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Abstract—This paper presents the design of a dual-arm 

aerial manipulator consisting of a multi-rotor platform 

with an ultra-lightweight (1.8 Kg) human-size dual arm 

prototype and its control system. Each arm provides 

three degrees of freedom (DOF) for positioning the end-

effector, and two DOF for orientation. As most model-

based controllers assume that joint torque feedback is 

available, a torque estimator for the arms is developed. 

Note that low cost servos used for building low weight 

manipulators do not provide any torque feedback or 

control capability. The redundant DOFs in the dual 

arm prototype are exploited for generating coordinated 

motions during contact-less phases in such a way that 

reaction torques can be partially canceled. Preliminary 

flight tests have been conducted in outdoors, evaluating 

the torque compensation capability in test-bench. The 

influence of the reaction torques exerted by the arms 

over the UAV controller is also analyzed in simulation. 

I. INTRODUCTION 

Aerial manipulation with VTOL (Vertical Take-Off and 
Landing) UAVs (Unmanned Aerial Vehicles) is becoming a 
field of interest in recent years motivated by the possibility of 
performing certain manipulation tasks in places of difficult 
access such like bridges, wind turbine generators and other 
industrial facilities, integrating one or more robotic arms in 
aerial vehicles such like autonomous helicopters [1] or multi-
rotors [2]. However, the control of an aerial manipulation 
system is a hard task due to the strong dynamic coupling 
between the arms and the aerial platform [3][4][5], in the sense 
that any motion of the arms generates a reaction torque 
supported by the aerial vehicle that causes a perturbation in its 
attitude and position. What is more, in those applications or 
tasks involving interactions with the environment like load 
grasping [6] or valve turning [7], the aerial manipulator will 
also be affected by external forces propagated from the robotic 
arm to the base of the aerial platform [8]. In order to control 
this perturbation, it is highly desirable to have a method for 
estimating the torque generated by the arms so it can be 
compensated [9][10]. Momentum based methods are applied 
in [11][12] for estimating external forces and torques as well 
as unmodeled dynamics in a quadrotor UAV, although these 
methods are only suitable to compensate slow motions. 

Torque compensation with multiple robot manipulators 
has been already documented in space applications. Dual arm 
coordination is considered in [13] for minimizing the total 
operation torque of a satellite with two robotic manipulators, 
one used for the execution of the grasping operation, while the 
other compensates the torque generated by the later. Torque 
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optimization control exploiting the redundancy in a space free-
floating robot equipped with multiple manipulators is explored 
in [14]. References [15][16] consider the concept of Virtual 
Manipulator for expressing the dynamic equations of this kind 
of systems in a more convenient form. 

Several platforms and aerial manipulation prototypes have 
been documented in more recent works. Torque compensation 
with a quadrotor platform equipped with two small grasping 
manipulators is demonstrated in [17]. A 7-DoF industrial 
manipulator integrated in an autonomous helicopter is shown 
in [18]. The mechanical design of low weight robotic arms for 
multirotor platforms are detailed in [19][20]. Joint compliance 
in lightweight, human-size robotic arm has been exploited for 
payload estimation [21], contact force control and collision 
detection [22]. Two 2-DOF arms acting as grippers are 
employed in [7] for the valve turn operation. Recently a large 
hexarotor platform equipped with two arms has been presented 
for object transportation [23]. 

The main contribution of this paper is the development of 
a dual arm aerial manipulation system consisting of an ultra-
lightweight (1.8 Kg weight) and low inertia, human-size dual 
arm prototype [24] integrated in a multirotor platform (Figure 
1). The arms are said to be ultra-lightweight for remarking the 
difference with respect to lightweight industrial robots which 
are one order of magnitude heavier (around 20 Kg each arm). 
Motivated by the convenience of compensating the reaction 
torques that the arms exert over the UAV, and taking into 
account that most servo actuators used for building low weight 
robotic arms do not provide any torque feedback, a torque 
estimator is designed along with the control system of the 
aerial robot. Preliminary flight tests have been conducted in 
outdoors for evaluating qualitatively the influence of arms 
motion over the multi-rotor platform, and, in particular, the 
coordination of left and right arms for reducing the oscillations 
in the roll and yaw angles. Simulation results evidence that the 
performance in the position control of the aerial manipulator is 
enhanced when the estimator is applied for the compensation. 

 

Figure 1. Dual arm aerial manipulation system consisting in two 5-DOF 

human size arms integrated in an octo-rotor platform. 
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The rest of the paper is organized as follows. Section II 
describes the dual arm aerial manipulation system, including 
the dual arm system design, the multirotor platform, and the 
electronics and software. Section III covers the modeling and 
control, while Section IV describes the developed estimator. 
The results of this work are shown in Section V, presenting the 
conclusion in Section VI. 

II. DUAL ARM AERIAL MANIPULATION SYSTEM 

A. Dual Arm System 

The dual arm system consists in two human size arms, left 
and right, built with the Herkulex smart servos and a set of fifty 
two anodized aluminum frames manufactured by hand from 
20x2 and 30x2 flat, and 8 mm Ø hollow circular profiles. Each 
arm, weighting 800 grams, provides 5-DoF: shoulder yaw, 
shoulder pitch and elbow pitch for end-effector positioning, 
and, wrist roll and pitch for orientation. However, this work 
only considers the positioning joints in the dynamic model, as 
the mass and inertia of the orientation joints is not significant. 
A rendered view of the developed dual arm system with its 
dimension and the weight of the actuators has been depicted in 
Figure 2, summarizing its main specifications on Table 1 and 
Table 2. The proposed kinematic configuration (shoulder yaw 
joint at the base followed by the shoulder pitch and elbow pitch 
joints), maximizes the volume of operation of each arm, and at 
the same time simplifies the equations of the kinematic model. 

 

 

Figure 2. Rendered view of the lightweight dual arm system with its 

dimensions and the actuators weight. The elbow pitch servo has been placed 

under the shoulder pitch servo, using a rigid bar for motion transmission 

 

 
Table 1. Specifications of the lightweight dual arm manipulator. 

Weight 

Actuators: 1 Kg 

Frame: 0.8 Kg 
Total: 1.8 Kg 

Max. lift load per arm ~0.75 Kg 

Dimensions 

Upper arm: 0.25 m 

Forearm: 0.25 m 
Arms separation: 0.25 m 

Volume of operation 0.255 m3 (each arm) 

Actuators Herkulex Smart Servos 

Kinematic 

configuration 

Shoulder yaw – Shoulder pitch, 
Elbow pitch – Wrist roll – Wrist 

pitch 

Power source 3S, 5000 mAh LiPo battery 

 

 

Table 2. Specifications of each joint in the dual arm manipulator. 

Joint Servo model 
Torque 
[N·m] 

Rotation 
range [deg] 

Shoulder yaw DRS-0402 5,1 [-90, +90] 

Shoulder pitch DRS-0602 7,6 [-90, +90] 

Elbow pitch DRS-0402 5,1 [10, 160] 

Wrist roll DRS-0101 1,17 ±150 

Wrist pitch DRS-0101 1,17 ±150 

 

The arms have been specifically designed for research in 
aerial manipulation, which imposes severe constraints due to 
payload limitation and dynamic coupling with the aerial 
platform. For that reason, most part of the mass of the actuators 
has been displaced as far as possible to the top of the links in 
order to reduce the inertia. As seen in Figure 2, the elbow pitch 
servo is immediately under the shoulder pitch servo, and the 
wrist roll actuator is close to the elbow pitch shaft. What is 
more, the slim design of the frame structure of the arms has a 
low impact on the aerodynamics of the multi-rotor platform. 
The actuators employed in the development of the arms were 
the Herkulex smart servos due to their very high torque to 
weight ratio and because they include the motor, gearbox, 
electronics, communications and control in a compact device 
that can be easily assembled with the other frame parts. 

B. Multirotor Platform 

A picture of the developed dual arm aerial manipulator is 
shown in Figure 1. The aerial platform is a quadrotor in coaxial 
configuration, a 30 cm height landing gear and a central body 
in carbon fiber containing all the electronics. The batteries are 
located at the back of the central body for compensating the 
displacement of the center of gravity due to the dual arm 
system. The total weight of the system is around 9 Kg, with a 
flight autonomy around 10 min when powered with a LiPo 5S, 
10000 mAh battery. The placement of the arms is constrained 
by the landing gear and the frame structure of the central hub. 
As it can be seen in Figure 1, the arms cannot be installed 
between the legs of the landing gear due to their size. However, 
this configuration protects the upper arms against crashes as 
long as the landing gear is extended. In any case, the frame of 
the shoulder was placed as close as possible to the center of 
mass of the multirotor in order to reduce the mass unbalance. 

As mentioned before, this work exploits the symmetry in 
the aerial manipulation system for compensating the torque 
generated by the arms. Consider the right side of Figure 1. If 
the shoulder pitch and elbow pitch joints of both arms move in 
the same direction, but the shoulder yaw joints move in 
different directions, then the torque generated by the left arm 
is cancelled by the torque generated by the right arm around 
the roll and yaw angles, although at expenses of increasing the 
reaction torque in the pitch angle. 

C. Electronics 

The electronics, placed in the central hub of the vehicle, 
consists of an Odroid U3 computer board where the motion 
control and data acquisition program is executed, a STM32F3 
Discovery board for obtaining the accelerometer, gyroscope 
and magnetometer measurements, and a USB WiFi module for 
communication with the ground control station. These devices 



  

are powered from a 2S 2200 mAh LiPo battery through a 5V 
1.5A Recom voltage regulator. Two USB-to-UART modules 
connect the Odroid board with the servo actuators and with the 
Discovery board for controlling the arms and for obtaining the 
measurements. A block diagram with the different subsystems, 
components and architecture is represented in Figure 3.In this 
implementation, for simplicity, the Odroid and the autopilot 
are not connected as the control of the arms is independent. 

 

Figure 3. Hardware architecture of the dual arm aerial manipulator. 

 

III. AERIAL MANIPULATOR MODELING AND CONTROL 

A. Modelling 

The dynamic behavior of an aerial manipulation system 

consisting in an aerial platform with one or multiple robotic 

arms suffers from variations in the mass distributions. This 

implies that the moments of inertia change significantly and 

the system center of mass moves continuously, introducing 

reaction forces and torques which compromise the stability of 

the aerial platform [15]. It results convenient in this kind of 

systems to formulate the equations of motion with respect to 

its center of mass [16]. 
Figure 4 shows a multirotor platform equipped with two 

robotic arms with multiple joints. Although the kinematic and 
dynamic model described here can be applied to an arbitrary 
number of joints, the notation and equations are particularized 
to the case of a dual arm manipulator with three joints for end 
effector positioning. The wrist joints are not considered in this 
analysis as the moment of inertia of the associated links is 
much lower than the positioning joints. All joints are revolute 
and provide a single degree of freedom. Therefore, considering 
the 6 DOF associated to the position and attitude of the aerial 
platform, the whole system will have 𝐷 = 12 DOF. 

 
Figure 4. A multirotor equipped with two robotic arms. 

The dynamic model of this system can be derived from the 
Lagrange’s equations. The vector of generalized coordinates is 

defined as 𝝃 = [𝒓𝒄𝒎, 𝜼, 𝒒𝟏, 𝒒𝟐]𝑇 ∈ ℝ12, where 𝒓𝒄𝒎 represents 
the center of mass of the whole system, 𝜼 = [𝜙, 𝜃, 𝜓]𝑇 ∈ ℝ3 
is the vehicle attitude by the roll, pitch, yaw Euler angles, and 

𝒒𝒊 = [𝑞1
𝑖  𝑞2

𝑖  𝑞3
𝑖 ]

𝑇
∈ ℝ3(𝑖 = 1, 2) are the joint angles of the 𝑖-

th arm. The equations of motion are derived from the general 
Lagrange formulation:  

𝑑

𝑑𝑡

𝜕𝐿

𝜕𝝃̇
−

𝜕𝐿

𝜕𝝃̇
= 𝑭                                    (1) 

where 𝑭 ∈ ℝ12 is the generalized force/torque vector that 
includes the torque generated by the propellers and the torque 
of each joint in the arms. The Lagrangian 𝐿 is defined as the 
difference between the kinetic and potential energy of the 
system 𝐾 and 𝑉, functions of the generalized coordinates: 

𝐿(𝝃, 𝝃̇) = 𝐾𝑇(𝝃, 𝝃̇) + 𝐾𝑅(𝝃, 𝝃̇) − 𝑉(𝝃)                  (2) 

The translational kinetic energy of the system is given by: 

𝐾𝑇 =
1

2
𝑀𝑇𝒓̇𝒄𝒎

𝑻 𝒓̇𝒄𝒎                                    (3) 

where 𝑀𝑇 is the total mass of the system and 𝒓̇𝒄𝒎 ∈ ℝ3 is 

the velocity of the system center of mass (CM), given by: 

𝒓𝒄𝒎 =
1

𝑀𝑇

(𝒓𝑴𝑚0 + ∑ ∑ 𝒅𝒋
𝒑
𝑚𝑗

𝑝

3

𝑗=1

2

𝑝=1

)             (4𝑎) 

𝒅𝒋
𝒊 = 𝒓𝑴 + 𝑇0 ∑(𝑹𝟎,𝒑−𝟏

𝒊 𝒓𝒑−𝟏
𝒊 − 𝑹𝟎,𝒑

𝒊 𝒍𝒑
𝒊 )

𝑗

𝑝=1

              (4𝑏) 

Here 𝑚0 is the mass of the aerial platform, 𝒓𝑴 denotes the 

position vector of the system CM w.r.t. the inertial frame, 𝑟𝑝 
𝑖  

and 𝑙𝑝
𝑖  are defined in Figure 4, and 𝑅0,0

𝑖  is the identity matrix. 

The rotational kinetic energy of the system is given by: 

𝐾𝑅 =
1

2
∑ ∑{𝝎𝒌

𝒊

3

𝑘=0

𝑰𝒌
𝒊 𝝎𝒌

𝒊 + 𝑚𝑘
𝑖

2

𝑖=1

𝝆̇𝒌
𝒊 𝝆̇𝒌

𝒊 }                     (5) 

𝝆̇𝒌
𝒊 = ∑ ∑𝝎𝒋

𝒑
× 𝒗

𝒋(𝒌𝜹𝒊𝒑)

𝒑

 3

𝑗=0

2

𝑝=1

∈ ℝ3                          (6) 

𝝎𝒌
𝒊 = 𝝎𝟎 + 𝑻𝟎𝑻𝒌

𝒊 𝒒̇𝒊 ∈ ℝ3                              (7) 

𝑇𝑘
𝑖 = [𝑅0,1

𝑖 𝑢1
𝑖 , 𝑅0,2

𝑖 𝑢2
𝑖 , … , 𝑅0,𝑘

𝑖 𝑢𝑘
𝑖 , 0, … ,0] ∈ ℝ3×3  (8) 

Here 𝝎𝟎
𝒑

= 𝝎𝟎 (𝑝 = 1,2,3) is the angular velocity of the 

multirotor referred to the inertial frame, while 𝒒̇𝒊 represents the 

joint rates of the 𝑖-th manipulator. The terms  𝒖𝒋
𝒊 ∈ ℝ3  are unit 

column vectors denoting the rotation axis of the 𝑗-th joint of 

the 𝑖-th manipulator, and 𝐼𝑘
𝑖  is the inertia of each link. The 

terms 𝒗𝒋𝒌
𝒊 ∈ ℝ3 in Equation (6) are the barycentric vectors 

[16], defined as the position vector of the 𝑘-th link CM of 
manipulator 𝑖 with respect to the system CM. The calculation 
of these terms is detailed in [16]. 

The potential energy due to gravity is calculated with 
respect to the system center of mass:  

𝑉 = −𝒈𝑀𝑇𝑧𝑐𝑚                                 (9) 



  

where 𝒈 = [0, 0, −9.81]𝑇 is the gravity vector and 𝑧𝑐𝑚 is 
the position of the center of mass in the Z-axis. The equation 
of motion of the system is the expressed in the general form: 

𝑴(𝒓)𝝃̈ + 𝑪(𝒓, 𝒓̇)𝝃̇ + 𝑮(𝝃) = 𝓕𝑻                (10) 

Here 𝑴 ∈ ℝ𝐷×𝐷, 𝑪 ∈ ℝ𝐷and 𝑮 ∈ ℝ𝐷 are respectively the 
inertia matrix, the centrifugal and Coriolis terms, and the 

gravitational force term. Vector 𝒓 = [𝜼, 𝒒𝟏, 𝒒𝟐]𝑇 represents 
the multirotor rotation and the manipulators’ joint angles. It 
can be demonstrated that the inertia matrix resulting for the 
developed dual arm aerial manipulation system has the 
following form: 

𝑴(𝒓) =

[
 
 
 
 

𝑰𝟑𝑴𝑻 𝟎
𝟎 𝑴𝜼(𝒓)

𝟎 𝟎
   𝑴𝜼𝒒𝟏(𝒓)     𝑴𝜼𝒒𝟐(𝒓)

      𝟎    𝑴𝜼𝒒𝟏
𝑻 (𝒓)

       𝟎    𝑴𝜼𝒒𝟐
𝑻 (𝒓)

𝑴𝒒𝟏(𝒓)   𝑴𝒒𝟏𝒒𝟐(𝒓)

    𝑴𝒒𝟏𝒒𝟐
𝑻 (𝒓) 𝑴𝒒𝟐(𝒓) ]

 
 
 
 

    (11)   

Several model-based controllers can be implemented using 
this dynamic model. Nevertheless, the manufacture of a low 
weight manipulator involves the use of commercially available 
servo actuators that do not provide any joint torque, velocity 
or acceleration feedback, which may be a problem for the 
practical implementation of many controllers. In order to cope 
with this limitation, a method for estimating servo acceleration 
and the torque that the manipulator exerts over the platform 
based on the dynamic model is described in Section IV. 

B. Control 

One of the main purposes of this paper is to highlight the 
importance of, on one hand, minimizing total reaction torques 
generated by the arms, and on the other hand, of having a good 
estimation of these torques in such a way that the controller 
can compensate them. In this work a nonlinear controller based 
on integral backstepping [25] is proposed, adapted to the dual-
arm configuration. The expression of the attitude controller for 
a multirotor equipped with a dual-arm is given by:  

𝑼𝜼 = 𝑴𝜼
−𝟏[𝑲𝟏𝒆𝜼 + 𝑲𝟐𝒆𝜼̇ + 𝑲𝟑𝝌𝜼] + 𝑪𝜼 + 𝑮𝜼 + 𝑴̃𝜼𝒒  (12) 

Here 𝑼𝜼 is control signal applied to the propellers (thrust 

and roll, pitch and yaw torques), while 𝑴̃𝜼𝒒 is defined as:  

𝑴̃𝜼𝒒 = [𝑴𝜼𝒒𝟏(𝒓) 𝑴𝜼𝒒𝟐(𝒓)] [
𝒒̈𝟏

𝒒̈𝟐] ∈ ℝ3              (13) 

The gravity, Coriolis and inertia terms in Equation (12) 

can be computed from the equations of the dynamic model 

and the measurements provided by the IMU and the servos. 

The tracking error 𝒆𝜼, its integral 𝝌𝜼  and the angular velocity 

tracking error, 𝒆𝜼̇ are defined in the following way: 

 

𝒆𝜼 = 𝜼𝒅 − 𝜼 ∈ ℝ3                                      (14) 

𝝌𝜼 = ∫ 𝒆𝜼(𝑡)𝑑𝑡
𝑡

0
∈ ℝ3                                (15) 

𝒆𝜼̇ = 𝒌𝜼𝒆𝜼 + 𝝀𝜼𝝌𝜼 + 𝜼̇𝒅 − 𝜼̇ ∈ ℝ3            (16) 

𝑲𝟏 = 𝕀𝟑 − 𝝀𝜼
𝟐 + 𝒌𝜼 ∈ ℝ3×3                        (17) 

𝑲𝟐 = 𝒌𝜼 + 𝒌𝜼̇ ∈ ℝ3×3                                (18) 

𝑲𝟑 = −𝒌𝜼𝝀𝜼 ∈ ℝ3×3                                  (19) 

Here 𝐤𝛈, 𝐤𝛈̇ and 𝛌𝛈 are positive diagonal controller matrix 

gain. The vectors 𝑪𝜼 ∈ ℝ3 and 𝑮𝜼 ∈ ℝ3 are the lower part of 

the Coriolis and centrifugal force and gravity force vectors, 
respectively. The controller derivation and stability proof is 
omitted here and can be found in [25].  

In the expression of the controller given by Equation (12), 

the term 𝑴̃𝜼𝒒 compensates the reaction torques of the arms, 

making use of their dynamic model. Having a good estimation 

of the angular accelerations of the joints of both arms is very 

important since errors in the accelerations measured can cause 

a poor performance for the controller, as will be shown with 

simulations in Section V. 

IV. TORQUE ESTIMATION 

A. Technological Limitations of Servo Actuators 

Smart servos such as Herkulex or Dynamixel are well 

suited for building very low weight robotic arms intended for 

aerial manipulation due to their high torque to weight ratio 

(7.6 N·m/0.145 Kg for the Herkulex DRS-0602) and because 

they integrate all the mechatronics in a compact size device, 

simplifying significantly the mechanical design. However, as 

mentioned at the end of Section III-A, there are several 

important limitations in their application that affect to the 

implementation of control methods in terms of update time, 

control capabilities and available feedback. These servos are 

designed to be connected in daisy chain, sharing the same 

TTL bus between multiple servos. Therefore, as the number 

of devices increases, the maximum update rate decreases. In 

the case of the six actuators needed for the positioning of the 

dual arm, the update time was set to 30 ms to ensure low 

packet loss. Identification experiments with a single servo has 

shown that the maximum control/feedback rate is around 100 

Hz, far away from the 1 KHz rate used in torque control. The 

signals of interest provided by the servos include the position, 

differential position (speed estimation), and PWM signal. As 

mentioned above, no acceleration or torque feedback is 

provided in commercial servos used in lightweight arms. Joint 

torque could be inferred from the PWM signal, although a 

good model for the friction is needed. Finally, it is necessary 

to remark that the only way to control the servo is specifying 

the desired goal position and the play time, that is, the time 

required for reaching the reference. The embedded servo 

controller generates then a trapezoidal velocity profile for 

satisfying these two motion constraints, although there is no 

direct control over joint speed or acceleration. 

B. Structure of the Torque Estimator 

In order to analyze how arms motion affects the stability of 
the aerial platform, a torque estimation system which exploits 
the information provided by the Herkulex servos has been 
developed. This work considers only the influence of the 
shoulder and elbow servos, which determine the position of the 
end effector, neglecting the torque generated by the wrist 
actuators for the reason indicated in Section III-A. The block 
diagram of the estimator can be seen in Figure 5, while Figure 
6 shows its application in the control system. The controller 
embedded on all the servos generates a trapezoidal velocity 
profile for reaching the reference position in the specified 
motion time. The shoulder and elbow servos provide position 



  

and velocity (differential position) feedback that is taken as 
input by the Phase Lock Loop (PLL) acceleration estimator. 
The position, velocity and acceleration estimations of each 
joint are passed to the dynamics equations of the aerial 
manipulation system (Section III) implemented in MATLAB-
Simulink for obtaining the three components of the torque 
generated by the arms (inertia 𝜏𝑀, Coriolis 𝜏𝐶  and gravity 𝜏𝐺) 
w.r.t. the center of mass of the whole system. Identifying 
separately these terms it is possible to analyze their relative 
influence over the stability of the aerial platform.  

 

Figure 5. Block diagram of the torque estimator. 

 

 

Figure 6. Block diagram of the control system with arms torque estimation. 

 

In the control scheme depicted in Figure 6, the sampling 

rate of the UAV controller will be typically higher (≥100 Hz) 

than the rate of the arms torque estimator (<50 Hz) due to the 

limitations of the controller embedded in the servo actuators, 

which may affect to the derivative terms in the controller. 

C. Payload Estimation 

Although the duty cycle of the PWM signal provided by 

the servos is not accurate and reliable enough for estimating 

the joint torque, it may be useful for estimating the weight of 

a grasped object in static conditions. A similar idea was 

proposed in [21] motivated by the convenience of tuning 

online the UAV and arms controller according to the mass of 

the payload. Assuming for simplicity that the estimation is 

done with the shoulder pitch joint while the elbow joint is 

fully stretched, the torque due to gravity that the shoulder 

pitch joint must support when holding an object is: 

 

 𝜏2,𝐺
𝑖 = 𝑠𝑖𝑛(𝑞2

𝑖 ) · 𝑔 · [𝐿𝑖 · 𝑚𝐿 + 𝑙𝑎
𝑖 · 𝑚𝑎

𝑖 ] (20) 

 

In this equation, 𝜏2,𝐺
𝑖  is the gravity term in the shoudler 

pitch joint of the 𝑖-th arm, 𝑔 is the gravity constant, 𝐿 and 𝑙𝑎
𝑖  

are the distances from this joint to the grasped object and to 

the CoM of the arm, respectively, while 𝑚𝐿 and 𝑚𝑎
𝑖  are the 

masses of the load and the mass of the arm itself. Considering 

that the joint torque is proportional to the duty cycle: 

 

 𝜏2,𝐺
𝑖 = 𝑝𝑤𝑚2

𝑖 · 𝜏2,𝑠𝑡𝑎𝑙𝑙
𝑖    ,    𝑝𝑤𝑚2

𝑖 ∈ [0,1] (21) 

 

where 𝜏2,𝑠𝑡𝑎𝑙𝑙
𝑖  is the stall torque of the shoulder pitch servo, 

and neglecting the effect of static frictions in the servo, then 

the weight of the load can be obtained from Equation (20). 

V. RESULTS 

A. Servo Joint State Estimation 

The proposed method for estimating servo acceleration 
based on PLL described in Section IV-B is evaluated here. 
Figure 7 shows the measured and reference position along with 
the estimated velocity and acceleration of the shoulder pitch 
servo when it is requested to move from 0 to 90 deg and from 
90 to 0 deg in one second. A 0.5 Kg payload was attached to 
the wrist point, with the forearm extended. The servo provides 
measurements at 30 Hz. 

 

Figure 7. Position, velocity and estimated acceleration for the shoulder pitch 

servo moving from 0 to 90 [deg] and from 90 to 0 [deg] in one second. 

 

The torque introduced in the base of the multi-rotor when 

the left arm executes the motion described in Figure 7 (90 deg 

step in the shoulder pitch, with the forearm extended and no 

load at the wrist point) is represented in Figure 8. The inertia, 

Coriolis and gravity terms can be identified separately for the 

three axes. Note that the gravity term is dominant in the pitch 

angle, while the inertia and Coriolis terms in the roll and yaw 

angles are associated to the unbalance in the mass as there is 

no compensation with the right arm.  

 

 

Figure 8. Inertia (blue), Coriolis and centrifugal (green) and gravity terms 
(red) in the XYZ axes for the 90 deg step in the non-compensated (only left 

arm motion) shoulder pitch joint. 
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B. Simulations 

A MATLAB/Simulink simulator has been developed for 
analyzing how the performance of the position controller of 
the UAV is improved when the torque estimation is considered 

in the backstepping controller, that is, when the term 𝑴̃𝜼𝒒  is 
introduced. Figure 9 compares the magnitude of the position 
error of the multirotor when it is in hover state in two cases: 
with and without torque estimation. Note that, although the 
error in the worst case is not too high due to the low mass and 
inertia of the arms, the controller is improved. The simulator 
implements the dynamic model described in Section III-A, no 
addition effects like motor dynamics or noise are considered. 

 

 

Figure 9.  Shoulder pitch joint position of the left arm (up) and magnitude 
of the Cartesian position error of the multirotor with and without torque 

estimation (down) with backstepping control. 

C. Motion Coordination for Torque Cancellation 

The intention of this experiment is demonstrating how the 

motion of the arms can be coordinated in such a way that the 

torque disturbance in the roll and yaw angles is cancelled, at 

expenses of increasing the perturbation over the pitch angle. 

The experiment was conducted in a test-bench so this effect 

is appreciated more clearly, hanging the aerial manipulator 

from wires for emulating hovering conditions. Otherwise the 

vibrations generated by the propellers and the actuation of the 

autopilot would introduce undesired effects. The manipulator 

executes an extension-contraction motion in which the left 

(right) arm is initially retracted, extends to the left (right) side 

rotating around the shoulder yaw joint, and goes back to the 

initial position. As seen in Figure 10, the oscillation in the 

roll-yaw angles is more significant when the motion of the 

arms is asymmetric w.r.t. the symmetric motion case. 

D. Payload Estimation 

The proposed method for estimating the mass of a grasped 

object based on the PWM signal described in Section IV-C is 

evaluated here. In this experiment, different payloads were 

attached at the wrist point of the left arm at 𝐿 = 0.5 [𝑚] 
distance from the shoulder pitch joint. The elbow pitch angle 

was fixed to its minimum value 𝑞3
1 = 10 [𝑑𝑒𝑔]. The mass of 

the arm obtained from the 3D model is 𝑚𝑎
1 = 0.38 [𝐾𝑔], with 

its CoM at 𝑙𝑎
1 = 0.21 [𝑚] from the shoulder pitch joint. The 

shoulder pitch joint angle was incremented in 10 [𝑑𝑒𝑔] steps 

up to 90 [𝑑𝑒𝑔]. Figure 11 shows the duty cycle in this joint 

for different payloads and measurement angles. The no-load 

case (black line) corresponds to the case in which the arm lifts 

its own weight. 

 

Figure 10. RPY rate [deg/s] in the curve trajectory experiment with left arm 
motion (unbalanced) and with dual arm motion (torque compensation). 

 

 
Figure 11. Duty cycle of the shoulder pitch joint for different grasped 

payloads and reference angles. 

E. Flight Tests 

Preliminary flight tests have been conducted in outdoors 

for analyzing qualitatively the influence of arms motion over 

the multirotor controller, implemented with a Naza autopilot. 

The experiments consisted in the execution of different 

trajectories with the arms while the UAV stayed in hovering 

at two meters height. No height sensor was employed, so a 

human pilot had to correct height deviations. Two 0.21 Kg 

pliers were attached at the writ point of both arms for 

increasing the inertia. For safety reasons, a net was deployed 

covering a volume of 5×5×4 m. 

A sequence of images of the aerial manipulator on flight while 

it was executing the trajectories described in previous 

subsection can be seen in Figure 12. It was found during the 

realization of the experiments that the aerial platform was 

more affected by the wind than by the motion of the arms. 

This is so because the inertia of the arms is relatively low with 

respecto to the inertia of the aerial platform. 
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Figure 12. Outdoor flight test. Asymmetric motion with the left arm (A), 

and symmetric trajectory with both arms (B). This disturbance is more 

significant in the first case due to mass unbalance. Two 0.2 Kg pliers were 
attached at the tip of each arm for increasing the inertia.  

VI. CONCLUSION 

This paper has presented the design of a dual arm aerial 
manipulation robot consisting in two human-size and ultra-
lightweight (1.8 Kg) arm prototypes integrated in an octorotor 
platform. Each arm provides three degrees of freedom for end-
effector positioning and two DOF for wrist orientation. Due to 
the lack of torque/acceleration feedback or control capabilities 
(which most model-based controllers assume to be available) 
in the servos typically employed for building low weight arms, 
the paper proposes the design of a torque estimator that 
computes the reaction torques that the arms exert over the 
UAV. A control scheme that makes use of this estimator is 
described and evaluated in simulation. The symmetry of the 
dual arm manipulator is also exploited for reducing the 
perturbation over the controller, coordinating the motion of the 
arms in such a way that the torque induced in the roll and yaw 
angles by one arm is cancelled with the other, at the expenses 
of increasing the perturbation introduced in the pitch angle. 
Preliminary flight tests have been conducted in outdoors for 
analyzing qualitatively the influence of arms motion over the 
attitude/position of an octo-rotor platform controlled with a 
commercial autopilot. 
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