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Shape reconstructions and morphing kinematics of an eagle during
perching manoeuvres∗
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The key to high manoeuvre ability in bird flight lies in the combined morphing of wings and tail. The perching
of a wild Haliaeetus Albicilla without running or wing flapping is recorded and investigated using a high-speed digital
video. A shape reconstruction method is proposed to describe wing contours and tail contours during perching. The avian
airfoil geometries of the Aquila Chrysaetos are extracted from noncontact surface measurements using a ROMBER 3D
laser scanner. The wing planform, chord distribution and twist distribution are fitted in convenient analytical expressions
to obtain a 3D wing geometry. A three-jointed arm model is proposed to associate with the 3D wing geometry, while a
one-joint arm model is proposed to describe the kinematics of tail. Therefore, a 3D bird model is established. The perching
sequences of the wild eagle are recaptured and regenerated with the proposed 3D bird model. A quasi-steady aerodynamic
model is applied in the aerodynamic predictions, a four-step Adams–Bashforth method is used to calculate the ordinary
differential equations, thus a BFGS based optimization method is established to predict the perching motions.
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1. Introduction
A flying animal flaps its wings to generate both thrusts

and lifts to balance the drag and weight. After thousands of
years of evolution, the wing of flying animals moves gen-
erally with complex patterns in both wing kinematics and
deformations,[1] and a bird can colonize almost all terrestrial
habitats on earth, such as cliff, distant islands. Different fly-
ing animals have different flight features, resulting in various
aerodynamic mechanisms. For example, a fruit fly beats its
wings with a very high frequency (about 100 Hz) to generate
lift as higher as possible. The main feature is the strong un-
steady flow with a low Reynolds number which restricts its
thrust generations and high lifts.[2–4] Unlike the insect, a bat
usually flies at a speed of 3–5 m/s, and the flapping frequency
is about 10 Hz during a moderate flight.[5] On the other hand,
characteristic speed of a pigeon is about 15 m/s, with wing
flapping at a frequency of 1–2 Hz. The generated lift coeffi-
cient is about 0.47 and quasi-steady aerodynamics can be used
to predict the lifts and drags.

A detailed learning of avian locomotion is an essential
step in revealing the excellent flight abilities of bird flight.[6]

Unique flight form of wingbeats once intrigued scientists,
recording the form of wingbeats has been a long issue.[7,8]

Measurements of bird flight were raise by Brownd over 60
years ago, and then some theoretical models were proposed

to analyze aerodynamic mechanisms of bird flight.[9–13] An
inverse computational method originated from modelling ter-
restrial locomotion, which gives an opportunity to simulate
wingbeats without inputting measured kinematic data.[14,15]

Recently, Parslew and Crowther proposed and validated a ro-
bust theoretical model for predicting the form of avian wing-
beats using the inverse computational method.[16] The avian
wing geometry of large bird, such as seagull, merganser, teal
and owl have also been investigated.[17,18] Geometry shapes
of a bird wing, including airfoils, can be quantified using an-
alytical expressions, and a jointed arm model was also devel-
oped to represent the avian wing kinematics recovered from
videos. The primary feather has important effects on the aero-
dynamics, the cutting of primary feathers at the tip will reduce
the distance flown dramatically.[19] Recently, we proposed a
modified 3D model of barbs to describe separating and re-
covering processes of neighboring barbs, the critical connect-
ing force between barbs were quantified by an experimental
approach.[20] The airfoil in the position of 40% spanwise of
the long-eared owl wing has excellent aerodynamic perfor-
mance and low noise characteristics. It is studied and ex-
tracted to reconstruct the bionic blades with improved aerody-
namic performances by Qu and Liu.[21] It is impressive that the
perching of steppe eagle Haliaeetus Albicilla was studied.[22]

The aeroelastic deflections of the covert feathers of an eagle
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were investigated using onboard and high-speed digital video
during wide-ranging free flight. Also, high-resolution and
high-speed digital videos were used to study indoor and out-
door perching manoeuvres.[23,34] It has been raised that rapid
pitch-up plays an important role in high manoeuvrability of a
large prey which enables the bird to speed down, change di-
rection or climb in a short time. During the rapid pitch-up,
kinetic energy was changed to potential energy. Lift can be
enlarged incredibly under a large angle of attack of the up
stroking, which will drive a bird upward. As the deep stall,
the drag can be enlarged to induce the loss of the total kinetic
energy to the wake.[25] Both the high lift and the high drag
offer the opportunity to change the flight attitude quickly.

After investigations of hundreds of flying videos of large
birds of prey, such as gliding, hovering, perching, and fight-
ing, it is the combined morphing of wing and tail that allow
an eagle change its flight attitude in the shortest time (flapping
is unnecessary). Also, rapid transition between a steady glide
and a deep stall often appears.[23] During those maneuvering
flights, perching with zero running distance is one of the most
simple but basic flight patterns. An eagle was observed to land
on the ground without running or wing flapping but with com-
bined morphing of wing and tail to achieve a “soft landing”.
The corresponding perching sequences were investigated. A
bird skin construction method was also proposed to describe
motions of both wing and tail, the perching sequences of the
eagle was also numerically reproduced.

2. Specimen and experiment
2.1. Specimen of Aquila Chrysaetos

Aquila Chrysaetos is a large bird of prey, and it has quite
excellent flying abilities, which help it perching and fighting,
etc. However, the Aquila Chrysaetos is a first-class national
protected animal of China, any sale, purchase or use of the
wild animal or its products is forbidden.

Fig. 1. Three-dimensional scanning scene and specimen of the eagle.

The scanning object is a specimen of Aquila Chrysaetos
at Zhejiang Museum of Natural History as shown in Fig. 1.
The Aquila Chrysaetos was processed at a flying posture and
the specimen has been well kept. Before the scanning, a kind
of alcohol for specimen was used to clear each feather of the
wing and the tail. Also, each feather was repaired and rear-
ranged to ensure the exact flying shape.

2.2. Three-dimensional scanning of wing and tail

We used a ROMBER absolute arm with integrated scan-
ner to which a three-dimensional non-contact laser scanner is
attached for the bird surface measurements. The ROMBER
absolute arm is a hand-held mechanical device with high ac-
curacy. Before the experiment, the ROMBER arm was fixed to
the ground using glue to ensure that the tower of the ROMBER
will keep unmoved. On the ROMBER arm, the position of the
scanner relative to a given coordinate system is known accu-
rately. An integrated laser scanner is designed to capture 3D
point data across a range of surface types. With an ultra-wide
laser stripe of up to 150 mm, the scanner can capture 7520000
points per second. The accuracy of the complete scanning sys-
tem is verifiable and traceable, the accuracy of surface data is
within 0.01 mm. Operating with the Geomagic Wrap soft-
ware, the system works based on the principle of laser stripe
triangulation. A laser line was project onto the object and the
line was viewed by cameras so that distance variations on the
object can be seen. The resulting scanning data will be a pro-
file that contains the shape information. The scanner can work
for a variety of materials and colors including black and white
which are common for the feathers of Aquila Chrysaetos. The
Geomagic Wrap software can output data in a CATIA format,
which be dealt using the data cloud method.

Figure 2 shows the obtained point cloud with wing, tail
and flight feathers identified in sequence. Each section cut
through a flight feather shaft represents a combined airfoil
with both a traditional airfoil (part 1) and a flight feather
(part 2) assembled, as shown in Fig. 2(c). The correspond-
ing secondary flight feather is shown in Fig. 2(d). The primary
flight feather plays an important role in flights. However, it has
different shape compared with the secondary one. No reports
about flight feather shape was observed yet, thus the width of
the feather along the rachis was marked to quantify the feather
shape as shown in Fig. 2(e).

The scanned tail point cloud is shown in Fig. 2(f), and 12
tail feathers were identified in sequence. The thickness of the
tail feather is so small that can be ignored regarding the large
length of the feather. Each tail feather was simplified to a rigid
body, thus leading edge, left side and right side were indicated
to illustrate the tail contours.
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Fig. 2. Sketch of the eagle with identifications of wing and tail: (a) point cloud of the eagle, (b) wing with identification of 26
flight feathers, (c) a section of the scanned point cloud, (d) the scanned secondary flight feather, (e) the scanned primary feather with
instructions of rachis and feather width, (f) the tail with identification of 12 tail feathers.

3. Airfoil modeling and shape construction
The wing is covered with covert feathers and flight feath-

ers, the coverts provide most of the lower surface contour and
all the upper surface contour over the thick forward sections.
The under-wing and upper-wing once were anatomical identi-
fied as seven regions.[26] To the simplify the wing shapes, the
sectional airfoil cut through a primary feather is decomposed
into two parts. They are named as part 1 and part 2, which are
a typical wing airfoil (without primary feather) and a primary
feather respectively, as shown in Fig. 3. The main motivation
for this classification is that the primary feather may move or
rotate relative to part 1, also some empirical functions have
been summarized for the typical airfoil of part 1 and can be
conveniently adopted here.[17,27]

As part 1, the camber line and the thickness distribution
were quantified first, thus the upper surface was expressed as
an addition of the camber line and thickness distribution, the
lower surface was expressed as a subtraction of the camber
line and thickness distribution,

zupper = z(c)+ z(t), (1)

zlower = z(c)− z(t). (2)

To quantify the mean camber line from wing surface measure-
ments, the Birnbaum–Glauert camber line was used,[24]

z(c)
c

=
z(c)max

c
η(1−η)

3

∑
n=1

Sn(2η−1)n−1, (3)

where η = x/c is the normalized chordwise coordinate, z(c)max

is the maximum camber coordinate, c is the local wing chord
length. The thickness distribution is quantified as

z(t)
c

=
z(t)max

c

5

∑
n=1

An(η
n+1−

√
η), (4)

where z(t)max is the maximum thickness, coefficients An are to
be determined. The maximum order 6 was used here.

As part 2, a local coordinate was arranged at the feather
root, an exponential function was used to describe the bending
of the secondary feather along the x axis,

ω(t)

c
=

ω(t)max

c
φ eψ , (5)

where w(t)max is the maximum bending at the tip of the sec-
ondary feather.
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Fig. 3. Illustration of wing contour and the simplified airfoil with a flight feather.
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Since the particular length of part 1 and part 2 of each
feather can be obtained, the chord distributions along the span
were obtained by measuring the 26 airfoils. The wing plan-
form was also measured by locating leading points and trail-
ing points along the span. Each tail feather is assumed to have
the same length distribution and width distribution, which was
assembled to be a cylindroid body. Thus, a fan-shape tail was
expected for the eagle and no thickness of tail feather was con-
sidered in the current research.[28]

4. Method for predicting kinetics of the eagle
4.1. Bones and simplified arms

The bird wing skeleton consists of the humerus which
is attached to the muscles in the breast, ulna, radius, car-
pometacarpus and phalanges,[29] as shown in Fig. 4. The
humerus was simplified to one shoulder arm, both the ra-
dius and the ulna were simplified as one elbow arm, the car-
pometacarpus was simplified to one wrist arm, as shown in
Fig. 5. One shoulder joint was used to connect the proxi-
mal shoulder arm with the body, one elbow joint was used to
connect the distal shoulder arm with the proximal elbow arm,
while the distal elbow arm was connected with the proximal
wrist arm using a wrist joint. On the other hand, only small
deformations of tail feather were observed, thus a tail feather
can be simplified to a rigid one during flight. The left tail
feather and the right feather were identified as a left tail arm
and a right arm, respectively. All the other tail feathers equally
distributed between the two arms, which were connected to the
tail with joints. As an approximate wing and tail model, the
multiple-jointed rigid arm system was used to determine the
kinematics of the eagle.[29]

humerus radius carpometacarpus

ulna

Fig. 4. Photograph of the bones in the left wing of a turkey vulture.[30]

The skeleton structure was described as a three-jointed
arm system along the quarter-chord line of a wing. The ori-
entation of each arm can be changed by pitching the trunk
and rotating around the corresponding joint.[31] As shown in
Fig. 6(a), the shoulder arm rotates around point O1 in a body
coordinate system (illustrated in Fig. 5), where the origin O1

locates at the wing root. The planes XO1Y and YO1Z are de-
fined as rotational planes of the shoulder arm which can also
rotate around its bone axis. Thus, the shoulder arm movies
with three degrees of freedom defined by the Euler angles φ1,
ψ1 and ω1.[32] In contrast, only the plane YO2Z is defined as

the rotational plane of the elbow arm which can also rotate
around its axis. Thus, the motion of elbow arm has two de-
grees of freedom defined as ψ2 and ω2. The wrist arm movies
with two degrees of freedom, which are given by the angles φ3

and ψ3. This three-jointed arm model with seven degrees of
freedom allows the recovery of the morphing kinematics of a
wing precisely, it can also serve as a straightforward model for
analyzing a mechanical wing.

shoulder joint

elbow joint
wrist joint

shoulder arm
elbow arm
wrist armtail joint left

tail joint right
tail arm left
tail arm right

O

Fig. 5. A sketch of simplified arms and joints on the photo of an eagle
photographed in Thousand-Island Lake, Hangzhou.
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Fig. 6. Simplified skeleton structures of an eagle: (a) wing, (b) tail.

Another simple skeleton structure was described as a one-
jointed arm system to represent the border line of the tail, al-
though no skeleton exists in tail feathers. Take the right tail
arm as an example as shown in Fig. 6(b), it rotates around a
point O4 in a body coordinate system, where the origin O4 lo-
cates in the tail. The plane XO4Y and XO4Z are defined as the
rotational planes of the tail arm. Thus, the motion of tail arm
has two degrees of freedom defined as α , β . With the cooper-
ations of left tail arm and right tail arm, typical motions of tail,
such as downward/upward, antisymmetric twist, swing side to
side, can be reconstructed.

4.2. Kinematics equations of arms

Each bone of a bird was treated as a rigid body con-
nected by the corresponding joint, whereas the skin was flex-
ible with morphing abilities.[33] The position and kinemat-
ics of the quarter-chord line of a wing to a fixed body co-
ordinate system was described by a simplified arm, the arm
motions were represented by the motion of floating frame of
reference.[34] The total generalized coordinates of the i-th rigid
body is qi = [xi,yi,zi,φi,θi,ψi]

T, where [xi,yi,zi]
T are locations

of a body, [φi,θi,ψi]
T are Euler angles.[34] When a body moves

with both rotations and translations, a point P location of body
i can be written as

ri = ri0 +Aiui0, (6)
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where ri0 is the location of i-th body center under the global
Cartesian coordinate, Ai is the Euler rotation matrix of the
floating frame, ui0 is the location under the floating frame.
Velocity and acceleration at the point P can be obtained by
differentiating Eq. (2):

ṙi = ṙi0 + Ȧiui0, (7)

r̈i = r̈i0 + Äiui0. (8)

4.3. Kinetics and aerodynamics modelling

A 2D flight was assumed in the perpendicular plane, the
equations of motion of an eagle were given in the ground co-
ordinate system as follows:

mẍ = D, (9)

mÿ = L−mg, (10)

where Fx and Fy are the aerodynamic drag and lift arising from
dynamic motion of wings; m is the total mass; g is the accel-
eration of gravity; x and y are locations in the x-direction and
z-direction, respectively. It should be noted that no flapping
was observed during the perching, thus the thrust was not ac-
counted in the current research. The aerodynamic drag and lift
acting on the trunk were given as[35,36]

D =
1
2

ρv2
∞scd, (11)

L =
1
2

ρv2
∞scl, (12)

where ρ is the air density, s is the wing area, cd and cl are
the drag coefficient and lift coefficient respectively. Since the
quasi-steady aerodynamic models have been successfully ap-
plied in the aerodynamic prediction, the aerodynamic force
coefficients were modeled as trigonometric functions of angle
of attack, which are independent of airfoil geometry.[37] The
flight feathers have important effects on the aerodynamics, ig-
nores of primary feathers at the tip will reduce the distance
flown dramatically.[19] To considerate these flight feather ef-
fects, the enhancement of lifts and increasement of wing area
s are included in Eqs. (11) and (12) based on the previous
researches,[25]

cd = B+C cos(2α), (13)

cl = Asin(2α). (14)

Here a value of A = 1.64, which defines the maximum aero-
dynamic lift coefficient, was used based on the experimental
data of Usherwood. Values of B = 1.135 and C =−1.05 once
were assumed to be appropriate for an arbitrary airfoil.[16,38]

However, the drag reduction rate of feather-like surface was
experimentally proved to be about 16% than traditional mi-
crogroove riblet.[39] Thus, more smaller drag coefficient was
used by setting C =−1.1.

5. Method for shape regeneration
5.1. Capturing video and shape regeneration

To capture the perching sequences, the flying video was
recorded with high-speed camera with the help of Zhejiang
Museum of Natural History, as shown in Fig. 7. Before pho-
tographing, some fish and meat were used to attract the Aquila
Chrysaetos, since then our professional photographers were
kept away from the right place. An approach was used to deal
with the recorded video frame: each frame in the video was
extracted with the Matlab software by the function of Vide-
oReader, as shown in Fig. 8. The motions of wing and tail
were quantified with freedoms of multi-body systems qi =

[xi,yi,zi,φi,θi,ψi]
T. How the bones behaved against time were

reconstructed with the freedoms of the multi-body system,[40]

followed by the reconstruction of bird shape with the coupling
approach discussed in Section 2. The reconstructed shape was
also compared with the recorded video to ensure that the mo-
tion of birds was captured precisely. Thus, how the bird flies
during deep stall was reproduced with the obtained control
strategy.

eagle A

ground coordinate

reference eagle B

P1

locationZ

Y

X O

Fig. 7. An approach for reconstructing bird shapes during perching.

start

video of prey

extract frame

motion identification

reconstruct shapes with 
wing and tail models

compare

end

yes

no

Fig. 8. An approach for reconstructing bird shapes during perching.
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It is lucky that an eagle B was still kept during the whole
perching of eagle A. thus, it is convenient to locate a ground
coordinate system at the foot of eagle B, as shown in Fig. 7.
The center point of the two shoulders was monitored as P1 to
represent the bird-A motion. Each frame was extracted, and
the location of eagle A can be estimated by comparing the rel-
ative distance of the eagle A to the eagle B. Therefore, the
motion of eagle A was established.

5.2. A method for predicting the control strategy during
perching

To predict the eagle motions during perching, unsteady
aerodynamics at each time step was calculated by the method
described in Subsection 4.3. It should be noted that both the
induced velocity and the eagle motion velocity were deducted
to get the effective angle of attack which was thereafter ap-
plied to calculate the aerodynamic loads.[16] The eagle mo-
tion was calculated by solving an ordinary differential equa-
tion (ODE) with a four-step Adams–Bashforth method which
was detailedly described in Ref. [13].

aerodynamics

effective 

angle of attack

update solutions

converge?
no backtracking

and find xk⇁

yes

output

end?
no

yes

initialize parameters

angle of attack

transfer to BFGS

test for optimality

ODE solver update Bk⇁ 

BFGS optimization method

Fig. 9. An optimal approach for predicting the eagle motions.

A BFGS optimization method was used to reconstruct and
predict the eagle motions by combining an objective function
with the derivative-free line search method based on the ap-
proximate norm descent condition as shown in Fig. 9. The op-
timization method was a well-designed method and has been
successfully used.[34,41] The corresponding minimal function
is defined as

minF(x) =
√
(Lx,Pre−Lx,Exp)2 +(Ly,Pre−Ly,Exp)2, (15)

where Lx,Pre and Ly,Pre are predicted displacements, Lx,Exp and
Ly,Exp are experimental displacements.

6. Results and discussion
6.1. Airfoils and bird shape reconstruction

Equations (1)–(5) were defined as user defined functions
in the Matlab software, then a curving fitting method was used
to extract the coefficients Sn, An, φ , ψ for the camber line,
thickness line and trail line from measurements of the eagle
wing. Those fitting coefficients are listed in Table 1, and
the interpolated normalized wing planform, chord distribution,
twist distribution and tail line were generated with these coef-
ficients, which are compared in Fig. 10. It is indicated that the
measured data present a statistical property pointed by Riegels,
as described by us in Ref. [25], and the fitted curves match
with the measured data well. The deviations of the fitting air-
foil from the measurement points in terms of the local maxi-
mum values z(c)max, z(t)max and ω(t)max.

Table 1. Coefficients for the bionic airfoil.

S1 S2 S3 A1 A2 A3 A4 A5

3.6 1.5 0.3 −4.8 66.2 −199.8 235.6 −97.6

0 0.2 0.4 0.6 0.8 1.0
0

0.2

0.4

0.6

0.8

1.0  exp-bend
 exp-thick
 exp-trail
 intp-bend

Y

Chord length

Fig. 10. Camber line and thickness distribution of the Aquila Chrysaetos.

An optimized width distribution of a flight feather was
obtained with Gaussian functions as

f (x) = a1 e−
(

x−b1
c1

)2

+a2 e−
(

x−b2
c2

)2

+a3 e−
(

x−b3
c3

)2

. (16)

Table 2. Coefficients of flight feather.

a1 b1 c1 a2 b2 c2 a3 b3 c3

0.917 0.002 0.001 0.667 0.012 0.004 0.605 0.006 0.004

Figure 11 displays the optimized width distribution of the
primary feather, where the largest width was found at 11.2%
station of the rachis. A flight feather grows in the wing mus-
cle, and a feather root is always covered by coverts. Only the
exposed flight feather length (part 2) was measured. Figure 12
displays the distribution of chord length along the span. The
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last six primary feathers near wing tip have the longest length
except the first one, while the four secondary feathers near
wing root have the shortest length.
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Fig. 11. Distribution of feather width along the rachis.
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Fig. 13. Reconstructed eagle shape with 26 flight feathers, 12 tail feath-
ers and a simplified body.

Figure 13 shows the reconstructed eagle shape with 26
flight feathers and 12 tail feathers. Considering that combined
motions of both wings and tail play the most important role
in aerodynamics during perching, both head and body of the
bird were not the emphasis in the current study and they were
simplified to a cylinder. A cross section was cut through the
10-th flight feather to show a typical Aquila Chrysaetos air-
foil, where the airfoil with no primary feather is similar to the
seagull or S1223 airfoil described by Liu.[17] The flight feather
was assembled to the traditional airfoil (part 1) according to
the rule of curvature continuity at upper surface of the trailing
edge.

6.2. Animals

A wild Haliaeetus Albicilla was chosen for the present
flight study. Both the flying abilities and the somatotypes of
the Haliaeetus Albicilla compare favorably with those of the
Aquila Chrysaetos. The bird mass was estimated to be 2.0 kg
approximately as a matter of experience, and a span was esti-
mated to be 2.0 m from left wingtip to wingtip which is close
to the scanned Aquila Chrysaetos. The photography was taken
with the help of Zhejiang Museum of Natural History. The
recording was obviously not to pose any risk of causing pain,
damage of harm to the wild animal involved.

6.3. Morphing of wing and tail during perching manoeu-
vres

The conventional design objectives or optimization objec-
tives are usually the high lift-drag ratio. However, the key to
the high manoeuvrability in bird flight lies not in the high lift-
drag ratio or high lift performances, but in the way the wing
morph to change the flying situations. Gliding, fighting, perch-
ing, and preying, etc. are the irrefutable proofs of this high
manoeuvrability. Perching is one of the simplest wing motions
with both the body attitude and flying attitude changed,[25] and
the perching motions of a Haliaeetus Albicilla was studied in
the present study as shown in Fig. 14. Firstly, the Haliaee-
tus Albicilla glided to find the destination to rest with wing
straightens before 0.0 s, followed by wing twists, tail spreads
and pushes downwards at 2.0 s. When approaching its desti-
nation, it executed a rapid pitch-up before 4.0 s. During the
flight, a pitching moment was generated to pitch the bird up-
wards rapidly. At the end of the rapid pitch-up at 4 : 00 s, the
wing outstretched to give a parachute-like shape, wrist sweeps
upward with large angle of attack to undergo deep stall. Be-
fore landing, tail began to shrink and pushed upwards to pre-
vent strikes on the ground (actually, it was snow). Finally, it
inhabited with claws touched the ground. During the flights,
no flapping or running was observed, but rapid pitch-up. The
claws touched the snow with a soft landing model. It is worth
mentioning that this perching scene of the wild eagle is very
rare, and a lot of time was spent for its appearance.

6.4. Bird motions during perching

The experimental (Exp), fitted (Fit), and predicted (Pre)
eagle displacements and velocities (Exp) were compared and
illustrated in Fig. 15 during perching. Displacements Lx was
unified with 16.9 m and was fitted using a fourth-order polyno-
mial f (x), while the Ly was unified with 2.1 m and was fitted
with g(x). Coefficients of the two polynomials were listed in
Table 3.
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gliding

wing pitch up

tail downwards

(a)  00:00:00

(b)  00:02:00

(c)  00:03:00 (d)  00:04:00

(e)  00:04:48

(f)  00:05:36

wing pitch up

tail downwards

wing outstretched

and wrist

tail shrink 

and upwards

perched

Fig. 14. Gliding perching sequence taken with high-speed digital video camera: (a) The eagle glides with wing straightens; tail spreads
and flicked up and back. [(b), (c)] Wing twists, tail spreads and pushes downwards to endure rapid pitch-up. (d) Wing outstretched
to give parachute-like shape and wrist swept upward to undergo deep stall. (e) Tail began to shrink and pushes upwards to prevent
strikes. (f) Perched with zero running distance, and wrist sweeps forward.
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Fig. 15. Comparison of the eagle motions with the experimental method
(Exp), fitting approach (Fit), and predicting method (Pre): (a) displacement,
(b) velocity.

Table 3. Coefficients for the fitted polynomials.

p p1 p2 p3 p4

−0.00016 −0.00011 −0.0086 0.25 0.0052

q q1 q2 q3 q4

−0.0032 0.021 −0.013 0.14 1.0
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Fig. 16. Comparison of predicted drag coefficient cd and lift coefficient cl.

The corresponding velocity were obtained by taking the
derivative of these two equations. All the fitted displacements
and fitted velocities agree well with the experimental data. The
predicted drag coefficient cd and lift coefficient cl were com-
pared in Fig. 16 during perching. At t = 5.0 s, the maximum
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cl was achieved to be 1.64, which is the value of A in Eq. (14).
The effect angle of attack was estimated to be 45◦ at this time,
while the maximum drag coefficient was achieved at the end of
perching. It is interesting to find that a flat curve-segment ap-
pears in the fitted g(x) between 2.0 s and 4.0 s, which implies
that large lifts were generated to balance the gravity, which
was irrefutably proved by the pitch-up motion of wings in
Fig. 14. However, as the velocity decreased, generated lift
was insufficient to hold the weight, and the eagle fell rapidly
thereafter. This flap curve-segment has cushioned the direct
impact to the ground

f (x) = p4x4 + p3x3 + p2x2 + p1x+ p0, (17)

g(x) = q4x4 +q3x3 +q2x2 +q1x+q0. (18)

As the displacement, the predicted Lx deviates from the exper-
imental one gradually with time. A deviation was observed
since 2.0 s and a maximum value of 1.08 was finally achieved,
which was proved by the deviation of Vx before 3.0. These
velocity deviations were accumulated in the displacement re-
sponses. On the other hand, the predicted Ly fits well with
the experimental one before 3.5 s, similarly the deviation in-

creased gradually until the end. It should be noted that un-
steady performances of the eagle during perching is not dis-
cussed in the present study because the morphing of wings and
tail was found to be accomplished in a long time with 5.6 s. It
is reasonable for a quasi-steady flying estimated. To detailedly
describe these unsteady performances, CFD based simulations
can be an alternative method.[42–44]

6.5. Morphing shape reconstructions

The eagle shapes were reproduced with the construction
method discussed in the present study.[45] At the initial time, a
small twist angle of wing and a small pitch angle of tail were
observed. On the contrary, both the extending angles of tail
feathers and the first primary feathers were obtained to be ex-
tremely large. As a result, ω2 and β were set as 7◦ and 3◦,
while α and ϕ3 were set as 50◦ and 10◦, respectively. The
constructed shape was compared with the corresponding pho-
tograph as shown in Fig. 17, and a good similarity was ex-
pected. At t = 2.0 s, a larger twist angle of wing and a larger
pitch angle of tail were observed; ω2, β and α were increased
to 16◦, 5◦ and 60◦, respectively.

(e) (f)

(a) (b)

(c)

(d)

Fig. 17. Comparison of eagle photographs and the reconstructed shapes during perching: (a) 0.0 s, (b) 2.0 s, (c) 3.0 s, (d) 4.0 s,
(e) 4 :48 s, (f) 5 :36 s.

On the other hand, the extending angle of the first pri-
mary feathers remained almost the same. At t = 3.0 s, ω2 and
β were estimated to increase to 18◦ and 8◦, respectively. With
a larger twist angle of wing, a larger pitching moment was es-
timated. Therefore, the eagle was raised up to achieve a better
brace position for landing. At time 4.0 s, the eagle tried its
best to stretch both the wing and tail straight to increase drags
as much as possible. Also, the pitch angle of the body was ad-
justed to undergo deep stall. It is interesting to find that a large
anhedral angle of the wing was observed, and an anhedral an-
gle with 20◦ was used to reconstruct the eagle shape. At 4.8 s,
the tail stuck up to prevent striking the ground, and a β angle

with −20◦ was used. At 5.6 s, the eagle perched, both wing
and tail began to shrink, a backswept angle with about 15◦

was used in wing shape construction, α and β were increased
set as 30◦ and −40◦, respectively. Above all, the constructed
shapes fit well with the photographs of each frame.

7. Conclusion

The flying of perching of a Haliaeetus Albicilla was
recorded to study the wing and tail motions. It is interesting
that a Haliaeetus Albicilla was observed to land on the ground
without running or wing flapping but with combined morphing
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of wing and tail to achieve the soft landing.
To reveal the morphing sequences of the eagle, a shape re-

construction method was proposed to describe wing contours
and tail contours based on the scanned surface geometry of an-
other Aquila Chrysaetos. The wing and tail geometries were
constructed by the extracted wing planform, chord distribu-
tion and twist distribution. Thereafter, multi-body dynamics
was used to derive the kinetics equations of birds using seven-
DOF wing skeleton and two-DOF tail skeleton. The Aquila
Chrysaetos model was activated to replicate the perching. Fi-
nally, perching sequences of the eagle were extracted from the
video, and perching motions were estimated and fitted with
polynomials. A BFGS optimization method was established
and was successfully applied to predict the perching motions.
Above all, the constructed shapes fit well with the photographs
of each frame with the coupled method of shape reconstruc-
tion, multi-body dynamics and BFGS optimization.

Based on the observations in the present study, the rapid
pitch-up motions of the wing were found to cushion the direct
impact to the ground, which is different from the man-made
aircrafts. It is an irrefutable proof that the key to the high ma-
noeuvrability in bird flight lies not in the high lift-drag ratio
or high lift performances, but in the way in which the wing
morph to change the flying situations. Moreover, state of art
of the multi-body model with more than 18 DOF of an eagle,
as well as the vortex interactions of wings and tail, are consid-
ered to be the most important in morphing flies. More attention
should be paid to these issues in the future research. Above all,
it can be expected that the present results are a good suggestion
for aerodynamics learning of birds and the next-generation un-
manned aerial vehicle design.
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