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Abstract

Constrained by fixed frame dimensions, conventional drones usually demonstrate insuf-

ficient capabilities to accommodate complex environments. However, the reconfigurable

drone can address this limitation through its deformable frame equipped with actuators or

passive interaction mechanisms. Nevertheless, these additional components may introduce

an excessive weight burden, which conflicts with the lightweight objective in aircraft de-

sign. In this work, we propose a novel reconfigurable quadrotor inspired by the swimming

morphology of jellyfish, with only one actuator placed at the centre of the frame to achieve

significant morphological reconfiguration. In the design of the morphing mechanism,

three telescopic sleeves are driven by the actuator, enabling arms’ rotation to achieve a

maximum projected area reduction of 55%. The nested design of sleeves ensures a sufficient

morphing range while maintaining structural compactness in the fully deployed mode.

Furthermore, key structural dimensions are optimized, reducing the central motor load by

up to 65% across configurations. After deriving parameter variations during morphing,

Proportion–Integration–Differentiation (PID) controllers are implemented and flight simu-

lations are conducted in MATLAB. Results confirm the drone’s sustained controllability

during and after reconfiguration, with an “8”-shaped trajectory tracking root mean square

error (RMSE) of 0.109 m and successful traversal through long narrow slits, reducing

mission duration under certain conditions.

Keywords: quadcopter; reconfiguration; mechanics; design and control

1. Introduction

As a subset of Unmanned Aerial Vehicles (UAVs), multicopters have exhibited remark-

able capabilities to handle missions, including supply delivery, battlefield surveillance,

geospatial exploration, as well as search and rescue, owing to their high maneuverability

and modular design advantages [1–4]. Due to the proliferating diversity of application

scenarios, together with the environmental susceptibility of drones, real-time adaptation

and stable operation are becoming new requirements for multicopters working in complex

environments to ensure qualified flight performance. But conventional multicopters have

inherently limited environmental adaptability for their predefined structural configurations.

This constraint further induces a dilemma in working environments, including confined

spaces, whether choosing a small drone with poor load capacity and disturbance resistance

or selecting a large one with escalated control difficulty and failure probability [5].

Therefore, great attention has been drawn to design multicopters capable of adjusting

frames according to different flying conditions, while still taking maneuverability and load

capacity into account [6,7]. In recent years, various types of multicopters with morphable
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frames were designed, aiming to transcend the limitation of fixed structures of conventional

drones, which can be classified into three categories: tiltrotors, multimodal multicopters,

and foldable drones [8].

The underactuated problem limits the flight performance and environmental adapt-

ability of conventional drones in confined spaces, prompting the development of tiltrotors

as a solution. By rotating propellers, tiltrotors adjust the direction of net thrust vector

and enable multidirectional propulsion. Mounting actuators at the end of arms to tilt

propellers, Ryll et al. [9] designed a quadcopter with high maneuverability and demon-

strated its superiority under operational regimes unattainable by standard drones, like

controlled attitude trajectory tracking. For further realizing omnidirectional control, Kamel

et al. [10] adopted a hexacopter platform with fully controlled omnidirectional propellers.

This approach decoupled attitude and position control, thus simplifying control allocation

and enhancing flight efficiency. While direct actuator integration in the above designs is

straightforward, it inevitably increases the overall weight. Additionally, during maneuvers,

different orientations between motors induce opposing force components, resulting in

degraded operational efficiency. To address these limitations, Zheng et al. [11] developed

a fully actuated tiltrotor incorporating a biaxial rotor tilting mechanism. Employing two

orthogonally arranged servomotors to actuate a parallel mechanism, the design ensures

propellers’ parallelism under attainable tilt angles, thus streamlining control strategies

while eliminating power dissipation caused by non-parallel thrust vectors. Flight tests

further demonstrate that the fully actuated motion reduces the amplitude of roll and pitch

oscillations by up to 75% during aggressive maneuvers, compared to the conventional

underactuated mode. Lv et al. [12] designed a coaxial tiltrotor employing two pairs of

tiltable coaxial motors and a rear thruster. The platform utilizes an adaptive controller

for velocity and attitude tracking. Subsequent work introduced a multivariable cascaded

finite-time controller with nonlinear control allocation, which achieved a 28% reduction in

velocity root mean square error compared to the earlier adaptive controller during flight

tests [13].

Multimodal drones utilize the switching of configurations to achieve cross-domain

locomotion between ground–air or water–air environments. Meiri et al. [14] developed

a hybrid quadcopter called FSTAR, which employed a servomotor to rotate the arms,

enabling the transition between crawling mode, when arms are tilted, and flying mode,

when extended. It adopts a crawling mode for traversing when encountering constrained

spaces such as pipes and gaps, while transitioning to flying mode to fly over large obstacles

impossible to climb over. Mishra et al. [15] proposed an aerial–ground bimodal quadcopter

with deflectors mounted under the centre of each propeller. In the ground mode, the

downwash airflow driven by propellers is redirected by tilted deflectors, propelling the

drone to a designated location for object retrieval. Yang et al. [16] presented SytaB, a novel

hybrid terrestrial–aerial vehicle where a bicopter is integrated with two passive spherical

wheels. The design enables efficient ground locomotion via direct thrust vectoring and

ensures smooth aerial–terrestrial transitions through a dedicated transitional mode. Draw-

ing inspiration from the propulsion framework of submersible remotely operated vehicles,

Tan et al. [17] designed an aerial–aquatic quadrotor utilizing tiltable propellers. Its single-

degree-of-freedom reconfigurable mechanism exploits structural symmetry, employing a

single servomotor coupled with a bevel gear transmission to reversely tilt opposite motors.

This enables the drone to switch between two modes for underwater propulsion or aerial

flight with a simple structure, low weight, and ease of control.

Foldable drones change their dimensions by structural reconfiguration to achieve

confined space traversal and agile maneuvers. It mainly comprises two approaches. In

the first approach, the drone reconfigures by actively driving specific mechanisms using
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additional installed actuators. Inspired by the origami mechanism, Yang et al. [18] replaced

conventional rigid arms with laminate structures, thus effectively adding elastic hinges to

the drone’s structure. When the servomotor installed at the centre of the drone rotates, it

pulls the strings connected to the motor block. The resultant force deforms the laminate

structure, facilitating the inward movement of rotors and propellers to reconfigure the

quadcopter. Some researchers, however, further increased the degrees of freedom of the

folding mechanism to create multiple configurations on a single multicopter platform.

Therefore, when encountering various kinds of environments, the drone can switch to

an appropriate configuration to sustain acceptable performance. For example, Falanga

et al. [19] added servomotors between each of the arms and the main body, enabling the

independent control of four arms. The design allows the drone to flexibly adjust its config-

uration to fly through lateral or vertical gaps, and a configuration-based control algorithm

is adopted to achieve flexible real-time control. Whereas in the second approach, the drone

passively morphs, relying on the potential energy stored inside or interactions with the

environments outside, without adding more actuators. One application of this idea is the

collision-resilient drone, whose frame can deform to absorb energy during the collision and

recover after the impact, protecting core components stored inside. Inspired by the dual

stiffness of insect wings, Mintchev et al. [20] designed a collision-resilient quadcopter by

connecting a flexible frame to a central block using magnetic joints. During flight, the block

geometrically constrains the frame, maintaining the drone’s rigidity, while upon collision,

two parts are separated by external forces, allowing the frame to deform freely to absorb

the impact energy and protect the components inside the block. Passive reconfiguration is

also applied to the deployment of multicopters. Pastor et al. [21] developed an egg-shaped

drone that can be launched to deploy, with torsion springs installed at hinges connecting

the main body and arms. Before launch, the arms are constrained by a monofilament line to

keep the drone’s ballistic shape and the springs’ compressed state. Once launched, the line

is instantly heated and burned, allowing the springs to push the arms for deployment. For

clarity, the relevant surveys are summarized in Table 1, including their categories, methods,

strengths, and limitations. Despite these differences, minimizing the number of actuators

while achieving controlled flight remains one of the most significant objectives across all

categories of reconfigurable multicopters.

Table 1. Summary of surveys.

Category Survey Methods Strengths Limitations

Tiltrotor

Ryll
et al. [9]

Mounting actuators at
the end of quadcopter
arms to tilt propellers.

Possible to obtain full
controllability over the 6-DoF
body pose in space.

Do not offer omnidirectional flight
capabilities; weight penalty;
different orientations between
motors degrading efficiency.

Kamel
et al. [10]

Mounting actuators at
the end of hexacopter
arms to tilt propellers.

Decoupled position and
orientation control;
omnidirectional
maneuverability.

Weight penalty; different
orientations between motors
degrade efficiency.

Zheng
et al. [11]

Employing two
orthogonally arranged
servomotors to actuate a
biaxial rotor tilting
mechanism.

Fully actuated, resulting in
simplified control strategies;
eliminating power dissipation
caused by non-parallel thrust
vectors.

Mechanism weight penalty (34%
of total weight); reduced system
reliability due to complex
mechanism.

Lv
et al. [12,13]

Employing two pairs of
front coaxial tiltable
motors driven by servo
motors.

Compact structure; no need to
consider reaction torques;
possessing control redundancy.

Different orientations between
motors degrade efficiency;
potential aerodynamic interference
between coaxial motors.
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Table 1. Cont.

Category Survey Methods Strengths Limitations

Multimodal
drone

Meiri
et al. [14]

Employing a servomotor
to rotate the arms.

Capable of fly and sprawl to
adapt complex working
environments; exploiting
ground mode to save energy.

Always spinning wheels in flight
due to fixed propeller–wheel
coupling; weight penalty.

Mishra
et al. [15]

Mounting deflectors
under the centre of each
propeller to deflect
airflow for the ground
locomotion.

Robust to the effect of ground
wash in grasping tasks;
potential to extend to water
navigation.

Lack of steering capability; weight
penalty due to reflectors and
driving actuators.

Yang
et al. [16]

Designing a bicopter
integrated with two
passive spherical wheels.

Directly producing the
heading thrust; smooth
transition between modes.

Limited payload capacity due to
bicopter configuration; limited
lateral movement.

Tan
et al. [17]

Employing a single
servomotor coupled with
a bevel gear transmission
to reverse the tilt of
opposite motors.

Single propulsion system for
both mediums; thrust
vectoring capability;
mechanically simple
symmetric design.

Power inefficiency due to constant
thrust for submergence; limited
payload capacity.

Foldable
drone

Yang
et al. [18]

Central motor rotation to
pull elastic laminate arms
or release.

Lightweight structure;
low-cost cardboard fabrication;
adaptability to cluttered
environments.

Limited structural durability of
cardboard laminate; limited
payload capacity due to
lightweight materials.

Falanga
et al. [19]

Adding servomotors
between each of the arms
and the main body.

Capability of transforming into
multiple configurations to
adapt to different
environments; employing
adaptive control for various
task stability.

Weight penalty due to
servomotors, resulting in limited
payload capacity; reduction in
flight time in non-X
configurations.

Mintchev
et al. [20]

Connecting a flexible
frame to a central block
using magnetic joints.

Collision-resilient to protect
core components hosted in the
central case of the drone.

Limited payload capacity; limited
protection in upside-down
crashes.

Pastor
et al. [21]

Burning the constraining
monofilament line to
allow springs to push the
arms for deployment.

Rapid deployment by
launching; flexible launching
conditions, including moving
platforms.

Single-use burn-wire mechanism
requires manual reset; limited
propeller size due to barrel
diameter constraint.

Considering the demand of traversing confined environments and the pursuit of

light weight, this paper presents a novel reconfigurable quadcopter design based on a

central-motor-driving telescopic mechanism, conceptually inspired by the radial symmetry

and significant contraction of the jellyfish’s morphology during the swimming process,

as demonstrated in Figure 1. By simulating the jellyfish’s bell through four arms and

integrating the function of the jellyfish’s specialized muscles into a telescopic mechanism

along the drone’s central axis, the proposed solution achieves the drone’s configuration

changes through the inward folding and outward deployment of the arms, which effec-

tively changes the lateral span of the drone. The resultant maximum shrinkage rate in

the area projected onto the chassis plane is measured to be 55%. This enables the drone

to navigate obstacles in confined conditions, thus enhancing the drone’s maneuverability

and adaptability to complex working environments. In addition, since only one actuator is

added for reconfiguration, the design balances the reconfigurability and weight penalty.

Additionally, due to the usage of thread engagement in the telescopic mechanism, continu-

ous angle change between the arms and the drone’s central axis is achieved, allowing it to
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morph and fly at any angle within the designed operational range. Finally, the Proportional–

Integral–Differential (PID) control method is employed to enable stable control of our drone

both during and after the reconfiguration process. This paper primarily contributes to the

foundational stage of this novel design by encompassing the conceptual design, kinematic

and dynamic modelling, parameters optimization, and control strategy. The scope of

this work is thus focused on validating the functional feasibility and controllability of the

morphing concept at the system dynamics level, with numerical simulations concentrating

on trajectory tracking and gap-traversal performance to establish a theoretical groundwork

for future experimental implementation.

Figure 1. Novel reconfigurable drone (right) and kinematic design (left).

The contributions of this article can be summarized as follows:

• We present a novel reconfigurable quadcopter that achieves a significant 55% reduction

in the projected area with only one central motor, which effectively balances morphing

capability with light weight.

• We conduct a dimensional optimization of the mechanism that significantly minimizes

the axial load on the central motor, enhancing its reliability and efficiency.

• We demonstrate that continuous and stable morphing flight is achievable, as validated

by numerical simulations employing a PID control strategy.

This paper is organized as follows. Section 2 introduces the design overview of this

novel reconfigurable quadcopter, and the kinematic and dynamic characteristics of the

drone are further derived to obtain quantified parameter variations during the reconfigura-

tion process. Section 3 presents the control strategy of the drone, and Section 4 concludes

the paper. For clarity, the definitions of the key symbols used throughout this work are

organized in Table 2.
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Table 2. Definitions of the key symbols.

s1

Distance between the
connector and the main
body

s2
Distance between main
body hinges

s3 Support rod length s4 Connector length

L Arm length ζ Reconfiguration angle

vs
Central sleeves telescoping
velocity

ωarm
Rotational angular velocity
of arms

HCG Hight of central gravity HCL Height of centre of lift

I
Mass moment of inertia
matrix

v
Velocity vector in body
frame

p
Position vector in inertial
frame

ω
Angular velocity vector in
body frame

Φ Euler angle vector F Thrust force vector

M Thrust moment vector RBE Rotational matrix from
inertial frame to body frame

g
Gravity vector in inertial
frame

H
Transformation matrix from
body angular velocity to
Euler angle angular velocity

ac
Commanded acceleration
vector

vcw Constant wind velocity

vg Sinusoidal gust velocity RMSE Root mean square error

MSE Mean square error IAE Integral absolute error

ISE Integral squared error ITAE Integral time absolute error

2. Modelling and Parameter Optimization

2.1. Design Overview

The design of our reconfigurable drone is based on the mature quadcopter platform,

whose inherent symmetry naturally aligns with the symmetrical morphology of jellyfish.

To further simulate the specific muscles responsible for bell contraction of jellyfish, a

servomotor is mounted at the bottom motor base of the quadcopter, driving a telescopic

mechanism to rotate the arms, thereby achieving reconfiguration of the drone.

The structure of our reconfigurable drone is shown in Figure 2, which mainly consists

of an integrated power module, a battery storehouse, four arms, support rods, motors, and

propellers, as well as the telescopic mechanism for the drone’s reconfiguration. A flight

controller is placed on top of the integrated power module. The module further intercon-

nects with the battery storehouse via snap fittings, which are hinged to the arms. The

telescopic mechanism is mounted below the storehouse and connects to the support rods

through hinges. As the arms finally connect with the support rods, a four-bar mechanism

is formed, enabling the drone to contract or deploy the arms under the central motor’s

actuation. When encountering narrow environments that require traversal, the telescopic

mechanism extends, folding the arms towards the main body, thus reducing the effective

span for traversal. During normal flight, the telescopic mechanism keeps its shortest length,

with the arms perpendicular to the drone’s central axis. In this configuration, the maximum

lift is realized for the full usage of propeller thrust, ensuring efficient flight of the drone.
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Figure 2. Exploded view of the prototype design rendered in CAD.

The telescopic mechanism comprises a slim sleeve, medium sleeve, fat sleeve, screw

stem, trapezoidal lead screw, motor base, and servomotor. The three sleeves are designed

to fit sequentially with minimal clearance, ensuring both smooth sliding and full storage.

In addition to the mechanism’s large adjustable range, the design also guarantees low

resistance and energy consumption during the reconfiguration process. Additionally, a

protrusion-slot design is adopted to connect adjacent sleeves, to constrain the rotational

degree of freedom and the extreme position of sliding. The trapezoidal lead screw is fixed

on top of the slim sleeve and engages with the screw stem, which is connected to the

servomotor via coupling. When the motor rotates, the screw stem converts the rotational

motion into linear motion of the trapezoidal lead screw, further extending or retracting the

sleeves for arms’ rotation. To precisely define the prototype, the key dimensions of these

main components are summarized in Table 3. It should be noted that the final dimension

of the support rod, which is determined through a subsequent optimization process to

minimize the central motor load, is also included for completeness and will be discussed in

detail in Section 2.2.

Table 3. Dimensions of the main components.

Component Dimensions

Blade (APC 1047) Diameter: 10 in (≈254 mm).

Battery storehouse 70 mm × 70 mm × 150 mm; thickness: 2 mm.

Slim sleeve
External diameter: 46 mm; height: 80 mm;

thickness: 3.5 mm.

Medium sleeve
External diameter: 53 mm; height: 80 mm;

thickness: 3.5 mm.

Fat sleeve
External diameter: 60 mm; height: 85 mm;

thickness: 3.5 mm.

Motor base 70 mm × 70 mm × 95 mm; thickness: 2 mm.

Arm Length: 250 mm.

Brace rod Length: 180 mm.

2.2. Folding and Deploying Mechanism of Reconfigurable Drone

2.2.1. Mechanics of Reconfiguration Mechanism

The kinematic relationship of the reconfiguration mechanism lays the foundation for

designing the reconfigurable quadcopter. To obtain the relationship between the length

of the central sleeves and the arms’ rotation angle, the arm, support rod, and telescopic

mechanism are simplified into a crank-slider mechanism, as shown in Figure 3a. Points
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A, B, and N represent hinges, while AM and BN represent the arm and support rod,

respectively. To accurately rebuild the actual model, the size of the connector is considered

by introducing the DN segment. Assume ∥AD∥ = s1, ∥AB∥ = s2, ∥BN∥ = s3, ∥DN∥ = s4,

and the length of the arm ∥AM∥ = L, which means that ∥DM∥ = L − s1. To avoid the

occurrence of dead point, the sizes should satisfy s3 >

√

s2
1 + s2

4.

(a) (b)

Figure 3. Equivalent structural modelling: (a) the crank-slider mechanism and (b) the force diagram.

Assume the reconfiguration angles ∠ BAM = ζ, ∠ ABN = α, ∠ DAN = β. From the

law of cosines, the varying length s2 and angle α can be expressed as

s2 =
√

s2
1 + s2

4cos(ζ − β) +
√

s2
3 −

(

s2
1 + s2

4

)

sin2(ζ − β) (1)

α = cos−1 s2
2 + s2

3 − s2
1 − s2

4

2s2s3
(2)

During the reconfiguration process, the telescoping velocity vs is related to s2 as

vs =
ds2

dt
(3)

Therefore, the rotational angular velocity ωarm of the arm can be expressed using

velocity vs and the results in (1) as

ωarm =
dζ

dt
=

d(ζ − β)

ds2

ds2

dt
= − 1

√

1 −
(

s2
1+s2

4+s2
2−s2

3

2
√

s2
1+s2

4·s2

)2
· s

2
2 + s2

3 − s2
1 − s2

4

2
√

s2
1 + s2

4·s2
2

·vs (4)

Once propellers start rotating to generate lift, the reaction force is transmitted through

the telescopic mechanism to the central motor, as illustrated in Figure 3b. It should be

noted that the position of intersection point P changes with varying lengths of arm AM

and support rod BN, reflecting different correlations between propeller thrust and central

motor load. Therefore, to prevent overheating or even damage to the central motor due to

excessive loading; the relationship between the load and thrust represented by structural

dimensions is firstly derived, upon which the optimization of the force ratio would then

be conducted.
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Thrust F0 remains perpendicular to arm AM under any reconfiguration angle ζ, result-

ing in a tensile force FBN acting on pinned support B. Given the small dimension of the

connector, neglect length s4 and angle β in the following analysis for simplicity. Thus, the

tensile force at support B is approximated to be exerted along line BD, which is denoted

as FBD. Neglect gravity and friction and set up a Cartesian coordinate system; the angle

between force FA and horizontal direction is expressed as

γ = tan−1 sin ζ(tan ζ + tan α)(L − s1)− Lsin ζtan α + Lcos ζ

−s1sin ζ + (L − s1)cos ζtan α + Lsin ζtan ζtan α
(5)

together with forces at hinges

FA = − cos(α + ζ)

cos(α + γ)
F0 (6)

FBD =
sin(ζ − γ)

cos(α + γ)
F0 (7)

At hinge B, the tensile force FBD, the constraint force from the pinned support, which

can be decomposed into a horizontal component FH and a vertical component F′, are in

equilibrium. Moreover, since load F of the central motor under a one-sided lift is the

reaction force of force F′, the force ratio of load F to lift force F0 can be represented as

F

F0
=

sin(ζ − γ)cos α

cos(α + γ)
(8)

Due to the symmetry of the quadcopter, the horizontal constraint force FH at opposite

hinges is of the same magnitude and opposite directions, thus resulting in zero net force on

the central motor, which is neglected. For detailed derivation of Equations (5)–(8), please

refer to Appendix A.1.

In Equation (8), both angles α and γ are functions of arm and support rod lengths.

Therefore, by substituting Equations (2) and (5), and taking nondimensionalized ratios

s1/L and s3/L as optimization variables, the force ratio of F to F0 under a different re-

configuration angle ζ is optimized. The optimization aimed to minimize the maximum

value of this force ratio across the full morphing range. A key kinematic constraint, s3 > s1

(simplified from s3 >

√

s2
1 + s2

4), was applied to prevent the mechanism from reaching a

dead point. Considering the overall size of our quadcopter, the arm length L is set to be

25 cm. The optimization results are shown in Table 4, and the variation in force ratio to

the reconfiguration angle is illustrated in Figure 4. It can be seen that the optimization

not only significantly reduces the force acting on the central motor at each reconfiguration

angle, with a maximum force ratio drop of 65%, but also smooths the force within the full

reconfiguration range, thereby improving the operational environment of the central motor

during flight. Moreover, after optimization, the maximum shrinkage rate of the drone,

which reflects the area change when ζ varies from 30◦ to 90◦, is measured to be about 55%,

showing the large-scale reconfigurability of our drone.

Table 4. Comparison of structural dimensions.

Parameter
Dimension Before
Optimization (cm)

Dimension After
Optimization (cm)

Hinge distance s1 5 12
Support rod length s3 12.5 18

Arm length L 25 25
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Figure 4. Force ratio comparison.

2.2.2. Inertial Parameters Change During Reconfiguration Process

During the reconfiguration process, the inertial parameters change with angle ζ,

significantly affecting the control law of the quadcopter. By extracting the parameters at

characteristic angles in SolidWorks 2022 SP 5.0 and fitting them with polynomial functions,

the variation in the parameters with the reconfiguration angle ζ is depicted in Figure 5.

(a) (b)

Figure 5. Inertial parameters varying with the reconfiguration angle: (a) heights of central gravity

(CG) and propellers; (b) principal moments of inertia.

Figure 5a illustrates the change in central gravity (CG) and propeller height with

respect to reconfiguration angle ζ, where the reference is taken from the bottom plane of

the telescopic mechanism. The results reveal that the reconfiguration has little impact on

the height of CG, which stays around 0.21 m, whereas the height of the propellers decreases

dramatically as ζ decreases due to the inward rotation of arms to the main body. According

to symmetry, the height of the center of lift (CL) is consistent with the propeller height.

Therefore, CL is higher than CG under large reconfiguration angles, indicating the statically

stable property of the quadcopter. As ζ decreases, the height of CL gradually comes

closer to that of CG, and the quadcopter exhibits greater maneuverability. The heights

take equal value at ζ = 43◦, and the quadcopter is statically unstable when ζ is smaller

than 43◦. This introduces a fundamental trade-off between inherent stability and agility, a

phenomenon well-documented in UAVs undergoing morphological or mass-distribution
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changes [22,23]. The instability at low ζ values increases control difficulty but is the key to

enabling high-agility maneuvers, such as rapid traversal through narrow gaps.

Figure 5b displays the drone’s moment of inertia about the axis defined in Figure 6

with angle ζ. Ixx = Iyy holds for any value of ζ due to the drone’s symmetry. As seen in

the figure, the moments of inertia around the x and y axes first increase and subsequently

decrease as ζ decreases, while the value of the moment of inertia around the z axis reduced

significantly due to the arms’ retraction. The results also indicate the strong directional

maneuverability under small reconfiguration angles.

Figure 6. Coordinate system definition of reconfigurable drone.

The fitted equations of the quadrotor’s inertial parameters with respect to ζ are shown

below as























HCG = 4.58 × 10−8·ζ3 − 1.13 × 10−5·ζ2 + 8.35 × 10−4·ζ + 0.191 [m]

HCL = 2.01 × 10−3·ζ + 0.122 [m]

Ixx = Iyy = −2.11 × 10−6·ζ2 + 2.76 × 10−4·ζ + 0.0354
[

kg·m2
]

Izz = −6.19 × 10−6·ζ2 + 1.13 × 10−3·ζ − 8.75 × 10−3
[

kg·m2
]

(9)

3. Control Design

3.1. Dynamic Model

Compared with traditional multicopters, our reconfigurable drone induces the an-

gle ζ between the arms and the central axis of the main body as an additional control

variable. This results in a unique set of state equations of body velocity v =
[

u v w
]T

,

world position p =
[

x y z
]T

, body angular velocity ω =
[

p q r
]T

, and Euler angle

Φ =
[

φ θ ψ
]T

, as shown in Equations (10)–(13), respectively. F is the thrust force vector,

and M represents the thrust moment, whose derivations and expressions are demonstrated

in detail in Appendix A.2, together with the rotational matrix RBE from the inertial frame to
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the body frame and transformation matrix H [8,24]. The gravity in body frame gB = RBEg,

where g is the gravity in the inertial frame, which takes g =
[

0 0 −9.8 m/s2
]T

.

.
v =

1

m
F + gB − ω × v =

[

.
u

.
v

.
w
]T

(10)

.
p = RBEv =

[

.
x

.
y

.
z
]T

(11)

.
ω = I−1(M − ω × Iω) =

[

.
p

.
q

.
r
]T

(12)

.
Φ = Hω =

[ .
φ

.
θ

.
ψ
]T

(13)

In addition, I represents the mass moment of the inertia matrix, which is a single-

valued function of angle ζ. Since the moments of inertia about the principal axes are

substantially greater than the products of inertia, the matrix can be simplified as a diagonal

matrix [25] as

I = I(ζ) = diag
(

Ixx, Iyy, Izz

)

(14)

where the expressions of Ixx, Iyy, and Izz are shown in Equation (9).

3.2. PID Attitude-Position Control

A set of PID controllers is designed for the attitude-position control, which takes

the changing parameters into account when morphing. The framework was chosen for

its computational efficiency and straightforward implementation using prevalent flight

controllers like Pixhawk. While advanced control strategies (e.g., adaptive or sliding mode

control) could be adopted for better controllability, the PID controller is demonstrated to be

sufficient for achieving stable and accurate flight control, as evidenced by the simulation

results in Section 3.3. Although the controller itself is not the core contribution of this

work, it serves as a practical and sufficient solution to demonstrate the controllability of the

proposed platform. The control algorithm predominantly retains the classical architecture,

while incorporating modifications based on the unique dynamic characteristics of the

reconfigurable drone [26].

Distinct from conventional quadcopters, the trajectory planning of the proposed drone

can fully leverage its morphing ability. Especially in those cases when conventional drones

have to detour due to narrow gaps during flight, it enables direct traverse through structural

reconfiguration. However, such capabilities can induce thrust force components along both

x and y axes in the body frame. Consequently, under the given desired yaw attitude ψc(t),

the dynamic equations for solving the commanded pitch attitude θc and roll attitude φc

should be written as



















ac1cos θccos ψc + ac2cos θcsin ψc − (ac3 + g)sin θc − Fx
m = 0

ac1sin ψc − ac2cos ψc − Fz
m sin φc +

Fy

m cos φc = 0

a2
c1 + a2

c2 + (ac3 + g)2 =
(

Fx
m

)2
+
(

Fy

m

)2
+
(

Fz
m

)2
(15)

where ac1, ac2, and ac3 are the virtual control vector components in x, y and z axis, re-

spectively, which is calculated in the PID position controller, and Fx, Fy, and Fz are the

commanded thrust vector components in x, y, and z directions, respectively. Given this

underdetermined system where three equations are to solve five commanded unknowns
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(Fx, Fy, Fz, θc, and φc), we assume Fx = Fy = 0 holds in all cases, thus simplifying the

equations and deriving the expressions of θc, φc, and Fz as







































θc = tan−1
(

ac1cos ψc+ac2sin ψc
ac3+g

)

φc = sin−1

(

ac1sin ψc−ac2cos ψc
√

a2
c1+a2

c2+(ac3+g)2

)

Fz = m[ac1(sin θccos ψccos φc + sin ψcsin φc)

+ac2(sin θcsin ψccos φc − cos ψcsin φc) + (ac3 + g)cos θccos φc]

(16)

After obtaining the z component of the thrust vector, the commanded thrust of each

propeller is computed based on the allocation matrix under the current configuration. The

results are utilized to further obtain the actual x and y components of the thrust vector,

which contribute to the real dynamics of the drone. Although the above simplifications

ignore the control benefit gained from force components Fx and Fy, and might amplify

the control error, it significantly simplifies the results and avoids the multiple-solutions

problem when solving Equation (15) directly. Moreover, simulations in Section 3.3 will

demonstrate favourable control results of controllers designed based on this idea even

when reconfigurations are employed.

In addition, it is crucial to note that the actual force vector F and moment vector M

should consider the actuator limits. Consequently, the propeller thrusts computed from the

ideal control force and moment (via an allocation matrix) must be constrained within the

feasible domain, which subsequently allows the derivation of the actual achievable output

force and moment through inverse calculation.

3.3. Simulation Results and Discussions

3.3.1. Trajectory Tracking

By implementing a simulation program in MATLAB R2024a, the control algorithm’s

performance under various operating conditions is evaluated. Discrete target points are

defined based on the prescribed tracking trajectory, and a time step of 0.01 s is selected for

tracking calculations. After deriving the state variable derivatives from Equations (10)–(13),

the ode45 solver was employed to numerically integrate the system dynamics. In addition,

dual constraints on the position and velocity with tolerances of 0.01 m and 0.01 m/s,

respectively, are applied for a termination check, guaranteeing the accurate completion of

the tracking task.

An “8”-shaped curve is selected for the simulation of path tracking, which is de-

noted by xr = rcos(ωrt)/
(

1 + sin2(ωrt)
)

, yr = rsin(ωrt)cos(ωrt)/
(

1 + sin2(ωrt)
)

, and

zr = t/5(when t ≤ T/2), (T − t)/5(when T/2 < t ≤ T), with r = 5 m, ωr = 2π/25 rad/s,

and total time T = 25 s. The quadcopter is initialized in a folded configuration, with the

reconfiguration angle ζ = 30◦, and takes off from the ground. Once taking off, the drone

starts to track the predefined path, with central sleeves simultaneously shortening uni-

formly to deploy the arms. When angle ζ reaches 90◦, the drone will maintain the deployed

configuration and track the remaining path until completed. Several performance indica-

tors are chosen as the criteria to evaluate the path tracking performance [27]. The mean

square error (MSE),

MSE =
1

N

N

∑
i=1

e2
i , for i = {1, 2, . . . , N} (17)
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the root mean square error (RMSE),

RMSE =

√

√

√

√

1

N

N

∑
i=1

e2
i , for i = {1, 2, . . . , N} (18)

the integral absolute error (IAE),

IAE =
∫ T

0
|e(t)|dt (19)

the integral squared error (ISE),

ISE =
∫ T

0
e2(t)dt (20)

and the integral time absolute error (ITAE),

ITAE =
∫ T

0
|e(t)|tdt (21)

where N is the number of data points, ei =
∥

∥

∥
pi − pi,des

∥

∥

∥
, e(t) = ∥p(t)− pdes(t)∥, where

pi(p(t)) is the actual position of the drone, and pi,des(pdes(t)) is the desired trajectory.

Firstly, based on Equation (4), the rotational speed ωarm of the arms during the de-

ployment process is calculated, as shown in Figure 7. The total reconfiguration time for

deployment from ζ = 30◦ to 90◦ takes about 3 s. During the process, the arms’ rotational

speed varies nonlinearly over time. Initially, under small angles, the rotational speed is

relatively high but decreases rapidly as the reconfiguration angle increases. Finally, the rate

of change comes close to zero, and at time t = 2.65 s, where ζ ≈ 85◦ (marked by a red “x”

in the figure), the speed reaches its minimum value.

Figure 7. Angular velocity with constant sleeve contraction speed.

Subsequently, the drone’s inertial parameters are further derived based on the angular

speed change, and the drone’s flight tracking the “8”-shaped trajectory is conducted

numerically, which are shown in Figure 8a. To rigorously evaluate the robustness of

the controllers, wind disturbances are further introduced, comprising a constant wind

velocity of vcw = [vcwx, vcwy, vcwz]T = [5 m/s, 5 m/s, 0]T combined with sinusoidal gusts

defined as vg = [vgx, vgy, vgz]T = [Vgsin(ωgt + 0.1), Vgsin(ωgt + 0.3), 0.5Vgsin(ωgt + 0.5)]T,
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where Vg = 10 m/s and ωg = 0.8π rad/s. The trajectory tracking results under these wind

conditions are depicted in Figure 8b. As evidenced by the performance metrics in Table 5,

the drone maintains robust wind resistance and precise trajectory tracking, validating

the controller’s satisfactory effectiveness. This result further confirms that the modelling

simplification from Equations (15) and (16) yields acceptable errors even under significant

external disturbances.

(a) (b)

Figure 8. The “8”-shaped trajectory tracking simulation: (a) without wind disturbances; (b) with

wind disturbances.

Table 5. Quantitative results of the “8”-shaped trajectory tracking.

Condition Performance Indicators

Without wind
disturbances

MSE/m2 RMSE/m IAE/m·s ISE/m2·s ITAE/m·s2

1.18 × 10−2 0.109 2.57 0.310 34.8

With wind
disturbances

MSE/m2 RMSE/m IAE/m·s ISE/m2·s ITAE/m·s2

1.33 × 10−2 0.115 3.18 0.366 50.6

3.3.2. Traversing a Long Narrow Gap

Simulations are further performed for a case to traverse a long narrow gap, as shown

in Figure 9a. In this case, three obstacles are positioned along the drone’s flight path

connecting the starting point and the destination, forming a long narrow gap between them.

Assume the drone takes off from the ground in a fully deployed configuration, i.e., ζ = 90◦,

and flies toward the entry of the gap. To minimize the traversing time, arms’ retraction is

initiated 3 s before the traversal, ensuring the drone completes reconfiguration precisely at

the gap entrance and maintaining ζ = 30◦ during traversal. Once flying out of the gap, the

arms start to re-deploy to ζ = 90◦, while the drone simultaneously flies to the destination

and lands on the ground. The simulation results are shown in Figure 9b. The distance of the

total flight path is 40.6 m, with a flying duration of 17.6 s, and the performance indicators

are presented in Table 6.



Drones 2025, 9, 736 16 of 22

Figure 9. Long narrow gap passing simulation: (a) scene; (b) results and insights of feature points.

Table 6. Quantitative results of traversing a long narrow gap.

MSE/m2 RMSE/m IAE/m·s ISE/m2·s ITAE/m·s2

7.26 × 10−3 0.0852 1.45 0.181 10.9

To further demonstrate our reconfigurable drone’s capability of reducing the arrival

time by taking full advantage of its reconfigurability, the following scenario is considered:

a search-and-rescue unit requires an urgent aerial survey of a disaster area, where multiple

tall obstacles are along the way. Assume there are two options (as shown in Figure 10a):

• Plan A: Shorter path requiring traversing long narrow gaps;

• Plan B: Detouring around the obstacles with a longer route.

Figure 10. Comparison of two strategies: (a) case visualization; (b) s-t curve comparison; (c) distance

ratio curve.
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Except for periods of taking off and landing, the flying altitude of two trajectories

remains the same. Moreover, Plan A adopts the aforementioned strategy, which ensures

the drone to be fully folded precisely at the gap entrance, maintaining ζ = 30◦ for traver-

sal, while re-deploying to ζ = 90◦ and maintaining the configuration until reaching the

destination. In Plan B, the drone remains fully deployed (ζ = 90◦) throughout the flight.

To evaluate the time-optimal solution between two routes, simulations are conducted by

varying the dimensions of the obstacles. This allowed us to modify the distances for both

traversal and detour while maintaining a consistent path-tracking RMSE of 0.08 m, along

with unchanged take-off and landing distances. The results are shown in Figure 10b, and

the traversal-to-detour distance ratio versus the total flight time is presented in Figure 10c.

As shown in Figure 10b, if the detour distance sD0 and the corresponding duration t0

are known, a vertical line passing through this point can be further drawn, which intersects

the fitted traversal curve at (t0, sT0). The results then yield the following conclusions:

• If the actual traversal distance sT < sT0, which is the case inside the colour-filled region

in Figure 10b, selecting Plan A for traversal will reduce the arrival time;

• If sT0 < sT ≤ sD0, selecting Plan B with detouring will save time.

Additionally, it can be seen from Figure 10c that as both traversal and detour distances

increase, the distance ratio between the two strategies also increases at the same total

duration. The colour-filled area under the curve indicates cases when a traversal flight

saves mission time. The results indicate that, when the flying distance becomes longer, the

traversal flight will demonstrate a time-saving advantage over a larger range.

It is important to note that the time-optimal analysis presented here serves as a

preliminary comparison. The folded configuration likely incurs penalties in aerodynamic

efficiency and flight stability, which may necessitate slower flight speeds. Furthermore, the

energy cost of the reconfiguration actuator itself is not considered. Therefore, the identified

time-saving regime illustrates scenarios where the advantage of a significantly shorter path

may overcome these drawbacks.

4. Conclusions

In this study, biomimetically inspired by the morphology and swimming pattern of

jellyfish, a novel reconfigurable quadcopter driven by a central motor was investigated. This

design provided a possible solution to achieve significant reconfiguration with a minimal

number of actuators. By integrating a crank-slider mechanism to convert lead screw

translation to arms’ rotation, continuous retraction and deployment of arms were realized,

enabling the drone to maintain any configuration as required. The design incorporated

three-stage nested sleeves, ensuring structural simplicity and compactness. To enhance

overall reliability and reduce power consumption, the key dimensions of the drone were

optimized, reducing the maximum load on the central servomotor by approximately

65%. The arms’ rotational speed and inertial parameters were then derived based on the

optimized parameters. A set of PID controllers was further designed considering the unique

dynamics and parameters for the drone’s flight control, whose performance was validated

through MATLAB numerical simulations. The simulation results demonstrate the drone’s

capability for precise trajectory tracking during the morphing process and in a folded

configuration. Moreover, the drone could traverse narrow gaps through reconfiguration

under specific conditions, reducing the time to reach destinations.

Despite the promising simulation results, this study has several limitations that present

opportunities for future research. Firstly, the use of a PID controller, while effective in sim-

ulation for demonstrating the platform’s basic controllability, provides limited methodolog-

ical novelty. Its efficacy in real-world scenarios with external disturbances requires further
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validation. The simplifying assumption of zero lateral thrust components (Fx = Fy = 0) also

impedes the full use of aggressive maneuvering capabilities inherent to the tilting-arm

design. Future work will therefore explore advanced model-based control strategies, such

as adaptive or sliding mode control, to enhance robustness across all configurations and

explicitly manage the stability transition that occurs near ζ = 43◦.

Secondly, the presented gap-traversal simulations rely on predefined trajectories and

perfect environmental knowledge. To achieve true autonomy, the integration of onboard

sensors, such as a 3D LiDAR, with real-time motion planning algorithms is essential for

enabling the drone to perceive and navigate unknown, constrained spaces dynamically.

Thirdly, the mechanical design, particularly the nested telescopic sleeves and lead

screw mechanism, introduces potential failure points, including the risk of jamming and

limited actuation speed. Preliminary ground tests (see Supplementary Video S4) have

successfully demonstrated the basic functionality of the mechanism. Building upon this

proof-of-concept, our immediate future work will prioritize the development of instru-

mented prototypes to quantitatively characterize actuation forces, reconfiguration speed,

and structural dynamics. In parallel, further simulations will be conducted, including finite

element analysis (FEA) of structural stresses during morphing and a detailed investigation

into coupling between reconfiguration and flight stability. These steps, coupled with rigor-

ous hardware-in-the-loop (HIL) tests, are crucial for validating the structural reliability and

advancing towards real-world flight demonstrations.

Supplementary Materials: The following supporting information can be downloaded at https:

//www.mdpi.com/article/10.3390/drones9110736/s1, Video S1: Exploded View of the Prototype
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Simulation. Video S4: Preliminary Ground Tests.
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Appendix A Detailed Derivation of Formulas

Appendix A.1 Derivation of Force Ratio of Central Motor Axial Force to Lift Force

When conducting the dimensional optimization of our reconfigurable drone, the

principle of three-force member equilibrium is employed to determine the force direction

at hinge A. The analytical method is further applied to obtain forces acting on joints and

components, respectively. As stated in the main context, length s4 and angle β are neglected,

thus the tensile force at hinge B is approximated to act along the direction of BD, which

is denoted as FBD. Neglect the gravity of bars and friction forces, a Cartesian coordinate

system is established, as illustrated in Figure 3b.

Since points A and M lie on the positive y-axis and x-axis, respectively, their coordinates

can be obtained as

https://www.mdpi.com/article/10.3390/drones9110736/s1
https://www.mdpi.com/article/10.3390/drones9110736/s1
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A(0, Lcos ζ), M(Lsin ζ, 0)

From the geometrical relationships, the coordinate of point D is

D(s1sin ζ, (L − s1)cos ζ)

Thus, functions of lines MP and DP are

MP : y = xtan ζ − Lsin ζtan ζ

DP : y =
1

tan α
(x − s1sin ζ) + (L − s1)cos ζ

Solving these two equations simultaneous yields the coordinate of point P as

xP =
−s1sin ζ + (L − s1)cos ζtan α + Lsin ζtan ζtan α

tan αtan ζ − 1
yP =

sin ζ(tan ζ + tan α)(L − s1)

tan αtan ζ − 1

From the coordinates of points A and P, the slope of line AP is found as

kAP =
sin ζ(tan ζ + tan α)(L − s1)− Lsin ζtan α + Lcos ζ

−s1sin ζ + (L − s1)cos ζtan α + Lsin ζtan ζtan α

In addition,

kAP = tan γ

Therefore, the angle between force FA and horizontal direction is obtained as

γ = tan−1 sin ζ(tan ζ + tan α)(L − s1)− Lsin ζtan α + Lcos ζ

−s1sin ζ + (L − s1)cos ζtan α + Lsin ζtan ζtan α
(A1)

From the static equilibrium of arm AM, it follows that

{

FAcos γ − FBDsin α + F0cos ζ = 0

FAsin γ − FBDcos α + F0sin ζ = 0

with the solutions of the force FA at hinge A and FBD as







FA = − cos(α+ζ)
cos(α+γ)

F0

FBD = sin(ζ−γ)
cos(α+γ)

F0

(A2)

At pinned support B, the tension FBD and the constraint force are in equilibrium, which

can be decomposed as a horizontal constraint force FH and a vertical force F′, resulting in

{

FBDsin α − FH = 0

FBDcos α − F′ = 0

which can be solved as






FH = sin(ζ−γ)sin α
cos(α+γ)

F0

F′ = sin(ζ−γ)cos α
cos(α+γ)

F0

(A3)

Since the axial load of the central motor F is the reaction force of the constraint force

F′, according to Newton’s third law, we have

F = F′ =
sin(ζ − γ)cos α

cos(α + γ)
F0 (A4)
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or expressing in a nondimensionalized way of

F

F0
=

sin(ζ − γ)cos α

cos(α + γ)
(A5)

Especially, consider the case when three forces are parallel with each other. At this

moment, α + ζ = π/2, γ = ζ and P = P∞. Therefore, the equilibrium equations become

{

F0 + FA − FBD = 0

F0(L − s1)− FAs1 = 0

which can be solved as

{

FA = L−s1
s1

F0

FBD = L
s1

F0
(A6)

Constraint forces and the axial load of the central motor are further solved to be

{

FH = Lsin α
s1

F0

F = F′ = Lcos α
s1

F0
(A7)

Appendix A.2 Control Dynamics Derivation

It is assumed that the thrust coefficient cT and the torque coefficient cQ are independent

of the reconfiguration angle ζ [28], the thrust vector is derived as

F =







cT

(

ω2
m1 − ω2

m3

)

cos ζ

cT

(

ω2
m2 − ω2

m4

)

cos ζ

cT

(

ω2
m1 + ω2

m2 + ω2
m3 + ω2

m4

)

sin ζ






(A8)

where ωmi is the rotational speed of brushless motor i in RPM (1 RPM = π/30 rad·s−1).

The thrust moment of our reconfigurable drone can be obtained as

M =







0 LcT 0

−LcT 0 LcT

−cQsin ζ cQsin ζ −cQsin ζ

−LcT

0

cQsin ζ

















ω2
m1

ω2
m2

ω2
m3

ω2
m4











=







LcTω2
m2 − LcTω2

m4

−LcTω2
m1 + LcTω2

m3

cQ

(

−ω2
m1 + ω2

m2 − ω2
m3 + ω2

m4

)

sin ζ






(A9)

In addition, the rotational matrix from inertial frame to body frame RBE is expressed

as

RBE =







cos ψcos θ cos ψsin θsin φ − sin ψcos φ cos ψsin θcos φ + sin ψsin φ

sin ψcos θ sin ψsin θsin φ + cos ψcos φ sin ψsin θcos φ − cos ψsin φ

−sin θ cos θsin φ cos θcos φ






(A10)

The transformation matrix H is expressed as

H =







1 tan θsin φ tan θcos φ

0 cos φ −sin φ

0
sin φ
cos θ

cos φ
cos θ






(A11)
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