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A B S T R A C T

This paper presents a new method for optimizing the layout position of several Industrial Robots (IRs) placed
within manufacturing work-cells, in order to execute a set of specified tasks with the minimum energy
consumption. At first, a mechatronic model of an anthropomorphous IR is developed, by leveraging on the
Modelica/Dymola built-in capabilities. The IR sub-system components (namely mechanical structure,
actuators, power electronic and control logics) are modeled with the level of detail strictly necessary for an
accurate prediction of the system power consumption, while assuring efficient computational efforts. Secondly,
once each IR task is assigned, the optimal work-cell layout is computed by using proper optimization
techniques, which numerically retrieve the IR base position corresponding to the minimum energy consump-
tion. As an output to this second development stage, a set of color/contour maps is provided, that depicts both
energy demand and time required for the task completion as function of the robot position in the cell to support
the designer in the development of an energy-efficient layout. At last, two robotic manufacturing work-cells are
set-up within the Delmia Robotics environment, in order to provide a benchmark case study for the evaluation
of any energy saving potential. Numerical results confirm possible savings up to 20% with respect to state-of-
the-art work-cell design practice.

1. Introduction

Industrial robotics may be envisaged as the most strategic technol-
ogy that can practically enable flexible automation and intelligent
manufacturing processes. Unfortunately, Industrial Robots (IRs) and
related peripheral machines are intrinsically energy intensive, thus
compromising the overall factory sustainability. In particular, as
previously proven in several researches (e.g. [1,2]), IR massive adop-
tion heavily impact both factories ecological footprint and overall
production costs. In addition, many companies are currently facing
severe issues related to the actual unavailability of electric energy
supplier, which can withstand the peak power requirements as the
number of IRs simultaneously employed within the same location
exceeds a certain threshold. Naturally, owing to this restriction, any
further industrial development may end up being heavily damped, or
even impossible. Therefore, the industrial need towards possible
strategies to reduce the energy consumption (EC) of single IRs and/
or robotic work cells at factory level is unquestionable.

Within this scenario, current and past research activities concern-
ing mechatronic eco-design methods have been rapidly gaining a

strong foothold in the scientific arena, resulting in an increasing
number of programs funded by both academia and industry [3]. For
instance, energy optimization by means of IR electromechanical hard-
ware replacement is addressed in [4]. At robotic cell and process design
level, energy-optimal robot selection for specific operations is investi-
gated in [5], whereas many past works deal with energy-optimal path
generation, see e.g. [6]. In [7], novel methodologies aim at achieving an
EC reduction while avoiding plant revision. These techniques are based
on the optimization of the IR velocity profiles without affecting
productivity and quality, thus providing interesting solutions that
should aid programmers to develop more sustainable applications
without affecting investment costs.

For what concerns IR positioning, the layout design of a robotic cell
is a delicate task performed under conflicting requirements: on one
hand, robots and peripheral equipment must be placed assuring best
reachability and process performance; on the other hand, design rules
that assure safety and ease of maintenance must be strictly observed.
Owing to these concurrent needs, along with the lack of industrially-
viable engineering tools, the design of robotic work-cells is currently
tackled with a trial-and-error approach mostly based on the designer
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experience, while the EC performance is usually neglected and verified
only during the final commissioning. On the other hand, even if the
industrial design practice has been somehow unreceptive to the
academic researches, the problem of finding the optimal IR location
with respect to an assigned task has been investigated since the late
80 s, when Nelson et al. [8] studied the IR base positioning that would
enhance a manipulability measure. Similarly, the cycle time reduction
is addressed using different robot models in [9,10]. Chedmail and
Wenger [11] introduced the obstacle problem, searching for an IR
location permitting the task execution without collisions. In [12] the
energy-optimal task placement inside the workspace of a 3-axis parallel
robot was found by modeling the electrical motors consumption. In
practice, the literature review furtherly underlines the importance and
complexity of the layout positioning of the robot, although most of the
past works focus on cycle time and manufacturing quality rather than
EC reduction. On the basis of these considerations, we hereby propose
a method, along with the related computer-aided tools, which supports
the design engineers in the choice of an energy efficient cell layout.
Extending the work presented in [13], at first, an object-oriented model
of a common six-degrees-of-freedom anthropomorphous manipulator
is created, focusing on accurate EC prediction and computational
efficiency. Similarly to previous literature [14,15], the developed IR
model comprises a description of the mechanical structure, actuation
system and control architecture. Differently from previous works, the
model also describes the electrical behavior of the entire electronic
driver. Then, proper optimization algorithms are employed, to quickly
and efficiently compute the energy-optimal IR base location for a
specified task. In parallel, layout maps are generated, clearly showing
the relation between robot position, energy consumption and cycle
time, aiding an energy-efficient layout design. At last, the energy-saving
potentials are assessed on industrial case studies optimizing the
placement for three robots programmed for spot-welding and pick-
and-place in automotive production lines.

The following software tools have been used for modeling, optimi-
zation, and subsequent numerical validation due to their built-in
functions and wide spread usage in both academia and industry:

• Dymola, [16], a powerful environment for model based simulation
relying on Modelica language [17], which offers significant advan-
tages over other modeling techniques, namely graphical representa-
tion, reusability of code blocks and ease of modification & inter-
pretation. The Dymola environment has been used for the IR model
creation and for the subsequent optimization phase.

• Delmia Robotics, [18], one of the most widespread off-line pro-
gramming and robotic simulation software. In particular, this virtual
prototyping tool provides a 3D graphical interface where the plant
designer can conceive/simulate/debug an entire work-cell or pro-

duction line, finally generating the IR code to run the physical plant.
In this context, Delmia Robotics has been employed for validating
the final optimization results.

The paper is organized as follows: Section 2 describes the IR model
within the Modelica/Dymola environment; Section 3 describes the
proposed base-position optimization tools; Section 4 discusses the
industrial case study and the achievable energy improvements; Section
5 reports the concluding remarks.

2. Modeling

2.1. The servomechanism model

Although rather accurate, the single models of each IR subsystem
component found in the previous literature (see e.g. [19]) include a
detailed description of several physical phenomena, thus relying on
numerous parameters that are often unknown. On the contrary, the
approach adopted in this paper employs simpler equations, that
require a minimum number of parameters [20], yet accurate enough
to predict the system power flow. In particular, the overall IR
mechatronic model is obtained from the composition of more servo-
mechanisms models including mechanical, electrical and control func-
tional components described via the Modelica/Dymola language. The
model layout is provided in Fig. 1, which shows the servomechanism
model (along with functional components and connections) realized in
Dymola environment. The mechanical structure of the system, re-
ported on the rightmost part of the picture, is defined in a very efficient
way using the standard MultiBody library: BodyShape and Revolute
components respectively describe rigid bodies and revolute joints
(characterized with their lengths, masses, inertias and rotation axis
parameters).

Similarly to [21], the gear-box block (directly connected to the
driving flange of the revolute joint) employs a simple but efficient
model. The torques acting at two sides are related by the following
equation:
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where r is the reduction ratio, α and β model the load dependent
Coulombian friction, fv is the viscous friction coefficient, Jin, ωin and ω̇in
are the gear inertia, the angular velocity and the angular acceleration
referring at input side. Following modeling guidelines reported in [22],
the IR Permanent Magnet Synchronous Motors (PMSMs) block dia-
gram comprises one inductance, two resistors, the rotor inertia, and the
electro-mechanical conversion block (via the back emf constant). For
what concerns the dissipative elements, one resistor accounts for the

Fig. 1. Servomechanism mechatronic model realized in Dymola.
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