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Raptors are getting more attention from researchers because of their excellent flight abilities. And the excellent wing
morphing ability is critical for raptors to achieve high maneuvering flight, which can be a good bionic inspiration for
unmanned aerial vehicles (UAV) design. However, morphing wing motions of Falco peregrinus with multi postures cannot
be consulted since such a motion database was nonexistent. This study aimed to provide data reference for future research
in wing morphing kinetics. We used the computed tomography (CT) approach to obtain nine critical postures of the Falco
peregrinus wing skeleton, followed with motion analysis of each joint and bone. Based on the obtained motion database, a
six-bar kinematic model was proposed to regenerate wing motions with a high fidelity.
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1. Introduction

Unlike modern aircraft, birds can actively morph their
wings to accomplish extraordinary flight.['=! They can ac-
tively change speed and direction, complete cruising, soaring,
turning, landing, diving, and other incredible motions. 471
Shatkovska!®! found that birds with different wing morphol-
ogy have different flight patterns. Liu et al.!”! conducted a 3D
scanning of the wing geometry of several birds and established
a flapping avian wing model with correct kinematics. Rap-
tors’ maneuvering flight is often used for aerial hunting and
pursuit.['% Robin e al.l'!! simulated the high-altitude diving,
wing flapping, and gliding of Falco peregrinus through a 3D
modeling approach, and confirmed that high-altitude diving
can obtain powerful aerodynamic force, which is conducive to

(121 measured the flight vari-

capturing aerial prey. Lewis et al.
ables of three raptors using accelerometer data loggers, which
provided information for the comparative analysis of bird be-
haviors and energetics. Understanding avian wing morphing
inspires the control of novel UAVs. !

Almost all birds can change the shape of their wings
during the flight to change their aerodynamic characteristics,
which is known as the concept of wing morphing.!%! Falco
peregrinus also change the shape of their wings when diving,
wings will get closer to the body while accelerating.!'3! The
flight of Falco peregrinus can be divided into three stages:
the wings are in the classic diamond shape at a speed up to
190 km/h. At 240 km/h, the wings show a tight vertical tuck
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and have a cupped-like profile in the front. At the maximum
speed (at least 320 km/h), the wings are completely folded on
both sides of the body to form a wrap dive vacuum pack.!'#!
Falco peregrinus can achieve high-speed and high-maneuver
flight at the same time, which indicates that they are exposed
to high mechanical loads. For example, in courtship behavior,
they often change their flight path at the end of the dive, i.e.,
from vertical dive to steep climb.[!3]

The basis of wing morphing is the musculoskeletal mech-
anism, which was first recorded in Bergman’s anatomical
study of cadavers in 1839.!'6! This mechanism is regarded
as a parallelogram four-bar mechanism that can automatically
flex and extend!!”-'®! since bird wings have a special skele-
tal structure. The elbow joint connects the humerus, radius,
and ulna while the wrist joint connects the ulna, radius and
carpometacarpus, as shown in Fig. 1. Fisher!!’! confirmed the
elbow—wrist joint coupling mechanism through anatomical ex-
periments on pigeons in 1957. Furthermore, the elbow—wrist
joint coupling motion is essential in bird flight. It will lead to
difficulty in flight if the bird lacks control of the radius and
ulna due to injury. A Mississippi kit was wound with a ban-
dage due to the fracture of the ulna, resulting in the fusion of
the ulna and radius, and losing the ability to extend wings and
fly. It recovered only after the ulna and radius were separated
by surgery.?”) Similarly, a barn owl was amputated due to a
serious injury of the radius. It was unable to control its wings
stably and lost its wing extension and flight ability. [>!]
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In 1994, Vazquez!??! found that except for the wing skele-
ton, the special attachment of the muscles and tendons of
the wings also affected the elbow—wrist joint coupling mo-
tion. David!?*! confirmed this muscle and ligament mecha-
nism through computed tomography and anatomical experi-
ments on pigeons. In 2005, Meyers et al.[>*! performed an
anatomical and immunohistochemical evaluation of the alba-
tross and found that the albatross uses slow muscle fibers and
rigid restrictive tendons to maintain a long-term sliding pos-
ture. By comparing the permutation of the ulna and radius
of birds with other vertebrates, researchers found that the par-
allel permutation of the radius and ulna of birds coordinated
the elbow—wrist joint coupling motion. Birds can achieve
wing morphing more flexibly than other flying vertebrates,
and make efficient use of aerodynamic force to complete the
flight.[>>) Understanding the permutation of the ulna and ra-
dius provides an extremely useful understanding of the flight
patterns of birds.?®!

However, many studies on the kinematic model of bird
wings regard the wing skeleton as a planar four-bar mecha-
nism, ignoring the effect of wrist bones on the flight;?7-28! or
consider the ulna and radius as a single bone, and the wing
is an open-loop kinematic system starting from the shoulder
joint.1?>2%1 Vazquez!*°! found for the first time in an anatomi-
cal experiment that wrist bones can also move and coordinate
wing morphing during the flight. Therefore, the real physio-
logical state of the skeleton should be fully considered when
studying the kinematic characteristics. In 2007, Amandal?>!
further studied the mechanical linkage of the musculoskele-
tal structure of pigeon wings and analyzed the flexed and ex-
tended posture quantitatively through pnCT data and the least
square mathematical method. It was found that the wing
skeleton is a three-dimensional mechanism, and the radial and
ulnare can’t be ignored. Finally, a six-bar model with 8§ DOFs

was established, as shown in Fig. 1.
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Fig. 1. Parallelogram mechanism of wing skeleton: (a) four-bar
model,?2 (b) six-bar model.[2>]

Bionic technology has been widely used in UAVs. The
primary methods include numerical analysis, modeling, sim-

ulation, machine design, etc.3!~331 Biologically inspired me-
chanical linkage can accomplish complex maneuvers and op-
timize force and motion, which is very common in bionic
UAVs. 134361 Zhang et al.37) designed a single-DOF planar
linkage bionic mechanism. The positions of all reference
points were continuously constrained by the constraint descent
method to meet the requirements of the bionic mechanism in
shape, motion trajectory and posture. Rajabi er al.*® accom-
plished the interlocking mechanism of dragonfly wing joints
using unidirectional hinges. Although investigations on the
coordination function of the musculoskeletal structure of bird
wings have continued for decades, there are still some defi-
ciencies remained, especially for raptors. Falconidae has con-
trasting behaviors in flight within the subfamilies. Falco pere-
grinus is an aerial predator requiring accuracy, high-speed, and
controlled-motion during flight. They are famed for their high-
speed and high-altitude stoops. Falco peregrinus has proba-
bly the fastest hunting speed among all birds, so it has high
physiological research value.!'!l These extraordinary maneu-
vers are intimately related to their biomechanical constraints.
We established the Falco peregrinus’s wing model using guid-
ance laws inspired by theory and experiment, attempted to find
out the mechanism of Falco peregrinus’s superior flight perfor-
mance and embody this in the field of bionic UAVs design to
improve the mobility and flexibility.

The wing morphing of the existing ornithopter is flap-
ping, and large angles and multiple DOFs mainly occur at the
shoulder joint, which is a connection between the wing and
the fuselage. This paper mainly studies the elbow—wrist joint
coupling motion, i.e., the closed-loop mechanism in complex
motion with multiple DOFs, to improve the flexibility of wing
morphing of bionic UAVs. Little research has been conducted
on wing morphing with large angles and multiple DOFs, and
there is a need for studying various wing postures. Moreover,
a few joints show obvious single DOF characteristics during
motion, and reducing the DOFs as much as possible can make
the control easier. Therefore, to fill this gap in the avian lit-
erature, this paper studies the kinematic characteristics of the
Falco peregrinus wing and attempts to reduce the redundant
DOFs of the kinematic model based on the spherical joint. Us-
ing established joint optimization techniques, we proposed a
kinematic model that meets the requirements of various pos-
tures of the Falco peregrinus wing.

2. Material and methods

Falco peregrinus is one of the world’s fastest birds, reach-

(151 Investiga-

ing speeds of 320 km/h before striking its prey.
tion of Falco peregrinus wing would be well suited for future
quantitative studies about avian flights. To obtain the muscu-
loskeletal information of Falco peregrinus forelimb, we coop-

erated with Zhejiang Museum of Natural History to obtain a
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specimen of an abnormally dead Falco peregrinus. The frame
was composed of carbon-fiber pipes. Two adjacent carbon-
fiber pipes were connected by T-branch pipes or four-way
A testbed was built in
the middle to support the body. Each wing was fixed on the

pipes made of low-density plastic.

Carbon-fiber pipe

Fastener

carbon-fiber pipes with two pairs of nylon wires and fasteners.
Nine critical postures of the wing were suspended and fixed
by moving the position of the fasteners on the carbon-fiber
pipes and adjusting the length of the nylon wires, as shown in
Fig. 2(a).

Connector

Fig. 2. Suspension and fixing system for CT scanning experiment of Falco peregrinus wing. 3]

As aresult, a bird suspension system was established. Be-
fore the CT scans, the carcass was placed and adjusted to a
flight pose, followed by the fastening of all nylon wires, as
shown in Fig. 2(b). Each nylon wire was tightened so that
each wing could maintain its geometric shape during the en-
tire scanning test. The carcass shapes were manually adjusted
to particular flight postures according to the flight photos pro-
vided by ornithologists of Zhongyong Fan’s team, because the
dead Falco Peregrinus could not move its wings naturally.
Thereafter, we cooperated with the Cui’s team of affiliated

Sub joint 1

Brachium

o Sub joint 7
Elbow joint oD

Antebrachium

Hangzhou XiXi Hospital, and CT scanning experiment was
performed on the entire body of Falco peregrinus specimen.
Subsequently, a clinical scanner was used to obtain the plain
CT image with a slice thickness of 0.625 mm, and the skele-
ton model of Falco peregrinus wing was reconstructed through
the CT imaging to obtain the scanned bones with different
postures. A total of nine critical postures of the wing were
obtained: extension, half flexion, flexion, small torsion, large
torsion, small deep stall, large deep stall, flap down and flap

up.

Sub joint 6
Sub joint 5

Wrist joint
Sub joint 3
Sub joint 4

Digit IV

Global coordinate system @ Joint

X

Fig. 3. Bones, joints and coordinate systems of the right forelimb of Falco peregrinus.

The forelimb skeleton was divided into two main parts.
The brachium was composed of scapula, coracoid, clavi-
cle and humerus; and the antebrachium was composed of
humerus, ulna, ulnare, carpometacarpus, radiale and radius. In

order to analyze the kinematics of the wing quantitatively, the

nine postures (extension, half flexion, flexion, small torsion,
large torsion, small deep stall, large deep stall, flap down and
flap up) were marked as j = 1 to 9 in sequence. The scanned
antebrachium bones (humerus, ulna, ulnare, carpometacarpus,

radiale and radius) were marked in counterclockwise order as
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i =1 to 6 to form a closed-loop mechanism with six bars. The
corresponding joints were marked in counterclockwise order
as k=1 to 7, as shown in Fig. 3. Joint 1 was the shoulder
joint, joints 2 and 7 formed the elbow joint, and joints 3, 4, 5
and 6 formed the wrist joint. Since each bone rotated during
wing morphing, a local coordinate system was established to
describe motions of bones, as shown in Fig. 3. Rigid body
motions, joint connections were described using these moving
frames. Here, only the local coordinate systems of the proxi-
mal and distal end of bone 1 (humerus) and bone 2 (ulna) were
presented. Bones, joints and coordinate systems of the right
forelimb of the Falco peregrinus were the main components
of the wing skeleton model.

Wing motions were quantitatively measured based on the
CT data using the proposed optimization algorithm, in detail,
translations, rotating axes and rotating angles of each bone
were obtained. Thereafter, translations and rotations from one
posture (the extended posture, in the current study) to the other
postures can be obtained by a simple calculation. Filter the
bone points on the premise of ensuring fitting precision. The
point numbers of the humerus, ulna, radius and carpometacar-
pus were 1672, 1238, 644 and 785, respectively. Ulnare and
radiale were composed of 532 and 424 points. The averaged
minimum distance optimized by the algorithm was defined as
the residual value to evaluate the degree of bone fitting.

3. Quantitative measurement of wing joint mo-
tions

3.1. Measure method

The fixed bone was regarded as parent bone and the mov-
ing one was regarded as child bone in each joint. The parent
bones of all postures were fitted and fixed at the same posi-
tion. We corroborated kinematic characteristics based on the
CT data using a proposed optimization algorithm. No con-
strained equations were used in the algorithm in consideration
that each bone may move in a 6 DOFs manner in nature wing
morphing. Translations, rotating angles and axes for each
child bone were optimized to guarantee the best-fit bone posi-
tion, where a minimum residual was achieved. Therefore, the
unconstrained residual can be taken as the evaluation criteria
of six-bar closed-loop mechanism in the following analysis.

Order wing posture with j and bone with i. The transla-
tion variable 7; and rotation variable R; were used to represent
the position of the bone i in the extended posture in the global
coordinate system. The current location L; ¢y of moved bone
i can be calculated using the following equation:

Licurr = RiLi jnie + T, (1)

where L,; jni; is the location of bone i in the initial extended pos-
ture. Thereafter, the average distance between the moved bone

i in the extended current posture and the one in the posture j
can be calculated as

1 N,
dij = Nil] ijzl (L?;L',init - L?,curr)z’ (2)

where N;; denoted the point number of the cloud of bone i in
posture j, N; denoted the point number of the cloud of bone
i in extended posture. A loop was used to find the minimum
and L!

1 m
value between point L i curr

ij,init
global optimization equation, using the GlobalSearch method

Finally, the following

in MATLAB software, was used to find the minimum residual:
f(R;, T;) = min(d;;), 3)

where R; and 7; were optimization variables with no con-
straints.

3.2. Results and discussion

The motions (both axis and angle) including humerus rel-
ative to the scapula, radius and ulna relative to the humerus,
ulnare relative to the ulna, radiale relative to the radius, car-
pometacarpus relative to the ulna were measured by a step-by-
step point cloud fitting approach,*! as shown in Figs. 4(a)—
4(f). The red bone represented the one in the extended posture.
Firstly, it rotated around the rotating axis to the middle posture
(the orange one), and then translated to reach the target posture
(the yellow one).

The pectoral girdle was composed of scapula, coracoid
and clavicle. Three main bones formed a glenoid to construct
the shoulder joint with humerus, as shown in Fig. 3. There-
fore, these three bone motions were used to study the shoulder
joint behaviors. During the quantitively analysis, the extended
posture was identified as the reference frame, parent bones
(scapula) of all the other eight postures were transformed to
the same position at first, as shown in Fig. 5(a). Thereafter,
motions (both translations and rotations) of coracoid relative
to the scapula, humerus relative to the scapula were calculated
to obtain relative displacement, rotating axes and rotating an-
gles as listed in Table 1. It was shown that the translations
of coracoid relative to scapula were within 1 mm, meanwhile,
the maximum rotating angle was under 6.4°, which appeared
in the large deep stall posture. Motion of the coracoid relative
to the scapula was negligible during normal flight. Therefore,
coracoid individual motion was not considered in the current
study.

On the other hand, the maximum translation of humerus
was 2.558 mm in the large deep stall case, and the translations
of other postures were all within 2 mm. A maximum rotating
angle of 27° was observed in the large torsion case. Rotat-
ing angle of the flexed posture was nearly twice the one of
half flexed posture, which were 21.255° and 11.661°, respec-
tively. The angles of flap down and flap up were closed, which
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were 25.958° and 21.937°, respectively, but in opposite direc-
tions. Translations and rotations indicate that relative move of
humerus to scapula (coracoid) constituted the shoulder joint
function.

As a result, the motion of the shoulder joint was further
simplified: the scapula and coracoid were regarded as one
rigid body to represent the Falco peregrinus body, and the mo-
tion of the shoulder joint was represented by the motion of the
humerus relative to the scapula. The shoulder joint was found
to be essential to wing morphing motions, which can help the
wings to accomplish various critical postures.

The elbow joint was composed of the humeroulnar joint

Translation

Tyanslatio?

Translation
(c)

and humeroradial joint, where the motions of ulna relative to
humerus, radius relative to humerus were quantitively mea-
sured as listed in Table 2. It was shown that translations of all
the postures were within 1.5 mm which was so small that they
can be ignored. The rotating angle of flexed posture was about
twice as the one of half flexed posture, which were 38.8941°
and 16.1220°, respectively. The small angle of the ulna indi-
cated the ulna played a small role in flap up and torsion mo-
tions. The direction of the two joints rotating axes covered x, y,
and z directions. Rotating in all directions with neglectable rel-
ative translations indicated the elbow acted more like a spher-

ical joint.

Angld
Translation

Translation

Angle (d)

Fig. 4. Rotation and translation steps of each moving bone: (a) humerus; (b) ulna; (c) radius; (d) ulnare; (e) radiale; (f) carpometacarpus.

Table 1. Relative motion of the shoulder joint.

Coracoid relative to scapula

Humerus relative to scapula

Posture
T (mm) A 0 (°) T (mm) A 0 (°)
Half flexion 0.267 0.267 0.267 0.267 0.267 0.660 0.586 -0.037 -0.810 11.661
Flexion 0.750 0.750 0.750 0.750 0.750 1.746 -0.018 0.067 -0.998 21.255
Small torsion 0.747 0.747 0.747 0.747 0.747 1.713 -0.413 0.888 0.201 20.696
Large torsion 0.616 0.616 0.616 0.616 0.616 1.435 -0.503 0.825 0.258 27.030
Small deep stall 0.804 0.804 0.804 0.804 0.804 1.925 0.173 -0.841 0.514 12.747
Large deep stall 0.860 0.860 0.860 0.860 0.860 2.701 -0.055 -0.975 0.216 19.420
Flap down 0.404 0.404 0.404 0.404 0.404 1.651 -0.947 -0.196 0.256 25.958
Flap up 0.543 0.543 0.543 0.543 0.543 0.447 0.829 0.276 -0.486 21.937
Table 2. Relative motion of the elbow joint.
Posture Ulna relative to humerus Radius relative to humerus
T (mm) A 6 (°) T (mm) A 6 (°)
Half flexion 0.356 -0.129 -0.146 0.981 16.122 0.642 -0.460 -0.422 0.781 20.617
Flexion 1.085 -0.266 -0.128 0.956 38.894 1.273 -0.287 -0.191 0.939 38.838
Small torsion 0.171 -0.064 0.858 -0.510 4.538 0.354 -0.387 0.753 -0.532 4.437
Large torsion 0.469 0.038 0.653 -0.756 8.432 0.726 -0.356 0.384 -0.852 7.762
Small deep stall 0.315 0.380 -0.458 -0.803 14.813 0.844 0.242 -0.603 -0.761 15.309
Large deep stall 0.260 0.488 -0.431 -0.759 11.663 0.474 -0.094 -0.862 -0.498 15.899
Flap down 0.201 -0.217 0.176 0.960 12.402 0.382 -0.350 0.048 0.936 12.715
Flap up 0.109 0.439 0.215 -0.872 6.986 1.441 0.188 -0.012 -0.982 5.791
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The distal end of forelimb was composed of three main
bones (ulna, radius and carpometacarpus) and two small bones
(ulnare and radiale). The relationship of the three main bones
and two small bones formed four subjoints to construct the
wrist joint. Considering that only three sub-joints were inde-
pendent, therefore, ulna—carpometacarpus joint, ulna—ulnare
joint, radius—radiale joints were discussed to study the wrist
joint behaviors. The radius—carpometacarpus joint motion can

be deduced with the five bones. During the quantitively analy-
sis, the extended posture was identified as the reference frame,
parent bones of all the other eight postures were moved to the
same position at first, as shown in Figs. 4(d)—4(f). Thereafter,
motions (both translations and rotations) of child bone relative
to the parent bone were calculated to obtain relative displace-

ment, rotating axes and rotating angles as listed in Table 3.

Table 3. Relative motion of the wrist joint.

Ulnare relative to ulna

Radiale relative to radius

Carpometacarpus relative to ulna

Posture
T (mm) A 6() T (mm) A 6¢) T (mm) A 0 (°)
Half flexion 0.762 -0.690 0.668 -0.278 14.688 0.968 0.507 0.546 -0.667 15.245 1.650 -0.330 0.170 -0.929 23.456
Flexion 1.904 -0.894 0.427 -0.137 30.248 1.849 -0.636 -0.173 -0.752 37.729 2962 -0.254 0.094 -0.963 55.252
Small torsion 0.283 0.193 0980 -0.041 5.261 0989 0.646 0.569 -0.510 10.131 1.401 0.138 0.524 -0.841 10.919
Large torsion ~ 0.327 -0.320 0.907 0.275 8.683 1.582 0491 0.815 -0.308 13.357 1.679 0.448 0.468 -0.762 10.468
Small deep stall  0.269  0.244 -0.210 0.947 7.701 1.322  0.604 0.666 -0.437 11.033 0.588 0.251 -0.374 0.893 5.682
Large deep stall  0.455 -0.734 0.603 -0.315 4.107 0.696 0.545 0.650 -0.529 11.332 1.230 -0.099 -0.877 0471 2.483
Flap down 0226 -0.402 0.162 -0.901 4.637 1.328 -0.252 0.178 -0.951 10.052 0.364 -0.755 -0.308 -0.579 5.301
Flap up 0.526 0.892 -0.449 0.056 4.166 2448 0.630 0.725 0.278 9.430 0.329 0.890 0.455 -0.038 4.038
It is shown that translations of ulnare relative to ulna were
all within 1 mm, except for the flexed posture. On the other
hand, more larger translations were observed for the radiale.
In all the cases, the maximum rotating angle appeared in the
flexion posture followed with the half flexion value which was
nearly half the rotating angle of the flexion posture. Unfortu-
nately, the rotating axes of ulnare, radiale and carpometacar-
pus varied with each other, which implied a three-dimensional
transformation during the simple wing extending/folding mo-
tion. Besides, the rotating angle declined to a small value in
the other postures, especially in the ulnare motion, and two b ot
;g )

rotational DOFs, flexion and torsion, were estimated for the
carpometacarpus. The measured motions of the 7 joints are
shown in Fig. 5.

During the measurement, each posture was used to com-
pare with the extended one, leading to eight residuals of each
bone in all the cases. Thus, in order to provide a reference
residual value for the following skeleton optimization, the pos-
ture mean residual was defined as

9 ..
£l = ng Sy @)
where f(i) was the mean residual of bone i of all the postures,
f(j,i) was the residual of bone i between the moved extended
posture (j = 1) and the jth initial posture which was calcu-
lated using Eq. (3). The mean residual of each bone is listed
in Table 4.

m Extension
mHalf Flexion
Flexion
®Small Torsion ©
mLarge Torsion
Small Deep Stall
Large Deep Stall
mFlap Down
mFlap Up

5%
\

Fig. 5. Illustration of the scanned wing skeletons’ transformation to each
bone at extension status using the proposed optimization method: (a) trans-
form to scapulae to study shoulder joint; (b) transform to humerus to study
elbow joint; (c)—(d) transform to ulna and radius to study wrist joint.

Table 4. The mean residual of each bone.

Bone Humerus Ulna

Ulnare

Carpometacarpus Radiale Radius

Residual (mm) 0.5232 0.4970

0.2452

0.5194 0.2834 0.4944
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4. Optimization of wing skeleton model
4.1. Optimization method

To obtain a closed-loop mechanism that can represent the
elbow-wrist coupling motion in all the wing motions, a six-
bar model of the wing skeleton including the two wrist bones
(ulnare and radiale) and four main wing bones (humerus, ulna,
carpometacarpus and radius) was proposed. However, differ-
ent joint type between neighboring bones usually leaded to
different fitting precision, and there was no doubt that spher-
ical joints give rise to a high fidelity. The question was how
can the six-bar model achieves a high fidelity while reduces
the independent DOFs. Three types of joints (revolute joint
with 1 DOF, universal joint with 2 DOFs, spherical joint with
3 DOFs) were used to find out the optimized relationship be-
tween neighboring bones.

The brachium area includes the motion of shoulder joint
(sub-joint 1). It has been proved that there is no relative mo-
tion between the coracoid and the scapula in Subsection 3.2.
Therefore, the scapula was used instead of the body, in order to
simplify it into a multi-bar motion with one single joint. The
antebrachium was simplified as a six-bar closed-loop model
composed of six bones (humerus, ulna, ulnare, carpometacar-
pus, radiale and radius) and six joints (sub joint 2 to sub
joint 7). Therefore, the whole wing skeleton consisted of sub
joints ranging from 1 to 7. Above all, sub joints ranging from 2
to 7 formed a closed-loop model, and the DOFs of sub-joint 1
were independent of the closed-loop model. In the optimiza-
tion calculation of six-bar closed-loop model, the humerus was
considered as a fixed bar.

The following global optimization equation, using the
GlobalSearch method in MATLAB software, was used to find
the minimum residual:

g(Q) = min(d)> &)

where d was the mean bones residual of all postures. It
should be noted that only the residuals of ulna, radius and car-
pometacarpus were used in the mean value calculations. It
was reasonable because ulnare and radiale were quite small
with little features which was difficult to identify, as a result,
too many cloud points were used to construct their geometry
shapes. Thus, there were 3 bone residuals that need to calcu-
late in each posture in the six-bar closed-loop mechanism.
The optimization variable was ¢ = [Centery, Directiony,
Rotationg]. Center; and Direction; were centre location and
rotating axis of the kth joint, Rotation; was the Euler angle. In
fact, these optimization variables were not independent con-
sidering that each part of the multibody system was connected
by kinds of joints. Joints were modeled by constraint equa-
tions, which are composed of location constraints and vector
constraints. Assume a joint connects ith parent body and jth
child body at point m and point n, respectively. Location con-
straints were constructed at point m and point n, while the z

axis of one joint parallels to the other as shown in Fig. 6. The
location constraint equations were

rim_rjn:07 (6)

where r;;, and rj, were locations of point m and point 7 respec-
tively under the global coordinate. The vector constraint equa-
tions were constructed to meet the relative angular require-
ments of the two bodies as

vvi = 0. @)
The equations of fixed joint were

rim*rjn:()

vive =0

Cﬁxed: V?"V? =0 . (8)
mVy —
Vv =0

Joints with motion control were developed in order to merge
the joint into the optimization method. The equations of con-
trolled revolute joint were
Yim—Tjn =0
Vi =0
. 9

vmVs =0 ©)

vV = sin (o)

Crevolute =

The equations of controlled universal joint were

Tim — Fjn = 0
vi,ve = sin (at)
viV5, = sin (Bt)

v =0

Cuniversal =

10)

The equations of controlled spherical joint were

Yim — Fjn = 0
vi Ve =sin (ar)
vimVs =sin(Bt) | an
VinVy, = sin (71)

Cspiral =

Here o, P, y were the rotational angles extracted from
Rotationy.

Imy Joint

@ Bone

. Body

Fig. 6. Joint connection.

4.2. Results and discussion

Since spherical joint enables a child bone revolute around
the parent bone in all directions, thus, it was used in all the sub
joints. The use of spherical joint provided the six-bar model
with more DOFs but made the six-bar model difficult to con-
trol. Fortunately, it was found that some child bone only ro-
tated around the parent bone in limited directions based on the
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relative motion discussed in Subsection 3.2. Thus, universal
joint type (2 DOFs) was used in all joints except the shoul-
der joint, and revolute joint type was used in ulna—ulnare and
radiale-radius types. We hope that the wing morphing mo-
tions can be reconstructed with the least DOFs. The possible
joint types that meet the kinematic law of each joint are pre-
liminarily selected, as shown in Table 5.

Table 5. Joint types optimized in the six-bar model.

Joint number . Two bone?. . Joint types
adjacent to a joint
1 scapula—humerus spherical
2 humerus—ulna spherical, universal
3 ulna—ulnare spherical, universal, revolute
4 ulnare—carpometacarpus spherical, universal
5 carpometacarpus—radiale spherical, universal
6 radiale-radius spherical, universal, revolute
7 radius—humerus spherical, universal

Since the shoulder joint was simplified as a spherical joint
which was independent of the other joint rotations, thus the re-
mained closed-loop skeleton model antebrachium with joints
ranging from 2 to 7 would be optimized. Elbow and wrist
joints enabled the six bars with a closed-loop mechanism.

Thus, it was convenient to optimize the joint types of the six-
bar model by transforming all the humeri to the same position,
as shown in Fig. 5(b). Note that when calculating the DOFs
of the six-bar closed-loop model, the humerus was considered
as a fixed bar, and there were five moving bars: ulna, ulnare,
carpometacarpus, radiale and radius. Additionally, there were
2% x 3% = 144 cases needed to optimized, which were divided
into nine groups according to the DOFs of the mechanism.
The calculated residuals are shown in Fig. 7.

0.9
10 DOFs . 6 DOFs g
| & 9 DOFs 7 DOFs A
088 / 8 DOFg 0
Eorsd PN /
A .
= 0.7f ,/ - 4 g
I I : A
ot | A v g o)
0.6Fe N J / P A
7~ £ -
">~ 12 DOFs
0.5 X X . . . . .
0 20 40 60 80 100 120 140
Case ID

Fig. 7. Optimized residuals of the six-bar mechanism with joints range
from 2 to 7.

Table 6. Cases with the smallest residuals of each DOFs group: spherical joint represented by S, universal joint represented by U,

revolute joint represented by R.

DOFs Case number - - - Joint ID - - - Residual (mm)
Joint 2 Joint 3 Joint 4 Joint 5 Joint 6 Joint 7
12 1 S S S S S S 0.5474
2 S S U S S S 0.5478
11 3 S S S S S U 0.5575
4 S S S S U S 0.5626
5 S S U U S S 0.5514
10 6 S S U S S U 0.5605
7 S U S U S S 0.5667
8 S S U U U S 0.5688
9 9 S U S S R S 0.5717
10 S U U S S U 0.5720
11 S S U S R U 0.5568
8 12 S R S S U U 0.5577
13 S R U S U S 0.5658
14 S R U S U U 0.5644
7 15 S R U S R S 0.5790
16 S R U U S U 0.5848
17 S U U U R U 0.5813
6 18 S R U U R S 0.5846
19 U U U U R S 0.5918
20 U R U S R U 0.5912
5 21 U R U U R S 0.5948
22 U U U U R U 0.6162
4 23 U R U U R U 0.6816

As we expected, a minimum residual of 0.547 was ob-
tained in the all-spherical joint case since spherical joint en-
abled a bone rotate in all direction. However, 12 DOFs of
the mechanism made it difficult to control. Besides, existence

of non-zero residual implied that both rotation and translation

should be included in the nature bird joint motion investiga-
tions, which also made it difficult to fabricate. 23 cases with
the smallest residuals in each group were detailly listed in Ta-
ble 6. It was shown that the maximum value existed in the
DOFs 4 group. A simple six-bar model with a high recon-
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struct fidelity will be convenient to illustrate the wing morph-
ing mechanism. There are two principles when selecting the
joint types: (1) make the residuals of the mechanism as small
as possible so that the model can reconstruct bird motion as
accurately as possible; (2) reduce the redundant DOFs of the
mechanism as much as possible. As a result, the U-R-U-S—
R-U case was personally recommended for it can reconstruct
the wing morphing motions with a high precision but only 5
DOFs, as shown in Fig. 8.

It was shown that all the optimized residual listed was
under 0.59 when a spherical joint was used for sub joint 2,
which implied joint type of sub joint 2 had non-negligible ef-
fect on the optimized residual. The relative motions between
radius and radiale as well as the one between ulna and ulnare
were small, a revolute joint with one DOF was sufficient to

Sub joint 1

approximate their rotations.
spherical joints were usually adopted to adjust the relative ro-

On the contrary, one or more

tations among wrist and the carpometacarpus bones, which
were mainly caused by the folding/extending and flapping mo-
tions. The recommended U-R—U-S—R-U model could recon-
struct almost all the wing motions with a small residual of
0.5912 mm, as shown in Fig. 9. Bones calculated using the
six-bar model illustrated with red color were compared with
the scanned bones. Above all, it was shown that all the bones
fitted well with each other using the proposed six-bar model.

In addition, the humerus was connected to the body us-
ing a spherical joint with 3 DOFs, as shown in Fig. 8 (sub
joint 1). Finally, the proposed six-bar closed-loop model with
seven joints of S—-U-R-U-S—R-U has six moving bars and 8
DOFs.

Sub joint 6

Fig. 8. Obtained six-bar model with seven joints: (a) spherical joint; (b) universal joint; (c) revolute joint; (d) universal joint; () spherical joint;

(f) revolute joint; (g) universal joint.

Fig. 9. Comparison of the morphing shapes between the scanned bones of a falcon and the six-bar model in case 20: (a) half flexion; (b) flexion;
(c) small torsion; (d) large torsion; (e) small deep stall; (f) large deep stall; (g) flap down; (h) flap up.

5. Conclusion

Falco peregrinus is one of the world’s fastest birds and in-
vestigation of the wing forelimb structure would be well suited

for future studies about avian flights with excellent morphing

abilities. However, wing motion database of Falco peregrinus
was nonexistent yet. In order to fill this gap, the morphing
wing mechanism was quantitatively analyzed.

1. Nine critical postures of Falco peregrinus were ex-
amined and CT scans were performed on the Falco peregri-
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nus to obtain its wing skeleton shapes with different postures.
Thereafter, an optimization algorithm was proposed to mea-
sure relative motion of each bone. Translations, rotating axes
and angles of shoulder joint, elbow joint, and wrist joint were
all quantitatively measured to enrich the wing motion database
of Falco peregrinus. We think that the established motion data
base will be essential for understanding avian flight.

2. A six-bar model of the wing skeleton including the two
wrist bones and four main wing bones was proposed using the
obtained wing motion database. It was interesting that how the
wing joints worked to connecting neighboring bones to con-
stitute a wing skeleton. Thereafter, an optimization algorithm
was developed to optimize the joint types based on the multi-
body dynamics theory. There was no doubt that all spherical-
joint model gives rise to the highest fidelity, however, it was
difficult to control. As a result, the six-bar model of S—-U-R—
U-S-R-U with 8 DOFs was recommended for wing motion
study because that it can reconstruct the wing morphing mo-
tions with a high precision. It is implied that muscles or ten-
dons restricted the wing motion even a bird died, which should
be investigated in the future work.
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