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ABSTRACT

This study introduces a new manipulation sys-
tem for Flapping Wing MAVs (FW-MAVs)
based on avian beak movements. The design
draws inspiration from avian Cranial Kinesis—
the bone movement mechanism in bird skulls—
to create a lightweight grasping/pecking mech-
anism for FW-MAVs. In bird anatomy, coor-
dinated muscle actions drive skull bone move-
ments, enabling complex tasks like pecking and
grasping. The proposed design simplifies this bi-
ological system into a single-degree-of-freedom
mechanism suitable for lightweight FW-MAVs.
Key features of bird skull anatomy are adapted
through simplified bone structures and a flexi-
ble neck to replicate natural movements. The
resulting mechanism achieves wide beak open-
ing and strong gripping force while maintaining
a minimal weight of 15.3 g. Static and flight
tests evaluated system performance across mul-
tiple tasks: object transport, leaf manipulation,
plant sample collection, and suspended target in-
teraction. All tasks were successfully completed
with maintained flight stability.

1 INTRODUCTION

The field of micro air vehicles (MAVs) has experienced
significant expansion, with applications emerging in surveil-
lance, search and rescue operations, and structural inspec-
tions. Conventional MAVs utilize high-speed propellers,
which present safety concerns in close-quarter operations.
An alternative approach based on flapping wing MAVs (FW-
MAV5s) addresses these limitations through bio-inspired wing
movements. The resulting systems exhibit reduced noise lev-
els and increased efficiency, particularly in confined spaces
and sensitive environments. Despite these advantages and in-
herent mechanical resilience, the challenge of enabling phys-
ical environmental interaction in FW-MAVs remains to be ad-
dressed.

To address this challenge and leverage these characteris-
tics, researchers have developed bio-inspired perching sys-
tems based on avian and insect behavior[1, 2, 3]. Such sys-
tems enable FW-MAV5 to attach to various surfaces and ob-
jects, facilitating inspection and data collection tasks while
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minimizing energy consumption compared to sustained hov-
ering. However, current designs are limited to perching func-
tionality and lack capabilities for more complex interactions
such as pecking, grasping, pulling, or pushing. Despite
the potential advantages FW-MAVs hold over conventional
MAV s for sample collection and manipulation tasks, research
on systems enabling these advanced interactions remains lim-
ited and largely impractical.

Consider, for instance, existing dual-arm manipulators
designed for ornithopters [4, 5, 6]. These systems com-
bine six servo motors and two scissor-equipped arms, but
their 100 g weight restricts their use to only large-scale FW-
UAVs. Their rigid design also makes quick, reliable move-
ments challenging. Similarly, while perching grippers for
conventional multirotor UAVs [7] can effectively grasp and
pull objects, they lack the ability to perform pushing or peck-
ing actions. Therefore, a new approach to interact with the
environment is necessary to enable advanced aerial manipu-
lation with FW-MAVs.

Avian beak systems provide remarkable environmental
interaction capabilities through specialized mechanisms. The
integration of beak structures with flexible neck movements
enables tasks ranging from precise manipulation to forceful
interactions. Species-specific adaptations can be observed:
falcons and hummingbirds demonstrate aerial precision in
prey capture and nectar feeding, while woodpeckers and spar-
rows exhibit powerful pecking abilities in foraging and nest
construction. These functions arise from two key anatomi-
cal features: the flexible neck system and a specialized bone
movement mechanism known as Cranial Kinesis.

The skull movement mechanism operates through coordi-
nated jaw muscle activation for bone movement control. This
biological system achieves operational efficiency through a
combination of wide beak opening and precise positional
control, facilitating both forceful and delicate object manipu-
lation.

Analysis of avian Cranial Kinesis biomechanics reveals
key principles in bone configuration, joint structure, and mus-
cle arrangement, enabling the development of lightweight and
effective mechanisms for aerial manipulation in FW-MAVs.
Although the avian skull comprises multiple muscles and
bones, prior studies [8, 9] have demonstrated the possibil-
ity of expressing essential beak movement as a single de-
gree of freedom (1-DoF) mechanism. Such simplification
provides an ideal model for ultra-light manipulator design in
lightweight FW-MAVs. The integration of this bio-inspired
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Figure 1: Pecking mechanism mounted on the Nimble+

mechanism with existing perching systems enables advanced
manipulation capabilities such as pecking, grasping, pulling
and pushing, thus expanding FW-MAV functionality beyond
basic environmental interaction.

These biomechanical insights informed the development
of a novel pecking mechanism that integrates avian Cranial
Kinesis principles with a compliant neck design, replicating
essential beak movements while providing impact resilience.
Section 2 presents the mechanism details, followed by per-
formance evaluation tests in Section 3. The paper concludes
with Section 4.

2 DESIGN

Drawing from avian Cranial Kinesis principles, this study
presents a pecking mechanism with kinematic architecture
analogous to the avian skull structure, incorporating a pas-
sively compliant neck for impact absorption. The experi-
mental platform utilizes the Nimble+ system from Flapper
Drones, an X-shaped FW-MAV selected for its suitable con-
figuration. Table 1 shows the specifications of the Nim-
ble+ platform, while Figure 1 illustrates the integration of
the mechanism with the airframe. A detailed analysis of
the mechanism’s architecture and operation follows in Sec-
tion 2.2.

2.1 Avian Cranial Kinesis

To create an effective and lightweight pecking mecha-
nism, we began by studying how birds move their beaks. Re-
search has identified three main types of skull movement in
vertebrates with hinged upper jaws [8, 9]. These types are
named based on where the hinge connects the upper beak to
the skull: metakinesis (hinge at the skull’s rear), mesokinesis
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Figure 2: The mechanism of Avian Cranial Kinesis [9]

(hinge between the forehead and crown bones), and prokine-
sis (hinge between the nose and forehead bones). Birds typ-
ically use prokinetic skull movement, which allows them to
open their beaks extremely wide. This wide opening is cru-
cial for feeding, as it creates a large target area and makes it
easier to catch or grasp objects.

As described in [9] and shown in Figure 2, a bird’s skull
uses five key bones to move its beak: (1) the upper jaw, (2)
a connecting rod called the jugal bar, (3) the lower jaw, (4)
a pivot bone called the quadrate, and (5) the braincase. The
braincase stays fixed and connects to the upper jaw through
a flexible hinge called the nasal-frontal (N-F) hinge. When
muscles move the quadrate bone back and forth, the jugal bar
transfers this motion to raise and lower the upper jaw. This
efficient design works because muscles only need to move the
quadrate and lower jaw, while the braincase provides a stable
anchor point.

In prokinesis, the most common form of Cranial Kine-
sis in birds, forward movement of the quadrate bone initi-
ates a coordinated motion sequence: the jugal bar is displaced
anteriorly, elevating the upper jaw, while simultaneously the
lower jaw rotates ventrally around the post-orbital ligament’s
terminus, creating a wide gape. The reverse motion occurs
when the quadrate shifts posteriorly—the jugal bar draws the
upper jaw downward while the lower jaw executes a clock-
wise rotation about the same pivot point, closing the beak.

This biomechanical system demonstrates remarkable effi-
ciency: despite the involvement of multiple muscles in avian
Cranial Kinesis, the fundamental jaw movement can be re-
duced to the singular motion of the quadrate bone. This me-
chanical simplification enables the entire system to be mod-

Weight (Without Shell) 102 g
Payload 25¢g
Height 25 cm
Wingspan 49 cm
Battery LiPo 2S 300 mAh
Flight time (with 25 g payload) 5 min

Table 1: Specifications of Nimble+ by Flapper Drones
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Figure 3: The proposed grasping/pecking mechanism

eled as a single-degree-of-freedom (1-DoF) mechanism.
2.2 Mechanism

As outlined in Section 2.1, birds achieve beak movement
through a system where muscles connect to two key compo-
nents: the quadrate bone and lower jaw. The quadrate serves
as the primary driver, rotating around a fixed point in the skull
to create the desired motion.

Our study of beak movements in common birds revealed
two key observations:

* The quadrate bone and lower jaw rotate around points
that are very close together

* The post orbital ligament shows minimal pivoting mo-
tion

These anatomical characteristics enabled significant design
simplification. The post orbital ligament functions effectively
as an extension of the fixed braincase structure, allowing the
integration of the quadrate and lower jaw into a single L-
shaped component. This unified structure rotates around the
original post orbital ligament connection point at the brain-
case tip.

Based on these simplifications, the avian Cranial Kine-
sis mechanism can be reduced to fewer components while
maintaining functional equivalence. Applying these princi-
ples, a lightweight grasping/pecking mechanism was devel-
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Figure 4: Dislocation of the jaw joint

oped that replicates the essential kinematic behavior of avian
Cranial Kinesis with minimal structural complexity. The im-
plemented design is illustrated in Figure 3.

The proposed design consists of five key components:
the upper beak, a combined lower jaw-quadrate element, a
motion-transferring jugal bar, a braincase-neck structure, and
a servo motor system. Jaw movement is driven by a com-
pact 4.9 g servo motor, including wiring, through rotation at
the jaw joint. The resulting rotation is transferred through the
jugal bar to control upper beak position. Grooved surfaces
are incorporated into the beak tips to enhance grip strength
during object manipulation.

The implemented 1-DoF mechanism achieves a minimal
mass of 15.3 g and is designed for dorsal mounting on the
FW-MAV platform, analogous to avian head positioning. The
integration configuration is illustrated in Figure 1.

Complementing the simplified kinematic structure, the
mechanism incorporates two key features for enhanced oper-
ational robustness: a compliant neck interface and an impact-
mitigation system. The compliant neck structure provides
a flexible coupling between the mechanism and the FW-
MAV airframe, facilitating impact absorption during environ-
mental interactions. Additionally, the mechanism features a
spring-loaded dislocatable jaw joint, engineered to provide
controlled mechanical compliance during high-force interac-
tions.

During high-force interactions, the design incorporates
controlled jaw dislocation. This feature allows the integrated
spring to absorb excess energy and modulate the applied
force, thereby protecting the structural integrity of the system.
Figure 4 illustrates this adaptive behavior during the grasping
of a round object.

2.3 Link Model

A simplified link model was developed to mathemati-
cally describe the mechanism’s kinematics. Figure 5 presents
the link-based structure, while Figure 6 illustrates the corre-
sponding joint configurations, including initial angles (a) and
variable angles (b). The mathematical formulation enables
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(a) Vector parameters of the link model

(b) Vector parameters showed on the mechanism

Figure 5: Link model: vector parameters

prediction of beak opening width and operational angles.

The norms of the vectors in Figure 5, representing the
physical link lengths, are denoted by the same letters as their
corresponding vectors (e.g., S represents the magnitude of
vector S). In Figure 6, angles are denoted by ¢ and ¢, where
1) represents the initial fixed angles and ¢ denotes the variable
joint angles during operation. The input angle 6 corresponds
to the servo motor rotation angle.

The mechanism’s operation begins with the rotation of in-
put vector H about the terminus of vector S. This rotation
actuates the quadrate portion of the lower jaw @, inducing ro-
tation about the jaw joint. Simultaneously, this motion drives
the jugal bar J, which actuates the upper beak Uy through
rotation about the N-F hinge By, resulting in jaw opening.
During this sequence, the jaw spring link Ky, undergoes ro-
tation, extending the jaw spring k4., and storing potential
energy for subsequent grasping operations.

Now that the link model is defined, mathematical rela-
tionships describing the beak movements can be developed.
These equations will help determining the beak’s opening
width and angle during operation. For consistency in follow-
ing calculations, the S'is set as a reference point (origin).

Using the upper beak vector Us and the lower jaw vector
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(a) Initial angles

(b) Variable angles

Figure 6: Link model: angle parameters

Lo, the beak tip position vectors can be expressed as:

U=By+U; +U; (D
L=B;+L,+ Ly )

Here, U and L are the upper and lower beak tip position
vectors, respectively. A detailed formulation can be obtained
from the lengths and angles of the links.

Uz|  |—Bucostpy + Uy cos(ys + ¢p3) — Uz cos ¢3
Uy| | Businy7 + U;sin(¢s + ¢3) — Uz sin ¢
3)
Ly| _ [=Brcosys + Ly cos(Yg + ¢4) — Lo cos ¢y
Ly BL SiIl 1/}6 —+ Ll Sin(¢4 + ¢4) — L2 SiIl ¢4
“
Beak tip opeining distance is given by the vertical component
of the difference between the upper and lower beak tip posi-

tion vectors. By substituting equation 3 and equation 4, the
beak tip opening distance dy;;, can be expressed as:

deip = |U — L,
= BU sin ’(/)7 + Ul Sin(wg + d)3) — U2 sin d)3
— [Br sintg + Ly sin(¢y + ¢4) — Lasingy]  (5)

The same can be done for the beak root opening distance
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Figure 7: Measured and fitted outputs of the mechanism

droot .

droot = |(U - U2) - (L - L2)|y
= By sin 7 4+ Uy sin(v3 + ¢3)
— [Br sintg + L sin(vg + ¢4)] (6)

The beak opening angle ¢ is the angle between the upper and
lower beaks, and can be expressed as:

¢ =¢3+ ¢4 7

As a single-degree-of-freedom mechanism, the key out-
puts dyip, droot, and ¢ depend solely on the input angle 6. By
determining the relationships between joint angles and the in-
put 6, we can precisely control these outputs through servo
motor positioning. The mechanism’s design allows for ad-
justment of link parameters to achieve different beak opening
ranges and angles, enabling adaptation for various UAV plat-
forms and applications. Table 2 lists the parametric values
used in our implementation.

To simplify the output equations, a CAD model of the
mechanism was used to measure the outputs of different input
angles. The resulting discrete data were plotted, and linear fit-
ting was applied to approximate the corresponding equations.
The plotted data and the fitted equations are shown in figure 7.
The equations are expressed as below.

diip = 0.5280 %60 [mm) 8)
droot = 0.1079 %0 [mm] )
¢ =0.5630 %0 [deg] (10)

3 EXPERIMENTS AND EVALUATION

The pecking mechanism evaluation consisted of two main
testing phases: static force analysis and dynamic flight trials.
Static testing measured gripping capabilities across objects
of various materials and sizes. Dynamic flight trials evalu-
ated four key manipulation tasks: payload transport, grasping

16" INTERNATIONAL MICRO AIR VEHICLE CONFERENCE AND COMPETITION

Figure 8: Sample objects for static grasping experiment

and pulling operations, sample collection, and pecking ma-
neuvers. The experimental methodology focused on mecha-
nism performance assessment under realistic operating con-
ditions.

3.1 Grasping Force Test

Force measurements using a Newton meter were con-
ducted to quantify gripping capabilities across six test speci-
mens of varying materials and dimensions. The experimental
protocol involved rope attachment to specimens, Newton me-
ter coupling, and progressive tension application until grip
failure occurred. Video documentation of force readings en-
abled peak value determination for maximum grip strength
analysis. The experiment was performed 3 times for all ob-
jects. The objects are shown in Figure 8, and the experiments
were conducted as shown in Figure 9. The objects are all
cylindrical, and are categorized in 2 sizes and 3 materials.
The sizes are 12 mm and 18 mm, and the materials are smooth
branch (left), rough branch (center), and soft TPU (right).

The results are shown in Figure 10. In this box-and-
whisker plot, the vertical axis represents the maximum grip-
ping force. For each object, the plot shows the range and the
mean-maximum gripping force. The mean value is indicated
by the black line inside the boxes.

The mean-maximum grasping force was the highest for
the 18 mm rough branch at 3.03 N, followed by 2.29 N for
the 18 mm soft TPU, 2.06 N for the 12 mm soft TPU, 1.63 N
for the 12 mm rough branch, 0.96 N for the 18 mm smooth
branch, and lastly 0.93 N for the 12 mm smooth branch.

The results show that larger objects (18 mm diameter)

Length [mm)]

S 188 U, 40.0 1 19.1
H 115 Lq 16.0 o 83.0
Q 150 | Lo 40.0 P3  111.6
J 253 || Kp 6.0 Py 247
Br, 319 || K 10.0 s 30.0
By 76 a 07[] | v 924
U; 139 Pr  147.1

Angle [deg]

Table 2: Mechanism parametric values
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Figure 9: Static grasping experiment
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Figure 10: Static grasping experiment result

consistently required more force to dislodge than smaller
ones across all materials tested. This difference was most pro-
nounced with the rough branch, moderate with the soft TPU,
and minimal with the smooth branch. The increased grip
strength on larger objects can be attributed to their greater
contact area with the beak surfaces. When gripped, the
objects experience slight deformation at the contact points.
Larger objects, having more gradual curves, create wider
contact areas under the same gripping pressure, leading to
stronger overall grip force. This relationship explains the
minimal force differential observed with the smooth branch,
as its rigid structure resists deformation under the mecha-
nism’s grasping force. Notably, the force difference between
size variants is greater for the rough branch than for the soft
TPU, despite TPU’s higher compressibility. This unexpected
result stems from surface characteristics: the rough wood’s
surface protrusions interact mechanically with the grooved
beak tips, enhancing grip through physical interlocking rather
than material deformation alone.

Analysis of force measurement variability reveals that
smooth-surfaced objects (smooth branch and soft TPU) ex-
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Figure 11: Piece of a plant as a payload (6.7 g)

hibited 60% less variation in maximum grasping force com-
pared to the rough branch. While rough surfaces generated
higher peak grip forces, smooth surfaces demonstrated su-
perior consistency in force application, suggesting enhanced
operational reliability and repeatability.

The minimum measured grasping force of 0.93 N ex-
ceeded the mechanism’s weight by a factor of 5.96, demon-
strating robust gripping capability across the full range of test
specimens, independent of material properties, surface char-
acteristics, and geometric variations.

3.2 Flight Experiments

Following validation of the mechanism’s static grasping
capabilities across diverse object types, dynamic flight test-
ing was conducted to evaluate performance in realistic op-
erational scenarios. Four distinct manipulation tasks were
executed to assess aerial manipulation capabilities. The
experimental platform incorporated a nonlinear disturbance
observer-based robust controller [10]. Mounted on the Nim-
ble+ platform (figure 1), the mechanism responded to external
control inputs throughout the aerial manipulation sequences.

3.2.1 Payload Transportation Task

In this experiment, the capability to successfully carry a pay-
load to a different location while flying was tested through a
payload transportation task. First, the payload shown in Fig-
ure 11 is placed to be grasped by the mechanism. After that,
the drone starts by hovering, and then transitions to start ma-
neuvering around, demonstrating carrying a payload to a dif-
ferent location. The flight experiment is shown in Figure 12.

Here, the mechanism’s ability to transport payloads dur-
ing flight was tested using the sample shown in Figure 11.
The test sequence began with positioning the payload for
grasping. Once secured, the MAV took off into a stable hover
before executing a series of maneuvers to demonstrate pay-
load transport capability. Figure 12 shows the key stages of
this flight experiment.

The experiment demonstrated stable payload transport
throughout the flight sequence, with the mechanism maintain-
ing a secure grip while the MAV performed various maneu-
vers. These results confirm the design’s practical utility for
aerial payload transport applications.
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Figure 12: Payload Transportation task

Figure 13: Grasping and Pulling task

3.2.2 Grasping and Pulling Task

To simulate real-world tasks, system’s ability to grasp and
manipulate objects before transportation was tested. For this
evaluation, a potted plant was positioned at a set distance
from the takeoff point. After takeoff, the MAV approached
the plant in a controlled manner. When positioned near the
target leaf, the beak mechanism was opened. The MAV then
moved closer for precise positioning, allowing the beaks to
close and secure the leaf. Once grasped, the MAV tested the
grip strength by pulling in different directions. The flight ex-
periment is shown in Figure 13.

The approach maneuver execution resulted in successful
leaf acquisition. Multi-directional loading tests demonstrated
stable grip integrity, with maintained hold observed under
maximum thrust conditions. These results validate system
capabilities for manipulation tasks requiring sustained force
application.

3.2.3 Grasping and Sample Collection Task

The complete sample collection sequence consisted of ap-
proach, grasp, detach, and transport operations. The exper-
imental methodology followed procedures outlined in Sec-
tion 3.2.2, targeting branch sample retrieval and return to the
initial position. Double-sided tape secured the test specimen
to an existing branch. Figure 14 documents the complete
flight sequence.

The experiment demonstrated successful sample retrieval
and landing operations. The demonstrated collection capa-
bilities, while successful in controlled conditions, indicate
the necessity for an integrated cutting mechanism in practi-
cal field applications for direct vegetation sampling.

3.2.4 Pecking Task

The final experimental phase evaluated forward force applica-
tion capabilities through pecking motions. The test setup em-
ployed a suspended banana as the target object. Experimental
procedures consisted of target approach followed by pecking
motion execution. Results demonstrated flexible neck effec-
tiveness in impact force absorption and primary structure pro-
tection.

The impact force proved sufficient for target displace-
ment, while the neck’s compliance characteristics enabled
stable flight maintenance throughout the impact sequence.

4 CONCLUSION

A bio-inspired aerial manipulation system based on
avian Cranial Kinesis principles is introduced in this study.
The proposed single-degree-of-freedom design replicates key
skeletal movements of bird skulls, achieving substantial beak
articulation and grip force while maintaining minimal mass.
Through static force analysis and dynamic flight trials, suc-
cessful execution of diverse manipulation tasks was demon-
strated, including object transport, grip-and-pull operations,
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Figure 14: Grasping and Sample Collection task

Figure 15: Pecking task

and pecking maneuvers. Future development directions in-
clude design optimization, integration of cutting functional-
ity within the current kinematic framework, and implemen-
tation of advanced control architectures for enhanced opera-
tional capabilities.
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