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Abstract—This paper presents the pushing and rotation of a
heavy rigid body using an omnidirectional actively tilted aerial
manipulator, controlled via a hybrid force/position controller.
Unlike conventional unmanned aerial vehicles, the proposed
system enables precise horizontal force application, making it
ideal for aerial physical interaction tasks. The hybrid controller
is implemented in the Robot Operating System and validated
through extensive simulations in a Gazebo physics-engine-based
environment. The manipulator’s performance was evaluated in
two scenarios: circular trajectory tracking and the rotation of a
heavy rigid mass. Results demonstrated its capability to follow
complex trajectories with high accuracy and exert sustained
forces for object manipulation. The system exhibited excellent
stability and precision, underscoring its potential for real-world
applications in challenging environments.

Index Terms—Omnidirectional aerial manipulator, physical
interaction, actively tilting multirotor, robust controller, pushing
and rotating rigid body.

I. INTRODUCTION

Traditionally, unmanned aerial vehicles (UAVs) have been
employed for tasks such as aerial inspection, photography, and
surveillance, proving indispensable in hazardous environments
[1]-[4]. However, many of these tasks require direct physical
interaction with the environment [S]-[9]. This need for aerial
physical interaction (APhI) has led to the modification of
UAVs into aerial manipulators, which combine UAV platforms
with robotic arms or manipulators. The degrees of freedom
(DoFs) of these manipulators, along with tip sensing and
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actuation capabilities, are tailored to the specific task. Aerial
manipulators are now used in a range of APhI applications,
including transportation, positioning, structure cleaning, object
grasping, operating in hazardous areas, and tasks such as
pushing and sliding objects.

To achieve the objectives in the aforementioned applica-
tions, aerial manipulators must be equipped with advanced
sensing, actuation, and control capabilities. The integration of
a manipulator with a UAV increases the system’s complexity
due to the dual challenges of controlling the manipulator and
addressing the inherent under-actuation and stability issues of
the UAV. Moreover, the force requirements in APhls can vary
significantly within a single task. For example, in firefighting,
different levels of force may be needed to open a window in
a large building compared to pushing a fire-damaged structure
to prevent further ignition. Consequently, it is crucial for aerial
manipulators to be equipped with a control framework capable
of managing such active tasks while maintaining the stability
of the overall system [6], [10].

A straightforward approach to managing the increased com-
plexity of aerial manipulators is to provide separate control for
the UAV’s position and the manipulator for interaction tasks.
In this approach, the UAV first reaches the desired position and
orientation for APhI. Once in place, the manipulator controller
begins the interaction to accomplish the task [5], [11]. This
method reduces complexity by decoupling the control of the
UAV and the manipulator. However, challenges related to the
force exerted back onto the UAV remain. Additionally, the
UAV must be capable of handling the forces imparted by
the manipulator, and the aerial platform should offer intuitive



control for the human operator during APhI missions [8].

The selection of an appropriate UAV for aerial manipulation
depends on the specific application [12]. For tasks such as
pushing and rotating a static object, an actively tilted UAV
is often preferred due to its ability to apply relatively higher
forces and address the under-actuation problem inherent in
UAVs [13]-[15]. Once the UAV is selected, the next chal-
lenge lies in designing a suitable controller, as the com-
plexity increases with the inclusion of a tilting mechanism.
A nonlinear model predictive control (NMPC) strategy for
motion and force control of tilted UAVs is presented in [16].
Detection of pipe welds using articulated aerial manipulators
is discussed in [17], while a second-order sliding mode con-
troller for omnidirectional UAVs is used in [18]. For APhI
tasks, impedance and direct force controllers are the most
common approaches [19], [20]. These controllers manage the
manipulator and are often combined with other control frame-
works, such as nonlinear disturbance-observer-based robust
controllers [21] and model predictive controllers [22]. For
tasks involving interaction and pushing movable objects, a
nonlinear disturbance-observer (DOB)-based robust controller
has also been employed [21].

In this paper, we present a hybrid force/position control
architecture for an omnidirectional, actively tilted aerial ma-
nipulator. This system leverages the tilting rotor’s ability to
exert controlled horizontal forces, enabling precise push-and-
slide operations as well as the rotation of heavy rigid bodies.
Unlike conventional UAVs, the proposed system integrates an
actively tilting rotor mechanism, allowing for horizontal force
application without compromising stability. The designed ma-
nipulator arm, combined with the control architecture, enables
the system to exert several Newtons of force over extended
durations, making it well-suited for interaction with heavy
objects in a controlled manner. Trajectory tracking and object
manipulation tasks were performed to validate the system’s
performance through simulations in Gazebo, demonstrating
its effectiveness. The system is developed using C++ and
Python, with communication facilitated by the Robot Operat-
ing System (ROS) middleware. Experiments were conducted
in the Gazebo simulator, a physics-engine-based platform that
provides more realistic outcomes than traditional numerical
simulations by accounting for various physical phenomena.

The remainder of this paper is organized as follows: Section
II describes the system, Section III presents the simulation re-
sults, and the final section concludes the paper and summarizes
the contributions of this work.

II. SYSTEM DESCRIPTION
A. Omnidirectional Aerial Manipulator Dynamics

The generalized dynamical model of an aerial manipulator
is available in the literature, specifically in [23]- This study
focuses on an aerial manipulator with a static robotic arm,
simplifying the system dynamics significantly. In this scenario,
the aerial manipulator can be described as a 6-DoF flying rigid
object. The schematic diagram in Fig. 1 illustrates the actively
tilted aerial manipulator. Let Fy be the world frame, Fip be

Fig. 1: Omnidirectional actively tilted octarotor equipped
with a stick with sensorized circular end-effector.

the body reference frame, and Fr be the propellers reference
frame. The position of the aerial manipulator is represented
by "Wpp = [z yp 25|, and its orientation is expressed as
Wins = [¢B 05 ¥5]T, denoting roll, pitch, and yaw angles,
respectively.

The dynamic analysis of the actively tilting octarotor with
a static robotic arm involves Newton—Euler formulation and
algebraic computations [10], [24]. The resulting dynamic
equation is

B(C)¢ + C(¢, )¢+ 9(¢) = G(Q)us, (1)

6 & [w. Tw. 17T .
where ( € R® = { DB nB represents the six-
dimensional pose of the UAV in Fy, g(¢) € RS is the
gravity force vector, and B(¢) € RY%® is the inertia matrix

represented as
O3x3 }

B(C) = [ D(WWB)

with I3yx3 and Osx3 denoting the identity and zero matrices
of the specified dimensions, respectively, D("Wng) € R3*3
the inertia matrix of the angular part, and m the total UAV
mass. Moreover, D (Wnp) = F (WnB)T JsE (Wnp), where
Jp is the inertia tensor of the air-frame and E(ng) € SO(3)
is a rotation matrix [24]. The matrix C'(¢ ,é ) represents the
centrifugal and Coriolis forces, and it is given by

C(¢¢) =

O3x3

ml3x3
03x3

O3x3

EMnp)"Sx (EMnp)"Vis) JHE( np)
+E("np)" HE(YVn5)

where S represents the skew-symmetric operator. In addition,

Gp(¢) = blockdiag (R(Wnz), E("ng)), with R(Wnp) €

SO(3) denoting the rotation matrix from Fy to Fp [24].

03x3

B. Control Allocation

The control allocation problem consists in finding the
rotors speed Q2 € R® and tilt angles o € R* satisfying

T

ug = u]]?T uBT} = A(a)Q?. The mapping between the
control inputs and the rotors’ angular velocities is handled by



the allocation matrix A € R5*8, Consider again Fig. 1, the
position Zpgr, € R? and orientation Z Rg, (a;(t)) € SO(3) of
each rotor’s coordinate frame in Fg are

T
Ppr, = [zr, yr zr] =IR.(xi)e: 2)

PR, (i(t)) = Ra(xi) Re (1)) 3)

with ¢ = 1,2, 3,4 denoting the rotor number, [ represents the
scalar constant length of each UAV’s boom, e; = [1 0 0]7,

a;(t) is the variable tilting angle. In addition, the total thrust
and the torques resulting from the actuation are described as

T; Eé kifwiQ €]
2 kw? ®)

Tde

where kf and k. are the motors coefficients and w; € R is
the 7—th rotor angular velocity. The allocation matrix is a non-
linear function of the current tilt angles vector a.

Hence, each propeller exerts the forces fr, € R® and
torques 7r, € R3 according to its position and orientation
as follows

fri = TP R, (ai(t))es (6)

TR, = [Ppr, x TP R, (0i(t))]
+ [(=1)"7'oTi" Ry, (ai(t))es)

where o = k;/k, and e3 = [0 0 1]7. Notice that the control
wrench up € RS can be split into control forces u? € R3 and
control torques uZ € R3, which are related to the propeller
forces and torques by

)

T
T T 4 4
up = [U? u? } = [21:1 f}ig D1 Tlig,; (®)
Therefore, from (6), (7), and (8) the following relation can
be obtained up = kA€, where A € R6%16 g the allocation
matrix which can be expressed as A € RO*16 = [A4;  A,],
where A; € R5%® can be written as

]T

A =
- 1 1 1 1
00 0 0 B B 5 Ty
0 0 0 0 -1 1 1 1
V2 V2 V2 V2
1 1 1 1 0 0 0 0
l l l l i o led o
V2 V2 V2 V2 VR VR V2RV
| ¢ —o0o o —0 -l -l =l =1 |
9
Whereas A, € R6%® can be written as
Ay =
- 1 1 1 1A
00 0 0 -5 -5 B u
0 0 0 0 4 1 _1 1
V2 V2 V2 V2
-1 -1 -1 -1 0 0 0 0
l l l l o led e led
V2 V2 VR V2 V2 VR VR V2
| —o o -0 o l l l I
(10)

and Q2 € R16 £ [Tllz T12z T1327 T14z Tllmy T121,y
Ti3,, Tia,, T21, T, Toz, To4, To1,, T22
Tss,, T24zy]T . Finally, it is possible to map any control
wrench up to the required rotor speeds and tilting angles of
the omnidirectional quadrotor using

Ty z Ty Ty

Q=A"ug, (11)
Ti, =/ T5. + T, (12)
- (13)
wi; = e
and T
() = tan™' | 2= 14
ai(t) = tan (T) (14)

where AT denotes the Moore-Penrose pseudoinverse of A.

C. Controller Design

In this work, we employ the hybrid force/motion controller,
a widely used direct force control technique that enables the si-
multaneous regulation of both contact wrench and end-effector
motion [25]. In the context of aerial manipulators, hybrid force
and motion control has been effectively implemented using
a parallel configuration. In this approach, force control for
managing contact and position control for governing motion
are handled independently, tailored for constrained and free-
flight environments, respectively [26]. The proposed hybrid
force/motion controller is presented in [10] as

up = (Igx —S) [Kptanh (c) + Ktanh (6)] + K¢
+S [Kf F+K; go}
- ¢
o= f

15)
where ( € RS £ (¢4 — ¢ is the pose error, defined as the
difference between the desired pose (¢ (a constant vector)
and the actual pose (. Similarly, f € RS £ fd _ f represents
the force error, defined as the difference between the desired
force f? (also a constant vector) and the actual force f.
Moreover, the terms K,, K;, K,, Ky, K; € R%¢ are
diagonal matrices with positive values, serving as control
gains. The matrix S € R%%6 is a switching matrix consisting
of zeros and ones, used to designate which axes are force-
controlled. Since the objective of this work is to apply a
sustained horizontal force along the zp axis. The switching
matrix is selected as S = diag(1,0,0,0,0,0) once the aerial
manipulator reaches the desired application point zy € R.
Consequently, the force control along the specified axis is
governed by this configuration as

up, = Iififw‘f'ka@z“v‘kvzgx (16)

po = fo
where each term -, represents the scalar component along the
x—axis of the corresponding vector from equation (15). The
constant k¢, k;_, k,, are positive value, specifically located
in the first entry of the matrix Ky, K; and K, respectively.



III. PHYSICS-ENGINE BASED SIMULATION RESULTS

This section outlines the experimental setup used to validate
the proposed system. The Gazebo simulator, a physics-engine-
based simulation environment, was employed to assess system
performance. Gazebo’s dynamic 3D simulation produces re-
sults that closely mirror real-world experimental outcomes,
providing a reliable platform for evaluating the system’s
capabilities.

A. 3D Simulation set up

The end-effector of the aerial manipulator is modeled as
a spherical ball using the URDF (Unified Robot Description
Format) syntax. This design allows the end-effector to slide
smoothly on surfaces with minimal friction. The simulation
environment, constructed in Gazebo, is depicted in Fig. 6. In
the environment, a static fixed cart like base of heavy mass
of 20 kg is created, which is placed at (3.0,0.0,0.0), with
four fixed wheel type supports, on the ground. The static
fixed base is like a rectangular box with dimensions of 1.2 ,
(Iength), 0.6 m (width), and 0.2 m (height), where the visual
geometry and collision match these dimensions. A cupboard
like rigid heavy box of mass 20 kg is positioned on the top
of the cart base with a pose of (3,0,0.7) m, with 0.7 m off
the ground. The cupboard like heavy box is not static and
can be moved or rotated while applying very high force. A
box with dimensions of 1.0 m (length), 0.5 m (width), and
1.5 m (height) depict the cupboard. Supportive grey-colored
strips act as reinforcing structures around the cupboard-like
box, placed at each corner and running horizontally along the
top and bottom. This setup is designed to move and rotate
freely within the Gazebo simulation environment.

B. Simulation results

The implementation of the proposed setup was achieved us-
ing three main programs. The hybrid force/position controllers
were developed in C++, while the force controller and naviga-
tion algorithms were implemented in Python. Communication
between the controller script and the aerial manipulator in
the virtual Gazebo environment was managed through ROS.
Table I presents the parameters of the allocation matrix and
dynamics of the actively tilting octarotor. A force sensor was
integrated into the circular ball end-effector to measure the
applied interaction force. Various experiments were conducted
to validate the overall system.

TABLE I: Parameters of the actively tilting octarotor
dynamics and allocation matrix.

Parameter Value

m 6.3833kg

Ty diag(0.1522, 0.1522,0.1841) kg m?
g 9.81 m/s?
l 0.183847763 m

ks 8.54858 x 10~°

ks 1.75 x 10~4

kg, 0.01

kj, 0.005

Circular Trajectory Tracking during Free Flight

= Desired Trajectory
= = Measured Trajectory

Fig. 2: Circular trajectory tracking with free flight of the
aerial manipulator.

1) Circular Trajectory Tracking: In Fig. 2, an experiment is
performed where the aerial manipulator is tracking the circular
trajectory with free flight. The 3D plot in Fig. 2 shows that
the aerial manipulator perfectly tracks the circular trajectory,
demonstrating the system’s satisfactory performance. For this
experiment, the aerial manipulator is required to fly 1.5 m
along the z-axis while maintaining zero displacement along
the z and y axes, then follow a circular trajectory of radius
1 m in the xy-plane. The roll, pitch, and yaw angles are
depicted in Fig. 3. A comparison of the desired position
and measured positions x, y and z coordinates during the
circular trajectory are presented in Fig. 4. Besides, the error
between these positions are plotted in the box-plots in Fig. 5,
where the height of each box represents the spread of errors,
and the whiskers indicate the range of extreme error values.
This simulation demonstrates the manipulator’s capability to
track a circular path accurately, showcasing the efficiency of
the control system in maintaining trajectory in the free-flight
phase.

2) Rotating a Rigid Heavy Mass: Another set of simula-
tions was performed to rotate a heavy rigid mass of 20 kg
by pushing on one side while applying a higher horizontal
sustained force. The whole set-up is shown in Fig. 6. Initially,
in Fig. 6(a), the aerial manipulator is at ground with position
(0,0,0), then take a flight toward the target, approaching the
target of a heavy rigid mass before making a physical contact
is shown in Fig. 6(b). The manipulator’s approach to the target
ensures that it reaches the intended position stably before
exerting any force, which is crucial for controlled physical
interactions. The aerial manipulator reached the target heavy
mass at position (z = 2.3,y = 0,z = 1) m. It then slide along
the y—axis by 0.4 m to position itself on one side of the heavy
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Fig. 3: Roll, pitch and yaw of the circular trajectory tracking
while in free flight.
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Fig. 4: Comparison of the aerial manipulator position z, y
and z with the desired position z, y and z in the circular
trajectory.

box, creating a larger moment arm, which helps to generate
more rotation, depicted in Fig. 7(a). At this stage, the controller
is switched from position to force controller and implementing
a sustained horizontal force starting from 1 N and increasing
step by step according to the command. Increasing the force
from 1 N, 2 N, and 4 N are shown in Fig. 7(b), where
there is less rotation because of less force. As the force
increases beyond 4 N, the rotation becomes more significant
as presented in Fig. 7(c), showcasing the system’s capacity to
exert controlled forces during manipulation. Overall, in Fig. 7,

Boxplot of Trajectory Errors

1.2 1

1.0 1

0.8 1

0.6

Error (meters)

0.2

==

Error Y
Axes

0.0 A

Error X Error Z

Fig. 5: Box-plots of the error between the position z, y and z
with the desired position z, y and z in the circular trajectory.

Heavy mass rigid body

Supportive strips

Fixed heavy mass base

b. Aerial manipulator reached

a. Experiment Environment: Aerial manipulator is on ground in
the target before the contact

front of the heavy rigid mass

Fig. 6: Aerial manipulator environment and reaching the
target before contact

the stages of contact and rotation are depicted, indicating
the efficiency and control precision of the aerial manipulator
while interacting with heavy masses. A brief video showing
how the experiments were put into effect is available at
https://youtu.be/4lFarHcHTWI.

The 3 D plot in Fig. 8 illustrates the actual and desired tra-
jectories of the aerial manipulator while rotating a heavy object
by applying force. In this case study, the aerial manipulator
smoothly follows the desired trajectory before making contact
and sliding to one side of the heavy object. However, when
switched to force control and applying force along the x-axis,
the aerial manipulator is not expected to reach the desired val-
ues along the x- and y-axis, as it is focused on applying force
to rotate the heavy object. In Fig. 8, it clearly demonstrates
that initially, the actual trajectory closely follows the desired
trajectory before contact. After switching to force control, with
a small force of 1 N, there is only a slight difference between
the desired and actual trajectories. However, as the applied


https://youtu.be/4lFarHcHTWI

b. Rotating while applying less
than 4N force

a. Aerial manipulator is in
contact with heavy rigid mass,
rotating from its one side

c. Rotating while applying
more than 4N force

Fig. 7: Rotating a heavy rigid mass while applying
horizontal force.
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Fig. 8: Trajectory tracking while rotation of heavy mass by
applying a sustained higher force.

force increases, the difference grows. This occurs because the
drone is no longer moving freely; it is pushing the box to rotate
from the corner. This difference reflects the magnitude of the
applied force. The aerial manipulator applied up to 8 N of
force, which was measured by the force sensor located at the
tip of the end effector. Overall, Fig. 8 shows that the the aerial
manipulator is very stable. There is no significant change along
the z-axis, indicating that the aerial manipulator is maintaining
a constant altitude during flight. Figure 9 shows the plots of
the desired force and the applied measured force of 1 N, 2 N,
4N, 6 N, and 8 N while pushing to rotate the heavy rigid mass,
using the proposed controller, where it can be appreciated that
the force is regulated, with some oscillations but correctly,
up to 8 N. Whereas the error between the desired force and
applied measured force are presented in Fig. 10.

Comparison of Desired and Measured Force
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Fig. 9: Desired and measured force during rotating the heavy
rigid object.
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Fig. 10: Error between the desired and measured force.

IV. CONCLUSIONS

In this paper, we presented a comprehensive framework
for the control and operation of an omnidirectional actively
tilted aerial manipulator designed to push and rotate a heavy
rigid body. The system leverages the tilting capabilities of the
rotors, enabling precise horizontal force application, which is
critical for APhI tasks. Simulated experiments in the Gazebo
physics engine demonstrated the system’s ability to track
circular trajectories and rotate heavy objects, validating both
the hybrid force/position controller and the overall manipulator
architecture. The results showed a high degree of accuracy in
trajectory tracking during free-flight maneuvers, with minimal
positional errors. Additionally, the system successfully rotated
a 20 kg rigid mass with controlled force application, high-
lighting the force controller’s effectiveness and the system’s
robustness. The simulations also underscored the stability of
the aerial manipulator, even during the transition from position
to force control, ensuring safe and controlled interaction with
the environment.

Future work will focus on implementing this framework
in real-world scenarios and refining the control strategies to
handle more dynamic and unpredictable environments.
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