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Undulation is an evolutionarily ancient locomotor pattern 
used by many long-bodied animals for propulsion in fluids 
and in terrestrial environments. Animals use environment- 

dependent patterns of axial bending that enable the body to push 
against the surrounding medium in a stable and efficient man-
ner1,2. Common wave patterns include lateral undulation on flat 
and rough surfaces3–6, sidewinding on sand7,8, viscous swimming at 
low Reynolds number9–11 and inertial swimming at high Reynolds 
numbers12–15. In contrast to the well understood role of aquatic and 
terrestrial undulation, the role of aerial undulation in limbless flyers 
is unknown.

Flying snakes (Chrysopelea) are the only known limbless ver-
tebrates capable of flight16. When gliding, these animals use aerial 
undulation, moving horizontally downward through the air by con-
verting gravitational potential energy into kinetic energy, produc-
ing aerodynamic lift and drag (Supplementary Videos 1–4). Their 
undulation is characterized by an S-shape body planform (Fig. 1), 
a low undulation frequency of 1–2 Hz, and a flattened, aerofoil-like 
body cross-section17–21. Most glides begin with a jump, during which 
a wave of dorsoventral flattening passes from the head to the vent22. 
This flattening transforms the snake’s circular cross-section into a 
roughly triangular aerofoil, with favourable aerodynamic properties 
and gentle stall characteristics23–25.

Aerial undulation continuously reconfigures the snake’s body, 
transforming the animal into a morphing wing (Fig. 1e). Previous 
studies of snake glides determined that flying snakes always undu-
late while airborne. However, it is unclear if undulation is a func-
tional requirement of gliding, or simply a behavioural remnant of 
snake locomotion, as all snakes are capable of lateral undulation, 
an evolutionary ancient motor pattern produced by waves of mus-
cle contraction propagating down the body26. Some non-flying 
snakes react to dropping by undulating (J.J.S., personal observa-
tion). Previous measurements of aerial undulation under-resolved 
the animal’s body, making it difficult to quantify the time-varying 
body configuration. This lack of resolution has previously limited 
our ability to test how aerial undulation affects flight dynamics and 
reveal the mechanical function of aerial undulation17,19,20.

From analogy with terrestrial and aquatic undulation, one might 
expect that aerial undulation generates propulsive thrust. On solid 

media, undulatory locomotion occurs due to distributed contact 
forces over ventral and lateral regions of the body, and in water, the 
fluid displacement or suction along the body causes forward motion27. 
In both cases, the net propulsive thrust acts predominantly within the 
plane of undulation. Modulation of the body out of plane (in the ver-
tical direction) may be used for secondary purposes, such as reducing 
drag or increasing the normal force4,8. Forward motion stops when 
undulation stops, and because of the body’s distributed contact area 
and neutral buoyancy, rotational stability is not a primary concern.

For flying snakes, a successful glide requires generation of aero-
dynamic forces to offset the animal’s weight. Lift and drag forces 
are produced by air flowing over the flattened body as it accelerates 
downward under gravity, with the reciprocating motion produced by 
muscular contractions probably not enhancing force production19. 
The resulting aerodynamic forces should act out of the plane of undu-
lation; furthermore, undulation should continuously change the dis-
tribution of forces on the body. As flying snakes have two additional 
rotational degrees of freedom (about the pitch and roll axes) com-
pared with terrestrial undulators28, time-varying forces should affect 
the rotational behaviour29. These physical challenges of flight without 
wings, and the unique kinematics of flying snakes while airborne, 
suggest that aerial undulation does indeed have a functional role.

Here, we investigate the functional role of aerial undulation 
in snake gliding flight by assessing its effects on flight dynamics. 
Using high-speed motion capture and a large indoor glide arena, 
we quantify aerial undulation to provide an understanding of the 
entire morphing wing-body. This higher-fidelity understanding of 
the body enables us to develop an anatomically accurate theoreti-
cal model of snake flight, which we combine with previous aero-
dynamic force measurements to test the performance and stability 
properties of aerial undulation in limbless flight. Our results pro-
vide a foundation for designing snake-inspired robots that use aerial 
undulation to glide through the air, adding to the growing library of 
robotic snake locomotion.

Flying snakes use waves of orthogonal bending when gliding
Aerial undulation consists of coupled waves of horizontal and ver-
tical bending. We used high-speed motion capture to record the 
position of 11–17 landmarks placed along the body from seven 
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snakes gliding from a height of 8.3 m in an indoor glide arena  
(Fig. 1 and Supplementary Videos 4 and 5). We used spline fits to 
the landmark points on the body in 36 trials to create a continu-
ous and three-dimensionally accurate representation of the snake, r 
(Supplementary Video 6). Using the unit tangent vector, ̂t ¼ ∂r=∂s

I
, 

we decompose the complex motion of aerial undulation into two 
bending angle waves that travel down the body (Fig. 2). The hori-
zontal and vertical waves are given by

!θðs; tÞ ¼ $tan$1 t̂x=̂ty and !ψðs; tÞ ¼ sin$1 t̂z ð1Þ

where !θðs; tÞ
I

 and !ψðs; tÞ
I

 are local angles the body makes relative to 
the horizontal and vertical directions, respectively, as functions of 
arc length s and time t.

Our data reveal that flying snakes employ two waves: a 
large-amplitude horizontal wave and a newly discovered 
smaller-amplitude vertical wave, both of which travel down the 
body from the head to the vent in a consistent manner (Fig. 2 and 
Supplementary Video 5). These waves form after an initial transient 
as the snake jumps into a relatively straight posture and then forms 
the characteristic S-shape glide posture.

There are four features of aerial undulation relating the verti-
cal wave to the horizontal wave (Fig. 2a). First, the vertical wave 
has spatial and temporal frequencies twice those of the horizontal 
wave, indicating that the body has twice as many vertical bends as 
lateral bends (Fig. 2a,e). Second, the U-bends on the flying snake’s 
body can be identified as the zero crossings on the bending-angle 
plot (Fig. 2b). Third, these zero crossings are maxima of the ver-
tical wave, indicating that the horizontal and vertical waves are 
phase-shifted by 90°. Fourth, the maximum out-of-plane bending 

occurs at the U-bends and roughly halfway along the straight seg-
ments. At the U-bends, the snake’s aerofoil cross-section twists due 
to the body’s out-of-plane motion (Fig. 1c,d).

The instantaneous shape of the travelling waves varies with time as 
the animal accelerates and produces aerodynamic forces, but several 
features remain common (Fig. 2). The horizontal wave is a flat-topped 
sinusoid whose amplitude, 80–120°, depends on the number of spa-
tial periods, with fewer spatial periods resulting in higher horizontal 
bending angles. The vertical wave is a narrow-peaked sinusoid with 
broad troughs, with amplitudes ranging from 20° to 45°.

We quantified the wave’s spatial and temporal characteristics using 
complex orthogonal decomposition, decomposing the bending-angle 
data into time-varying modal shapes30,31 (Supplementary Information). 
Flying snakes use horizontal wave shapes with 1–1.5 spatial periods 
that undulate at 1–1.7 Hz, and vertical wave shapes with 2–3 spatial 
periods that undulate at 2–3.4 Hz. The vertical-to-horizontal fre-
quency ratios are close to two: the spatial and temporal frequency 
ratios are 1.87 ± 0.35 and 1.98 ± 0.21, respectively.

There is an additional component to aerial undulation that we 
term ‘dorsoventral bending’, which is the up-and-down motion of 
the posterior body relative to the head. We quantified dorsoventral 
bending as the slope of a linear regression of the vertical bending 
angles, with values ranging from − 20° to 30°. Dorsoventral bend-
ing was always present in recorded glides, but was not signifi-
cantly related to the number of spatial periods (Wald test with t 
distribution).

A new mathematical model of limbless flight
We tested the effects of coupled horizontal and vertical waves and 
dorsoventral bending on glide dynamics using a new, anatomically  
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Fig. 1 | Measurements of gliding in flying snakes. a, Front view of the glide arena from the top of the launch platform. The floor was covered with white 
foam padding and a tree placed in the centre to encourage glides. Motion-capture cameras were placed around the perimeter. b, Top, side and rear views 
of the glide arena, with infrared-camera field-of-view cones overlaid. The arrow denotes the direction of the glide from the start (yellow circle) to the end 
(yellow triangle); individual infrared marker trajectories (one colour per marker) for one glide are overlaid. c, The flying snake, Chrysopelea paradisi, in the 
mid-glide posture, with a flattened body and infrared (IR) markers placed along the dorsal surface and tail. The anterior body shows the characteristic 
out-of-plane twisting at the U-bends due to the vertical body wave. d, Ventral view of a C. paradisi gliding with a relatively open body shape. See 
Supplementary Figs. 1 and 2 for additional photographs of mid-air body configurations. e, Morphing wing-body seen from snapshots of an overhead view 
of aerial undulation. Motion is from bottom to top, with the snake appearing smaller as it moves away from the camera (Supplementary Video 4). This is 
the same trajectory as shown in b. Relative to leaving contact with the launch branch, timestamps for each snapshot are 0.486!s, 0.572!s, 0.688!s, 0.856!s, 
1.066!s and 1.296!s, from bottom to top. The snake contacts the ground at 1.440!s. Credit: a, Michael Diersing.
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accurate model of snake flight. Manipulation of the model  
allows us to systematically test how the components of aerial 
undulation (horizontal wave amplitude, number of spatial peri-
ods and undulation frequency) affect short-term and long-term  
glide dynamics.

We prescribe travelling waves that capture the observed kine-
matic features of the measured bending waves (Fig. 2a) by defin-
ing the ‘aerial serpenoid curve’. The horizontal wave is modelled as 
a large-amplitude, flat-topped sinusoid, and the vertical wave as a 
small-amplitude sinusoid, parameterized as

!θðs; tÞ ¼ θm sin
π
2
cos

2πνθ
L

s$ 2πf θt þ ϕθ

! "# $
ð2Þ

!ψðs; tÞ ¼ ψm cos
2πνψ
L

s$ 2πf ψ t þ ϕψ

! "
þ dψ

L
s ð3Þ

where θm and ψm are the maximum horizontal and vertical bend-
ing angles, ν is the number of spatial periods, f is the undulation 
frequency, ϕ is the phase shift, dψ is the dorsoventral bending angle 
and L is the snout-vent length (see Fig. 2f,g). The horizontal and 
vertical waves are coupled as in the kinematic data, with νψ = 2νθ, 
fψ = 2fθ and ϕψ = 2(ϕθ − π/2) (Fig. 2e), reducing the kinematic model 
to five variables that define the body shape: θm, ψm, νθ, fθ and dψ. 
The position r = [x, y, z] of the body relative to the centre of mass is 
calculated by integrating the serpenoid curve as ∂sx ¼ cos !ψ sin !θ

I
, 

∂sy ¼ " cos !ψ cos !θ
I

 and ∂sz ¼ sin !ψ
I

.
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Fig. 2 | Measured body kinematics in flying snakes. a,b, Horizontal and vertical bending angles versus snout–vent length (SVL) (a) with an overhead 
view of the snake’s backbone (b) about halfway through a glide. c,d, Space-time bending plots showing the travelling waves of bending. The time-point 
indicated in a and b is denoted by the vertical lines. Numbered points in a–d denote zero crossings of the horizontal wave, corresponding to peaks in the 
vertical wave, indicating maximum out-of-plane bending at the U-bends. e–h, Summary of waveform characteristics. Colours indicate different snakes; 
small open markers indicate unique glides and solid markers indicate individual averages. The size of the solid marker denotes the snake’s relative mass. 
Error bars indicate 1!s.d. (some may be smaller than the marker size). e, Ratios of temporal and spatial frequencies of the horizontal and vertical waves.  
The black + is the overall average. f, The average horizontal wave amplitude is inversely proportional to the number of horizontal spatial periods.  
The grey linear regression line relating θm to νθ is θm!=!−66°!νθ!+!188°. See text for details. g, Average vertical wave amplitude versus number of spatial 
periods of the horizontal wave. h, Average dorsoventral bending angle (out-of-plane gross body bending) versus number of spatial periods of the  
horizontal wave. i, Top view of the snake showing the definition of the horizontal bending angle, θ, as the angle between the blue unit vector in the !ŷ

I
 

direction and the projection of the yellow tangent vector into the horizontal plane (black vector). j, Rear view of the snake showing the definition  
of the vertical bending angle, ψ, as the angle between the yellow tangent vector and the horizontal projection. On the snake images, dark green is the 
dorsal surface, yellow–green is the ventral surface and grey are the infrared marker locations. k, dψ is quantified as the slope of the best-fit line to the 
average vertical wave amplitude (yellow) as a function of distance along the body. An example dorsoventral bending calculation is shown in black  
for one snake.
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The centre-of-mass position, R0, and body orientation (yaw, 
pitch and roll angles) are found by integrating the translational and 
rotational equations of motion,

Z L

0
ðfL þ fDÞds$mg ¼ m€R0 ð4Þ

MA ¼ I0 " _ωþ ω ´ ðI0 " ωÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
rigid&body terms

þ ½_I0( " ωþ ω ´ h0 þ ½ _h0(|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
inertial moments

ð5Þ

where fL and fD are infinitesimal lift and drag forces calculated from 
the local velocity using previously measured quasi-steady lift and 
drag coefficients23, and simple sweep theory to account for curved 
segments29,32; MA is the aerodynamic moment and m is the animal 
mass (for other variables, see Methods). Because the snake continu-
ously reconfigures its body, the non-aerodynamic contributions 
to rotational motion are decomposed into rigid-body terms and 
variable-geometry inertial moments.

To validate that the mathematical model gives physically realistic 
results, we simulated glides using aerial serpenoid curve parameters, 
snake masses and lengths, and glide initial conditions derived from 
our measurements. Fig. 3 compares the measured and simulated 
glides. The range of the simulated glides captures the qualitative 
features of the measured glides. The horizontal distance travelled 
and lateral spread in landing location of simulated glides is slightly 
less, but the simulated glides usually shallow and are similarly steep. 
Some of the simulated trajectories (in red) curve backwards, which 

does not occur with real snakes. This difference is due to a pitch 
instability, and is discussed later. These results indicate that the 
undulating, but uncontrolled, snake model gives similar behaviour 
to observed glides, but that the model requires further refinement 
to capture all features of the observed glides.

Undulation enhances rotational stability thereby 
increasing glide performance
To test the effects of aerial undulation on glide performance, we 
simulated glides with fθ = 0 Hz (no undulation) and fθ = 1.2 Hz (the 
observed mean frequency), while varying νθ and θm (Fig. 4a). On the 
basis of the range observed from the kinematic data, we discretized 
the shape space into 121 shapes, with 1 ≤ νθ ≤ 1.5 body waves and 
horizontal wave amplitudes 90° ≤ θm ≤ 119°. We further segregated 
the shape space along the diagonal of observed shapes (Fig. 4b). The 
lower left portion contains visibly ‘open’ shapes and the upper right 
visibly ‘closed’ shapes. The vertical wave amplitude and the dorso-
ventral bending angle were kept constant at 20° and 10°, respec-
tively. Their combined effect is tested later. We simulated glides 
until the snake’s centre of mass contacted the ground or until any 
of the orientation angles became unstable by exceeding a threshold 
of 85° (ref. 29). If any angle exceeded the threshold, we deemed the 
glide to be unstable. We tested short-term glide dynamics with a 
launch height of 10 m, and long-term glide dynamics with a launch 
height of 75 m, both with and without undulation. The 10-m height 
is consistent with this and other experimental studies18, and the 
75-m height was based on the height of dipterocarp trees in the 
snake’s native Indo-Malayan forest habitat33.

The model shows that aerial undulation produces positive effects 
on glide performance, generally increasing the horizontal and verti-
cal distances travelled before the simulated snake becomes unstable 
(Fig. 4, Supplementary Table 1 and Video 7). For short glides with 
launch heights of 10 m, 94% of glides with undulation were stable, 
whereas only 50% of glides without undulation were stable. Among 
the observed body shapes, all glides with undulation were stable, 
whereas only 35% of glides without undulation were stable. The 
effect of undulation on increasing the horizontal glide distance is 
less pronounced, with the average distance increasing from 4 m to 
4.3 m. Considering only the experimentally observed shapes, the 
average glide distance increases to 4.9 m.

Undulation has a larger effect during long glides starting from 
75 m (Fig. 4 and Supplementary Table 1). Undulation increased 
both the horizontal and vertical distances travelled before becoming 
unstable in 86% of glides. For observed shapes with undulation, all 
glides covered greater vertical distance, and 92% of glides travelled 
farther. The glides without undulation that travelled farther only 
did so by an average of 0.16 m. Conversely, undulation increased the 
average horizontal distance travelled by 6.9 m.

Dorsoventral bending controls pitching motion
To elucidate the effects of the vertical wave amplitude and dorso-
ventral bending on glide dynamics, we varied these parameters 
over the observed experimental range (Fig. 2). We simulated glides 
with ψm = 0°, 10° and 20° (planar undulation to increasing levels 
of out-of-plane motion) and dorsoventral bending of −20° to 20° 
in 10° increments (Fig. 5a), for 11 different body shapes along the 
best-fit line (Fig. 2f).

Vertical wave variations have a small effect on the glide trajectory 
(Supplementary Information), whereas dorsoventral bending exhib-
its a larger effect. A perfectly planar snake (ψm = 0°), never observed 
in the experimental glide trials, performed worst. Increasing the 
vertical wave amplitude increased glide performance, due to the 
out-of-plane twisting of the cross-section to a more advantageous 
angle of attack for force production (Fig. 2j).

In contrast to the vertical wave amplitude, dorsoventral bend-
ing had a marked effect on glide performance by affecting the pitch 
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performance than simulated glides, but they show qualitatively similar 
behaviour. All measured glides shallowed; simulated glides that did not are 
affected by a pitch instability discussed later.
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dynamics (Fig. 5). At dψ = −20°, with the posterior body beneath 
the head, the glides did not shallow, but instead became unstable 
in pitch before falling 10 m. At dψ = 20°, with the posterior body 
above the head, the centre-of-mass trajectory curved backward, 
with some shapes landing behind the jump location. This poor 
glide performance is due to upward pitching of the body. Although 
the performance was poor, these glides were rotationally stable. At 
intermediate values of dorsoventral bending, all glides were stable, 
and performance was best at dψ = 10°, where the pitch angle is clos-
est to the starting value near 0°. The trends in pitching dynamics as 
dorsoventral bending is varied are robust to changes in the aerody-
namic force coefficients, showing the same trends even when the 
lift-to-drag ratio is doubled (Supplementary Information).

To understand the coupling of dorsoventral bending, pitch-
ing motion and glide performance, we also simulated glides with 
the rotational equations of motion disabled. Instead of solving the 
coupled nonlinear system of equations (4) and (5), we sampled 
the aerodynamic forces on the body at different phases through 
the undulation cycle and integrated equation (4) to calculate the 
centre-of-mass position and speed. At each phase of undulation, 
we calculated the resulting moments acting on the body by evaluat-
ing equation (5), with the orientation kept constant. In effect, this 
manipulation is a ‘virtual wind tunnel’ experiment, in which the 
dynamic model is used to calculate the distributed forces acting on 
the body as it accelerates. This technique allows us to remove the 
coupling of the translational and rotational motion to quantify the 
separate aerodynamic and inertial contributions to the rotational 
motion. We report the phase-averaged pitch moment at the end of 
a simulated glide, where speeds are greatest and forces are largest.

As dorsoventral bending increases from −20° to 10°, the land-
ing position of the simulated snake increases as the average pitch 
moment increases toward zero (Fig. 5d). At a dorsoventral bend-
ing of 20°, the phase-averaged pitch moment becomes positive, and 
glide performance decreases. For each dorsoventral bending angle, 
the glide performance and average pitch moment also depend on 
the shape used, specifically the number of spatial periods and the 
horizontal wave amplitude. For a given shape, dorsoventral bending 
has a large effect on the average pitch moment, and as the number 
of spatial periods increases the moments diverge, becoming more 
positive or negative depending on dψ. Large negative pitch moments 
are associated with dψ of −20° to 0°, near-zero pitch moments for 
dψ = 10° and large positive pitch moments for dψ = 20°. The sign of 
the phase-averaged pitch moments in Fig. 5e corresponds to the 
pitching up or pitching down seen in Fig. 5c and the resulting glide 
performance in Fig. 5b. Fig. 5f highlights how the average pitch 
moment is smallest for shapes with fewer spatial periods (and higher 
horizontal wave amplitudes). The point of zero pitch moment varies 
for each shape, but occurs for a positive dorsoventral bending angle. 

The slope provides a measure of the sensitivity of a particular shape 
to changes in pitch moment due to changes in dorsoventral bending 
during a glide. Shapes in the lower right of the wave-shape space 
are more sensitive to the out-of-plane motion of the body, whereas 
shapes in the upper left are less affected.

Our parametric study of vertical wave amplitude and dorso-
ventral bending provides insight into the observed flying snake 
kinematics, and also points to a pitch control strategy for a 
flying-snake-inspired robot. The vertical wave causes the body to 
twist out of plane, modifying the local orientation of the flattened 
aerofoil with the free-stream airflow. Dorsoventral bending controls 
the magnitude and sign of the aerodynamic pitch moment that acts 
on the body. Net non-zero pitch moments were associated with the 
snake becoming unstable in pitch and/or overall poor glide perfor-
mance. A flying snake can control the pitch moment by mid-flight 
variations of the dorsoventral bending angle or the horizontal wave 
shape. Correcting a pitch instability requires a change of the sign 
of the pitch moment (Fig. 5f), which only occurs as dorsoventral 
bending changes.

The model results suggest a pitch control strategy that involves 
varying the dorsoventral bending (moving the posterior body above 
or below the head) in a time-varying manner to change the net pitch 
moment acting on the animal or robot. Because the pitch moment 
is sensitive to dorsoventral bending, a semi-periodic change in dor-
soventral bending should be able to correct for any inherent pitch 
instability or disturbance during a glide. The time-varying motion 
of the posterior body up and down is seen in footage of flying 
snakes, and is probably constrained by the zygapophyses, which are 
bony protrusions from the vertebra that limit dorsiflexion34.

In the mathematical formulation of flying snake kinematics, 
equation (3), dorsoventral bending has the same form as a steer-
ing parameter in planar snake-inspired robots35, where the hori-
zontal wave is biased laterally, changing the distribution of forces 
and causing the robot to move in circular arcs. In flying snakes, a 
bias is present in the vertical wave, not the horizontal wave. Its use 
for steering is uncertain, but our results demonstrate clearly that 
the bias controls rotational stability by modifying the aerodynamic 
force distribution.

Inertial manoeuvring in flying snakes
The phase-averaging analysis enables us to quantify the relative con-
tributions of aerodynamic and inertial moments to glide dynamics 
(Fig. 6). From the rotational equations of motion (5), the orientation 
of the body is affected by both aerodynamic forces and the changing 
mass distribution. The aerodynamic contribution (Fig. 6a) increases 
with time as the velocity increases, whereas the inertial contribution 
(Fig. 6b) stays constant. Both moments are periodic, with only the 
pitch moment showing a non-zero phase average.

Fig. 4 | Simulated flying snake glides. a, Simulated glide trajectories with (blue) and without (grey) undulation. Snapshots of body orientation at the same 
height, denoted by the filled markers, are shown, with the lift (blue) and drag (yellow) forces overlaid. The dashed line indicates the extrapolated landing 
location of the grey trajectory. The glide without undulation becomes unstable before reaching the ground, whereas the glide with undulation does not. 
Supplementary Video 7 depicts both glides in detail. b, Horizontal-wave-shape space used for simulated glides. Grey and black boxes indicate histogram 
counts (one or two, respectively) of experimentally observed body shapes (that is, a two-dimensional histogram of Fig. 2f). The shape space is demarcated 
into regions (inset) of experimentally observed shapes in the middle diagonal, and non-observed shapes in the two corners, classified as open in the lower 
left and closed in the upper right. c–h, Performance summary of glide simulations. Axis labels and shape regions are the same as in b. c,f, Cases without 
undulation (f!=!0!Hz). d,e,g,h, Cases with undulation (f!=!1.2!Hz). Columns 1 and 2 depict short-glide performance (initial height z0!=!10!m), where lighter 
and darker colours indicate better and poorer performance, respectively. Column 3 depicts long glides beginning from z0!=!75!m, where darker red indicates 
better performance with undulation and darker blue indicates better performance without undulation. All simulations were for a snake with snout–vent 
length of 70!cm and mass of 38!g. c, Vertical distance travelled during short glides of z0!=!10!m before becoming unstable with no undulation. ‘10’ denotes 
a stable glide, and many shapes within the observed region are unstable. d, Vertical distance travelled during short glides before becoming unstable 
with undulation. Undulation improves the stability properties of shapes within the observed region. e, Increase in vertical distance due to undulation for 
long glides beginning at z0!=!75!m. Glides with undulation perform better. f, Horizontal glide distance without undulation. g, Horizontal glide distance 
with undulation. Undulation generally increases the glide distance, especially within the observed region. h, Increase in horizontal glide distance due to 
undulation for long glides. Glides with undulation perform better.
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We calculate the inertial-to-aerodynamic moment ratio via the 
peak-to-peak amplitudes from the respective time series (Fig. 6c) 
about the orientation angles for various dψ and νθ. About the pitch 
and roll axes, inertial moments initially dominate, but within one 
undulation cycle their contribution rapidly decreases. Inertial yaw 

moments are generally an order of magnitude greater than aerody-
namic yaw moments and greater than inertial moments about the 
other axes. Inertial yaw moments arise from the large-amplitude 
horizontal wave and the broad S-shape of flying snakes. This result 
suggests that flying snakes could employ inertial yaw turning as a 
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mechanism for manoeuvring. Such manoeuvres could be initiated 
by timing a bias to the horizontal wave during part of the undula-
tion phase when inertial yaw moments are large.

Implications for robotics
The newly discovered kinematic components of aerial undulation, 
particularly the coupled waves of bending, and their effects on flight 
dynamics, provide the theoretical basis for design of a bioinspired 
flying snake robot that glides using aerial undulation as a control 
template36. Such a robophysical model would allow for further 
investigation into the underlying biomechanical control mecha-
nisms in flying snakes. Moreover, the aerial undulation template 
should markedly simplify the control of a flying-snake-like robot.
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Fig. 6 | Relative contributions of inertial and aerodynamic moments in 
the flying snake model. a, Aerodynamic pitch, roll and yaw moments from 
the phase-averaging analysis (equation (5)). Periodic traces indicate the 
moment time series for one phase, while grey bands indicate the extrema 
for all phases. The magnitude increases with time because the speed 
increases as the simulated snake falls due to gravity. The black line is 
the phase-averaged pitch moment (used in Fig. 5d–f), which is non-zero. 
The phase-averaged roll and yaw moments are always zero. b, Inertial 
moments from the phase-averaging analysis. The extrema do not change 
with time because inertial moments are independent of the animal’s 
speed. c, Relative contribution of inertial-to-aerodynamic moments (the 
peak-to-peak ratio of the moment time series) throughout a glide for 
different dorsoventral bending angles and numbers of spatial periods, with 
the vertical wave amplitude constant at 20°. Colours indicate different νθ 
combinations and are the same as in Fig. 5. The black line is the parameter 
combination of νθ and dψ shown in a,b. Inertial moments always dominate 
at the beginning of the glide. Inertial yaw moments always dominate, 
suggesting a mechanism of manoeuvring.
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Methods
Experimental design. !e objective of this study was to determine the e#ect of 
aerial undulation on glide performance in "ying snakes. We &rst measured the 
kinematics of aerial undulation in live "ying snakes (Chrysopelea paradisi) using 
high-speed motion capture. For each snake, we placed infrared re"ective markers 
along the dorsal surface of the body such that its aerial "attening was not a#ected, 
and then recorded the marker positions as snakes glided through a large indoor 
arena. In post-processing, we &tted splines to the marker locations, which were 
then used to quantify aerial undulation with high &delity (Supplementary Videos 
5 and 6). !e experimentally measured kinematics then served as input to a 
mathematical model of snake "ight. We systematically varied the model parameters 
to test how di#erent body con&gurations a#ected "ight dynamics and stability.

Snake gliding experiments. Glides from the paradise tree snake, C. paradisi (seven 
individuals, mass 37.3–107.2 g, length 63–88 cm) were recorded in a large indoor 
arena in the Moss Arts Center at Virginia Tech. Trials were conducted in The Cube, 
a four-storey black-box theatre, modified to meet Virginia Tech Animal Care and 
Use Protocol Committee requirements. The facility is 9.1 m high, 12.5 m wide, and 
14.9 m long. To prevent the snakes from landing on three perimeter walkways, 
black plastic sheeting was hung along the sides and back wall and curtains were 
pulled over the walkway railing. To prevent injury upon landing, the floor was 
covered with sheets of 5-cm soft foam padding (Super Soft Foam, Foam Factory, 
flat sheets of 2″ × 82″ × 76″). An artificial tree covered with fake leaves and vines 
was placed in the centre of the glide arena to encourage jumps and a consistent 
landing location. A scissor lift was used to raise the snakes to a height of 8.3 m for 
jumps and glides. The scissor lift was draped with black cloth to prevent the snakes 
from contacting the lift mechanism. A branch from an oak tree was used as a 
launch branch from which the snakes jumped.

A 23-camera motion-capture system (Oqus 500, Qualisys) was used to record 
the infrared markers placed on the snake’s dorsal surface, using a frame rate of 
179 frames s−1. Three cameras were placed along the top of the glide arena to record 
the initial portion of the glide trajectory. The other 20 cameras were placed along 
the walkway railings. The motion-capture system was calibrated at the start of each 
testing day. Calibrations were done by removing one foam sheet and placing an 
inertial coordinate system marker on the floor. Next, a calibration wand was used 
to ‘paint’ the measurement volume that approximated the glide path of the snakes. 
This procedure started at the top of the scissor lift, and moved downward to the 
arena floor.

Two visible-light high-speed cameras (APX-RS, Photron; 500 frames s−1) 
were placed on the ceiling of the glide arena. One camera was positioned directly 
above the launch branch and the other halfway between the launch branch and 
the landing tree. Two other cameras were also used: one (4K, Sony) was placed 
orthogonal to the launch branch to record the jump, and a second (TS3, Fastec) 
was placed 2 m above the ground to record late-phase gliding and landing.

Glide trials were conducted over nine consecutive days in May 2015. Snakes 
were transported from their animal care facility to The Cube in reptile bags 
placed in a heated cooler. Snakes were then transferred to an incubator heated 
to 33 °C. The temperature of the glide arena was set to 26–28 °C. Between 11 and 
17 infrared-reflective tape markers (Vicon, approximately 1 × 1 cm2 markers, 
ρtape = 0.02 g cm−2) were placed along the dorsal surface. A marker was placed at the 
top of the head, the vent and the tip of the tail. Depending on the size and length 
of the animal, two or three markers were placed along the tail, and the remaining 
markers distributed along the body. To ensure that the tape did not affect the 
snake’s flattening, the skin was stretched ventrally and tape placed over the ribs, but 
not contacting the ventral scale. Missing tape markers were replaced at the start of 
each day of testing.

Snakes were transported in reptile bags from the incubator to the scissor lift 
and brought to a height of approximately 8.3 m. The height from the tip of the 
launch branch to the foam floor was measured with a laser range finder (Bosch, 
GLM 50, ±1.6-mm accuracy). The cameras and motion-capture system were then 
set to record, and the snake removed from the reptile bag and placed on the launch 
branch. All glides originated with a volitional jump from the launch branch. Gentle 
prodding was used if the animal did not immediately jump. Once the animal 
jumped and glided to the ground, an assistant would capture the animal, rebag it 
and place it back in the incubator. The camera and motion-capture systems were 
then manually triggered and the data transferred to a computer. Snakes were 
allowed to rest for at least 15 min between glides.

At the end of each day of recording, an overhead image was taken of each snake 
next to a calibration target. The snake’s backbone in these images was digitized 
manually and used to measure the length between markers37.

Three-dimensional data processing. A total of 131 glides were recorded, and 
for each trial the raw landmark points were labelled and exported using Qualisys 
Track Manager software. On the basis of data quality (number of missing markers, 
length of time markers were missing), 36 trials from seven animals were selected 
for further processing. For each trial, time series were truncated to start and end 
times when no markers were missing. Gaps of recorded marker locations were 
filled separately for each marker using an unscented Kalman filter with Rauch–
Tung–Striebal smoothing38,39. The filter provides smoothed estimates of the [x, y, z] 

positions of the marker, while also incorporating estimates of the velocities and 
accelerations. Although the filter estimates smoothed position values for the entire 
trajectory, only the gap regions for each individual marker trajectory were filled.

To remove noise from the marker position time series, a forward–backward 
second-order Butterworth filter was applied. The optimal filter cutoff frequencies 
were found separately for each marker’s [x, y, z] time series. This approach gives 
equal weight to both signal distortion and noise passed through the filter40. The 
technique involves fitting linear regressions of the L2-norm residual error with 
respect to frequency at high cutoff frequencies until the R2 value of the linear fit 
drops below 0.95. The y intercept of the linear regression defines the noise floor; 
the frequency at which a horizontal line from the y intercept intersects the residual 
curve defines the optimal cutoff frequency.

Splines were used to reconstruct the snake’s backbone position, given as 
r(s, t) = [x(s, t), y(s, t), z(s, t)]. At each time step, a global natural cubic spline was 
fitted to the filtered positions41. The spline is evaluated with the measured arc-length 
coordinate, s. Overhead videos of gliding (Supplementary Video 4) indicate that the 
snake has a neck region directly behind the head that does not bend. We model this 
region by constraining the spline with a virtual marker placed directly behind the 
head and halfway between the head and second marker on the body. The direction 
behind the head was determined from the inertial velocity of the head marker, as 
the neck region and head move together as the snake undulates.

We define bending waves from the angle data, as opposed to the position data, 
because periodic angle changes more closely resemble the underlying muscle 
activation pattern known to produce undulation in snakes42,43, enabling more 
accurate kinematic modelling6.

We quantified the spatiotemporal characteristics of aerial undulation using 
complex orthogonal decomposition30,31 separately on the horizontal and vertical 
waves, with the linear fit to the vertical wave removed. Complex orthogonal 
decomposition decomposes oscillatory motion into time-varying modal shapes. 
The modes are ranked by the amount of explained variance, with only a few modes 
needed to describe the wave. The spatial mode encodes the spatial frequency and 
the modal activity encodes the undulation frequency. The spatial mode and modal 
activity are both complex functions with real and imaginary components. The 
spatial and temporal frequencies are calculated as the number of revolutions the 
modes make in the complex plane.

The horizontal wave is more organized than the vertical wave, with only one 
or two modes required to describe 95% of the observed variance, and the first 
mode accounting for 88% of the variance. The vertical wave requires four modes 
to explain 95% of the variance, with the first mode contributing only 66% of the 
variance (Supplementary Information).

Statistical analysis of complex orthogonal decomposition results. The statistical 
results, shown in Fig. 2 and discussed in the text, describing the relationships 
between number of spatial periods, horizontal wave amplitude, vertical wave 
amplitude and dorsoventral bending, were calculated using a linear regression from 
scipy.stats.linregress. The P value returned from linregress is a 
two-sided P value assuming the null hypothesis that the slope is zero. Internally, 
the method uses a Wald test, assuming a t distribution for the test statistic.

Theoretical model of snake flight. To test the effect of horizontal and vertical 
waves of bending on snake flight dynamics, we formulated a new theoretical 
model of snake gliding. This anatomically accurate model complements previous 
reduced-order models of snake gliding44,45 and more recent kinematic chain 
models29. The model consists of three components: the kinematic equations of 
motion, the equations of motion and the aerodynamic force model. We define the 
body kinematics in a local co-moving frame that is centred at the centre of mass. 
We define how the body moves in this frame using the aerial serpenoid equations 
presented in the main text. The co-moving frame then translates and rotates 
under the translational and rotational equations of motion subject to gravity, 
aerodynamic forces, and inertial forces due to the prescribed undulation.

For the angles describing the orientation of the co-moving frame, we use the 
standard aircraft angle convention: positive pitch indicates nose tipping up, positive 
roll indicates banking to the right, and positive yaw indicates rotating left about the 
vertical axis.

For completeness of the full description of the kinematic and dynamic models 
presented below, we repeat portions of the mathematical modelling section from 
the main text.

Kinematic model. We model the instantaneous body posture relative to a 
centre-of-mass frame with the aerial serpenoid curve, a compound space curve 
with travelling waves of horizontal and vertical bending. We modify the standard 
serpenoid curve used for modelling snake-like locomotion6,35 to better approximate 
a flat-topped horizontal wave. The horizontal and vertical bending waves are

!θðs; tÞ ¼ θm sin
π
2
cos

2πνθ
L

s$ 2πf θt þ ϕθ

! "# $
ð6Þ

!ψðs; tÞ ¼ ψm cos
2πνψ
L

s$ 2πf ψ t þ ϕψ

! "
þ dψ

L
s ð7Þ
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where s is in metres. The lateral and vertical waves are coupled, reducing the 
kinematic model to five variables to define the body shape: θm, ψm, νθ, fθ and dψ. ϕθ is 
used to minimize the initial inertial moments on the body (discussed below), but is 
not a shape parameter.

The position of the body in the co-moving frame satisfies ∂sx ¼ cos !ψ sin !θ
I

, 
∂sy ¼ " cos !ψ cos !θ
I

, ∂sz ¼ sin !ψ
I

. When the horizontal and vertical waves are 
prescribed, the instantaneous body position in the co-moving frame is found by 
integration,

xðs; tÞ ¼
R s
0 cos !ψ sin !θ ds0

yðs; tÞ ¼
R s
0 $ cos !ψ cos !θ ds0

zðs; tÞ ¼
R s
0 sin !ψ ds0

rðs; tÞ ¼ ½xðs; tÞ; yðs; tÞ; zðs; tÞ&

ð8Þ

where r is the position of an infinitesimal element of the snake, and the sign 
convention is such that the head points in the +y direction, the right flank is in 
the +x direction and the dorsal surface is in the +z direction. The velocity, ½_r"

I
, 

and acceleration, ½€r"
I

, of the body are found from fourth-order accurate finite 
differences, as the position is not defined analytically.

The anterior body kinematics are modified to meet the experimental 
observation that the head orientation remains relatively fixed compared with the 
rest of the body, a characteristic property of gaze stabilization46. We modify the first 
7.5% of the lateral and vertical waves such that they are linear functions, which 
results in the head and neck of the snake being oriented in the forward direction 
(the head points in the +y direction47). We match the angles at the end of the neck 
region for both the horizontal and vertical wave,

cθ;neck ¼ θðsneck ; tÞ
sneck

ð9Þ

cψ ;neck ¼
ψðsneck ; tÞ

sneck
ð10Þ

and the horizontal and vertical waves in the neck region become

θð0≤s≤ sneckÞ ¼ scθ;neck ð11Þ

ψð0≤ s≤sneckÞ ¼ scψ ;neck ð12Þ

Aerofoil coordinate system. We model the flattened aerofoil orientation using the 
aerofoil coordinate system, which defines how the local airflow interacts with the 
body. The aerofoil coordinate system determines the ‘twist’ of the simulated snake 
body, accounting for the local twisting observed in the glide experiments. Unlike 
the travelling waves, we do not specify an explicit function for twist, but rather it 
varies passively with the local position of the body. The aerofoil coordinate system 
is defined by the local tangent direction

t̂ðs; tÞ ¼ ∂srðs; tÞ
k ∂srðs; tÞ k

ð13Þ

and the co-moving frame vertical ẑ ¼ ½0; 0; 1#
I

 direction. We take the width as 
the chord-line direction and constrain it to reside in the horizontal plane of the 
co-moving frame. The chord-line direction, ĉ, is defined as

ĉ ¼ ẑ ´ t̂
k ẑ ´ t̂ k

ð14Þ

and the backbone direction is defined as

b̂ ¼ t̂ ´ ĉ ð15Þ

The local angle of attack is determined by the combination of the local chord-line 
direction and the co-moving frame orientation.

Dynamic model. The translational and rotational equations of motion are found 
using the Newton–Euler method,

Z L

0
ðfL þ fDÞ ds$mg ¼ m€R0 ð16Þ

MA ¼ I0 " _ωþ ω ´ ðI0 " ωÞ þ ½_I0' " ωþ ω ´ h0 þ ½ _h0' ð17Þ

where each term is time varying, overdots denote inertial time derivatives, 
brackets denote co-moving frame time derivatives expressed in the inertial frame, 
g is gravitational acceleration, and I0 is the nine-component inertia dyadic. The 
angular velocity ω and centre-of mass velocity and position, _R0

I
 and R0, are solved 

for numerically using a standard Dormand–Prince method. The aerodynamic 
moments are

MA ¼
Z L

0
r ´ ðfL þ fDÞ ds ð18Þ

where fL and fD are the lift and drag force densities per unit length; the total lift and 
drag forces, FL and FD, are found by integrating the densities along the body. The 
angular momentum is

½h0" ¼
Z L

0
r ´ _rρðsÞ ds ð19Þ

and the angular momentum rate is

½ _h0" ¼
Z L

0
r ´€rρðsÞ ds ð20Þ

where ρ(s) is the linear mass density.

Co-moving frame orientation. The kinematic differential equations complete the 
rotational equations of motion and are found by relating the change in comoving 
frame orientation (Euler angle rates) to the angular velocity as

_θ ¼ KBω ¼ KCω ð21Þ

where Bω is the angular velocity expressed in the co-moving frame. Written in 
detail we have

_ψ
_θ
_ϕ

2

64

3

75 ¼
" sin ϕ= cos θ 0 cos ϕ= cos θ

cos ϕ 1 sinϕ

sin ϕ tan θ tan θ " cos ϕ tan θ

2

64

3

75
ωx

ωy

ωz

2

64

3

75

B

ð22Þ

See Supplementary Information for details.

Aerodynamic lift and drag. The lift and drag forces are the result of local fluid 
velocity, location along the body, and body orientation,

fL ¼ ρU2
?

2 cðsÞCLðα;ReÞL̂

fD ¼ ρU2
?

2 cðsÞCDðα;ReÞD̂
ð23Þ

and depend explicitly on the width c(s) of the animal (Supplementary Information). 
The lift and drag coefficients CL(α, Re) and CD(α, Re) are angle-of-attack and 
Reynolds number dependent and are taken from previous studies of flying snake 
aerodynamics23,24.

We use simple sweep theory to account for the non-perpendicular airflow 
interacting with the body. The aerodynamic force coefficients were measured for a 
section of the snake’s body perpendicular to the flow. However, the modelled snake 
has sections that are not perpendicular to the flow. To model these forces, we only 
use the component of the velocity that is perpendicular to the body, that is,  
the velocity component that resides in the ĉ–b̂ frame. We calculate the angle of 
attack and Reynolds number as

α ¼ cos"1
_RCB # ĉ
U?

! "
Reðs; tÞ ¼ k _R k cðsÞ

ν
ð24Þ

where _RCB
I

 is the component of the inertial velocity _R ¼ _R0 þ ω ´ rþ ½_r$
I

 of a 
body element in the ĉ–b̂ plane, and ĉ is the chord-line unit vector expressed in the 
inertial frame. The normal velocity is then U⊥ = ∥RCB∥.

The lift and drag unit vectors, L̂ and D̂, are calculated such that the drag force 
acts along the perpendicular velocity and lift acts normal to the perpendicular 
velocity. That is,

D̂ ¼ " _RBC=U? L̂ ¼ t̂ ´ D̂ ð25Þ

Using the above expression, the drag vector will always point in the correct 
direction, but the lift vector can be flipped by 180° about D̂. We account for this by 
checking in which quadrant around the cross-section the velocity vector is located, 
and then modifying the sign of the angle of attack and orientation of the unit lift 
vector as

α; L̂ ¼

α; L̂ if αc>90" and αb≥90"

#αc; L̂ if αc>90" and αb>90"

αc # 180";#L̂ if αc≥90" and αb>90"

180" # αc;#L̂ if αc≥90" and αb≥90"

8
>>><

>>>:
ð26Þ

where αc and αb are the angles between the perpendicular velocity _RCB
I

 and the ĉ 
and b̂ directions, respectively.
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Complete dynamic model. The complete model consists of specifying the body 
kinematics using equations (6), (7) and (8) by selecting νθ, θm, ψm, fθ and dψ. With 
the kinematics specified, the equations of motion (4) and (5) and kinematic 
differential equations (22) are integrated, with external aerodynamic forces given 
by equation (23). The rotationally invariant model consists of the above, except that 
equation (5) is not integrated and the force and moment histories are recorded.

Glide simulations. Glides were simulated by integrating the equations of motion 
forward in time using a fifth-order accurate Dormand–Prince method until the 
centre of mass contacted the ground with R0,z < 0.

Simulation initial conditions. The kinematics model, equations (6) and (7), 
requires specification of ν, f and ϕ. The number of body waves and undulation 
frequency are set from the parameter space observed in our experiments.

ϕθ plays an important role because of the high inertial torques on the body 
about the yaw axis (Fig. 6b,c), especially at the beginning of the glide when 
aerodynamic forces are small. We therefore bias the undulation at the start of  
each glide to minimize this effect. This biasing is done by setting the phase  
shift to minimize the L2-norm of the angular momentum expressed in the 
co-moving frame

½h0"k k ¼
Z L

0
r ´ _rρðsÞ ds

!!!!

!!!! ð27Þ

A non-zero angular momentum would cause the simulated snake to rotate in 
place. For planar undulation, the angular momentum only has a z component, so 
it is always possible to find an initial phase shift such that the angular momentum 
is zero. This norm is not guaranteed to be zero when the vertical wave is 
incorporated, as the vertical wave moves angular momentum into the other  
two axes.

The equations of motion require initial conditions, including the jump height, 
velocity, angular velocity, and yaw, pitch and roll Euler angles. The height and 
horizontal velocity were set to z0 = 10 m and vy,0 = 1.7 m s−1, respectively, on the basis 
of initial jump velocities measured previously18. The angular velocity was set to 
zero, such that the yaw, pitch and roll rates are zero. The initial Euler angles were 
found such that average angle deviations were zero. The initial angles were found 
by simulating one undulation cycle of the snake with gravity and aerodynamic 
forces turned off. The initial yaw, pitch and roll angles are found as the negative of 
the average of each Euler angle time series.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data that support the plots within this paper and other findings of this study 
are available in the Data subdirectories of the code repository and at https://drive.
google.com/drive/folders/1FpSBUD1XY3guuWjGUE5V7dqluNkoXyKy for 
processed experiment and simulation data.

Code availability
Code used to analyse the glide trials and perform the glide simulations is available 
at github.com/TheSochaLab/Undulation-enables-gliding-in-flying-snakes.
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