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Abstract
The lack of aerial physical interaction capability is one of the choke points limiting the extension of aerial robot applications,
such as rescue missions and aerial maintenance. We present a new aerial robotic manipulator (AEROM) for aerial dexterous
operations in this work. It contains a robotic manipulator with 6-degree-of-freedom and a compact flight platform. Firstly, we
propose a quantitative capability index to evaluate and guide the mechanical design of the AEROM. Based on the proposed
quantitative index, we construct a lightweight bird-inspired manipulator to imitate a raptor hindlimb. An additional telescopic
joint and an end-effector consisting of three soft fingers allow the AEROM to execute aerial interaction tasks. In addition,
the wrist joints enable independent control of the end-effector attitude regardless of the flight platform. After explicitly
analyzing the multi-source disturbances during the aerial operation tasks, we develop a refined anti-disturbance controller to
compensate for the disturbances with different characteristics. The proposed controller further improves the position accuracy
of end-effector to enable dexterous operations during aerial interaction tasks. Finally, the physical experiments verify the
effectiveness of the proposed AEROM system.

Keywords Aerial systems: Mechanics and control Mobile manipulation Aerial manipulation Underactuated robots

1 Introduction

In recent years, aerial robotic manipulators (AEROMs) have
received extensive attention [1] for the potential applications
of accident response [2], removing foreign objects [3], spe-
cial facility maintenance [4], and harsh environment surveys
[5]. A classical AEROM consists of a flight platform and
various robotic manipulators to physically interact with the
environment. Flight platforms typically possess vertical take-
off and landing capabilities to overcome terrain constraints.
Unlike conventional multirotors, the AEROM is equipped
with a customized manipulator to maneuver a target in the
air. Therefore, the ability of AEROM to quickly reach and
operate in a three-dimensional (3D) workspace is conducive
to reducing time, cost, and risk for humans (e.g., building
cleaning [6]).
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However, achieving an efficient AEROM requires more
effort than simply attaching a robotic manipulator to a
conventional unmanned aerial vehicle (UAV). Themain chal-
lenges of integrating a UAV with a manipulator can be
summarized as: (i) The compactness of AEROMs is crucial
for enabling dexterous aerial operations. Thus, the center
of mass (CoM) shift caused by the mounted manipulator
cannot be neglected; (ii) The manipulator needs to ensure
that the end-effector has adequate dexterity to track the
desired spatial position and attitude simultaneously. More-
over, a versatile end-effector is indispensable for facilitating
aerial physical interactions, encompassing actions such as
pushing, screwing, and picking up objects; (iii) During dex-
terous aerial operations, it is essential to attenuate the impact
of multi-source disturbances on flight performance. These
disturbances include reaction forces on the end-effector,
near-wall effects resulting from turbulence reflected from the
surroundings, and mismatches in the AEROM dynamics.

Some existing studies have been carried out to address
these challenges. With the evolution of AEROM design,
researchers have utilized a wide range of aerial vehicles to
provide maneuverability. These flight platforms are divided

0123456789().: V,-vol 123

/ Published online: 26 April 2024

Journal of Intelligent & Robotic Systems (2024) 110:66

http://crossmark.crossref.org/dialog/?doi=10.1007/s10846-024-02090-7&domain=pdf
http://orcid.org/0000-0002-4837-0524
http://orcid.org/0009-0006-1506-5458
http://orcid.org/0009-0009-0688-7662
http://orcid.org/0000-0002-0459-5027
http://orcid.org/0000-0002-9005-3733
http://orcid.org/0000-0002-9731-5943
http://orcid.org/0000-0002-3061-2337


into two categories depending on the rank of the control allo-
cation matrix [7]. The flight platforms of the first category
are under-actuated, where position and attitude are coupled,
such as helicopter [8, 9], tricopter [10], quadcopter [11],
and hexacopter [12, 13]. The second category of flight plat-
forms has fully actuated property,whose position and attitude
can be controlled independently, such as fully-actuated hex-
acopter [14] and omnidirectional hexacopter [15]. Although
the fully-actuated flight platform offers the advantage of
spot hovering at a specified attitude, its structural complex-
ity hinders practical deployment compared to under-actuated
platforms. Therefore, a four-axis multirotor structure is pre-
ferred due to its satisfactory compromise between flight
efficiency and construction convenience.

The attached manipulator plays a crucial role in the
AEROMsystem. Consequently, some studies have presented
various manipulator prototypes with the diverse aerial inter-
action tasks that differ in the number of joints, joint structure,
and arm types. For example, a two-finger gripper without
joints is mounted on the belly of a conventional quadrotor to
mimic raptor grasping [16]. Another conventional quadrotor
is equipped with a sliding joint and a hook, which can install
and retrieve sensors from a tree [2]. In [17], a 2 degree-of-
freedom (DoF) lightweight manipulator is used to detect and
map the welds on the industrial pipe. However, the restricted
number of joints in theseAEROMend-effectors hinders their
ability to perform aerial dexterity operations. Therefore, the
dexterous maneuvering of an end-effector necessitates addi-
tional joints to ensure adequate DoF.

With the level of maturity achieved, more articulated
and functional aerial manipulators are emerging. In [18],
a new AEROM is composed of a standard quadrotor and
a 4-DoF manipulator, which is applied for visual-servo
tasks. A large-load flight platform is equipped with a 7-DoF
manipulator featuring redundant joints to enhance capture
performance during bilateral teleoperation [19]. Further-
more, some studies have proposed different manipulator
designs to compensate for external disturbances and achieve
precise end-effector positioning, including parallel manipu-
lators and multi-arm systems. For instance, a novel parallel
3-DoF manipulator is installed on an omnidirectional tilt-
rotor to enhance end-effector tracking performance [20].
Additionally, there are ongoing studies on multiple arms,
including manipulating long objects with dual arms [12],
cooperative two-handed grasping [13], and landing on an
uneven surface via three arms [21]. However, the utiliza-
tion of parallel manipulators and multi-arm systems not only
increases the mechanical complexity but also diminishes
flight endurance.

During aerial dexterous operations, AEROMs face chal-
lenges in achieving stable and precise flight, limiting their

full autonomy. Focusing on multirotor flight platforms,
researchers have successfully applied several anti-disturbance
control methods to mitigate the adverse effects of exter-
nal disturbances (e.g., wind perturbation or hanging weight)
[22–24]. Nevertheless, it is difficult to integrate a suit-
able controller for AEROMs. This is because high-precision
end-effector positioning requires the flight platform to
maintain satisfactory position tracking performance under
unavoidable perturbations, particularly in the presence of
multi-source disturbances. Hence, a variety of disturbance
observer-based control (DOBC) methods have been inves-
tigated. In [25], an anti-disturbance attitude controller is
proposed for an AEROM to improve trajectory tracking per-
formance via DOBC. In [26], a robust controller is designed
for an AEROM by formulating the dynamic coupling effects
between the flight platform and the manipulator. Further-
more, as a classical anti-disturbance method, active distur-
bance rejection control (ADRC) has been utilized to effec-
tively eliminate disturbances in the UAV attitude dynamics
primarily caused by manipulator movements [27]. However,
these free flight scenarios do not involve aerial physical
interactions, whichwould otherwise require addressingmore
complex disturbances.

Therefore, an effective AEROMcontroller should counter
the ticklish multi-source disturbances during aerial physi-
cal interactions. For the physical contacts, the paper [28]
employs an optimization-based method by utilizing an
onboard force/torque sensor to handle model uncertainties
and external disturbances. The literature [29] presents a
novel solution to tackle the issue of precise aerial physi-
cal interaction with the surroundings, including an enhanced
momentum-based force estimator that avoids installing phys-
ical force sensors. Furthermore, the work [30] develops
a nonlinear anti-disturbance controller to drive a movable
structure (i.e., a rolling cart and hinged door), by con-
sidering the interaction force as a disturbance. However,
theseAEROMs performing physical interactions require suf-
ficient joints and functional end-effectors for more aerial
dexterous operations. Furthermore, the existing AEROM
anti-disturbancemethods [25, 30] exhibit some conservatism
by considering multi-source disturbances as lumped dis-
turbances. Therefore, incorporating prior knowledge of the
multi-source disturbances can further enhance the AEROM
performance by refining the characteristics of the distur-
bances.

Motivated by the challenges mentioned above, we focus
on achieving dexterous aerial manipulations and precise
physical interactions. In this work, we present an AEROM
system comprising a compact flight platform and a multi-
joint manipulator equipped with a versatile end-effector. In
addition, several physical experiments demonstrate that the
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designed AEROM has the ability to operate dexterously in
the air. The major contributions of this work can be summa-
rized as follows.

1. After comprehensively accommodating various vital
characteristics that assess an AEROM, we propose
a quantitative capability index. These characteristics
include the controllable DoF of the end-effector, the
maneuverability of flight platform, the workspace of
mounted manipulator, the ability to operate the target,
and the flight duration. Furthermore, we utilize this index
to evaluate the AEROM performance and guide its con-
struction in this study.

2. This paper presents a compact AEROMmechanism with
a multirotor flight platform and a lightweight multi-joint
manipulator. Compared with the existing aerial robotic
systems for physical interactions [20, 28–31], the devel-
opedAEROMcan independently control the position and
attitude of the end-effector (consisting of three soft fin-
gers), which is essential for dexterous manipulations.
Further, unlike the classical AEROM, the developed
flying platform is compact concerning the mounted
manipulator dimensionality, which can operate the target
dexterously, even when facing a vertical object surface.

3. Finally, we integrate a refined anti-disturbance con-
troller (RADC) to stabilize the flight platform against
multi-source disturbances (i.e., interaction force, exter-
nal turbulence, the CoM shift, and the joint motion error)
during aerial operations. In contrast to the DOBC or
ADRC approaches [25–27, 30], the proposed controller
uses partial prior knowledge to analyze the character-
istics of multi-source disturbances. By this means, the
multi-source disturbances can be estimated and compen-
sated categorically to obtain higher performance instead
of being treated as a lumped disturbance.

The remainder of the paper is structured as follows.
Section 2 describes design of the AEROM architecture.
Section 3 discusses the designed AEROM kinematic and
dynamic model. Section 4 introduces the RADC for aerial

dexterous operations. Section 5 showcases the system per-
formance through a series of physical experiments. Lastly,
Section 6 concludes the paper.

2 SystemDesign

This section presents the design of the AEROM and the
proposed structure. In our previous AEROM [32], we have
identified two challenges that require reconstructing the hard-
ware structure when the AEROM is in close proximity to the
operation area. Firstly, as depicted in Fig. 1(a), the downwash
airflow generated by the propeller can create a gust distur-
bance for the operating target, even causing the target to be
blown away. Secondly, the near-wall effect may result in col-
lisions due to the proximity to the corners, as illustrated in
Fig. 1(b). Therefore, the conventional AEROM tends to be
a large dimension without explicitly considering these two
factors (e.g., 15-inch propeller [32]). Consequently, it may
not fulfill the compactness requirements for aerial dexterous
operations.

In fact, we have found that the manipulator workspace has
an effect on the near-wall effect and gust disturbance in prac-
tical applications. Increasing the workspace relative to the
flight platform leads to a reduction in the effect and distur-
bance. Consequently,we scale down the propellers to achieve
a compact flight platform, as shown in Fig. 2. To increase the
load capacity further, the flight platform is equippedwith four
propulsion units, which comprise coaxial rotors. Addition-
ally, the counter-rotating propellers of equal size canmitigate
the gyroscopic effect [15].

The compact flight platform presents a challenge for the
mounted manipulator, as it needs to restrict weight utiliza-
tion while ensuring the aerial dexterity of the end-effector.
Inspired by the powerful hind limbs of an owl (see Fig. 3(a)),
we design a lightweight robotic manipulator and attach it
to the belly of the compact flight platform. As depicted in
Fig. 3(b), the manipulator comprises multiple links forming
a skeletal structure. Various revolute joints are positioned
between the links, mimicking the tendons of an owl that drive

Fig. 1 (a) The downwash
airflow from the propellers
affects the operating target. (b)
The near-wall effect for an aerial
physical interaction task
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0.1524 m

0.5 m

Compact 

Flight Platform

Lightweight 

Manipulator

Fig. 2 The designed compact AEROM comprises a flight platform and
a lightweight manipulator. The diameter of the propeller is 0 1524 m.
The diagonal length of the flight platform is 0 5 m, and the manipulator
length is 0 52 m with the current configuration

the skeletal structure (see Fig. 3(c) and (e)). In addition, we
mount a claw equipped with three soft fingers as an end-
effector for aerial dexterous operations (see Fig. 3(d)).

Moreover, the soft material fingers offer two notable
advantages compared to rigid end-effectors [28–30]. The first
advantage lies in the more significant coefficient of surface
friction exhibited by the soft material. The second advantage
arises from the natural compliance of the soft fingers with
the surrounding environment. Furthermore, we incorporate
a telescopic joint before the wrist joint to enhance manipu-
lator performance, as illustrated in Fig. 3(f). The telescopic
joint enables the manipulator to extend its working space
without rotating joints, thus circumventing the requirement
for complex kinematic solutions. Consequently, the mounted
manipulator can be characterized using a set of Denavit-
Hartenberg (D-H) parameters presented in Table 1.

Regarding the flight navigation and control units of
AEROM,we implement these electrical units by using a hier-
archical architecture, as depicted in Fig. 4, distinguishing it
from conventional multi-rotors [24].

The low-level flight system incorporates a preprocess-
ing unit that handles navigation data from sensors and
remote control commands. The high-level flight system is
responsible for trajectory planning, state estimation, anti-
disturbance controller, and servomotor commands genera-
tion. We employ ultra wide band (UWB) wireless transmis-
sion to receive locational data from the MOCAP system.
The MOCAP incorporates a UWBmodule, which relays the

a

(f)

(b)

(e)

(c) (d)

Fig. 3 The design of robotic manipulator and finger is inspired by the
functional anatomy of the avian hindlimb (drawing adapted from [33]).
In (a), the structure of an owl leg is shown and contrasted with the
proposed manipulator in (b). (c) presents the morphology of the manip-

ulator in different configurations. An end-effector with three soft fingers
is sketched in (d). (e) and (f) represent the wrist and the prismatic joint
mechanics, respectively
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Table 1 The D-H parameters of manipulator

Links i [rad] di [m] i 1 [m] ai 1 [rad] Offset1 [rad]

1 q1 0.0395 0.0 0.0 0.0

2 q2 0.0565 0.0 2 0.0

3 q3 0.0 0 223 0.0 2

4 0.0 q42 0.038 2 0.3151 [m]

5 q5 0.0 0.0 2 0.0

6 q6 0.0423 0.0 2 0.0

1The home configuration of the manipulator
2 The type of joint is prismatic, as shown in Fig. 3(f)

AEROM and the target locational data to the controller at
100 Hz.

Regarding the trajectory planner, the onboard system
plans the AEROM trajectory online after it takes off. During
aerial contact missions, once the trajectory planner acquires
the desired end-effector path, the planner calculates the UAV
position and the manipulator joint angles online according
to the kinematics described in Section 3.1. Subsequently, the
planner transmits the planned trajectory to the low-level con-
troller using the serial port. Apart from the initial commands
for takeoff and landing, the AEROMoperates autonomously.

Finally, the onboard system is powered by a 6S-8000 mA
Li-ion battery. The remaining structure of AEROMprimarily
comprises bespoke carbon fiber, lightweight metals, and 3D-
printed components, enhancing the integrity of each module.
Thus, the major system parameters are listed in Table 2.

Table 2 Main physical parameters

Parameter Value Units

Total system mass 3.25 [kg]

Manipulator mass 0.78 [kg]

Maximum load mass 0.50 [kg]

Flight platform dimension 0 40 0 40 0 38 [m]

Diagonal distance of propulsion 0.30 [m]

Diameter of propeller 0.1524 [m]

Prismatic joint scope 0.0 0.10 [m]

Maximum arm length 0.75 [m]

Maximum flight time 1000 [s]

Maximum flight speed 2.5 [m/s]

Number of servos 7 -

3 Modelling of the AEROM

In this section, we model the kinematics and dynamics of the
AEROM depicted above. In addition, the section describes
the CoM calculation and details the proposed quantitative
index to evaluate the aerial dexterity operational capability
of the designed AEROM.

Let FW be the inertial world-fixed frame and FB be the
coordinate frame attached to the geometric center of a rectan-
gle consisting of thrusters, as shown in Fig. 5. The framesFE

andFC are fixed to the end-effector and CoM, respectively.
The direction ofFC is aligned withFB . Thus, a coordinate
regarding a vector or a matrix can be denoted by a left super-

Fig. 4 The hierarchical flight
system architecture for
AEROM. The electronic speed
controller (ESC) is responsible
for controlling the propulsion
system. The ground control
station (GCS) transmits external
localization information from a
motion capture system
(MOCAP) to the AEROM
system. The remote control
(RC) refers to the commands
transmitted by a human operator
through a radio control device.
Note that unless unexpected
incidents occur, AEROM is
capable of autonomous flight
without human interventions

ESC

ESC

Autopilot 

Navigation Controller 

GCS
RC

Propellers Manipulator

Servo 1 Servo 2 Servo 3

Servo 4

Servo 5 Servo 6 Servo 7

Battery

MOCAP
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Fig. 5 The corresponding
coordinate frames of the
AEROM. Fe and τ e represent
the interaction force and torque
exerted on the end-effector by
the surrounding environment,
respectively

script. For example, A expresses A w.r.t. the frameF .
If not specifically specified, W will be omitted. Addition-
ally, matrices O and I denote the zero matrix and identity
matrix with appropriate dimensions, respectively. Moreover,
let , , and represent the estimation, time derivative, and
second-order derivative of , respectively.

The AEROM pose is expressed by ζ 6 n (n repre-
sents theDoFofmanipulator),with the aerial vehicle position
given by Pb

3 inFW . The configuration of the attached
manipulator is denoted as qn

n . The orientation of the
aerial platform is given by a rotation matrix Rb SO 3 .
Let ωb and Bωb describe the angular velocities of the flight
platform expressed inFW and FB , respectively.

3.1 Forward Kinematics of the End-Effector

Let ξ e PT
e ηTe

T denote the end-effector position and
attitude in FW . The forward kinematics of end-effector can
be written as:

ξ e TU Rb qn qn
Pb

ωb
TM Rb qn qn (1)

where TU and TM are the time-varying nonlinear functions
denoting the flight platform and the manipulator kinematics,
respectively. The end-effector angular velocity inFW can be

represented as:

ηe ωb Rb
Bωe (2)

where Bωe denotes the time derivative of end-effector atti-
tude in FB . The linear velocity of the end-effector in FW

can be derived as:

Pe Pb Skew Rb
B Pe ωb Rb

B
Pe (3)

where Skew stands for the skew-symmetric matrix. Given
that B Pe represents the end-effector position in FB which
can be calculated using the D-H parameters in Table 1. As
shown in Eqs. 2 and 3, the overall kinematics of the AEROM
is composed of two portions including the UAV kinemat-
ics and manipulator kinematics. This implies an intractable
coupling effect in the kinematic level.

Specifically, the attitude of the end-effector and the flight
platform are interrelated due to the underactuated property of
the flight platform. In order to achieve independent control of
the end-effector attitude, the manipulator requires appropri-
ate joints to decouple this attitude coupling, as shown in Fig.
3(e). This capability is crucial for achieving aerial dexterous
operations.

In addition, transitioning between different manipulator
configurations can lead to the AEROM mass redistribution
and the CoM shift, potentially worsening oscillations of the
flight platform. The oscillations can be amplified by the
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manipulator joints, resulting in erosion of the end-effector
performance during aerial operations.

3.2 The CoM Shift

In comparison of the free-flying before approaching the
working area, the CoM shift cannot be negligible when
AEROM performs dexterous aerial operations. Thus, letm j ,
P j , and B P j denote the mass of link j , the CoM position
of link j with respect to FW , and FB , respectively. The
AEROM CoM position inFB can be calculated as:

B Pc
1

ms

n

j 1

m j
B P j (4)

where ms represents the combined weight of AEROM,
including both the flight platform and the manipulator.
The CoM shift resulting from the manipulator movements
will affect the flight platform from two aspects. First, the
rotational inertia parameters are changed for the AEROM.
Second, the manipulator movements require adequate reac-
tion force from the connection point located between the
base link and the flight platform, as shown in Fig. 5. Hence, it
is advisable to avoid aggressive trajectories for themanipula-
tor joints to mitigate these effects during the aerial maneuver.

Besides, we consider the reaction force as a compens-
able disturbance, given partially known information (e.g., the
desired trajectory of the flight platform and the manipulator).
Consequently, in non-aggressive aerial dexterous operations,
the reaction effects can be approximately formulated as [26]:

Fl msRb
Bωb

Bωb
B Pc 2 Bωb

B
Pc

τ l ms
B Pc R 1

b ge3 Pb

(5)

where e3 indicates the direction of gravity. In aerial interac-
tions, it is important to note that the end-effector experiences
interaction forces, generating a deflection torque due to the
CoM shift. Furthermore, the deflection torque disturbs the
AEROM attitude dynamics, as explained in Section 4.2.

3.3 Quantitative Capacity of Dexterous Aerial
Operations

This section analyzes the crucial factors associated with
aerial dexterity manipulation. Subsequently, we propose a
quantitative capability index Qcap to evaluate the aerial inter-
action performance, as shown in Fig. 5. This index aids
in the iterative optimization of the designed AEROM. The
key factors encompass the flight platform compactness, the
workspace of manipulator, the end-effector dexterity, and the
maneuverability in targeting (e.g., the magnitude of the force

exerted on the target). Thus, the quantitative index Qcap is
defined as:

Ic 1
lm
B Pc

2
Fmax
e Fe
msg 3

τ e
τmax
e

Qcap
Rank W Je

nd f
Vc V
ts Vbat

eIc
(6)

where the symbols physical interpretation is shown in Table
3.

A comparison between the developed AEROM and the
previous work utilizing the proposed quantitative index is
listed in Table 4. The AEROMdesigned in this study demon-
strates a 62% improvement in aerial interaction capability
compared to previous work [32] with 1 2 3 0 1.

According to Eq. 6, a reduction in the AEROM mass
enhances its performance. Thus, a sequential arrangement of
three type servoswith decreasingmassminimizes themanip-
ulator weight, starting from the base joint to the end-effector
(the mass of total servos is reduced by 35% compared to
using the same servos).

3.4 The Dynamics of AEROM

Unlike conventional multi-rotor UAVs, we regard the AEROM
as a solid combination of n 1 rigid segments in series, where
n denotes DoF of the manipulator. The dynamic coupling
between the flight platform and the mounted manipulator

Table 3 Nomenclature of the quantitative capability index

Symbols Physical Interpretation

lm Length of the end-effector beyond propeller range1

W Je Jacobi matrix of the forward kinematics from world to
end-effector 2

Fmax
e The maximum force that the end-effector can exert

τmax
e The maximum torque that the end-effector can exert

Fe Interaction force actually experienced by the end-effector

τ e Interaction torque actually experienced by the end-
effector

Ic Temporary variable

1 2 3 Weighting parameter, is assigned depending on the aerial
mission

nd f The differential flatness outputs of the flight platform [34]

V Warning voltage, indicates the battery needs to be
recharged

Vc The current battery voltage, satisfying Vc V

Vbat Battery voltage decrease rate

ts The flight duration time

1As stated in Section 2, the safety margin is contingent upon the flight
platform compactness and the manipulator dimensionality
2 The Rank of W Je 6 indicates that the end-effector position and atti-
tude can be independently controlled regardless of the under-actuated
characteristic of the flight platform
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Table 4 The critical quantitative
parameters of AEROM

lm [m] B Pc [m] Fmax
e [N] ms [kg] max

e [Nm] Rank W Je nd f

This work 0 29 0 08 30 3 25 0 93 6 4

Previous work1 0 05 0 08 22 5 3 8 0 4 4

1 The end-effector in the previous study [32] is limited to the propellers rotation range when the manipulator
is unfolded. Moreover, the previous AEROM does not include a wrist joint, which leads to the inability to
exert torque on the target

presents an additional challenge for achieving aerial dexterity
operations. Fortunately, studies have demonstrated that some
AEROMs are differential flatness systems, where the global
CoM position serves as the flat output [34, 35]. Thus, the
AEROM dynamics are decoupled from the translational and
postural dynamics by choosing the CoM as the coordinates
frame instead of the traditional vehicle position [25]. The
change of coordinates transforms the block diagonal inertia
matrix, effectively decoupling the dynamics into a sparse
form. Thus, the AEROM dynamics are written as:

ms I3 O3
O3 Mr

ζ
O3 O3
O3 Cr

ζ
Gt

O3 n

Rbe3 O3
Br I3 n

u
Fdis
τdis

(7)

where ζ PT
c ηTc qTn

T 6 n is the generalized coor-
dinate vector to constitute the system state. Specially, Pc,
ηc, and qn express the CoM position, the CoM attitude,
and the manipulator configuration, respectively. Moreover,

Gt msge3 is gravity term; u ft τT
c τT

q
T
is system

input. With respect to the system input, ft is the total
thrust generated by the propulsion, τ c

3 is the net torques
around the flight platform, and the torque τ q

n is pro-
duced by themanipulator servomotors. Regarding the system
mechanisms, Mr , Cr , and Br denote the inertial, Coriolis,
and mapping matrix that are related to rotational dynamics,
respectively. Besides, Fdis and τ dis indicate the force and
torque disturbances, respectively.

The AEROM dynamics include two cascading subsys-
tems: the fully-actuated rotating subsystem generates the
desired thrust vector to the underactuated translational sub-
system. Therefore, we design the AEROM controller into
two parts: one corresponds to the CoM translational dynam-
ics, and the other to its rotational dynamics.

4 Control Method

4.1 Translational Controller

Benefited from the dynamics in Section 3.4, we choose the
AEROM translation controller as follows:

Fdes ms P
r
c msge3 K pcepc K cepc Fl (8)

where Fdes ft Rbe3 3 is the desired thrust vector,
epc denotes the CoM position tracking error, and Fl is dis-
turbance force caused by the CoM shift. Besides, K pc and
K c

3 3 are positive definite matrices.
Subsequently, let Fdes project onto the body Z-axis to

derive the net actual ft and the attitude reference Rdes

b1d b2d b3d SO 3 of the rotational dynamics. The thrust
magnitude ft Fdes and ft 0 because the AEROM
will not flip over. Meanwhile, the direction of ft is required
to coincide with b3d as:

b3d
Fdes

Fdes
(9)

After choosing b1d from trajectory planner such that
b3d b1d 0, b2d can be derived from the following:

b2d
b3d b1d
b3d b1d

(10)

By combining Eqs. 9 and 10, one can obtain the desired
attitude Rdes as a referenced command for the rotational
controller [35]. Note that the trajectory planning for AEROM
falls outside the scope of this paper.More studies on this topic
can be found in [1, 34].

4.2 Anti-disturbance Rotational Controller

According to Eq. 7, we consider the AEROM rotational
dynamics as a fully actuated system and rewritten as:

Mrηc Crηc τ c τ dis (11)

where ηc
3 denotes the angular of AEROM’s CoM,

τ c
3 is torque input from the propulsions, and τ dis

3 denotes the system inevitable multi-source disturbances
during the aerial interactive operations. Specifically, the
multi-source disturbances primarily stem from three follow-
ing factors:

1. Aerodynamic turbulence f dis , resulting from the down-
wash airflow and near-wall effects. The turbulence will
be intensified as the AEROM approaches corners.
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2. Disturbance torque τ e, caused by the interaction which
the end-effector is subjected.

3. Exogenous harmonic components ddis , raised from the
dynamic model mismatch of AEROM, e.g., sensors
measurement noise, the joints installation errors, and ser-
vomotor backlash.

According to the refined anti-disturbance control (RADC)
theory [36–38], we integrate a rotational controller to com-
pensate for or suppress the multi-source disturbances by
subtly analyzing their characteristics. Therefore, τ dis can be
divided into two portions:

τ dis τ l τ e ddis
modeled

f dis
unmodeled

(12)

where τ l indicates that the modelable disturbance derives
fromEq. 5, τ e Fe

B Pe
B Pc

3 denotes the torque
on the CoM generated by the end-effector physical contact,
f dis is unmodeled but derivative-bounded disturbance (i.e.,
f dis h, where h is an unknown but bounded function).
In addition, ddis indicates modeled harmonic component of
disturbance with partially known information, which can be
depicted by the following exogenous system:

ω W0 W ω Hτ c d1
ddis Vω

(13)

where ω is a selected state variable according to the dis-
turbance priori model, W0 is nominal model of exogenous
harmonic components, W is the bounded uncertainty of the
disturbance model, H and V denote the disturbance priori
knowledge. Note that d1 is an auxiliary variable.

The multi-source disturbances in Eq. 12 can be classified
into two categories: the first category comprises the modeled
disturbances (i.e., τ l , τ e, and ddis),while the second category
consists of the unmodeled derivative-bounded disturbance
f dis . Therefore, combining the model-based disturbance
observer (DO)with an extended state observer (ESO) enables
simultaneous suppression of both ddis and f dis [38].

Let x1 ηc and x2 ηc denote the angle and angu-
lar velocity vector of AEROM CoM, respectively, and x3
f dis . The AEROM rotational dynamics Eq. 11 can be rewrit-
ten as:

x1 x2
x2 Mr

1 Cr x2 τ c x3 ddis
x3 hdis

(14)

where x1 and x2 are measured from onboard sensors (e.g.,

inertial measurement unit). Subsequently, let y
y1
y2

x1 v1
x2 v2

represent the measurement outputs of Eq. 11,

where the measurement bias v vT1 vT2
T and its deriva-

tive v are assumed to be bounded [38]. Thus, an disturbance
observer can be designed for ddis as:

ddis Vω

ω Γ LMr y2
Γ W0 LV ω H L τ c Lz

z Cr x2 x3

(15)

where L is the gain matrix, Γ and z are auxiliary variables.
In order to estimate the remaining unmodeled disturbance

f dis , we construct an ESO as follows by utilizing the DO
output:

x1 x2 K 1 y y

x2 Mr
1 z τ c ddis K 2 y y

x3 K 3 y y

(16)

where K 1, K 2 and K 3 are the gain matrices of the ESO.
In summary, by combining the DO and ESO, one can

integrate the RADC as:

τ c K rpe K rd e

feedback

Mrωd Crωd

feedforward

ddis f dis τ e τ l

compensation

(17)

where e 1
2 RT

desRb RT
b Rdes indicates the attitude

tracking error. 1 The gain matrices K rp and K rd are positive
definite matrices. The angular velocity error e is repre-
sented in CoM frame and is given by e ωb ωd , where
ωd RT

b Rdes RT
desRdes . Besides, given that desired

angular acceleration ωd in the feedforward term represents
the derivative of ωd , we employ a filter (i.e., tracking differ-
entiator) to obtain ωd .

Figure 6 illustrates the control architecture of the pro-
posed AEROM system. Subsequently, we conduct a series
of physical experiments to assess the effectiveness of the
deployed RADC on the AEROM. In control allocation for
AEROM actuators, we distinguish between motors and ser-
vos due to their different features. A conventional quadcopter

1 The vee operator a is the inverse of the hat operator, which is
defined by a b ab.
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Fig. 6 The control architecture of the proposed AEROM system. Note that a motion capture system (MOCAP) is employed to perceive the position
information

motor mapping is used for flight [24], while a 1000 Hz PID
controller maintains each servo performance [32].

5 Physical Experiments

In this section, we conduct four experiments to verify the
capabilities of the proposedAEROM system. First, we verify
the dexterity of end-effector throughout a ground test, whose
attitude error can be compensated by the designed manipula-
tor independently of theUAV. Second, theAEROMperforms
a set of flight experiments to assess the effectiveness of the
proposed RADC. Third, the experiment involving the aerial
grabbing and placement of an egg showcases the AEROM
precise maneuverability. Lastly, the AEROM manipulates a
button to exhibit its aerial dexterity during physical interac-
tion. Moreover, we utilize the mean absolute error (MAE)
and root mean square error (RMSE) to facilitate quantita-
tive analysis. The MAE and RMSE are defined as MAE
1
nd

nd
i 1 xi xd i , RMSE 1

nd
nd
i 1 xi xd i

2

where nd is the number of collected data, xi and xd i are
i-th actual variable and its desired value. The experimental
videos can be found at https://youtu.be/ZoRAhNFOD80.

5.1 Ground Test of the End-effector Dexterity

Scenario Setup The experiment involves artificially shaking
the UAV while requiring the end-effector to maintain a fixed
attitude, as depicted in Fig. 7. To maintain the end-effector
attitude, the manipulator utilizes joints 1, 5, and 6 (see Fig.
5) to compensate for yaw, pitch, and roll error, respectively,
when the UAV is shaken artificially. In this scenario, a mini
laser fixed to the claw emits a red cross, which indicates the
claw attitude. Furthermore, an external motion capture sys-
tem (MOCAP) provides the UAV attitude information. An
additional IMU installed at the end-effector records the end-
effector attitude changes when the UAV is artificially shaken.
Note that the autopilot autonomously plans the manipulator
joints movements without human instructions. Figure 8 dis-
plays the experimental results.

Result and Analysis As illustrated by the shading in Fig.
8(a), although the UAV yaw peaks at 0 665 rad (t 46s),
the end-effector heading is approximately unchanged (peak
of 0 0389 rad). This implies that the joint 1 can counteract
the UAV yaw variation, thereby maintaining a nearly con-
stant heading for the end-effector. Similar pitch and roll angle
observations are also found in Fig. 8(b) and (c). Therefore,

Fig. 7 The setup of ground test.
The UAV is artificially shaken
during the experiment.
Simultaneously, the MOCAP
and additional IMU recorded the
attitude variations of the UAV
and the end-effector,
respectively UAV

End-Effector

Cross Laser IMU

MOCAP

X Y

Z
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Fig. 8 Ground test results of the end-effector dexterity. From (a) and (d), joint 1 compensates for the yaw deviation when deflected the UAV
heading. (b) and (e) demonstrate joint 5 canceling out the UAV pitch bias. (c) and (f) illustrate that joint 6 counters the effect of the UAV roll on the
end-effector

the designed manipulator can effectively employ its joints
to compensate the impact of UAV attitude changes on the
end-effector.

Table 5 lists the corresponding statistical results, including
the range of attitude changes and the mean values. The range
of attitude change for the end-effector is reduced by 79 3%,
75 3%, and 72 2% in yaw, pitch, and roll, respectively, com-
pared to the UAV. Regarding the MAE, the end-effector
attitude relative to the UAV shows a decrease of 78 62%
in yaw, 66 14% in pitch, and 53 71% in roll. In addition, the
comparison using RMSE also indicates that the end-effector
attitude distribution is more concentrated than the UAV.

The combination of Fig. 8 and Table 5 demonstrates that
the end-effector attitude can be independently controlled
regardless of the UAV, which is crucial for aerial dexter-
ous operations. The results demonstrate the efficacy of the
manipulator, which is designed utilizing the quantitative
index proposed in Section 3.3. Thus, our AEROM holds a
Rank W Je of 6, which is deemed to be good. Otherwise,
in a context where a Rank W Je of 5 signifies an average
status, while a rank of 4 is seen as poor.

5.2 Trajectory Tracking without Contact

Scenario Setup In this scenario, we test the AEROM by fol-
lowing a circular trajectory to assess the effectiveness of
the designed control architecture, as illustrated in Fig. 9.
Moreover, to showcase the RADC performance presented
in Section 4, we utilize a nominal controller [32] without
RADC as a baseline for comparison. The trajectory tracked
Pbd Pdx Pdy Pdz

T is described as following:

pdx 1 sin 0 4 t

pdy 1 cos 0 4 t

pdz 1 2

(18)

where t is flight time. The mounted manipulator is torqued
and unfolded before theUAV tracks the trajectory. During the
contactless flight, we configure the manipulator joints to the
constant values as qc f 0 6 6 0 0 0 T. Further-
more, the trajectory planner generates tracked trajectories
using the predefined functions in Eq. 18.

Table 5 Attitude changes of the
UAV and end-effector (EEF)

Yaw [rad] Pitch [rad] Roll [rad]
PR1 MAE RMSE PR MAE RMSE PR MAE RMSE

UAV 1 4242 0 3050 0 3825 1 0257 0 2555 0 3097 0 7507 0 1871 0 2221

EEF 0 2944 0 0652 0 0737 0 2531 0 0865 0 1026 0 2083 0 0866 0 0996

1Note: The peak range (PR) represents the extent of attitude changes
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MOCAP

Desired 

Trajectory
X Y

Z

Fig. 9 The scenario of trajectory tracking. The white dashed line indi-
cates the UAVdesired trajectory. TheMOCAP provides the localization
information for the AEROM

Experimental Results Figure 10 shows the results of the
flight comparison. It can be observed that AEROM can track
the desired trajectory efficiently. Thus, the system architec-
ture in Section 2 is effective. Additionally, Table 6 presents
the statistical results for comparing trajectory tracking per-
formance between the RADC and baseline methods. Table 6
indicates the Y-axis tracking error RMSE is higher than theX
and Z-axes using a baseline controller without RADC. This
implies a wider spread in Y-axis tracking errors, signifying
less precision in trajectory tracking on the Y-axis compared
to the X and Z-axes. As discussed in Section 3.2, the discrep-
ancy can be attributed to the extension of the manipulator,
which primarily impacts the CoM shift in the X and Z axes.

Analysis and Discussion Moreover, the statistical analysis in
Table 6 indicates a 8 38%increase in trajectory tracking accu-
racy compared to the baseline. The reduction in the MAE of
the tracking error reflects this improvement. The improve-
ment does not seem significant because there is not much
disturbance in this scenario. However, the impact of distur-
bances will be more significant when the AEROM performs
aerial operation missions, as opposed to the situation without

contact during free flight. Consequently, the performance of
RADC for the AEROM is higher, as shown in the subsequent
aerial interaction experiment.

5.3 Aerial Grabbing and Placing

Scenario Setup In this scenario, we assign the AEROM to
pick up an egg (maximum diameter 4 cm) and place it into
a cup (diameter 7 cm), as illustrated in Fig. 11. Addition-
ally, we implement a priority-based hierarchical approach
to system redundancy, which encompasses control of the
end-effector position and orientation, as well as the CoM
management. The aerial grabbing task includes the follow-
ing steps.

Initially, the AEROM approaches the designated target
after takeoff and initializing the manipulator (see Fig. 11(a)).
Subsequently, the mounted manipulator actuates the joints
to orient the end-effector towards the targeted egg (see Fig.
11(b)). Upon grasping the egg, the AEROM moves towards
the cup and accurately places the egg (see Fig. 11(c)). After
the task has been accomplished, the manipulator joints are
reset to the home configuration. Figure 12 illustrates the tra-
jectory of the AEROM during the aerial grasping task. It
should be emphasized that AEROM operates autonomously
throughout the entire mission. The autopilot generates the
flight platform trajectory and the manipulator joints com-
mand online, with the locations of the egg and the cup having
been determined via the MOCAP.

Experimental Process and Difficulties It is observed that the
AEROM trajectory tracking accuracy during maneuvering is
worse (see green shading in Fig. 12) compared to hovering
(see blue shading in Fig. 12), especially in the Y-axis. This is
because the CoM shift caused by the mounted manipulator
impairs the position transient response of the AEROM, as
analyzed in Section 3.2. In addition, Fig. 12(d) demonstrates
that the manipulator unfolding and the egg grabbing induce
the AEROM position fluctuations, potentially leading to the
aerial task failures. Within the scope of our study, we catego-

Fig. 10 AEROM trajectory data
for 3D points, colored by the
norm of position tracking error.
(a) and (b) illustrate the UAV
using the baseline and RADC
approaches, respectively. The
black solid line is the desired
trajectory, while the colored
dashed line represents the actual
position

Z [m] Z [m]

Actual Trajectory

Desired Trajectory

RADCBaseline: without RADC(a) (b)
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Table 6 Statistical results of
trajectory tracking comparison

MAE [m] RMSE [m]
X Y Z X Y Z

With RADC 0.0267 0.0263 0.0154 0.0572 0.0575 0.0635 8.38%

Baseline: without RADC 0.0321 0.0339 0.0198 0.0623 0.0663 0.0659

(a) (b) (c)
X

Y Z

X

Y Z

X

Y Z

Fig. 11 Aerial grabbing of an egg and placing it in a cup. (a) The AEROM is approaching the target. (b) The manipulator has been extended to
facilitate the target grab. (c) The egg is transferred over the cup and carefully placed. Note: The fragile egg remains undamaged throughout the
aerial grab

Time [s]

[m]

[m]

[m]

Desired X
Actual X

Desired Y
Actual Y

Desired Z
Actual Z

(a)

(b)

(c)

(d)

5 15 25 35 45 55 650

0

-1

1

0

-1

1

0

-1

1

Approach the target
Unfold the 

manipulator
Aerial operation

Fig. 12 The position of AEROM changes during the aerial egg grasp-
ing. (a), (b), and (c) illustrate the AEROMposition along theX, Y, and Z
axes, respectively. (d) provides zoomed-in details of the corresponding

variable changes. Circle numbers ➀, ➁, and ➂ indicate the stages of
approaching the target, unfolding the manipulator, and aerial operating
the egg, respectively

Table 7 Comparison results in
the aerial grabbing scenario

Category MAE [m] RMSE [m] Success Rate

With RADC Grab egg 0.0456 0.0492 80%

Drop egg 0.0494 0.0565 80%

Baseline: without RADC Grab egg 0.0761 0.0947 60%

Drop egg 0.0669 0.0859 40%
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Fig. 13 Variation inquantitative index in the aerial grabbing andplacing
of an egg task

rize incidents such asmissing the egg,missing the designated
cup, and dropping the egg as indicative of task failure.

Results and Discussion Despite these challenges, the deployed
RADC exhibits satisfactory trajectory accuracy, enabling the
AEROMtoaccomplish the task (seeFig. 11). Table 7presents
the tracking error statistics of the RADC and the baseline
controller in the given scenario. Note that the tracking error
evaluation refers to the end-effector position, which is cru-
cial for successful aerial grabbing and placement tasks. The
deployed RADC exhibits enhanced positional accuracy rela-
tive to the baseline. Furthermore, the statistics indicate amore
centralized distribution of the RADC, as evidenced by the
lower RMSE. Thus, the RADC exhibits an 33 57% improve-
ment in performance by effectively reducing the MAE of the
tracking error.

Additionally, each controller undergoes five repetitive
aerial grabbing tasks, and their respective success rates
are recorded in Table 7. We divide the aerial egg retrieval
challenge into two components: grabbing and placing. The
proposed RADC enhances AEROM grabbing egg success
rate by 20% (from 60% to 80%). Regarding egg placement,
RADC doubles the baseline success rate from 40% to 80%.

The results in Fig. 12 andTable 7 confirm that the designed
AEROM system can operate the fragile target from the air.

Considering the quantitative indicators described in Eq. 6,
Fig. 13 illustrates the evolution of the index. It is important
to recognize that the choice of hyperparameters significantly
affects the values obtained from the quantitative index. In
this scenario, the chosen settings enable us to define perfor-
mance benchmarks: a quantitative index above 80 is deemed
excellent, and below 35 is regarded as substandard. A score
between 35 and 80 indicates a moderate performance.

5.4 Aerial Operation of a Push Button

Scenario Setup In this scenario, AEROM is operating a but-
ton ( 4 cm) on an industrial cabinet to evaluate its capability
for dexterous aerial operations under multiple source dis-
turbances, as illustrated in Fig. 14(a). The dimension of the
cabinet is 0 60m 0 57m 1 25m.We install an additional
two-color indicator light on the cabinet to show the status
(green indicates unlocked and red locked). The solid yellow
line in Fig. 14(b) depicts the AEROM trajectory during the
aerial operation task. It is worth noting that the AEROM
operates the button autonomously during the flight without
human interventions.

Mission Stages The task involving the operation button con-
sists of four distinct phases. During the initial stage, as
depicted in Fig. 15(a), the AEROM ascends from the ground
to a specified altitude. Subsequently, the AEROM under-
goes unrestricted flight towards the industrial cabinet, as
illustrated in Fig. 15(b). The third stage involves the UAV
hovering above the target (see Fig. 15(c)). The manipulator
activates the end-effector to establish physical contact and
depress the button. As a response, the indicator light changes
from green to red. Upon completing the aerial operational
task, theAEROMreturns to the origin and retracts themanip-
ulator to the home configuration, as depicted in Fig. 15(d).

Experimental Results Figure 16 illustrates the critical vari-
ables during the flight, including the AEROM position and
yaw. The UAV performs a 90-degree right-angle turn after

Fig. 14 The AEROM is
operating a button of an
industrial cabinet. (a) The
indicator located on top of the
cabinet shows the status of the
button. (b) The yellow line
represents the AEROM flight
trajectory captured through
snapshots. Note that the
AEROM aerial operation of a
button is performed
autonomously

X Y

Z

Actual trajectory

Push & Lock

UUUnnnnnnnlllloooocccckkkk

Indicator 

≈3 cm

AEROM

Industrial 

Cabinet

X Y

Z

(a) (b)
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Fig. 15 Experimental snapshots
of aerial operation button. (a)
Initialize states: The AEROM
takes off from the ground to a
specified altitude and acquires
the button position. (b)
Approach target: The AEROM
flights toward the control
cabinet. (c) Operating button:
The UAV hovers at an
appropriate position above the
target. The manipulator drives
the end-effector to establish
physical contact with the button
surface and push down the
button. (d) Homeward: After
completing the aerial operation,
the AEROM returns to the
origin and landing

Operating Button

Approach Target

Homeward

Initialize States

AEROM

Button
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(red)
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(red)
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Fig. 16 The actual and desired
trajectory of AEROM during
operation button. (a)-(d)
represent the variation in
AEROM position and yaw angle
throughout the flight,
respectively. The yellow shading
signifies the manipulator is
unfolding, and the purple
indicates the button operation
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Table 8 Comparison results in
the push button scenario

MAE [m] RMSE [m]
X Y Z X Y Z

With RADC 0.0348 0.0512 0.0349 0.0617 0.1000 0.1220 32.69%

Baseline: without RADC 0.1010 0.1282 0.0582 0.1240 0.1551 0.1424
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Fig. 17 (a) The violin plot of
the tracking error distribution of
the baseline and RADC. (b) The
success rate of aerial
push-button operation
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takeoff, allowing the end-effector to align with the button,
as shown in Fig. 16(d). The yellow shading represents the
influence of manipulator motions on the AEROM position,
while the purple shading represents the influence of the oper-
ation button. This is attributed to the impact of the CoM shift
and external physical interactions. However, the deployed
RADC ensures the AEROM positional accuracy during the
aerial operation button.

Consequently, Table 8 lists statistical analysis of the
flight data collected during aerial operations to validate the
AEROM performance. The flight data primarily comprises
the end-effector position, which is the focus of the AEROM
in this study. Compared to the baseline, the trajectory track-
ing performance of RADC shows a 32 69% improvement in
the RMSE of the tracking error. This improvement demon-
strates the effectiveness of RADC in enhancing trajectory
tracking accuracy.

Analysis and Discussion To further demonstrate the advan-
tages of RADC, Fig. 17(a) presents an additional violin plot
to illustrate the distribution of AEROM position error. The
RADC exhibits a more concentrated position error distribu-
tion than the baseline. This helps to improve the success rate
of AEROM in accomplishing aerial dexterity operations.
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Fig. 18 Variation of the quantitative index during the aerial button oper-
ation

Next, ten repetitive experiments are conducted to compare
the task success rates of the baseline and RADC. The results
shows that the success rate of the aerial button operation is
increased from 20% to 80%, as shown in Fig. 17(b). This
demonstrates that the RADC assists the AEROM in miti-
gating the disturbances caused by manipulator motions and
turbulence during aerial dexterous operations.

Regarding the quantitative index, Fig. 18 depicts the
variation of the index. In this task, our criteria classify a
quantitative index above 80 as excellent and below 35 as
poor, with 35 80 reflecting average performance.

Lastly, Fig. 19 displays the controller outputs (desired
thrust and attitude torque). As shown in the red shading of
Fig. 19, the fluctuation in the controller output exhibits that
theAEROMis strugglingwith external interaction.Thanks to
the deployed RADC, the end-effector maintains stable con-
tact with the button throughout the aerial task execution. This
validates that the AEROM designed in this work effectively
performs aerial dexterous operations.

Furthermore, we have observed an attractive phenomenon
regarding the desired thrust uncertainty. Specifically, although
theAEROMhas a totalweight of 3 25kg, the desired thrust of
the controller is approximately 40 N. The diminished thrust
may be attributed to the reduced propeller aerodynamics due
to the coaxial rotor configuration, even though this config-
uration improves the load capacity of the AEROM. Hence,
analysis and compensation for the thrust uncertainty is one
of our future works.

6 Conclusions

In this work, we present an AEROM prototype for dexter-
ous aerial operations that require physical interaction, such
as industrial cabinet operations. Advantages of this study
include: 1) we introduce a quantitative capability index for
AEROM evaluation, which guides the AEROM design and
performance assessment; 2) our study presents a compact
AEROM with a multirotor and a lightweight bio-inspired
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Fig. 19 The controller outputs
of the UAV. The gray (left) and
red (right) shading indicate that
the UAV is in the takeoff and
environment interaction stages,
respectively
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manipulator that ensures precise end-effector operation with
independent position and orientation control; and 3) we
employ a refined anti-disturbance controller (RADC) to
enhance flight stability with multi-source disturbances (i.e.,
interaction force, external turbulence, the CoM shift, and
the joint motion error). These advantages improve the per-
formance of AEROMs during physical interactions. Finally,
several physical experiments validate the effectiveness of the
proposed AEROM system, such as aerial grabbing egg and
operation of the button.
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