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Robotics and intelligent systems are key technologies to promote efficient and inno-
vative applications in the most diverse domains (industry, healthcare, agriculture, con-
struction, mobility, etc.), performing and supporting activities that are not suitable to be
performed by humans. Such activities are frequently time-consuming, repetitive tasks
with low added value, physically demanding, and/or dangerous. Nevertheless, robotics
and intelligent systems face several scientific and technological challenges related to their
integration and interoperability with other systems, safety, flexibility, reconfigurability and
autonomy. These challenges are especially relevant when robots operate in real unstruc-
tured environments and share the workspace with humans and other equipment.

This Special Issue collects research achievements, ideas, and applications of advanced
intelligent robotic systems, covering diverse technologies and application domains. Gener-
ally, the contributions cover optimal path planning strategies and innovative designs for
mobile manipulators, the integration of robotic and intelligent systems, grasping, manip-
ulation, teleoperation, haptics, user experience approaches for collaborative robots, and
multi-agent systems.

In the last few years, we addressed the emergence of mobile manipulators as versatile
robotic machines, combining the best abilities of mobile robots and robotic manipulators.
An interesting study reports a mobile manipulator unified framework for motion planning
considering joint limits, joint velocity limits, self-collisions, and singularities [1]. A novel
path planning strategy for the autonomous navigation of a mobile manipulator operating
in inspection processes is proposed in [2]. A mobile manipulator, which operates as a
healthcare and domestic assistant, demonstrated its capability to perform generic service
tasks in non-standardized healthcare and domestic environments [3]. In [4], a robot-based
framework is proposed to automatically plan trajectories designed for painting large objects,
e.g., a car roof. A Simultaneous Localization and Mapping (SLAM) framework used to
solve the problem of the poor positioning accuracy of mobile robots, by fusing horizontal
and vertical lidar data with Inertial Measurement Unit (IMU) data, eliminates the motion
distortion of the dual-lidar odometry [5]. A robot path planning method using midpoint
interpolation increased the efficiency of optimization by minimizing the planning time [6].
An interesting study presents a design of a mobile robot with omnidirectional tracks,
combining the advantages of a typical track drive with the omnidirectional Mecanum
wheels [7].

A dual-arm robotic manipulator demonstrated the ability to manipulate large and
heavy objects avoiding obstacles by using a hierarchical manipulation planner [8]. A
position/force controller used to grasp objects through a robotic manipulator, find the
position of the object to be grasped accurately, and apply the appropriate force to each
finger to handle the object properly is proposed in [9]. In [10], a haptic teleoperation of
impact hammers in mining operations is proposed, where the 3D model of the environment
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is used to estimate repulsion forces that are transferred to the operator via haptics so that
the hammer does not collide with the structures of the mine. A multi-order attentional
spatial interactive convolutional neural network for haptic recognition is detailed in [11].
It was validated on the recognition of letter shape (A-Z) with complex contours from a
haptic acquisition platform based on three-scale pressure arrays. In [12], the optimization
of robot placement was studied to reduce the overall robot joint wear, where a proper robot
base placement results in an overall reduction in the wear of the joints of a robotic arm.
An algorithm for verifying the correctness of multi-agent systems modeled as tracking
bigraphical reactive systems and checking whether a behavior policy for the agents meets
non-functional requirements is presented in [13]. A review of the recent literature on
augmented reality-supported collaborative robotics from a human-centered perspective
to solve issues related to operators’ needs is proposed in [14]. The study elaborates on
a structured framework driven by User eXperience approaches to design augmented
reality interfaces.
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Abstract: The motion of nonholonomic mobile manipulators (NMMs) is inherently constrained by
joint limits, joint velocity limits, self-collisions and singularities. Most motion planning algorithms
consider some of the aforementioned constraints, however, a unified framework to deal with all
of them is lacking. This paper proposes a motion planning solution for the kinematic trajectory
tracking of redundant NMMs that include all the constraints needed for practical implementation,
which improves the manipulability of both the entire system and the manipulator to prevent sin-
gularities. Experiments using a 10-DOF NMM demonstrate the good performance of the proposed
method for executing 6-DOF trajectories while satisfying all the constraints and simultaneously
maximizing manipulability.

Keywords: motion planning; trajectory tracking; mobile manipulator; joint constraints; self-collision
avoidance; manipulability

1. Introduction

A mobile manipulator is a robotic system that consists of a standard robot manipula-
tor mounted on a mobile platform. This system integrates the dexterity provided by the
manipulator with the extended workspace provided by the platform. Additionally, the com-
bination of both subsystems usually introduces kinematic redundancy, which increases
flexibility and dexterity. Therefore, mobile manipulators are suitable to perform delicate
tasks over a large space, such as welding large parts or painting large, curvy surfaces.

The practical applications of robotic systems commonly define tasks by either a point-
to-point movement or a continuous path of the end-effector in task space (also known as
operational space). This paper aims to solve the latter, and in particular, focuses on the
task space trajectory tracking problem. A trajectory is a path on which a timing law is
specified, for instance in terms of velocities and/or accelerations [1]. In other words, not
only is the end-effector’s pose profile defined, but so is its velocity profile. To accomplish
this, a motion planning algorithm that exploits the capabilities of both the manipulator and
the mobile platform and that coordinates their movements is required. The redundancy
of mobile manipulators can be used to perform additional subtasks or satisfy system con-
straints. These constraints include joint limits, joint velocity limits, joint velocity boundary
constraints (i.e., the constraints on the initial and final joint velocities), and self-collision
avoidance. Furthermore, for task space trajectory tracking to be achievable, it is important
that the system is kept away from singularities. All these requirements make the motion
planning for trajectory tracking a challenging problem.

There exist recent efforts in solving the motion planning of mobile manipulators [2,3].
Liao et al. [2] presented an optimization-based solution that not only handles constraints
at the position level, but can also set a target joint configuration for the manipulator at
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the end of the trajectory. A heuristic approach was proposed by Santos et al. [3] that is
simple to implement and can accomplish additional constraints such as joint limits and
manipulability improvement. Nonetheless, these methods do not deal with constraints at
the velocity level and are only applicable to mobile manipulators with omnidirectional
platforms. The present work focuses on the motion planning of mobile manipulators with
nonholonomic mobile platforms. The movement of this type of platform is constrained by
the rolling without slipping condition, which inhibits the platform from instantly moving
in any arbitrary direction [4].

The motion planning of NMMs has also been studied in the literature using different
approaches [5-10]. De Luca et al. [7] implemented the reduced gradient method for
NMMs. This method finds a permutation matrix that helps reduce the velocity input to
the subspace of commands that satisfy the given task. The remaining velocity inputs are
used to maximize an objective function. Even though this method is computationally more
efficient than the projected gradient approach, it is difficult to find such a permutation
matrix for highly redundant robots since the Jacobian must be pre-analyzed by hand.
Jia et al. [9] studied an adaptive motion distribution and coordinated control between the
manipulator and the mobile platform to minimize the end-effector’s positioning error.

In task space trajectory tracking, it is important that the motion planning algorithm
moves the system away from singularities. This is because the system is in kinematic
singularity, and the dexterity of the structure is reduced because the robot’s end-effector
cannot be moved in a certain direction. In addition, when the system is in the neigh-
borhood of a singularity, small velocities in the task space may cause large velocities in
the joint space [1], which is unacceptable because this would result in the failure of the
trajectory tracking task, and even damage the mobile manipulator. For these reasons,
the manipulability maximization was been included in multiple motion planning methods
for NMMs [5,6,8-10]. Bayle et al. [5,6] maximized the system’s manipulability using the
projected gradient method. Huang et al. [8] studied the coordination of the platform and
the manipulator, simultaneously considering the mobile platform stability and the manipu-
lator’s manipulability. Although these techniques can successfully follow the end-effector
path while considering additional criteria, none of these consider joint constraints.

Furthermore, the solution of the task space trajectory tracking problem must not
only consider joint limits but also joint velocity limits. This is because if a joint reaches
its velocity limit, the end-effector might not be able to comply with the desired velocity
profile. To the authors’” knowledge, the literature of motion planning for trajectory tracking
in task space with NMMs that includes joint constraints is limited. Zhang et al. [10]
proposed formulating the motion planning problem as an optimization problem where
the manipulability is maximized and the joint limits and joint velocity limits are included
as constraints. This optimization problem is reformulated as a quadratic programming
problem and converted into a linear variational inequality problem, that can be solved by
different numerical methods. This approach is effective but does not consider boundary
constraints for joint velocities. These constraints are also relevant because, for a given task,
zero joint velocities are expected at the start and end of the trajectory. Additionally, NMMs
are not only subject to physical limits but also to self-collisions, especially between the
manipulator and the mobile platform, which are not included in their work.

An important remark is that maximizing the manipulability of the whole system
might result in poor manipulability for the arm alone, even though the manipulability
for the whole system is preserved or improved [6,10]. Additionally, it is important that
both the robot arm subsystem and the whole mobile manipulator system maintain a
certain level of manipulability once a coordinated task is completed. After completing
an arbitrary path, a subsequent task might only require the arm to manipulate an object.
If the arm is in a configuration with low manipulability, executing such a task might not
be feasible. For these reasons, in this work, we propose a new manipulability measure
for mobile manipulators that, when maximized, and as demonstrated in our experiments,
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intrinsically improves the manipulability of the robot arm as well as the manipulability of
the whole system.

The solution to the motion planning of NMMs for trajectory tracking presented in this
work includes joint constraints (range and maximum velocities), self-collision avoidance
and manipulation capability preservation. Figure 1 summarizes how all these constraints
are included in our solution. Both the particular and homogeneous solutions of our
proposed scheme are weighted to avoid joint limits and self-collisions while the trajectory
is tracked. The homogeneous solution is used to maximize the manipulability by exploiting
the redundancy of the system. To satisfy joint velocity boundary constraints, the step size
for searching the maximum manipulability is varied. The joint velocity limits are satisfied
by restraining the maximum step size based on the allowable self-motion.

Nonholonomic
constraints

" Redundant
system

Trajectory
trackin,

Joint limits,
self-collision
avoidance

Singularity
avoidance

Joint velocity limits and
boundary constraints

Figure 1. Summary of the proposed motion planning approach.

Experimental results demonstrate that our method can successfully solve the motion
planning problem of NMMs under all the mentioned constraints. This work focuses
on task space trajectory tracking at kinematic level. In other words, the outputs of the
motion planning algorithm are the joint positions and velocities that will be fed to a joint
space dynamic controller for motion control. Then, the motion controller is responsible
for suppressing the model uncertainties and external disturbances to guarantee that the
actual joint positions follow the ones output by the motion planning algorithm. In the
experiments shown in this paper, we use the built-in motion controller of the commercial
manipulator and leave the design of our own motion controller for future research.

The contributions of this work are detailed as follows:

* A motion planning solution for NMMs that allows to include joint physical constraints
and the execution of a secondary task is presented.

*  Multiple constraints required for the practical implementation of task space trajectory
tracking are included in a unified solution. These constraints include joint limits, joint
velocity limits, joint velocity boundary constraints and self-collision avoidance.

* A new manipulability measure for mobile manipulators is presented. It is demon-
strated that the maximization of this measure simultaneously improves the manipula-
bilities of the whole system and the robot arm.

This paper is organized as follows. Section 2 describes the kinematic modeling of
NMMs. Section 3 describes the motion planning problem for trajectory tracking and
presents the proposed solution. In Section 4, the concepts that are employed to satisfy each
of the mentioned constraints are described and included in the motion planning algorithm.
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Experimental results using 6-DOF tasks are presented in Section 5 to validate the efficacy
of our approach. Finally, Section 6 concludes the paper.

2. Kinematic Modeling

The kinematic modeling described here follows the procedure of De Luca et al. [7]
and Bayle et al. [6]. For a general procedure of kinematic modeling of wheeled mobile
manipulators, please refer to Bayle et al. [5].

Let r € R™ be the end-effector’s position and/or pose in the task space. The configura-
tion vector g, also known as the generalized coordinates of the mobile manipulator, is given
by the combination of the platform configuration vector g, and the robot arm configuration
vector q,. Figure 2 illustrates these configuration vectors. A frame x'y’ is attached to
the mobile platform at the center of the wheels’ axle (xp,yp), with respect to the world
reference frame xy, with its x” axis pointing in the forward direction and the i/’ axis pointing
in the direction parallel to the wheels” axle. The angle between the x axis of the world
reference frame and x’ attached to the platform is denoted as 6. Then, the platform config-

uration is given by q, = [x, v, 0] " € R3. The robot arm configuration is given by the
position of its joints as 4 = [qa, Gay --- G, T eRrm, Finally, the configuration vector

of the mobile manipulator is g = [7,7 g,"] " € R with n = 3 + n,. The end-effector’s
position/pose is a function of the configuration vector defined by the kinematic map:

r :f(‘lpr’ia)/ @

O X

Figure 2. Nonholonomic mobile manipulator schematic.

The wheeled platform movement is constrained under the rolling without a slipping
assumption on both wheels, which can be expressed as the following nonholonomic
constraint:

4p = G(ﬂp)”p/ (2

where u, = [v,  wp] T € R?is the velocity input of the platform, consisting of the linear
and angular velocities of the platform, which are known as pseudo velocities or quasi-
velocities. The columns of matrix G(g,) span the admissible velocity space for a given
platform configuration. The matrix G(g,) for a differential-drive platform is defined as

costlp 0
G(qp) = |sinb, 0],
0 1

On the other hand, the robotic arm kinematics at the velocity level is not constrained
for any configuration, and therefore, the generalized velocities of the arm are equal to the
velocity inputs of the arm:

Ga = Ug. (3)
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The velocity input vector for the entire NMM can be constructed as u = [u pT uaT} T e
R, with 8y, = 2 + 1,. The dimension &, is called the mobility degree of the mobile ma-
nipulator and indicates the space dimension of the admissible generalized velocities [6].
Using (2) and (3), the map from the velocity input vector u to the generalized velocities

. . . 1T .
q= [qu an] can be written as

g=>5(q)u (4)
with:
s = |0 1],

where G(g,) maps the platform’s velocity input vector u, = [v, w)] " to the platform’s
generalized velocities 4, = [J’cp p ép] T, and matrix I;;, is an identity matrix of size n,
that sets the arm’s generalized velocities equal to its input velocities 4, = u,.

The differential kinematics of the NMM is obtained by differentiating the relation (1)
with respect to time:

= [Jp(ap) ]“(q“)][gZ}

= Up(‘hl) ]a(qu)]s(q)”
=J(q)S(q)u = Ju,

where the matrices J, € R™ %3 and J, € R™*" are the Jacobians of the platform and the arm,
respectively. The matrix | € R™*" is the Jacobian of the mobile mani