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Abstract. Mobile manipulators have recently been subject to studies
and researches thanks to their augmented mobility and interaction capa-
bility. In the precision agriculture field, the development and implemen-
tation of such systems can be advantageous in every aspect of the farm
activities, e.g. harvesting, pruning, or trimming. This paper presents the
implementation of a 7 degree of freedom manipulator upon a mobile rover
prototype, designed for precision agriculture, in order to perform grape
sampling tasks. While the redundancy of the arm is used to perform off-
line collision avoidance with the environment and the mobile base itself,
thanks to sampling based path planning methods, a closed form inverse
kinematics solution allows to select the posture which maximizes the ma-
nipulability index of the manipulator. To do so, base mobility is used to
reach the target and properly position the arm. The overall architecture
was implemented on the real system and successfully validated through
experimental tests.

Keywords: Mobile manipulation · Manipulability · Precision agricul-
ture.

1 Introduction

The idea and development of mobile manipulators, robotic systems that can be
decomposed into a robotic arm and a mobile base, was firstly introduced at the
end of the 80’s for industrial purposes, and, since then, the research world has
produced systems with a high level of complexity in several application fields [8].
Such general architecture was studied and implemented for precision agriculture
purposes to perform common farm activities, e.g. harvesting [6], pruning [3] and
spraying [9]. In all of these applications, the use of a robotic arm is fundamental
to undertake tasks with a high level of dexterity, such as the selective spraying
routine presented in [9].

In this paper, the authors present the implementation of a commercial assis-
tive robotic arm upon the custom mobile base Agri.Q designed for monitoring



2 G. Colucci et al.

and sampling crops and soil. The design of the base and its related locomotion
system was widely discussed in previous articles (see [2, 10]) and preliminary
studies about the arm installation were carried out [11]. In this work, the over-
all system architecture is presented, starting from the arm inverse kinematics
(IK) formulation and related motion planning to the combined motion of the
base and the arm to outperform sampling tasks. The final section presents some
experimental results, where the real prototype is tested.

1.1 System architecture

In fig. 1 the Agri.Q mobile manipulator prototype, mainly composed of a custom
mobile base and a commercial seven degree of freedom (dof) robotic arm, is
presented. The mobile base consists of two locomotion modules, front and rear
one, both provided by two driving units. Each driving unit, in turn, is composed
of two wheels connected by a rocker arm. The total number of eight wheels
provides a good load distribution and the capability to move and navigate also
in uneven terrain.

The upper part of the body is covered by a solar panel, designed to recharge
the 24 V lithium-ion battery that feeds the locomotion motors, the robotic arm
and all the other on-board electronic components. The panel can be oriented
thanks to a pitch mechanism, that also can move the arm, causing the increase
of its total workspace.

2 Redundancy solution and manipulability optimization

A representation of the commercial 7dof arm, a Kinova Jaco 2 model, is depicted
in fig. 2a. It is composed of seven consecutive revolute joints but with a significant

Fig. 1: The mobile manipulator Agri.Q.
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(a) (b)

Fig. 2: (a) Kinematic model of the manipulator. (b) Definition of the swivel angle
ϕ. For a given constant pose, E must lie on circumference C. Please notice that
there is an offset between link 3 and 4.

offset between links 3 and 4 (the distance d in fig. 2b). Since the first three joint
axes intersect in a point, they can be treated as a single spherical joint, and the
same goes for the last three joints. Moreover, the arm is intrinsically redundant,
because its number of degrees of freedom is greater than the dimension of the
operational space.

The inverse kinematics problem allows ∞1 solutions, which can be found
through analytical or numerical methods. As an example, the solution can be
found using inverse differential kinematics techniques where a cost function g(q̇)
is minimized [5]. Besides, the authors present a closed form method where all
possible solutions are calculated as a function of the Swivel angle ϕ [1, 7]. As
shown in fig. 2b, the arm can be modelled as two spherical joints with an inter-
mediate revolute joint which represents, in fact, the redundancy of the system.
The circumference C is orthogonal to the shoulder-elbow-wrist (SEW) plane
and, moving E around C, all possible IK solutions can be found. The swivel
angle, or elbow angle, is defined as the angle between û and OE, where û can
be arbitrarily defined, and Yan et al. proposed a method in order to avoid sin-
gularities in its definition [13]. In fig. 3 an illustration of three different postures
for the same constant pose is presented.

2.1 Manipulability evaluation

Given that the solution is parametric in terms of ϕ, an optimization method
can be introduced to find the best pose with respect to the task. A common
approach is the use of the inverse of the 2-norm condition number κ defined as:

c =
1

κ(J)
=
λmin

λmax
(1)

where λmin and λmax are respectively the smallest and largest eigenvalues of
Jacobian matrix J(θ), and its values are in the range [0, 1]. If c is close to 0, the
arm is near to a singular configuration, if c = 1, the corresponding posture is
called isotropic.
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Fig. 3: Use of swivel angle to find three different postures for a given constant
pose

To consider also joint limits boundaries, before the computation of c, the
Jacobian matrix J can be modified with some penalization factor pj , with j =
1, . . . , 7, which are a quantitative evaluation of joint limits closeness of a given
posture [4, 12]. As firstly introduced in [4] and implemented in [12, 5], a gradient
function ∇h(θ)j can be defined as:

∇(θ)j =
∂h(θ)

∂θj
=

(θj,max − θj,min)
2(2θj − θj,max − θj,min)

2

α(θj,max − θj)2(θj − θj,min)2
(2)

where θj,max, θj,min are respectively the j-th joint upper and lower limit, and
α is a scale factor which relax or emphasize the closeness to joint limits. The
penalization factor pj for the j-th column of J can now be defined as:

pj =
1√

1 + |∇h(θ)j |
(3)

For our purpose, a value of α = 4 was chosen, as [12] suggests, and, as described
by equation (2), pj goes from 1, when θj = (θj,max − θj,min)/2, to ∞, when θj
tends to its upper or lower limit.
In fig. 4 the joint angle curves for a given pose are illustrated as a function of
the swivel angle ϕ, and a comparison between the original manipulability index
c and its new version cmod, modified by the joint limits penalization factors.
Please note that, even if some solutions are exact, they are not feasible with the
joint limits constraint (dashed line).
Starting from the total set of solutions described by the closed-form inverse
kinematics formulation of above, the extracted solution is the one that maximize
the value of cmod, i.e. the associated modified manipulability index is maximum.
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Fig. 4: (a) Joint angles θi i = 1, ..., 7 as function of swivel angle ϕ. A dashed
line is used to highlight not allowed values due to joint limits. (b) Comparison
between c and cmod. cmod is the inverse of the 2-norm condition number of the
modified Jacobian matrix for the manipulator.

3 Combined mobility and task execution

To properly interact with its environment, the mobile manipulator Agri.Q can
use both the mobile base and manipulator mobility. Since the base mobility
is significantly less accurate than the manipulator one, the authors propose a
combined motion where the mobile base mobility is used to position the task
object inside the manipulator workspace and then only the manipulator performs
the task execution. To do so, the base can be modelled as shown in fig. 5, where
the position x and the pitch angle ψ are the two degrees of freedom.

Fig. 5: x linear position and ψ pitch angle for robot arm positioning.
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Fig. 6: Manipulability mapping of the workspace of the arm. Blue line: target
point, red area: arm workspace, yellow area: best manipulability area, red line:
manipulability barycenter of the best manipulability area.

In fig. 6, the developed motion planning of the base is illustrated. For a generic
pick-and-place task, if the target object (blue line) is outside the arm workspace
(red and yellow area), the developed motion planning procedure moves the mo-
bile base so that the arm can reach the target, also with a good manipulability
index. To do so, the target point is moved inside the best manipulability area
of the manipulator (yellow area inside the workspace), and specifically into the
barycenter of the best manipulability area(red line), where the manipulability
index that was used is the above defined cmod. Once the motion is completed,
the new target pose is calculated and a motion planning procedure, based on the
sampling-based method RRT (rapidly exploring random tree) connect, that is
fundamental to guarantee the collision avoidance between the arm and the solar
panel of the mobile base, is carried out.

4 Experimental tests

In fig. 7 the experimental setup to validate the system architecture is shown.
During this pick-and-place procedure, the arm grasps the target object (the blue
cylinder upon the table) and then moves it to its back, where the future placing
area of the rover will be placed. All the requested algorithms, e.g., IK solution,
motion planning, time scaling, were done on a local pc on Matlab environment.
The communication with the mobile base, fundamental to send commands to
the pitch and traction actuators, was done through a serial port communication,
while the communication with the arm was developed through a Matlab - ROS
interface, then sending commands through ROS topics.
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Fig. 7: The prototype during an experimental test. (a) grasp posture (b) place
posture

5 Conclusions

In this paper, a planning strategy based on manipulability optimization for the
mobile manipulator prototype Agri.Q has been presented. The redundancy of
the arm was solved thanks to a closed form formulation, and the solution is
parametric in terms of the elbow angle. The mobility of the base is used to prop-
erly position the arm so that it can reach the target and manipulate it with the
best possible manipulability index. According to that, a planning pipeline, that
takes into account both base and arm mobility but separately, was developed
in Matlab environment, with the use of RRT connect sampling based method
for collision avoidance of the arm with the solar panel of the base. The over-
all architecture was implemented on the real prototype and validated through
experimental tests.
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