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ABSTRACT

This paper presents the development and experimental validation of a low weight and inertia, human-size
and highly dexterous dual arm system designed for aerial manipulation with multirotor platform. The arms,
weighting 1.8 kg in total and with a maximum lift load per arm around 0.75 kg, provide five degrees of
freedom (DOF) for end-effector positioning and wrist orientation. A customized aluminium frame structure
supports the servo actuators, placing most part of the mass close to the shoulder structure in order to reduce
the inertia. A double flange bearing mechanism in side-by-side configuration isolates the servos from
impacts and radial/axial overloads, increasing robustness. This is important to prevent that the arms are
damaged during physical interactions with the environment, as they should support the kinetic energy of
the whole platform. The motivation in the development of a dual arm aerial manipulator is extending the
range of applications and tasks that can be performed with respect to the single arm case, like grasping large
objects or assembling. The paper covers the kinematic and dynamic modelling of the aerial robot, proposing
a control scheme that deals with the technological limitations of the smart servo actuators. The performance
of the arms and the interactions with the aerial platform are evaluated in test bench experiments. The
proposed dual arm design is validated through outdoor flight tests with two commercial hexarotor platforms
equipped with standard industrial autopilots.
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1. Introduction

1.1. State of the art in aerial manipulation

The aerial manipulation field extends the range of applications of vertical take-off and landing (VTOL)
unmanned aerial vehicles (UAVSs), either autonomous helicopters or multi-rotors [1][2][3]. Including one or
more robotic arms in an aerial platform allows the execution of different inspection and maintenance tasks
in industrial scenarios of difficult access for human operators in both indoors [4] and outdoors [5], reducing
the time and cost associated to the deployment of persons, vehicles, cranes and tools typically employed.
Some examples include inspection and maintenance of high altitude pipes in chemical plants [6], structure
constructions [7], installation and retrieval of sensor devices in polluted areas, repair of cracks in the blades
of wind turbines, or replacing the batteries of remote robots. The effort now is focused in the development
of low weight grippers and robotic arms to be integrated in these vehicles. Several mechanisms have been
proposed. Quadrotor grasping and perching using impactive and ingressive grippers is presented in [7]. A
simple 2-DOF robotic arm, 0.37 kg weight and 0.32 m length, is shown in [9]. Valve turning on flight with
a quadrotor is demonstrated in [10] with two 2-DOF arms, generating a torque in the yaw angle with the
propellers while grasping the valve. A large hexarotor platform equipped with two teleoperated arms has
been presented for object transportation [11]. The 5 DOF lightweight robotic arm presented in [11] reduces
the inertia of the manipulator employing timing belts for transmitting the motion from the actuators placed
at the base to the joints. The single DOF arm with flexible joint developed in [13] employs a Dynamixel
servo as actuator and a pair of extension springs as transmission mechanism between the servo pulley and
the link pulley.
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In our previous work, we developed two prototypes of lightweight and compliant arms for aerial
manipulation. Reference [14] is a particular implementation of the Series Elastic Actuators [15], consisting
of a linear actuator and a pair of extension springs acting as elastic tendons on the elbow joint, used for
estimating the payload at the wrist point but also for detecting collisions on the forearm. Mechanical joint
compliance with deflection measurement allows the estimation and control of the contact forces in a 3-DOF
arm [16]. Table 1 compares the proposed design w.r.t. other prototypes intended to aerial manipulation. Note
that this manipulator provides the highest number of DOF’s and maximum lift load and reach.

Table 1. Comparison of different prototypes of lightweight robotic arms for aerial manipulation.

e | o S T T W i v s penors

Proposed Dual Stiff 10 1.8/0.75" 0.5 7.5 Herkulex
[10] Dual Stiff 4 NA/NA NA 31 Dynamixel
[11] Dual Stiff NA NA/NA NA NA NA
[9] Single Stiff 2 0.37/NA 0.32 3.1 Dynamixel
[43] Single Stiff 6 14/NA 0.45 10.0 Dynamixel
[11] Single Stiff 5 0.25/0.2 0.3 1.2 DC motor
[13] Single Compliant 1 0.36 / NA 0.18 15 Dynamixel
[16] Single Compliant 3 03/0.2° 0.5 117 Herkulex
[17] Dual Compliant 8 13/0.2" 0.5 2.34 Herkulex

*. Maximum lift load per arm in the worst case (0 — 90 degrees rotation in the shoulder pitch joint)

Bimanual manipulation with multi-rotors has been addressed only in a few recent works [10][11][17].
However, dual arm manipulators have been already considered in space applications for several years [26].
In this sense, the redundancy provided by a second arm in a free-floating space robot can be exploited for
optimizing the torque control of the whole manipulator [27], planning the trajectories of the arms in such a
way that robot base is stabilized [28]. Several control methods have been developed and tested in dual arm
systems with fixed or mobile base. Reference [29] deals with the cooperative control of two 3-DOF flexible
link manipulators when holding an object in a closed kinematic chain. Dexterous manipulation with DLR
humanoid robot Justin is shown in [30]. Impedance control is evaluated in [31] with two 6-DOF industrial
manipulators. Cartesian impedance control is also applied for the real-time motion tracking in an
anthropomorphic dual arm [32]. An extensive survey on other dual arm systems can be found in [33].

One of the main problems in the control of an aerial manipulation robot is the influence of arms motion
over UAV attitude due to the dynamic coupling between both parts. Different control schemes have been
proposed and experimentally validated with multi-rotor platforms, including P1-D [18], variable parameter
integral backstepping [2], adaptive controllers [19], and other multi-layer architectures [20][21]. When the
aerial platform is intended to perform grasping and transportation operations, it results convenient to have a
method for estimating the weight of the grasped object, and hence its influence on the UAV dynamic
behavior [22][23]. Helicopter stability is analyzed in [24] when contact forces are introduced in the aircraft
through a compliant end-effector attached to the base employed for object grasping. The stability of a PID
controller for flight control during object grasping and release operations is demonstrated in simulation and
experimentally. Ref. [25] presents a control architecture for compliant interaction between a quadrotor
equipped with an n-DOF manipulator and the environment.

1.2. Contribution of this work

This paper describes a dual arm aerial manipulator for outdoor operation consisting of a human size
dual arm integrated in a commercial hexarotor. Whereas most aerial manipulators that can be found in the
literature are research prototypes evaluated in indoor testbeds, the proposed dual arm design extends the
range of tasks that can be accomplished with respect to the single arm case, satisfying four requirements
essential in the successful application of the aerial manipulation technology outdoors: 1) high payload (up
to 0.75 kg per arm) for manipulating a wide variety of objects and tools, 2) high joint/Cartesian speed (300



deg/s, 2.5 m/s at end effector) for agile task execution, 3) positioning accuracy and reliability for object
grasping, and 4) mechanical robustness for extending the lifespan of the actuators. The manipulator is built
with smart servo actuators and a customized anodized aluminium frame structure that reduces the
manufacturing cost. The accuracy, repeatability and smoothness in the operation of the arms is evaluated
in test bench experiments. The paper also addresses their integration in a hexarotor platform, including the
identification of motion constraints and the electronics. The kinematics and dynamics of the dual arm aerial
manipulator are derived, proposing a control scheme that makes use of the manipulator dynamics for
compensating the reaction wrenches. The interactions between the manipulator and the aerial platform are
experimentally identified in testbench in hovering conditions. Finally, the dual arm design is validated
through an extensive set of outdoor flight tests with two commercial hexarotor platforms equipped with
standard industrial autopilots (Fig. 1), showing that the influence of high speed motions of the arms over
the aerial vehicle is low. The video of the flight tests is provided as attachment, or it can be seen in [44].

Dual Aem with DJI' Matrice 600 [ Z

T _r

Fig. 1. Developed lightweight and human-size dual arm manipulator integrated in two hexarotor platforms. Outdoor flight tests.

The rest of the paper is organized as follows. Section Il begins detailing the motivations for considering
a dual arm robot in aerial manipulation applications. The design requirements are then presented and
followed by the description of the developed dual arm. Section 111 describes the aerial manipulator, including
its specifications, the electronics, and the motion constraints for the arms. Section IV describes the kinematics
and dynamics of the dual arm system, proposing a control scheme for the aerial manipulator in Section V.
Experimental results are presented in Section VI, summarizing the conclusions in Section V1.

2. Dual arm system description
2.1. Motivation

A dual arm system extends the grasping and manipulation capabilities that can be performed with an
aerial platform with respect to the single arm case, allowing the simultaneous grasping and transportation
of two objects, or large objects than cannot be handled with a single arm (Fig. 2 left). It makes possible the
execution of certain tasks that are more suitable for a dual arm manipulator, like assembly or insertion
operations. Manual operations assisted with visual feedback can be also performed with a camera in eye-
in-hand configuration (Fig. 2 right). This is done at expenses of increasing the mass of the manipulator,
although the payload to weight ratio is not significantly increased with respect to the single arm case.

Left/right arms

. Eye-in-hand
holding a large bar

camera

\\'.E\
< fi‘\‘k{.

Fig. 2. Two illustrative application examples of the lightweight and human-size dual arm manipulator with ZED camera head.



2.2. Design considerations

2.2.1. Low weight and inertia features

The main design criteria imposed to the arms was reducing the weight and inertia as much as possible,
so the payload of the multirotor is not exceeded and the influence of arms motion over UAV stability is not
significant. Let us call PL; ,, to the available payload of the multirotor, and mp 4,, and PLp 4, to the weight
and maximum payload of the dual arm manipulator. The following design equation is then derived:

Mpay + PLpay <0 PLyay , n€[0,1) (€]

Here n = 0.7 is a design constant that indicates the operation regime of the brushless motors. In case the
aerial platform is overloaded (n > 0.8), the motors will not respond properly to the control signals, as they
will be operating close to the saturation zone. Low inertia is achieved placing the servos close to the shoulder
structure, using rigid bars for transmitting the motion from the actuator to the joint in some cases.

2.2.2.  Actuators

Smart servos like Herkulex or Dynamixel are currently the best option for building low weight robotic
arms due to their features: low cost, high torque to weight ratio, compact design, easy integration and
assembly, embedded electronics, high accuracy and precision control. From our experience, the stall torque
parameter given by the manufacturer should be taken with care, in the sense that in practice it should be
around two times higher than the required dynamic torque. Otherwise, the arms will not be able to lift the
expected load. These actuators also present some technological limitations in terms of control and feedback
capability that have to be taken into account when designing the control system. First of all, servo
acceleration/torque control or feedback is not available. Only the position, and in some models the speed,
can be commanded. The update rate in these devices is typically under 100 Hz, limited by the embedded
controller and the serial communication bus. The alternative to this solution is the development of customized
actuators using Maxon or Faulhaber motors. However, the main problem now is the design and construction
of the gearbox, which should be compact, very low weight (below 0.1 kg), with reduction ratios around 150:1
and mechanically robust.

2.2.3. Materials for the frame structure

The most suitable materials for building the frame parts of the arms are aluminum and carbon fiber due
to their low mass density, low cost and high mechanical resistance. Aluminum is however preferred for the
development of prototypes as most frames can be manufactured using hand tools, it can be bended for
building L-shape or U-shape frames, and because its manufacturing process is less toxic to human health.
Plastic frames were rejected due to their low mechanical and thermal resistance, preventing the waste of time
replacing damaged parts due to impacts or high temperatures during the realization of experiments in
outdoors. The mechanical protection of the servos is an important issue, as it extends their lifespan, reduces
the time and cost of repairs and increases the reliability. It is highly desirable that radial and axial loads
exerted over the arms are supported by the frame structure instead of directly exposing the actuators to them.
Polymer flange bearings (igus EFOM/EFSM) attached at the aluminum frame structure are suitable
components for this purpose due to their low mass density (1.49 g/cm?® vs 8.75 g/cm?® of steel) and because
they provide vibration damping.

2.3. Dual arm design

2.3.1. General overview

A rendered view of the 3D model of the arms is depicted in Fig. 3. From top (shoulder) to bottom (wrist)
the joints are: shoulder yaw, shoulder pitch, elbow pitch, wrist roll and wrist pitch. The kinematic
configuration of the shoulder was chosen in such a way that the equations of the kinematic and dynamic
models result in the simplest form, which reduces the computational cost and simplifies the control, and at
the same time the working space is maximized. The actuators employed are the Herkulex smart servos from
Dongbu Robot. These servos integrate the motor, gears, electronics and communications in a compact and
robust device, providing very high torque to weight ratio and extensive information about the internal state



of the servo, such like position, speed, PWM, temperature or voltage. The model of the servos and the main
parameters associated to each joint are listed in Table 2. The different frames of the arms have been designed
in such a way that they can be easily manufactured using hand tools from standard anodized aluminum
profiles, including 15x2, 20x2 and 30x2 mm flat profiles, and 8 mm @ hollow circular profile.

Shoulder
yaw joint

Wrist

pitch joint Wrist

roll joint
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Shoulder
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Fig. 3. Rendered view of the 10-DOF lightweight dual arm manipulator with the significant lengths and joint angles.

Table 2. Specifications of the arm joints.

Joint Servo Model Sta[lll\lt.(;:?ue r;}‘gst[ig:g] Actuat[(;:]w eight
Shoulder Yaw Herkulex DRS-0402 51 +90 125
Shoulder Pitch Herkulex DRS-0602 7,6 +90 150

Elbow Pitch Herkulex DRS-0402 51 [30, 150] 125
Wrist Roll Herkulex DRS-0101 1,17 +150 50
Wrist Pitch Herkulex DRS-0101 1,17 +135 50

2.3.2.  Mechanical servo protection

As mentioned before, one of the key aspects in the design of the arms is protecting the servos against
unexpected and undesired impacts and loads so they are not damaged. Some typical situations include
crashes of the aerial platform against the floor, impacts of the arms against the landing gear, or, in the case
of a dual arm, closed kinematic chains. Note that the cost of the servos represents approximately the 80%
of the cost in materials. In the proposed design, six pairs of igus® EFOM-08 flange bearings in side-by-
side configuration are employed for reducing the radial and axial load exerted over elbow pitch and wrist
yaw servos (Fig. 4), and over shoulder yaw servo (Fig. 5). This simple and low weight mechanism (20
grams), distributes the load through the aluminium frames, isolating the servos from overloads. The space
left between the servo shaft and the output link can be exploited for providing compliance introducing a
flexible coupling element like springs [15], although this is out of the scope of this work. This mechanism
was not considered in the shoulder and wrist pitch joints due to space limitations.

2.3.3.  Design of the frame structure

The dual arm manipulator consists of fifty two aluminium frame parts. Some of them can be seen in
Fig. 4 and Fig. 5. The elbow pitch servo was attached directly under the shoulder pitch servo for reducing
the inertia, using a lever mechanism for transmitting the motion to the elbow support frame, as it can be
seen in Fig. 5. Other transmission mechanisms like timing belts were avoided due to their drawbacks in
terms of backlash and complexity in the assembly. The idea of placing the actuator at the top of the link is
also applied to the wrist roll joint, which can be identified as the first joint in the human forearm. Its rotation



is transmitted to the wrist pitch servo through a 140x8 mm hollow circular profile section. This frame can
be used for supporting the actuators of a tendon-driven hand as done in [34] or in [35].

Elbow support Elbow joint
frame transmission bar

Fig. 4. Detailed view of the elbow joint mechanism and the wrist yaw servo. Radial loads exerted at the end effector are catch by the
pair of igubal EFOM-08 bearings and supported by the aluminium frames.

Shoulder yaw
Shoulder transmission frame
support

frame

Elbow lever-bar
€— transmission

Fig. 5. Detailed view of the shoulder and upper arm assembly, including the shoulder yaw and pitch servos, and the elbow pitch
servo with the lever-bar transmission mechanism for moving the elbow joint.

The assembly of both arms is done through a pair of 260x8x8 mm square hollow profiles connecting
the two shoulder yaw servos as illustrated in Fig. 6, fixing all the parts to the servos case for maintaining
the rigidity. These two square bars will be attached to the multi-rotor base under the propellers, as it can be
seen in Fig. 1. The separation between the arms was set to 35 cm, taking into account the dimensions of the
landing gear and the structure of the base where the dual arm manipulator is attached.

 ———
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Fig. 6. General and detailed view of the shoulder structure supporting the dual arm manipulator.
3. Dual arm aerial manipulation system
3.1. Aerial platform

The developed dual arm manipulator was integrated and tested with two multirotor platforms (Fig. 1):
a Matrice 600 hexarotor manufactured by DJI, and a customized hexarotor designed in our lab and
manufactured by DroneTools. The main features of both platforms and the arms are listed in Table 3. As
mentioned before, one of the aims of this work is contributing to bring the aerial manipulation technology
to the customer applications, showing how a lightweight dual arm system specifically designed for this
purpose can be integrated in a commercial multirotor platform. In general, the most relevant requirements
in the choice of a multirotor intended to aerial manipulation applications are the payload and flight time,
which determine the size and weight of the platform. Then, the designer has to deal with the separation



between the legs of the landing gear and the way of coupling the manipulator and other components
(computer board, sensors, additional batteries, communication devices) to the frame structure of the
multirotor, taking into account the motion constraints associated to the landing gear. What is more, the arms
should rest above the floor plane before the take-off and landing operations to prevent undesired collisions.

Table 3. Specifications of the aerial manipulation system. Comparison of the DJI and Drone Tools hexarotor platforms.

MULTIROTOR
DJI Matrice 600 Drone Tools DUAL ARM MANIPULATOR
Weight (no arms) 9,1 kg 10,8 kg Weight 1,8 kg
Tip-toTip x Height 1,65x0,65m 1,7mx0,55m Max. lift load 0,75 kg
Max. lift load 8 kg 8 kg Arms separation 0,35 m
Propellers 8§ x16” 7,3x215” Max. joint speed 360 deg/s

LiPo Battery 6S, 6 x 4.500 mAh 6S, 16.000 mAh LiPo Battery 3S, 4.500 mAh

Max. flight time 16 min @6 kg 20 min @8 kg Operation time 1 hour

The mechanical integration of the developed dual arm system in the mentioned platforms is detailed in
Fig. 7 and Fig. 8. As it can be seen, two different solutions were adopted: attaching the arms to the two
carbon fibre bars under the central hub (DJI Matrice 600, Fig. 7), and attaching the shoulder structure to a
transversal bar disposed between the legs of the landing gear (customized hexarotor, Fig. 8). Note that the
first configuration is more convenient in terms of dynamic coupling, as the mass of the arms is closer to the
center of gravity of the multirotor, whereas in the second case the workspace of the manipulator is less
affected by the landing gear and there is more space left for integrating other devices. Both platforms use
the DJI A3 industrial autopilot, showing a good performance in terms of positioning accuracy despite the
controller had no feedback from the arms during the flight tests (see video of the experiments in [44]).

DJI A3
Autopilot

Drone Tools hexarotor

Fig. 8. Lightweight dual arm manipulator integrated in the customized hexarotor manufactured by Drone Tools.



3.2. Workspace and motion constraints

The workspace of the developed manipulator is determined by the shoulder and elbow joints. Let us
consider the transversal section on the XZ plane shown in Fig. 9. As it can be seen, the area covered by the
wrist point corresponds to a circular ring whose outer and inner limits are reached when the arm is fully
stretched and retracted, respectively. The revolution of this section around the shoulder yaw axis generates
a hollow semi-sphere whose volume, without considering any constraint, is Varm = 0.255 [m®].

d =0.35[m]
VA
; - Propellers constraint
Propellers constraint Is _,:'_ Propellers constraint X ‘ ' )

Landing gear

: / Rpin = 0.15
constraint & min [m]
Collision Common Collision ~ Rinax = 0.5[m]
free area operation area free area \

Ground constraint

Fig. 9. Workspace covered by the shoulder pitch and the elbow pitch joints with collision constraints (left). Working space of the
dual arm system with collision constraints and common operation area (right).

There are two relevant considerations related to the landing gear that can be easily inferred from the left
side of Fig. 7. First of all, it is critical that the arms rest in a position with the forearms above the floor
before the UAV lands. Otherwise, the aerial platform will suffer a collision and the arms might result
damaged. This corresponds to the shaded rectangle denoted as ground constraint in Fig. 9. A possible
solution for reducing the effect of potential accidents is introducing a mechanical fuse in the elbow joint
transmission bar in such a way that this bar breaks when the forearm suffers a strong impact. The second
consideration is related with the motion of the arms on flight, as it is necessary to plan carefully the
trajectories to avoid collisions with the landing gear, but also with the arms themselves.

3.3. Hardware/Software Architecture

The components and architecture of the developed dual arm aerial manipulator are depicted in Fig. 10.
The aerial platform comprises the hexarotor and the DJI A3 autopilot, which provides two flight modes:
attitude stabilize, and position control. The manipulator consists of two groups of Herkulex servos, one for
each arm, connected in daisy chain to the same TTL bus which ends in a USB-to-USART interface. Each
servo is identified by a unique ID so the control program can access individually each actuator for reading
its state and for commanding its position. Two types of data packets are transmitted through the bus.
Request packets are sent from the computer board to a particular servo for commanding its position and for
indicating which registers are going to be read. The response packets return the latest value of the specified
registers, including the position, speed, PWM, temperature or voltage. All the servos are fed by a 3S LiPo
battery, deriving a power line for feeding the computer board through a Recom 5V 1.5 A voltage regulator.
The Odroid U3 computer board (with LUbuntu 13.04 OS) executes the C/C++ program that controls the
arms and generates the data log files, interfacing with the servos through two USB ports. The main software
component is the Task Manager, which implements the different functionalities of the arms (go to
rest/operation position, teleoperation, visual servoing...) and maintains the state of the servos updated
through the Arm State Threads. The arm controller implements the inverse kinematics and the trajectory
generation method described in Section 5.2. Two additional sensors were integrated in the DJI Matrice 600
platform (Fig. 7): a ZED stereo camera intended to provide visual feedback at low frame rate to the ground
control station (GCS), and a STM32F3 Discovery board used as external IMU for logging the attitude
measurements. The GCS includes a display for monitoring the state of the aerial manipulator, a user
interface for selecting the task to execute, and a Keep Alive Generator safety module that sends messages
at 2 Hz so the Task Manager can detect communication loss and the robot can go to a safe state if necessary.
The Odroid U3 is accessed through a SSH session, using UDP sockets for data interchange.



Dual Arm Aerial  [pjra3 Autopilot
Manipulator

PWM Multirotor Platform

Electronic Speed
Controller (x6)

Ground Control Station
State Thread Left Arm

(Laptop)
Arms State
Display
f ‘ Left Arm USB-to- Herkulex ||||
SSH -
‘ Task Controller USART DRS-0402
]

[ Session
N

UDP ’ Manager ;
Sockets 4 Right Arm
’ State Thread

Odroid U3
Left Arm

Right Arm

Keep Alive
Generator 2.4/5.8 GHz Right Arm USB-to- Herkulex
Wireless Link Controller USART DRS-0402

TP- ‘

(( Link Power System LiPo 35
WiFi 5V 1.5 A Voltage | [ o

UsB Regulator ity

Fig. 10. Hardware/software components and architecture of the developed dual arm aerial manipulator.

4. Modelling

The kinematic and dynamic equations for the dual arm aerial manipulation system are presented here.
Although the model described in this work corresponds to the dual arm case, the followed approach based
on barycentric vectors can be applied to an aerial manipulator with an arbitrary number of robotic arms.

The notation employed in the equations of the kinematic and dynamic models is summarized below:

= M = 2: number of robot manipulators integrated in the aerial platform

= N = 3: number of links for each arm (only for end-effector positioning)

= D = 12: total number of degrees of freedom of the dual arm aerial manipulation system
= {:sub-index associated to each manipulator

= k:sub-index associated to each joint

=  M;: total mass of the dual arm aerial manipulation system

= mk: mass of the k-th link of the i-th manipulator

= {0} inertial reference frame

* 1y € R3: position of the center of mass (CM) of the multirotor w.r.t. {0}

* 7., € R3: position of the CM of the whole system w.r.t. {0}

= 75 =1[¢,0,9¥]T € R3: roll, pitch and yaw angles representing multirotor orientation

= q,=|d}, 4., qg']T € R3: shoulder yaw, pitch and elbow pitch joints for the i-th manipulator

T . .
= &=[rl.n".q% q]] € RP: vector of generalized coordinates

4.1. Kinematic model

In the derivation of the kinematic and dynamic equations of a multirotor equipped with multiple robotic
arms, it results convenient to express the position of the masses in terms of a set of body-fixed barycentric
vectors [35][37]. With this, the equations of motion can be written in terms of the translation of the system
center of mass (CM) with respect to an inertial reference frame.

Let consider the schematic representation of the multi-rotor platform equipped with two manipulators
depicted in Fig. 11. The position of the CM and the attitude of the multi-rotor with respect to the inertial
reference frame {0} are denoted by r,, and by the roll, pitch and yaw angles (¢, 68 and i, respectively),
while r,, is the position of the CM of the whole system. Each of the M = 2 arms consists of N = 3 links



for end effector positioning, being gi the k-th joint position of the i-th arm, and I} and r% the length and
position of the CM of the respective link. The two additional DOF’s provided by each arm for wrist
orientation are not considered for simplicity and because they do not have a significant influence over
multirotor dynamics. Taking into account the 6 DOF’s for the position and attitude of the aerial platform, the
total number of degrees of freedom of the system is D = 12.

Fig. 11. Scheme of multi-rotor equipped with two 3-DOF arms.

Now it is necessary to relate the position of the CM of each single link with the position of the global
CM. Let call P;;,a € R3 to the position of an arbitrary point a on the link k of the manipulator i given by:

;.c,a =T+ p;.(_ + r;'(.,a 2)

where 7}, € R® is the position vector from the k-th link CM of manipulator i to point a, and pj, € R? is

computed in the following way:
M N
i _ 14 P
P =To Z Z Ry - Vj(ksip) 3)
j=1

p=1

Here &;,, is the Kronecker delta, Ty € R®*3 is the rotation matrix of the multirotor with respect to the
inertial frame, and Rf,’,]. € R3*3 s the rotation matrix between the j-th link frame of manipulator p and the
frame of the aerial platform. Taken into account Equation (3), Equation (2) can be rewritten as:

M N
i i i _ P ..p
ka=Tem TPk +Tia=Tem +To Z Z RO,j "Vika €))
p=1j=0
i i
Vika = Vi + 6jq * Tka 5)

where v}k € R3 is the barycentric vector defined as the position vector of the k-th link CM of manipulator
i-th w.r.t. the system CM:

= —lt +rihy, j<k
= -l —rf(1-pp)  j=k (6)
=00 -m)-n(1-u) j>k

i _ *
Vi =14 ¢

where l} € R3 and r]"- € R3 are defined in Fig. 11 and the mass distribution, u; is given by:



0 j=0

M NGp)
ui = @JFZ Z M j=1..,N 7
L p=1 k=1
1 j=N+1
NG, j,p) =N—-6,(N—-j+1) (8)

Note from Equation (7) that the position of the CM of each link respect to the inertial frame depends on
the position of all links. The system center of mass is then computed as follows:

1 M N
Tem = rMm0+ZZd;i-m;i O)
T i=1j=1
J
di =1y +To ) (Rhyq Thoy = Ro, 1) (10)
p=1

The position of the end effector for each manipulator is obtained from Equation (4):

M N
Ph=ten+To ) > RE Wy, (11)

p=1j=1

where ry, represents the multirotor center of mass position with respect to the inertial frame and Rfm is
the identity matrix. Using Equations (6) - (8), it results that:
T (réx + Tli'qu (Tlésqé + rlésqé}s)\‘
Ph =1ty |+ To| rgy +r1iS,; (rliSy +r1isy ) (12)

i . ] . .
™z ré, —rl — rlé(,‘qé - rlng§-3

with i} = (rf — 1Y), Cyi = cos(q?), Sqi = sin(q}), Cot, = cos(q} + qi), and Sqt, = sin(q} + q). Equations
(3) and (4) can be differentiated with respect to the time to obtain the position velocity of an arbitrary point
a in the body k of the i-th manipulator:

Ply=Tem+Pit iy (13)
M N

ol = P P € R3 14

pL W] X Vs (14)
p=1j=0

W =wo+Ty - T:-g'€R3 (15)

Ti = [RE jul, R Hul, ..., R cuk, 0, ...,0] € R¥S (16)

with w) = w, (p = 1, ..., M) denoting the multirotor angular velocity with respect to the inertial frame

and vector ¢* = [q{ qs qg']T € RN represents the joint rates of the i-th manipulator. The terms u]‘f ER3(i=

1,..,M,j =1,..k) are unit column vectors and represent the rotation axis of the j-th joint of the i-th
manipulator.



4.2. Dynamic model

The dynamic model of the dual arm aerial manipulation system is derived from the Lagrangian and the
well-known Euler-Lagrange equation:

d (0L) 9L _
all-%=r an
L&) =K(§E)-V(©® (18)

where L is the Lagrangian, defined as the difference between the kinetic and the potential energy of the
system, K and V, respectively, I' is the vector of generalized forces and torques, and ¢ is the vector of
generalized coordinates. This vector includes the position of the CM of the multirotor and its attitude, along
with the joint positions of both manipulators:

T
&= [rzjm' UT, (II, qg] € R? (19)

Here 1 = [Xems Yems ZemlT € R3, = [¢,0,9]T € R3 represents vehicle attitude by means of the

roll, pitch, yaw Euler angles, while q; = [q;',q;,qg]T is the joint position vector for the i-th manipulator.
The system can be considered as a kinematic tree where the multirotor is connected to a fixed base via a 6-
DOF joint and each robot manipulator is a subtree connected to the multirotor, being the Kinetic energy of
the tree equal to the sum of the kinetic energies of its bodies. The benefit of using the barycentric vectors
(Equation (6)) is that the manipulators can be replaced by virtual manipulators whose base is the system CM.
Therefore, the kinetic energy of the system is given by:

M N
T = My o 5 ) D {0} o + m plot) 0
i=1k=1
In this equation, the first term corresponds to the kinetic energy associated to the translational speed of
the system, while the two terms within the nested summation are the kinetic energy due to the translation
and rotation of the link masses, being w!, the rotational speed of the k-th joint in the i-th manipulator. The
potential energy due to gravity can be calculated with respect to the system center of mass as:

V =gM7zyy, (21)

where g is the acceleration due to gravity and z.,, is the altitude of the center of mass (see Equation (9)).
The equation of motion of the system can be expressed in the following general form:

M@E+Cr,NéE+GE) =T (22)

Here M € RP*P, € € RPand G € RP are respectively the inertia matrix, the centrifugal and Coriolis
terms, and the gravitational force term. The vector r = [, q', q*]" represents the multirotor rotation and
the manipulators’ joint angles. The inertia matrix resulting for the developed dual arm aerial manipulation
system has the following form:

I3><3MT 01)(3 01)(3 01)(3
03><1 Mn (7') Mr]ql (T) Mr]qZ (T)
M(r) = 050 My, (1)  Mgu(@) M 142(7) (23)

O3z M) Mage()  Mg(r)

where I; € R3*3 is the identity matrix. It is interesting to note in the form of this matrix the decoupling
between the translation and rotation of the aerial manipulation system.



4.3. Interactions between the manipulator and the aerial platform

The terms M4, and M,,,, in Equation (23) are the submatrices of inertia, which represent the dynamic
coupling between the multirotor and the arms. The structure of the inertia matrix is derived from the
application of the method of barycentric vectors in the calculation of the kinematic and dynamic equations,
referenced to the center of mass of the whole aerial manipulator. This fact is evidenced by the null term in
the cross-submatrices where the acceleration of the center of mass (linear and twist) are related. The main
benefit of this method is that the equations obtained result in a more compact and simple form for its
implementation in a simulation framework, and for the design of a model-based controller. The drawback is
that the observation of the dynamic effects associated to the interactions between the arms and the aerial
platform requires the transformation to the kinematic domain.

A MATLAB/Simulink simulator was developed for identifying the reaction torques introduced in the
base of the aerial platform due to the motion of the arms, obtaining the dynamic/kinematic equations using
the MUPAD toolbox of MATLAB. Fig. 12 shows the inertia, Coriolis and gravity components of the torque
in the three axis when the left arm rotates from 0 to 90 degree in one second time. This estimation is obtained
from the application of the dynamic model over the data provided by the servo actuators in the physical
manipulator.
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Fig. 12. Inertia (blue), Coriolis and centrifugal (green) and gravity (red) terms in the XY axes for the 90 deg step in the shoulder
pitch joint of the left arm. The components in the X and Z axes are caused by the asymmetry in the motion of the arms.

This example demonstrates that the gravity term is dominant in the pitch angle, whereas the inertia and
Coriolis terms in the roll and yaw angles are associated to the unbalanced motion of the masses, as there is
no compensation with the right arm. What is more, the offset component in the gravity term represents the
displacement of the center of mass when the arms are attached to the aerial platform, and it should be
compensated by the integral term in the autopilot during the flight operation.

The dynamic model described in Section 4.2 shows a strong coupling between the manipulator and the
multirotor, in such a way that the acceleration of any link in one arm will affect, not only to the aerial
platform, but also to the joint torque in the other arm. Nevertheless, the torque induced in the joints by the
acceleration of the aerial platform will be in practice dissipated by the relative high friction of the gearbox
of the servos, and by the embedded position controller. In other words, the motion of the arms will affect the
stability of the aerial platform, but the opposite effect is not significant.

5. Control

Most model-based controllers assume that joint torque control or feedback is possible. However, the
servo actuators typically employed for building low weight robotic arms intended to aerial manipulation
only provide position measurements at low rates (<100 Hz). What is more, the controller embedded in these



devices only accepts motion commands specifying the desired goal position and playtime. These
technological limitations have motivated the design of the control scheme described in this section.

5.1. Structure of the controller

Let consider an aerial manipulation task in which the arms should execute a certain operation on flight
while the aerial platform remains stable in hover. It is assumed that arms can move independently while
the aerial platform remains in hover. In order to compensate positioning and orientation disturbances due
to dynamic coupling, the controller will compensate the reaction torques that the arms exert over base of
the UAV. This scheme is represented in Fig. 13. The dual arm aerial manipulator consists of the aerial
platform with the left and right arms. The task manager module generates the desired UAV and arms
trajectories for accomplishing the specific task, keeping updated the current state of the robot. A torque
estimator is developed, taking as input the joints position and speed of the arms, giving as output the
estimated reaction torque of the arms computed from the dynamic model presented in Section 4.2. A Phase
Lock Loop (PLL) provides smooth estimations of joint acceleration from the speed of each servo, avoiding
errors associated to the differentiation of the speed signal. The UAV controller takes as input the data
provided by the Inertial Measurement Unit (IMU) along with the arms torque estimation for the
compensation (see Section 4.3.3), and the reference trajectory generated by the task manager, giving at its

output the control signal U = [uz,u¢,u9, uw]T for the total thrust and the roll, pitch and yaw torque inputs

of the multirotor. The controller of the arms, detailed in Section 4.3.2, takes as input the desired Cartesian
trajectory of the Tool Center Point (TCP) and the state of the servos, providing the references for each servo
in the arms.
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Fig. 13. Control structure for the dual arm aerial manipulator with arms torque compensation.

The proof of stability of the position/attitude controller with torque compensation is out of the scope of
this work. However, intuitively, the performance of the controller will be qualitatively improved if the arms
torque estimation is accurate enough and the delay in the signal transmission and processing is at least five
times lower than the lowest time constant of the system. Note that the natural frequency in the attitude
control of a high inertia mechanical system as a multirotor is around 1 — 2 Hz, whereas the update rate of
the torque estimator is 50 Hz.

5.2. Arms controller

A simple trajectory generation method that exploits the position controller embedded in the Herkulex
servos is described here. The goal is that the end effector follows a sequence of way-points with smooth
variations of the velocity profile, avoiding acceleration peaks. According to the manual of the servos [40],
three working modes are defined: normal operation mode, Velocity Over-Ride (VOR) disabled, and VOR
enabled. These have been illustrated in Fig. 14. Each servo takes as input the desired goal position and the
play time, that is, the desired time for reaching the goal position. The embedded servo controller generates
then a trapezoidal velocity profile for satisfying the position and timing constraints.
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Fig. 14. Velocity profiles for the three operation modes of the Herkulex servos. In the Velocity Over-Ride (VOR) mode, the new
profile (green) is re-computed from the velocity in the time instant the new reference is received, preventing acceleration peaks.

The trajectory generation method described in Fig. 15 makes use of the VOR mode for achieving
smooth motions with the manipulators. Let P& be a continuous time trajectory in the Cartesian space for
the end effector of the i-th manipulator, which is sampled each T seconds for obtaining the corresponding
sequence of way-points. Applying the inverse kinematic model, the joint position references q{',ref, qé,ref
and q;',ref are obtained. Now, it is imposed that joint position references are sent to the servos at the
midpoint of the velocity profile, that is, 50% of the elapsed play time, which implies that the play time is
equal to 2 - T. This constraint ensures that the velocity profile is re-generated from the constant speed zone.
The manual of the servos specifies that the velocity profile is symmetrical, with a default acceleration ratio
of 25% of the play time. Experimental results show that the way-point sampling period T should be over
25 ms, as the internal control period for the servos is 11.3 ms. Note that this timing-based control scheme
is not affected by error integration, as the error is only allow to grow during a play time period and it is
reset with each new joint position reference.
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Fig. 15. Arms control structure based on inverse kinematics. Smooth trajectories are achieved sending the position references to the
servos at the midpoint of the trapezoidal velocity profile, imposing that the play time is two times the way-point tracking time.

5.3. UAV controller

A nonlinear controller based on integral backstepping [40] adapted to the dual arm configuration is
employed in the control scheme shown in Fig. 13. The attitude controller compensates the reaction torques
that the arms generate over the aerial platform, using the measurement provided by the arms torque estimator
for this purpose. The complete derivation of the controller can be found in [40], the expressions for the
attitude controller is summarized in the following. The attitude control signals (the roll, pitch and yaw
multirotor torque inputs) can be computed as:

Ugp

uel = M;'[Ke, + Kze; + Kz3xy| + C, + G, + M, (24)
Uy

where the term IVI,M compensates the inertia terms associated to the arms joints:

U, =

..1
an = [anl(r) anZ(r)] [32] € R3 (25)
and the tracking error, e,, its integral, x,,, and the angular speed tracking error, e, are given by:

e, =1nq4—n€ER? (26)



Xy = fote,,(t)dt € R3 27)

e, =kye, + A, x, +1q—NER? (28)

The gains of the controller are computed in the following way:

Ky =13 - 25 + k, € R¥>3 (29)
KZ = k'] + kn [S ]RSXS (30)
K3 = —ky4, € R¥3 (31)

Here k,,, k;, and A,, are positive diagonal gain matrices of the controller. The vectors C, € R3 and G, €
R? are the lower part of the Coriolis and centrifugal force and gravity force vectors, respectively. A detailed
description of the backstepping controller can be found in [40].

5.4. Arms torque estimator

The control method described in Section 5.1 and represented in Fig. 13 relies on the estimation of the
reaction torques caused by the motion of the arms, which are introduced in the base of the aerial platform.
This approach exploits the knowledge on the dynamics of the system (see Section 4.2), considering that the
reaction of the arms over the multirotor can be computed and thus compensated by the attitude controller.
Unlike the problem of estimating and controlling a multirotor vehicle affected by external wrenches [22]
[23] like wind disturbances or unknown contact forces, the compensation of endogenous forces/torques is a
more simple problem in the sense that its estimation is straightforward if the state of the servos is known and
the dynamic model is available.

The structure of the Arms Torque Estimator block of Fig. 13 is detailed in Fig. 16. The servo actuators
provide joint position and speed measurements at 50 Hz, obtaining the acceleration signal at the output of a
Phase Lock Loop (PLL). This method is preferred to the differentiation as it provides smoother estimations
and attenuates the effect of noise and outliers in the velocity signal. The position, velocity and acceleration
of the shoulder and elbow joint servos is then provided to the dynamic model, giving as output the gravity,
centrifugal and Coriolis terms, and the inertia torque components referred to the system center of mass. These
were identified in the experiment shown in Fig. 12.
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Fig. 16. Detailed view of the arms torque estimator.

6. Experimental results

Three types of experiments have been conducted for evaluating the performance of the lightweight dual
arm manipulator. The trajectory generation method described on Section 4.3 is applied for tracking a
circular trajectory and for visual servoing. The possibility of compensating the reaction torques in the roll



and yaw angles coordinating the motion of the left and right arms is evaluated in test-bench. Finally, the
low weight and inertia design is validated in an outdoor flight test, generating different motion sequences
with the arms while the UAV is hovering for evaluating qualitatively the effect of the dynamic coupling.

6.1. Trajectory tracking: Accuracy and Repeatability

The main purpose of this experiment is evaluating the repeatability and accuracy in the positioning of
the wrist point of both arms using the control method described in Section 4.3.2. Both arms executed a 30
cm amplitude circular trajectory in the YZ plane, maintaining constant the position in the X-axis. The
motion of both arms is coordinated and given by the following discrete point trajectory:

x(k) = 0.2
y(k) = £0.05 + 0.15 - sin(10 - - k/N) (32)
z(k) = —0.25+4 0.15 - cos(10 - - k/N)

Here k denotes the way-point index and N = 100 is the number of way-points, which corresponds to
five turns. A £0.05 [m] offset term has been introduced in the Y -axis representing the separation of left and
right wrist points with respect the reference trajectory. The play time for the servos was set to 0.25 s, with
a jump time between way points of 0.125 s (50% of the velocity profile). Fig. 17 represents the Cartesian
trajectory followed by the wrist point for both arms derived from the forward kinematic model applied over
joint position measurements. As it can be seen on the right side of Fig. 17, the deviation in the X-axis is
under 1 cm. A modified version of the CAMShift color-based tracking algorithm [38][39] has been
employed for determining the position on the image plane of a color marker attached to the wrist of both
arms. Fig. 18 shows a pair of frames captured in frontal (left) and lateral (right) view points, along with the
trajectory followed by the color markers. Note that the visual tracking of the color marker introduces a
certain error in the projection of the trajectory.
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Fig. 17. Circular trajectory followed by the wrist point of left and right arms in the YZ plane (left) and XZ plane (right). The arms
performed five complete turns for evaluating repeatability and accuracy. Note the scale of the X-axis on the right figure.
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Fig. 18. Tracking points given by the CAMShift algorithm in the frontal and side planes corresponding to the circular trajectory.

6.2. Visual servoing

In this experiment, a ZED camera was attached over the shoulder structure of the arms (see Fig. 2 left)
looking 45 deg downwards so its field of view covered most part of the workspace of the manipulator. Two
ARUCO [42] tags attached to an aluminium bar at 25 cm distance between them are visually tracked by
the camera, providing the relative position of each tags in the arms local frame (Fig. 3) to the arms controller
described in Section 4.3.2. The trajectories of the marker (red line), the reference Cartesian position (black)
and the feedback position of the arms (blue) are represented in Fig. 19. The aluminium frame was rotated
and translated in different axes. A separation distance of 10 cm between the wrist point and the marker was
imposed for preventing the arms occluded the tags.
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Fig. 19. Cartesian position of the left and right arms in the visual servoing experiment. Each arm tracked an ARUCO tag. An offset
distance of 10 cm in the Z-axis was introduced for avoiding that the tags are occluded by the end effector.

6.3. Step response: identification of joints state

In this experiment the arms generate a sequence of rotations, 90 deg amplitude, around their joints in
the following order: shoulder pitch, shoulder yaw, and elbow pitch. The complete sequence is depicted in
Fig. 20, representing also the joint speed and acceleration, obtained at 50 Hz. The sign criteria is the one
defined in Fig. 3. Each rotation requires one second time, waiting another second until the next movement
starts. Fromt =5 sto t = 15 s the arms execute a symmetric motion around the XZ plane, so the torque in
the roll and yaw angles is cancelled. From t = 22 to t = 32 s only the left arm moves, generating an
uncompensated reaction torque at the base of the arms.
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Fig. 20. Position, speed and acceleration of the shoulder yaw (red), pitch (green) and elbow pitch (blue) joints of the arms.

6.4. Dual arm — platform interactions

The physical interaction between the dual arm manipulator and the aerial platform, represented by the
terms M, ., and M,,,, in the inertia matrix defined by Equation (23), is experimentally verified here. The
experiments were conducted in a test bench, hanging the aerial platform from four wires attached to the
central hub so that the reaction torques caused by the motion of the arms could be appreciated more clearly.
The idea was to emulate hovering conditions without the action of the autopilot, allowing the free rotation
of the platform at expenses of constraining its translation. The experimental setup and the tests performed
can be seen in the video attachment or in [44]. The acceleration, angular speed and magnetic field at the
base of the DJI Matrice 600 platform were measured with a STM32F3 Discovery board, used as external
IMU connected to the Odroid U3 computer. The arms executed a simple sequence of four rotations (0 —
90 degin g, | 0 = £90 deg in g, | £90 — 0 deg in q; | 90 — 0 deg in gq,) with two different play times (1 s
and 0.5 s), according to the criteria defined in Fig. 3. Two use cases are also considered: symmetric motion
of the left/right arms w.r.t. the XZ plane, and asymmetric motion moving only the left arm. Fig. 21
represents the servo position, speed, PWM, and the angular rate of the UAV in three cases.

The data provided by the gyroscope confirms two intuitive effects: 1) the amplitude of the oscillation
of the hexarotor in the Y-axis caused by the rotation of the shoulder pitch joints is almost duplicated when
the joint speed is two times higher (1 — 2" cols), and 2) the asymmetry in the motion of the arms induces
a reaction in the roll and yaw angles (3" col) which is compensated if the trajectory of the right arm is
symmetric w.r.t. the XZ plane (1%, 2™ col). However, the partial torque compensation in these two axes is
achieved at expenses of increasing the reaction induced in the third axis. These effects are not so evident
when the aerial manipulator is on flight due to sensor noise, wind perturbations, but especially due to the
action of the autopilot, as the derivative term of the controller tends to compensate errors in angular rate.
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Fig. 21. Servo position, speed and PWM in the left (first row) and right (second row) arms during a sequence of rotations around the

shoulder pitch and yaw joints. Oscillations in the platform are measured with a three axis gyroscope (third row). The amplitude and
axes involved in the reaction of the platform depend on the joints speed and symmetry of the arms trajectory (cols 1 — 2 vs col 3).
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6.5. Outdoor flight tests

An extensive set of flight tests were conducted in outdoors with the developed dual arm manipulator
integrated in the DJI Matrice 600 and in the customized Drone Tools hexarotors, using in both cases the
DJI A3 autopilot. The video of the experiments can be seen in the attachment of this paper or in [44]. A
sequence of captures taken from the video are depicted in Fig. 22 and Fig. 23. The tests were conducted
within a 5x5x3 meters area covered by a safety net, counting with an expert human pilot for correcting
eventual height/position deviations of the platform. The autopilot was configured in both cases in Attitude
control mode in order to evaluate more clearly the influence of arms motion over the stability of the aerial
platform on flight. The height control is based on a barometer. No additional altitude sensor were used

The main purpose of these experiments was to evaluate qualitatively the interactions on flight between
the manipulator and the aerial platform when a standard autopilot is employed and there is no feedback
from the arms. That is, when the Arms Torque Estimator block in Fig. 13 is not available. Note that this
corresponds to the worst case in terms of control, as the endogenous reactions generated by the arms will
be treated by the autopilot as an external perturbation in attitude [22][23]. However, this use case is useful
for validating the low weight and inertia features of the arms compared to the multirotor platform, whose
weight is four times higher. The visual inspection of the video evidences small deviations in the position of
the platform (<0.25 m) when high joint speed motions (250 deg/s) are generated at the shoulder joints,
although it is difficult to distinguish the influence of wind perturbations from the displacement associated
to the motion of the arms.



Fig. 22. Sequence of images corresponding to the outdoor flight tests with the arms integrated in the DJI Matrice 600 platform.
Platform landed (1), landing gear down — up transition (2 — 3), arms in operation position (4), rotation around the shoulder pitch
joint (5 — 6), rotation around the shoulder yaw joint (7 — 8), and left arm fully stretched (9).

Fig. 23. Sequence of images of the outdoor flight tests with the customized hexarotor manufactured by Drone Tools. Arms in take-
off position (1), transition to operation position (2 — 3), execution of different trajectories (4 — 9).

Two relevant conclusions are derived from the analysis of the experiments. First of all, the proposed
low weight and inertia dual arm design has been successfully validated on flight. That is, the experiments
in the video show that the arms can perform high amplitude (50 cm reach) and high speed motions (up to
300 deg/s) without causing significant displacements over the aerial platform, taking into account that no
feedback from the arms was provided to the attitude controller and that no position sensor was employed.
The second point to remark is the performance of a standard industrial autopilot properly tuned, as it is
capable to keep the platform stable in contactless situations despite the variation of the center of mass and
the inertia terms of the reaction wrenches associated to the manipulator.



7. Conclusion and future work

This paper has presented the design of a low weight and inertia, human-size dual arm system designed
for aerial manipulation with multi-rotor platform. Each arm, weighting 0.8 kg, provides 3 DOFs for end-
effector positioning and 2 DOFs for wrist orientation, with a maximum lift load at wrist point around 0.75
kg. The frame structure of the arms that supports the servo actuators consists of a set of fifty two customized
frame parts designed in such a way that they can be easily manufactured in aluminium. The kinematic and
dynamic models of the aerial manipulator are derived, proposing a control scheme that copes with the
technological limitations of the smart servo actuators. The performance of the arms is demonstrated through
the execution of different experiments in a testbench, including trajectory tracking, visual servoing and
manual operation. The manipulator has been integrated in two commercial hexarotor platforms and tested
in outdoor flights for validating the lightweight design, evaluating qualitatively the influence of arms
motion over the UAV when a standard autopilot is employed. The interactions between the arms and the
platform were also identified in testbench, hanging the platform from wires emulating hovering conditions,
so the reaction torques generated by the arms can be appreciated more clearly.

As future work, authors are working in the modification of the controller implemented by the standard
autopilots (DJI, PX4), so a lightweight robot manipulator can be integrated in most commercial multirotor
UAVSs. We believe that this approach will contribute in the transfer of the aerial manipulation technology
and in its application to a wide variety of inspection and maintenance tasks in the industry.
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