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Abstract— This paper presents a bilateral teleoperation sys-
tem based on smart servos for the realization of dexterous ma-
nipulation tasks with aerial robots or in ground service applica-
tions, facilitating the transferability of cognitive capabilities of
human workers to robots operating remotely or in high altitude
workspaces. The system consists of a pair of lightweight and
compliant anthropomorphic dual arm manipulators (LiCAS)
in leader-follower configuration. The leader dual arm (LDA)
captures the movements of the operator’s arms to obtain the
desired joint references, sent to the follower dual arm (FDA)
to reproduce in a natural and intuitive way the manipulation
task. A model of the smart servos is derived, exploiting the
feedback from the FDA actuators to provide the kinesthetic
feedback to the LDA, using the pulse width modulation signal
(PWM) along with the joint speed to estimate the interaction
torque. The mechanical joint compliance of the FDA allows the
passive accommodation of the arms to the physical interactions
with the manipulated objects or the environment, whereas the
very low weight of the arms (1.0 kg LDA, 2.5 kg FDA) and the
human-size and human-like kinematics facilitate their use in
a wide variety of applications. The performance of the system
is evaluated using an industrial task board for benchmarking,
and in two illustrative bimanual aerial manipulation tasks.

I. INTRODUCTION
Teleoperation of robot manipulators is a convenient so-

lution adopted when the complexity of the task carried out
in remote workspaces does not allow its automation in a
feasible or reliable way, but it is necessary to incorporate the
cognitive capabilities and skills of human workers. It is also
typical in industrial inspection and maintenance that human
operators prefer to have a certain level of control over the
robot for accessing points of interest of the infrastructures,
so, based on their knowledge, experience and perception of
the environment, the actions of the robot are conveniently
selected. Space robotics is one of the most representative
domains where methods and techniques for robot teleoper-
ation have been extensively studied [1], [2], [3], adopting
later some concepts to the aerial manipulation field [4], [5],
where time delays are much lower. The development of novel
teleoperation interfaces for robotic manipulators, particularly
humanoids [6], is of further interest as a way to transfer
human manipulation skills to robots capable of learning from
demonstration [7]. However, teleoperation interfaces relying
on industrial robotic arms may be unpractical in many cases
due to the high cost, weight and difficulty for transportation
and handling compared to very low weight robotic arms built
with smart servo actuators developed for the realization of
dexterous aerial manipulation tasks [8], [9], [10].
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Fig. 1. Lightweight and compliant anthropomorphic dual arm teleoperation
system in leader/follower configuration (1.0 / 2.5 kg weight). Benchmark
evaluation with industrial task board (up-left). Application to installation of
flexible device on a power line section using both arms on flight (down).

Depending on the intended task, type of feedback, and
other ergonomic factors, it is possible to find a wide variety
of teleoperation devices, including joysticks [11][12], haptic
devices [13][14], wearable devices [15][16], exoskeletons
[17][18], or robotic arms [19][20]. In this case, the direct
replication of movements enables a comfortable and intuitive
manipulation, removing the need for special training and
facilitating the learning-by-imitation methods [21][22]. Some
of the latest developments in bilateral teleoperation systems
focus on giving the user a haptic feedback by incorporating
force sensors in the follower device. In [13], a dual-arm
teleoperation architecture with haptic and visual feedback
is introduced to enhance the operator immersion in surface
treatment tasks, whereas in [14] a similar approach is applied
to suturing in minimally invasive surgery. An important part
of such teleoperation schemes is the study of the stability
of the communication channel, which is usually addressed
through the passivity property [12][23].

The main contribution of this paper is the development and
experimental validation of a bilateral teleoperation system
for the realization of dexterous bimanual manipulation tasks,
either on flight [8], [9], in ground [20], or in cable suspended
configurations [24], [25], using a pair of lightweight and
compliant anthropomorphic arms (LiCAS) in leader-follower
configuration, as shown in Figure 1. The proposed scheme
facilitates the replication of dexterous manipulation task con-
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ducted by the human workers, providing kinesthetic feedback
by estimating the torque from the measurements given by the
smart servo actuators without introducing additional sensors.
This implementation reduces significantly the cost, weight
and complexity of the system compared to solutions based
on industrial robotic manipulators. The system is validated
in several tests, including benchmarking with an industrial
task board [26], the installation of a deformable object with
complex geometry of a power line, and grasping-dropping a
parcel on flight for logistics applications.

The rest of the paper is organized as follows. Section II
motivates the design of the system proposed here. Section
III describes the mechatronic system and its modeling,
presenting in Section IV the teleoperation scheme. Exper-
imental results are reported in Section V, summarizing the
conclusions and future work in Section VI.

II. MOTIVATION
The dual arm teleoperation system presented in this work,

depicted in Figure 1, is developed in the context of two Euro-
pean projects, combining two scientific topics closely related.
On the one hand, cognition in aerial robotic manipulation
[27] is explored as part of the AERIAL-CORE1 project [28],
considering the application of aerial manipulation robots
equipped with dexterous robotic arms for the realization of
maintenance operations on power lines, replacing human
workers in highly risky tasks such as the installation of
bird flight diverters [10], a relevant activity with strong
environmental and economic impact due to the vast extension
of this critical infrastructure and the regulation imposed for
protecting bird species against collision and electrocution.
On the other hand, transferability, understood as the ability
of robots to share skills or knowledge among them, plays
a key role as part of the European Robotics and Artificial
Intelligence Network (euROBIN2), involving different types
of robots, including aerial robots, industrial manipulators,
and other ground mobile manipulators.

The need for an anthropomorphic teleoperation interface
[6] as the one presented here is therefore motivated by the
necessity to transfer the cognitive skills of human workers
[29] to aerial manipulation robots [30] intended to conduct
complex dexterous tasks [25] that, in practice, cannot be
easily automated, incorporating haptic feedback [31], [32],
[33] to extend the situational awareness and allow the robot
to learn behaviours from the operator, for example how to
react in case of collision or overload.

More particularly, the solution proposed in this paper
considers the following key contributions:

• Facilitating the transportation by making the teleoper-
ation interface very lightweight and even wearable for
human operators doing field work.

• Reducing the cost by using smart servo actuators like
Herkulex [8], [30], [10] or Dynamixel [34], [35], whose
price is one order of magnitude lower compared to
industrial-grade actuators built with Harmonic Drives.

1AERIAL-CORE project webpage: https://aerial-core.eu/
2euROBIN project webpage: https://www.eurobin-project.eu/

• Allow the natural replication of the human motions
while resulting intuitive and comfortable for the users,
avoiding intensive training or fatigue during its use.

One of the positive aspects derived from the significant
challenges faced in aerial robotic manipulation associated
to the limited payload capacity, dynamic coupling, physical
interactions on flight, and other issues associated to the use
of multi-rotors, is that some of the resulting methods and
technologies may be of interest for ground service robotics,
where conventional methods do not have to overcome these
inconveniences. Therefore, in order to extend its possible
application to ground domains, the performance of the
teleoperation system will be validated using an industrial
taskboard developed for benchmarking purposes [26].

III. LEADER-FOLLOWER DUAL ARM SYSTEM

A. System Description

The leader-follower manipulation system shown in Figure
1 consists of a couple of lightweight and compliant anthro-
pomorphic arms (LiCAS3) built with smart servo actuators,
following the design principles derived from our previous
works [8], [9]. Both arms implement the anthropomorphic
kinematics described in [8], with two main links (upper arm
and forearm), human size, and four joints for end effector
positioning: 1) shoulder flexion/extension, 2) shoulder ad-
duction/abduction, 3) medial/lateral rotation, and 4) elbow
flexion/extension. The kinematics of both arms is depicted in
Figure 2. Here qi j denotes the rotation angle of the j-th joint
of the i-th arm, where i = {1,2} is the arm index (left/right),
and j = {1,2,3,4} is the joint index, using superscript {L,F}
for denoting the leader and follower arms, respectively. The
angular speed of the joint servos is denoted by ωi j, whereas
pwmi j ∈ [−1,1] represents the normalized duty cycle of the
pulse width modulation signal (PWM) also provided by the
servo actuator, which can be used as estimation of the torque
exerted by the motor (see next subsection).

The Leader Dual Arm (LDA), handled by the human
operator (HOP), is built with the Herkulex DRS-0201 servos
due to their lower cost and low gearbox friction, so it is
comfortable for the user to operate when the torque control
of the actuator is disabled, whereas the Follower Dual Arm
(FDA) employs the Herkulex DRS-0402/0602 servos to pro-
vide higher payload capacity (0.7 kg) and accurate velocity
measurements as these models integrate velocity encoders on
the motor side. The FDA integrates a compact spring-lever
transmission for providing mechanical joint compliance with
relatively low stiffness ([15,10,5,10] Nm/rad), allowing
joint deflections up to 15 degrees. Passive compliance is
exploited here to allow the accommodation of the arms to
possible overloads raised during the realization of bimanual
manipulation tasks involving contact forces with the environ-
ment, or in closed kinematic chains (see [8], [24] for more
details), at expenses of reducing the positioning accuracy of
the end effector to 5−20 mm depending on the grasped load.

3LiCAS Robotic Arms webpage: https://licas-robotic-arms.com/
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Fig. 2. Model of bilateral kinesthetic teleopreation scheme with anthro-
pomorphic arms. The human operator (HOP) grabs the leader dual arm
(LDA) at the forearm to transmit the desired motion, sent as angular position
reference joint by joint to the servos of the follower dual arm (FDA),
providing as haptic feedback the joint speed and PWM used for estimating
the exerted effort, transmitted to the HOP through the LDA servos.

B. Servo Model

The proposed teleoperation scheme is designed taking into
account the control capability and feedback availability of
the smart servo actuators employed in the LDA and FDA.
Note tha the concept of smart servo is taken from Dynamixel
and Herkulex, the two main brands that develop this kind
of actuators. These servos take as input two parameters:
the goal position/speed θi j,re f , and play time PT , that is,
the time required to reach the goal position. Note that
the Herkulex DRS-0402/0602 can be controlled in both
position or velocity modes. Each time a servo receives a
data packet with these parameters, the controller embedded
in the actuator generates a trapezoidal velocity profile that
satisfies both constraints. In order to achieve smooth motions,
the velocity over-ride (VOR) mode of the servos (see users’
manual) is enabled, updating the position references at the
mid point of the velocity profile to avoid discontinuities.
The actuator provides as feedback its current position θi j,
speed ωi j = θ̇i j, and the duty cycle of the PWM (pulse width
modulation) signal generated by the controller. Note that
the PWM is a normalized value that allows to compare the
relative torque of different servo models. Figure 3 represents
the model of the compliant servo implemented in the FDA
joints. This is not integrated in the LDA since the interactions
with the human are already compliant.

Since the PWM signal represents the mean current (or
percentage with respect to the stall current) injected to the
DC motor i, and this is proportional to the motor torque τm,
it is possible to estimate the servo torque τs at the output
shaft (subscripts and superscripts are omitted for clarity):

τs = Nτm − τ f ; τm = kmp pwm ; pwm ∈ [−1,1] (1)

Fig. 3. Block diagram representing the compliant servo joint. Measurable
signals or known parameters are marked with dashed line.

where N is the reduction ratio, τ f is the gearbox friction,
and kpm is the PWM-torque constant. The friction torque can
be expressed as the sum of a Coulomb and damping term:

τ f = bsign(θ̇)+ cθ̇ (2)

where b and c are constants whose value can be experi-
mentally determined by applying known loads.

The compliant transmission mechanism introduced be-
tween the servo horn and the output link, whose angular
position is denoted as q, is assimilated to a series elastic
actuator in such a way that the transmitted torque is related
to the joint deflection angle ∆θ as follows:

τext = τs = k∆θ +d∆θ̇ ; ∆θ = θ −q (3)

where k and d are the torsional stiffness and damping
coefficients. The deflection [8], [24] represents the angular
deviation in the output link w.r.t. the servo shaft due to the
torsion of the spring, caused by any torque acting on the
joint. This angle can be measured integrating encoders in
the joints [24], requiring gravity compensation to improve
the positioning accuracy at the end effector [36]. Note that
for the LDA, qi j = θi j ∀i, j since all the joints are stiff. The
servo model is complete including the output link dynamics
which comprises the inertia, gravity, and external torque:

τext = Jq̈+mglsin(q) (4)

where J, m, and l are the joint inertia, mass, and length
of the center of mass, respectively.

IV. TELEOPERATION SCHEME

A. General Architecture

The kinesthetic teleoperation scheme considered in this
work, with two dual arm systems (leader and follower)
of identical kinematic configuration, allows the direct and
independent control of all the joints of the arms, in such
a way that the operator commands and receives haptic
feedback in the joint space, rather than in the task space.
Therefore, the teleoperation scheme will be implemented at
joint level, as depicted in Figure 4. Sub-indices i and j are
thus omitted for more clear notation. The human operator
(HOP) commands the desired velocity of the leader servo
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actuator (LSA), ωL, exerting a torque τH that compensates
the opposition of the servo due to friction and gravity, as well
as the torque received from the follower side, τ

L. The LSA
controller, detailed in next subsection, converts the torque
into a corresponding velocity reference for the servo, ωL

re f ,
taken as input by the servo actuator. The velocity reference
and feedback sent to / received from the follower side are
transmitted through a communication channel characterized
by a forward / backwards delay, assumed to be multiple of
the sampling period, that is, Tf = k f T and Tb = kbT , where
k f ,kb ∈N>0. This delay comprises the component associated
to the wireless communication link, as well as the delay
associated to the serial communication of the servo actuators.

The follower servo actuator (FSA) receives the delayed
velocity reference ω

F , giving as output the angular velocity
ωF = θ̇ F transmitted to the environment (ENV) through the
spring-lever transmission mechanism (see Eq. (3)). Taking
into account that the maximum update rate for the servos is
around 70 Hz, imposed by the serial interface, and the typical
wireless communication delays, below 100 ms, it can be
assumed that k f , kb ∈ [1,10]. The impact of variable delays
in this range is in practice relatively low due to the smoothing
effect of the VOR control mode of the smart servos.

Fig. 4. Bilateral teleoperation scheme based on force-position architecture.

B. LSA Controller

The goal of the Leader Servo Actuator controller block
shown in Figure 4 is to generate the appropriate velocity
references for the LSA based on two factors: 1) the intention
of the human operator expressed through the transmitted
torque τH , and 2) reflect the effort of the follower actuator
τF along with the external wrenches acting on it, τext . The
torque at the input of the LSA controller is then:

τ
L
c (n) = τ

H(n)− τ
F(n− kb)− τext(n− kb) (5)

The velocity reference computed by the LSA controller,
ωL

re f , is thus the sum of two terms, a first one that compen-
sates the torque of the HOP and the dynamics of the own
LSA, and a second term that accounts the FSA interactions:

ω
L
re f (n) =−kL

τ τ
L(n)+ kL

ω ω
L(n)−

− kF
τ τ

F(n− kb)+ kF
ω ω

F(n− kb)
(6)

where τL and τF are obtained from the PWM signal of the
leader/follower servos, as in Eq. (1), whereas kτ and kω are
the corresponding torque/velocity gains that determine the
sensitivity of the teleoperation interface. The haptic feedback
for the HOP corresponds to the torque generated by the LSA,
which can be controlled directly through the servo position
relying on the PID controller embedded in the servo, τL

c =
KpqL. Here Kp is the equivalent LSA joint stiffness, whereas
the integral and derivative gains are set to zero. The angular
speed of the servos in Eq. (6) is included to provide a more
comfortable and smooth interaction for the operator.

C. Passivity Analysis

The passivity analysis of the developed teleoperation sys-
tem can be assimilated to the position-force architecture in
[12] and to the work done in [23] for series elastic actuators,
as is the case of the FDA. A dynamic system like the servo
actuator, whose input is the angular speed ω and output
torque τ , is said to be passive if it satisfies that:

E(t)−E(0) =
∫ t

0
ω(σ)τ(σ)dσ ≥ 0 ∀t ≥ 0 (7)

where E(t) is the energy of the servo, E(0) is the initial
energy, and the product ω ·τ is the instantaneous power. As
stated in [23], the passivity can be defined at both sides of
the compliant transmission, so we can exploit the feedback
provided by the FDA servos with no need for additional
sensors at the load side. The energy of the FDA at the leader
side, expressed in discrete time, is thus computed as follows:

EFSA(n) = EFSA(n−1)+T ωFSA(n− kb)τFSA(n− kb) (8)

where T is the sampling period. The instantaneous power,
corresponding to the second term in the right side of Eq. (8),
will be analyzed at the LDA to evaluate the passivity of the
system during the interaction phases of the operation, as it
will be seen in Section V-C.

V. EXPERIMENTAL RESULTS

A. Benchmarking with Industrial Task Board

The goal of this first experiment is to benchmark the devel-
oped teleoperation system in the realization of a manipulation
task requiring a certain level of accuracy, coordination, and
dexterity, using for this purpose the industrial task board
presented in [26] (ref. [37] collects several benchmark results
with it). The experimental setup and the conducted operation
are illustrated in Figure 5 and can be followed in the video
attachment. The FDA is placed in front of the task board
while the human operator is handling the LDA next to it.
The operation consists of seven tasks, indicated in Table I
along with the execution time. Tasks 1, 2, and 6 presented
a low difficulty, whereas Task 4 required the use of both
arms to lift and push the door case, a tricky operation. The
realization of Tasks 2, 3 and 5 depends mainly on accurate
end effector positioning. The evolution of the left/right arms
tool center point (TCP) position is represented in Figure 6.
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TABLE I
EXECUTION TIME OF THE TASK BOARD BENCHMARK

# Task FDA arm(s) Time [s] Accuracy [mm]
1 Press Start button Left 4.5 10
2 Move slider up Left 8.8 5
3 Move slider down Left 3.5 5
4 Open case door Left + Right 14.5
5 Insert probe Right 11.9 3
6 Close case door Right 2 -
7 Press Stop button Right 3.8 10

Fig. 5. Industrial task board used for benchmarking the LiCAS teleoper-
ation system (up). Realization of the test with the LDA.

Fig. 6. Tool center point (TCP) position of left and right arms during the
execution of the task board benchmark, indicating the seven phases.

B. Replication of Dexterous Manipulation Skills

The goal of this experiment is to validate the developed
teleoperation system through the realization of a complex
bimanual manipulation task consisting in the installation of
an helical bird flight diverter on a power line section. The
complexity of the operation, represented in Figure 7, is due to
the geometry and elasticity of this device, extensively used
on the Spanish power grid to avoid the collision of birds
(see [28]). The cable suspended configuration of the arms,
depicted in Figure 8, simulates the operation from a crane to
reach the power line. The execution of the task can be seen in

the video attachment, representing in Figure 9 the trajectory
of both arms along with the evolution of the joints position
and PWM. The gripper state indicates the instant when the
left arm grabs/releases the device to wrap it around the cable.

Fig. 7. Human operator installing an helical bird diverter on a power line.

Fig. 8. Dual arm robot conducting the device installation by teleoperation.

Fig. 9. 3D trajectory followed by the FDA in the installation of the helical
bird diverter (left). Evolution of joint position, PWM, and gripper state of
the left arm, indicating the three rolling maneuvers of the device (right).

C. Bilateral Teleoperation Validation

This experiment aims to validate the bilateral teleoperation
scheme presented in Section 4-C, proving its capacity to
transfer haptic feedback to the human operator. The task
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TABLE II
PHASES INVOLVED IN THE INSTALLATION OF THE HELICAL DEVICE.

Phase Steps Duration [s] Description
R1 a, b, c 10 Insertion of the helical diverter.
G1 d 17 First grasping of the left branch.
R2 e 8 First rolling around the power line.
G2 f 17 Second grasping of the left branch.
R3 e 8 Second wrap around power line.
G3 f 8 Third grasping of the left branch.

consist of grasping the power line used in previous test with
the left arm, and force a pushing/pulling effort against it. In
order to avoid the overload of the FDA servos, the operator
will employ the kinesthetic feedback to accommodate the
force exerted by the arm, which involves mainly the shoulder
and elbow flexion/extension joints. Figure 10 represent the
position, speed, PWM, and power of the joints for joints
qL

11 and qL
14, respectively. The instant power of the servos is

computed and represented, identifying with yellow shaded
areas the time instants when the passivity is not satisfied
due to the interaction forces. In the first interaction, the
cable is pulled backwards, involving mainly qF

11, and then,
after returning to a nominal position, the cable is pulled
downwards, involving mainly qF

14. The graphs show how the
power becomes negative when the torque (PWM) is opposed
to the angular speed, a situation that is translated by the LSA
controler into opposing the HOP movements, providing the
haptic feedback that indicates the user the arm overload.

Fig. 10. Position, speed, PWM and power of the shoulder and elbow
flexion/extension joints in the bilateral teleoperation test. Yellow areas
indicate instants in which the user feels the pushing/pulling force exerted
by the left arm against the obstacle.

D. Validation in Aerial Manipulation Tasks

Finally, the teleoperation system has been validated in two
flight tests. On the one hand, the instalation of the helical
bird diverter has been partially replicated on flight, as shown
in Figure 1, integrating the FDA in a medium scale multi-
rotor flying in the GRVC Indoor Testbed, equipped with an
Opti-Track positioning system. On the other hand, a parcel
load and drop operation has been conducted in a logistics

scenario, represented in Figure 11. The execution of both
experiments can be seen in the video attachment.

Fig. 11. Evaluation of the dual arm teleoperation system in an aerial
manipulation logistics operation involving the grasping and drop of a parcel.

VI. CONCLUSIONS AND FUTURE WORK
This paper presented a bilateral teleoperation system for

the realization of complex bimanual manipulation tasks that
allows to replicate the human skills by using an anthropo-
morphic leader-follower configuration. The very low weight
of the arms (1.0 / 2.5 kg) facilitates the deployment of
the system on site, whereas the human-size and human-like
kinematics allow their integration in multi-rotor platforms
for the realization of aerial manipulation tasks, as well as
their use in ground service applications, evaluated through
a benchmarking task board. The mechanical compliance of
the follower provides passive accommodation of the robot to
the interaction forces raised during the installation process,
exploiting the measurements given by the smart servos to
provide kinesthetic feedback to the operator. The presented
experiments serve to illustrate how this interface could be
used for teaching the robot to conduct complex manipulation
tasks by demonstration.

As future work, it is considered extending the kinematics
of the leader dual arm by incorporating a joystick interface at
the forearm so the human operator can control the rotation
of the wrist joints, as well as a torso mechanism to allow
upper-body teleoperation of humanoid robots. Making the
LDA wearable, along with the use of a headset for displaying
the point of view of the follower dual arm, makes this
system interesting for a number of field robotic applications
requiring the transfer of cognitive skills of human workers to
the robotic arms, while the haptic feedback may be useful for
assisting the operation and increase the situational awareness
of the operator.
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