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Arboreal animals face challenges in maneuvering through complex terrain, and directed
aerial descent or gliding flight offers a solution despite control difficulties. While some animals
possess specialized structures for aerodynamic control, many arboreal species may rely on
tail-assisted attitude control in mid-air. This study examines the role of tail inertial and
aerodynamic forces in mid-air reorientation behaviors based on field experiment data from
Draco “flying” lizards along with mathematical models. Modeling results suggest that the tail,
which represents only about 5% of the lizard’s mass and surface area, plays a significant role in
pitch control in flying lizards. Furthermore, the aerodynamic effect of the tail is found to be
significant, particularly in concert with the inertial effect.

I. Introduction

Gliding, as a unique type of locomotion, can be defined by horizontal non-thrust generating movement [1–3]. Almost
all gliding species exhibit anatomical alterations which enable them to generate and manipulate aerodynamic forces,

facilitating descent while traveling through the air. Examples include gliding ants, snakes, flying lizards, and flying
squirrels [2, 4–7]. Gliding is also part of a propulsion technique known as fluke-and-glide [8] seen in some aquatic
species. This method involves the oscillatory motion of the tail fin to move through water, followed by a period where
the animal glides with a fixed posture. Such a strategy is key to the efficient employment of energy in these creatures,
allowing them to conserve energy while swimming. This technique is especially prevalent in species like seals, sharks,
and dolphins, who use it to balance energy expenditure with effective locomotion [9–12].

Non-flapping flyers are not the only ones that make use of gliding. Birds, insects, and bats make use of gliding in
variety of ways [13–15]. For instance, albatrosses use the process of dynamic soaring (the use of wind shear to generate
lift) to enable them to travel large distances in a sustained energy efficient non-flapping flight [16–18]. Another study
concerning flapping flyers showed that barn owls (Tyto alba) use their tails in gliding to reduce overall drag by pointing
it downwards [19]. This also tells us that the tail affects the glide dynamics.

Mammalian gliders, flying lizards (Draco dussumieri), and flying snakes (Chrysopelea paradisi) exhibit tail
movements during some or all components of the glide [2, 20]. As a long appendage, the tail may provide both inertial
and aerodynamic functions that influence the glide. Tails essentially consist of a flexible vertebral column surrounded
by muscle, providing the capability for active control. However, as a long thin appendage, the tail is also subject to
passive fluid-structure interactions, and so it is unclear how tail kinematics reflect active versus passive effects for these
gliders [1]. From video recordings, the tails of flying snakes give the appearance of passive and somewhat haphazard
movements that result from the body’s undulation [21, 22], but Draco flying lizards appear to exhibit more deliberate
control, as discussed below.

The tail could be used for controlling movements during all three major components of the glide: takeoff, gliding,
and landing (see Fig. 1(b)). In Draco flying lizards, rapid tail movement can be seen during takeoff while the animal
reorients, such that its ventral side (underside) faces the ground. This reorientation is likely causally linked to the tail.
Previous work on the gliding gecko Hemidactylus platyurus demonstrated the use of tail as an inertial appendage for
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Fig. 1 (a) A scaled illustration of the motion capture arena showing all 24 smoothed glides and the seven camera
positions used to collect 3D kinematic data. The seven cameras are divided into three groups (color coded) based
on the part of the glide they record. The takeoff cameras are marked by purple discs, mid-glide cameras with
orange, and landing cameras with red. (b) Free body diagram showing the forces experienced by a gliding
animal’s body at various stages of the complete glide as well as the change in body orientation. The glide is
further divided into the three distinct glide phases of takeoff, mid-glide, and landing. Modified with permission
from Khandelwal and Hedrick [27].

reorientation while falling [23, 24]. H. platyurus rotates its tail during the fall and, taking advantage of the conservation
of angular momentum, reorients itself from ventral side up to the ventral side facing the direction of the fall.

Body reorientation may be a common feature of all gliders, part of an aerial righting reflex that adjusts the posture
of the animal to one in which the dorsal side is uppermost and is advantageous for gliding or preventing injury during a
fall [25]. During a glide, small tail movements could be used to effect changes in roll, pitch, or yaw; however, their
use to control stability or the direction of the glide trajectory remains largely unexplored. During the landing phase,
the tail of the Draco flying lizard is positioned closer to the dorsal side of the body, which might facilitate a ‘pitch up’
motion, attaining an upright body pose to land on a vertical surface such that the forelimbs make contact with the tree
first. Recently, it has also been hypothesized that the tail might be used to modulate the center of mass with respect to
the center of aerodynamic pressure to initiate pitch control in gliding animals [26]. In simulations that modulated tail
position to maintain a fixed angle of attack, the Draco flying lizard glided nearly twice as far than without tail control.

In this study, we develop a mathematical model to determine the role of the tail in Draco glides. We expanded
upon the research conducted by Khandelwal and Hedrick [27], in which they documented voluntary gliding maneuvers
executed by a group of wild gliding Draco lizards. This investigation took place within a motion capture arena equipped
with seven cameras, strategically positioned in the lizards’ natural habitat (Fig. 1(a)). The field site was an abandoned
areca nut plantation located within the Agumbe Rainforest Research Station campus, Karnataka, India and previously
described in [28].

II. Methodology

A. Motion capture data
As described in [27], a field study was conducted at an abandoned areca nut plantation within the Agumbe Rainforest

Research Station campus, Karnataka, India from February to April 2017, during which 33 unique individuals (16
males and 17 females) inhabiting the plantation were identified. Glide data from these individuals were collected by
constructing a motion capture arena on an approximately 6 m × 7 m patch of the plantation containing two areca
nut trees 5.50 m apart with no trees in between. The two trees were designated as the takeoff and landing tree for
glide recordings. An array of seven GoPro Hero4 Black cameras (GoPro, Inc) in wide field of view mode were used
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together to record the complete lizard glide from various viewing angles between the takeoff and landing tree (Fig. 1(a)).
Individual lizard mass and morphology was taken post-glide.

3D position data, (𝑋,𝑌, 𝑍) inertial coordinates, were obtained using the MATLAB (The MathWorks, Natick, MA,
USA) package DLTdv8. For each glide recording, seven body points on the dorsal side of the lizard in each frame of the
complete glide were digitized: five on the body and two on the tail (Fig. 2(a)). The five body points corresponded to
locations on the anterior, middle, and posterior part of the lizard’s body, and the left- and right-wing tip. The two tail
points corresponded to the mid-tail and tail-end. Each point was digitized in all camera views in which it was visible (at
least in two or more camera views per frame throughout the complete glide). These resulted in seven tracks representing
the complete glide trajectory with no missing digitization data. The mid-body point was used as a proxy for the center
of mass and whole glide kinematic calculations including velocity and acceleration. Thereafter, each glide was divided
into the takeoff, mid-glide, and landing phase (Fig. 1(a)) based on previously established criteria in [28].

left wing tip
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right wing tip
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mid-tail

tail tip
u
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Fig. 2 (a) Illustration showing the seven points tracked per frame for each glide. Modified with permission
from Khandelwal and Hedrick [27]. (b) Schematic of Draco lizard body-tail system in 2D showing a positive
angle-of-attack 𝛼, positive pitch 𝜃, positive glide angle 𝛾, and positive tail angle 𝜃𝑡 .

B. Mathematical model of longitudinal dynamics
In this study, we focus only on the longitudinal dynamics—i.e., dynamics in the 𝑋𝑍 plane.

1. Dynamics of the 2D system
From the motion capture data, We are originally given the velocity components compared to an inertial frame

oriented like {n1, n3} in Fig. 2(b). That is, we are given,

v𝑁
𝑂/𝑂′ = 𝑣𝑥n1 − 𝑣𝑧n3 (1)

and must transform to the body-fixed {b1, b3} directions via,

𝑢 = 𝑣𝑥 cos 𝜃 + 𝑣𝑧 sin 𝜃
𝑤 = 𝑣𝑥 sin 𝜃 − 𝑣𝑧 cos 𝜃.

(2)

2. Dynamics of the body
For the longitudinal motion of the body of mass, 𝑚𝑏, Newton’s 2nd law gives,

𝑚𝑏a𝑁
𝑂/𝑂′ = Ftotal, (3)
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where the total force on the body is,
Ftotal = Fgrav + Faero − F𝑄, (4)

where the first term is gravity, Fgrav = 𝑚𝑏𝑔n3, where n3 = − sin 𝜃b1 + cos 𝜃b3, the second is the aerodynamic force
due to the body airfoil, Faero = 𝐹𝑥b1 + 𝐹𝑧b3, and the reaction force due to the tail is −F𝑄 =

(
𝐹iner,tx + 𝐹aero,tx

)
b1 +(

𝐹iner,tz + 𝐹aero,tz
)
b3. Note, the minus sign in front of F𝑄 is because this must be opposite the force on the tail. So

re-writing eq. (3), we get,

¤𝑢 =
(
𝐹𝑥 + 𝐹inert,tx + 𝐹aero,tx − 𝑚𝑏𝑔 sin 𝜃

)
/𝑚𝑏 − 𝑞𝑤

¤𝑤 =
(
𝐹𝑧 + 𝐹iner,tz + 𝐹aero,tz + 𝑚𝑏𝑔 cos 𝜃

)
/𝑚𝑏 + 𝑞𝑢

¤𝑞 = (𝑀aero,b + 𝑀inert + 𝑀aerot )/𝐼𝑦
¤𝜃 = 𝑞

(5)

where 𝐹𝑥 and 𝐹𝑧 are the aerodynamic forces due to the body and 𝐼𝑦 is the pitch moment of inertia. Instantaneous
coefficients of lift and drag, 𝐶𝐿 and 𝐶𝐷 , were calculated from the kinematic experimental data, ignoring the tail, as
described in [27].

In simulation, we have the drag and lift directions, {d𝐷 , d𝐿}, related to the body-fixed {b1, b3} directions,[
b1

b3

]
=

[
− cos𝛼 sin𝛼
− sin𝛼 − cos𝛼

] [
d𝐷

d𝐿

]
(6)

So the force coefficients in the b1 and b3 directions, respectively, are,

𝐶𝑥 = −𝐶𝐷 (𝛼) cos𝛼 + 𝐶𝐿 (𝛼) sin𝛼
𝐶𝑧 = −𝐶𝐷 (𝛼) sin𝛼 − 𝐶𝐿 (𝛼) cos𝛼

(7)

Where 𝐶𝑥 and 𝐶𝑧 are the forces transformed into the body frame of the lizard, and the angle of attack,

𝛼 = tan−1
(𝑤
𝑢

)
(8)

where 𝛼 = 𝛾 + 𝜃, with 𝜃 the body pitch angle and 𝛾 the glide angle, as oriented in Fig. 2(b).
Finally we have,

𝐹𝑥 = 𝑄𝑆𝐶𝑥

𝐹𝑧 = 𝑄𝑆𝐶𝑧

(9)

where 𝑄 is the dynamic pressure term and equals 𝑄 = 1
2 𝜌 | |v

𝑁
𝑂/𝑂′ | |2, 𝑆 is the body wing area, and | |v𝑁

𝑂/𝑂′ | |2 = 𝑢2 + 𝑤2.

3. Dynamics of the tail
The equation of translational motion of the tail is,

𝑚𝑡a𝑁
𝑃/𝑂′ = F𝑔𝑡 + F𝐷𝑡 + F𝑄, (10)

where we will seek an expression for F𝑄 to plug into the body dynamic equation, eq. (4) The transformation between
the tail-fixed [e𝑟 , e𝜃𝑡 } and the body-fixed {b1, b3} directions is,[

e𝑟
e𝜃𝑡

]
=

[
− cos 𝜃𝑡 sin 𝜃𝑡

sin 𝜃𝑡 cos 𝜃𝑡

] [
b1

b3

]
(11)

The inertial velocity of the tail in 2D is as follows, in the 𝐵-frame,

v𝑁
𝑃/𝑂′ =

[
𝑢 + 𝐿𝑡 sin 𝜃𝑡 ( ¤𝜃 + ¤𝜃𝑡 )
𝑤 + 𝐿𝑡 cos 𝜃𝑡 ( ¤𝜃 + ¤𝜃𝑡 ) + 𝑥𝑄/𝑂 ¤𝜃

]
𝐵

, (12)

where 𝐿𝑡 is the length of the tail.
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The transverse velocity of the tail (that is, in the e𝜃𝑡 direction), is 𝑣𝑡⊥ = v𝑁
𝑃/𝑂′ · e𝜃𝑡 ,

𝑣𝑡⊥ =
(
𝑢 + 𝐿𝑡 sin 𝜃𝑡 ( ¤𝜃 + ¤𝜃𝑡

)
sin 𝜃𝑡 +

(
𝑤 + 𝐿𝑡 cos 𝜃𝑡 ( ¤𝜃 + ¤𝜃𝑡 ) + 𝑥𝑄/𝑂 ¤𝜃

)
cos 𝜃𝑡 (13)

If 𝑣𝑡⊥ > 0, then the tail drag force is in the −e𝜃𝑡 direction, and if 𝑣𝑡⊥ < 0, then the tail drag force is in the e𝜃𝑡 direction.

F𝐷𝑡 =

{
−𝑄𝑡𝑆𝑡𝐶𝑡e𝜃𝑡 for 𝑣𝑡⊥ > 0
𝑄𝑡𝑆𝑡𝐶𝑡e𝜃𝑡 for 𝑣𝑡⊥ < 0

(14)

where,
𝑄𝑡 =

1
2 𝜌𝑣

2
𝑡⊥ (15)

𝑆𝑡 is the area of the tail, 𝐶𝑡 is the coefficient of drag, and

e𝜃𝑡 =

[
sin 𝜃𝑡
cos 𝜃𝑡

]
𝐵

. (16)

Now, −F𝑄, which can be decomposed into Finer,t and Faero,t is given by,

−F𝑄 = F𝑔𝑡 + F𝐷𝑡 − 𝑚𝑡a𝑁
𝑃/𝑂′ , (17)

If we take the tail angle 𝜃𝑡 (𝑡) as an input as a function of time, and initial conditions (𝑢(0), 𝑤(0), 𝑞(0), 𝜃 (0)), we can
solve for the body dynamics via eq. (4).

III. Results
We compared body kinematics (𝑢, 𝑤, 𝑞, 𝜃) from the experimental data for the mid-glide phase only, for four cases:

no tail, tail with only inertial effects, tail with only aerodynamic effects, and full tail (inertial andaerodynamic effects).
Results for a typical glide trial are shown in Fig. 3. One of the first things to notice is the huge effect the tail has on the
pitch rate 𝑞. As can be seen in Fig 3, in the presence of no tail forces, the pitch rate 𝑞 is constantly increasing, causing
the pitch 𝜃 to overshoot. The absence of tail forces seems to significantly affect the Draco lizard’s stability and control.
The continuous increase in pitch rate 𝑞 suggests a lack of damping or control authority that might typically be provided
by the tail. An additional question that might be of interest is the question of the threshold: Is there a point where 𝜃

becomes uncontrollable? This is a question that is still under investigation.
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Fig. 3 Body velocities (𝑢, 𝑤), pitch 𝜃 and pitch rate 𝑞 with time. In the upper plots, the blue and yellow curves
are the experimental 𝑢 and 𝑤 body velocities, respectively. In the middle and lower plots, the black curve is the
experimental data. The kinematics, pitch 𝜃 and pitch rate 𝑞 are displayed for three cases going from left to right:
no tail forces considered, only inertial tail forces only considered, only aerodynamic tail forces considered, and
full tail forces (both inertial and aerodynamic forces considered).
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The presence of inertial tail forces, even without aerodynamic forces, seems to have a stabilizing effect compared to
the scenario with no tail forces. This suggests that inertia plays a significant role in damping the pitch rate. The slope of
the pitch rate 𝑞 curve in the inertial tail force scenario might be less steep than in the no tail force case, indicating a
slower rate of destabilization. The addition of aerodynamic tail forces appears to provide further stabilization. This
can be seen if the pitch rate 𝑞 and pitch 𝜃 are more controlled and exhibit less overshoot compared to the inertial only
scenario. The role of aerodynamic forces in fine-tuning the control and response of the Draco lizard is seen to be
significant especially when comparing inertial only and the no tail cases.

Regarding the velocities in Fig. 3, and with both inertial and aerodynamic tail forces present, there’s likely a more
pronounced stabilizing effect on both the 𝑥 and 𝑧 body velocities. This results in smoother velocity profiles, reflecting a
more controlled and stable flight dynamic, as seen in the pitch rate and angle stabilization. One of the trends that can
be seen when comparing the inertial only case and the full tail case is the tuning and the damping effect of the tail
aerodynamic forces. The aerodynamic tail forces act like an elevator of an aircraft in the sense that without it, the Draco
lizard final pitch angle 𝜃 overshoots. Also, the 𝑥 body velocity 𝑢 greatly decreases without the tail aerodynamic forces.
One can visualize that better using Fig 2, as the tail drag force is pointing in the opposite direction of 𝑽𝑁

𝑃
/𝑂′. This

force causes the body to pitch down, and thereby, for a constant flight path angle, the angle of attack to decrease too.
In the absence of this force, the increase in the angle of attack will cause an increase in the drag, which can thereby
decrease the magnitude of the body velocity 𝑢.

Fig 4 further supports our prediction in the importance of the tail aerodynamic forces. As can be seen, the absence
of the aerodynamic tail forces causes the RMS error of the pitch rate 𝑞 to increase. The presence of the inertial forces
alone caused the Draco to be even more unstable than having no tail, which tells us that the tail aerodynamic forces act
in opposition to the tail inertial forces to produced the optimal needed force for the glide.
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Fig. 4 Mean RMS error of 𝑞 for each trial during mid-glide for the four model situations, no tail, inertial tail
only, aero tail only, and full tail effects (inertial + aerodynamic).
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IV. Conclusion
The mathematical model shows the importance of both the aerodynamic and inertial effects of the tail on the overall

gliding behavior during mid-glide for Draco flying lizards. While the significance of the inertial tail effect was known in
the context of jumping lizards [29], the importance of the aerodynamic tail effect was not previously known. As the air
speeds involved in gliding are significantly larger than the speeds involved in jumping, this is perhaps not surprising. But
to the authors’ knowledge, this is the first time the tail aerodynamic effect has been shown to be an important component
of flight control in gliding.
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