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Abstract: This review paper focuses on cooperative robotic arms with mobile or drone bases performing cooperative tasks. This is be-
cause cooperative robots are often used as risk-reduction tools to human life. For example, they are used to explore dangerous places
such as minefields and disarm explosives. Drones can be used to perform tasks such as aerial photography, military and defense missions,
agricultural surveys, etc. The bases of the cooperative robotic arms can be stationary, mobile (ground), or drones. Cooperative manipu-
lators allow faster performance of assigned tasks because of the available “extra hand”. Furthermore, a mobile base increases the reach-
able ground workspace of cooperative manipulators while a drone base drastically increases this workspace to include the aerial space.
The papers in this review are chosen to extensively cover a wide variety of cooperative manipulation tasks and industries that use them.
In cooperative manipulation, avoiding self-collision is one of the most important tasks to be performed. In addition, path planning and

formation control can be challenging because of the increased number of components to be coordinated.
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1 Introduction

Cooperative manipulation has become part of our day-
to-day activities, slowly replacing the human workforce in
highly repetitive work or in remote areas inaccessible to
humans. Mobility of robot bases, including mobile bases
or flying bases, has become an integral part of cooperat-
ive manipulation because it drastically increases the
reachable workspace for manipulation. Robots are often
used as risk-reduction tools to human life. For example,
they are used to explore dangerous places such as mine-
fields and disarm explosives(ll.

Drones can be used to perform tasks such as aerial
photography, military and defense missions, agricultural
surveys, etc. In the case of drones with arms, very few
platforms are available. However, there is a wide prom-
ising area of applications for such technology, e.g., seven-
degrees-of-freedom (7-DOFs) robot Kellerand Knappich
Augsburg (KUKA) arm attached to a unmanned aerial
vehicles (UAV) helicopter?. This extended the work-
space of the robot and they acknowledged that they ex-
perienced problems such as increased kinematic errors,
which were solved by employing a task space decoupling
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approach. Kim et al.Bl developed a quadrotor with 2-
DOFs robotic arm, in which they claim that they have
developed kinematic and dynamic system models to per-
form tasks such as picking and delivering objects. Hexa-
copter drones/4 are able to carry cargo and move chairs.
These hexacopter drones may be equipped with dual
armsl 6. They presented task-space modular dynamics
and modular relative Jacobian for dual arms and success-
fully performed a chain cleaning task. Therefore, this re-
view paper recognizes the need for drones with robotic
arms for aerial manipulation, single or cooperative.

This survey reviews topics on robotics arms with mo-
bile or drones bases in cooperative manipulation, starting
with robots attached to mobile bases also known as mo-
bile manipulators, dual arms for cooperative manipula-
tion, legged robots or humanoids, types of robots’ control-
lers for cooperative manipulation, robotic arms attached
to drones, results analysis, and lastly the conclusion or fu-
ture directions. This is to show the diverse robotic con-
trollers for stationary, mobile and aerial robotic manipu-
lators. The survey goes on to show all the limitations and
advantages of such robotic controllers as well as possible
ways of improving the systems.

This survey is divided into sections, namely: cooperat-
ive robotic arms, cooperative mobile bases, cooperative
mobile manipulators, controllers for the cooperative mo-
bile robots, drones with robotic arms, results analysis,
and lastly, the conclusion on studies carried out. Further-
more, this study shows the importance of the dynamic co-
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operative robotic controllers and will help the robotic
community in further development of cooperative robotic
controllers, improving existing ones.

2 Cooperative robotic arms

Robotic systems for object manipulationl” 8 require
extensive computation on robot motion planning and
force control during object and environment interaction.
In cooperative robotic systems, the complexity is even
higher since task distribution, planning, coordination and
cooperation of each arm are required. The robotics re-
search community developed several multi-robotic sys-
tems for cooperative tasksl®!l to have an integration
framework that allows coordination and cooperation in
real environments. Rodriguez et al.[l2l presented a dual-
arm framework for cooperative applications to coordinate
and synchronize dual-arm robotic systems and task exe-
cutions in real environments. The robot operating system
(ROS)13l was used as a communication layer of the dual-
arm system.

Sections 2.1 and 2.2 will discuss in detail the ex-
amples of dual-arm robots, kinematics analysis, and their
design of coordination followed by multiple robotic arms
cooperation. The same analysis criteria (design of co-
ordination and kinematic analysis) will be adopted in Sec-
tions 3 and 4.

2.1 Cooperative dual-arms

The design and simulation of single-arm manipulators
have been around for quite some time. We mention some
studies here to give the reader some background of the is-
sues facing single-arm manipulators. Zhang et al.l4 de-
signed and simulated two robotic manipulators, each with
two links, driven by direct current (DC) motors and flex-
ible forearms. The study is proved to be effective in tip
vibration suppression and reducing the effects of tracking
errors. Awelewa et al.l!] presented the design and devel-
opment of a robotic arm controller in a laboratory envir-
onment, and the study successfully implemented al-
gorithms and servomotors to control independent joints.
This resulted in a successful operation of the manipulator.
The robotic arm contains accelerometers that give feed-
back to the micro-controllers, and the control algorithm
was implemented in Matlab. In [16], a robotic arm suc-
cessfully performed a pick and place operation using Ar-
duino and accelerometers. The study reduced limitations
in manual object control for sorting systems, although ro-
tating angles of servo motors could not exceed 180 de-
grees. As a result, the study rectified this by preparing a
new mathematical model and solved angular rotations. In
[17], a disturbance observer-based controller is proposed
such that the controller performs relatively well even with
different or distinct disturbances. They claimed to have
positively verified this control theorem against different

disturbances and different robot manipulator setups or
configurations. Also, the controller can cope with instant-
aneous time-varying external disturbance. Song et al.[8l
focused on the mathematical model of the whole robotic
arm and mentioned challenges on dynamic and static fric-
tion forces. The study automatically switched between
the models to avoid ambiguous situations and illustrated
dynamic simulations of the robotic arms.

Fig.1 is YuMi (IRB 1400-0.5) robot, a dual-arm ro-
bot with two arms that are capable of adding flexibility
to assembly processes and shortening manufacturing
cyclest9,

The study developed a dual-arm industrial robot for
assembly automation of automotive parts consisting of
two industrial 6-DOFs arms and one 2-DOF's torso, which
plays a pivotal role in the assembly of automation
partsl20, This bridged single-arm manipulation limita-
tions, especially where operations are done with two
hands. Recent developments in sensor technology, mo-
tion controllers, and machine learning have made robots
more intelligent and robot collaboration more realisticl2L].
For cooperative dual arms(?2 to perform diverse and com-
plex tasks, the robotic arms have to imitate and learn
how humans work23: They claimed that the neural net-
work architecture exhibited learning and communication
and that robots were able to imitate complex actions like
opening a door.

Table 1 summarizes fixed-base dual-arms with differ-
ent robotic arms’ DOFs and their payloads with their
manufacturing companies. The dual-arms have proven to
be very useful in automated assembly industries because
of their high-precision capability, contrary to the human
labor force.

2.1.1 Kinematics analysis of dual-arm manipulators

Designing a dual-arm robot for industrial assembly in-
volves analyzing its workspace and performing dynamic
motion simulation?”]. By doing so, they claimed to have
successfully designed a dual-arm robot with a torso joint.
The most important function of the dual-arm manipulat-
or is the cooperation between the arms and the postures
needed for cooperation tasks. The arm postures and hand
locations are needed for assembly tasks as they are the
ones doing cooperation and not the torso of the robotl28].
Park et al.l29 developed a mobile dual-arm manipulator

Fig.1 An Example of a dual-arm robot, YuMi by ABB re-
printed with permission from [19]
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Table 1 Examples of dual-arm robots

Robot Company DOFs Payload (kg)
Blue (lightweight)[24] UC Berkeley 7 2
Baxter (low cost)[2%] USA Rethink Corporation 7 2.25
YuMi (IRB 1 400-0.5) ABB 7 1
Justin DLR-LWR-III126] German Aerospace Center 7 7-15

for the automatic assembly of electrical devices. Further-
more, the researchers managed to improve the robots’ po-
sitioning by using force-torque feedback and they want to
improve their research by manipulating multiple larger
objects. Park et al.3 designed a dual-arm rescue robot
loaded on a mobile robot to perform human rescue activ-
ity on the battlefield. In this study, there were limita-
tions on existing dual-arm robots, one of them being that
the dual-arm robots are confined to indoor operations.
The study faced issues in friction modeling of worn-out
parts and external vibration. Dual-arm robots need to be
highly precise, and as a result, Freddi et al.! developed
a fault-tolerant controller for dual-arm manipulation sys-
tems based on the relative Jacobian method. The study
claimed that its fault-tolerant controller changes the con-
figuration of both manipulators without changing or af-
fecting the desired relative end-effectors distance.
2.1.2 Design of coordination for dual-arm
manipulators

Coordination of robot manipulation results in in-
creased manipulation performance and redundancy.
However, Erhart et al.32l showed that cooperative sys-
tems incur kinematic errors originating from geometric
uncertainties limiting cooperative task performance. An
impedance-based control architecture was implemented to
fix the kinematic errors. To coordinate dual-arm manipu-
lators, Hebert et al.[33 combined visual and kinesthetic in-
formation to estimate both the manipulator and the ob-
ject states using an unscented Kalman filter (UKF). They
successfully performed dual-arm manipulation tasks such
as wheel changing. Another approach to coordination for
dual-arm manipulators is by using a master/slave tech-
niqueB4. They claimed to have successfully demonstrated
autonomous control used for coordination and control.
Also, to perform coordinated motions, Park and Leel3’l
described extended cooperative-task space (ECTS) per-
formance indices that can enable redundancy in the dual-
arm system to be effectively utilized for a larger range of
workspace. Calibration of a cooperative system is critical
to its accuracy, therefore, Bonitz and Hsial3¢ recommen-
ded calibration tools like theodolites, laser interferomet-
ers, coordinate measuring machines, acoustic sensors, op-
tical sensors, and wire potentiometers to help in calibra-
tion of the system.

2.2 Three or more robotic arms cooperat-
ing

It is necessary to have multiple arms cooperating in
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Fig. 2 Example of a wheeled robot, Rollin’ Justin, re-printed
with permission from [26]

some automated manufacturing or assembly entities37).
And some multiple arms robots are used in high preci-
sion tasks8l. In this study, force/torque sensors were
used to measure trajectory errors and transducer signals
to measure end-effector deformations. A computer-based
simulation was then used to show the effectiveness of this
approach. They state that closed kinematic chains help in
precise cooperative or simultaneous object manipulation.
As a result, the control approach of multiple robotic
arms will differ from that of single or dual arms. Because
in the control of multiple robotic arms, there is a need to
coordinate the motion of multiple robotic arms with one
another for stable object manipulation.
2.2.1 Kinematic analysis of multi-arm manipulators
A robot multi-arm control system includes robot con-
trollers that use a communication link to transmit syn-
chronization information from the master controller to
slave controllers for coordination purposes39. They state
that this system takes care of communication delays, es-
pecially during motion synchronization. Concerning mo-
tion coordination of redundant robot systems, Khatib et
al.[*0 developed an augmented object model and virtual
linkage model for fixed-base multi-arm robots. The study
claims to have successfully designed two holonomic mo-
bile manipulation platforms. Koga and Latombel4!]
claimed to have automatically generated motion paths for
several cooperating robot arms to manipulate a movable
object avoiding collisions among obstacles. Moreover, Ch-
eung and Chungl4?l extended the single-master-single-
slave (SMSS) to SMSS telemanipulation using semi-
autonomous adaptive control methods to compensate hu-
man operator errors by modifying the paths for the lead-
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er robotic arm. Section 2.2.2 will describe the design of

cooperation for the multi-arm manipulators.

2.2.2 Design of cooperation for
manipulators

multi-arm

As interests in mobile cooperative multi-arm robots
grew, Hichri et al.[43] adopted a co-manipulation method
using army ant's strategy to improve stability of payload.
Detailed structural and dimensional analysis aided the
lifting process of the payload. Different types of control-
lers for multiple robotic arms may be implemented for co-
operative purposes like adaptive bilateral control, multi-
lateral control4, and impedance controll4®l. They will be
discussed further in the controller part of this paper.

3 Cooperative mobile bases

Cooperation in mobile bases comes in different forms,
which can display swarm behavior. A swarm of mobile
bases cooperatively performing a task increases the opera-
tional area and tasks attainedl6l. Cooperative mobile
bases not only enlarge and expand individual robot cap-
abilities but also improve their manipulability4”. They
presented a framework for coordination control of vehicle-
arm systems. The framework provided helped demon-
strate vehicle-arm coordination and cooperative opera-
tions between two platforms. Another form of cooperat-
ive mobile bases is shown in Fig.2. It can be used in nu-
merous tasks such as catching balls, making coffee, and
learning to fix satellites.

3.1 Kinematic analysis of mobile bases

There are two types of mobile bases based on their
moving platforms: wheeled and tracked mobile bases.
3.1.1 Wheeled mobile base

Wheeled robots are much easier to design, build, and
program for movement in flat, not-so-rugged terrainl4sl.
The motion of the wheeled mobile base is fully depend-
ent on the rolling capabilities of the wheels[*9, which can
rotate indefinitely, backward, or forward. The combina-
tion of wheels and joints in articulated wheeled robots al-
lowed them to adapt their morphology to the terrain,
thus increasing their maneuverability®. As a result, two-
wheeled robots like the innovative two-wheeled mobile ro-
bots (2WMRs)6l attracted many studies. Mu et al.[52
successfully developed a rotate-and-run scheme for co-
operative control of a group of 2WMRs to solve the con-
sensus problem for a group of under-actuated 2WMRs.
Mas and Kitts®3 presented a cluster control approach to
achieve object manipulation using a cooperative mobile
multi-robot system. This approach maintained that only
a single user using a joystick could control all robots in a
formation. In [54], a rigid-formation-motion (RFM)
framework is proposed to control multiple non-holonomic
robots. It is claimed to have achieved cooperative cooper-

ation manipulation and transportation of rigid objects us-
ing two-wheeled robots. Also, Dong and Farrell5® dis-
cussed a dynamic control law for multiple mobile agents.
It claimed that the mobile agents tracked moving target
objects and various simulations were made to validate the
effectiveness the controller. Nagasaka et al.l®6] proposed a
whole-body force controller for a mobile robot with a ma-
nipulator. They claimed that the robot could achieve co-
ordinated diverse motion objectives such as velocity, ac-
celeration, and impedance at any part of the robot. Fig.3
shows an example of a Robotnik wheeled robot.

Fig. 3 Example of a wheeled robot, called Robotnik, re-printed
with permission from [57]

3.1.2 Tracked mobile base

Guarnieri et al.[8 claimed to have modeled and simu-
lated a search and rescue crawler robot. Furthermore, In-
oute et al.l’ asserted that optical tactile sensing systems
could estimate contact conditions of surface in a non-con-
tact way using phototransistor. Tracked mobile bases
have external structures similar to that of a tracked
vehicle (excavator), as shown in Fig.4.

Fig. 4 Example of a tracked robot re-printed with permission
from [60]

3.2 Design for cooperation of mobile bases
Cooperative robotic mobile bases can be used in con-
trolling a formation, guarding a perimeter, and surround-

ing a facilityl0ll. Cooperative mobile bases may imitate
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biological groups such as a group of ants(62l and a parade
of fish(63l. Van Den Broek et al.04 proposed a virtual con-
trol strategy with mutual coupling in the design for the
formation control of unicycle mobile robots. Yi et al.[o5]
stated that designing an extended Kalman filter (EKF)
for mobile robots played a huge role in robot positioning
and wheel slip-estimation schemes.

4 Cooperative mobile manipulators

Khatibl66] discussed mobile manipulation and de-
veloped robotic capabilities that aid humans in various
physical operations. Desai et al.lf7) showed that cooperat-
ive mobile manipulators could be used to share payloads
that cannot be handled by a single robot alone, thereby
enhancing their working volume and grasping capability.

4.1 Kinematic analysis of mobile manipu-
lators

Yamamoto and Yun[®® presented a unified approach
to the task space analysis of mobile manipulators treat-
ing both locomotion and manipulation in the same frame-
work from the viewpoint of the task space. Giftthaler et
al.l%9] introduced a constrained sequential linear-quadrat-
ic optimal control algorithm (constrained SLQ) to ad-
dress the problem of kinematic trajectory planning for
mobile  manipulators.  Furthermore, Oriolo and
Mongillo[™ developed a greedy planner, rapidly explor-
ing random tree (RRT) like planner and variations on
RRT-like algorithms to solve motion planning along end-

effector paths (MPEP) problems.

4.2 Design of cooperation for mobile ma-
nipulators

Sugar and Kumar(™l highlighted that robots can co-
operatively transport objects and march in a tightly con-
trolled formation and autonomously navigate to their tar-
get. To address the design of autonomous cooperative
platforms, Sugar and Kumarl™? developed a real-time con-
trol system and a forklift-like arm scheme, which easily
allowed the control of Cartesian stiffness or impedance. In
[73], a decentralized neural network (NN) control system
was developed, which can respond more quickly to known
and measurable disturbances. Simetti and Turettal™l
claimed that a dynamic programming (DP) approach
could be used to deal with multi-mobile manipulators co-
operatively accomplishing the transportation and manipu-
lation of a shared load.

5 Control of cooperative robots

This section briefly reviews cooperative controllers for
manipulators, mobile bases, and mobile manipulators, un-
like in Sentions 2—4 which only focused on the kinematic
analysis of robots and their design for coordination.

@ Springer

5.1 Control of cooperative manipulators

Tinos et al.’®l proposed a hybrid control of motion
and squeeze force and claimed that it does not use the ro-
bots' inertia matrices. It developed a squeeze force con-
troller which independently treats the components of
squeeze forces. Incremona et al.[’6l focused its scope on
designing a hybrid sliding mode position and force con-
trollers and claimed it is robust in trajectory tracking
even in the presence of external disturbances. A multiple
impedance control (MIC) was designed by [77] to desig-
nate impedance on all cooperating manipulators and to
tune inner forces or torques when manipulating an object.
To control the motion and internal forces of the target
object as well as the contact forces between the object
and environment, Heck et al.["® proposed a cascade con-
trol algorithm. A decentralized adaptive hybrid intelli-
gent control scheme proposed by [79] claimed to have
achieved control objectives starting from partial or no
prior knowledge of the system'’s dynamics. Moreover,
Gueaieb et al.[’9l used the Lyapunov stability approach.
Phukan and Mahantal8% designed a position synchroniza-
tion controller based on an integral sliding mode for dual-
arm manipulators. The study mentioned that the control-
ler ensures stable object manipulation while following the
desired trajectory. It claimed to have tested the control-
ler on a 14 DoF dual-arm robot, and the controller
showed efficiency in trajectory tracking and can with-
stand external disturbances.

In the following subsections, we present additional
types of controllers for cooperative manipulators, namely:
adaptive Jacobian control, decentralized adaptive control,
impedance control, and robust adaptive fuzzy control
scheme.

5.1.1 Adaptive Jacobian control

Zhao et al.Bl developed an adaptive Jacobian syn-
chronized tracking control approach and showed that the
approach could stabilize position tracking of each manip-
ulator while coordinating its motion with other manipu-
lators. Zhao et al.Bl also mentioned that the bench test
of the approach is proved very effective.

5.1.2 Decentralized adaptive control

Ttoh et al.B2 proposed a decentralized control of co-
operative manipulators based on the virtual force trans-
mission algorithm. It mentioned that all the forces (grasp-
ing and accelerating forces) are calculated at the end ef-
fectors. Furthermore, Itoh et al.82 incorporated a space
observer to correct the tip motion response errors and im-
plemented the decentralized control method through a
series of simulations and experiments.

5.1.3 Impedance control

Caccavale et al.[3] designed an impedance control for
cooperative dual arms encompassing a centralized imped-
ance control method. This control strategy is based on a
two-loop configuration in which a proportional-integral-
derivative (PID) inner motion loop is adopted on each
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manipulator. The development was tested on a dual-arm
with 6-DOF on industrial robots carrying an object.
5.1.4 Robust adaptive fuzzy control scheme

Gueaieb et al.lB4 focused on designing an adaptive
fuzzy control scheme for cooperative manipulators to
tackle simultaneous position and internal force control is-
sues. This approach was made amid unwanted paramet-
ric and modeling uncertainties as well as external forces
or disturbances. They also claimed to have taken advant-
age of the Lyapunov stability approach, and the control-
ler was affirmed robust even in the presence of external
forces and uncertainties.

Fig.5 shows an example of cooperative manipulators.

Fig. 5 Deep learning robotics (DLR) cooperative manipulator
re-printed with permission from Institute of Robotics and
Mechatronics, Germany/(8]

5.2 Control of cooperative mobile bases

Cooperative mobile base controllers are discussed in
this section, namely, fault-tolerant cooperative controller
(FTCC), slide-mode formation control, target tracking
control, and visual observation and fuzzy logic control.
Fig.6 shows cooperative KUKA mobile platform 1 500,
KUKA omniMove, and KUKA triple lift ensuring high-
precision transport equipped with navigating systems for
a fully automated operation/s6l.

5.2.1 Fault-tolerant cooperative controller

An FTCC for autonomous wheeled mobile robots was
developed by [87] based on cooperative control. It ap-
plied the Hungarian algorithm and a collision avoidance
algorithm based on the mechanical impedance principle,
which avoided potential collision between healthy robots
and faulty ones in a team configuration. This is designed
such that if there are some faulty robots, the remaining
robot tasks are reassigned to the healthy robots to assure
mission completion. Furthermore, it was designed to re-
coordinate the motion of each robot in the team.

5.2.2 Slide-mode formation control

Defoort et al.88 discussed the first and second order

sliding mode controllers to stabilize mobile robots. It was

Fig. 6 KUKA omniMove mobile platform re-printed with
permission from [86]

based on relative motion states, which eliminate the need
for leader robot velocity estimation. Moreover, they
stated that formation stabilization is done by a vision
system incorporated on follower robots ensuring robot
collision avoidance.
5.2.3 Target tracking control

Wang and Gul®) focused on solving a moving target
tracking problem for multiple mobile robots. The prob-
lem was subdivided into two: an estimation of target pos-
ition, and flocking control of a group of robots advancing
towards the target object. It used a novel distributed
Kalman filter and a distributed flocking algorithm. It val-
idated the development of simulated 2D and 3D robots
and affirmed that the suggested algorithms helped track a
moving target. Finally, they mentioned that cooperative
target-tracking robots outperformed the results produced
by individual target tracking robots.
5.2.4 Visual observation and fuzzy logic control

Marapane et al.l% described visual observation and
fuzzy logic control strategies for cooperative robotic team
motion controllers. It highlighted that the robots demon-
strated a coordinated convoying behavior. Visual observa-
tion helped in coordinating the team using visual servo-
ing to track the leader robot. To determine leader head-
ings, it used a minimum noise and correlation energy
(MINACE), whereas a real-time fuzzy logic motion con-
troller was used to adjust the leader velocity.

5.3 Control of cooperative mobile manipu-
lators

Safe transportation of objects in an environment with
external disturbances or obstacles is a challenging task,
and many studies are trying to develop a controller to ad-
dress the challengel?ll. The following control strategies are
discussed in this section: centralized-decentralized archi-
tecture, local information-based control law, decentral-
ized control, and adaptive cooperative control.

5.3.1 Centralized-decentralized architecture

A centralized-decentralized architecturel®t addressed
the problem of cooperative object transportation by co-
operative mobile manipulators. This strategy was de-
signed with two layers. The higher layer was centralized
and dealt with collision-free path planning using an op-
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timally connected random tree. At the same time, the
lower layer was decentralized and dealt with inter-robot
motion coordination and transportation of the target ob-
ject. It implemented the strategy in Webots™ software
for KUKA youBot.
5.3.2 Local information-based control law

A local information-based control lawl®2l was pro-
posed to solve the problem of multiple mobile manipulat-
or robots rotating a grasped object to a targeted location.
It adopted a multi-agent system approach assuming that:
The agents can sense relative positions of each other,
there is an exchange of information amongst the agents,
and there is a communication topology. It noted the is-
sue on the stability of this control law.
5.3.3 Decentralized control

Two novel solutions were considered® for a fully and
partially decentralized cooperative control of multi-mo-
bile robots with load manipulation. The two controllers
discussed were: a fully decentralized controller, which
dealt with parameter estimation and twist of the load,
and a partially decentralized controller to ensure precise
tracking of load and twist. The fully decentralized con-
troller also ensured the stability of the load twists.
5.3.4 Adaptive cooperative control

A multi-layer schemel® was presented for adaptive
cooperative control of mobile manipulators. The multilay-
er scheme work had independent modules dealing with
cooperation, coordination, and adaptation problems. To
prove the robustness and stability of the system, it used
Lyapunov theory and maintained that the simulation res-
ults were positive.

Fig.7 shows an example of cooperative mobile manip-
ulators by fetch robots.

6 Drones with robotic arms

As in the previous sections, this section discusses the
application and examples of drones with robotic arms and
their significance together with their technical specifica-
tions. This section will discuss individual control of
drones with robotic arms 6.1 and cooperative control of
drones with robotic arms 6.2.

Fig. 7 Cooperative fetch mobile manipulators re-printed with
permission from fetch robotics (93]
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Robotic manipulators attached to mobile bases are of-
ten used in areas that need the end-effector to mobilize
beyond its reach. As mentioned in [96], assistive robotsl®]
used a heterogeneous multi-robot system to assemble long
components, ship painting, building, and welding[®8 9.
The papers stated the need to stabilize the UAV in flight
and introduced an integrated underweight Delta manipu-
lator, aircraft maintenance, etc. Campos et al.l'00 added
that these areas are challenging for human operators due
to the risks associated with them. One of the challenging
topics in drone control is precision flight dynamics, and
Al-Fetyani et al.[l91] claimed to have implemented an ad-
aptive neuro-fuzzy inference system (ANFIS) based con-
trol system. The study claims that the system improves
attitudes and altitudes performances of drones (quad-
copter). The system was tested in a simulated environ-
ment and demonstrated the ability to reject external dis-
turbances. The study managed to achieve precision land-
ing and take-offs using an infrared radiation (IR) camera.
Furthermore, different control methods have been dis-
cussed in this area of research, and Fareh and Rabiel[l02]
proposed two control methods: the centralized control
strategy and the decentralized control strategy. Central-
ized control strategy considered the system as one unit,
and a decentralized control strategy considered mobile
manipulators as two separate subsystems being the mo-
bile base and robotic arms, as discussed in [103]. A re-
search firm[194 mentioned that industrial and commercial
markets are now focusing on replacing the human labor
force with drones equipped to perform human tasks or
imitate human arms and that there is an increasing de-
mand for drones to perform specific hands-on operations.
An example of a dual-arm hexacopter is shown in Fig.8.
The developers stated that it could perform a variety of
tasks such as to grasp and carry different cargo, join
units or things, turn dials, flick switches, and cut
cablesl[104],

Fig.9 shows another example of a drone with a
sidearm kit. The developers[10% claimed that the sidearm
is a robotic arm that clips onto the drone to provide aeri-
al manipulation capability. Furthermore, they stated that
the sidearm kit is compatible with Da-Jiang innovations
(DJI) Phantom 3 and 4 drone models. The kit has claws
made of carbon fiber talon-like, which are used for grasp-
ing and carrying cargo. The weight of the arm-kit was es-
timated to be around 135g.

6.1 Individual control of drones with ro-
botic arms

There are different types of individual drone uses.
Some examples of drone uses are medical assistance
shown in Fig.10 and cargo transportation as shown in
Fig. 11. Drones with robotic arms perform different aerial
manipulation, which is another form of configuration in
robot control.
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Fig. 8 Drone re-printed with permission with permission from
PRODRONE!04]

Fig.9 Side robotic arm-kit compatible with DJI drones,
registered trademark of GearWurx, re-printed with permission
from GearWurx[10]

Aerial manipulation robots can be used to carry a rod-
shaped object using two multi-rotor drones with robotic
arms, as stated in [107]. Multi-rotors!!0¢] are preferred be-
cause they can easily access a three-dimensional work-
space, and the execution of tasks is limited to the pay-
load. Additionally, Wu et al.ll9 highlighted that a co-
operative approach is promising for aerial manipulation
robots with limited payloads. The operation of cooperat-
ive, multiple mobile platforms required considerations on
motion synchronization and the overall system's
stability[110], Moreover, there has been an extensive
studyl!!l] on stationary or ground mobile manipulators,
which made it possible to control two or more units sim-
ultaneously. This addressed aerial manipulation control
problems. To validate the aerial cooperative manipula-
tion, Jimenez-Cano et al.['2 carried out an autonomous
flight test of two cooperative aerial manipulators carry-
ing a rod-shaped object. The drone bases were controlled
regardless of the effects of uncertainties brought about by
the robotic arm and the target object itself. The study
claimed that the proposed methods were indeed suitable

for aerial manipulation and that simulation demon-

Fig. 11 PD6B-AW-ARM transporting ability re-printed with
permission from Prodrone

strated that the proposed controller is robust against
parametric uncertainties and external disturbances.

The following aerial manipulation controllers are
briefly discussed in this section: compliance control
scheme, interconnection and damping assignment passiv-
ity-based control (IDA-PBC), cascade control, and hier-
archical motion control.

6.1.1 Compliance control scheme

A compliance control scheme is characterized by three
layers, as shown in Fig.12, and as mentioned in [113].
The scheme has a motion planner used to achieve the de-
sired velocity trajectories for the end-effector, and an im-
pedance filter conferred a compliant behavior to the sys-
tem. The motion controller tracked the output reference
values from previous layers. The effectiveness of the al-
gorithm was tested in Matlab/SimMechanics© simula-
tion environment, and the comparison between the forces
showed that the impedance filter allowed for a reduction
in residual forces.

6.1.2 Interconnection and damping assignment
passivity-based control (IDA-PBC)

Mello et al.l'4] focused on analyzing aerial manipula-
tion dynamics and controller, which is suited for a quad-
rotor with an n-link manipulator in a free motion in space
using the IDA-PBC method. The controller was designed
with the manipulator placed at any position while ensur-
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Motion planner Impedance
Inverse kinematics Vehicle Robotic
arms

Motion controller

Fig. 12 Block diagram for the compliance control architecture

ing global asymptotic stability. It used the Lagrangian
formulas and Hamiltonian formulas for the control of the
under-actuated mechanical systems. This helped the end-
users to comprehend the real complexity of controlling
aerial manipulators in a cyclo-passivity instead of stand-
ard manipulators. As a result, the study affirmed that the
designed passive controller proved to be stable and sim-
plified many highly complex nonlinear control problems.
6.1.3 Cascade control

In [114], a cascade control was designed for a quadro-
tor serially coupled to a robotic arm with dual-loop sys-
tems. The inner-loop system is considered a partial feed-
back linearization controller resulting from the Lie deriv-
ative. The outer loop as a kinematic controller tackled
any uncertainties from the feedback linearization ap-
proach. Two controllers in parallel were considered: the
backstepping controller for UAV motion and the PID
controller for the robotic arm. The paper took into ac-
count the center of mass of the UAV, which is greatly in-
fluenced by the end-effector. The cascade control strategy
helped to track desired trajectories for the end-effector
while maintaining stability for the whole system.
6.1.4 Hierarchical motion control

The hierarchical motion control scheme or architec-
ture for UAVs with a manipulator is shown in Fig. 13, as
discussed in [115]. The controller has two layers: an in-
verse kinematics layer as the top layer and a motion con-
trol layer as the bottom layer. The study showed the ef-
fectiveness of this approach in the presence of disturb-
ances. It has also proved that it is possible to make a
conceptual separation between quadrotor position and
orientation. The hierarchical controller was proposed
based on an inner/outer-loop system with vision-based
controllers. The bottom layer, which is the motion con-
troller was the UAV controller which computes the thrust
forces and references flight angles. Furthermore, the
study claimed that a dynamic model for the whole sys-
tem was developed (UAV and the manipulator) with a
Cartesian impedance controller to cope with contact
forces and external forces. The simulation results showed
that the controller is effective even in the presence of
model uncertainties.

6.2 Control for cooperation of drones with
robotic arms

This section reviews the coordinated control of mul-

@ Springer

tiple aerial vehicles with manipulators. Fig.14 shows an
aerial manipulator with multi-DOF's that can carry out a
pose manipulation of rod-shaped objects. These aerial ma-
nipulators can be used to perform cooperative tasks.

Coordinated control of multiple aerial vehicles with
manipulators has raised scientific interest due to their
wide applications and ability to perform complex tasks
impossible for single aerial robots!!'7l. Leica et al.[ll8]
stated that serial manipulators present limitations such as
payloads, complex missions, and cooperative transporta-
tion of large and heavy cargo. The following methods of
control are discussed.
6.2.1 Adaptive sliding-mode controller

Lee et al.l'!9 presented planning and control synthesis
for collision-free cooperative aerial transportation. The co-
operation setup consisted of a hexacopter and a 2-DOF
robotic arm controlled by an augmented adaptive sliding
mode-based controller. They presented a rapidly explor-
ing random tree star (RRT*) as a motion planning al-
gorithm, and for dynamic movements of the system, they
used dynamic movement primitives (DMPs). Moreover,
they claimed to have used an RRT* with the Bezier
curve for the robotic arm's path planning. Finally, they
presented an experiment in user-guided command and
RRT* planned trajectory, and it claimed to have shown
satisfactory results in object manipulation.
6.2.2 Dynamic surface-based control

Lee and Choil!29 presented a dynamic surface-based
control for a drone equipped with a 2-DOF's robotic arm.
They mentioned that it used an altitude and attitude

uad-rotor
Inverse Quad-rotor| Q . Quad-rotor|
. . o = attitude .
kinematics position inputs
controller

Manipulator
1
controller

!

Fig. 13  Block diagram for the hierarchical control architecture

Fig. 14  Aerial manipulators with multi-DOFs(116]
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control-based method together with multiple sliding mode
control methods based on position control. Conclusively,
it stated that their simulation results proved that the sys-
tem and control methods are stable and have conver-
gence in error tracking.
6.2.3 Image-based visual servo (IBVS) control

Bourquardez et al.l?ll used an image-based visual
servo control scheme to regulate the position of a quadro-
tor vehicle. This paper investigated and demonstrated the
effectiveness of the controller on autonomous aerial
vehicles and aerial manipulators. The servo controller has
two loops. One is the inner loop, which is an altitude loop
controller using inputs from the aerial vehicle’s onboard
sensors like gyro meters and accelerometers. The other is
the outer loop, which is relied on the feedback from the
image sensors. They claimed that designing a classical
IBVS transitional control law ensures good system beha-
vior.
6.2.4 Velocity and curvature constraints approach

Since aerial manipulation is an entirely new field, dif-
ferent approaches have been considered. One approach
used velocity and curvature constraints for aerial manipu-
lation in the presence of obstaclesl!?2l, It is stated that a
simple curvature-constrained harmonic potential flow and
streamline-changing algorithm generate smooth paths
used for obstacle collision avoidance in aerial manipula-
tion in real-time. This algorithm was tested using a load-
carrying, custom-made aerial manipulator, which is
proved to be effective.
6.2.5 Multi-rotors motion controller

Kim et al.[197 mentioned before, a pose manipulation
of a rod-shaped object using two aerial manipulators with
multi-DOFs was investigated. Both motion control and
planning methods for aerial manipulation are presented.
They claimed that regardless of disturbances from the ro-
botic arm, multi-rotors are controlled using the extended
high-gain and disturbance observers. For the safety of co-
operative aerial manipulation, they claimed that it used
motion planners. Also, they designed a unilateral con-
straint to impose collision avoidance between the target
object and aerial manipulators. Ultimately, simulation
results were validated by a successful autonomous aerial
manipulation experiment.

7 Results analysis

Table 2 shows a summary of cooperative control for
fixed-base manipulators, mobile manipulators, and drones
with robotic arms. These are shown with respect to types
of mechanisms, types of controllers, methods of control,
tasks, major advantages, and industries where the robots
are found. These studies are chosen to give a sample of
studies on cooperative manipulators with mobile or drone
bases with a variety of assigned tasks and industries
where they are found.

7.1 Cooperative fixed-base manipulators

For cooperative fixed-base manipulators, there are

several studies on dual-arms, but there are also consider-
able studies on cooperative manipulators with more than
two arms. Most of the controllers used impedance con-
trollers or hybrid controllers. These types of controllers
are also extensively used for single manipulator control.
Therefore, controllers normally do not vary too much
between single manipulator and multiple manipulators
control which can subsequently mean that robot control
is influenced more by robot interaction with the environ-
ment, where robots other than themselves can be found.
The control method is about the way the assigned task is
being performed and how the robot is interacting with
each other and with the environment to perform the as-
signed task. In most cases, it is based on position-force
control, impedance control, and some computational
methods. The tasks are greatly influenced by the overall
requirement of the job assigned to the robot and the
mechanism types assigned to perform it.

Fixed-base cooperative manipulators are mainly in
used manufacturing and assembly industries because the
environment is highly structured. The workpieces for the
robots to interact with are designed to be automatically
brought to them. This kind of work arrangement is wel-
come in such industries to minimize the robot’s reachable
workspace to maintain the safety of the human workers
present on the manufacturing floor. In the future, when
robots become more dexterous and more intelligent, inter-
action with human workers can be of lesser issue to worry
about. Such that cooperative manipulators can become
mobile instead of fixed base.

Another advantage of fixed-based cooperative robots
is that they help in implementing dexterous manipula-
tion, grasping, and robot interaction with other robots
and humans in the environment. These aspects of manip-
ulation and interaction need to be properly implemented,
observed, analyzed and optimized before the manipulat-
ors can be confidently attached to ground or air moving
bases. The future of grasping, multi-fingered interaction,
tactile sensing, haptics, etc., are some of the immediate
challenges in cooperative fixed-base manipulators that
need to be addressed before we can confidently make
them roam around freely and interact with humans and
structure environments.

The methods of control for fixed-base manipulators
mostly deal with position and force control because they
are expected to interact with the environment by touch-
ing, manipulating, and sometimes penetrating. This is dif-
ferent from most manipulators with mobile or aerial bases
where robot-environment interaction is not as extensive
as in fixed-base manipulators. One could say that the
problem of robot-environment interaction for fixed-base
manipulators is more immersive in terms of forces and
manipulation task coordination compared to robots with
mobile or aerial bases.
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Table 2 Results analysis

Types of mechanisms Types of controllers Methods of control Tasks Major advantages Industry
Two 3-DOF's robotic arms, Adaptive Jacobian Adaptive Painting, welding Stability of the Manufacturing
one basel81, 123, 124] control synchronized system (discrete time

6-DOF robot
dual-armsl83. 125-127]

Under-actuated
manipulators(75; 128-130]

Cooperative robotic
armsl76, 131-133]

Multiple
manipulators[79 134, 135]
Cooperative
manipulators[77, 136-138]

‘Wheeled mobile
robots87. 139, 140]

Mobile bases|88]
Mobile bases|89: 141, 142]
Multi-mobile

robots!90, 143-145)

Wheeled robotsl53; 146-148]

Two wheeled
robotg[54,149-151]

‘Wheeled mobile
robots!55, 142, 152]

Wheeled mobile robot!56]

Hexacopter with 2-DOF
robotic arml[119; 153-155]

Drone with 2-DOF robotic
arm[120, 156-158]

Quad-rotor
vehiclell21, 159-161]

Aerial
manipulator(107, 162-164]

Aerial
Manipulator(122, 165-167]

Impedance control

Hybrid control

Hybrid position/force
control

Decentralized,
adaptive hybrid
intelligent control

Multiple impedance
control

Fault-tolerant
cooperative
controller

Slide-mode formation
controller

Target-tracking
controller

Visual observation,
fuzzy logic controller

Cluster-space
controller

Rigid formation
motion controller

Dynamic control law
(sigma processes)

Force controller

Adaptive sliding-
mode controller

Dynamic surface-
based control

Image-based visual
servo (IBVS) control

Multi-rotor motion
controller

Velocity curvature
constraint approach

tracking control

Centralized
impedance control

Motion, squeeze force
control

Position, force
control

Multi-input multi-
output fuzzy logic
engine

Augmented object
control

Input-output
feedback
linearization control
technique

Visual-based system

Distributed Kalman
filter, flocking control

Visual observation

Multi-robot
formation control

Rigid-closure method
control

Formation control,
trajectory control

Idealized joint unit
(IJU) control

Rapidly exploring
random tree,
dynamic movement
primitives

Multiple sliding mode
control

Classical IBVS
transitional control
law

Extended high-gain
and disturbance
observers

Curvature
constrained harmonic
potential flow
streamline changing
algorithm

Grasping large
card-box

Assembly of
structures,
manipulation of
flexible loads

Assembling multiple
parts

Multi-fingered object
manipulation

Object grasping

Surveillance

Mapping, research,
and rescue

Cooperative
classification

Parcel delivery,
packaging

Transportation,
manipulation of large
objects

Transportation of
rigid objects

Tracking targets,
troop hunting

Human-robot
interaction, object
manipulation

Disaster monitoring

Electric, power
inspection

Aerial photography

Cargo transportation

Cargo transportation

domain)

Autonomous problem
solving

Load tracking

Trajectory tracking

Position, orientation
and error tracking

Path, performance
tracking

Autonomous re-
assigning of tasks

Vehicle stabilization,
coordination

Track moving object

Convoying system

Single operator,
effective command,
and monitoring

Precise manipulation
of rigid objects

Accurate formation
control

Generates accurate
torque with assigned
inertia and viscosity

Collision free
cooperative
manipulation

Stability error
tracking

Position regulation

Collision avoidance

Real-time obstacle
collision avoidance

Packaging industry

Assembly industry

Assembly industries

Manufacturing
industries

Assembly factories

Military

Military, disaster
management firms

Industrial factories
Packaging industry,
postal firms
Hazardous
environments
Transportation
systems

Military, wildlife

Transportation
industry

Military, search, and
rescue firms

Power industry

Military, media firms

Military, parcel
delivery factories

Military, search and
rescue

7.2 Cooperative mobile manipulators

For cooperative mobile manipulators, there has been

an intensive study on different types of mobile manipulat-

ors such as wheeled robots and tracked robots. The ma-

jority of the controllers used slide-mode controllers and
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target-tracking controllers for mobile robots;

this is

mainly because mobile robots use formation and traject-

ory control and avoiding collisions.

The industries of cooperative mobile manipulators are

similar to cooperative mobile base robots because of their

common ability to explore far, unstructured

environ-
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ments. However, one can say that the advantage of mo-
bile manipulators is that they combine the ability of
fixed-based manipulators with mobile bases. It results in
a combined capability of exploration and manipulation
that increases the ability of the cooperative robots to per-
form assigned tasks. The advantages of the cooperative
fixed-base robots discussed above, as well as the advant-
ages of cooperative mobile bases, generally apply to the
cooperative mobile manipulators.

The major research challenge in this platform can be
the coordination between the manipulator that is lighter
and dexterous and the mobile base that is heavy and less
agile. The challenge is to combine these two robots with
significantly different characteristics to perform the as-
signed task in a holistic, well-coordinated approach; this
is especially challenging when the robotic arm is interact-
ing with the environment while the mobile is simultan-
eously struggling to localize itself in an unknown environ-
ment. Most of the control strategies used are a combina-
tion of fixed-based manipulators and cooperative mobile
bases.

This may be a good platform to investigate a seam-
less fusion between direct force and motion control re-
quired for robot-environment interaction and machine
learning and artificial intelligence required for environ-
ment exploration. In most cases, switching between dir-
ect control and machine learning is the usual approach
such that one will take over and the other one will give
way. In this platform, it may be required that both will
be actively utilized in a well-coordinated, seamless fusion
of the two control strategies.

A visual-based method of control is useful in mobile
bases control, where machine learning and artificial intel-
ligence are becoming a growing area of research in robot
development enabling cooperative robot’s human interac-
tion and reducing accidents at the same time. Visual-
based methods also aid operators in controlling many co-
operative robots simultaneously. It is evident that cooper-
ative mobile bases are used mainly in object manipula-
tion, search and rescue operations, surveillance, and man-
ufacturing. Studies have shown that mobile manipulators
are capable of re-organizing themselves in a formation
that is operated by a single pilot. This could be one of
the reasons why most cooperative mobile robots are used
in different industries, including military, packaging, and
transportation. The cooperative robot’s system has
proven to be efficient. However, there are also setbacks
on the system: Where the extra safety measures are de-
ployed, the cooperative robots’ speeds are limited to em-
brace safety, there is still a need for humans to supervise
autonomous robots to observe any irregularity in tasks
performed and in the cooperative setup itself.

7.3 Cooperative aerial manipulators

The survey shows that aerial manipulation and devel-

opment have grown exponentially in recent years. Some
drone bases found during the review are quadcopters,
hexacopters, and octocopters. Furthermore, it shows that
in recent developments, researchers attached robotic arms
to drones’ bases for aerial manipulation. Different control-
lers are used in aerial manipulators, including multi-rotor
motion controllers, adaptive sliding mode controllers, and
dynamic surface-based controllers. Machine learning is
also used in aerial manipulators especially during human-
drone and drone-environment interaction, in search and
rescue operations, entertainment, and power industries.

In this platform, the immediate research challenges
can be similar to the cooperative mobile manipulators.
However, the aerial base has higher degrees-of-freedom
compared to the mobile base and is sensitive to environ-
mental disturbances, especially wind. Furthermore, inde-
pendent axis control of drones is an emerging research
topic looking to increase the dexterity of drones. This
ability is highly critical when a manipulator is attached
to it. In this case, the dexterity requirement is now ad-
ded with the coordination required to holistically per-
form the assigned task on both the drone base and ma-
nipulator. The case of two manipulators with drones’
bases can be considered as dual arms with flying
shoulders. This is a very effective tool in dual-arm manip-
ulation because it increases the robot’s workspace and the
operational area becomes fully spatial.

8 Conclusions

This paper presented a review on cooperative robotic
arms with mobile or drone bases. The review showed a
range of cooperative manipulation and coordination con-
trol. It is evident from the review that aerial manipula-
tion has recently gained increased attention by many re-
searchers. The autonomous cooperative control of aerial
manipulators is a growing area of future studies. It is pos-
sible that the same control techniques in cooperative mo-
bile manipulators will also be used in aerial manipulators,
especially in robot-human and robot-environment interac-
tion, coordination, and vision and anti-collision systems.
The most promising approaches for further investigation
and refinement are human-aerial manipulator and aerial
manipulator environment interaction. Another interest-
ing future direction could be piloting multiple aerial ma-
nipulators using brain signals and not remote controllers
(joysticks).

The advantages of using brain signals or human drone
interaction instead of joysticks are eliminating the joy-
sticks to simplify human-machine interaction and aiding
the development of artificial intelligence, increased sys-
tem reliability and precision, and increased product us-
age by enabling the system to be used and controlled by
disabled operators.

@ Springer



548

International Journal of Automation and Computing 18(4), August 2021

Acknowledgements

This work was supported by Botswana International

University of Science and Technology (BIUST) Drones
Project (No. P00015). Besides, the authors would also
like to acknowledge Dr. Mmoloki Mangwala, Keletso Z.

Thebe, and Thato Elijah for assisting with editing, sug-

gestions, and corrections of the paper.

References

(1]

[10]

D. Theobold, J. Ornstein, J. G. Nichol, S. E. Kullberg.
Mobile Robot Platform, U.S. Patent 7348747, March
2008.

F. Huber, K. Kondak, K. Krieger, D. Sommer, M.
Schwarzbach, M. Laiacker, I. Kossyk, S. Parusel, S. Had-
dadin, A. Albu-Schiffer. First analysis and experiments
in aerial manipulation using fully actuated redundant ro-
bot arm. In Proceedings of IEEE/RSJ International Con-
ference on Intelligent Robots and Systems, IEEE, Tokyo,
Japan, pp.3452-3457, 2013. DOIL: 10.1109/TROS.2013.
6696848.

S. Kim, S. Choi, H. J. Kim. Aerial manipulation using a
quadrotor with a two dof robotic arm. In Proceedings of
IEEE/RSJ International Conference on Intelligent Ro-
bots and Systems, IEEE, Tokyo, Japan, pp.4990-4995,
2013. DOI: 10.1109/IR0OS.2013.6697077.

K. D. Atherton. This drone has arms, [Online], Available:
https://www.popsci.com/this-is-drone-with-arms/,
September 17, 2019.

R. S. Jamisola Jr, P. S. Kormushev, R. G. Roberts, D. G.
Caldwell. Task-space modular dynamics for dual-arms
expressed through a relative Jacobian. Journal of Intelli-
gent & Robotic Systems, vol.83, no. 2, pp.205-218, 2016.

R. S. Jamisola, P. Kormushev, D. G. Caldwell, F.
Ibikunle. Modular relative jacobian for dual-arms and the
wrench transformation matrix. In Proceedings of the 7th
IEEEFE International Conference on Cybernetics and Intel-
ligent Systems and IEEE Conference on Robotics, Auto-
mation and Mechatronics, IEEE, Siem Reap, Cambodia,
pp. 181186, 2015. DOI: 10.1109/ICCIS.2015.7274617.

A. Akbarimajd, M. N. Ahmadabadi. Manipulation by
juggling of planar polygonal objects using two 3-DOF ma-
nipulators. In Proceedings of IEEE/ASME International
Conference on Advanced Intelligent Mechatronics, IEEE,
Zurich, Switzerland, 2007. DOI: 10.1109/AIM.2007.441
2559.

R. Shah, P. J. Narayanan. Trajectory based video object
manipulation. In Proceedings of IEEFE International Con-
ference on Multimedia and Expo, IEEE, Barcelona,
Spain, 2011. DOI: 10.1109/ICME.2011.6012069.

J. Dai, J. Cheng, M. Song. Cooperative task assignment
for heterogeneous multi-UAVs based on differential evol-
ution algorithm. In Proceedings of IEEE International
Conference on Intelligent Computing and Intelligent Sys-
tems, IEEE, Shanghai, China, pp.163—167, 2009. DOI:
10.1109/ICICISYS.2009.5358296.

Y. Yang, C. Wang. Analysis of business English informa-
tion mining method based on task cooperative learning
model. In Proceedings of International Conference on Ro-
bots & Intelligent System, IEEE, Haikou, China,
pp. 344-348, 2019. DOI: 10.1109/ICRIS.2019.00093.

@ Springer

(11]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

20]

(21]

(22]

23]

F. Pan, Z. Zhang, R. Zhang, T. Long. Research of UAVs
cooperative tasks assignment model. In Proceedings of
the 29th Chinese Control Conference, IEEE, Beijing,
China, pp. 1757-1762, 2010.

C. Rodriguez, A. Rojas-de-Silva, R. Suarez. Dual-arm
framework for cooperative applications. In Proceedings of
the 21st IEEE International Conference on Emerging
Technologies and Factory Automation, IEEE, Berlin,
Germany, 2016. DOI: 10.1109/ETFA.2016.7733704.

O. Robotics. About ROS, [Online], Available: https://
www.ros.org/about-ros/, February 15, 2021.

Y. A. Zhang, Y. L. Mi, M. Zhu, F. L. Lu. Adaptive slid-
ing mode control for two-link flexible manipulators with
H/sub/spl infin//tracking performance. In Proceedings
of International Conference on Machine Learning and Cly-
bernetics, IEEE, Guangzhou, China, pp.702-707, 2005.
DOI: 10.1109/ICMLC.2005.1527035.

A. A. Awelewa, K. C. Mbanisi, S. O. Majekodunmi, I. A.
Odigwe, A. F. Agbetuyi, I. Samuel. Development of a
prototype robot manipulator for industrial pick-and-
place operations. International Journal of Mechanical &
Mechatronics Engineering, vol. 13, no. 5, pp.20-27, 2013.

K. M. Myint, Z. M. M. Htun, H. M. Tun. Position con-
trol method for pick and place robot arm for object sort-
ing system. International Journal of Scientific & Techno-
logy Research, vol.5, no.6, pp.57-61, 2016.

M. Homayounzade, A. Khademhosseini. Disturbance ob-
server-based trajectory following control of robot manip-
ulators. International Journal of Control, Automation
and Systems, vol.17, no.1l, pp.203-211, 2019. DOI:
10.1007/s12555-017-0544-x.

P. Song, M. Yashima, V. Kumar. Dynamic simulation for
grasping and whole arm manipulation. In Proceedings of
IEEE International Conference on Robotics and Automa-
tion, IEEE, San Francisco, USA, pp.1082—-1087, 2000.
DOI: 10.1109/ROBOT.2000.844743.

Y. I. C. Robot. YuMi® Creating an automated future to-
gether, [Online|, Available: https://pdf.directindustry.
com/pdf/abb-robotics/yumi-creating-automated-future-
together/30265-714485.html, April 01, 2020.

C. Park, K. Park. Design and kinematics analysis of dual
arm robot manipulator for precision assembly. In Pro-
ceedings of the 6th IEEE International Conference on In-
dustrial Informatics, IEEE, Daejeon, Korea, pp.430-435,
2008. DOI: 10.1109/INDIN.2008.4618138.

A. Stroupe, T. Huntsberger, A. Okon, H. Aghazarian, M.
Robinson. Behavior-based multi-robot collaboration for
autonomous construction tasks. In Proceedings of
IEEE/RSJ International Conference on Intelligent Ro-
bots and Systems, IEEE, Edmonton, Canada,
pp- 1495-1500, 2005. DOI: 10.1109/TR0OS.2005.1545269.

J. Lee, P. H. Chang, R. S. Jamisola. Relative impedance
control for dual-arm robots performing asymmetric bi-
manual tasks. IEEE Transactions on Industrial Electron-
ics, vol.61, no. 7, pp.3786-3796, 2014. DOI: 10.1109/TIE.
2013.2266079.

P. Andry, P. Gaussier, S. Moga, J. P. Banquet, J. Nadel.
Learning and communication via imitation: An autonom-
ous robot perspective. IEEE Transactions on Systems,
Man, and Cybernetics — Part A: Systems and Humans,
vol.31, no.5, pp.431-442, 2001. DOI: 10.1109/3468.95
2717.


http://dx.doi.org/10.1109/IROS.2013.6696848
http://dx.doi.org/10.1109/IROS.2013.6696848
http://dx.doi.org/10.1109/IROS.2013.6697077
https://www.popsci.com/this-is-drone-with-arms/
http://dx.doi.org/10.1109/ICCIS.2015.7274617
http://dx.doi.org/10.1109/AIM.2007.4412559
http://dx.doi.org/10.1109/AIM.2007.4412559
http://dx.doi.org/10.1109/ICME.2011.6012069
http://dx.doi.org/10.1109/ICME.2011.6012069
http://dx.doi.org/10.1109/ICME.2011.6012069
http://dx.doi.org/10.1109/ICICISYS.2009.5358296
http://dx.doi.org/10.1109/ICRIS.2019.00093
http://dx.doi.org/10.1109/ICRIS.2019.00093
http://dx.doi.org/10.1109/ICRIS.2019.00093
http://dx.doi.org/10.1109/ETFA.2016.7733704
http://dx.doi.org/10.1109/ETFA.2016.7733704
http://dx.doi.org/10.1109/ETFA.2016.7733704
https://www.ros.org/about-ros/
https://www.ros.org/about-ros/
http://dx.doi.org/10.1109/ICMLC.2005.1527035
http://dx.doi.org/10.1007/s12555-017-0544-x
http://dx.doi.org/10.1109/ROBOT.2000.844743
https://pdf.directindustry.com/pdf/abb-robotics/yumi-creating-automated-future-together/30265-714485.html
https://pdf.directindustry.com/pdf/abb-robotics/yumi-creating-automated-future-together/30265-714485.html
https://pdf.directindustry.com/pdf/abb-robotics/yumi-creating-automated-future-together/30265-714485.html
http://dx.doi.org/10.1109/INDIN.2008.4618138
http://dx.doi.org/10.1109/IROS.2005.1545269
http://dx.doi.org/10.1109/TIE.2013.2266079
http://dx.doi.org/10.1109/TIE.2013.2266079
http://dx.doi.org/10.1109/3468.952717
http://dx.doi.org/10.1109/3468.952717
http://dx.doi.org/10.1109/IROS.2013.6696848
http://dx.doi.org/10.1109/IROS.2013.6696848
http://dx.doi.org/10.1109/IROS.2013.6697077
https://www.popsci.com/this-is-drone-with-arms/
http://dx.doi.org/10.1109/ICCIS.2015.7274617
http://dx.doi.org/10.1109/AIM.2007.4412559
http://dx.doi.org/10.1109/AIM.2007.4412559
http://dx.doi.org/10.1109/ICME.2011.6012069
http://dx.doi.org/10.1109/ICME.2011.6012069
http://dx.doi.org/10.1109/ICME.2011.6012069
http://dx.doi.org/10.1109/ICICISYS.2009.5358296
http://dx.doi.org/10.1109/ICRIS.2019.00093
http://dx.doi.org/10.1109/ICRIS.2019.00093
http://dx.doi.org/10.1109/ICRIS.2019.00093
http://dx.doi.org/10.1109/ETFA.2016.7733704
http://dx.doi.org/10.1109/ETFA.2016.7733704
http://dx.doi.org/10.1109/ETFA.2016.7733704
https://www.ros.org/about-ros/
https://www.ros.org/about-ros/
http://dx.doi.org/10.1109/ICMLC.2005.1527035
http://dx.doi.org/10.1007/s12555-017-0544-x
http://dx.doi.org/10.1109/ROBOT.2000.844743
https://pdf.directindustry.com/pdf/abb-robotics/yumi-creating-automated-future-together/30265-714485.html
https://pdf.directindustry.com/pdf/abb-robotics/yumi-creating-automated-future-together/30265-714485.html
https://pdf.directindustry.com/pdf/abb-robotics/yumi-creating-automated-future-together/30265-714485.html
http://dx.doi.org/10.1109/INDIN.2008.4618138
http://dx.doi.org/10.1109/IROS.2005.1545269
http://dx.doi.org/10.1109/TIE.2013.2266079
http://dx.doi.org/10.1109/TIE.2013.2266079
http://dx.doi.org/10.1109/3468.952717
http://dx.doi.org/10.1109/3468.952717

L. P. Ramalepa and R. S. Jamisola Jr. / A Review on Cooperative Robotic Arms with Mobile or Drones Bases 549

[24]

[25]

[26]

(27]

(28]

(29]

(31]

32]

(33]

34]

(35]

(36]

37]

K. Manke. Meet Blue, the low-cost, human-friendly ro-
bot designed for AI, [Online], Available: https://news.
berkeley.edu/2019/04/09/meet-blue-the-low-cost-hu-
man-friendly-robot-designed-for-ai/, February 11, 2021.

R. Robotics. Your Guide to the World of Robotics, [On-
line], Available: https://robots.ieee.org/robots/baxter/,
February 11, 2021.

DLR. Rollin’ Justin, [Online], Available: https://robots.
ieee.org/robots/justin/, June 18, 2020.

D. I. Park, C. Park, H. Do, T. Choi, J. Kyung. Design and
analysis of dual arm robot using dynamic simulation. In
Proceedings of the 10th International Conference on Ubi-
quitous Robots and Ambient Intelligence, IEEE, Jeju,
Korea, pp.681-682, 2013. DOI: 10.1109/URAI.2013.
6677452.

C. Park, K. Park. Design and kinematics analysis of dual
arm robot manipulator for precision assembly. In Pro-
ceedings of the 6th IEEE International Conference on In-
dustrial Informatics, IEEE, Daejeon, Korea, pp.430—435,
2008. DOI: 10.1109/INDIN.2008.4618138.

D. I. Park, C. Park, H. Do, T. Choi, J. Kyung. Develop-
ment of dual arm robot platform for automatic assembly.
In Proceedings of the 14th International Conference on
Control, Automation and Systems, IEEE, Gyeonggi-do,
Korea, pp.319-321, 2014. DOIL 10.1109/ICCAS.2014.
6988013.

D. I. Park, H. Kim, C. Park, D. Kim. Design and analysis
of the dual arm manipulator for rescue robot. In Proceed-
ings of IEEE International Conference on Advanced In-
telligent Mechatronics, IEEE, Munich, Germany,
pp.608—612, 2017. DOI: 10.1109/AIM.2017.8014084.

A. Freddi, S. Longhi, A. Monterit, D. Ortenzi. A kin-
ematic joint fault tolerant control based on relative jac-
obian method for dual arm manipulation systems. In Pro-
ceedings of the 3rd Conference on Control and Fault-Tol-
erant Systems, IEEE, Barcelona, Spain, pp.39-44, 2016.
DOI: 10.1109/SYSTOL.2016.7739726.

S. Erhart, D. Sieber, S. Hirche. An impedance-based con-
trol architecture for multi-robot cooperative dual-arm
mobile manipulation. In Proceedings of IEEE/RSJ Inter-
national Conference on Intelligent Robots and Systems,
IEEE, Tokyo, Japan, pp.315-322, 2013. DOI: 10.1109/
TROS.2013.6696370.

P. Hebert, N. Hudson, J. Ma, J. W. Burdick. Dual arm es-
timation for coordinated bimanual manipulation. In Pro-
ceedings of IEEE International Conference on Robotics
and  Automation, IEEE, Karlsruhe, Germany,
pp.120-125, 2013. DOI: 10.1109/ICRA.2013.6630565.

S. Hayati, K. Tso, T. Lee. Dual arm coordination and
control. Robotics and Autonomous Systems, vol.5, no.4,
pp-333-344, 1989. DOI: 10.1016/0921-8890(89)90018-3.

H. A. Park, C. S. G. Lee. Dual-arm coordinated-motion
task specification and performance evaluation. In Pro-
ceedings of IEEE/RSJ International Conference on Intel-
ligent Robots and Systems, IEEE, Daejeon, Korea,
pp-929-936, 2016. DOI: 10.1109/IR0OS.2016.7759161.

R. G. Bonitz, T. C. Hsia. Calibrating a multi-manipulat-
or robotic system. IEEE Robotics & Automation
Magazine, vol.4, no.1, pp.18-22, 1997. DOI: 10.1109/
100.580975.

T. Tarn, A. Bejczy, X. Yun. Design of dynamic control of
two cooperating robot arms: Closed chain formulation. In
Proceedings of IEEE International Conference on Robot-

(38]

39]

[40]

[42]

(43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

ics and Automation, IEEE, Raleigh, USA, pp.7-13, 1987.
DOI: 10.1109/ROBOT.1987.1088028.

S. J. Tricamo, F. L. Swern. Control of multiple robotic
arms engaged in cooperative manipulation and assembly
operations. In Proceedings of International Conference on
Computer Integrated Manufacturing, IEEE, Troy, USA,
pp. 282-287, 1988. DOI: 10.1109/CIM.1988.5420.

A. Yanagita, J. M. Tao, T. L. Chang, H. C. Wong, H. D.
McGee, C. K. Tsai, S. K. Cheng, S. E. Nickel, H. Akeel.
Robot Multi-Arm Control System, U.S. Patent 7860609,
December 2010.

O. Khatib, K. Yokoi, K. Chang, D. Ruspini, R.
Holmberg, A. Casal, A. Baader. Force strategies for co-
operative tasks in multiple mobile manipulation systems.
In Proceedings of the 7th International Symposium on
Robotics Research, Springer, London, UK, pp.333—-342,
1996. DOI: 10.1007/978-1-4471-1021-7_37.

Y. Koga, J. L. Latombe. On multi-arm manipulation
planning. In Proceedings of IEEE International Confer-
ence on Robotics and Automation, IEEE, San Diego,
USA, pp.945-952, 1994. DOI: 10.1109/ROBOT.1994.
351231.

Y. Cheung, J. S. Chung. Cooperative control of a multi-
arm system using semi-autonomous telemanipulation and
adaptive impedance. In Proceedings of International
Conference on Advanced Robotics, IEEE, Munich, Ger-
many, 2009.

B. Hichri, J. C. Fauroux, L. Adouane, I. Doroftei, Y. Mez-
ouar. Design of cooperative mobile robots for co-manipu-
lation and transportation tasks. Robotics and Computer-
Integrated Manufacturing, vol.57, pp.412-421, 2019.
DOI: 10.1016/j.rcim.2019.01.002.

S. Sirouspour. Robust control design for cooperative tele-
operation. In Proceedings of the Proceedings of IEEE In-
ternational Conference on Robotics and Automation,
IEEE, Barcelona, Spain, pp.1133—-1138, 2005. DOI: 10.
1109/ROBOT.2005.1570268.

F. Caccavale, L. Villani. Impedance control for multi-arm
manipulation. In Proceedings of the 39th IEEE Confer-
ence on Decision and Control, IEEE, Sydney, Australia,
pp.- 3465—3470, 2000. DOI: 10.1109/CDC.2000.912240.

N. Bezzo, B. Griffin, P. Cruz, J. Donahue, R. Fierro, J.
Wood. A cooperative heterogeneous mobile wireless
mechatronic system. IEEE/ASME Transactions on
Mechatronics, vol.19, no.1, pp.20-31, 2014. DOI: 10.11
09/TMECH.2012.2218254.

O. Khatib, K. Yokoi, K. Chang, D. Ruspini, R.
Holmberg, A. Casal. Coordination and decentralized co-
operation of multiple mobile manipulators. Journal of Ro-
botic Systems, vol. 13, no. 11, pp. 755-764, 1996.

N. Shiroma, Y. H. Chiu, Z. Min, I. Kawabuchi, F. Mat-
suno. Development and control of a high maneuverability
wheeled robot with variable-structure functionality. In
Proceedings of IEEE/RSJ International Conference on
Intelligent Robots and Systems, IEEE, Beijing, China,
pp-4000—4005, 2006. DOI: 10.1109/IR0OS.2006.281839.

J. Gonzalez-Gomez, J. G. Victores, A. Valero-Gomez, M.
Abderrahim. Motion control of differential wheeled ro-
bots with joint limit constraints. In Proceedings of IEEE
International Conference on Robotics and Biomimetics,
IEEE, Karon Beach, Thailand, pp.596—601, 2011. DOI:
10.1109/ROBIO.2011.6181351.

R. Siegwart, P. Lamon, T. Estier, M. Lauria, R. Piguet.

@ Springer


https://news.berkeley.edu/2019/04/09/meet-blue-the-low-cost-human-friendly-robot-designed-for-ai/
https://news.berkeley.edu/2019/04/09/meet-blue-the-low-cost-human-friendly-robot-designed-for-ai/
https://news.berkeley.edu/2019/04/09/meet-blue-the-low-cost-human-friendly-robot-designed-for-ai/
https://news.berkeley.edu/2019/04/09/meet-blue-the-low-cost-human-friendly-robot-designed-for-ai/
https://robots.ieee.org/robots/baxter/
https://robots.ieee.org/robots/justin/
https://robots.ieee.org/robots/justin/
http://dx.doi.org/10.1109/URAI.2013.6677452
http://dx.doi.org/10.1109/URAI.2013.6677452
http://dx.doi.org/10.1109/INDIN.2008.4618138.(20,)
http://dx.doi.org/10.1109/ICCAS.2014.6988013
http://dx.doi.org/10.1109/ICCAS.2014.6988013
http://dx.doi.org/10.1109/AIM.2017.8014084
http://dx.doi.org/10.1109/SYSTOL.2016.7739726
http://dx.doi.org/10.1109/IROS.2013.6696370
http://dx.doi.org/10.1109/IROS.2013.6696370
http://dx.doi.org/10.1109/ICRA.2013.6630565
http://dx.doi.org/10.1016/0921-8890(89)90018-3
http://dx.doi.org/10.1109/IROS.2016.7759161
http://dx.doi.org/10.1109/IROS.2016.7759161
http://dx.doi.org/10.1109/IROS.2016.7759161
http://dx.doi.org/10.1109/100.580975
http://dx.doi.org/10.1109/100.580975
http://dx.doi.org/10.1109/ROBOT.1987.1088028
http://dx.doi.org/10.1109/CIM.1988.5420
http://dx.doi.org/10.1109/CIM.1988.5420
http://dx.doi.org/10.1109/CIM.1988.5420
http://dx.doi.org/10.1007/978-1-4471-1021-7_37
http://dx.doi.org/10.1007/978-1-4471-1021-7_37
http://dx.doi.org/10.1109/ROBOT.1994.351231
http://dx.doi.org/10.1109/ROBOT.1994.351231
http://dx.doi.org/10.1016/j.rcim.2019.01.002
http://dx.doi.org/10.1109/ROBOT.2005.1570268
http://dx.doi.org/10.1109/ROBOT.2005.1570268
http://dx.doi.org/10.1109/CDC.2000.912240
http://dx.doi.org/10.1109/TMECH.2012.2218254
http://dx.doi.org/10.1109/TMECH.2012.2218254
http://dx.doi.org/10.1109/IROS.2006.281839
http://dx.doi.org/10.1109/ROBIO.2011.6181351
https://news.berkeley.edu/2019/04/09/meet-blue-the-low-cost-human-friendly-robot-designed-for-ai/
https://news.berkeley.edu/2019/04/09/meet-blue-the-low-cost-human-friendly-robot-designed-for-ai/
https://news.berkeley.edu/2019/04/09/meet-blue-the-low-cost-human-friendly-robot-designed-for-ai/
https://news.berkeley.edu/2019/04/09/meet-blue-the-low-cost-human-friendly-robot-designed-for-ai/
https://robots.ieee.org/robots/baxter/
https://robots.ieee.org/robots/justin/
https://robots.ieee.org/robots/justin/
http://dx.doi.org/10.1109/URAI.2013.6677452
http://dx.doi.org/10.1109/URAI.2013.6677452
http://dx.doi.org/10.1109/INDIN.2008.4618138.(20,)
http://dx.doi.org/10.1109/ICCAS.2014.6988013
http://dx.doi.org/10.1109/ICCAS.2014.6988013
http://dx.doi.org/10.1109/AIM.2017.8014084
http://dx.doi.org/10.1109/SYSTOL.2016.7739726
http://dx.doi.org/10.1109/IROS.2013.6696370
http://dx.doi.org/10.1109/IROS.2013.6696370
http://dx.doi.org/10.1109/ICRA.2013.6630565
http://dx.doi.org/10.1016/0921-8890(89)90018-3
http://dx.doi.org/10.1109/IROS.2016.7759161
http://dx.doi.org/10.1109/IROS.2016.7759161
http://dx.doi.org/10.1109/IROS.2016.7759161
http://dx.doi.org/10.1109/100.580975
http://dx.doi.org/10.1109/100.580975
http://dx.doi.org/10.1109/ROBOT.1987.1088028
http://dx.doi.org/10.1109/CIM.1988.5420
http://dx.doi.org/10.1109/CIM.1988.5420
http://dx.doi.org/10.1109/CIM.1988.5420
http://dx.doi.org/10.1007/978-1-4471-1021-7_37
http://dx.doi.org/10.1007/978-1-4471-1021-7_37
http://dx.doi.org/10.1109/ROBOT.1994.351231
http://dx.doi.org/10.1109/ROBOT.1994.351231
http://dx.doi.org/10.1016/j.rcim.2019.01.002
http://dx.doi.org/10.1109/ROBOT.2005.1570268
http://dx.doi.org/10.1109/ROBOT.2005.1570268
http://dx.doi.org/10.1109/CDC.2000.912240
http://dx.doi.org/10.1109/TMECH.2012.2218254
http://dx.doi.org/10.1109/TMECH.2012.2218254
http://dx.doi.org/10.1109/IROS.2006.281839
http://dx.doi.org/10.1109/ROBIO.2011.6181351

550

[51]

[52]

(53]

[54]

[55]

(56]

[57]

(58]

[59]

(60]

[61]

[62]

International Journal of Automation and Computing 18(4), August 2021

Innovative design for wheeled locomotion in rough ter-
rain. Robotics and Autonomous systems, vol.40, no.2-3,
pp.151-162, 2002. DOI: 10.1016/S0921-8890(02)00240-3.

J. X. Xu, Z. Q. Guo, T. H. Lee. Design and implementa-
tion of integral sliding-mode control on an underactuated
two-wheeled mobile robot. IEEE Transactions on indus-
trial electronics, vol.61, no.7, pp.3671-3681, 2014. DOI:
10.1109/TIE.2013.2282594.

B. X. Mu, J. C. Chen, Y. Shi, Y. F. Chang. Design and
implementation of nonuniform sampling cooperative con-
trol on a group of two-wheeled mobile robots. IEEE
Transactions on Industrial Electronics, vol.64, no.6,
pp.5035-5044, 2017. DOI: 10.1109/TIE.2016.2638398.

I. Mas, C. Kitts. Object manipulation using cooperative
mobile multi-robot systems. In Proceedings of the World
Congress on Engineering and Computer Science, San
Francisco, USA, 2012.

‘W. Li. Notion of control-law module and modular frame-
work of cooperative transportation using multiple non-
holonomic robotic agents with physical rigid-formation-
motion constraints. IEEE Transactions on Cybernetics,
vol.46, no.5, pp.1242-1248, 2016. DOI: 10.1109/TCYB.
2015.2424257.

W. J. Dong, J. A. Farrell. Cooperative control of mul-
tiple nonholonomic mobile agents. IEEE Transactions on
Automatic Control, vol.53, no.6, pp.1434-1448, 2008.
DOI: 10.1109/TAC.2008.925852.

K. Nagasaka, Y. Kawanami, S. Shimizu, T. Kito, T.
Tsuboi, A. Miyamoto, T. Fukushima, H. Shimomura.
‘Whole-body cooperative force control for a two-armed
and two-wheeled mobile robot using generalized inverse
dynamics and idealized joint units. In Proceedings of
IEEE International Conference on Robotics and Automa-
tion, IEEE, Anchorage, USA, pp.3377-3383, 2010. DOI:
10.1109/ROBOT.2010.5509474.

SLL, RA. Summit-XL mobile robot, [Online], Available:
https://www.robotnik.eu/mobile-robots/summit-xI-hl/,
April 01, 2020.

M. Guarnieri, R. Kurazume, H. Masuda, T. Inoh, K.
Takita, P. Debenest, R. Hodoshima, E. Fukushima, S.
Hirose. HELIOS system: A team of tracked robots for
special urban search and rescue operations. In Proceed-
ings of IEEE/RSJ International Conference on Intelli-
gent Robots and Systems, IEEE, St. Louis, USA,
pp-2795-2800, 2009. DOI: 10.1109/IR0S.2009.5354452.

D. Inoue, M. Konyo, S. Tadokoro. Distributed tactile
sensors for tracked robots. In Proceedings of IEEE, IEEE,
Daegu, Korea, pp.1309-1312, 2006. DOI: 10.1109/1C-
SENS.2007.355870.

Robots for Sale. CUSTOM MLT-JR Tracked Develop-
ment Robot Platform with Arduino and 6-DOF Arm,
[Online],  Available:  https://www.superdroidrobots.
com/shop/item.aspx/, April 01, 2020.

J. T. Feddema, C. Lewis, D. A. Schoenwald. Decentral-
ized control of cooperative robotic vehicles: Theory and
application. IEEE Transactions on Robotics and Auto-
mation, vol.18, no.5, pp.852-864, 2002. DOI: 10.1109/
TRA.2002.803466.

T. J. Liao, K. Socha, M. A. M. De Oca, T. Stuiitzle, M.
Dorigo. Ant colony optimization for mixed-variable op-
timization problems. IEEE Transactions on Evolution-
ary Computation, vol.18, no.4, pp.503-518, 2013. DOI:
10.1109/TEVC.2013.2281531.

@ Springer

(63]

[64]

(65]

[66]

[67]

[70]

(71]

[72]

(73]

(74]

[75]

Z. Q. Zhang, K. P. Wang, L. X. Zhu, Y. Wang. A Pareto
improved artificial fish swarm algorithm for solving a
multi-objective fuzzy disassembly line balancing problem.
Expert Systems with Applications, vol.86, pp.165-176,
2017. DOI: 10.1016/j.eswa.2017.05.053.

T. H. A. Van Den Broek, N. Van De Wouw, H. Nijmeijer.
Formation control of unicycle mobile robots: A virtual
structure approach. In Proceedings of the 48h IEEE Con-
ference on Decision and Control Held Jointly with the
28th Chinese Control Conference, IEEE, pp.8328-8333,
2009. DOI: 10.1109/CDC.2009.5399803.

J. G.Yi, H. P. Wang, J. J. Zhang, D. Z. Song, S. Jayasur-
iya, J. T. Liu. Kinematic modeling and analysis of skid-
steered mobile robots with applications to low-cost iner-
tial-measurement-unit-based motion estimation. IEEE
Transactions on Robotics, vol.25, no.5, pp.1087-1097,
2009. DOI: 10.1109/TR0O.2009.2026506.

O. Khatib. Mobile manipulation: The robotic assistant.
Robotics and Autonomous Systems, vol.26, no.2-3,
pp-175-183, 1999. DOI: 10.1016/S0921-8890(98)00067-0.

J. Desai, C. C. Wang, M. Zefran, V. Kumar. Motion plan-
ning for multiple mobile manipulators. In Proceedings of
IEEEFE International Conference on Robotics and Automa-
tion, IEEE, Minneapolis, USA, pp.2073—-2078, 1996. DOI:
10.1109/ROBOT.1996.506176.

Y. Yamamoto, X. P. Yun: Unified analysis on mobility
and manipulability of mobile manipulators. In Proceed-
ings of IEEE International Conference on Robotics and
Automation, IEEE, Detroit, USA, pp.1200-1206, 1999.
DOI: 10.1109/ROBOT.1999.772525.

M. Giftthaler, F. Farshidian, T. Sandy, L. Stadelmann, J.
Buchli. Efficient kinematic planning for mobile manipu-
lators with non-holonomic constraints using optimal con-
trol. In Proceedings of IEEE International Conference on
Robotics and Automation, IEEE, Singapore, pp.3411—
3417, 2017. DOI: 10.1109/ICRA.2017.7989388.

G. Oriolo, C. Mongillo. Motion planning for mobile ma-
nipulators along given end-effector paths. In Proceedings
of IEEEFE International Conference on Robotics and Auto-
mation, IEEE, Barcelona, Spain, pp.2154-2160, 2005.
DOI: 10.1109/ROBOT.2005.1570432.

T. G. Sugar, V. Kumar. Control of cooperating mobile
manipulators. IEEE Transactions on Robotics and Auto-
mation, vol.18, no.1, pp.94-103, 2002. DOI: 10.1109/
70.988979.

T. Sugar, V. Kumar. Decentralized control of cooperat-
ing mobile manipulators. In Proceedings of IEEFE Interna-
tional Conference on Robotics and Automation, IEEE,
Leuven, Belgium, pp.2916-2921, 1998. DOI: 10.1109/
ROBOT.1998.680672.

K. K. Tan, S. N. Huang, T. H. Lee. Decentralized adapt-
ive controller design of large-scale uncertain robotic sys-
tems. Automatica, vol.45, no.1, pp.161-166, 2009. DOI:
10.1016/j.automatica.2008.06.005.

E. Simetti, A. Turetta, G. Casalino. Distributed control
and coordination of cooperative mobile manipulator sys-
tems. In Proceedings of the Distributed Autonomous Ro-
botic Systems 8, Springer, Berlin, Heidelberg, pp.315—
324, 2009. DOI: 10.1007/978-3-642-00644-9_28.

R. Tinos, M. H. Terra, J. Y. Ishihara. Motion and force
control of cooperative robotic manipulators with passive
joints. IEEE Transactions on Control Systems Techno-
logy, vol.14, no.4, pp.725-734, 2006. DOI: 10.1109/TC-


http://dx.doi.org/10.1016/S0921-8890(02)00240-3
http://dx.doi.org/10.1109/TIE.2013.2282594
http://dx.doi.org/10.1109/TIE.2016.2638398
http://dx.doi.org/10.1109/TCYB.2015.2424257
http://dx.doi.org/10.1109/TCYB.2015.2424257
http://dx.doi.org/10.1109/TAC.2008.925852
http://dx.doi.org/10.1109/ROBOT.2010.5509474
https://www.robotnik.eu/mobile-robots/summit-xl-hl/
http://dx.doi.org/10.1109/IROS.2009.5354452
http://dx.doi.org/10.1109/ICSENS.2007.355870
http://dx.doi.org/10.1109/ICSENS.2007.355870
http://dx.doi.org/10.1109/ICSENS.2007.355870
https://www.superdroidrobots.com/shop/item.aspx/
https://www.superdroidrobots.com/shop/item.aspx/
http://dx.doi.org/10.1109/TRA.2002.803466
http://dx.doi.org/10.1109/TRA.2002.803466
http://dx.doi.org/10.1109/TEVC.2013.2281531
http://dx.doi.org/10.1016/j.eswa.2017.05.053
http://dx.doi.org/10.1109/CDC.2009.5399803
http://dx.doi.org/10.1109/TRO.2009.2026506
http://dx.doi.org/10.1016/S0921-8890(98)00067-0
http://dx.doi.org/10.1109/ROBOT.1996.506176
http://dx.doi.org/10.1109/ROBOT.1999.772525
http://dx.doi.org/10.1109/ROBOT.1999.772525
http://dx.doi.org/10.1109/ROBOT.1999.772525
http://dx.doi.org/10.1109/ICRA.2017.7989388
http://dx.doi.org/10.1109/ROBOT.2005.1570432
http://dx.doi.org/10.1109/70.988979
http://dx.doi.org/10.1109/70.988979
http://dx.doi.org/10.1109/ROBOT.1998.680672
http://dx.doi.org/10.1109/ROBOT.1998.680672
http://dx.doi.org/10.1016/j.automatica.2008.06.005
http://dx.doi.org/10.1007/978-3-642-00644-9_28
http://dx.doi.org/10.1007/978-3-642-00644-9_28
http://dx.doi.org/10.1109/TCST.2006.872505
http://dx.doi.org/10.1109/TCST.2006.872505
http://dx.doi.org/10.1016/S0921-8890(02)00240-3
http://dx.doi.org/10.1109/TIE.2013.2282594
http://dx.doi.org/10.1109/TIE.2016.2638398
http://dx.doi.org/10.1109/TCYB.2015.2424257
http://dx.doi.org/10.1109/TCYB.2015.2424257
http://dx.doi.org/10.1109/TAC.2008.925852
http://dx.doi.org/10.1109/ROBOT.2010.5509474
https://www.robotnik.eu/mobile-robots/summit-xl-hl/
http://dx.doi.org/10.1109/IROS.2009.5354452
http://dx.doi.org/10.1109/ICSENS.2007.355870
http://dx.doi.org/10.1109/ICSENS.2007.355870
http://dx.doi.org/10.1109/ICSENS.2007.355870
https://www.superdroidrobots.com/shop/item.aspx/
https://www.superdroidrobots.com/shop/item.aspx/
http://dx.doi.org/10.1109/TRA.2002.803466
http://dx.doi.org/10.1109/TRA.2002.803466
http://dx.doi.org/10.1109/TEVC.2013.2281531
http://dx.doi.org/10.1016/j.eswa.2017.05.053
http://dx.doi.org/10.1109/CDC.2009.5399803
http://dx.doi.org/10.1109/TRO.2009.2026506
http://dx.doi.org/10.1016/S0921-8890(98)00067-0
http://dx.doi.org/10.1109/ROBOT.1996.506176
http://dx.doi.org/10.1109/ROBOT.1999.772525
http://dx.doi.org/10.1109/ROBOT.1999.772525
http://dx.doi.org/10.1109/ROBOT.1999.772525
http://dx.doi.org/10.1109/ICRA.2017.7989388
http://dx.doi.org/10.1109/ROBOT.2005.1570432
http://dx.doi.org/10.1109/70.988979
http://dx.doi.org/10.1109/70.988979
http://dx.doi.org/10.1109/ROBOT.1998.680672
http://dx.doi.org/10.1109/ROBOT.1998.680672
http://dx.doi.org/10.1016/j.automatica.2008.06.005
http://dx.doi.org/10.1007/978-3-642-00644-9_28
http://dx.doi.org/10.1007/978-3-642-00644-9_28
http://dx.doi.org/10.1109/TCST.2006.872505
http://dx.doi.org/10.1109/TCST.2006.872505

L. P. Ramalepa and R. S. Jamisola Jr. / A Review on Cooperative Robotic Arms with Mobile or Drones Bases 551

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

ST.2006.872505.

G. P. Incremona, G. De Felici, A. Ferrara, E. Bassi. A su-
pervisory sliding mode control approach for cooperative
robotic system of systems. IEEE Systems Journal, vol.9,
no.1, pp.263-272, 2015. DOI: 10.1109/JSYST.2013.2286
509.

R. Rastegari, S. A. A. Moosavian. Multiple impedance
control of cooperative manipulators using virtual object
grasp. In Proceedings of IEEE Conference on Computer
Aided Control System Design, IEEE International Con-
ference on Control Applications, IEEE International
Symposium on Intelligent Control, IEEE, Munich, Ger-
many, pp.2872-2877, 2006. DOI: 10.1109/CACSD-CCA-
ISIC.2006.4777094.

D. Heck, D. Kosti¢, A. Denasi, H. Nijmeijer. Internal and
external force-based impedance control for cooperative
manipulation. In Proceedings of European Control Con-
ference, IEEE, Zurich, Switzerland, pp.2299-2304, 2013.
DOI: 10.23919/ECC.2013.6669163.

W. Gueaieb, F. Karray, S. Al-Sharhan. A robust hybrid
intelligent position/force control scheme for cooperative
manipulators. IEEE/ASME Transactions on Mechatron-
ics,vol.12,no. 2, pp. 109-125,2007. DOI:10.1109/ TMECH.
2007.892820.

S. Phukan, C. Mahanta. A position synchronization con-
troller for co-ordinated links (COOL) dual robot arm
based on integral sliding mode: Design and experimental
validation. International Journal of Automation and
Computing, vol.18, pp.110-123, 2021. DOI: 10.1007/
511633-020-1242-3.

D. Y. Zhao, S. Y. Li, Q. M. Zhu. Adaptive jacobian syn-
chronized tracking control for multiple robotic manipu-
lators. In Proceedings of the 30th Chinese Control Con-
ference, IEEE, Yantai, China, pp.3705-3710, 2011.

M. Itoh, T. Murakami, K. Ohnishi. Decentralized control
of cooperative manipulators based on virtual force trans-
mission algorithm. In Proceedings of IEEE International
Conference on Control Applications, IEEE, Kohala
Coast, USA, pp.869-874, 1999. DOI: 10.1109/CCA.
1999.807853.

F. Caccavale, P. Chiacchio, A. Marino, L. Villani. Six-
DOF impedance control of dual-arm cooperative manipu-
lators. IEEE/ASME Transactions on Mechatronics,
vol.13, no.5, pp.576-586, 2008. DOI: 10.1109/TMECH.
2008.2002816.

W. Gueaieb, F. Karray, S. Al-Sharhan. A robust adapt-
ive fuzzy position/force control scheme for cooperative
manipulators. IEEE Transactions on Control Systems
Technology, vol.11, no.4, pp.516-528, 2003. DOI:
10.1109/TCST.2003.813378.

Institute of Robotics and Mechatronics. Mechatronics:
SpaceJustin, [Online], Available: https://www.dlr.de/
rm/en/desktopdefault.aspx/tabid-8749/, May 26, 2020.

KUKA. Mobile platforms from KUKA, [Online], Avail-
able: https://www.kuka.com/ro-ro/produse-servicii/mo-
bility /mobile-platforms, June, 01, 2020.

M. A. Kamel, X. Yu, Y. M. Zhang. Fault-tolerant cooper-
ative control design of multiple wheeled mobile robots.
IEEE Transactions on Control Systems Technology,
vol. 26, no. 2, pp. 756-764, 2018. DOIL: 10.1109/TCST.2017.
2679066.

M. Defoort, T. Floquet, A. Kokosy, W. Perruquetti. Slid-
ing-mode formation control for cooperative autonomous

(89]

[90]

[91]

92]

(93]

(94]

(95]

[96]

[97]

(98]

[99]

[100]

mobile robots. IEEE Transactions on Industrial Electron-
ics, vol. 55, no. 11, pp. 3944-3953, 2008. DOI: 10.1109/TIE.
2008.2002717.

Z.Y. Wang, D. B. Gu. Cooperative target tracking con-
trol of multiple robots. IEEE Transactions on Industrial
Electronics, vol.59, no.8, pp.3232-3240, 2012. DOI:
10.1109/TIE.2011.2146211.

S. B. Marapane, M. M. Trivedi, N. Lassiter, M. B. Hold-
er. Motion control of cooperative robotic teams through
visual observation and fuzzy logic control. In Proceed-
ings of IEEE International Conference on Robotics and
Automation, IEEE, Minneapolis, USA, pp.1738—
1743, 1996. DOI: 10.1109/ROBOT.1996.506963.

T. Hekmatfar, E. Masehian, S. J. Mousavi. Cooperative
object transportation by multiple mobile manipulators
through a hierarchical planning architecture. In Proceed-
ings of the 2nd RSI/ISM International Conference on Ro-
botics and Mechatronics, IEEE, Tehran, Iran,
pp.- 503-508, 2014. DOI: 10.1109/ICRoM.2014.6990952.

J. Markdahl, Y. Karayiannidis, X. M. Hu, D. Kragic. Dis-
tributed cooperative object attitude manipulation. In
Proceedings of IEEE International Conference on Robot-
ics and Automation, IEEE, Saint Paul, USA,
pp-2960-2965, 2012. DOI: 10.1109/ICRA.2012.6224665.

A. Petitti, A. Franchi, D. Di Paola, A. Rizzo. Decentral-
ized motion control for cooperative manipulation with a
team of networked mobile manipulators. In Proceedings
of IEEE International Conference on Robotics and Auto-
mation, IEEE, Stockholm, Sweden, pp.441-446, 2016.
DOI: 10.1109/ICRA.2016.7487164.

V. H. Andaluz, J. S. Ortiz, M. Pérez, F. Roberti, R.
Carelli. Adaptive cooperative control of multi-mobile ma-
nipulators. In Proceedings of the 40th Annual Confer-
ence of the IEEE Industrial Electronics Society, IEEE,
Dallas, USA, pp. 26692675, 2014. DOT: 10.1109/IECON.
2014.7048883.

Fetch Robotics. Fetch mobile manipulator, [Online],
Available:  https://www.wevolver.com/wevolver.staff/
fetch.mobile.manipulator/master/tree, May 26, 2020.

M. Mashali, L. Wu, R. Algasemi, R. Dubey. Controlling a
non-holonomic mobile manipulator in a constrained floor
space. In Proceedings of IEEE International Conference
on Robotics and Automation, IEEE, Brisbane, Australia,
pp. 725-731, 2018. DOI: 10.1109/ICRA.2018.8462866.

A. Stubbs, J. G. Longtine, D. Grieselhuber Mills, P. S.
Wellman, M. D. Verminski. Mobile Robot Manipulator,
U.S. Patent 9688472, June 2017.

C.S. Cho, J. D. Kim, S. G. Lee, S. K. Lee, S. C. Han, B. S.
Kim. A study on automated mobile painting robot with
permanent magnet wheels for outer plate of ship. In Pro-
ceedings of IEEE ISR 2013, IEEE, Seoul, Korea, 2013.
DOI: 10.1109/ISR.2013.6695602.

M. J. Oh, S. M. Lee, T. W. Kim, K. Y. Lee, J. Kim.
Design of a teaching pendant program for a mobile ship-
building welding robot using a PDA. Computer-Aided
Design, vol.42, no.3, pp.173-182, 2010. DOI: 10.1016/
j.cad.2009.09.005.

M. F. M. Campos, G. A. S. Pereira, S. R. C. Vale, A. Q.
Bracarense, G. A. Pinheiro, M. P. Oliveira. A mobile ma-
nipulator for installation and removal of aircraft warning
spheres on aerial power transmission lines. In Proceed-
ings of IEEE International Conference on Robotics and
Automation, IEEE, Washington, USA, pp.3559-3564,

@ Springer


http://dx.doi.org/10.1109/TCST.2006.872505
http://dx.doi.org/10.1109/JSYST.2013.2286509
http://dx.doi.org/10.1109/JSYST.2013.2286509
http://dx.doi.org/10.1109/CACSD-CCA-ISIC.2006.4777094
http://dx.doi.org/10.1109/CACSD-CCA-ISIC.2006.4777094
http://dx.doi.org/10.23919/ECC.2013.6669163
http://dx.doi.org/10.1109/TMECH.2007.892820
http://dx.doi.org/10.1109/TMECH.2007.892820
http://dx.doi.org/10.1007/s11633-020-1242-3
http://dx.doi.org/10.1007/s11633-020-1242-3
http://dx.doi.org/10.1109/CCA.1999.807853
http://dx.doi.org/10.1109/CCA.1999.807853
http://dx.doi.org/10.1109/TMECH.2008.2002816
http://dx.doi.org/10.1109/TMECH.2008.2002816
http://dx.doi.org/10.1109/TCST.2003.813378
https://www.dlr.de/rm/en/desktopdefault.aspx/tabid-8749/
https://www.dlr.de/rm/en/desktopdefault.aspx/tabid-8749/
https://www.kuka.com/ro-ro/produse-servicii/mobility/mobile-platforms
https://www.kuka.com/ro-ro/produse-servicii/mobility/mobile-platforms
https://www.kuka.com/ro-ro/produse-servicii/mobility/mobile-platforms
http://dx.doi.org/10.1109/TCST.2017.2679066
http://dx.doi.org/10.1109/TCST.2017.2679066
http://dx.doi.org/10.1109/TIE.2008.2002717
http://dx.doi.org/10.1109/TIE.2008.2002717
http://dx.doi.org/10.1109/TIE.2011.2146211
http://dx.doi.org/10.1109/ROBOT.1996.506963
http://dx.doi.org/10.1109/ICRoM.2014.6990952
http://dx.doi.org/10.1109/ICRA.2012.6224665
http://dx.doi.org/10.1109/ICRA.2016.7487164
http://dx.doi.org/10.1109/IECON.2014.7048883
http://dx.doi.org/10.1109/IECON.2014.7048883
https://www.wevolver.com/wevolver.staff/fetch.mobile.manipulator/master/tree
https://www.wevolver.com/wevolver.staff/fetch.mobile.manipulator/master/tree
http://dx.doi.org/10.1109/ICRA.2018.8462866
http://dx.doi.org/10.1109/ICRA.2018.8462866
http://dx.doi.org/10.1109/ICRA.2018.8462866
http://dx.doi.org/10.1109/ISR.2013.6695602
http://dx.doi.org/10.1016/j.cad.2009.09.005
http://dx.doi.org/10.1016/j.cad.2009.09.005
http://dx.doi.org/10.1109/TCST.2006.872505
http://dx.doi.org/10.1109/JSYST.2013.2286509
http://dx.doi.org/10.1109/JSYST.2013.2286509
http://dx.doi.org/10.1109/CACSD-CCA-ISIC.2006.4777094
http://dx.doi.org/10.1109/CACSD-CCA-ISIC.2006.4777094
http://dx.doi.org/10.23919/ECC.2013.6669163
http://dx.doi.org/10.1109/TMECH.2007.892820
http://dx.doi.org/10.1109/TMECH.2007.892820
http://dx.doi.org/10.1007/s11633-020-1242-3
http://dx.doi.org/10.1007/s11633-020-1242-3
http://dx.doi.org/10.1109/CCA.1999.807853
http://dx.doi.org/10.1109/CCA.1999.807853
http://dx.doi.org/10.1109/TMECH.2008.2002816
http://dx.doi.org/10.1109/TMECH.2008.2002816
http://dx.doi.org/10.1109/TCST.2003.813378
https://www.dlr.de/rm/en/desktopdefault.aspx/tabid-8749/
https://www.dlr.de/rm/en/desktopdefault.aspx/tabid-8749/
https://www.kuka.com/ro-ro/produse-servicii/mobility/mobile-platforms
https://www.kuka.com/ro-ro/produse-servicii/mobility/mobile-platforms
https://www.kuka.com/ro-ro/produse-servicii/mobility/mobile-platforms
http://dx.doi.org/10.1109/TCST.2017.2679066
http://dx.doi.org/10.1109/TCST.2017.2679066
http://dx.doi.org/10.1109/TIE.2008.2002717
http://dx.doi.org/10.1109/TIE.2008.2002717
http://dx.doi.org/10.1109/TIE.2011.2146211
http://dx.doi.org/10.1109/ROBOT.1996.506963
http://dx.doi.org/10.1109/ICRoM.2014.6990952
http://dx.doi.org/10.1109/ICRA.2012.6224665
http://dx.doi.org/10.1109/ICRA.2016.7487164
http://dx.doi.org/10.1109/IECON.2014.7048883
http://dx.doi.org/10.1109/IECON.2014.7048883
https://www.wevolver.com/wevolver.staff/fetch.mobile.manipulator/master/tree
https://www.wevolver.com/wevolver.staff/fetch.mobile.manipulator/master/tree
http://dx.doi.org/10.1109/ICRA.2018.8462866
http://dx.doi.org/10.1109/ICRA.2018.8462866
http://dx.doi.org/10.1109/ICRA.2018.8462866
http://dx.doi.org/10.1109/ISR.2013.6695602
http://dx.doi.org/10.1016/j.cad.2009.09.005
http://dx.doi.org/10.1016/j.cad.2009.09.005

552

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

International Journal of Automation and Computing 18(4), August 2021

2002. DOI: 10.1109/ROBOT.2002.1014261.

M. Al-Fetyani, M. Hayajneh, A. Alsharkawi. Design of an
executable anfis-based control system to improve the at-
titude and altitude performances of a quadcopter drone.
International Journal of Automation and Computing,
vol.18, no.1, pp.124-140, 2021. DOL 10.1007/s11633-
020-1251-2.

R. Fareh, T. Rabie. Tracking trajectory for nonholonom-
ic mobile manipulator using distributed control strategy.
In Proceedings of the 10th International Symposium on
Mechatronics and its Applications, IEEE, Sharjah,
United Arab Emirates, 2015. DOI: 10.1109/ISMA.2015.
7373473.

B. Hamner, S. Koterba, J. Shi, R. Simmons, S. Singh. An
autonomous mobile manipulator for assembly tasks.
Autonomous Robots, vol.28, no.1, Article number 131,
2010. DOI: 10.1007/s10514-009-9142-y.

Prodrone Co. PRODRONE unveils the world’s first dual
robot arm large-format drone, [Online], Available:
https://www.prodrone.com/archives/1420/, March 25,
2020.

GEARWURKX: SideArm Robotic Arm Kit, [Online],
Available: https://gearwurx.com/product/sidearm/,
March 25, 2020.

H. L. Nieuws. Antwerp opens first command center for
medical drones, [Online], Available: https://www.
flandersinvestmentandtrade.com/invest/en, June 10,
2020.

H. Kim, H. Seo, C. Y. Son, H. Lee, S. Kim, H. J. Kim. Co-
operation in the air: A learning-based approach for the ef-
ficient motion planning of aerial manipulators. IEEE Ro-
botics & Automation Magazine, vol.25, no.4, pp.76-85,
2018. DOI: 10.1109/MRA.2018.2866766.

F. Caccavale, G. Giglio, G. Muscio, F. Pierri. Cooperat-
ive impedance control for multiple UAVs with a robotic
arm. In Proceedings of IEEE/RSJ International Confer-
ence on Intelligent Robots and Systems, IEEE, Hamburg,
Germany, pp.2366—2371, 2015. DOI: 10.1109/TROS.2015.
7353697.

Y. Q. Wu, J. Song, J. B. Sun, F. F. Zhu, H. Y. Chen. Aer-
ial grasping based on VR perception and haptic control.
In Proceedings of IEEE International Conference on
Real-time Computing and Robotics, IEEE, Kandima,
Maldives, pp.556-562, 2018. DOI: 10.1109/RCAR.2018.
8621786.

T. Yoshikawa, X. Z. Zheng. Coordinated dynamic hybrid
position/force control for multiple robot manipulators
handling one constrained object. The International
Journal of Robotics Research, vol.12; no.3, pp.219-230,
1993. DOI: 10.1177/027836499301200302.

A. Petitti, A. Franchi, D. Di Paola, A. Rizzo. Decentral-
ized motion control for cooperative manipulation with a
team of networked mobile manipulators. In Proceedings
of IEEFE International Conference on Robotics and Auto-
mation, IEEE, Stockholm, Sweden, pp.441-446, 2016.
DOI: 10.1109/ICRA.2016.7487164.

A. E. Jimenez-Cano, G. Heredia, M. Bejar, K. Kondak,
A. Ollero. Modelling and control of an aerial manipulator
consisting of an autonomous helicopter equipped with a
multi-link robotic arm. Proceedings of the Institution of
Mechanical Engineers, Part G: Journal of Aerospace En-
gineering, vol.230, no.10, pp.1860-1870, 2016. DOI:
10.1177/0954410015619442.

@ Springer

[113]

(114)

[115]

[116]

[117)

[118]

[119]

[120]

(121)

(122)

[123]

(124)

G. Giglio, F. Pierri. Selective compliance control for an
unmanned aerial vehicle with a robotic arm. In Proceed-
ings of the 22nd Mediterranean Conference on Control
and Automation, IEEE, Palermo, Italy, pp.1190-1195,
2014. DOI: 10.1109/MED.2014.6961537.

L. S. Mello, G. V. Raffo, B. V. Adorno. Robust whole-
body control of an unmanned aerial manipulator. In Pro-
ceedings of European Control Conference, IEEE, Aal-
borg, Denmark, pp.702-707, 2016. DOI: 10.1109/ECC.
2016.7810371.

G. Arleo, F. Caccavale, G. Muscio, F. Pierri. Control of
quadrotor aerial vehicles equipped with a robotic arm. In
Proceedings of the 21st Mediterranean Conference on
Control and Automation, TEEE, Platanias, Greece,
pp.1174-1180, 2013. DOI: 10.1109/MED.2013.6608869.

N. Tardella. Earthbound robots today need to take flight,
[Online], Available:  https://spectrum.ieee.org/auto-
maton/robotics/industrialrobots/earthbound-robots-
today-need-to-take-flight, June 09, 2020.

G. Muscio, F. Pierri, M. A. Trujillo, E. Cataldi, G. Ant-
onelli, F. Caccavale, A. Viguria, S. Chiaverini, A. Ollero.
Coordinated control of aerial robotic manipulators: The-
ory and experiments. IEEE Transactions on Control Sys-
tems Technology, vol.26, no.4, pp.1406-1413, 2018. DOI:
10.1109/TCST.2017.2716905.

P. Leica, K. Rivera, S. Muela, D. Chavez, G. Andaluz, V.
H. Andaluz. Consensus algorithms for bidirectional tele-
operation of aerial manipulator robots in an environment
with obstacles. In Proceedings of IEEE Fourth Ecuador
Technical Chapters Meeting, IEEE, Guayaquil, Ecuador,
2019. DOI: 10.1109/ETCM48019.2019.9014872.

H. Lee, H. Kim, H. J. Kim. Planning and control for colli-
sion-free cooperative aerial transportation. IEEE Trans-
actions on Automation Science and Engineering, vol. 15,
no.1, pp.189-201, 2018. DOI: 10.1109/TASE.2016.
2605707.

K. U. Lee, Y. H. Choi. Dynamic surface control based
tracking control for a drone equipped with a manipulator.
The Transactions of The Korean Institute of Electrical
Engineers, vol.66, no.7, pp.1123-1130, 2017. DOI: 10.
5370/KIEE.2017.66.7.1123.

O. Bourquardez, R. Mahony, N. Guenard, F. Chaumette,
T. Hamel, L. Eck. Image-based visual servo control of the
translation kinematics of a quadrotor aerial vehicle. IEEE
Transactions on Robotics, vol.25, no.3, pp.743-749,
2009. DOI: 10.1109/TR0O.2008.2011419.

H. Lee, C. Y. Son, H. J. Kim. Collision-free path plan-
ning for cooperative aerial manipulators under velocity
and curvature constraints. IEEE Access, vol.7,
pp.171153-171162, 2019. DOI: 10.1109/ACCESS.2019.
2946273.

J. G. Wang, Y. M. Li. Hybrid impedance control of a 3-
DOF robotic arm used for rehabilitation treatment. In
Proceedings of IEEE International Conference on Auto-
mation Science and Engineering, IEEE, Toronto,
Canada, pp.768-773, 2010. DOI: 10.1109/COASE.2010.
5584259.

S. J. Ball, I. E. Brown, S. H. Scott. A planar 3DOF robot-
ic exoskeleton for rehabilitation and assessment. In Pro-
ceedings of the 29th Annual International Conference of
the IEEE Engineering in Medicine and Biology Society,
IEEE, Lyon, France, pp.4024—-4027, 2007. DOI: 10.11
09/IEMBS.2007.4353216.


http://dx.doi.org/10.1109/ROBOT.2002.1014261
http://dx.doi.org/10.1109/ROBOT.2002.1014261
http://dx.doi.org/10.1109/ROBOT.2002.1014261
http://dx.doi.org/10.1007/s11633-020-1251-2
http://dx.doi.org/10.1007/s11633-020-1251-2
http://dx.doi.org/10.1109/ISMA.2015.7373473
http://dx.doi.org/10.1109/ISMA.2015.7373473
http://dx.doi.org/10.1007/s10514-009-9142-y
https://www.prodrone.com/archives/1420/
https://gearwurx.com/product/sidearm/
https://www.flandersinvestmentandtrade.com/invest/en
https://www.flandersinvestmentandtrade.com/invest/en
http://dx.doi.org/10.1109/MRA.2018.2866766
http://dx.doi.org/10.1109/IROS.2015.7353697
http://dx.doi.org/10.1109/IROS.2015.7353697
http://dx.doi.org/10.1109/RCAR.2018.8621786
http://dx.doi.org/10.1109/RCAR.2018.8621786
http://dx.doi.org/10.1177/027836499301200302
http://dx.doi.org/10.1109/ICRA.2016.7487164.(93,)
http://dx.doi.org/10.1177/0954410015619442
http://dx.doi.org/10.1109/MED.2014.6961537
http://dx.doi.org/10.1109/ECC.2016.7810371
http://dx.doi.org/10.1109/ECC.2016.7810371
http://dx.doi.org/10.1109/MED.2013.6608869
https://spectrum.ieee.org/automaton/robotics/industrialrobots/earthbound-robots-today-need-to-take-flight
https://spectrum.ieee.org/automaton/robotics/industrialrobots/earthbound-robots-today-need-to-take-flight
https://spectrum.ieee.org/automaton/robotics/industrialrobots/earthbound-robots-today-need-to-take-flight
https://spectrum.ieee.org/automaton/robotics/industrialrobots/earthbound-robots-today-need-to-take-flight
http://dx.doi.org/10.1109/TCST.2017.2716905
http://dx.doi.org/10.1109/ETCM48019.2019.9014872
http://dx.doi.org/10.1109/ETCM48019.2019.9014872
http://dx.doi.org/10.1109/ETCM48019.2019.9014872
http://dx.doi.org/10.1109/TASE.2016.2605707
http://dx.doi.org/10.1109/TASE.2016.2605707
http://dx.doi.org/10.5370/KIEE.2017.66.7.1123
http://dx.doi.org/10.5370/KIEE.2017.66.7.1123
http://dx.doi.org/10.1109/TRO.2008.2011419
http://dx.doi.org/10.1109/ACCESS.2019.2946273
http://dx.doi.org/10.1109/ACCESS.2019.2946273
http://dx.doi.org/10.1109/COASE.2010.5584259
http://dx.doi.org/10.1109/COASE.2010.5584259
http://dx.doi.org/10.1109/IEMBS.2007.4353216
http://dx.doi.org/10.1109/IEMBS.2007.4353216
http://dx.doi.org/10.1109/ROBOT.2002.1014261
http://dx.doi.org/10.1109/ROBOT.2002.1014261
http://dx.doi.org/10.1109/ROBOT.2002.1014261
http://dx.doi.org/10.1007/s11633-020-1251-2
http://dx.doi.org/10.1007/s11633-020-1251-2
http://dx.doi.org/10.1109/ISMA.2015.7373473
http://dx.doi.org/10.1109/ISMA.2015.7373473
http://dx.doi.org/10.1007/s10514-009-9142-y
https://www.prodrone.com/archives/1420/
https://gearwurx.com/product/sidearm/
https://www.flandersinvestmentandtrade.com/invest/en
https://www.flandersinvestmentandtrade.com/invest/en
http://dx.doi.org/10.1109/MRA.2018.2866766
http://dx.doi.org/10.1109/IROS.2015.7353697
http://dx.doi.org/10.1109/IROS.2015.7353697
http://dx.doi.org/10.1109/RCAR.2018.8621786
http://dx.doi.org/10.1109/RCAR.2018.8621786
http://dx.doi.org/10.1177/027836499301200302
http://dx.doi.org/10.1109/ICRA.2016.7487164.(93,)
http://dx.doi.org/10.1177/0954410015619442
http://dx.doi.org/10.1109/MED.2014.6961537
http://dx.doi.org/10.1109/ECC.2016.7810371
http://dx.doi.org/10.1109/ECC.2016.7810371
http://dx.doi.org/10.1109/MED.2013.6608869
https://spectrum.ieee.org/automaton/robotics/industrialrobots/earthbound-robots-today-need-to-take-flight
https://spectrum.ieee.org/automaton/robotics/industrialrobots/earthbound-robots-today-need-to-take-flight
https://spectrum.ieee.org/automaton/robotics/industrialrobots/earthbound-robots-today-need-to-take-flight
https://spectrum.ieee.org/automaton/robotics/industrialrobots/earthbound-robots-today-need-to-take-flight
http://dx.doi.org/10.1109/TCST.2017.2716905
http://dx.doi.org/10.1109/ETCM48019.2019.9014872
http://dx.doi.org/10.1109/ETCM48019.2019.9014872
http://dx.doi.org/10.1109/ETCM48019.2019.9014872
http://dx.doi.org/10.1109/TASE.2016.2605707
http://dx.doi.org/10.1109/TASE.2016.2605707
http://dx.doi.org/10.5370/KIEE.2017.66.7.1123
http://dx.doi.org/10.5370/KIEE.2017.66.7.1123
http://dx.doi.org/10.1109/TRO.2008.2011419
http://dx.doi.org/10.1109/ACCESS.2019.2946273
http://dx.doi.org/10.1109/ACCESS.2019.2946273
http://dx.doi.org/10.1109/COASE.2010.5584259
http://dx.doi.org/10.1109/COASE.2010.5584259
http://dx.doi.org/10.1109/IEMBS.2007.4353216
http://dx.doi.org/10.1109/IEMBS.2007.4353216

L. P. Ramalepa and R. S. Jamisola Jr. / A Review on Cooperative Robotic Arms with Mobile or Drones Bases 553

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

S. K. Mustafa, G. L. Yang, S. H. Yeo, W. Lin, I. M. Chen.
Self-calibration of a biologically inspired 7 DOF cable-
driven robotic arm. IEEE/ASME Transactions on
Mechatronics, vol.13, no.1, pp.66-75, 2008. DOI: 10.11
09/TMECH.2007.915024.

S. Kumra, R. Saxena, S. Mehta. Design and development
of 6-DOF robotic arm controlled by man machine inter-
face. In Proceedings of IEEE International Conference on
Computational Intelligence and Computing Research,
IEEE, Coimbatore, India, 2012. DOI: 10.1109/
ICCIC.2012.6510243.

C. Y. Song, S. Lee, K. Kim. RoOMAN-MD: 6 DOF hu-
manoid arm for medical applications. In Proceedings of
IEEE Workshop on Advanced Robotics and its Social Im-
pacts, IEEE, Seoul, Korea, pp.123—-123, 2010. DOI:
10.1109/ARS0.2010.5680025.

K. Izumi, K. Watanabe, K. Ichida, Y. Tachibana. The
design of fuzzy energy regions optimized by GA for a
switching control of multi-link underactuated manipulat-
ors. In Proceedings of International Conference on Con-
trol, Automation and Systems, IEEE, Seoul, Korea,
pp. 24-29, 2007. DOI: 10.1109/ICCAS.2007.4406873.

R. Bhandari, V. Kalaichelvi. Analysis and control tech-
niques for two-link underactuated manipulator. In Pro-
ceedings of the 4th IEEEFE International Conference on En-
gineering Technologies and Applied Sciences, IEEE, Sal-
mabad, Bahrain, pp.1-5, 2017. DOI: 10.1109/ICETAS.
2017.8277874.

D. Liu, X. Z. Lai, Y. W. Wang, X. B. Wan. Position con-
trol of a planar four-link underactuated manipulator. In
Proceedings of the 37th Chinese Control Conference,
IEEE, Wuhan, China, pp.929-932, 2018. DOI: 10.23919/
ChiCC.2018.8483418.

R. Muthusamy, J. M. Indave, P. K. Muthusamy, E. F.
Hasan, Y. Zweiri, V. Kyrki, D. M. Gan. Investigation and
design of robotic assistance control system for cooperat-
ive manipulation. In Proceedings of the 9th IEEE Annu-
al International Conference on CYBER Technology in
Automation, Control, and Intelligent Systems, IEEE, Su-
zhou, China, pp.889-895, 2019. DOI: 10.1109/CYBER
46603.2019.9066573.

L. Han, X. L. Cheng, W. F. Xu, G. D. Tan. Reconfigur-
able wireless control system for a dual-arm cooperative
robotic system. In Proceedings of IEEE International
Conference on Robotics and Biomimetics, IEEE, Macau,
Macao, pp.202-207, 2017. DOI: 10.1109/ROBIO.2017.
8324418.

A. Nugroho, E. M. Yuniarno, M. H. Purnomo. Cooperat-
ive multi-agent for the end-effector position of robotic
arm based on consensus and PID controller. In Proceed-
ings of IEEFE International Conference on Computational
Intelligence and Virtual Environments for Measurement
Systems and Applications, IEEE, Tianjin, China, 2019.
DOI: 10.1109/CIVEMSA45640.2019.9071621.

S. Ali, A. Moosavian, M. Mostafavi. Multiple impedance
control of redundant manipulators. In Proceedings of the
2006 IEEE Conference on Robotics, Automation and
Mechatronics, IEEE, Bangkok, Thailand, 2006. DOI:
10.1109/RAMECH.2006.252728.

S. M. Li, R. P. Li. Research on trajectory tracking con-
trol of multiple degree of freedom manipulator. In Pro-
ceedings of the 32nd Youth Academic Annual Confer-
ence of Chinese Association of Automation, IEEE, Hefei,

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

pp.218-222,2017. DOI: 10.1109/YAC.2017.7967408.

H. Osumi, M. Terasawa, H. Nojiri. Cooperative control of
multiple mobile manipulators on uneven ground. In Pro-
ceedings of IEEE International Conference on Robotics
and Automation, IEEE, Leuven, Belgium, pp.3198-3203,
1998. DOI: 10.1109/ROBOT.1998.680917.

Y. H. Liu, S. Arimoto, V. Parra-Vega, K. Kitagaki. Ad-
aptive distributed cooperation controller for multiple ma-
nipulators. In Proceedings of IEEE/RSJ International
Conference on Intelligent Robots and Systems. Human
Robot Interaction and Cooperative Robots, IEEE, Pitts-
burgh, USA, pp.489-494, 1995. DOI: 10.1109/IROS.
1995.525841.

H. Ghariblu, A. Javanmard. Maximum allowable load of
two cooperative manipulators. In Proceedings of the 2nd
International Conference on Computer Engineering and
Applications, IEEE, Bali, Indonesia, pp.566—570, 2010.
DOI: 10.1109/ICCEA.2010.259.

L. Labakhua, I. Martins, M. Igor. Control of a mobile ro-
bot with Swedish wheels. In Proceedings of IEEE Interna-
tional Conference on Power, Control, Signals and Instru-

mentation  Engineering, IEEE, Chennai, India,
pp.267-272,2017. DOI: 10.1109/ICPCSI.2017.8392225.

H. P. Wang, B. J. Li, J. T. Liu, Y. Yang, Y. Zhang. Dy-
namic modeling and analysis of wheel skid steered mobile
robots with the different angular velocities of four wheels.
In Proceedings of the 30th Chinese Control Conference,
IEEE, Yantai, China, pp.3919-3924, 2011.

K. H. Seo, J. H. Suh. Path planning of mobile robot in
partitioned wireless sensor networks. In Proceedings of
the 9th International Conference on Ubiquitous Robots
and Ambient Intelligence, IEEE, Daejeon, Korea,
pp.619-622, 2012. DOI: 10.1109/URAI.2012.6463098.

D.Y. Kim, J. H. Kim, D. Kim. Development of an omni-
directional mobile base utilizing spherical robots as
wheels. In Proceedings of the 14th International Confer-
ence on Ubiquitous Robots and Ambient Intelligence,
IEEE, Jeju, Korea, pp.370-371, 2017. DOIL: 10.1109/
URAIL2017.7992754.

Y. G. Kim, J. H. Kwak, D. H. Hong, J. H. Ahn, S. G.
Wee, J. An. Localization strategy based on multi-robot
collaboration for indoor service robot applications. In
Proceedings of the 10th International Conference on Ubi-
quitous Robots and Ambient Intelligence, IEEE,
pp-225-226, 2013. DOI: 10.1109/URAI.2013.6677348.

A. Souliman, A. Joukhadar, H. Alturbeh, J. F. Whid-
borne. Real time control of multi-agent mobile robots
with intelligent collision avoidance system. In Proceed-
ings of Science and Information Conference, IEEE, Lon-
don, UK, pp.93-98, 2013.

L. Qingqing, F. Yuhong, J. P. Queralta, T. N. Gia, H.
Tenhunen, Z. Zou, T. Westerlund. Edge computing for
mobile robots: Multi-robot feature-based lidar odometry
with FPGAs. In Proceedings of the 12th International
Conference on Mobile Computing and Ubiquitous Net-
work, IEEE, Kathmandu, Nepal, pp.1-2, 2019. DOI:
10.23919/ICMU48249.2019.9006646.

J. Meng, A. B. Liu, Y. Q. Yang, Z. Wu, Q. Y. Xu. Two-
wheeled robot platform based on PID control. In Pro-
ceedings of the 5th International Conference on Informa-
tion Science and Control Engineering, IEEE, Zhengzhou,
China, pp.1011-1014, 2018. DOI: 10.1109/ICISCE.2018.

@ Springer


http://dx.doi.org/10.1109/TMECH.2007.915024
http://dx.doi.org/10.1109/TMECH.2007.915024
http://dx.doi.org/10.1109/ICCIC.2012.6510243
http://dx.doi.org/10.1109/ICCIC.2012.6510243
http://dx.doi.org/10.1109/ARSO.2010.5680025
http://dx.doi.org/10.1109/ICCAS.2007.4406873
http://dx.doi.org/10.1109/ICCAS.2007.4406873
http://dx.doi.org/10.1109/ICCAS.2007.4406873
http://dx.doi.org/10.1109/ICETAS.2017.8277874
http://dx.doi.org/10.1109/ICETAS.2017.8277874
http://dx.doi.org/10.23919/ChiCC.2018.8483418
http://dx.doi.org/10.23919/ChiCC.2018.8483418
http://dx.doi.org/10.1109/CYBER46603.2019.9066573
http://dx.doi.org/10.1109/CYBER46603.2019.9066573
http://dx.doi.org/10.1109/ROBIO.2017.8324418
http://dx.doi.org/10.1109/ROBIO.2017.8324418
http://dx.doi.org/10.1109/CIVEMSA45640.2019.9071621
http://dx.doi.org/10.1109/CIVEMSA45640.2019.9071621
http://dx.doi.org/10.1109/CIVEMSA45640.2019.9071621
http://dx.doi.org/10.1109/RAMECH.2006.252728
http://dx.doi.org/10.1109/YAC.2017.7967408
http://dx.doi.org/10.1109/ROBOT.1998.680917
http://dx.doi.org/10.1109/ROBOT.1998.680917
http://dx.doi.org/10.1109/ROBOT.1998.680917
http://dx.doi.org/10.1109/IROS.1995.525841
http://dx.doi.org/10.1109/IROS.1995.525841
http://dx.doi.org/10.1109/ICCEA.2010.259
http://dx.doi.org/10.1109/ICPCSI.2017.8392225
http://dx.doi.org/10.1109/URAI.2012.6463098
http://dx.doi.org/10.1109/URAI.2017.7992754
http://dx.doi.org/10.1109/URAI.2017.7992754
http://dx.doi.org/10.1109/URAI.2013.6677348
http://dx.doi.org/10.23919/ICMU48249.2019.9006646
http://dx.doi.org/10.1109/ICISCE.2018.00208
http://dx.doi.org/10.1109/TMECH.2007.915024
http://dx.doi.org/10.1109/TMECH.2007.915024
http://dx.doi.org/10.1109/ICCIC.2012.6510243
http://dx.doi.org/10.1109/ICCIC.2012.6510243
http://dx.doi.org/10.1109/ARSO.2010.5680025
http://dx.doi.org/10.1109/ICCAS.2007.4406873
http://dx.doi.org/10.1109/ICCAS.2007.4406873
http://dx.doi.org/10.1109/ICCAS.2007.4406873
http://dx.doi.org/10.1109/ICETAS.2017.8277874
http://dx.doi.org/10.1109/ICETAS.2017.8277874
http://dx.doi.org/10.23919/ChiCC.2018.8483418
http://dx.doi.org/10.23919/ChiCC.2018.8483418
http://dx.doi.org/10.1109/CYBER46603.2019.9066573
http://dx.doi.org/10.1109/CYBER46603.2019.9066573
http://dx.doi.org/10.1109/ROBIO.2017.8324418
http://dx.doi.org/10.1109/ROBIO.2017.8324418
http://dx.doi.org/10.1109/CIVEMSA45640.2019.9071621
http://dx.doi.org/10.1109/CIVEMSA45640.2019.9071621
http://dx.doi.org/10.1109/CIVEMSA45640.2019.9071621
http://dx.doi.org/10.1109/RAMECH.2006.252728
http://dx.doi.org/10.1109/YAC.2017.7967408
http://dx.doi.org/10.1109/ROBOT.1998.680917
http://dx.doi.org/10.1109/ROBOT.1998.680917
http://dx.doi.org/10.1109/ROBOT.1998.680917
http://dx.doi.org/10.1109/IROS.1995.525841
http://dx.doi.org/10.1109/IROS.1995.525841
http://dx.doi.org/10.1109/ICCEA.2010.259
http://dx.doi.org/10.1109/ICPCSI.2017.8392225
http://dx.doi.org/10.1109/URAI.2012.6463098
http://dx.doi.org/10.1109/URAI.2017.7992754
http://dx.doi.org/10.1109/URAI.2017.7992754
http://dx.doi.org/10.1109/URAI.2013.6677348
http://dx.doi.org/10.23919/ICMU48249.2019.9006646
http://dx.doi.org/10.1109/ICISCE.2018.00208

554

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

International Journal of Automation and Computing 18(4), August 2021

00208.

D. Q. Cui, X. S. Gao, W. Z. Guo, H. Dong. Design and
stability analysis of a wheel-track robot. In Proceedings of
the 3rd International Conference on Information Science
and Control Engineering, IEEE, Beijing, China,
pp.918-922, 2016. DOI: 10.1109/ICISCE.2016.200.

Z. Q. Fan, Q. Qiu, Z. J. Meng. Implementation of a four-
wheel drive agricultural mobile robot for crop/soil in-
formation collection on the open field. In Proceedings of
the 32nd Youth Academic Annual Conference of Chinese
Association of Automation, IEEE, Hefei, China,
pp.408-412,2017. DOI: 10.1109/YAC.2017.7967443.

S. Khatoon, D. K. Chaturvedi, N. Hasan, M. Istiyaque.
Optimal controller design for two wheel mobile robot. In
Proceedings of the 3rd International Innovative Applica-
tions of Computational Intelligence on Power, Energy
and Controls with their Impact on Humanity, IEEE,
Ghaziabad, India, 2018. DOI: 10.1109/CIPECH.2018.
8724314.

H. Bin, L. W. Zhen, L. H. Feng. The kinematics model of
a two-wheeled self-balancing autonomous mobile robot
and its simulation. In Proceedings of the 2nd Internation-
al Conference on Computer Engineering and Applica-
tions, IEEE, Bali, Indonesia, pp.64-68, 2010. DOI: 10.11
09/ICCEA.2010.169.

S. Kim, S. Kwon. Nonlinear control design for a two-
wheeled balancing robot. In Proceedings of the 10th In-
ternational Conference on Ubiquitous Robots and Ambi-
ent Intelligence, IEEE, Jeju, Korea, pp.486—487, 2013.
DOI: 10.1109/URAI.2013.6677319.

S. Wenxia, C. Wei. Simulation and debugging of LQR
control for two-wheeled self-balanced robot. In Proceed-
ings of Chinese Automation Congress, IEEE, Jinan,
China, pp.2391-2395, 2017. DOI: 10.1109/CAC.2017.
8243176.

D. Sharipov, Z. Abdullaev, Z. Tazhiev, O. Khafizov. Im-
plementation of a mathematical model of a hexacopter
control system. In Proceedings of International Confer-
ence on Information Science and Communications Tech-
nologies, IEEE, Tashkent, Uzbekistan, pp.1-5, 2019.
DOI: 10.1109/ICISCT47635.2019.9011842.

B. X. Yang, G. X. Du, Q. Quan, K. Y. Cai. The degree of
controllability with limited input and an application for
hexacopter design. In Proceedings of the 32nd Chinese
Control Conference, IEEE, Xi'an, China, pp.113-118,
2013.

E. Apriaskar, Y. P. Nugraha, B. R. Trilaksono. Simula-
tion of simultaneous localization and mapping using hex-
acopter and RGBD camera. In Proceedings of the 2nd In-
ternational Conference on Automation, Cognitive Sci-
ence, Optics, Micro Electro-Mechanical System, and In-

formation Technology, IEEE, Jakarta, Indonesia,
pp.-48-53, 2017. DOI: 10.1109/ICACOMIT.2017.8253
385.

R. Szabo. Terrestrial drone creation from rover, robotic
arm and raspberry Pi with sun tracker function. In Pro-
ceedings of International Symposium on Electronics and
Telecommunications, IEEE, Timisoara, Romania, 2018.
DOI: 10.1109/ISETC.2018.8583988.

D. Kim, P. Y. Oh. Lab automation drones for mobile ma-
nipulation in high throughput systems. In Proceedings of
IEEE International Conference on Consumer Electronics,
IEEE, Las Vegas, USA, 2018. DOI: 10.1109/ICCE.2018.

@ Springer

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

8326268.

L. L. Shi, H. Jayakody, J. Katupitiya, X. Jin. Coordin-
ated control of a dual-arm space robot: Novel models and
simulations for robotic control methods. IEEE Robotics
& Automation Magazine, vol.25, no.4, pp.86-95, 2018.
DOI: 10.1109/MRA.2018.2864717.

D. Cabecinhas, R. Naldi, C. Silvestre, R. Cunha, L. Mar-
coni. Robust landing and sliding maneuver hybrid con-
troller for a quadrotor vehicle. IEEE Transactions on
Control Systems Technology, vol.24, no.2, pp.400-412,
2016. DOI: 10.1109/TCST.2015.2454445.

Y. F. Teng, B. Hu, Z. W. Liu, J. Huang, Z. H. Guan. Ad-
aptive neural network control for quadrotor unmanned
aerial vehicles. In Proceedings of the 11th Asian Control
Conference, IEEE, Gold Coast, Australia, pp.988—-992,
2017. DOI: 10.1109/ASCC.2017.8287305.

Q. Yin, B. Xian, Y. Zhang, Y. P. Yu, H. T. Li, W. Zeng.
Visual simulation system for quadrotor unmanned aerial
vehicles. In Proceedings of the 30th Chinese Control Con-
ference, IEEE, Yantai, China, pp.454—459, 2011.

T. Bartelds, A. Capra, S. Hamaza, S. Stramigioli, M. Fu-
magalli. Compliant aerial manipulators: Toward a new
generation of aerial robotic workers. IEEE Robotics and
Automation Letters, vol.1, no.1, pp.477-483, 2016. DOI:
10.1109/LRA.2016.2519948.

P. Chermprayong, K. T. Zhang, F. Xiao, M. Kovac. An
integrated delta manipulator for aerial repair: A new aeri-
al robotic system. IEEE Robotics & Automation
Magazine, vol.26, no.1, pp.54-66, 2019. DOIL: 10.1109/
MRA.2018.2888911.

K. Turkovic, M. Car, M. Orsag. End-effector force estim-
ation method for an unmanned aerial manipulator. In
Proceedings of the Workshop on Research, Education
and Development of Unmanned Aerial Systems, IEEE,
Cranfield, UK, pp.96—99, 2019. DOI: 10.1109/REDUAS
47371.2019.8999670.

Z. G. Zhou, Y. A. Zhang, D. Zhou. Geometric modeling
and control for the full-actuated aerial manipulating sys-
tem. In Proceedings of the 35th Chinese Control Confer-
ence, IEEE, Chengdu, China, pp.6178-6182, 2016. DOI:
10.1109/ChiCC.2016.7554326.

M. Kamel, K. Alexis, R. Siegwart. Design and modeling
of dexterous aerial manipulator. In Proceedings of
IEEE/RSJ International Conference on Intelligent Ro-
bots and Systems, IEEE, Daejeon, Korea, pp.4870—4876,
2016. DOI: 10.1109/IR0OS.2016.7759715.

A. Suarez, G. Heredia, A. Ollero. Design of an anthropo-
morphic, compliant, and lightweight dual arm for aerial
manipulation. IEEE Access, vol.6, pp.29173-29189,
2018. DOI: 10.1109/ACCESS.2018.2833160.

Larona Pitso Ramalepa received the
B.Eng. degree in aircraft and aerospace
engineering from the St Petersburg State
University of Aerospace Instrumentation,
Russia in 2017. He is a master student in
mechatronics and industrial instrumenta-
tion at Botswana International University
of Science and Technology, Botswana.
A}X His research interests include mechat-

ronics, avionics, and robotics.
E-mail: r119100043@studentmail.biust.ac.bw (Correspond-


http://dx.doi.org/10.1109/ICISCE.2018.00208
http://dx.doi.org/10.1109/ICISCE.2016.200
http://dx.doi.org/10.1109/YAC.2017.7967443
http://dx.doi.org/10.1109/CIPECH.2018.8724314
http://dx.doi.org/10.1109/CIPECH.2018.8724314
http://dx.doi.org/10.1109/ICCEA.2010.169
http://dx.doi.org/10.1109/ICCEA.2010.169
http://dx.doi.org/10.1109/URAI.2013.6677319
http://dx.doi.org/10.1109/CAC.2017.8243176
http://dx.doi.org/10.1109/CAC.2017.8243176
http://dx.doi.org/10.1109/ICISCT47635.2019.9011842
http://dx.doi.org/10.1109/ICACOMIT.2017.8253385
http://dx.doi.org/10.1109/ICACOMIT.2017.8253385
http://dx.doi.org/10.1109/ISETC.2018.8583988
http://dx.doi.org/10.1109/ISETC.2018.8583988
http://dx.doi.org/10.1109/ISETC.2018.8583988
http://dx.doi.org/10.1109/ICCE.2018.8326268
http://dx.doi.org/10.1109/ICCE.2018.8326268
http://dx.doi.org/10.1109/MRA.2018.2864717
http://dx.doi.org/10.1109/TCST.2015.2454445
http://dx.doi.org/10.1109/ASCC.2017.8287305
http://dx.doi.org/10.1109/LRA.2016.2519948
http://dx.doi.org/10.1109/MRA.2018.2888911
http://dx.doi.org/10.1109/MRA.2018.2888911
http://dx.doi.org/10.1109/REDUAS47371.2019.8999670
http://dx.doi.org/10.1109/REDUAS47371.2019.8999670
http://dx.doi.org/10.1109/ChiCC.2016.7554326
http://dx.doi.org/10.1109/IROS.2016.7759715
http://dx.doi.org/10.1109/ACCESS.2018.2833160
http://dx.doi.org/10.1109/ICISCE.2018.00208
http://dx.doi.org/10.1109/ICISCE.2016.200
http://dx.doi.org/10.1109/YAC.2017.7967443
http://dx.doi.org/10.1109/CIPECH.2018.8724314
http://dx.doi.org/10.1109/CIPECH.2018.8724314
http://dx.doi.org/10.1109/ICCEA.2010.169
http://dx.doi.org/10.1109/ICCEA.2010.169
http://dx.doi.org/10.1109/URAI.2013.6677319
http://dx.doi.org/10.1109/CAC.2017.8243176
http://dx.doi.org/10.1109/CAC.2017.8243176
http://dx.doi.org/10.1109/ICISCT47635.2019.9011842
http://dx.doi.org/10.1109/ICACOMIT.2017.8253385
http://dx.doi.org/10.1109/ICACOMIT.2017.8253385
http://dx.doi.org/10.1109/ISETC.2018.8583988
http://dx.doi.org/10.1109/ISETC.2018.8583988
http://dx.doi.org/10.1109/ISETC.2018.8583988
http://dx.doi.org/10.1109/ICCE.2018.8326268
http://dx.doi.org/10.1109/ICCE.2018.8326268
http://dx.doi.org/10.1109/MRA.2018.2864717
http://dx.doi.org/10.1109/TCST.2015.2454445
http://dx.doi.org/10.1109/ASCC.2017.8287305
http://dx.doi.org/10.1109/LRA.2016.2519948
http://dx.doi.org/10.1109/MRA.2018.2888911
http://dx.doi.org/10.1109/MRA.2018.2888911
http://dx.doi.org/10.1109/REDUAS47371.2019.8999670
http://dx.doi.org/10.1109/REDUAS47371.2019.8999670
http://dx.doi.org/10.1109/ChiCC.2016.7554326
http://dx.doi.org/10.1109/IROS.2016.7759715
http://dx.doi.org/10.1109/ACCESS.2018.2833160

L. P. Ramalepa and R. S. Jamisola Jr. / A Review on Cooperative Robotic Arms with Mobile or Drones Bases 555

ing author)
ORCID iD: 0000-0002-2351-5803

Rodrigo S. Jamisola Jr. received the
B.Sc. degree in mechanical engineering
from University of the Philippines-Dili-
man, Philippines in 1993, received the
M. Eng. degree (research-based) in mech-
anical engineering from National Uni-
versity of Singapore, Singapore in 2001, re-

‘ b h ceived the M. Sc. degree in electrical and
k computer engineering from Colorado State

University, USA in 2006, and received the Ph.D. degree in elec-

tronics and communications engineering from De La Salle Uni-
versity-Manila, Philippines in 2009. He joined De La Salle Uni-
versity as an assistant professor in 2008 and Toyota Motor Phil-
ippines as R&D manager in 2011. He was a post-doctoral re-
search fellow at Daegu-Gyeongbuk Institute of Science and
Technology, Korea, and then at Italian Institute of Technology,
Ttaly. He is currently an associate professor at Botswana Interna-
tional University of Science and Technology, Botswana.

His research interests include control of combined manipulat-
ors, machine learning, numerical optimization, and human-ma-
chine interfaces.

E-mail: jamisolar@biust.ac.bw

ORCID iD: 0000-0002-6481-1545

@ Springer



I International Journal of
1 \\J Automation & Computing

Citation: L. P. Ramalepa, R. S. Jamisola Jr.. A review on cooperative robotic arms with mobile or drones bases. International
Journal of Automation and Computing, vol.18, no.4, pp.536-555, 2021. https://doi.org/10.1007/s11633-021-1299-7

Articles may interest you

Fuzzy behavior-based control of three wheeled omnidirectional mobile robot. International Journal of Automation and Computing,
vol.16, no.2, pp.163-185, 2019.

DOI: 10.1007/s11633-018-1135-x

A reliability aware protocol for cooperative communication in cognitive radio networks. International Journal of Automation and
Computing, vol.16, no.1, pp.84-92, 2019.

DOI: 10.1007/s11633-016-0995-1

Selection of observation position and orientation in visual servoing with eye-in-vehicle configuration for manipulator.
International Journal of Automation and Computing, vol.16, no.6, pp.761-774, 2019.

DOI: 10.1007/s11633-019-1181-z

Experimental evaluation of certain pursuit and evasion schemes for wheeled mobile robots. International Journal of Automation and
Computing, vol.16, no.4, pp.491-510, 2019.

DOI: 10.1007/s11633-018-1151-x

A computational model for measuring trust in mobile social networks using fuzzy logic. International Journal of Automation and
Computing, vol.17, no.6, pp.812-821, 2020.

DOI: 10.1007/s11633-020-1232-5

Suction-based grasp point estimation in cluttered environment for robotic manipulator using deep learning-based affordance
map. International Journal of Automation and Computing, vol.18, no.2, pp.277-287, 2021.

DOI: 10.1007/s11633-020-1260-1

Dynamic performance evaluation of a redundantly actuated and over-constrained parallel manipulator. International Journal of
Automation and Computing, vol.16, no.3, pp.274-285, 2019.

DOI: 10.1007/s11633-018-1147-6

WeChat: IJAC Twitter: IJAC_Journal


https://doi.org/10.1007/s11633-021-1299-7
http://www.ijac.net/en/article/doi/10.1007/s11633-018-1135-x
https://doi.org/10.1007/s11633-018-1135-x
http://www.ijac.net/en/article/doi/10.1007/s11633-016-0995-1
https://doi.org/10.1007/s11633-016-0995-1
http://www.ijac.net/en/article/doi/10.1007/s11633-019-1181-z
https://doi.org/10.1007/s11633-019-1181-z
http://www.ijac.net/en/article/doi/10.1007/s11633-018-1151-x
https://doi.org/10.1007/s11633-018-1151-x
http://www.ijac.net/en/article/doi/10.1007/s11633-020-1232-5
https://doi.org/10.1007/s11633-020-1232-5
http://www.ijac.net/en/article/doi/10.1007/s11633-020-1260-1
http://www.ijac.net/en/article/doi/10.1007/s11633-020-1260-1
https://doi.org/10.1007/s11633-020-1260-1
http://www.ijac.net/en/article/doi/10.1007/s11633-018-1147-6
https://doi.org/10.1007/s11633-018-1147-6

