipitalis is qualitatively similar to those found in previ-
ous studies of many nonviperid alethinophidian snakes (19, 20,
22–30). This configuration of the microspicules produces longi-
tudinal structural anisotropy on the ventral surface that is closely
associated with lateral undulation and with other types of cra-

nially oriented movement. In contrast, we found that Cr. cerastes
possessed a different, more isotropic texture with greatly reduced
microspicules and large impressions; similar, but smaller, struc-
tures in other species that have been referred to as pits or
holes (21) (Fig. 2F). To investigate whether these differences in
textures relate to movement patterns or details of the environ-
mental interactions, we characterized the microscopic textures
on the ventral scales of a broad range of species within the viper
family (7 Viperinae and 15 Crotalinae). Fig. 3 A and B, Left
show 10 µm × 10 µm regions on three nonsidewinding species
and three sidewinding species. We observed qualitatively similar
textures in the nonsidewinding crotalines (pitvipers), comprising
regularly arranged, elongated, sharply pointed, caudally protrud-
ing microspicules oriented along the longitudinal axis of the
body; we consider this to be the ancestral (plesiomorphic) mor-
phology for the clade (Fig. 3A). The main differences in textures
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Fig. 2. Undulatory locomotion modes of two sand-specialist snakes. (A) The
shovel-nosed snake (Colubridae: Ch. occipitalis). Reprinted from ref. 46. (B)
Time trace of splined points along the body as the snake moves on 300-µm
glass beads via lateral undulation. (C, Left) Schematic of the underside of a
snake; transverse lines represent ventral scales with the blue box highlight-
ing that our scan regions are subscale in size (not to scale). (C, Right) AFM
scan of microscopic structure within one ventral scale of Ch. occipitalis. (D)
The sidewinder (Viperidae: Cr. cerastes). Green dashed lines indicate regions
of body–substrate contact. (E) Time trace of splined points along the body as
the snake sidewinds on natural sand. (F) AFM scan of microscopic structure
within one ventral scale of Cr. cerastes. We note that the posterior–anterior
axis in C and F is aligned with the y axis, and larger y values are closer to
the head of the animal.

across species are quantitative, primarily intramicrospicule and
intermicrospicule length variations (Fig. 3A and SI Appendix,
Table S1). In contrast, Cr. cerastes (Fig. 3 B, Upper Left) has
a remarkably different (derived) morphology—greatly reduced
microspicules and the presence of isotropic pits—that is distinct
from close relatives Crotalus polystictus (Fig. 3A, Upper Left) and
Crotalus enyo (SI Appendix, Fig. S1 and Table S1).

Our smaller sampling of Viperinae (true vipers) also revealed
a general pattern of caudally projecting microspicules, but with
more variability in size and shape across species than is evi-
dent in pitvipers (SI Appendix, Figs. S1 and S2 and Table S1).
While the ancestral morphology of the viperine clade is not clear
from our sampling, we find that the North African sidewind-
ing vipers, Cerastes cerastes and Cerastes vipera, have distinct
textures—marked by the absence of microspicules and the pres-
ence of isotropic pits—that are morphologically similar to that of
the American sidewinder, Cr. cerastes (Fig. 3B).

The convergent evolution of similar isotropic textures in the
North American sidewinder rattlesnake (Cr. cerastes) and in dis-
tantly related North African sidewinding specialists (Cerastes
spp.) under similar environmental conditions suggests adapta-
tion. Moreover, the fact that a laterally undulating sand spe-
cialist (Ch. occipitalis) retains an anisotropic condition (Fig. 2C)
suggests that isotropy is related specifically to sidewinding loco-
motion, rather than to sandy habitats. The species that use
sidewinding as their primary mode of locomotion differ in the
degree to which they show derived morphology: North Ameri-
can Cr. cerastes have greatly reduced microspicules and enlarged,
cratered, epidermal pits, whereas in North African Cerastes spp.,
the microspicules are completely absent, and the enlarged epi-
dermal pits are more smoothly bounded than in the American
sidewinder. That the North American species appears somewhat
less morphologically specialized is consistent with the context of
Earth’s geologic history and viperid evolutionary history. Fos-

sil dunes indicate that sandy desert conditions appeared in the
Sahara region at least 7 million years ago, and the geologic
record shows that arid conditions have cyclically prevailed since
(31, 32). In contrast, the Mojave Desert of North America first
accumulated sand only about 15,000 to 20,000 years ago (33, 34).
Additionally, an ancestral state reconstruction shows that the
common ancestor of North African Cerastes spp. had most likely
evolved specialization for sidewinding by about 16 million years
ago, while the most recent common ancestor of North American
sidewinders and their sister species (about 11 million years ago)
probably did not sidewind (16).

In addition to the three sidewinding specialists, Echis pyra-
midum sidewinds regularly and proficiently on sand, but uses
other types of locomotion on nonsand substrates, while Echis col-
oratus can sidewind when frightened or when placed on shifting or
smooth substrates, though it lives in rocky habitats (35–37). The
ventral surface of E. pyramidum lacks microspicules and has a low
structural anisotropy (SI Appendix, Fig. S1). The ventral surface of
E. coloratus does not resemble that of the specialized sidewinders.

Although we were unable to obtain samples for sidewind-
ing species in other genera, we can make predictions as to
their degree of morphological specialization. Pseudocerastes spp.
and Eristicophis macmahoni should possess highly specialized
scale morphology, similar to Cerastes spp., considering that their
shared ancestor about 21 million years ago was likely a special-
ized sidewinder (16). Sidewinding specialization in an ancestor
of Bitis peringueyi and Bitis caudalis may have evolved more
recently, perhaps only 6 million or 7 million years ago (16).
Their ventral scales may therefore show only partial loss of the
anisotropic condition, similar to Cr. cerastes. Echis carinatus may
similarly show incomplete specialization in scale microtexture. If
future studies confirm our predictions, the results would indicate
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Fig. 3. Microscopic ventral scale structures. AFM scans were performed to
examine the structure of a subsample of a single scale (as illustrated by the
light blue box in the schematic of Fig. 2C). Three 10-µm × 10-µm scans
(color indicates height in nanometers) and their corresponding 2D power
spectra are shown for three representative nonsidewinding species (A) and
three sidewinding species (B). All scans are oriented such that the head
(tail) is toward the top (bottom) of the page. The bright spots in the power
spectra for nonsidewinding species confirm the presence of a strong struc-
tural anisotropy oriented along the body across species and environments.
For all sidewinding species scanned, the power spectra are more isotropic,
indicating a lack of (or reduced) structural anisotropy.
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that the evolution of sidewinding behavior likely preceded the
evolution of highly specialized scale morphology.

We quantitatively compared microtextures by computing the
two-dimensional (2D) power spectrum of a 20-µm × 20-µm
AFM scan region for each species (Fig. 3 A and B, Right; SI
Appendix, Fig. S1). Sharp peaks in the power spectra result from
periodic structures, with peak locations identifying both domi-
nant feature lengths and corresponding directions of periodicity.
For the nonsidewinding species investigated, the strongest peaks
are oriented along the horizontal axis, indicating that the lateral
structure is the dominant feature in the array of microspicules. In
contrast, the structures of the three sidewinding species sampled
lack a strong direction dependence, as indicated by the nearly
radially symmetric appearance of the power spectra in Fig. 3B.
To quantify the observed differences in the textures, we created
a structural anisotropy index, s , that compares the angular varia-
tion in the power spectra along the dominant structural direction
and the orthogonal direction.

To determine s , we computed the radon transform of each
power spectrum and defined the dominant structural direc-
tion by the brightest pixel value; s was then defined as the
Jensen–Shannon divergence (38) of two slices through the radon
transform: the one along the dominant direction and the one
orthogonal to the dominant direction (Fig. 4 A and B). The three
sidewinding specialists investigated here all have low values of
s (s < 0.1) and are among the lowest values of all vipers sam-
pled, indicating that the microtextures are more isotropic than
most species we investigated. We note that s is bounded between
zero and one, with zero indicating the two directions have
identical features and one indicating maximal dissimilarity (see
Materials and Methods for details). The relative isotropy of the
evidently nonsidewinding viperine Montivipera raddei (Fig. 4C)
is an interesting result and suggests that microstructural evolu-
tion in the viperine clade is worthy of subsequent investigation.
Low anisotropy in the pitviper Agkistrodon piscivorus may be
associated with relaxed selection for anisotropy due to its semi-
aquatic habits and/or use of muddy substrates, and this also
invites further investigation.

Previous AFM investigations of the structurally aniso-
tropic microspicule textures have measured a drag-direction-
dependent microscopic friction coefficient, with smaller values
for forward movement (from head to tail) along the body (19,
23, 26–30, 39). Larger friction coefficients have consistently been
reported for backward (tail to head) movement, and, while
there has been some sensitivity to experimental details, some
studies have reported similarly large friction coefficients for lat-
eral movement across the body in both natural and artificial
microspicule structures (23, 26–29). Previously reported macro-
scopic measurements of friction are qualitatively consistent with
microscopic measurements, reporting a larger value for back-
ward movement relative to forward movement (12, 40) and a
larger value for lateral movement relative to forward move-
ment (12). However, thus far, hypotheses about the mechanical
importance of these textures for locomotion have focused on the
forward/backward anisotropy.

Like previous researchers, we expect that the direction-
dependent friction coefficient results from the structural
anisotropy. However, given the dominance of the lateral fea-
tures, as indicated by the power spectra in Fig. 3A (and SI
Appendix, Fig. S1), we hypothesized that the lateral/forward
anisotropy is important particularly for lateral undulation, which
is common for snakes with these anisotropic structures. We
developed a mathematical model of a snake and used a mod-
ified granular resistive force theory (RFT) (41–43) to model
environmental interactions and systematically probe how fric-
tional anisotropy affects locomotion (Materials and Methods). To
decouple the anisotropy associated with flowable substrates (e.g.,
see ref. 44) from the hypothesized contribution of microstruc-
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quantification of the structural anisotropy (see Materials and Methods for
details). The three sidewinding specialists investigated here (labeled with
blue text) have nearly isotropic microtextures.

tural features present on the body, we modeled the substrate
interactions with kinetic Coulomb friction (45).

Our hypothesized relationship between structure and friction
is shown in Fig. 5A; arrows in the enlarged regions to the right
identify directions associated with lower friction. We define a
frictional anisotropy coefficient, c, as the ratio of the lateral
(locally transverse to the body midline) to longitudinal friction
coefficients (locally aligned with the body midline). If c = 1
(i.e., standard kinetic Coulomb friction), then movement along
all directions results in the same frictional force. If c> 1, the
transverse friction is larger than the longitudinal friction. If
c< 1, then transverse friction would be lower than longitudi-
nal friction, though, to our knowledge, this condition has not
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Fig. 5. Performance varies with anisotropy. (A) Schematic of the model. The body is divided into small segments, each of which experiences an environ-
mental force, with components both parallel and perpendicular to the long axis of the body. Arrow sketches in A, Right show a hypothesized connection
between microspicule structure and relative ease of movement, where arrows indicate the direction associated with the smallest friction coefficient. For
lateral undulation, all parts of the body are in contact with the ground. In sidewinding, the contact pattern changes throughout a gait cycle (13, 15) with
sections of body alternately in contact with (black areas on snake schematic), or lifted above (white areas) the substrate. (B) Model-predicted displacements
(in body lengths [BL] per undulation cycle) for lateral undulation as a function of maximum body curvature. Curves of different colors show predictions for
different anisotropy values. (C) Model-generated kinematics for one cycle of movement for lateral undulation for c = 20 (Upper) and c = 1 (Lower). Cur-
vatures and predicted displacements are highlighted by the square points in B. (D) Model-predicted displacements (BL/cycle) for sidewinding as a function
of maximum body curvature, with color indicating anisotropy value. (E) Model-generated kinematics for one cycle of movement via sidewinding for c = 1
(Upper) and c = 20 (Lower). Curvatures and predicted displacements are highlighted by the square points in D.

been experimentally observed in snakes. We note that, as with
other implementations of RFT, there is no forward (head to
tail)/backward (tail to head) frictional anisotropy in our model.

For lateral undulation, all body segments were modeled to
maintain substrate contact throughout movement; therefore, all
segments were treated equally and experienced nonzero environ-
mental reaction forces. Fig. 5B shows predicted displacements
as a function of maximal nondimensional body curvature, κmλs ,
for a snake with n =1.5 waves along the body (see Materials
and Methods for more detail). For each curvature investigated,
we found that lateral undulation performance was enhanced by
higher c values. While we do not know the relationship between
the microscopic structure and overall frictional anisotropy (or
how substrate anisotropy may contribute to the overall frictional
anisotropy), the experimentally measured performance of Ch.
occipitalis moving on sand (the black cross in Fig. 5B; originally
reported in refs. 44 and 45) is bounded by model predictions for
high anisotropy values (10≤ c≤ 20), and the range of observed
curvature values nearly coincide with model-predicted peak per-
formance per cycle. Examination of model-generated trajectories
with curvature values within the range typically used by Ch. occip-
italis (Fig. 2 A and B; refs. 44 and 46) reveals that when anisotropy
is high (c=20), the snake is predicted to move forward about 0.5
body lengths over the course of one undulation cycle (Fig. 5 C,
Upper). However, when c=1, nonzero locally transverse velocity
components cause lateral (sideways) slip that hinders locomotion
and prevents forward displacement (Fig. 5 C, Lower).

To adapt our model for sidewinding, we introduced a smoothly
varying posture-dependent contact function (ranging from zero
to one) that is consistent with previous characterizations of sub-
strate contact in Cr. cerastes (13, 15, 45). This contact function

multiplies the forces of each infinitesimal segment and speci-
fies how much each segment experiences substrate forces (with
zero corresponding to fully lifted and one corresponding to full-
contacted segments, respectively; see ref. 45 and Materials and
Methods for more detail). The grayscale coloration of the snake
schematic in Fig. 5A shows the prescribed contact pattern asso-
ciated with this posture, with black regions on the ground and
white regions fully lifted.

Predicted displacements for sidewinding are shown in Fig. 5D
as a function of maximal body curvature for locomotors with
n =1.5 waves along the body. We note that all aspects of the
model, aside from the variable contact pattern, are the same
as the lateral undulation model. We predict enhanced perfor-
mance for each curvature as anisotropy is decreased (i.e., for
smaller values of c; Fig. 5D). Previously reported animal per-
formance on both sand and smooth wood (Fig. 5D, black and
gray crosses, respectively) revealed that animals displace further
when moving on rigid substrates (bounded by model predictions
for 1≤ c≤ 5), despite using similar curvatures on both hard and
soft substrates (45); we attributed this difference in performance
to an additional contribution to the overall frictional anisotropy
arising from the flowable sand substrate. Examination of model-
generated trajectories associated with curvature values used by
the American sidewinder [Cr. cerastes (15, 45)] revealed that high
anisotropy (c> 1) prevents slipping locally perpendicular to the
body midline and, therefore, induces a velocity component along
the midline and directed toward the tail (i.e., a backward slip)
that opposes the overall direction of motion to achieve force bal-
ance. This backward slip hinders forward progress by decreasing
the net displacement possible over the course of a cycle (Fig. 5 E,
Lower). However, when there is no anisotropy (c=1), the force
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balance produces a velocity component orthogonal to the overall
direction of motion (i.e., a sideways slip) that does not oppose
forward progress and, therefore, results in larger displacements
over the course of an undulation cycle (Fig. 5 E, Upper).

Our modeling results reveal that a high lateral/longitudinal
frictional anisotropy improves predicted forward displacements
during lateral undulation, which we propose is provided (at least
in part) by the periodic array of caudally projected microspicules
observed on the ventral surfaces of laterally undulating snakes.
This hypothesis is consistent with previous microscopic and
macroscopic ventral friction measurements (12, 19, 23, 26–29, 39,
40). Our model-predicted displacements are in agreement with
biological observations (13, 15, 44, 45), despite having excluded
the backward/forward anisotropy that has been the focus of
previous AFM studies. Our results, along with the quantitative
agreement achieved by other RFT models (40–42, 45) (none of
which include a backward/forward anisotropy), suggest that the
lateral/longitudinal anisotropy is more important for undulatory
locomotion than backward/forward anisotropy. Our model pre-
dicts that higher values of lateral/longitudinal anisotropy lead to
enhanced performance for lateral undulation, which we posit is a
consequence of the anisotropic microstructure. RFT modeling
of sidewinding reveals that, unlike lateral undulation, perfor-
mance enhanced by the lack of a lateral/longitudinal anisotropy.
Previously reported biological sidewinding performance is in
quantitative agreement with predictions for isotropic friction,
which we hypothesize results from the observed isotropic ventral
microstructure.

In this paper, we examined the microtextures present on
the ventral surface of shed viper skins. In most snakes inves-
tigated, we found variations of a longitudinally oriented, cau-
dally projecting, periodic array of microspicules. Surprisingly, we
found two independent origins of a derived, nearly isotropic,
pitted ventral microtexture in three viper species (Fig. 3B)
that coincide with specialization for sidewinding locomotion,
suggesting adaptation. These results provide a prediction for
expected structural features on other sidewinding specialists
that we did not have access to for this study. Though we do
not yet have a precise quantitative mapping from structural
anisotropy to friction, we created a model in which frictional
anisotropy can be systematically varied. Our model revealed that
anisotropic frictional interactions are beneficial for lateral undu-
lation, but detrimental for sidewinding, suggesting that the nearly
isotropic microtextures observed on sidewinders may enhance
their locomotor performance. Previous work investigating the
direction-dependent nature of nonsidewinding microtextures
found a larger anisotropy when skin samples were mounted with
soft backing (27), suggesting that frictional properties may be
enhanced by the compliant soft tissues under the skin. It would
be interesting to explore the potential dependence of the skin
friction on the mechanical properties of underlying substrate,
as well as the degree to which muscle-activation patterns may
be able to control frictional interactions through modulations of
microspicule protrusion. Previous studies have also noted the
presence of external lipid layers on the ventral scales of least
some snake species (47)—it would be interesting to explore the
potential benefits of surface coatings (e.g., lubrication, traction,
and/or wear mitigation) and how they may affect environmen-
tal interactions and frictional anisotropy. Finally, while other
modes of limbless locomotion were outside the scope of this
study, our approach could be used to explore other potential
relationships and functional benefits of microstructures for other
locomotor modes and, more broadly, other animal behaviors that
are essential for survival.

Materials and Methods
Surface Characterization. Surface-topography images of skins were acquired
by an AFM (Bruker Multimode 8) with a silicon nitride tip (Bruker Scanasyst-

Air) under peak-force tapping mode in air. Samples with adherent dust
(Ce. cerastes and Ce. vipera) were cleaned for 30 min by ultrasonicating in
detergent (5% Cole-Parmer micro-90 in water). Water-rinsed and air-dried
samples were then mounted on a glass substrate. No change was observed
for the surface topography of a noncontaminated sample from Crotalus
viridis before and after the cleaning treatment, demonstrating that the
cleaning protocol did not alter the intrinsic surface.

We note that our study was not designed to examine variation in
microstructure with regard to ontogeny or anatomical position, nor among
individuals (reviewed by refs. 20, 26, and 48). Samples from a central point
of midbody unwrinkled ventral scales from naturally shed skins of adult
snakes were mounted for AFM analyses (per ref. 20, figure 13a). Qualita-
tive and quantitative measures and terms used are consistent with ref. 21,
however, choosing the term “microspicules” rather than the terms “digits,”
“microfibrils,” or “denticles” used in some previous works. The impressions
variously referred to as “pits” or “holes” (21) are common features in many
snakes, but their function and homology are unclear (21, 22).

Data Analysis. To identify dominant structural features present in each AFM
scan, we computed the power spectrum from a 20-µm × 20-µm region.
Scan images were rescaled and converted to 8-bit unsigned integer images
in Matlab, and then background variation was removed by using a contrast-
limited adaptive histogram equalizer function (adapthisteq, with the image
divided into 25 equally sized regions). The 2D power spectra were com-
puted after each image was converted to a double-precision array, and the
overall average was subtracted from the image. Each power spectrum was
smoothed by using a 2D Gaussian filter (with σ= 1). All power spectra are
shown in SI Appendix, Fig. S1.

We computed the radon transforms (SI Appendix, Fig. S3) to quantify
the angular dependencies of the of each 2D power spectrum. We identified
θmax, the angle associated with the brightest pixel in each radon transform,
and took vertical slices through the radon transform at θmax and mod(θmax +

π/2,π). We compared these two slices through the radon transform using
the Jensen–Shannon divergence (38), a measure of the distinguishability of
two distributions that is bounded between zero (indistinguishable) and one
(perfectly distinguishable) (SI Appendix, Fig. S3).

Modeling. RFT assumes that forces along a deforming body are decoupled,
and, therefore, a locomotor can be divided into many infinitesimal segments
that can be treated independently. Further, in dissipation-dominated envi-
ronments, where inertial forces are negligible, the net force on a body is
zero at every moment in time, yielding

~Ftotal =

∫
(d~F‖ + d~F⊥) = 0. [1]

Here, d~F‖ and d~F⊥ are the tangential and normal components, respectively,
of the environmental force acting on an infinitesimal segment of the body
(sketch in Fig. 5A).

d~F‖ =−µkmg(v̂ · t̂)̂t, [2]

d~F⊥ =−cµkmg(v̂ · n̂)n̂, [3]

where µk is the coefficient of kinetic friction, m is the mass of the segment,
g = 9.81 m/s2, and t̂ and n̂ are unit vectors locally tangent and normal to
the body, respectively. We introduced and varied c, an anisotropy factor, to
explore how the predicted performance depends on the magnitude of the
normal forces relative to the tangential forces.

Snake Geometry. To parameterize the time-varying shape of the snake, we
linked 100 small segments together end-to-end. Connections between seg-
ments were treated as position-controlled lateral joints, with angle ζi(t) at
position i prescribed to vary sinusoidally along the body and through time,
t, creating a serpenoid curve (49):

ζi(t) = w1(t) sin (2πni/N) + w2(t) cos (2πni/N), [4]

where n is the number of waves along the body, N = 100 is the total
number of segments along the body, and w1(t) = W sin(2πft) and w2(t) =

W cos(2πft) are the time-varying angle amplitudes that produce a travel-
ing wave propagated from head to tail, with temporal frequency f and
amplitude W .

We note that animal-curvature values from previous studies were
reported in terms κmλs, a nondimensional quantity originally defined in
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ref. 40. κ is the local curvature along the body, κm is the maximal value
of κ, and λs is the arc-length of one wave. To relate κλs to joint angles,
ζi , we note that λs is equal to L/n, the total body length divided by the
number of waves along the body. κi is given by ∆θi/∆s, where ∆s is
the length of a single body segment (given by L/N), θi = arctan (∆yi/∆xi) is
the local tangent angle along the body, and ∆θi is equivalent to ζi . Given
these relations, κiλs reduces to ζiN/n, and κmλs is equal to the maximum
value of ζiN/n.

Changing Contact. Previous work (15) revealed that the three-dimensional
pose of Cr. cerastes could be represented by a horizontal wave coupled
to a phase-shifted vertical wave that sets the environmental contact con-
dition. To properly couple the vertical wave to the in-plane shape, we
introduced δ(r)

δ(r) = sin
[

2πnr

L
+ tan−1

(
w2

w1

)
−
π

2

]
, [5]

where r is the position along the body, n is the number of waves on the
body, L is the total length of the body, and w1 and w2 describe the in-plane
wave shape. To set the contact using the vertical wave description, δ, we
defined the smoothly varying function, S

S(δ(r)) =
1

exp[aδ(r) + b]
. [6]

Here, S∈ [0, 1] sets the local fraction of the environmental force experienced
as a function of position, r, along the body, a sets contact width, and b sets
the sharpness of the on/off ground transition along the body.

To be consistent with previous observations of Cr. cerastes, a = 15 and
b = 0.5 were chosen so that, when averaged over a completed gait cycle,
approximately 34% of the animal’s body is on the ground (13).

Data Availability. Matlab files data have been deposited in the Open Science
Framework (https://doi.org/10.17605/OSF.IO/KJ9TV; ref. 50).
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