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Abstract: Pick-and-place operations are basic, and are currently the most common for robots operating
in the industry. Massive applications makes it reasonable to ask whether, and to what extent these
operations are realised in a way that guarantees rational energy consumption. In many cases, the
answer to such a question is neither positive nor known. Therefore, this paper attempts to present a
rational and systematic approach to the low-energy pick-and-place operations performed by robots.
This paper describes a new approach for the robot’s tool centre point path planning, which enables the
minimisation of energy consumption wherein productivity in preserved, and where care is taken for
the persistence of the critical mechanical components of the robot cooperating with the autonomous
mobile platform. The effectiveness of the described approach has been proven from the results of
the theoretical, simulation, experimental and implementation tests carried out using an industrial
articulated robot with six degrees of freedom.

Keywords: energy saving; path planning; trajectory; robotics; pick-and-place operations; optimisation

1. Introduction

Pick-and-place operations are the most frequently performed processes among the
tasks performed by six-degrees-of-freedom (6DoF) robots in the industry. It has been
estimated that this type of operation comprises over 50% of all processes carried out
by modern industrial robots [1]. Generally, such operations consist of transferring an
object between a pick and a deposit point, with consideration being given to existing
space limitations. The pick-and-place operations include such technological processes
as palletising, assembly, packing and selection. Operations such as these usually require
the synchronisation of movements of the object with the respective operations of the
technological process. As a result, pick-and-place operations are subject to particular time
restrictions. The most crucial is the transfer cycle duration. The transfer cycle duration
is determined by the time interval required for a complete performance of the transfer
operation. The reverse of this interval defines the process productivity. In the later parts of
this paper, we will also refer to specific energy consumption, i.e., the energy needed for the
performance of a single pick-and-place cycle.

Some pick-and-place operations are presently carried out by 6DoF robots mounted on
autonomous mobile robots (AMR). AMR robots are involved mainly in operations such
as transfer, logistics and inspection. These operations are performed in an unmanned
and environmentally safe manner [2,3]. The integration of a mobile AMR-type robot and
an articulated 6DoF robot is advantageous, especially in highly automatised processes
characterised by relatively frequent changes in transportation tasks.

This paper will focus on the extremely important and current issue of minimisation of
specific energy consumption using an assembly of an articulated 6DoF robot and a mobile
AMR platform. It will be shown that such a solution makes it possible to not only save
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significant amounts of energy but to also reduce the cost of a single transportation cycle. It
must be expressed clearly that in industrial practice, energy consumption reductions are
often neglected and sidelined, which as a result brings unwanted costs and energy losses.

In this paper we will propose a novel approach to planning the path and the trajectory
of a robot’s tool centre point (TCP), which will facilitate obtaining an optimal solution in
the context of one of the three formulated criteria. We will try to answer the question of
whether a reduction in specific energy consumption is possible without any simultaneous
significant cut in the productivity of the pick-and-place process.

The primary criteria in assessing the correctness of the TCP path planning process
for pick-and-place operations is whether and to what extent the path meets the required
technological requirements. These requirements usually concern the specification of the
pick-and-place operation and the realisation of the requirements of the transportation cycle.
Therefore, in the general case, it is to be expected that the decided requirements may either
be achievable or not, and not necessarily in only one way. If there is more than one solution,
additional path planning constraints can be imposed. This will narrow down the set of
possible solutions and support the realisation of the technological requirements, and also
have an impact on the rationalisation of the technological process.

It is well worth noting that this problem has not been presented as comprehensively
in the path planning literature so far. Ratiu and Prichici [4] proposed the following three
criteria for assessing TCP path quality:

• Minimum cycle time duration;
• Minimum energy consumption, minimum total torque or minimum driving force;
• Smoothness of the higher-order derivatives of trajectories.

It often happens that the evaluation of path quality is partial and consists of an
assessment relating to just one criterion. For different classes of operations, the primary
criteria may just be the minimum cycle time, and in other cases, a minimum energy
consumption, and in still others, the precise tracking of the planned trajectory. In all of the
cases, however, the key element of the path planning process is to provide such a path that
is achievable in order to obtain a smooth trajectory, i.e., a trajectory that is characterised
by the continuity of the higher-order derivatives of the path, such as velocity, acceleration,
and possibly also jerk and snap. It is also important to take care to ensure the durability of
the actuators [5]. In practice, in many cases it is necessary to reach a compromise solution
that takes into account several criteria [6,7]. Due to the multi-criteria assessment of the
correctness of path planning, the task of aiming to generate paths appropriately is certainly
not a trivial one.

The problem of low-energy consumption has recently been heavily explored in works
on robotics. Carabin [8] presents a general classification of energy optimisation methods,
which includes two main classes:

• Optimisation based on hardware solutions;
• Optimisation based on software solutions.

Various approaches to energy minimisation based on hardware solutions are presented
in papers [9–16], among others, focusing on ideas and research on developing dedicated
structural and material solutions. Numerous designs for robot kinematics, structures,
materials and components have been recommended to minimise the energy consumption
for a determined pick-and-place operation. The aforementioned papers refer to robots that
are limited to two or three degrees of freedom. Such robots, however, are not commonly
used due to the limited workspace and manipulation capabilities of the TCP. Some of
the papers show hardware optimisation approaches such as parallel robots with enclosed
kinematic chain structures [17,18]. They allow for the minimisation of energy consumption;
however, they also require the use of additional components (e.g., joints or connectors),
which increases the complexity and cost of robot manufacturing and operation.

Most of the papers that are related to the software optimisation of energy consumption
have focused on developing the path planning and generating trajectories that allow for
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the minimisation of certain aggregates that are related to the driving torques and/or forces
developed by the robot’s actuating systems [19–23]. Such approaches allow not only for
the reduction of energy consumption, but also for an increase in the durability of the
drive components, and thus indirectly improve the functional safety of the robot. This
is extremely important in the next-generation robots [24–27], especially those in which
harmonic gears are used in the joints. This is due to the fact that, despite numerous
advantages, harmonic gears are characterised by a strong decrease in durability in relation
to the torque load [28]. A significant shortcoming in the papers mentioned above is that they
do not consider the problem of minimising energy consumption directly. The minimisation
of torque or cycle time can be only a part of the task of minimising energy consumption,
and cannot be equated with a holistic solution.

There is a group of papers that present an attempt to minimise energy consumption
for both: an arbitrarily defined trajectory and a point-to-point transport task, with starting
and endpoint fixed but without an a priori defined TCP path. Paes [29] presents an
approach where the dynamic parameters are estimated and the robot model is developed
in MATLAB, using its tools to estimate robot dynamics model and to optimise trajectory.
Boscariol [30] proposes functional redundancy as a way to minimise energy consumption.
Depending on the task, some of the robot’s effectors could be inoperative, resulting in a
reduction in the number of degrees of freedom. In a number of recent papers on minimising
energy consumption in robotics [31–33] an iterative dynamic programming algorithm was
applied and an energy characteristic parameter model based on dynamic time-scaling was
developed. A limitation of the above-mentioned papers is that the optimisation only works
in terms of the already assumed initial and final configurations of the robot. The authors do
not analyse or examine the impact of the choice of the robot’s base location on the specific
energy consumption. If the robot is not properly positioned in the task space, only an
intermediate goal can be achieved by minimising the energy in this configuration.

The works [34–36] have attempted to optimise the trajectory by considering the po-
sition of the robot base in the task space. The optimisation only concerned the cycle
execution time. In addition, the authors presented examples of virtual trajectories not
actually possible for application in industrial practice.

An approach to minimising energy consumption using a swarm algorithm for a
6DoF robot is presented in the paper [37]. However, the authors failed to develop an
effective analytical model suitable for simulation studies, making the optimisation process
cumbersome and time-consuming, as it required hundreds of experimental tests on a
real-world bench. Zhang [38] used a neural network to develop a model and to predict the
energy consumption with a set of kinematic parameters as input and energy consumption
as the output. The authors considered the energy cost as the optimisation criterion, but they
ignored the efficiency of the process. This means that the solution cannot be regarded as
being comprehensive in terms of planning the robot’s trajectory in practical industrial terms.

In this paper, we propose a new approach to optimising the trajectory of a 6DoF
articulated robot for pick-and-place tasks based on software optimisation solutions and the
selection of optimal robot placement. We demonstrate that the location of the robot’s base
has a significant impact on the energy consumption and as such, it should be taken into
account when taking a holistic view of the problem of energy conservation.

This approach allows for:

• Minimising the specific energy consumption of the transport cycle;
• Minimisation of transport cycle time;
• Minimising the economic cost of realising the transport cycle.

The above criteria are strongly justified from a practical perspective, as they directly
determine the economics of the process, including the potential for energy savings. In this
paper, tests will be carried out wherein real conditions will be preserved, as well as the
resulting limitations on the values of the maximum speeds and accelerations.
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First of all, in the scope of the literature study carried out, this paper fills a gap in
the research focusing on the economics of robotic production processes. Apart from that,
the paper’s important contribution to the field of robotics is:

• A proposal of a new, energy-efficient and implementable approach to path and tra-
jectory design by optimising the trajectory of TCP and solving the 6DoF robot place-
ment problem.

• The industrially acceptable solution for setting an optimal position of the robot inte-
grated with an autonomous mobile platform.

• The proposal of cost-cutting for pick-and-place operation via a multi-criteria optimisa-
tion, where both energy consumption and process efficiency are addressed.

• Experimental proof of the proposed approach.

The paper is structured as follows. Section 1 formulates the problem of energy minimi-
sation in automated pick-and-place transport tasks. A review and analysis of the selected
literature in this area is presented, and the basic contribution and novelty elements of the
article are formulated. Section 2 presents an in-depth characterisation of the pick-and-place
tasks. Section 3 outlines the proposed approach, and the methodology selected and tools
used. In this section, a description of the analytical model used for the study is presented.
Section 4 defines the optimisation task for different criteria. Section 5 presents the technical
characteristics of the industrial articulated 6DoF robot used for the experimental study.
Section 6 presents the results of a simulation and experimental study of the influence of the
robot’s location in the pick-and-place task space on energy consumption, transport cycle
execution time and specific cycle cost. Section 7 discusses and draws conclusions from the
results obtained, and finally, Section 8 presents a summary of the work.

2. Characterisation of the Pick-and-Place Tasks

A statistical analysis of the number and type of industrial applications developed
by the International Federation of Robotics (IFR) [1], indicates that more than 50% of all
tasks performed by industrial robots fall into the pick-and-place category. Pick-and-place
tasks involve moving an object of manipulation from a pick point to a put-down point.
According to the IFR classification, technological processes such as assembly and transport
processes, including palletisation and packaging, belong to this task class (Figure 1).

Figure 1. The annual number of newly installed robots in 2020, in thousands of pieces, broken
down by categories of tasks. There are three main task categories: pick-and-place, processing and
unclassified. The drawing was elaborated based on [1].

Path planning is usually carried out by searching for a so-called set of waypoints.
A set of waypoints is an ordered list of geometric coordinates of reachable points in the
programming space that satisfies the kinematic constraints of the robot and the constraints
imposed by the task space.
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The set of waypoints between the pick-up point and the drop-off point determines the
so-called admissible solution of the robot path in the task space. The admissible solution
is the starting point for trajectory selection and transition function construction. The
trajectory is one of the possible admissible paths, while the transition function defines
the time sequence of the robot effector controls leading to the realisation of the selected
reachable trajectory, i.e., one for which there is a finite sequence of controls and intermediate
states carrying the system from the initial state to the final state. An optimal selection of the
trajectory and the associated transition function requires the solution of an optimisation
task. Much work in path planning has been devoted to mono-criteria optimisation based on:

• The minimisation of task execution time [39,40];
• Minimising the length of the trajectory [41,42];
• Minimising the energy required for the task execution [30,37].

The discussion in Section 1 shows that considering only one optimisation criterion
significantly limits the search space, as it does not take other criteria. For example, the pos-
tulate to minimise the execution time of a transport task usually does not allow for a
simultaneous minimisation of the energy required for this task.

From a practical point of view, mono-criteria optimisation does not consider many
important constraints (limitations) imposed on the transport task. The way out is to adopt
a compromise solution consisting, for example, of selecting a technologically acceptable
transport cycle while minimising the energy consumption, i.e., generating the transition
function in such a way where the so-called effector effort [5] is not excessive. This implies
the desirability of using approaches from the area of multi-criteria optimisation with an
appropriately designed cost function.

An important practical aspect that is not taken into account in many trajectory plan-
ning approaches is the fact that both the pick-up and put-down locations are often only
determined after, and not before, the robot is physically installed in the production line.
From the point of view of the optimisation task, the location (anchoring) of the robot base
relative to the pick-up and put-down positions, is not indifferent. Relevant research in this
direction has been carried out in this paper.

3. Minimisation of Specific Energy Consumption

We propose a general and systematic approach to minimising specific energy con-
sumption in pick-and-place operations. The approach consists of three successive steps:

1. The determination of an analytical model of the electric energy consumption of each
robot drive as a function of the geometric, kinematic, and dynamic parameters;

2. The design of a function to determine the cost and constraints of a trajectory optimisa-
tion task;

3. Performing optimisation calculations.

Step one is closely related to the kinematics of the robot. This means that an individual
approach is required for each robot design type. This step consists of a sequence of
transformations that lead from the definition of the pick-up and put-down points to the
estimation of the electrical energy required for the task. The sequence of transformations
is presented in a compact graphical form in Figure 2 and is described in more detail in
Section 3.1.

In step two, the objective of the optimisation task is defined. This step is partly
universal in the sense that, at the level of functional definition, it is not related to the
construction type of the robot. However, at the level of defining constraints, it does. At this
stage, the problems of minimising energy consumption, minimising the transport execution
time and minimising its economic cost are defined. The solution of the optimisation
problem allows for the definition of the trajectory, the transition function and the location
of the robot with respect to the task space, according to the optimisation objective function.

The third step is technical and is related to the implementation of the optimisation
task. The choice of method and the technical means of optimisation can be arbitrary. This
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paper proposes the use of Kennedy and Eberhart’s particle swarm algorithm (PSO) for this
purpose [43].

Figure 2. Graphical diagram of the process of deriving the analytical model of energy consumption.

3.1. The Analytical Model

The transport task is a dynamic process. This paper will present both an analyti-
cal model of the total energy required to complete the task, as well as detailed (partial)
models of the energy consumption relating to the individual drives of the robot joints.
The development of such a models requires knowledge of both the robot’s kinematics, and
its mechanical and electrical parameters. This paper will present a general method for
determining the model for the case of an articulated 6DoF robot. The proposed approach
requires the solution of the following three tasks:

1. Forward and inverse kinematics;
2. Forward and inverse dynamics;
3. Determining the energy consumption.

By solving the forward and inverse kinematics, it is possible to determine the internal
coordinates of the robot, i.e., the angular positions of the joints versus position of the
robot’s TCP.
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Based on the knowledge of the kinematics and mechanical parameters of the robot,
it is possible to present a solution of both the forward and inverse dynamics. By solving
this task, it is possible to determine the dynamic forces and torques reacting in the joints
of the robot. Thus, after applying appropriate transformations, it is possible to determine
the instantaneous power required to drive the individual robot joint and, consequently,
the instantaneous and total energy consumption.

3.1.1. Forward and Inverse Kinematics

The forward and inverse kinematics task was solved using the well-known approach
represented in [44,45], among others. The method of solving the forward and inverse
kinematics will be illustrated using an ES5 robot [27]—the representant of a typical six-
articulated robot, whose structural schematic is shown in Figure 3. The approach presented
in this paper is universal, although for different robots structures it requires defining
individual Denavit–Hartenberg (D-H) parameters and and maybe performing a different
sequence of algebraic transformations.

A local coordinate system according to D-H notation [44,46] was assigned to each of
the six rotational joints of the robot. The D-H parameters are the geometrical parameters
assigned to each joint. In D-H notation, we specify the following four parameters:

• ai−1—distance between the zi−1 and zi axes measured along the xi−1 axis;
• αi−1—the angle between the zi−1 and zi axes;
• di—distance between the xi−1 and xi axes measured along the zi axis;
• θi—angle between the axes xi−1 and xi.

Figure 3. Three-dimensional drawing of the ES5 robot with assigned local coordinate systems
according to the Denavit–Hartenberg representation.
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The base coordinate system was assumed to be anchored at the geometric centre of
the robot base. According to the D-H representation, the single transformation matrix of
the coordinate system Ti−1 to Ti can be represented as an Equation (1), being the product of
the elementary transformation matrices, where α, ai and di are the geometric parameters,
θi is the coordinate associated with the i-th coordinate system, and xi and yi are the
transformation axes:

Ti
i−1 = R(xi−1, αi−1) · P(xi−1, ai−1) · R(zi, θi), ·P(zi, di) (1)

where R is a rotation matrix and P is a translation vector. Therefore,

Ti
i−1 =


1 0 0 0
0 s(αi−1) −s(αi−1) 0
0 s(αi−1) c(αi−1) 0
0 0 0 1




1 0 0 ai−1
0 1 0 0
0 0 1 0
0 0 0 1




c(θi) −s(θi) 0 0
s(θi) c(θi) 0 0

0 0 1 0
0 0 0 1




1 0 0 0
0 1 0 0
0 0 1 di
0 0 0 1

 (2)

where the symbol s denotes the function sinus and the symbol c denotes the function
cosinus.

The forward kinematics consist of determining the coordinates of the position and
orientation of the robot’s TCP (Tn

0 transformation matrix) from known values of internal
variables. This task requires the multiplication of all Ti

i−1 transformations of the entire
robot kinematics chain:

Tn
0 =

n

∏
i=1

Ti
i−1 (3)

For the purpose of inverse kinematics task, we will replace elements of transformation
matrix (3) with the rotation and translation symbols (rij and pk), as in (4).

Tn
0 =


r11 r12 r13 px
r21 r22 r23 py
r31 r32 r33 pz
0 0 0 1

 (4)

The inverse kinematics involves determining the internal coordinates of the robot
θ1 . . . θn based on knowledge of the Tn

0 transformation matrix, which describes the position
and orientation of the coordinate system associated with the robot’s TCP, relative to the
base coordinate system.

θ =
[

θ1 . . . θn
]T (5)

Determining the θi coordinates requires a number of complex geometric
transformations.

3.1.2. Forward and Inverse Dynamics

We will now consider the tasks of forward and inverse dynamics. In practice, it allows
for determining the instantaneous power that is required for robot’s actuating elements.
In the case of the forward dynamics, the dynamic parameters of the robot’s TCP are
reconstructed, assuming a knowledge of the force vectors and driving torques at the joints.
From the perspective of achieving the objectives of the paper, it is much more important to
find the inverse solution, i.e., to reconstruct the force vectors and torques acting in the joints
of the robot, based on the known trajectory of the TCP. Two approaches are commonly
used to solve the inverse dynamics:

• The Newton–Euler method;
• The Lagrange equation of the second kind.

In this paper, we propose the Newton–Euler method due to the simpler form of the
equations in explicit form obtained for a multi-member kinematic chain. The Newton–
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Euler method allows for the recursive determination of the force and torques vectors in
all joints of the robot. For this reason, it should be considered as being convenient for the
implementation. Figure 4 depicts a flowchart that is helpful for deriving the force and
torque equations for the joints of a robot with an articulated structure.

To do this, we will determine the linear velocity vi
Ci and the linear acceleration ai

Ci of
the centre of gravity of each i-th link in the local i-th coordinate system based on the velocity
vi

i and acceleration ai
i of the systems associated with the origins of each link (Figure 4). The

procedure is performed for each link starting from the first one.

vi
Ci = vi

i + ωi
i×pi

Ci (6)

ai
Ci = εi

i×li
Ci + ωi

i × (ωi
i×pi

Ci) + ai
i (7)

The linear velocity v, angular velocity ω, linear acceleration a and angular acceleration
ε in the above equations are described by the formulas (8)–(11):

vi+1
i+1 = Ri+1

i · [vi
i + ωi

i × pi+1
i ] (8)

ai+1
i+1 = Ri+1

i · [εi
i×pi+1

i + ωi
i × (ωi

i × pi+1
i ) + ai

i (9)

where:
vi+1

i+1, ai+1
i+1 velocity and acceleration of the link i + 1 in the coordinate system associated

with the origin of this link,
Ri+1

i , pi+1
i rotation matrix and translation vector from the coordinate system i to i + 1.

ωi+1
i+1 = Ri+1

i ·ωi
i + θ̇i+1 · Zi+1 (10)

εi+1
i+1 = Ri+1

i · εi
i + Ri+1

i ·ωi
i × θ̇i+1 · Zi+1 + θ̈i+1 · Zi+1 (11)

where:

θ̇i+1 · Zi+1 =

 0
0

θ̇i+1



θ̈i+1 · Zi+1 =

 0
0

θ̈i+1


θ̇i+1, θ̈i+1—speed and acceleration of the joint i + 1, determined by solving the
inverse kinematics,
Zi+1—versor of the z-axis of the i + 1-th coordinate system.

Figure 4. Kinematics link of the articulated robot.
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The knowledge of the inertia tensor of all links of the robot is required for the develop-
ment of the model of dynamics:

Ic =

 Ixx −Ixy −Ixz
−Ixy Iyy Iyz
−Ixz −Izy −Izz

 (12)

where:
Iab—the coefficients of the main diagonal are the principal moments, the others are the
moments of deviation,
x, y, z—axes of the coordinate system about which the inertia tensor is determined.

The directions and magnitudes of the force and torques vectors are shown schemati-
cally in Figure 5.

Figure 5. Forces and torques acting on the robot link.

The values of the forces and moments of inertia of the i-th link’s centre of mass are
determined from the Equations (13) and (14):

Fi
Ci = mi · ai

Ci (13)

Mi
Ci = ICi · εi

i + ωi
i × ICi ·ωi

i (14)

where:
Fi

Ci—the inertia force vector associated with the centre of mass of the i-th link relative to
the coordinate system associated with the begining of i-th link,
Mi

Ci—the moment of inertia associated with the centre of mass of the i-th link in the i-th
coordinate system,
mi—the mass of the i-th link,
ICi—the tensor of the inertia of the i-th link.

The force of gravity Fgi acting on a link i in the coordinate system associated with its
origin, can be represented by:

Fgi =

 Fgix
Fgiy
Fgiz

 = mi · Ri
0 · g (15)

The reaction forces Fr in the i-th joint coordinate system balances its gravitational force,
the acting inertia (d’Alembert force), and the reaction force in the (i + 1) joint. The rotation
matrix Ri

i+1 allows for the transformation of the reaction force Fr of the system associated
with the joint (i + 1) to the coordinate system associated with the joint i. Hence:

Fri =

 Frix
Friy
Friz

 = Ri+1
i · Fr(i+1) + FCi − Fgi (16)
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Based on Equations (6)–(16), the sum of the moments of the forces Mi acting on the
i-th joint can be determined. This moment is balanced by the torque Mi developed at the
transmission output of the i-th joint. The driving torque balances the moment of forces
acting with respect to the centre of mass, that is: the moment due to gravity, the moment of
inertia, and the driving torque on the (i + 1) joint.

Mi =

 Mix
Miy
Miz

 = MCi + Ri+1
i ·Mi+1 + pi

Ci × (Fgi + FCi)− pi+1
i × Ri+1

i · Fr(i+1) (17)

where:
pi

Ci—the position vector of the centre of gravity of the i-th link with respect to the coordinate
system associated with its origin.
pi+1

i —the position vector of the coordinate system associated with joint i + 1 relative to the
system associated with joint i.

Assuming a constant mechanical gear ratio of the reduction gear mounted on the
motor shaft and a value for the mechanical efficiency of the gear as a function of load torque
and motor speed [47], from Equation (18), we can determine the torque Mmi developed on
the motor shaft driving the i-th joint of the robot:

Mmi =
Mi

µri · ni
(18)

where:
µri—gearbox efficiency,
ni—mechanical gear ratio.

The mechanical torque Mmi is balanced by the torque generated by the motor driving
the i-th joint:

Mmi = kTi · ii (19)

where: kTi—the mechanical constant depending on the i− th motor.
There is a relationship between the torque developed on the shaft of the motor driving

the i-th joint of the robot and the kinematic and dynamic parameters of the i-th joint, which
follows directly from Equation (18). We will use this relationship to determine the electrical
power required to generate the torque Mmi on the i-th motor shaft, and then to determine
the energy consumed by the electric motor driving the i-th joint. In doing so, we will
assume a simplified model of the motor dynamics of the i-th joint of the form:

ui = Rti · ii + Li
dii
dt

+ kei ·ωmi (20)

where:
ui—the supply voltage of the motor,
Li—the inductance of the armature winding of the motor,
ii—the current of the armature of the motor,
Rti—the total resistance of the armature of the motor,
kei—the electrical constant depending on the design parameters of the motor,
ωmi—the angular speed of the rotor of the motor.

The motor dynamics model assumes knowledge of the motor parameters. These
are provided by the manufacturers. A simplifying assumption was also made that the
parameters are time-invariant. The parameters of the electric motors and gearboxes of the
drive systems of each axis of the robot useful for the parameterisation of the analytical
model are shown in Table 1. From (19) and (20), the instantaneous current consumption and
supply voltage of the motors driving each axis of the robot can be determined. Noteworthy,
the values of the instantaneous currents and voltages are generally obtainable from the
motor controllers.
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Table 1. Parameters of the ES5 robot drive systems.

Joint Number n kT [Nm/A] ke [V/rad/s] Rt [Ω] L [mH]

1 101:1 0.1418 0.12 0.7 0.9
2 121:1 0.1418 0.12 0.7 0.9
3 101:1 0.1418 0.12 0.7 0.9
4 101:1 0.1636 0.08 3.5 3.4
5 101:1 0.1636 0.08 3.5 3.4
6 101:1 0.1636 0.08 3.5 3.4

n—gear ratio; kT—motor mechanical constant; ke—motor electrical constant; Rt—motor resistance; L—inductance
of motor windings.

Knowing the instantaneous current and voltage values, the total (specific) energy
consumption over the single transportation time tr can be determined:

E =
n

∑
i=1

∫ tr

0
u(t) · i(t)dt (21)

It should be noted that the developed model should be perceived as having significant
simplifications, as a result of which the values determined from the model may deviate to
a certain extent from the real values. Moreover, the uncertainties and inaccuracies in the
analytical model may result from:

• Uncertainties in the size and mass of the mechanical components, resulting in an
inaccurate determination of the centres of gravity of the links;

• Uncertainties in the estimation of the parameters of the drive chain components;
• Nonlinear properties of the control system;
• Nonlinearities of harmonic transmissions;
• Neglecting power losses in inverter, cables and connectors.

Hence, the acceptability of simplifications made, should be verified experimentally.
On the other hand, knowledge of the analytical model makes it possible to significantly
shorten the computational burden associated with the optimisation. It also allows to
perform the optimisation in a simulation environment.

4. Definition of the Optimisation Problem

We used the particle swarm optimisation algorithm proposed in 1995 by Kennedy and
Eberhart [43] to solve the optimisation problems defined in this paper. It belongs to the
group of metaheuristic optimisation algorithms inspired by nature. It mimics the behaviour
of birds moving in a flock. Each individual of the flock remembers the best experiences
of previous generations (populations) and takes into account the performance of the best
individual of the population. It translates these experiences into a rate of change generating
its successor (particle) in the next population. Each individual of the swarm is described
by a position Xi = (xi1, xi2, . . . , xim) and a velocity Vi = (vi1, vi2, . . . , vim). The search for
the best solution is performed iteratively by generating successive populations in which
each individual moves to a new position based on its velocity, its position in the previous
generation and its best position to date Pi = (pi1, pi2, . . . , pim), as well as its best position to
date in the whole swarm G = (g1, g2, . . . , gm). The velocity of the i-th particle at the k-th
iteration in m-dimensional space is determined from the formula (22):
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vk
ij = wv(k−1)

ij + c1r1(pij − xk−1
ij ) + c2r2(gj − xk−1

ij ) (22)

for j = 1, . . . , m; where w is a velocity weighting factor; c1 and c2 are learning rates, and r1
and r2 are random numbers in range [0,1].

The new position of the particle i can be determined from the formula (23):

xk
ij = x(k−1)

ij + vk
ij (23)

for j = 1, . . . , m.
The essence of our approach is to propose a method for designing the path of a pick-

and-place task in such a way that it is possible to have a solution that has the characteristics
of being feasible under the existing constraints and, on the other hand, of being optimal in
view of the optimisation criterion selected. The objective of optimisation is to minimise the
cost function that:

• Minimises the duration of the transport task (cycle);
• Minimises the specific energy consumption required for a single transport task;
• Minimises the economic cost of the transport task taking into account both the energy

cost and the depreciation cost of the robotics workspace.

The robot placement will be the subject of optimisation. The transport task starts with
an arbitrary indication of the initial position of the robot P0 in the plane defined by the x
and y axes of the local coordinate system (Figure 6). For each particle in the first population,
the dx and dy components of the two-dimensional displacement vector of the robot’s base
relative to the initial point are randomly selected.

The robot path is implemented in three phases. In the first, a workpiece is picked up,
which is then moved along a straight line perpendicular to the picking plane. In the second
phase, movement takes place in the articulated space to a position above the drop point.
In the third phase, the workpiece is lowered along a straight line to the put-down position.
Between the phases, blending is carried out with a radius of 10 cm around the waypoints.

Maximum allowable velocities and accelerations are specified for each phase. For mo-
tion in task space, they are velocity and the linear acceleration of the TCP. For motion in the
joint space, they are the velocities and accelerations of all joints. Based on these values and
the developed position interpolators in both spaces, the robot path is designed, and the
value of the cost function specific to the selected criterion for a given displacement of the
robot via a given dx and dy is determined.

The velocity of the next particle and its position is then calculated, and this process is
repeated iteratively until either the optimisation criterion is reached or a fixed population
number is reached. The final result of the optimisation task is an indication of the compo-
nents of the robot base displacement vector from point P0 to the point P1 providing the
minimum of the defined objective function.

From a practical point of view, such an optimisation result is extremely useful for the
robot operator, who, after inputting the coordinates of the pick-up and put-down points,
obtains accurate information not only about the trajectory of the TCP, but also about the
displacement of the robot by the vector [dx,dy] in order to perform the transport task
optimised according to the selected criterion.
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Figure 6. Illustration of the result of optimising the location of the robot base position relative to the
task space.

For each of the optimisation cases, a similar set of constraints was applied. In general,
the optimisation criterion is defined as follows:

min
dx,dy

f

s.t.:

θimin ≤ θi ≤ θimax (24)

θ̇imin ≤ θ̇i ≤ θ̇imax (25)

θ̈imin ≤ θ̈i ≤ θ̈imax (26)

xmin − xP0 ≤ dx ≤ xmax − xP0 (27)

ymin − yP0 ≤ dy ≤ ymax − yP0 (28)

vcart < vmax (29)

acart < amax (30)

Objective function f is defined individually for each of the optimisation criteria.

4.1. Optimisation of the Duration of the Transport Task

Objective: Mono-criteria optimisation. The task is to determine the minimum transport
cycle time.

The cycle time for the assumed constraints depends on the geometry and length of the
TCP path. The path depends on how the robot is located relative to the task space and on
the allowable constrains of velocities and accelerations in both spaces (inner and outer).
The objective function will be further denoted as follows:

f = t(TRAJ(dx, dy)) (31)

4.2. Optimisation of the Specific Energy Consumption

Objective: Mono-criteria optimisation. The task is to determine the minimum energy
consumed to complete the transport cycle.

The energy required to move the workpiece along a given trajectory, according to
the constraints, depends on the position, velocity and acceleration of the joints (18). The
objective function will be further denoted as follows:

f = E(TRAJ(dx, dy)) (32)
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4.3. Optimisation of Economic Cost

Objective: Two-criteria optimisation. The task is to determine the minimum economic
cost of completing a transport cycle taking into account both the energy and the workspace
depreciation costs.

The optimisation objective has a strong economic rationale. An objective function CF
has been constructed to implement this goal. It takes into account both the energy cost and
the cost of extending the transport cycle lead time. Here, we will assume that the cost of
completing a transport cycle (33) is decisively influenced by the cost of electric energy E
and the depreciation cost of the robot P related to a single transport cycle.

CF = E + P (33)

The total increase in the cost of electric energy consumed per transport cycle relative
to the minimum cost is:

E = c · (er − em) (34)

where:
c—the cost per unit of electric energy;
er—the electrical energy consumed per transport cycle;
em—the minimum amount of electrical energy consumed per transport cycle.

The total increase in the depreciation cost of the workstation related to one transport
cycle, which results from the increase in cycle time compared to the optimal solution, is:

P = cr − cm =
ca

ta
(tr − tm) (35)

where:
cr = ca

tr
ta

—the depreciation cost of the workstation related to the actual cycle time tr;
cm = ca

tm
ta

—the minimum depreciation cost of the workstation;
ca—the total cost of depreciation of the workstation in units of payment (robot, mobile
platform, conveyor, and equipment);
ta—the depreciation period;
tr—the actual cycle time;
tm—the minimum cycle time.

Finally, the cost function takes the form:

CF = c · (er − em) +
ca

ta
(tr − tm) = α · er + β · tr + γ (36)

where:
α = c; β = ca

ta
; γ = −(c · em + ca)

tm
ta

; α, β, γ = const.
Since γ = const for a given robotic workstation, ultimately the economic cost func-

tion (36) is a linear combination of the electric energy consumed per transport cycle:

CF = α · er + β · tr (37)

As can easily be seen, the cost function constructed in this way does not directly
depend on the minimum value of the time and or the minimum specific energy. It therefore
has an important application advantage as it does not require an a priori knowledge of
both. Finally, the objective function will be further denoted as follows:

f = CF(er(TRAJ(dx, dy)), tr(TRAJ(dx, dy))) (38)

5. Case Study
5.1. ES5 Robot

To illustrate the proposed approach, let us consider the case of an industrial 6DoF
articulated robot of type ES5 from EasyRobots [27]. The ES5 robot is a typical representative
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of the design line of articulated robots commonly used in industrial applications for pick-
and-place operations. Figure 3 shows a three-dimensional drawing of this robot, together
with the assigned right-hand local coordinate systems according to D-H representation.
The D-H parameters of the ES5 robot are shown in Table 2.

Table 2. Denavit–Hartenberg parameters for ES5 robot.

Joint Number ai−1 [m] αi−1 [◦] di [m] θi [◦]

1 0.0 0 0.0 θ1
2 0.0 90 0.0 θ2
3 0.425 0 0.0 θ3
4 0.395 0 0.1105 θ4
5 0.0 90 0.101 θ5
6 0.0 90 0.0765 θ6

The solution of a forward kinematics for an ES5 robot, in the form of a T6
0 transforma-

tion matrix is as follows:

T6
0 =


c1(c234c5c6 + s234s6) + s1s5c6 c1(−c234c5s6 + s234c6)− s1s5 s6
s1(c234c5c6 + s234s6)− c1s5c6 s1(−c234c5s6 + s234c6) + c1s5 s6

s234c5c6 − c234s6 −s234c5s6 − c234c6
0 0

c1c234s5 − s1c5 c1(d6s5c234 + d5s234 + a3c23 + a2c2)− s1c5d6 + d4 s1
s1c234s5 + c1c5 s1(d6s5c234 + d5s234 + a3c23 + a2c2) + c1c5d6 − d4 c1

s234s5 s5d6s234 − d5c234 + a3s23 + a2s2 + d1
0 1

, (39)

while, the solution of the inverse kinematics is given in Equations (40)–(45).

θ1 = arcsin(
d4

5 p0xy
)± atan2(5 p0x,5 p0y) (40)

θ2 = atan2(4 p1x, 4 p1z)− arcsin(
a3 sin(β)

|4 p1|
) (41)

θ3 = ± arccos(
−a2

2 − a3
2 + (4 p1x)

2
+ (4 p1z)

2

2a2a3
) (42)

θ4 = atan2(sin(θ4), cos(θ4)) (43)

θ5 = ± arccos(
−6 p0x · s1 +

6 p0y · c1 − d4

d6
) (44)

θ6 = atan2(
−s1r12 + c1r22

s5
,

s1r11 − c1r21

s5
) (45)

where:

5 p0x = px − d6 zx
5 p0y = py − d6 zy

5 p0xy =
√
(5 p0x)2 + (5 p0y)2

β = π − θ3

sin(θ4) = (−r11s23c1 − r21s1s23 + r31c23)c5c6 + (r12s23c1 + r22s1s23 − r32c23)s6c5−
+ s5(r13s23c1 + r23s1s23 − r33c23);

,
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cos(θ4) = (r11c1c23 + r21s1c23 + r31s23)c5c6 − (r12c1c23 + r22s1c23 + r32s23)s6c5+

+ s5(r13c1c23 + r23s1c23 + r33s23);
,

zx and zy are the x and y coordinates of the versor of the z axis.
Selected parameters of the electric motors and gears of the drive systems of each robot

axis that are useful for the analytical model are shown in Table 1.
Table 3 shows the masses and the coordinates of the centres of mass of all robot links.

Table 3. Masses and coordinates of the centres of gravity of the robot links.

Link Number mi [kg] Pi
Ci

1 3.931 [0.0, −0.008, −0.031]
2 10.442 [0.207, 0.0, 0.124]
3 2.846 [0.228, 0.0, 0.018]
4 1.37 [0.0, −0.010, −0.005]
5 1.3 [0.0, −0.010, −0.005]
6 0.365 [0.0, 0.0, −0.012]

5.2. Research Methodology

This section presents selected results from a research experiment, the main objective
of which was the pointwise validation of the energy-efficient path planning approach for
the 6DoF articulated robot. The following assumptions were made prior to the experiment:

• A quite typical variant of the transportation task was chosen. It imitates a typical
pick-and-place task encountered in industrial practice;

• This variant relies on the movement of the workpiece from the pick-up point to the
drop-off point, with a change in tool orientation between both positions. A graphical
illustration of this task is shown in Figure 7.

Figure 7. Graphical illustration of a transport task. The task relies on moving a piece, combined with
the change of tool orientation. Symbols: A—pick-up point, B—put-down point.

The detailed technical parameters of a research experiment are given in Table 4.
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Table 4. Technological parameters of an experiment.

Parameter Unit Circumstances

Orientation of the approach vector [◦]
Parallel to the xy-plane of the base coordinate
system when picking up, and perpendicular

when putting down the piece.
Default pick-up point [m] [0.7, 0.3, 0.4]

Tool orientation at the pick-up point [◦] [90.0, 0.0, 90.0]
Default put-down point [m] [0.7, −0.4, 0.0]

Tool orientation at the put-down point [◦] [90.0, 0.0, 180.0]
Maximum TCP speed [m/s] 0.4

Maximum TCP acceleration [m/s2] 2.0
Lower joint constraint [◦] [0, 0, −160, −70, 0, −360]
Upper joint constraint [◦ ] [360, 180, 160, 250, 360, 360]
Maximum joint speed [◦/s] [32, 32, 32, 36, 36, 36]

Maximum joint acceleration [◦/s2] [240, 240, 240, 360, 360, 360]

The aim of the research was to examine:

• The effectiveness of the developed approach in terms of searching for the optimal
position of the robot in the xy-plane due to the minimisation of the specific cycle time;

• The effectiveness of the developed approach in terms of searching for the optimal
position of the robot in the xy-plane of the task due to minimum energy consumption;

• The effectiveness of the developed approach in terms of searching for the optimal
position of the robot in the xy-plane of the task, due to a mixed criterion imposing
a penalty on the cycle execution time and rewarding the savings of the energy ex-
penditures necessary for its execution. In this case, the coefficients α and β (37) are
calculated based on the parameters given in Table 5.

Table 5. Economic parameters of a research experiment.

Parameter Unit Value

Depreciation period [year] 5
Unit energy cost per kWh USD 0.20
Total cost of workstation USD 20,000

5.3. Test Bench

A series of validation experiments were executed at a laboratory test bench (Figure 8),
consisting of an ES5 robot equipped with a two-jaw gripper and mounted on an AMR
mobile platform manufactured by UVC-MED company [48].

Figure 8. Six-degrees-of-freedom articulated ES5 robot and autonomous mobile platform.

Measurements of the instantaneous power consumption of the electric motors driving
the robot joints were performed via the functionality of the drive controllers. The instanta-
neous current consumption and supply voltage samples were transmitted from the drive
controllers to the industrial computer using the EtherCAT serial industrial communication
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network. The ES5 robot is equipped with miControl E55 controllers [49] responsible for
controlling joints 1–3 and E65 series controllers [50] controlling joints 4–6. Voltages and
currents drawn by all of the drives of all robots’ motors were sampled and acquired every
20 ms. Figure 9 shows the basic components of the measuring system used in experiments.

Figure 9. Graphic diagram of the basic components of the measuring system.

6. Research Experiment
6.1. Verification of the Analytical Model of Specific Energy Consumption

Research objective: Experimental, point-wise assessment of the quality of the analytical
model of a specific energy consumption.

Experimental verification of the analytical model of the specific energy consumption
was performed using a test bench presented in Section 5.3. The bench allows for the
measurement and acquisition of the currents and voltages of all robot’s motors in on-line
mode. On this basis, already in off-line mode, the values of instantaneous power and total
energy consumed for the transport task were determined. The exemplary results of the
experimental verification of the model output for each of the six robot axes are shown in
Figure 10. The reference value used for the estimation of the relative modelling errors are
the nominal powers of the robot’s motors.

Based on the graph depicted in Figure 10, it can be assessed that the developed model
correctly tracks the trend of the power consumption. In the some regions of the plots
given in Figure 10, there are visible inaccuracies in the model. In part, this results from the
simplifications made, which are described in Section 3.1.2. The calculations based on (21)
show that the use of the model, despite the modelling errors, gives quite as good results by
determining the total power consumption (Tables 6 and 7). Therefore, this may confirm to
some extent the validity of the model.

Table 6. Comparison of the specific energy modelled and measured for each axis.

Joint Number Energy-Analytic Model [J] Energy-Experiment [J]

1 26.13 42.97
2 105.19 101.24
3 20.47 14.93
4 4.48 3.09
5 0.83 0.95
6 0.47 0.66

all axes 157.56 163.85
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Figure 10. Results of the experimental verification of the specific energy consumption. The charts
(a–f) show the instantaneous power consumption of all six robot’s motors. The green plot indicates
instantaneous power of the model output; red plot indicates experimentally measured instantaneous
power. Blue plot indicates the relative modelling error.

Table 7. Comparison of the total modelled and total measured energy for 8 random trajectories.

Case Index Energy-Analytic Model [J] Energy-Experiment [J] Model - Experiment Difference [%]

1 76.64 81.69 6.1
2 73.23 78.97 7.3
3 74.73 81.43 8.2
4 118.90 116.97 1.6
5 176.22 160.66 9.6
6 138.61 126.13 9.8
7 106.69 97.62 9.2
8 80.41 85.40 5.8

6.2. Minimisation of Transport Cycle Time

Research objective: To investigate the relationship between cycle time and the robot
base location.

The optimisation task was performed using a meta-heuristic 40-particle swarm algo-
rithm implemented in a sequence of 20 iterations. The minimum cycle time and the specific
energy required to complete the cycle for the three optimisation criteria are searched:

• The minimum cycle time;
• The minimum energy consumed;
• The minimum economic cost.
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The average specific energy consumption was examined for 900 equidistant positions
of the robot base in the xy-plane. The location points were distributed uniformly in a grid
with a raster of 30× 30 mm. The obtained results are shown in Table 8 and in Figure 11.

Table 8. Results of optimisation tasks.

Criterion Cycle Time [s] Energy [J] Displacement [mm]

Minimum of cycle time 2.86 231.01 [−65, 229]
Minimum of specific energy 3.90 92.53 [−297, 90]

Minimum economic cost 2.94 159.14 [−41, 214]

Figure 11. Specific cycle time in terms of the displacement vector of the robot base [dx,dy].

6.3. Minimisation of Specific Energy Consumption

Research objective: To investigate the relationship between the energy required to
complete one transport cycle and location of the robot base.

Similarly as in Section 6.2, the optimisation task was performed using a meta-heuristic
40-particle swarm algorithm. The obtained numerical results of minimal values for the
energy of single transport cycle are presented in Table 9. In addition, the averaged values
of specific energy, cycle execution time and the displacement vector of the robot base are
presented in the last column of Table 9.

Table 9. Results of minimisation of specific energy consumption.

Item Unit Minimal Energy Average Energy

Energy—model output [J] 90.18 134.27
Energy—measurements [J] 92.53 126.87

Cycle time [s] 3.90 3.65
Displacement vector [mm] [−297, 90] - - -

The average power consumption of the same transport task for the robot location at
the all nodes of the grid is equal to 134.27 J. Hence, in the analysed case, an appropriate
choice of robot location could result in energy savings of up to 48.9%. Such a high degree
of expected savings in specific energy is a strong argument for implementing the proposed
approach in industrial practice. Figure 12 shows plots of the specific energy in relation to
the components of the robot base displacement vector.
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Figure 12. Specific energy in terms of the displacement vector of the robot base [dx,dy].

6.4. Minimisation of the Economic Cost

Task objective: To investigate the relationship between the economic cost of executing
a single transportation cycle and the location of the robot base.

According to the optimisation criterion (38), the economic cost of the single transport
operation, consisting of the workspace depreciation and energy consumption costs, was
analysed. The economic parameters used for this research are shown in Table 5. Similar
to the Sections 6.2 and 6.3, the optimisation task was carried out using the 40-particle
swarm metaheuristic algorithm. The optimisation task was carried out in 20 iterations.
The obtained numerical results are shown in Table 10. For comparison goals, the values
of the specific energy of the transport cycle for different optimisation criteria are also
presented in this table.

Table 10. Results for minimisation of economic cost of single transport cycle.

Criterion Cost [USD] Energy [J] Displacement [mm]

Minimum of cycle time 0.371 231.01 [−65, 229]
Minimum of specific energy 0.389 92.53 [−297, 90]

Minimum economic costs 0.358 159.14 [−41, 214]
Without any criterion (random robot location) 0.383 126.87 [−168, 58]

The specific transport cost versus displacement vector components of the robot base is
shown in Figure 13.
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Figure 13. Specific transport cost [USD] in terms of the displacement vector of the robot base [dx,dy].

7. Discussion

A discussion of the results will be presented in accordance with the experiment results
reported in Section 6.

7.1. Verification of the Analytical Model of Specific Energy Consumption

The analytical model output was found to converge with the measurements. The max-
imum differences between the total measured and modelled energy values do not exceed
9.8%. This may be assumed as an acceptable result, taking into account the undertaken
simplifications and concerning, in particular, nonlinear phenomena, the uncertainty of iden-
tification of the model parameters and the uncertainty of the measurements. The model is
applicable, because the predicted energy savings are almost one order higher in magnitude
than model inaccuracy. Hence, it should be considered that the analytical model shows
potentially beneficial performance characteristics.

It is, of course, possible to derive higher-fidelity models based on experimental data
and using computational techniques. However, data-driven models are impractical in the
context of implementing optimisation tasks. This is because, unlike the proposed approach,
they require expensive and labour-intensive preliminary studies.

7.2. Minimisation of Transport Cycle Time

Analysing the experimental results of the time minimisation study, we can draw the
following three qualitative conclusions:

1. The robot base location has a significant impact on both the cycle time and the energy
expenditure required to complete the cycle;

2. The criterion that optimises cycle time is inefficient from an energy point of view
in the sense that even a small increase in this time allows for significant savings in
energy consumption;

3. In the absence of an upper limit on cycle time, a mixed optimisation criterion should
be used.
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7.3. Minimisation of the Specific Energy Consumption

By analysing the results of optimisation and experimental studies on the minimisation
of specific energy consumption, we can draw the following qualitative conclusions:

1. The choice of the location of the robot base relative to the task space has a significant
impact on the value of specific energy consumption;

2. The optimising specific energy consumption is recommended to be used before the
searching for a minimum cycle time. Significant energy savings can be achieved at
the expense of a small increase in cycle time.

In the case study analysed, the appropriate selection of the robot base location could
result in savings of up to 48.9%. Such a high level of expected savings in specific energy
consumption is a strong argument for implementing the proposed energy optimisation
solution in industrial practice.

7.4. Minimisation of the Economic Cost

Minimising the economic cost is a rational postulate and, moreover, one that is de-
sirable and acceptable from the point of view of the economics of production processes.
Therefore, the economic cost minimisation should be considered as the primary criterion.
As demonstrated in the case study, it is possible to achieve the minimum economic cost of
a transport task with only a slight drop in productivity.

7.5. Comparison of the Achieved Results

The use of the energy minimisation criterion alone will not yield satisfactory results
having a negative impact on the cycle time (Table 8). In the case studied, the cycle time
obtained by energy minimisation is 36.3% worse than via the time minimisation criterion.
For process efficiency, this is a significant deterioration. The situation is similar for the case
of cycle time minimisation, in which the energy consumed has increased by almost 150%
compared to the energy minimisation case. This makes it reasonable to use a multi-criteria
optimisation. This was achieved by designing a minimum economic cost function. This
resulted in a deterioration of the minimum time by only 2.8% relative to the time-optimal
case, and in 41.8% increase in the value of energy consumption relative to the energy-
optimal case. By minimising the economic cost of a single transport cycle, we can expect
savings of up to 8% compared to the minimum energy case, and up to 3.5% compared to
the minimum cycle time case.

8. Conclusions

The ultimate goal of the reported applied research was to solve a real-world technical
and economical problem of the rational planning of pick-and-place operations signalled by
one of the industrial robot companies.

We proposed a multi-objective, proven, and easy to implement solution to this problem
that allows for energy savings on the one hand, and an increase in the productivity of the
pick-and-place operations on the other.

The proposed approach makes it possible to support the human operator in the
rational choice of robot’s location in the workspace. In this sense, the approach has a clear
application aspect.

The basic technical problem identified and solved in this paper concerns the automated
support of the setting up of articulated robots for the efficient execution of pick-and-place
transport tasks. The proposed solution allows for the automated planning of the path,
trajectory, TCP transition function, and location of the robot in the workstation space.

The presented approach is systematic and innovative. It proposes a well-defined
three-step solution to the problem at a sufficiently high level of generality. It also has
the characteristics of a scalable solution, as the developed model can be applied to the
industrial robots with different number of degrees of freedom.
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It is also worth highlighting that, in the context of rising energy prices, the proposal
for an energy-efficient approach to planning pick-and-place operations takes on particu-
lar importance.

In the near future, it is planned to develop the approach that also takes into account
the issue of durability of harmonic gears used in the drive systems of robot joints.
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41. Švejda, M.; Čechura, T. Interpolation method for robot trajectory planning. In Proceedings of the 2015 20th International
Conference on Process Control (PC), Strbske Pleso, Slovakia, 9–12 June 2015; pp. 406–411. [CrossRef]

http://dx.doi.org/10.1115/IMECE2015-50278.
http://dx.doi.org/10.3390/robotics8010015
http://dx.doi.org/10.1109/ROBOT.1996.506928
http://dx.doi.org/10.1109/CoASE.2012.6386343
http://dx.doi.org/10.1109/IS.2010.5548342
http://dx.doi.org/10.1109/ICEEE.2010.5608583
https://www.universal-robots.com/media/50588/ur5_en.pdf
https://new.abb.com/products/robotics/collaborative-robots/irb-14000-yumi
https://new.abb.com/products/robotics/collaborative-robots/irb-14000-yumi
https://www.reeco.co.uk/wp-content/uploads/2020/05/KUKA-LBR-iiwa-technical-data.pdf
https://www.reeco.co.uk/wp-content/uploads/2020/05/KUKA-LBR-iiwa-technical-data.pdf
https://easyrobots.pl/en/roboty-przemyslowe-es5
http://dx.doi.org/10.1038/srep37773
http://www.ncbi.nlm.nih.gov/pubmed/27883054
http://dx.doi.org/10.1016/j.procir.2014.06.043
http://dx.doi.org/10.3390/app10093022
http://dx.doi.org/10.1109/TASE.2013.2285813
http://dx.doi.org/10.1109/CoASE.2012.6386391
http://dx.doi.org/10.1109/TIE.2021.3118367
http://dx.doi.org/10.1109/ROBOT.1996.509229
http://dx.doi.org/10.1016/j.procir.2016.02.105
https://digital.library.unt.edu/ark:/67531/metadc672157
http://dx.doi.org/10.3390/app10228241
http://dx.doi.org/10.1016/j.jclepro.2020.124862
http://dx.doi.org/10.1109/ROBOT.1985.1087280
http://dx.doi.org/10.1109/TAC.2009.2028959
http://dx.doi.org/10.1109/PC.2015.7169997


Energies 2022, 15, 8795 27 of 27

42. Volpe, R. Task space velocity blending for real-time trajectory generation. In Proceedings of the [1993] Proceedings IEEE
International Conference on Robotics and Automation, Atlanta, GA, USA, 2–6 May 1993; Volume 2, pp. 680–687. [CrossRef]

43. Kennedy, J.; Eberhart, R. Particle swarm optimization. In Proceedings of the ICNN’95—International Conference on Neural
Networks, Perth, WA, Australia, 27 November–1 December 1995; Volume 4, pp. 1942–1948. [CrossRef]

44. Craig, J.J. Introduction to Robotics: Mechanics and Control, 2nd ed.; Addison-Wesley Longman Publishing Co., Inc.: Boston, MA,
USA, 1989. [CrossRef]

45. Hawkins, K.P. Analytic Inverse Kinematics for the Universal Robots UR-5/UR-10 Arms. In Georgia Tech Library; Technical report;
Georgia Institute of Technology, Atlanta, GA, USA, 2013.

46. Spong, M.W. Robot Dynamics and Control, 1st ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 1989. [CrossRef]
47. Nidec Shimpo Flexwave WP Series Brochure. Available online: http://www.drives.nidec-shimpo.com/wp-content/uploads/20

21/12/FLEXWAVE_Brochure40930N.pdf (accessed on 23 August 2022).
48. AMR Robot Technical Specification. Available online: https://uvc-med.pl/robotower/ (accessed on 23 August 2022).
49. MiControl E55 Brochure. Available online: https://www.micontrol.de/en/products/devices/mcdsa-e55 (accessed on 23

August 2022).
50. MiControl E55 Brochure. Available online: https://www.micontrol.de/en/products/devices/mcdsa-e65-modul (accessed on 23

August 2022).

http://dx.doi.org/10.1109/ROBOT.1993.291880
http://dx.doi.org/10.1109/ICNN.1995.488968
http://dx.doi.org/10.5555/534661
http://dx.doi.org/10.5555/534552
http://www.drives.nidec-shimpo.com/wp-content/uploads/2021/12/FLEXWAVE_Brochure40930N.pdf
http://www.drives.nidec-shimpo.com/wp-content/uploads/2021/12/FLEXWAVE_Brochure40930N.pdf
https://uvc-med.pl/robotower/
https://www.micontrol.de/en/products/devices/mcdsa-e55
https://www.micontrol.de/en/products/devices/mcdsa-e65-modul

	Introduction 
	Characterisation of the Pick-and-Place Tasks 
	Minimisation of Specific Energy Consumption 
	The Analytical Model
	Forward and Inverse Kinematics
	Forward and Inverse Dynamics


	Definition of the Optimisation Problem
	Optimisation of the Duration of the Transport Task
	Optimisation of the Specific Energy Consumption
	Optimisation of Economic Cost

	Case Study
	ES5 Robot
	Research Methodology
	Test Bench

	Research Experiment
	Verification of the Analytical Model of Specific Energy Consumption
	Minimisation of Transport Cycle Time
	Minimisation of Specific Energy Consumption
	Minimisation of the Economic Cost

	Discussion
	Verification of the Analytical Model of Specific Energy Consumption
	Minimisation of Transport Cycle Time
	Minimisation of the Specific Energy Consumption
	Minimisation of the Economic Cost
	Comparison of the Achieved Results

	Conclusions
	References

