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Abstract: Birds use their claws to perch on branches, which helps them to recover energy and observe
their surroundings; however, most biomimetic flapping-wing aircraft can only fly, not perch. This
study was conducted on the basis of bionic principles to replicate birds’ claw and wing movements
in order to design a highly biomimetic flapping-wing aircraft capable of perching. First, a posture
conversion module with a multi-motor hemispherical gear structure allows the aircraft to flap, twist,
swing, and transition between its folded and unfolded states. The perching module, based on helical
motion, converts the motor’s rotational movement into axial movement to extend and retract the
claws, enabling the aircraft to perch. The head and tail motion module has a dual motor that enables
the aircraft’s head and tail to move as flexibly as a bird’s. Kinematic models of the main functional
modules are established and verified for accuracy. Functional experiments on the prototype show that
it can perform all perching actions, demonstrating multi-modal motion capabilities and providing a
foundation upon which to develop dynamics models and control methods for highly biomimetic
flapping-wing aircraft with perching functionality.

Keywords: highly biomimetic; flapping-wing aircraft; perching function; kinematics model

1. Introduction

Flight is an energy-consuming process, and for most birds in nature, continuous flying
significantly depletes their energy reserves; therefore, perching is essential, as it allows
birds to recover strength, observe their surroundings, monitor their territory, and search
for food [1,2]. Similarly, equipping flapping-wing aircraft with perching capabilities can
expand their market potential. During missions, these aircraft can conserve energy by
perching on objects such as power poles or branches, thereby extending their endurance
and mission duration [3,4].

Although perching technology has significant application potential, achieving perch-
ing capabilities in flapping-wing aircraft is challenging. Firstly, in terms of structural design,
birds perch not solely through the action of their claws but also through the coordinated
movement of their wings, body, and claws [5]. Therefore, for a flapping-wing aircraft to
have perching functionality, not only a grasping mechanism similar to bird claws but also
multi-degree-of-freedom movement and multi-modal flight capabilities are required, which
would allow the aircraft to mimic the wing movements of birds during perching, fully
utilize aerodynamic forces, and reduce the probability of perching failure [6,7].

Additionally, compared to fixed-wing aircraft, flapping-wing flight involves low-
Reynolds-number unsteady aerodynamics, making high-precision modeling of flapping
motion difficult and leading to lower control accuracy, which increases the difficulty of
achieving perching [8]. Aside from a few small birds, such as hummingbirds, most birds
cannot hover [9]; therefore, to ensure successful perching, it is necessary to minimize
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forward flight speed and adjust flight posture during perching, which requires coordi-
nated operation of the drive, flapping, and perching mechanisms, thus demanding higher
precision in positioning and recognition capabilities, high-impact material resistance, and
precise motor speed control for the flapping-wing aircraft.

Currently, there are various solutions for enabling aircraft to perch on resting surfaces,
with widely used methods including biomimetic micro-spines, spines, fiber-based adhe-
sives, and nature-inspired mechanical grippers [10-15]; these solutions have been applied
to fixed-wing aircraft, rotary-wing aircraft, and flapping-wing aircraft. For example, Desbi-
ens et al. [10] designed a perching mechanism for fixed-wing aircraft based on high-friction
origami spines, enabling the aircraft to attach to branches; Zhang et al. [16] developed a
perching device for rotary-wing aircraft using a bistable clamping mechanism, allowing
the aircraft to hang from wall protrusions; and Roderick et al. [17] proposed a bird-inspired
perching mechanism for rotary-wing aircraft, featuring a multi-joint design that requires
precise control of the locking mechanism to achieve strong grasping capabilities.

In the field of flapping-wing aircraft, Graule et al. [18] conducted research on rapid
perching techniques for micro flapping-wing aircraft using Robobee, developed by Harvard
University, an approach that employs switchable electrostatic adhesion technology, enabling
Robobee to quickly perch on various surfaces, including wood, glass, and natural leaves.
Experimental results showed that this technology allows for repeatable transitions from
flight to perching, providing stable attachment to different materials. Pakpong et al. [19]
designed an iterative learning controller for Robobee, using a model-free error estimation
algorithm to improve landing accuracy, thereby enhancing attitude control under high-
maneuverability conditions, enabling perching on vertical walls.

Zhao et al. [20] successfully designed a perching micro flapping-wing aircraft by
installing a spike at the tail, allowing it to perch on surfaces such as walls and tree trunks,
although it requires a certain hardness of the perching surface. Zufferey et al. [21] developed
a bird claw mechanism for a 700 g class flapping-wing aircraft to achieve perching on
branches. Experimental data demonstrated that the biomimetic bird claw could lock onto
objects within 25 ms, meeting the maneuverability and response speed requirements for
perching. During perching, releasing the bird claw’s legs can increase the initial speed of
the flapping-wing aircraft to 2.5 m/s, enabling re-flight; however, the perching flapping-
wing aircraft designed by Zufferey et al. [21] has limited degrees of freedom in its wing
movements, preventing full utilization of aerodynamic forces. Additionally, the aircraft
lacks a highly biomimetic appearance, and its wings cannot be retracted after perching,
resulting in a lack of camouflage and concealment capabilities.

In summary, few medium and large flapping-wing aircraft possess highly biomimetic
appearances while also exhibiting bird-like wing flexibility and perching capability. There-
fore, we apply bionic principles to achieve the functionality of bird claws and multi-degree-
of-freedom wing movements through mechanical structures, designing a highly biomimetic
flapping-wing aircraft with perching capabilities. Using a multi-motor scheme and a hemi-
spherical gear structure, we designed a posture conversion module that allows the wings
to achieve flapping, twisting, and swinging motions, as well as transition between folded
and unfolded states, thus enhancing biomimicry and improving aerodynamic efficiency. A
perching module was designed based on the principle of helical motion, converting the
motor’s rotational movement into axial translational movement in order to extend and
retract the claws, thereby providing the aircraft with perching capability, reducing energy
consumption, and increasing mission duration. Utilizing the principles of dual-motor-
coupled motion and a limiting structure, we designed a head—tail motion module that
allows the head and tail of the biomimetic flapping-wing aircraft to move as flexibly as
those of birds.

The main differences and merits of the design method proposed in this paper for a
highly biomimetic flapping-wing aircraft with perching capabilities, compared to existing
work, are as follows:

(1) Overall design
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Existing flapping-wing aircrafts with perching capabilities typically focus on designing
a claw-like grasping mechanism similar to bird claws, aiming to minimize the response time
of the grasping mechanism and finding an optimal combination of flight speed and response
time to achieve perching [17,21-24]; while this approach often shows good performance in
laboratory settings, its applicability in natural environments—where airflow speed and
direction change in real time—remains uncertain. In our current proposal, we focused not
only on designing a grasping mechanism akin to bird claws but also on addressing the
perching process of medium- and large-sized birds. By capturing the postures at various
stages of the perching process, the corresponding functional mechanisms were designed to
endow the flapping-wing aircraft with bird-like agility and real-time posture adjustment
capabilities, thus enabling the aircraft to change its flight posture according to real-time
airflow conditions, fully utilizing aerodynamic forces, enhancing disturbance resistance,
and reducing energy consumption.

(2) Main functional module design

Posture conversion mechanism: Current medium- and large-sized flapping-wing
aircrafts often achieve multi-degree-of-freedom wing movements through combined or hy-
brid drive methods [25-27]; however, these methods involve complex coupled movements
between different modes, resulting in high control complexity. The posture conversion
mechanism designed in this study adopts a split-drive method to achieve flapping, twisting,
and sweeping motions, as well as coupled movements, making it easier to decouple the
wing’s motions and reduce the complexity of wing control.

Perching module: Existing flapping-wing aircraft prototypes capable of perching
often achieve claw opening and closing through a flexible rope pulled via a slider [21], a
design prone to material wear and significant mechanical loss. In this study, we replace the
flexible rope and slider with a newly designed opening and closing mechanism, improving
mechanical efficiency while addressing material wear issues.

The novelty of our proposal lies in using the primary postures involved in the multi-
modal motions of hawks and similar birds as bionic models to design functional modules
that enable the flapping-wing aircraft to achieve multi-modal motions such as multi-degree-
of-freedom flight and perching, which are not typically found in most biomimetic designs
that focus solely on flight. Specifically, we accomplish the following:

(1) We design a posture conversion mechanism that enables the flapping wings to not
only perform basic movements such as twisting, flapping, swinging, and folding but also to
transition from being retracted against the sides of the body to fully extended, or vice versa,
increasing the biomimetic fidelity of the design while also enhancing the flapping-wing
aircraft’s multi-modal motion capabilities, in addition to its basic flight abilities.

(2) The development of a dedicated perching module based on helical motion, which
allows the claws to extend and retract through axial movement, is a novel mechanism
not commonly seen in other flapping-wing aircraft; this mechanism enables the aircraft
to replicate the bird-like behavior of perching, which is crucial for energy recovery and
environmental observation.

In summary, the novelty in this study lies in combining flight and perching abilities;
integrating coordinated wing, claw, head, and tail movements; and developing a functional
prototype that demonstrates these capabilities, thus paving the way for more versatile
biomimetic flapping-wing aircraft with perching functionality.

2. Characteristic Analysis of the Bird Perching Process
2.1. Basic Flight and Multi-Modal Movement

In addition to fundamental flight postures, such as ascending, level flight, hovering,
fast flight, gliding, and descending, birds exhibit multi-modal movements to adapt to
their environments; for example, they maintain the ability to take off and land in order to
extend their habitat, they utilize intermittent flapping—gliding flight patterns to conserve
energy and increase flight duration, and they have developed highly maneuverable flight
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capabilities that they use to evade predators. The multi-modal movement patterns of birds
are illustrated in Figure 1.

Multimodal movements
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Figure 1. The multi-modal movement patterns of birds.

2.2. Characteristic Analysis

The perching characteristics of medium and large birds were analyzed using hawks
as an example; their perching process is shown in Figure 2, where it can be observed that
they first fly rapidly toward the perch with their wings fully extended and continuously
flapping. Their legs and claws then stretch backward, parallel to the body axis, maintaining
an aerodynamic shape to reduce resistance. As they approach the perch, hawks quickly
twist their wings and fully spread their feathers to increase the contact area with the air,
thereby reducing their speed. Simultaneously, they decrease the downstroke amplitude
of their wings to reduce lift, causing a gradual descent, during which the legs and claws
adjust to the proper position, with the claws opening. Upon reaching the perch, the claws
quickly tighten and lock onto it, while the wings make fine adjustments to balance thrust
and lift, allowing hawks to shift their center of gravity. Once the bird is stable, the wings
slowly fold against the sides of the body, completing the perching process.

L ) SOAR » Ny

7

Figure 2. Flight-to-perching posture characteristic diagram.
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During the initial stage of transitioning from perching to flight, hawks’ wings quickly
spread open while their legs bend slightly in preparation for a jump. The body leans
forward to maintain a positive angle of attack. As the wings reach their maximum upward
angle, the claws extend, and the legs push off to provide initial thrust. Once the claws leave
the perch, the legs and claws naturally rotate to align parallel with the body axis, reducing
drag. The wings then flap rapidly, folding during the upstroke and fully extending during
the downstroke, to increase net lift within each flapping cycle, thereby allowing hawks to
achieve flight; the takeoff process of the hawk is shown in Figure 3.

N

Figure 3. Perching-to-takeoff posture characteristic diagram.

3. Structural Design and Functional Analysis
3.1. Structural Design

Based on the perching characteristics of the hawk, discussed above, a biomimetic
flapping-wing aircraft with perching functionality was designed, as shown in Figure 4.
The main functional modules include head motion, tail motion, posture conversion, multi-
segment flapping wing, perching, and connection modules.

Using the robotic bird’s center of mass as the origin and the body axis as the x-axis,
the body coordinate system was established according to the right-hand rule, as shown
in Figure 4. Twist is controlled solely via servo 1, which rotates the transmission rod and,
consequently, causes the connecting frame to rotate. Since the attitude transformation
mechanism is rigidly connected to the linkage, it achieves rotational movement around the
z-axis, which corresponds to twisting.

Flapping was achieved using motor 1, a crank-rocker mechanism, and gears. Motor
1 serves as the power source for flapping, with its output shaft connected to the rotating
shaft. When activated, this connection drives the crank’s rotation, which is transmitted
through a two-rocker mechanism, causing gear 1 to swing due to gear meshing. Since gear
2 is fixed, the swinging of gear 1 causes the attitude transformation mechanism to rotate
around the x-axis to achieve flapping.

Motor 2 and the crank-rocker mechanism work together to achieve a sweeping motion,
constrained by the limit slot. The output shaft of motor 2 is connected to the sweeping shaft,
and the rotation of the sweeping shaft drives the crank’s rotation, the motion of which is
then transmitted through the rocker mechanism, resulting in the sliding of rocker 5 within
the limit slot. Since rocker 5 is fixed to the flapping wing, this sliding motion allows the
wing to rotate around the y-axis, achieving the sweeping motion.

Servo 2 controls the folding motion between the first and second sections of the
flapping wing. The output shaft of the servo is connected to the folding axis such that, as
the servo rotates, this motion is transmitted through crank 3 to the folding axis. The crank-
rocker mechanism then causes rocker 6 to rotate, and the connecting plate, rigidly attached
to crank 4, moves in conjunction with rocker 6, enabling the folding motion between the
first and second sections of the wing.
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Figure 4. Schematic diagram of the structure and main movement implementation of a flapping-wing
aircraft with perching function.

Since the movements of the flapping wing are individually controlled by different
motors or servos, coordinated control of these mechanisms allows the wing to achieve
flapping, twisting, sweeping, folding, and their combinations, thereby enabling the wing to
exhibit a level of motion flexibility comparable to that of real birds.

The perching module is driven with servos 3 and 4, as well as motor 3, to perform
the corresponding functions. Servos 3 and 4 rotate simultaneously by the same angle to
control the extension and retraction of the perching module, mimicking the leg movements
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of the hawk. Motor 3 drives the sliding rod to rotate synchronously and, under the action
of the threaded mechanism, causes the push frame at the bottom of the sliding rod to
move translationally, enabling the opening and closing of the perching module’s claws,
corresponding to the claw movements of the hawk.

The head and tail motion modules function on the same principle; for example,
servo 6 drives the head to perform yaw motion, while the limiting slot converts the
rotational movement of servo 5 into the translational motion of the slider, enabling the
pitch movement of the head.

The head and tail motion modules independently control the head and tail to achieve
pitch, yaw, and dual-channel coupled motions. The head motion not only adjusts the
attitude according to flight needs but also enhances task execution capabilities; for example,
when combined with a camera, it can increase the monitoring angle. The tail motion
provides the necessary yaw, pitch, and roll torques during flight, enabling the aircraft to
change flight modes. The detailed introduction of each module follows.

The head motion module, illustrated in Figure 5, includes a pitch swing rocker, a fixed
sleeve, a pitch swing drive rod, a slider, a yaw swing rocker, a connecting pin, a yaw swing
drive rod, a pitch servo, and a yaw servo. One end of the fixed sleeve is attached to the
frame, while the other end connects to the pitch swing rocker. Both the fixed sleeve and the
pitch swing rocker have through-holes, which are joined via the connecting pin to form a
hinge. The pitch servo is mounted on the top of the fixed sleeve. The pitch swing drive rod
connects the pitch servo to the pitch swing rocker, with its top end attached to the pitch
servo’s output shaft and its middle and lower sections featuring a swing slot. The bottom
end of the pitch swing rocker has a rotatable protruding shaft, with the slider fitting over
this shaft through its own through-hole, thereby allowing it to rotate with the pitch swing
rocker. The slider meshes with the swing slot surface of the pitch swing drive rod. The
bottom of the yaw servo is fixed to the top of the pitch swing rocker. One end of the yaw
swing rocker is attached to the end of the pitch swing rocker farthest from the fixed sleeve,
while the other end connects to the aircraft’s head. The yaw swing drive rod connects
the output shaft of the yaw servo to the yaw swing rocker. The tail motion module has a
structure identical to that of the head motion module.
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Figure 5. The components of the head motion module (1: pitch swing rocker; 2: fixed sleeve; 3: pitch
swing drive rod; 4: slider; 5: yaw swing rocker; 6: connecting pin; 7: yaw swing drive rod; 8: pitch
servo; 9: yaw servo).

The posture conversion module allows the wings to perform flapping, twisting, swing-
ing, and coupling movements. A split-drive method is used to achieve multi-degree-of-
freedom motion in the flapping wings, with one motor driving the flapping motion and
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two servos independently driving the twisting and sweeping motions of the wings. As
depicted in Figure 6, the posture conversion module includes a base, a frame, a drive motor,
a folding servo, a rotational servo, a folding mechanism, a wing folding mechanism, a
flapping mechanism, a side plate, a rotational drive rod, and a connecting plate.

Figure 6. The components of the posture conversion module (1: base; 2: posture conversion link; 3:
posture conversion crank; 4: rotational drive rod; 5: connecting plate; 6: folding drive rod; 7: folding
link; 8: V-shaped rocker; 9: frame plate; 10: mid-section wing; 11: main shaft; 12: connecting rod; 13:
slide rail; 14: gear 1; 15: gear 2).

The frame is mounted on the base and rotates around a vertical axis. The drive motor
and folding servo were installed inside the frame. The drive motor connects to the flapping
mechanism, enabling the frame to swing relative to the base and facilitating overall wing
flapping. The folding servo is linked to the folding mechanism, allowing the segment of the
wing to fold along its span direction. The side plate is positioned on one side of the frame,
with its bottom end attached to the base. The rotational drive rod extends horizontally, with
one end fixed to the side plate and the other end connected to the rotational servo within
the fuselage. The connecting plate, fixed to the fuselage, supports the rotational drive rod.
The rotational servo drives the rotational drive rod, enabling the wing to rotate around the
axis of the rotational drive rod via the side plate, base, and frame, thereby allowing the
wing to transition between extended and folded positions along the sides of the body.

The multi-segment flapping wing module generates the aerodynamic forces required
for flight and was designed with multiple segments to enhance the range of wing span
movements and improve aerodynamic efficiency, with its structure shown in Figure 7. The
module includes the first outer wing segment, second outer wing segment, third outer
wing segment, a servo, and a folding mechanism. The folding mechanism comprises a
folding rocker, a folding crank, and a connecting plate. One end of the folding crank
attaches to the servo, while the other end connects to the folding rocker. The other end of
the folding rocker is linked to the middle of the connecting plate via a rotating shaft. The
wing connecting plate sequentially joins each segment of the flapping wing. The first outer
wing segment connects to the second outer wing segment at one end and is secured to the
attitude conversion module at the other end. All three outer wing segments are equipped
with evenly distributed feathers.
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Figure 7. The structure diagram of the multi-segment flapping wing module (16: middle wing
segment; 17: folding crank; 18: folding rocker; 19: connecting plate; 20: second outer wing segment;
21: feathers).

The perching module provides the necessary support force for the aircraft during
perching, with its structural components shown in Figure 8. The perching module is
primarily composed of claws, a pusher frame, slide rods, side plates, a crank, and body
connectors. The body connectors are fixed to the connecting module, and the servo controls
the crank’s rotation to retract or deploy the perching module. Both the slide rod and the
inner hole of the pusher frame have helical structures. The motor drives the slide rod
to rotate, causing the pusher frame to move up and down, thereby opening and closing
the claws. Compared to the design method in reference [21], which uses a slider to pull
a flexible cable for claw opening and closing, we converted the pusher’s translational
movement into claw opening and closing through the claw mechanism design, addressing
the issue of material wear in the flexible cable solution. Additionally, the dual-claw design
used in this study increases the contact area with the perching object compared to a single
claw, enhancing gripping performance.

The connecting module serves as the supporting framework for the flapping-wing
aircraft, as illustrated in Figure 9; it mainly consists of a frame and a streamlined outer
shell, structurally connecting the various functional modules and giving the aircraft a
bird-like appearance. The frame includes concentrically arranged front and rear circular
plates, a posture conversion module connecting rod, a mission payload mounting plate, a
battery fixing plate, a head connecting rod, a tail connecting rod, and a perching module
connecting rod. The streamlined outer shell is bolted to the front and rear circular plates.
The head and tail motion modules are connected to the front and rear ends of the head and
tail connecting rods, respectively, through fixed sleeves. The posture conversion module is
securely attached to the connecting module via the posture conversion module connecting
rod, and the perching module is fixed to the connecting module through the perching
module connector.
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Figure 8. The structure diagram of the perching module (1: lower claw; 2: upper claw; 3: fixed base;
4: claw connector; 5: pusher frame; 6: side plate; 7: slide rod; 8: motor; 9: servo; 10: crank; 11: body

)
/ 3

\
LY

Figure 9. Diagram of the connecting module structure (1: posture conversion module connecting rod;

connector).

2: front circular plate; 3: battery fixing plate; 4: perching module connecting rod; 5: rear circular plate;
6: load mounting plate; 7: head connecting rod; 8: tail connecting rod).

3.2. Functional Analysis

Based on the motion process of hawks transitioning from flight to perching (referred
to as the perching state) or from perching to taking off (referred to as the takeoff state),
we analyzed the functions of the designed perching-capable bionic flapping-wing aircraft.
Figure 10 shows the frame-by-frame diagrams of the perching-capable bionic flapping-
wing aircraft performing corresponding postures at each stage of the hawk’s perching and
takeoff states.
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the corresponding hawk postures.

In the perching state, the controller issues commands to adjust the flapping posture
and open the claws. The posture conversion module, multi-segment flapping wing module,
and perching module execute the controller’s instructions, adjusting the flapping frequency
and angle to change the aircraft’s speed and posture. The servo located at the connection
between the perching module and the body rotates to adjust the perching module to the
appropriate angle. Simultaneously, the motor in the perching module rotates, driving the
screw, which causes the push frame to move along the axis of the slide rod, rapidly opening
the claws. The motor stops once the claw has fully opened to its maximum angle. The
flapping-wing aircraft continuously adjusts its flight posture to maximize aerodynamic
efficiency as it approaches the perching point. Upon contact with the perching object (rod-
shaped), the mechanical limit device releases the lock, and the claws rapidly tighten under
spring force, securing the flapping-wing aircraft to the perching object. The controller then
maneuvers the posture conversion module and multi-segment flapping wing module to
fold the wings against the sides of the body, completing the perching process.

In the takeoff state, the controller issues commands to adjust the wing posture and
open the claw. The posture conversion module, multi-segment flapping wing module, and
perching module execute these commands accordingly. The wings quickly unfold from the
sides of the body and start flapping at the appropriate angle. Once they reach maximum
flapping frequency, the claw opens. Simultaneously, the servo at the connection between
the perching module and the body rotates to a preset angle, retracting the perching module
into the streamlined outer shell. After the claw disengages from the perch, the mechanical
limit device releases the lock, allowing the claw to tighten again, and the aircraft takes off.

4. Kinematic Modeling
4.1. Posture Conversion Module

The schematic diagram and motion parameters of the flapping module’s implementa-
tion are shown in Figure 11.

As depicted in Figure 6, the flapping angle is related to the dimensions of the flapping
mechanism. Taking gear center O as the origin, OP represents the crank, PQ is the connect-
ing rod, QR is the rocker, and RO is the frame. OP rotates around point O, causing QR to
reciprocate.

If the crank OP is the driving component and rotates clockwise around point O (0,0),
with an angular velocity of wg and covering an angle of wy, according to mechanical
principles, the crank-rocker mechanism will have two extreme motion positions, OP'Q'R
(limit one) and OP”Q"R (limit two), as shown in Figure 6.
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(b)

Figure 11. The schematic diagram (a) and motion parameters (b) of the flapping module. The red
box indicates the mechanism corresponding to the motion parameters.

The maximum flapping angle, denoted as ZQ'RO, is defined as d1; thus, Equation (1),
below, can be derived based on geometric relationships.

26— 15, — 13
cosd = PQ _PR_QR @
_2ZP/R'ZQ/R
3,,—13,—12,
61 = arccos PQ_PR_QR 2)
_ZZP/R‘ZQ/R
The minimum flapping angle, denoted as ZQ"RP”, is defined as 6,, represented using
Equation (4), below.
12// " 12// - 12 /!
Ccosdy = PrQ PIR Q'R 3)
_Z'ZP//R'ZQ//R
12// " 12// - 12 /!
6y = arccos PQ PIR__Q'R 4)
_2'lp//R'lQ//R

To validify the above relationship, it is necessary to satisfy the following:

Lmax + Lmin < L/ + L// (5)
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where Lnax is the maximum length among OP, PQ, QR, and OR, and Ly, is the minimum
length among them. L’ and L” denote the lengths of the other links. The flapping angle can
be expressed as follows:

II%NQ” - ZIZ)I/R - le”R l%/Q - ZIZJ/R — ZZQ’R
6 = ) — 81 = arccos — arccos 6)
_Z'ZPHR'ZQHR _ZZP/R'ZQ/R

4.2. Multi-Segment Flapping Wing Module

The schematic diagram and motion parameters of the folding module implementation
are shown in Figure 12, below.

(b)

Figure 12. The schematic diagram (a) and motion parameters (b) of the folding module. The red box

indicates the mechanism corresponding to the motion parameters.

Taking the gear center A as the origin, AB represents the crank, BC is the connecting
rod, CD and DE are the rocker arms, and DA represents the frame. When AB rotates around
point A, CD reciprocates, where EF is of the same length as DE.

Let the angle between CD and DE be ¢, and the angle between EF and DF be ¢. When
the rod AB receives the driving force, it rotates clockwise with an angular velocity of wy,
covering an angle of wg;. According to mechanical principles, if the crank AB is the driving
component, AB will be collinear with BC twice during one rotation, causing the EF rod
to reciprocate along with the CED rod. Due to structural constraints, the crank-rocker
mechanism will have two extreme positions, namely ABC'D’ (limit one) and ABC"D”
(limit two), as illustrated in Figure 12.
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The maximum folding angle, denoted as ZC'DA, is 61, and ZF'DE’ is a1. According
to geometric relationships, we can obtain the following equation:

Gap — b = o
cosb; = o (7)
By — By — 13
0, = arccos | cos o = ABL__AD"__B'D (8)
—2-lap-lpp

ZCDE is defined as ¢ and calculated using Equation (9), below.
061:180—6]—47 (9)

The minimum folding angle, denoted as ZC"DA, is 6, and can be solved using
Equation (11), below.

lz// - lz// - lz
cosfp = < iz,lcc,,DD,lADAD (10)
lg:“A — lé“D — 1124D
6 = arccos( B . s ) (11)

It is evident that the following relationships exist:
ap =180 — 6, — @ (12)
To satisfy the above relationships, the following conditions must be met:
Linax + Lmin < L'+ L” (13)

where Lnax is the maximum length among AB, BC, CD and AD, and Ly, is the minimum
length among them. L’ and L” denote the lengths of the other links.
Through the above derivation, we can obtain the folding angle 8 as follows:

2 2 2 2 2 2
lC”A — lC”D — lAD) _ arccos (lAB/ — lAD’ — lB’D) (14)

0=0b-h= arccos( ~2leiplap —21ap-lgip

The principle diagram and motion parameters of the bending module are shown in
Figure 13, below.

As shown in Figure 13, the mechanism formed by JKLH constitutes a double rocker
mechanism. JK and LH serve as rockers, limited to swinging within a specific range, rather
than completing full rotations. KL acts as a coupler, while JH functions as the frame. The
LH rocker drives the motion of the JK rocker, reaching its limit position and then reversing
the driving force to achieve reciprocating motion.

The coordinate of the point H, the center of rotation, is (0,0), and the LH rod rotates
clockwise upon receiving the driving force, with an angular velocity of wg and a rotation
angle of wg. Due to structural constraints, the crank-rocker mechanism will have two
extreme motion positions, JK'L'H (limit one) and JK'L'H (limit two), as illustrated in
the figure.
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(b)

Figure 13. The schematic diagram (a) and motion parameters (b) of the bending module. The red box

indicates the mechanism corresponding to the motion parameters.

The maximum bending angle, denoted as ZHJK/, is &1, which can be expressed as

follows: 2 )
I +lpg) =I5 —1
cos £y = ( K'L L H) JK JH (15)
_Z'Z]K/'Z]H
(o + Ipg)* = 12, — 12
g1 = arccos L (16)
=21yl
Similarly, the minimum bending angle of ZHJK' is obtained as follows:
12,, — (1 //-f-l nyn 2—12
cosey — L'H (Ijxer + Igrpr) JH (17)
_2'(l]K” + ZK’/L”)'Z]H
12,, — (1 //+l nyn 2—l2
COS €y = arccos L"H (]K k) Ll (18)
_2'(1]K” + ZK”L”)'ZIH
To satisfy the above relationships, the following conditions must be met:
Lmax + Lmin < L + L’ (19)

where Lpax is the maximum length among JK, KL, LH and JH, and Ly, is the minimum
length among them. L' and L” denote the lengths of the other links.
Through the above derivation, we can obtain the folding angle ¢ as follows:

2 2
%,”H — (l]K” -+ lK”L”) — l%H)  arccos (ZK/L/ + lL/H) - Z%K’ — Z%H (20)

I
&€ = €y — €1 = arccos
2 ! ( —2‘(ZIK// + ZK”L”)'l]H

20
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4.3. Perching Module

The principle diagram and motion parameters of the perching module are shown in
Figure 14, below.

Limit position

Initial position

X

(b)

Figure 14. The schematic diagram (a) and motion parameters (b) of the perching module.

As shown in Figure 14, a Cartesian coordinate system Oxy is established. The coordi-
nates of the claw’s rotation center are (xp, o), and the mechanical limit points for the claw’s
rotation are (x1, y1). The rods I; and I, represent the mechanical limit positions of the claw
at the initial and limit positions, respectively, and their positions determine the opening
and closing angle of the claw. Let the slopes of the lines on which /; and I, lie be k; and k»,
respectively. Points A and C are taken on the x-axis such that AB is perpendicular to /; and
AC is perpendicular to ;. According to the rigid body rotation theorem, the distance from
the rotation center (xg, yg) to both l; and I, is . The angle between AB and the positive
x-axis is a1, and the angle between AC and the positive x-axis is a;.

The equation of the line where I, is located is the following:

y—y1=ka(x—x1) (21)

According to the distance formula from a point to a straight line, the distance from the
rotation center to [ is as follows:

o [koxo —yo +y1 —koxa|

(22)
/14K
By organizing Equation (22), we can obtain the following:
[0 = 21)* = 72JK3 + 2(x0 — x1) (1 — yo)ka + (y1 — yo)* =17 = 0 (23)

According to geometric relationships, the opening and closing angle can be expressed
as follows:
v =y —ay =tan"1(1/ky) —tan"1(1/k;) (24)
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4.4. Head Motion Module

Since the principle diagram and mechanism schematic of the head and tail motion
modules are identical, this section models only the head motion module. The principle
diagram and mechanism schematic of the head motion module are shown in Figure 15,
below.

(a)

Figure 15. The schematic diagram (a) and motion parameters (b) of the head motion module. The
letters in the schematic diagram (left) correspond to the motion parameters (right).

In Figure 15, ACB represents the initial position of the head motion module. In the
initial state, both the pitch and yaw angles of the head are 0. Let the initial length of rod
AC be I, and the change in length during rotation be Al; the length of rod BC is Ry, and the
distance between points A and B is [sp. According to the cosine theorem, the following is

true: )
125+ R%— (Ip+ Al)
p— 2
Ccos & 20,5R, (25)

The pitch angle of the head motion module can be calculated as follows:

G Bp+ R (Al

205K, fo (26)

0 =a — 0y = cos

5. Verification of Kinematic Model Accuracy and Prototype Performance Experiment
5.1. Kinematic Model Accuracy Simulation

The key motion parameters of the flapping-wing aircraft were simulated using ADAMS,
the imported model for which is shown in Figure 16. In order to resolve the issue in the
posture conversion module, where the rotational axes of two revolute joints (gears) are not
coplanar and thus cannot mesh, a force-driven contact constraint was added to enable the
coupled rotation of the non-coplanar gears.
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Figure 16. ADAMS model of flapping wing aircraft with perching function.

With target angles of 120° for flapping, 105° for folding, 50° for retracting, 120° for
opening and closing, 20° for head and tail pitching, and 40° for head and tail yawing, the
specific dimensions of the main component were determined based on the established
kinematic model, as shown in Table 1.

Table 1. Parameters of main component.

Motion Angle Component Parameters (m) Motion Angle Component Parameters (m)
or 0.247 Oxq 0.0976
. PQ 0.547 . Ovyo 0.0793
Flapping angle QR 0.3 gg;rr‘lmirfnl‘i Oxy 0.018
OR 0.6 &ang Oy, 0.078
JK 0.2 r 0.0294
Folding angle KL 0.385 Ro 0.133
LH 0.272 Yaw angle lo 0.02
JH 0.5 IaB 0.15
AB 0.171
. BC 0.331
Bending angle D 0.445
AD 0.5

The simulation results of each module are illustrated in Figure 17. Motion parameters
associated with the posture conversion module, including the flapping, folding, and bend-
ing angles, are depicted in the first column. The second column shows the results related to
the opening and closing angle of the perching module. The pitching and yawing angles of
the head coupling motion module are tested and presented in the third column, and these
results are also applicable to the tail coupling module.

The comparison between the simulation results and theoretical calculations is shown
in Table 2. Deviation is calculated using Equation (27), as follows:

Deviation = 22— . 100% (27)
Usta

where v, represents the calculation value, vy, is the simulation value, and v, represents
the standard value. As shown in Table 2, the calculated values are generally consistent
with the simulation results, with the maximum deviation being 6.8% (for the opening
and closing angle), a deviation possibly due to the theoretical calculations simplifying the
perching module and making assumptions that overlook real-world factors such as friction,
deformation, and gaps.
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Figure 17. The simulation results of each module.

Table 2. The comparison between the simulation results and theoretical calculations.

Parameters Calculation Value (°) Simulation Value (°) Deviation (%)
Flapping angle 120.57 1194 0.9
Folding angle 105.36 104.06 1.2
Bending angle 50.3 50.914 1.2
Opening and closing angle 120.77 128.96 6.8
Yaw angle of the head coupling motion module 40 40 0
Patch angle of the head coupling motion module 20 20.74 3.7

5.2. Kinematic Model Accuracy Experiment

Based on the above design method and additive manufacturing technology, we con-
structed a prototype of the flapping-wing aircraft with perching functionality. The pro-
totype was processed using nylon reinforced with carbon fiber composite materials, and
its feathers, arranged similarly to those of large birds such as eagles, were made using
duck feathers. The prototype’s overall shape and main functional modules are depicted in
Figure 18, below.

To capture key parameters of the flapping-wing aircraft with perching functionality
during its operation for basic flight and multi-modal movements, the prototype was placed
withina5m X 5m x 15 m test space. Surrounding the prototype, a motion capture system
equipped with 32 infrared cameras (NOKOV-Mars) was set up. Infrared tracker data were
wirelessly transmitted to a computer for data processing and analysis. The experiment
scenario is illustrated in Figure 19, below.
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The multi-segment
flapping wing module

The perching
module

The head motion module The tail motion module

Figure 18. The prototype of the flapping wing aircraft with perching function.

To ensure the accuracy of the experimental measurements and avoid interference from
factors such as motor performance and material stiffness, which directly affect the flapping
motion parameters, the attitude transformation mechanism was manually operated, ensur-
ing that the mechanism completes flapping, folding, and bending motions under controlled
conditions, thereby securing precise and reliable experimental results. The motion capture
device is shown in Figure 20, below.

Motion capture system

The FMAV

Computer for data
processing and analysis

Figure 19. Cont.
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NOKOV-Mars

Figure 19. The scenario for the experiment.

The computer Motion capyure camera The fixtures

The connection cable | | The {luorescent balls The calibration rod

Figure 20. The motion capture device for the experiment.

To reflect key spatial points during the motion of the prototype, fluorescent balls were
installed at the following critical locations: along the leading edge of the wing, one at
the wing center, one at the transition between the first and second wing segments, and
one at the center of the second wing segment, to measure the motion parameters of the
posture conversion module and the multi-segment flapping wing module; on the upper
and lower claw of the perching module to measure the opening and closing angle of the
perching module; and on the head of the flapping-wing aircraft to measure the head’s
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yaw and patch angles. The positions of the fluorescent balls are shown in Figure 21. The
motion parameters were measured using the Xingying 1.4.0.x software developed by
Nokov, which provides a distance accuracy of 1 mm and an angular measurement error
of +£1°.

D Marker Point
.

Figure 21. The installation locations for the fluorescent balls.

The flapping, folding, bending, opening and closing, and yaw and patch angles were
measured three times each throughout our experiments, and the average of the three
measurements for each angle was taken as the final experimental value. The calculated

theoretical values, simulation values, and experimental results and comparisons are shown
in Table 3.

Table 3. Comparison of motion parameters results.

Parameters Calculation Value  Simulation Value Experimental Deviation 1 Deviation 2
©) ) Value (°) (%) (%)
Flapping angle 120.57 1194 118 0.9 21
Folding angle 105.36 104.06 107 1.2 1.6
Bending angle 50.3 50.914 53 12 54
Opening and closing angle 120.77 128.96 127 6.8 52
Patch angle of the head 20 20.74 21 3.7 5.0

coupling motion module

Yaw angle of the head 40 40 4 0 25

coupling motion module

From Table 1, it can be observed that the theoretical calculation of the flapping angle
was 120.57° (60.285° for each upstroke and downstroke); compared to the Adams simula-
tion value of 119.4° (59.7° for each upstroke and downstroke), the theoretical calculation
deviation was 0.9% (deviation 1); compared to the experimental value of 118° (59° for
each upstroke and downstroke), the theoretical calculation deviation was 2.1% (deviation
2). The theoretical calculation of the folding angle was 105.36°, with deviations of 1.2%
compared to the simulation value, and of 1.6% compared to the experimental value. The
theoretical calculation of the bending angle was 50.3°, with deviations of 1.2% compared
to the simulation value, and of 5.4% compared to the experimental value. The theoretical
calculation of the opening and closing angle was 120.77°, with deviations of 6.8% compared
to the simulation value, and 5.2% compared to the experimental value. The theoretical
calculation of the pitch angle was 20°, with a deviation of 3.7% compared to the simulation
value, and 5.0% compared to the experimental value. The theoretical calculation of the yaw
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Takeoff State
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angle was 40°, with a deviation of 0 compared to the simulation value, and 2.5% compared
to the experimental value.

Due to the manual control method employed during the experiments, the angular
velocity could be adjusted in real time, ensuring that the experimental measurement values
were primarily influenced by the constraints and dimensions of the attitude transformation
mechanism’s components, thus avoiding angular deviations caused by material flexibility
and minimizing errors from increased flapping resistance due to artificial feathers affecting
motor torque. As a result, the maximum error in experimental values was 5.4%, indicating
a high level of measurement accuracy. The simulation and experimental results validate
the correctness of the kinematic model established in this study.

5.3. Prototype Performance Experiment

To test the basic actions required for the perching function of the flapping-wing
aircraft, we conducted experiments on the two processes of perching and takeoff. A total of
12 actions were tested, and a comparison of the key postures of the flapping-wing aircraft
with the corresponding hawk perching postures is shown in Figure 22, below.

Figure 22. Comparison of the key postures of the flapping-wing aircraft and the corresponding hawk
perching postures.

The experimental results indicate that the highly biomimetic flapping-wing aircraft is
capable of performing each stage of the perching process with the coordination of motors
and servos. The perching module can transition the legs from a retracted to an extended
position, and the claws from closed to open, during landing or perching. The posture
conversion mechanism allows for multi-degree-of-freedom movement. Additionally, the
head and tail can achieve pitch, yaw, and biaxial coupled motions.

The main motion parameters during the perching and takeoff processes of the flapping-
wing aircraft were measured; the definitions of the main motion parameters in the motion
capture system are shown in Figure 23, and the time-varying curves of each motion
parameter during the landing and takeoff processes are shown in Figure 24.
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a: Extension and retraction angle

y: Opening and closing angle . ‘ . I

£&: Folding angle
6: Flapping angle
J: Bending angle
1: Yaw angle

¢: Patch angle

®: Mark points
®: Datum points

L30T TR S T

Figure 23. Schematic diagram of key motion parameters during perching and takeoff processes.

As shown in Figure 24, the perching process of the flapping-wing aircraft takes a
total of 8.4 s. A single flap cycle takes 4.2 s; the flap begins at 0°, and in the first 0.9 s, the
downward stroke phase occurs, reaching a maximum angle of 57.6°; then, from 0.9st0 3.3 s,
the upward stroke phase takes place, with a maximum upward angle of 58.8°; finally, from
3.3 sto 4.2 s, the second downward stroke phase follows. The wing motion throughout
the flap cycle exhibits a sinusoidal-like pattern. During the upward stroke phase, the wing
folding motion also occurs, with the maximum folding angle reaching 50.8°. The folding
angle gradually increases during the second flap cycle, starting at 7.5 s, reaching 68.5° as
the wings are drawn forward, corresponding to the forward thrusting motion of the wings
as seen in Figure 22.

From 4.2 s onward, the claw extension angle increases from 0° to 75° and remains
unchanged, indicating the initiation of the perching action from the second flap cycle, and
corresponding to the downward extension of the hawk’s legs before landing, as shown in
Figure 22. The opening and closing angle of the claw increases from 0° to 124.6° between
4.2 sand 5.5 s, then decreases to 42° by 6.9 s and remains constant, corresponding to the
hawk’s claws opening during perching and then closing to grasp the perch, as seen in
Figure 22. Finally, from 6 s onwards, the head pitch angle increases from 0° to 19.5° and
remains unchanged, indicating the head adjustment for stability after the wings are folded
during perching, as shown in Figure 22.

The takeoff process of the flapping-wing aircraft takes a total of 8.8 s. A single flap
cycle takes 4.4 s, beginning at 0°, and, in the first 0.9 s, the downward stroke phase occurs,
reaching a maximum angle of 58.2°; then, from 0.9 s to 3.3 s, the upward stroke phase
follows, with a maximum upward angle of 57.7°; finally, from 3.3 s to 4.2 s, the second
downward stroke phase follows. The wing motion throughout the flap cycle exhibits a
sinusoidal-like pattern. During the upward stroke phase, the wing folding motion also
occurs, with the maximum folding angle reaching 51.4°. The folding angle is positive
during the downward stroke phase, with the wing moving downward; during the upward
stroke phase, the folding angle becomes negative, indicating the wing’s upward motion;
this coupled motion of flapping and folding is shown in Figure 22.

From 4.4 s onward, the claw stretching angle gradually decreases, from 75° to 0°,
within 1.2 s, indicating that the perching action starts to reverse and the claws retract
during takeoff, which corresponds to the hawk’s legs retracting after detaching from the
perch, as shown in Figure 22. The opening and closing angle of the claw increases from
42° to 121.4° between 4.4 s and 5.7 s, then decreases to 24° by 7.1 s and remains constant,
corresponding to the hawk’s claws opening after taking off and then closing as it prepares
to stabilize during flight, as shown in Figure 22.
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Figure 24. Time-varying curves of various motion parameters during the process of perching (a) and
takeoff (b).

6. Discussion

We based this study on the principles of biomimicry, utilizing mechanical structures
to simulate the posture of a hawk’s body parts during the perching process, and designing
a highly biomimetic flapping-wing aircraft with perching capabilities. As shown in the test
results in Figure 22, the flapping-wing aircraft designed in this research can achieve key
postures at various stages of the perching process, mimicking those of hawks. The results
in Table 3 also show that all motion parameters met the design requirements.

From the curves of the main motion parameters during the perching and takeoff
processes of the flapping-wing aircraft, shown in Figure 24, it can be seen that, while the
aircraft can perform the key actions at each stage of the perching process, several issues are
also evident, mainly in the following two aspects:
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(1) The duration of a single flap cycle is too long. The duration of a single flap cycle
for our prototype is around 4 s, which is too long. Studies have shown that a mid- to
large-sized flapping-wing aircraft with a mass of 500 g requires a flapping frequency of
4 Hz to achieve flight [9,28].

(2) The response time of the claws is too low. The response time for leg movement
in our prototype took too long, with the leg extension taking 1.2 s and the claw open-
ing/closing taking 1.3 s. Examples in the literature have pointed out that, for an aircraft
at a flight speed of 2.5 m/s, a rapid lock onto the perch within 25 ms is necessary for the
maneuverability and response speed required to meet its perching needs [21].

Clearly, the current motion parameters of the flapping-wing aircraft do not meet the
requirements for normal flight and perching maneuverability or response speed, an issue
that is directly related to the motor torque. Mid- to large-sized flapping-wing movements
require high-torque motors/servos, but high-torque motors/servos typically require larger
installation spaces. Therefore, selecting motors/servos that meet the requirements within
the limited space is a key challenge in the design of flapping-wing aircraft. In the future,
the two following approaches will be attempted to address the issue of insufficient torque:

(1) Replace the motors with higher torque motors.

(2) Redesign the gearbox to increase torque based on the existing motors.

Additionally, the simulation of the eagle’s flight actions at each stage, as discussed
in this paper, is mainly based on the capture of movement frames from flight videos of
eagles (Figures 2 and 3). However, birds such as eagles can adaptively adjust their optimal
posture based on real-time airflow [29]; therefore, the characterization of key postures
illustrated in this paper is not comprehensive. Future research will focus on the multi-
degree-of-freedom flapping-wing aircraft with perching capabilities designed in this study,
specifically the impact of wing-leg coordination on the aerodynamic performance of the
flapping-wing aircraft during modal transition phases, which will provide a more accurate
representation of the optimal postures at various stages of multi-modal motion under
different environmental conditions, offering data support and methodological guidance for
the design of flapping-wing aircraft.

In bionic design, particularly in the context of the flapping-wing aircraft, the interaction
between wing posture and leg/claw movements is often inspired by how real birds and
other flying animals coordinate their limbs for efficient flight and landing. Research shows
that wing posture primarily influences the movement of the legs and claws by altering the
center of gravity and aerodynamic force distribution. The movements of the legs and claws,
in turn, affect the wing posture by adapting to the required flight speed and the position of
the body relative to the perching object [30-33].

The flapping-wing aircraft we designed employs a distributed drive system to achieve
the movement of each functional module (Figure 4); in other words, the main actions
performed by the flapping-wing aircraft (such as twisting, swinging, folding, flapping,
leg extension and retraction, and claw opening and closing) are driven via one or more
motors individually. However, we must acknowledge that, at this stage, we have not
yet developed a coordinated control strategy for the wings, legs, and claws based on
center-of-gravity adaptive adjustment or optimal aerodynamic efficiency as the objective
function; nonetheless, we have laid the foundation for this research, as we have designed a
flapping-wing aircraft capable of achieving the required postures during the perching and
takeoff phases, an aspect that will be a focus of future research.

7. Conclusions

In this study, we use mechanical structures to simulate the postures of various parts
of the hawk during perching, designing a highly biomimetic flapping-wing aircraft with
perching functionality based on bionic principles, the main conclusions from which are
as follows:

(1) Utilizing a multi-motor solution, the posture conversion mechanism, designed
with a hemispherical gear structure, enables the aircraft to perform flapping, twisting, and
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swinging motions, as well as their coupled movements, while also allowing the wing to
transition between folded and unfolded states. The perching module, designed using the
screw motion principle, can open and close the claws. The head and tail motion modules,
designed based on the dual-motor coupling motion principle with a limit structure, achieve
pitch, yaw, and coupled motion.

(2) The deviation between the calculation and the experimental value of the flapping
angle is 2.1%; specifically, the deviation for the folding angle is 1.6%, that for the bending
angle is 5.4%, that for the opening and closing angle of the perching module is 5.2%, that
for the yaw angle of the head and tail is 2.5%, and that for the pitch angle of the head and
tail is 5%. The calculated and the experimental values are basically consistent, indicating
the accuracy of the kinematic model.

The highly biomimetic flapping-wing aircraft designed in this study can replicate the
perching postures of a hawk at various stages using motors, providing a theoretical founda-
tion and testing platform for future research on dynamic modeling and control methods.
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