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Small-Scale Compliant Dual Arm with Tail for Winged Aerial Robots
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Abstract— Winged aerial robots represent an evolution of
aerial manipulation robots, replacing the multirotor vehicles by
fixed or flapping wing platforms. The development of this
morphology is motivated in terms of efficiency, endurance and
safety in some inspection operations where multirotor platforms
may not be suitable. This paper presents a first prototype of
compliant dual arm as preliminary step towards the realization
of a winged aerial robot capable of perching and manipulating
with the wings folded. The dual arm provides 6 DOF (degrees of
freedom) for end effector positioning in a human-like kinematic
configuration, with a reach of 25 cm (half-scale w.r.t. the human
arm), and 0.2 kg weight. The prototype is built with micro metal
gear motors, measuring the joint angles and the deflection with
small potentiometers. The paper covers the design, electronics,
modeling and control of the arms. Experimental results in test-
bench validate the developed prototype and its functionalities,
including joint position and torque control, bimanual grasping,
the dynamic equilibrium with the tail, and the generation of 3D
maps with laser sensors attached at the arms.

I. INTRODUCTION

The use of aerial robots with manipulation capabilities for
inspection and maintenance operations in remote or difficult
access areas like power lines, solar plants, or pipe structures in
chemical plants is justified considering the reduction in time,
cost and involved resources, as well as in terms of safety since
it contributes to reduce the risk for human operators. Several
prototypes of single arm [1]-[4] and dual arm [5][6][7] aerial
manipulation robots have been built over multirotor platforms
(quadrotors or hexarotors), although other works propose the
use of autonomous helicopters [8][9] due to their high payload
capacity. However, the vertical take-off and landing (VTOL)
platforms like the multirotors and helicopters are not suitable
for long endurance or long distance missions since these are
not energy efficient for forward flights, but they are intended
to hover during the manipulation operation on flight. Note that
most works assume that the aerial robot operates on flight, so
the aerial platform must support the weight of the manipulator
and the interaction forces with the environment. In order to
avoid the waste of energy in hovering state, some perching
mechanisms have been proposed [10][11][12].

Fixed-wing UAVs are more energy efficient than rotary-
wing platforms [13], although they are not capable of flying at
low speeds or hovering, whereas flapping-wing aircrafts offer
the important advantage of being safer and more efficient in
terms of specific power requirement at low speed than rotary-
wing UAVs [14]. However, the development of flapping-wing
robots (ornithopters) is a research and technological challenge
in areas like aerodynamic modelling [15], flight control [16],
perching [17], and materials [18]. The ERC Project GRIFFIN
[19] aims to develop flapping-wing robots with arms that are
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able to perch on a structure and manipulate objects near them.
This involves the design and development of new prototypes
of robotic arms that are — roughly speaking — one order of
magnitude lighter than the arms integrated in multirotors.

In our previous work we developed different prototypes of
lightweight [6] and compliant [7] dual arm aerial manipulators
in standard (arms placed at the multirotor base) and long reach
configuration [20]. These arms were integrated and tested in
medium and high scale multirotors, demonstrating bimanual
grasping with visual servoing [7], contact force control [21],
or inspection operations [20]. The arms were built employing
the Herkulex smart servos in two configurations: the classical
industrial configuration with three positioning joints [6] (1.8
kg weight, 0.7 kg lift load), and the anthropomorphic dual arm
with four positioning joints [7] (1.3 kg, 0.3 kg lift load).

Figure 1. Developed prototype of half-scale compliant dual arm and concept
design of winged aerial robot retrieving a small sensor device.

The main contribution of this paper is the design,
development and experimental validation of a small-scale dual
arm with compliant joints designed for its integration in an
ornithopter, that is, a flapping-wing vehicle. A picture of the
prototype and the concept design are depicted in Figure 1. The
new design requirements and some considerations related to
the manufacturing, kinematics, size, and functionalities will be
discussed before presenting the developed prototype. This is a
0.2 kg weight, 6-DOF dual arm built using micro-motors and
a PLA frame structure that integrates polymer bearings and
the position-deflection potentiometers. A compact spring-
lever transmission mechanism integrated in the shoulder and
elbow joints allow the estimation and control of the torques
and forces. The arms are equipped with time-of-flight (ToF)
laser sensors that allow the construction of 3D maps of the
environment with the motion of the arms. A counterweight
tail attached at the back of the shoulder is used to maintain the
dynamic equilibrium while perching in cables or branches.
Experimental results carried out in a test-bench validate the
developed prototype and its functionalities.
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The rest of the paper is organized in the following way.
Section II introduces the design considerations and describes
the developed prototype. Section III covers the electronics and
low level control of the joint micro-motors, whereas Section
IV describes the kinematics, dynamics and control. Section V
presents different experimental results that validate the design,
summarizing the conclusions in Section VI.

II. HALF-SCALE DUAL ARM DESIGN

A. Description and Specifications

A winged aerial manipulator consists of a fixed or flapping
wing aircraft, a manipulator attached at its base and a tail used
to control the orientation on flight or in perching situations, as
Figure 1 illustrates. Since this kind of aerial platforms is not
intended to hover, the payload capacity is lower compared to a
multirotor platform. Therefore, special care has to be paid to
reduce even more the weight of the manipulator. Roughly
speaking, a dual arm manipulator intended for a flapping wing
platform should be one order of magnitude lighter (~0.2 kg),
and half-scale size w.r.t. the human arm (~250 mm reach),
considering the biomechanical parameters of the pigeons [22]
[23]: 0.6 m wingspan, 0.5 kg weight, 0.3 kg lift load.

The prototype presented in this work and shown in Figure 1
is an anthropomorphic compliant dual arm with three actuated
joints per arm (shoulder pitch, shoulder yaw and elbow pitch).
The shoulder roll joint is non-actuated, although its rotation
angle can be preset manually. The arms are built with Pololu
micro metal gear motors (250:1, 10 g weight, 3.7 kg-cm stall
torque), and a customized 3D printed PLA frame structure
with aluminum shafts, measuring the rotation and deflection
angles with Murata SV0O1 potentiometers. The rotation of the
joints is supported by sixteen polymer flange bearings JFM-
0608-04 manufactured by igus. The mass and inertia of the
different parts of the dual arm are represented in Table 1 and
Figure 2, whereas Table 2 contains the mass density and total
mass of the materials employed.

Table 1. Mass and inertia parameters of the small-scale compliant dual arm.

Mass [g] L [grem?] I,y [grom?] I, [g-em’]
Sh. Pitch 36 52 478 496
Sh. Roll 19 59 30 57
Sh. Yaw 19 42 47 9
E. Pitch 19 110 105 13
Forearm 20 387 392 20

Shoulder Shoulder
structure roll

/
%.‘ Shoulder
L = yaw

Figure 2. Rendered view with the different parts of the small scale dual arm.
The coordinate axes are placed at the center of mass of each link (Table 1).

Table 2. Mass density (g/cm?) of the different components used in the arms.

Material PLA | Polymer | Alum. | Motors Steel
Component Frame Flapge S}}aﬁs, Micro- Screw§, nuts,
struct. | bearings links motors springs
M. density 1.2 1.24 2.7 3.0 7.8
Total mass 60 3 21 60 24
Num. parts 25 16 16 6 60

It is interesting to compare Table 1 with the parameters of
the compliant dual arm described in [7], resulting significant
the reduction in the number of parts as the scale is smaller.
The total weight of the arms, excluding the microcontroller
board, is around 0.2 kg, that is, six times lighter than [7]. Note
however that in this prototype the shoulder roll joint is not
actuated to reduce the weight and simplify the mechanics. The
anthropomorphic configuration is adopted since the design of
the shoulder structure and the integration of the spring-lever
transmission mechanism is more compact compared to [6]. It
is also assumed that the manipulation operation is carried out
once the aerial robot has landed and the wings are folded.

B. Compliant Joint Transmission

The half-scale compliant dual arm integrates a spring-lever
transmission mechanism in the shoulder pitch and elbow pitch
joints [7], allowing the estimation and control of the torques
and forces from the deflection measurement [21] (see Section
IV-C). Although the torque delivered by a DC motor can be
controlled through the current, the accuracy and sensitivity at
the output shaft of the gearbox will be low. The introduction
of an elastic element between the motor shaft and the output
link also contributes to increase safety in those tasks involving
physical interaction, and protects the gearbox against impacts.
The mechanism implemented in these two joints is detailed in
Figure 3 and Figure 4. The rotation of the spring-lever in the
shoulder pitch joint is supported by a pair of igus JFM-0608-
04 polymer bearings fitted side-by-side into the PLA frame of
the shoulder structure. Due to space limitations, the rotation
angle of the upper arm link is measured with a Murata SVO1A
potentiometer attached to the shoulder roll structure, rotating
the wiper with a rigid wire connected to the shoulder frame.
The deflection potentiometer is placed between the two plastic
levers, as Figure 3 illustrates.

3

Deflection
potentiometer

Shoulder pitch
potentiometer

Spring-lever
transmission

Figure 3. Detailed view of the compliant shoulder pitch joint.
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The design of the compliant elbow joint introduces a slight
modification so the compliant transmission is more compact.
As it can be seen in Figure 4, the spring-lever mechanism is
rigidly attached to the shaft of the elbow motor, whereas the
forearm link rotates with respect to a parallel joint displaced
25 mm from the motor shaft. Two potentiometers mounted on
the plastic frame of the forearm structure measure the rotation
angle of the elbow micro motor and the deflection angle in the
passive compliant joint. Although this modifies the kinematics
of the manipulator, its effect in practice is relatively low due
to the proximity with the elbow axis.

< N, Upper arm Forearm
X link link

)
W

Deflection
potentiometer

Elbow joint
potentiometer

Figure 4. Detailed view of the elbow joint with compliant passive joint.

C. Tail Mechanism

The winged aerial robot is intended to conduct inspection
operations while perching in cables of power lines or in pipe
structures in chemical plants, so it is necessary to ensure that
the body maintains the equilibrium despite the variation of the
center of mass caused by the movement of the arms. For this
purpose, the prototype presented here includes a 25 cm length
aluminium tail actuated by another motor in the pitch angle,
integrating an inertial measurement unit (IMU) to measure the
orientation and control the tail angle to maintain the dynamic
equilibrium. Figure 5 depicts the setup, showing some results
in Section V-D. Although in this work the tail is used simply
as counterweight, it is expected to extend its surface to control
the attitude of the flapping-wing platform during the flight.

% r

‘

Tail

Figure 5. Dynamic equilibrium emulating perching condition, using the tail
to compensate the pitching angle measured by the IMU.

III. ELECTRONICS

Unlike our previous dual arm prototypes [6][7], built with
the Herkulex smart servos, the small-scale compliant dual arm
employs Pololu micro metal gear motors 250:1 HP (10 grams
weight, 3.7 kg-cm stall torque, 120 RPM @ 6V), requiring a

customized electronics for controlling the position, velocity or
torque. Figure 6 depicts the components and their distribution
according to the kinematic configuration described in Section
IV (Figure 7). The robot consists of seven micro-motors, three
for each of the arms, and one for the tail, used to maintain the
equilibrium in perching conditions. Three types of angles are
measured with the Murata SVO01 potentiometers: 1) deflection
angle in the shoulder and elbow pitch joints, 2) micro-motor
shaft rotation angle in the elbow pitch joint, and 3) output link
rotation angle (shoulder pitch). As described in Section IV-C,
the torque in the compliant joints is estimated from the
deflection angle, allowing the control of the torques and forces
[21]. A STM32F3 Discovery microcontroller board is used to
read the analog signals from the potentiometers and generate
the PWM (Pulse Width Modulation) signals applied to the
micro-motor drivers to control the current/speed. Additionally,
the system integrates two VLS3L1X-SATEL time-of-flight
distance sensors used to generate a map with the obstacles in
the environment (see experiment in Section V-E).

| Main Computer |

USB-to-USART

A
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Gear Motor 250:1HP
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Pololu Micro Metal Murata Murata
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Murata Murata
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at 267
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Figure 6. Electronic components of the small-scale compliant dual arm.

Four DRV8833 drivers are used to control the six micro
motors of the arms and the additional motor of the tail. Due to
the inductive nature of brushed motors, the current must keep
flowing when the windings are not fed. The DRV8833 driver
provides two operation modes depending on the way that the
recirculation of the current is achieved: 1) fast decay mode, in
which the current flows through the diodes of the MOSFET
transistor, or 2) slow decay mode in which the terminals of the
motor are short-circuited. Experimental tests evidence that the
second mode is more convenient as the electric brake reduces
the current consumption when the arms have to stay in a static
position with a certain load, and because the performance of
the position controller is better, as evaluated in Section V-C.
The slow decay mode requires two PWM signals per motor
(14 in total) to control the rotational speed and direction. The
frequency of the PWM signal is set to 15 kHz to avoid that the
brushes of the DC motors produce an annoying buzz. The
software of the STM32F3 Discovery board was developed in
C/C++ using the Atollic TrueSTUDIO IDE, the STM32Cube
tool, and the Hardware Abstraction Layer (HAL) library. The
update rate of the main control loop is set to 100 Hz.
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IV. MODELLING AND CONTROL

A. Kinematics

The small-scale compliant dual arm implements the human-
like kinematic configuration described in [7], with four joints
for end-effector positioning: shoulder pitch, roll and yaw, and
elbow pitch. However, in the new prototype, the shoulder roll
joint is not actuated, but its rotation angle is pre-set to reduce
the weight and simplify the mechanics, and because in most
bimanual manipulation tasks the arms operate in the forward
direction, so this angle does not vary significantly.

The joint angles, link lengths, reference frames and position
vectors of the manipulator are depicted in Figure 7. In the
following, superscript { = {1, 2} will denote the left or right
arm, whereas subscript j = {1, 2, 3, 4} will represent the joint
index in the order indicated before. In this way, q]"- represents
the rotation angle of the j-th joint of the i-th arm. For clarity
and coherence in the notation, we assume that the rotation
angle of the shoulder roll joint is fixed and known, q = ¢'.
The rotation angle of the micro-motor shaft is denoted by 6",
defining the deflection angle of the compliant joint, Af}, as
the difference between the motor shaft and the output link
rotation angle:

i

A6} = 6] —q! 1

Note that for a stiff joint 9]-" = q]i- and thus AG} =0.

I

Figure 7. Kinematic model of the small scale dual arm in anthropomorphic
configuration: reference frame, lengths, joint angles and position vectors.

The resolution of the forward and inverse kinematics can
be found in ref. [7]. The concepts of Cartesian deflection and
virtual variable impedance control developed in [21] can be
applied to this prototype as the kinematics is the same.

B. Dynamic Model

The dynamics of the small-scale compliant dual arm can
be derived from the Lagrangian and the generalized equation
of the forces and torques expressed as:

d {6L} daL _r
dtlog) dq
L=K-V

(2)
€)
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where L is the Lagrangian, K and V are the kinetic and
potential energy, respectively, whereas q and I' are the vectors
of generalized coordinates and forces, given by:

q=[6"" 6> @' ¢*" qul" €R? (4
=[] 57 o7 7 1" €R?  (5)

where @ and 62 are the joint position vectors referred to
the motor shaft of the left and right arms, q* and g are the
corresponding output link rotation angles, whereas q;; is the
rotation angle of the tail. As stated in [21], the dynamic model
of a compliant joint manipulator can be expressed in the usual
matrix form:

M(q)g+C(q.9) +G(q) + K(@) +D(q) =T  (6)
where M is the generalized inertia matrix, C represents the

Coriolis and centrifugal terms, G and K are gravity and elastic

potential terms, and D corresponds to the damping term.

C. Micro-Motor Control

The developed small-scale compliant dual arm implements
three control modes at joint level: open-loop velocity control
(PWM), closed loop position control, and closed-loop torque
control based on deflection measurement. In the design of the
controller it is assumed that the motor dynamics is given by:

JO + f0 + sign(8)tsc = k - pwm 7

where J and f are the inertia and friction of the micro-motor
shaft, 7;¢ is the Coulomb friction, pwm € [—1, 1] represents
the PWM signal, whereas k is the PWM-torque constant. The
angular velocity of the micro motor can be regulated directly
through the PWM signal, neglecting the inertial term in Eq.
(7). Note that the angular acceleration is usually too noisy to
estimate this term from the measurement of the potentiometer.

A Proportional-Integral (PI) controller is executed at 100
Hz in the microcontroller board to control the joint position
through the PWM signal applied to the H-bridge (Figure 6):

if 16¢] > 62"
Kool + Ko | Ocde if 16, < 02"

PW M0y

pwmg = (8)

Here 8, = 6.,y — 8 is the joint position error, and Kp g and

K; ¢ are proportional and integral gains of the controller. The

term PW M,,,,, limits the rotation speed of the motor when the
error is above the threshold 8", avoiding the wind-up effect.

The torque controller is implemented in a similar way to
the position controller, considering the torque error instead:

pwm; = KP,T “Te + Kl,r ' f ngt (9)

where Kp ;. and K; ; are the proportional and integral gains,

and 7, is the torque error estimated from the joint deflection in
Eq. (1), and the joint stiffness k and damping d [21]:

Te = Trep — (k- A0 + d - AD) (10)

The gains of the controllers were tuned empirically, taking
into account that 8,~10°, and a torque error 6.~0.1 Nm.
These controllers will be evaluated in Section V-C.
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V. EXPERIMENTAL RESULTS

A. Frequency ldentification

The goal of this experiment is to identify the bandwidth
of the Pololu micro metal gear motors employed in the small
scale dual arm prototype as well as the resonance peaks in the
deflection signal measured by the potentiometers integrated
in the shoulder pitch and in the elbow pitch joints, according
to Figure 3 and Figure 4. For this purpose, the DC motors are
excited with a sine chirp signal applied over the PWM signal
given by:

‘-t
fmaxi.t) (11)
Tscan

where PW M., = 50% of the duty cycle, fqx =5 Hz,
and T ., = 60 seconds. The shoulder and elbow pitch joints
of both arms are excited separately, representing in Figure 8
the module of the Fast Fourier Transform (FFT) of the four
signals of interest: PWM reference, shoulder-elbow angular
position, and shoulder-elbow joint deflection. It is interesting
to compare these results with the frequency analysis shown in
[7], where the resonance peaks in the deflection signal were
more evident. In this prototype, however, the mass and inertia
are significantly smaller, and the damping effect also reduces
the amplitude of the deflection. Figure 8 also reveals that the
3 dB bandwidth of the DC micro motors is around 1 Hz.

pwm}'2 =PWM,q4 sin(
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Figure 8. Frequency response of the shoulder pitch (blue) and elbow pitch
(green) joints and corresponding deflection (red, magenta) for a sine chirp
signal in the range 0 — 5 Hz and a 50% duty cycle.
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B. Bimanual Teleoperation for Bar Retrieval

In this experiment, both left and right arms are controlled
in PWM mode (Section IV-C) using a single 3DConnexion
Space Navigator mouse. The task consists of retrieving a bar
placed in a tool bench at 10 cm in front of the arms. The
operator commands directly the PWM signal given to the
shoulder pitch, shoulder yaw, and elbow pitch micro-motors
through the Ax, Ay, and Az inputs of the mouse, respectively.
Figure 9 represents the 3D trajectory followed by the TCP of
both arms along with the evolution of the joint trajectories.
The arms start from the initial pose q; = 60, g, = 0, g3 = 0,
and g, = —90 deg, moving in the forward direction (X-axis)
until t = 8, when the operator rotates the shoulder yaw joint
to approach the end effector to the tool, which is retrieved at
t = 11 s, moving the arms backwards.

Bimanual Teleoperation - TCP Trajectory

—. | | Obiect Retrieved

Left Al int Positi
100 eft Arm Joint Position

0

a, [deg]

-100
200 . . . . .
5 6 7 8 9 10 1 12 13
100 Right Arm Joint Position

0 —
-100 M

r -200
Y (m] 01 -0.05 X [m] 5 6 7 8 ; 9[] 0 11 12 13
ime [s|

ag [deg)

0.05

Figure 9. TCP Cartesian position of the left and right arms (left), and
evolution of the joint variables (right).

C. Joint Position and Torque Control

The performance of the joint position and torque controllers
described in Section IV-C are evaluated here, generating the
sequence of references depicted in Figure 10 and Figure 11.
In both cases, the PWM signal applied to the motor driver is
computed from the joint position or deflection signal given
by the analog potentiometers. The performance of the joint
position controller is better since it is executed in the micro-
controller board at 100 Hz, whereas the torque controller is
implemented in a computer board, sending the feedback and
the references through the USART interface at 50 Hz. The
experimental results evidence the convenience of using high
accuracy digital encoders to measure the angular position and
the deflection signal instead of analog sensors more affected
by noise. The deflection of the joints during the execution of
the torque control task is illustrated in the attached video.

Left Arm Joint Position Control
100 100

.
L V

Right Arm Joint Position Control

a, [deg]
o

Reference
Feedback |- . . 100 -

Reference

| ——Feedback |

100 L L L
Error 16 18 20 4 6 8 10 12

4 6 8 10 Emor |18 20
100 100 -
=l =)
8 b5
= 0 = o0
o o
-100 -100 -
4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20

time time
Figure 10. Sequence of position references applied to the shoulder and elbow
pitch joints of the left and right arms.

RIGHT ARM TORQUE CONTROL RIGHT ARM JOINT POSITION
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—— Error

0 5 10 15
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» L}’J"'
-20

0 5 10 15 20 25 0 5 10 15 20 25
time [s] time [s]
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Figure 11. Sequence of torque references applied to the shoulder and elbow
pitch joints of the right arm (left), and joints position (right).

D. Dynamic Equilibrium with Tail while Perching

As stated in the introduction, this first prototype of a small-
scale dual arm was designed for its integration in a flapping
wing aerial platform capable of perching in wrenches or
cables, in a similar way birds do. For this purpose, the dual
arm is equipped with a 25 cm tail that helps the manipulator
to maintain the equilibrium in perching conditions, as Figure
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5 depicted. The integrated IMU is used to measure the body
orientation, controlling the pitch angle through the rotation
angle of the tail. Figure 12 represents the Euler XYZ angles
of the robot along with the rotation angle of the tail and the
joint angles of the arms when these are moved manually
forwards-backwards using the 3DConnexion mouse. A PID
controller tuned empirically generates the PWM signal of the
tail micro-motor that tends to cancel the oscillation in pitch
measured by the IMU. The oscillation between t =4 and t =
6.5 seconds is mainly due to the clearance of the micro motor
(around 3 deg) and the noise in the measured angle. Figure 13
shows a sequence of images taken from the attached video
illustrating the bimanual grasping of a bar using the tail to
maintain the equilibrium.

Left Arm Joint Position Dynamic -IMU and Tail Angle
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B 20 =
0
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Figure 12. Left and right arms joint position (left), orientation, angular rate
and tail angle (right).

Figure 13. Bimanual grasping of a bar emulating perching conditions using
the tail as counterweight to maintain the dynamic equilibrium.

E. Generation of Obstacle Maps using Laser Sensors

The dual arm system incorporates two VL53L1X-SATEL
Time-of-Flight (ToF) sensors, attached at the end effector of
both arms to measure the distance to close obstacles along the
direction of the forearm link. Generating a scan trajectory
with the dual arm, and adding the measured distance to the
forearm link length in the forward kinematic model [7], it is
possible to obtain a point cloud that represents a map of the
environmental obstacles w.r.t the manipulator frame. This
data may be useful for navigation and motion planning in
narrow spaces. Figure 14 shows the point cloud generated in
the scenario depicted below, consisting of a flat wall and two
vertical bars of 40 x 40 mm size. In the execution of the
experiment, the left arm is focused permanently on Obstacle
#1 while the right arm performs a scan rotating the shoulder
yaw joint. As it can be seen, the accuracy in the detection of
the obstacles with the second arm is lower due to the 25°
view cone of the laser receptor and because of the errors in
the measurement of the joint angles.

Obstacle Map - 1 Obstacle and Wall Obstacle Map - 1 Obstacles and Wall

Y [em]
N
3

Y [om]
»
3

o
-10 Obstacle #1 -10
+ Leftarm

10 20 30 40 50 60 70 80

Figure 14. XY-axes obstacle maps with one (up, left) and two (up, right)
obstacles and the wall. Experimental setup (down).

VI. CONCLUSION AND FUTURE WORK

This paper has presented a first prototype of small-scale
compliant dual arm designed for its integration in a fixed or
flapping wing aerial robot, where the payload constraints are
even stronger than with multirotor platforms. The proposed
prototype provides 6-DOF’s for end effector positioning in a
human-like kinematic configuration, with a reach of 250 mm,
0.2 kg weight, and around 0.1 kg payload per arm. Unlike our
previous dual arm prototypes [6][7], built the Herkulex smart
servos (45-150 g weight, 1.2—7.0 N-m torque), the prototype
described in this paper is built with Pololu micro metal gear
motors due to their low weight (10 g), relatively high torque
(~0.2 N'm), and low cost (18 $). A customized electronics
was developed to measure and control the joint position and
torque, implementing the low-level control of the motors.

In this work, it is assumed that the manipulation operation
is carried out once the aerial robot has landed or is perching.
The integration of the arms in the flapping-wing platform has
to be analyzed carefully considering the mass distribution of
the compound, as well as the aerodynamic effect of the arms
during the flight.

As future work, it is necessary to simplify the assembly
process and reduce the wiring drastically. In this sense, one
solution of special interest is the development of small smart
servos integrating the actuator, electronics and control in a
compact device, with a weight around 20 g, and allowing the
connection of multiple devices through a common bus (Vcc,
GND and Rx/Tx). The use of new materials, structures, and
manufacturing methodologies is also essential to improve the
quality and performance of this new kind of robotic arms.
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