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Populärvetenskaplig Sammanfattning
Nykelord: multi-robot systems; motion planning; modelling and simulation; optimisation;
Pressade plåtdetaljer används i många olika produkter så som bilkarosser, flygplansstrukturer och vitvaror. För att kunna tillverka dessa produkter effektivt såhanteras plåtdelarna
ofta av robotar. Planeringen av rörelserna för dessa materialhanteringsrobotar är en viktig
uppgift eftersom det avgör produktiviteten och det kan också påverka den dimensionella
kvaliteten på detaljerna. Denna avhandling undersöker hur rörelserna för materialhanteringsrobotarna kan optimeras. Relevanta aspekterna har identifierats och modellerats så att
dessa betraktas tillsammans som ett optimeringsproblem. Flera mål har undersökts, inklusive
produktivitet, robotslitage, energieffektivitet och delarnas dimensionella kvalitet. Resultaten
visar att betydande förbättringar kan erhållas med den föreslagna metoden.
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Motion planning for robot operations is concerned with path planning and trajectory
generation. In multi-robot systems, i.e. with multiple robots operating simultaneously in
a shared workspace, the motion planning also needs to coordinate the robots’ motions to
avoid collisions between them. The multi-robot coordination decides the cycle-time for the
planned paths and trajectories since it determines to which extend the operations can take
place simultaneously without colliding. To obtain the quickest cycle-time, there needs to be
an optimal balance between, on the one hand short paths and fast trajectories, and on the
other hand possibly longer paths and slower trajectories to allow that the operations take
place simultaneously in the shared workspace. Due to the inter-dependencies, it becomes
necessary to consider the path planning, trajectory generation and multi-robot coordination
together as one optimisation problem in order to find this optimal balance.
This thesis focusses on optimising the motion planning for multi-robot material handling
systems of sheet metal parts. A methodology to model the relevant aspects of this motion
planning problem together as one multi-disciplinary optimisation problem for Simulationbased Optimisation (SBO) is proposed. The identified relevant aspects include path planning, trajectory generation, multi-robot coordination, collision-avoidance, motion smoothness, end-effectors’ holding force, cycle-time, robot wear, energy efficiency, part deformations, induced stresses in the part, and end-effectors’ design. The cycle-time is not always the
(only) objective since it is sometimes equally/more important to minimise robot wear, energy consumption, and/or part deformations. Different scenarios for these other objectives
are therefore also investigated. Specialised single- and multi-objective algorithms are proposed
for optimising the motion planning of these multi-robot systems.
This thesis also investigates how to optimise the velocity and acceleration profiles of the
coordinated trajectories for multi-robot material handling of sheet metal parts. Another modelling methodology is proposed that is based on a novel mathematical model that parametrises
the velocity and acceleration profiles of the trajectories, while including the relevant aspects
of the motion planning problem excluding the path planning since the paths are now predefined. This enables generating optimised trajectories that have tailored velocity and acceleration profiles for the specific material handling operations in order to minimise the cycle-time,
energy consumption, or deformations of the handled parts.
The proposed methodologies are evaluated in different scenarios. This is done for realworld industrial case studies that consider the multi-robot material handling of a multi-stage
tandem sheet metal press line, which is used in the automotive industry to produce the cars’
body panels. The optimisation results show that significant improvements can be obtained
compared to the current industrial practice.
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Part I
Introductory Chapters

Chapter 1
Introduction
This chapter presents the background information needed to describe and situate the topic
of this thesis. It also provides insights on how it is relevant for the manufacturing industry.
The underlying scientific disciplines for the tackled research problems are discussed together
with the adopted research approach. Furthermore, the considered research problems in this
thesis are summarised as research questions. These are presented together with the scope,
limitations and an overview of the contributions of the conducted research work.

1.1

Background

Sheet metal parts are widely used for different products, e.g. car bodies, aircraft fuselages,
white goods, beverage cans, etc. Stamping is often used for the production of sheet metal
parts. The stamping process typically has relatively low labour costs, but very high equipment and tooling costs. Stamping is often used with high production rates for economical
high-volume production [1]. To realise these high production rates, the material handling of
the sheet metal parts is typically automated using material handling devices such as robots,
cranes, etc. Consequently, the productivity of these systems is affected by the motion planning for the automated material handling operations (i.e. pick-and-place). The motion planning includes determining the paths and trajectories (i.e. velocity and acceleration) for those
pick-and-place operations that transfer the sheet metal parts through the production system. Unnecessary time-delays during/between the material handling operations need to be
avoided in order to fully utilise the system’s production capacity. Hence, a reliable methodology to plan the motions for material handling of sheet metal parts is necessary to realise
the desired high productivity. This is the central industrial problem in this thesis.
In industrial production systems, there are often multiple material handling devices (i.e.
robots) that perform their operation(s) simultaneously in close proximity, i.e. in a shared
workspace. These are called multi-robot systems. The coordination of the operations is then
an additional critical aspect for the motion planning to avoid collisions between the robots
(or other moving obstacles), and also to avoid any unnecessary delays during/between the
material handling operation. This thesis focusses in particular on such multi-robot material
handling systems, for example as used in multi-stage tandem press lines.

1

CHAPTER 1. INTRODUCTION

An objective for the motion planning is to increase the productivity by having the shortest cycle-time possible. Hence, the material handling operations need to be performed as
fast as possible and unnecessary delays between the different operations and cycles need to
be avoided. The productivity is however not always the main/only objective. For certain
scenarios, it is important to avoid excessive wear of the robots in order to avoid frequent
production interruptions for maintenance since these decrease the productivity over time.
Reducing the wear of the robots’ structure and components can be achieved by planning
smooth robot motions [2,3]. Smooth motions have small rates of change in accelerations and
thus low jerks, i.e. derivative of acceleration. This results in fewer vibrations and stresses in
the robots’ structure and components, and decreases the wear rate.
Not only the productivity, but also the energy efficiency of production systems is becoming increasingly important for the manufacturing industry [4]. On average, the electrical
energy for material handling is typically more than 5% of the total electrical energy consumed
by drive systems in manufacturing companies [5]. The motion planning of the material handling robots has a direct influence on its energy consumption [6, 7]. Optimising the motion
planning is a popular approach to reduce the energy consumption since it is a non-intrusive
way, (i.e. no physical changes to equipment).
In other scenarios, the parts’ dimensional quality is of utmost importance and it is critical to keep shape variations of the part within the allowed tolerances. Sheet metal parts are
often compliant and thus willing to bend, they will deform during handling [8,9]. Plastic (i.e.
permanent) deformations of a part during handling compromise the dimensional quality, introduce shape variations, and possibly damage it so that it has to be scrapped [10]. Even elastic
deformations can affect its dimensional quality and introduce shape variations, in particular
due to uneven load distributions when the part is dropped or/and inaccurate positioning at
the place location [10]. Material handling has been identified as an important source for shape
variations of sheet metal parts [11, 12]. The magnitude of the part deformations depends on
the motion planning [13] since it influences the forces on the part, but also other factors such
as the design of the end-effector that grips/holds the parts [8].
Improving the productivity of the material handling of sheet metal parts has been investigated in previous research works [14–21]. However, these works usually consider single-robot
systems, and are not applicable for multi-robot material handling systems. This is because the
interactions between the different material handling robots (or other moving obstacles such
as machines, fixtures, etc.) are not taken into account. Furthermore, the aforementioned
research works do not consider the different relevant problem aspects, i.e. path planning,
trajectory optimisation, end-effector design, productivity, robot wear, energy consumption,
dimensional quality, etc., together as one problem. These are instead addressed separately,
without co-adapting the solutions for these different aspects. Hence, this results in motion
planning that is not fully optimised.
Considering the aspects and objectives of the motion planning in the mentioned scenarios, it becomes obvious that it is a multi-disciplinary problem that includes robotics, automation, mechanics, etc. Optimising the motion planning problem offline requires tools
that include numerical methods, mathematical modelling, computational intelligence, finiteelement-analysis, and physics-driven modelling. It can be concluded that there is a need for

2

1.2. SCOPE AND LIMITATIONS

multi-disciplinary methodologies to systematically plan optimal motions for multi-robot material handling of sheet metal parts that considers the relevant aspects together as one problem. This is the focus of this thesis, i.e. to investigate how to optimise the motion planning
for multi-robot material handling of sheet metal parts, and provide systematic methodologies
that are applicable for the real-world industrial systems.
Multi-stage tandem press lines are considered as a particular example of multi-robot material handling of sheet metal parts in case studies in this thesis. A multi-stage tandem press
line includes multiple individual presses that are placed in a production line, and material
handling devices transfer the sheet metal parts from press to press, through the line. The
material handling in such a press line is referred to as press line tending in this thesis. The
term tending refers to the operations concerned with loading/unloading products or tools
into machines. In fully automated production systems, the machine tending operations are
performed by robots or other specialised devices.

1.2

Scope and Limitations

A first limitation of the work in this thesis is that each material handling operation is assigned
to a specific device in the considered system, and cannot be performed by another device. A
second limitation is that the operation sequence is also already predefined for the considered
material handling systems, and cannot be modified during the optimisation. Since, this operation sequence is repeated for every product that is being manufactured, the motion planning
problem is regarded from a cyclic planning perspective.
The work is limited to systems that are not subject to disturbances and without uncertainties regarding the robots’ environment and positioning, initial geometric dimensions and
mass of the handled sheet metal parts. The motion planning in this work restricts the robots
to monotonically increasing positioning along the planned path for its operation(s). This
prohibits the robots to stand-still while performing an operation, i.e. from start until completion. It is however allowed to stand-still for a certain duration before the start of an
operation. This restriction also implies that a robot cannot reverse along the planned path.
The scope of the thesis is “motion planning optimisation for multi-robot material handling systems of sheet metal parts”. The investigations, tests and experimental evaluations
are done for case studies that consider the material handling system in a multi-stage tandem
sheet metal press line. Nevertheless, special attention is given to generalise the conclusions so
that these are not limited to only press line tending, but are in general applicable for multirobot material handling of sheet metal parts. The reader should however keep in mind that
the developed methodologies are initially intended for motion planning optimisation of press
line tending.
The real-world experimental verification for the press line tending case studies was limited by the fact that a tandem sheet metal press line was not available for the purpose of
experiments since these are constantly occupied for production. A single material handling
robot that is nearly identical to the material handling robots in the case studies was available
instead. This robot is used for the verification of the developed methodologies and the ex-
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perimental evaluations during the investigations. The interactions between the robots and
presses in the line are represented for the verification and validation using advanced 3D computer simulations. These simulations are based directly on the 3D CAD models of the press
line to represent the geometry of the parts, robots and presses. Furthermore, the models of
the control systems are based directly on the implementation of the control systems of the
press lines [22].

1.3

Research Approach

The research work for this thesis has been conducted in close collaboration with partners
from the automotive and automation industry. During this collaboration, the industries’ input led to the identification of challenging technological problems that they are confronted
with in their production systems. Problems that hamper their operational efficiency and
obstruct the industries’ competitiveness are typically put forward with priority in these collaborations. The scientific work starts with analysing the underlying scientific research problems that need to be addressed in order to solve those technological problems. The resulting
scientific research problems related to the addressed technological problem are summarised as
research questions, which are presented in Section 1.4. These are connected to different fields
including mechanical engineering, robotics and automation, mathematical modelling, computational intelligence, optimisation techniques, numerical methods and modelling. Hence,
the proposed solutions for the research problems in this thesis follow multi-disciplinary
methodologies.
The next step is to propose generic solutions for these research problems, which are
within the scope and limitations presented in Section 1.2. The novelties of the proposed
solutions typically relate to methodological contributions. Designing the proposed solutions
is an iterative process that goes hand-in-hand with the development and experimental verification. Initially, the focus is on simplified problem instances, and the design is then iteratively
further developed to address even more complex instances of the considered problem. During the final stages of this iterative process, the considered problem instances integrate the
different facets of the addressed research problem. The development includes implementing
and verifying the algorithms, computer simulations, models, etc. for the tools that make up
the methodologies of the proposed solutions.
When the proposed generic solutions are designed and developed, the next step is to investigate them for the research problem by conducting further experimental evaluations. In
this thesis, both general theoretical problems and specific real-world case studies are considered. The case studies are formulated in collaboration with the industrial partners in order
to accurately represent real-world scenarios. During these investigations, the proposed solutions are compared with the state-of-the-art, and also with current industrial practices. The
results provide the data for drawing the conclusions about the contributions of the proposed
solution to the considered research problem. The contributions of this thesis are presented
in Section 1.5.
The knowledge gained concerning the contributions is then channelled back to the industrial partners to assist them to solve the specific technological problems in the production
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Figure 1.1: Overview of the link between the research questions and the appended papers
systems that were the starting point of the research work.

1.4

Research Questions

The general topic of this thesis is how to optimise the motion planning for multi-robot
material handling systems of sheet metal parts. As discussed earlier, the goal is to address
the current lack of systematic multi-disciplinary methodologies that are applicable to realworld industrial problems. The presented research questions in this section provide a general
concise summary of the considered scientific research problems that relate to the general
topic. The research questions in this thesis are:
RQ1 What are the relevant aspects for the motion planning of real-world industrial multi-robot
material handling systems of sheet metal parts?
RQ2 How can the motion planning problem be modelled and optimised in the relevant aspects
from RQ1, considering single and multiple objectives?
RQ3 How can the answer to RQ2 be extended to also model the handled parts’ compliance, as
well as together with end-effector design optimisation?
RQ4 How can coordinated trajectories for predefined paths be optimised to improve productivity, energy efficiency, or minimise part deformations?
The diagram shown in Figure 1.1 gives an overview of the links between the research questions and the appended papers in this thesis.
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Table 1.1: Relation between research questions, papers and the contributions

1.5

Paper 1

Paper 2

Paper 3

Paper 4

Paper 5

Paper 6

Paper 7

RQ1

C1

-

C1

C1

C1

-

-

RQ2
RQ3

C1,C2
-

C2
-

C1,C2
-

C1
-

C3

-

-

RQ4

-

-

-

-

-

C4

C4

Contributions

This section provides an overview of the contributions to the research problems. An overview
of the relations between these contributions, the research questions, and the appended papers
in this thesis is given in Table 1.1. This thesis includes the following contributions:
C1 The proposed methodology to model the motion planning problem for multi-robot
material handling systems of sheet metal parts, for the purpose of Simulation-based
Optimisation (SBO). The specific novelty is that the relevant aspects are combined
as one problem in the resulting model, and thereby the parametrisation enables to
consider them together.
C2 The two proposed optimisation algorithms, one for single- and the other for multiobjective optimisation. These are both based on the Cooperative Coevolution Algorithm (CCEA) algorithm proposed by Potter and Jong [23], but are extended with a
constructive heuristic for initial optimisation of the subproblems in a co-adaptive fashion to expedite the search. These algorithms are evaluated on theoretical benchmark
problems, which showed that they outperform state-of-the-art algorithms, specifically
on non-separable large-scale problems.
C3 The proposed methodology to consider the deformations of the parts during handling
in the motion planning optimisation, which is then further extended to simultaneously optimise the end-effectors’ design. This multidisciplinary optimisation model
allows to exploit the synergy between the two aspects to further improve the productivity while maintaining the parts’ dimensional quality.
C4 The proposed mathematical methodology to optimise the velocity and acceleration
profiles of coordinated trajectories for multi-robot material handling systems. The
resulting optimised trajectories are an alternative to the trajectories generated by the
robot supplier’s controller. This provides more freedom to generate and optimise
trajectories that are tailored for each specific operation in the material handling system. In this thesis, it is used to improve the productivity, robot motions’ smoothness,
energy efficiency, or part deformations during handling.
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1.6

Thesis Outline

This thesis is outlined as follows. Chapter 2 gives a detailed description and related research
for motion planning for the formulation of the motion planning problem and discusses its
relevant aspects, thereby presenting the answer to RQ1. Following that, the details of sheet
metal press line tending are described, and the considered press line for the case studies in
this thesis is presented in Chapter 3. Chapter 4 discusses the motion planning optimisation
and the answers to RQ2 and RQ3. Chapter 5 presents the research related to trajectory
optimisation to answer RQ4. Part I is finalised with a summary of the appended papers in
Chapter 6, and the conclusions of thesis in Chapter 7. Part II includes the appended papers.
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Chapter 2
Multi-Robot Material Handling
This chapter discusses the background and previous research related to motion planning for
multi-robot material handling systems of sheet metal parts. The problem formulation is
presented, which also discusses the aspects that are relevant and significant (potentially, depending on the scenario). The scope of the formulated motion planning problem is also
discussed.

2.1

Robot Motion Planning

Motion planning is a fundamental task in robotics to determine the collision-free motion
for a robot to move from the start to the goal position, in order to perform its assigned
operation, while navigating the static obstacles in its workspace. For real-world scenarios,
the motion planning problem also includes differential constraints that limit the velocity and
accelerations at every point along the path due to kinematic considerations [24]. In other
words, global constraints for the motion planning problem are concerned with obstacles and
possibly joint limits. Whereas, local constraints for the motion planning problem are concerned with the aforementioned differential constraints. Solving the robot motion planning
problem then means finding a path and trajectory for the robot that satisfy both the global
and local constraints. A broad overview of the fundamentals of robot motion planning topic
is given by Kavraki and LaValle [24].
Decoupled approaches for solving such motion planning problems under differential constraints are popular since they first solve the path planning and then afterwards compute
the timing function for the velocity and acceleration to determine the trajectory [24]. The
path planning typically is a computationally hard problem, in particular when complex geometries need to be considered for the collision-avoidance and robots have many degrees-offreedoms (dofs). The configuration space or C-space is the space of all possible configurations
of the robot, which represents the set of all transformations that can be applied to a robot
given its kinematics. Early on in motion planning research, it was realised that the C-space
is a very powerful abstract tool to handle the collision-avoidance in a unified manner for the
motion planning. The complex geometrical shape of the robot’s structure is mapped into
a single point in the C-space [24]. The configuration for which the robot will collide with
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obstacles can then be mapped into the C-space. However, directly computing this mapping
is not always straightforward for complex systems. The C-space’s number of dimensions
is equal to the degrees-of-freedom (dof) of the considered robot. Hence, the dimensionality of the C-space is often relatively high, which can become a complication to efficiently
find collision-free paths. Due to these challenges, advanced specialised algorithms are usually
necessary to perform the path planning based on the C-space representation [24].
Afterwards, the decoupled approach continues by computing the timing function for the
found collision-free path, which determines the joints’ velocity and acceleration and thus
generates the trajectory. One of the main challenges with the trajectory generation is to find
a trajectory that agrees with one or multiple differential constraints, and is optimal according
to one or multiple objectives. These constraints and objectives are for example related to the
smoothness of the trajectories [3], or the energy consumption of the robot [4].
Furthermore, the problem of generating the robot motion for manipulation tasks, such
as material handling operations, together with an overview of related research works that
address this, is presented in detail by Brock et al. [25].

2.2

Multi-Robot Systems

Multi-robot systems include multiple robots that operate in a shared workspace. The additional difficulty with the motion planning for these systems is preventing collisions between
the robots. The problem of avoiding collisions between the different robots in the shared
workspace is called multi-robot coordination [24].
In robotic manufacturing systems, multi-robot coordination can be a critical issue, especially in compact systems with several robots. The multi-robot coordination is then one
of the determining factors for the productivity, for example for robotic spot-welding [26],
conveyor pick-and-place tasks [27], or multi-stage tandem press lines [28].
Solving the multi-robot motion planning problem includes the path planning and trajectory generation for the multiple robots but also the multi-robot coordination to consider the
robots’ relative motions in the shared workspace. Coordinating the robots thus becomes an
additional aspect for the motion planning, next to the path planning and trajectory generation. The existing coordination methods in literature can be categorised as two different
approaches: centralised and decoupled approach [24].
A centralised approach starts with defining a state-space that considers the configurations of
all robots simultaneously. This state-space will have a relatively high number of dimensions.
Collisions with static obstacles and the moving robots are then indicated by collision regions
in this state-space. When the state space is generated, a centralised approach directly plans
the robot paths and generates the trajectories based on this spatial representation. The high
dimensionality of the state-space typically makes this approach relatively inefficient.
A decoupled approach handles the path planning and trajectory generation aspects independently for each robot, and tackles the multi-robot coordination (and possibly modifies those
trajectories) afterwards. This makes this approach more efficient compared to centralised approaches, but there is a sacrifice in completeness. In this thesis, a decoupled approach for
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s2

CR

CC
s1
Figure 2.1: Example Coordination-Space (CS) with a Collision-Region (CR) and a collisionfree Coordination-Curve (CC) for a system with 2 robots, respectively with paths s1 , s2
the multi-robot coordination is adopted because of the enhanced efficiency, more precisely a
fixed path coordination method [29–31] is used.
Using the fixed path multi-coordination method proposed by Bien and Lee [30], a timedelay for the start of each robot operation is determined so that shared workspace is available
considering the generated trajectory of robot(s) that performed the previous operation(s).
Note that the robot operations are thus taking place according to a fixed predefined sequence.
The calculation of these time-delays is based on the Coordination-Space (CS) representation
in which the collision between the robots are mapped into the Collision-Region (CR). Figure 2.1 shows an example of a CS for two robots, respectively with paths s1 , s2 . Each axis
of the CS represents the travelled length of the corresponding robot along its path. The
Coordination-Curve (CC) shown in Figure 2.1 represents the relative motions of the considered robots, and integrates the time-delays.

2.3

Multi-Robot Material Handling

This section looks at multi-robot systems that are used for material handling in industrial
production systems, and discusses the identified additional aspects that are relevant for the
motion planning. In this thesis, the term material handling operations is adopted. However,
these are sometimes also referred to as manipulation operations in the context of robotics [25].
The robots in material handling systems typically repeatedly perform one or more pick-andplace operations to transfer parts from one location (pick) to another (place) in the system.
The transfer mode of the robot refers to when it is transferring the part, i.e. when it is moving
from the pick- to the place-location. On the other hand, the transit mode then refers to when
the robot is not carrying a part, i.e. when it is moving from the place- to the pick-location.
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The end-effector is typically used to refer to the link of the robot that makes contact
or/and applies forces on the part that is being handled. The robot’s end-effector grips the
parts by using for example vacuum-cups, magnetic-cups, pins, or claws. There are several
specific additional aspects in a multi-robot motion planning problem for material handling
systems.
In the following, first multi-robot systems where the handled parts are rigid are considered, and thereafter the identified additional aspects when the handled sheet metal parts are
compliant (i.e. willing to bend) are discussed.

Aspects for Rigid Parts
A first additional aspect of the motion planning problem is that the collision-avoidance and
multi-robot coordination need to take into account the transfer and transit mode of the robot.
During the transfer mode, collision with obstacles and other robots need be avoided for both
robot structure and the part. Whereas during the transit mode, only the robot’s structure
needs to be considered. The obstacle region in the C-space and the CR in the CS need to be
constructed according to the modes of the robot.
A second additional aspect is that the path planning requires special attention to the
robot’s configurations to pick or place the part. These need to be stable grasp configurations,
which means that these are configurations at which the part can safely rest without any forces
being applied by the robot’s end-effector, and the end-effector is able to securely grasp the
part. The criteria for the end-effector to be able to grasp the part depend on the characteristics
of the end-effector and the parts. It is furthermore also required that the robot remains
stationary for a relative short period of time at those locations to ensure that the end-effector
can securely grip or drop the part. Hence, facilitating this stand-still needs to be integrated
in the trajectory generation.
A third additional aspect is that the path planning can only consider the hold configurations during the transfer mode. These are the configurations in which the robot is able to
securely hold the part and is thus capable of manipulating it according to predefined criteria.
For example, it can be necessary that the part is held according to a certain orientation (e.g.
horizontally), because otherwise the part in the end-effector will start sliding, and potentially
unintentionally be released from the end-effector. It is furthermore also necessary to take into
account that the end-effectors have a maximum holding force [32].
Several research works in literature focus on modifying the material handling robots and
the motion planning in order to improve the productivity. Lee et al. [33] present design solutions for cam-type transfer systems by specific design of the cam to satisfy given specifications to achieve faster motions. Petterson et al. [21] present a design optimisation strategy for
the robot’s drive train to find an optimal trade-off between cost, lifetime, and performance.
Task-based design optimisation of a robot’s drive-train has been investigated and applied to
different press tending scenarios in order to reduce the duration of the material handling
operations [17–19]. However, a shortcoming with these research works is that the material
handling robots are considered as single isolated robots, and not as a part of a multi-robot
manufacturing system.
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Aspects for Compliant Parts
In certain multi-robot material handling systems, the handled parts are compliant (i.e. willing
to bend), for example sheet metal, paper, cardboard, or cloth parts. The extra aspects for the
motion planning problem are concerned with the deformation of the handled parts.
The generated trajectory influences the forces on the compliant part during handling that
cause it to deform. Firstly, the deformation of a handled part can become a limitation for the
trajectory. It is usually not allowed that a part undergoes plastic (permanent) deformations
as these would affect the dimensional quality, introduce shape variations, or even damage
it so that it has to be scrapped. Additionally, it is also necessary to consider the deformed
shape of the part for the collision avoidance and multi-robot coordination to anticipate for
the possible interferences with obstacles and the other robot(s) in the shared workspace.
The part compliance is often ignored in research concerning motion planning for material
handling of sheet metal parts [17–21,33–35]. A broad overview of model-based manipulation
planning of deformable objects is given by Jimènez [36]. Li and Celgarek [14] propose a
methodology for time-optimal trajectory generation for a single isolated material handling
robot of compliant sheet metal parts.

2.4

Problem Formulation - Motion Planning
Optimisation

This section presents the formulation of the motion planning problem for multi-robot material handling systems of sheet metal parts. This formally describes the relationships between
the different aspects of the multi-robot motion planning. An overview of the potentially
relevant aspects that need to be considered is thereby provided. It should be noted that not
all presented aspects are necessarily relevant for each multi-robot material handling system.
Depending on the specific scenario, certain aspects can become irrelevant and can be ignored.
The presented problem formulation answers research question RQ1, as it identifies the
potentially relevant aspects of the motion planning problem for the multi-robot material
handling of sheet metal parts. A key assumption for the formulated motion planning in this
thesis is that the sequence of operations is predefined and each operation is assigned to a single
robot or device in the system. It must furthermore also be noted that the motion planning
problem is regarded from a cyclic planning perspective.
In this problem formulation, R is the set of robots in the considered system, and J is the
set of the joints of a robot. At time t ∈ [tstart , tend ], each Joint j ∈ J of Robot r ∈ R has
a specific position θjr (t), angular velocity ωjr (t) and angular acceleration αjr (t). The position,
velocity and acceleration of the robot joints then determine the position, orientation, velocity and acceleration of the end-effector of Robot r. The trajectory’s time-interval [tstart , tend ]
corresponds to the entire cycle of the material handling operation, which includes the robot
moving from its start-location to the pick-location, picking up the part, transferring it to the
place-location, placing the part there, thereafter moving back to its start-location. Furthermore, the handled part is picked at tpick ∈ [tstart , tend ] and placed at tplace ∈ [tstart , tend ].
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When planning the paths for the robot motions that perform the material handling operations, a requirement is to reach the predefined pick and place locations in the workspace (and
maybe additional target locations). This is written as follows for the problem formulation
r
θjr (tpick ) = θj,pick
r
θjr (tplace ) = θj,place

(2.1)

r
r
where θj,pick
and θj,place
are the positions for Joint j of Robot r for the end-effector to reach
respectively the pick and place location in the workspace.

The trajectory of the robot has to agree with certain initial and final conditions. For
example, the robot typically starts and ends in a stand-still position. Therefore, the robot
velocity must be zero at the beginning and end of the trajectory. This is formulated as follows
ωjr (tstart ) = 0
ωjr (tend ) = 0

(2.2)

where ωjr (tstart ) and ωjr (tend ) are respectively the velocity at the start and end for trajectory of
Joint j of Robot r. An equivalent condition is necessary for the acceleration at the beginning
and end of the trajectory
αjr (tstart ) = 0
αjr (tend ) = 0

(2.3)

where αjr (tstart ) and αjr (tend ) are respectively the acceleration at the start and end for trajectory of Joint j of Robot r.
During the trajectory generation, the specific capabilities of the robot need to be taken
into account, e.g. the velocity by the robot joints is restricted to the maximum speed of the
motor(s) and drive-train, and similarly for the joints’ accelerations. This is written for the
problem formulation as follows
r
r
ωj,min
≤ ωjr (t) ≤ ωj,max

(2.4)

r
r
where ωj,min
and ωj,max
are respectively the lower and upper velocity limit for Joint j of
r
r
Robot r. It must be noted that commonly ωj,min
= −ωj,max
. There is an equivalent restriction for the acceleration of the robot joints, which is formulated as follows
r
r
αj,min
≤ αjr (t) ≤ αj,max

(2.5)

r
r
where αj,min
and αj,max
are respectively the lower and upper acceleration limit for Joint j of
r
r
Robot r, and again commonly αj,min
= −αj,max
.

The “smoothness” of the robot motions is very often also an important criterion in order
to generate realistic trajectories for the robot. Smooth robot motions have a good continuity
in acceleration, or in other words the motions have a low jerk (α̇jr (t)), which refers to the
rate of change in acceleration, along the trajectory. Smoothness is important to avoid causing
high stresses and vibrations in the robot’s structure and components, which can damage the
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robot. Hence, there typically is a lower and upper limit for the jerk α̇jr (t) of robot joints. This
ensures that the robot motion along the trajectory are reasonably smooth. This is formulated
as follows
r
r
α̇j,min
≤ α̇jr (t) ≤ α̇j,max
(2.6)
r
r
where α̇j,min
and α̇j,max
is respectively the minimum and maximum jerk of Joint j of Robot r.

In order to securely grip or drop the part, the robot’s velocity should be zero at the
pick and place position. Hence, the following two conditions are included in the problem
formulation
ωjr (tpick ) = 0
ωjr (tplace ) = 0

(2.7)

where ωjr (tpick ) and ωjr (tplace ) are the velocity of Joint j, respectively at the pick and place
locations for the operation performed by Robot r. Again, for the same reason, the next two
conditions are necessary to ensure that the robot’s acceleration is also zero when picking and
placing the part
αjr (tpick ) = 0
αjr (tplace ) = 0

(2.8)

where αjr (tpick ) and αjr (tplace ) are the acceleration of Joint j, respectively during picking and
placing of a part by Robot r.

2.4.1

Collision-Avoidance

The collision-avoidance with the static obstacles in the robot’s workspace is obviously a critical aspect for the path planning. Geometrical descriptions of the robot, end-effector(s), and
obstacles are required to be able to verify this offline, using computer simulations. Furthermore, with compliant parts, their deformed shapes during handling need to be considered
in order to anticipate for all possible collisions. An example of this case is illustrated in
Figure 2.2 for loading a compliant blank sheet metal plate into a stamping press. It can be
seen that a collision will remain undetected during the simulation if the plate is assumed to
be rigid. It is thus necessary to also have a description of the part deformation along the
trajectory. The collision-free criterion for the path planning is formulated as follows

∀t ∈ [tstart , tend ] : gcol θJr (t), ur (t)
(2.9)
where gcol is the function that verifies whether there is interference between Robot r and
the obstacles, θJr (t) represents the position of all joints in J that defines the robot’s pose
and the end-effector’s position and orientation, and ur (t) is the dynamic multi-dimensional
deformation of the handled part.
It can be seen that the path planning quickly becomes computationally hard, in particular
with complex obstacles, robots, end-effectors and dynamically deforming parts. As discussed
earlier in Section 2.1, the C-space representation has been proven to be very suitable for
collision avoidance as it provides a computation-time efficient solution to evaluate a path [24].
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Figure 2.2: Loading blank sheet metal plate into press (a) rigid model, (b) compliant model,
using the same path
Generating the C-space and the obstacle regions for the path planning in advance can be done
efficiently by using a fast collision detection method, such as the Proximity Query Package
(PQP) developed by Larsen et al. [37]. Nia et al. [16] discusses how this can be done for
systems where the material handling robots have a relatively low dof (i.e. 2). Furthermore, if
the robot only performs translations, the C-space obstacle region can be computed using the
Minkowski sum [38] of the set of the vertices that specify the colliding geometries. For more
complex robot motions, methodologies from literature [39–43] provide efficient solutions.
To further reduce the computation-time of the collision detection simulation, the geometries
of the robot structure, end-effector and obstacle can also be simplified to only represent the
relevant features.
However, most existing path planning techniques based on the C-space are limited to
systems with only rigid bodies, for both the robot and the handled part. Jiménez [36] presents
a survey on model-based manipulation planning of deformable objects, which shows that
relatively few research works consider the dynamic deformations of the part during handling
for the collision-avoidance.

2.4.2

Multi-Robot Coordination

As discussed in Section 2.2, the purpose of the multi-robot coordination is to synchronise
the operations of the different robots in time to avoid collisions between them in the shared
workspace. This also includes the collisions between the handled part(s) and the other robots.
Hence, it is necessary to also take into account the dynamic part deformations to anticipate
for all possible collisions.
The timing for the multi-robot coordination is achieved by a specific initial time-delay
to start a robot in order to make it wait until the workspace is available for its operation,
considering the other robots. The resulting multi-robot coordination thus determines the
cycle-time of the system. Hence, a time-optimal multi-robot coordination for the planned
paths and trajectories specifies these initial time-delays so that the resulting cycle-time is the
shortest.
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Figure 2.3: Example visualisation of multi-robot coordination in Gantt-chart for a press line
with six robots and five presses (five first cycles)

As discussed earlier, the fixed path coordination method proposed by Bien and Lee [30]
is used in this thesis, because it is based around such initial time-delays. For the planned
paths and trajectories, it efficiently calculates the optimal multi-robot coordination that gives
the shortest cycle-time. The adopted fixed path coordination method uses the CoordinationSpace (CS) to represent the possible collisions between the different robots. The CS is then
transformed based on the generated trajectories to calculate the initial time-delays for the
robot operations. For the problem formulation, the multi-robot coordination of all robots
in R is written as follows
R
R
∆tR
d = gcoor θJ (t), u (t), ∀t ∈ [tstart , tend ]



(2.10)

where the function gcoor represents the multi-robot coordination method, θJR (t) are the joint
positions of all robots in R, uR (t) are the deformations of the parts handled by the robots in
R, and ∆tR
d are the resulting coordinating initial time-delays for all robots in R.
The initial time-delays determine the relative timing for motions of the different robots
in the system. This can be represented as a Gantt-chart to visualise a number of cycles of
the considered multi-robot systems. As an example, Figure 2.3 shows a resulting Ganttchart of the multi-robot coordination of the material handling operations in a multi-stage
tandem press line with six material handling robots and five presses. Note that the presses are
considered as special one dof robots with a predefined path and trajectory, but the relative
timings for starting the stamping operations by the presses are integrated in the multi-robot
coordination.
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2.4.3

Holding Force

To prevent that a part is dropped during handling, it is necessary to avoid that the required
force to hold it exceeds the maximum holding force of the end-effector. The problem formulation includes the following to prevent this

r
r
∀ t ∈ [tpick , tplace ] : Fhold
(t) = ghold θJr (t), ωJr (t), αJr (t), mr ≤ Fhold,max
(2.11)
r
where ghold is the function that calculates the required force Fhold
(t) to hold the part based on
the robot joints’ position θJr (t), velocities (ωJr ), and accelerations (αJr ), mr is the mass of the
r
handled part, and Fhold,max
is the maximum holding force that the end-effector of Robot r can
provide. This is obviously only applicable during the transfer mode, i.e from tpick until tplace
when the robot holds a part.

Several studies have been performed on the calculation of the maximum holding force
of an end-effector, specifically with vacuum-cups [32, 44, 45]. For example, Mantriota and
Messina [44] investigate the effects of tangential forces on the performance of flat vacuumcups. Tuleja and Ŝidlovká [45] investigate the maximum holding force for unilateral gripping
by end-effectors with an asymmetric vacuum-cup layout according to the part’s centre of
gravity. On the other hand, the forces of clamping tools for grasping parts have been analysed [46] and optimal design of end-effectors with clamping tools has been proposed [47].

2.4.4

Productivity

The productivity is mainly determined by the cycle-time of the production system that includes the considered material handling robots. The cycle-time is determined by the multirobot coordination, which is in turn affected by the planned paths and the generated trajectories. Hence, the resulting cycle-time can be only calculated when these aspects of the
motion planning problem have been determined. The inter-dependency of these different
problem aspects is the reason why it is necessary to consider them as one problem for the
optimisation. The calculation of the cycle-time is formulated as follows

R
CT = gcyc ∆tR
(2.12)
d , θJ (t), ∀t ∈ [tstart , tend ]
where gcyc is the function that calculates the cycle-time CT , θJR (t) are the positions of all
joints in J for all robots in R, and ∆tR
d are the multi-robot coordination initial time-delays
calculated as in (2.10).

2.4.5

Robot Wear

In certain scenarios, the downtime of a production system might be costly. Production interruptions for maintenance to address unexpected failures or breakdowns of the material
handling robots are then a problematic issue. If such failures and breakdowns occur frequently, the productivity of the system can decrease significantly over time, when taking
into account the downtime. It becomes important for these scenarios to consider the influence of the motions on the wear rate of the robot’s components, and to plan the motions
accordingly.
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Fast accelerations cause high torque loads on the robot’s components and structure, but
even worse are abrupt changes in acceleration (i.e. high jerk) that cause sharp variations of
these torque loads. Consequently, these result in strong vibrations and high stresses, which
intensifies the wear. The wear of a robot’s components and structure (e.g. motors, gears,
joints, end-effectors) is thus affected by the robot motion planning.
Generating trajectories that avoid such abrupt changes in acceleration will thus reduce the
wear rate of the robots. This can be done by restricting or minimising the jerk (i.e. the rate
of change of the acceleration) for the generated trajectories [48, 49]. According to Zanotto et
al. [48], the robot wear is most effectively reduced by minimising the integral of the squared
jerk along the trajectory, which is referred to as Integrated Squared Jerk (ISJ) in this thesis.
Based on the ISJ indicator, the robot wear aspect for the motion planning is formulated as
follows
Z
R
ISJ R = (α̇JR (t))2 dt ≤ ISJmax
(2.13)
R
where ISJ R is the total ISJ for all joints in J of all robots in R, and ISJmax
is the upper
limit to avoid excessive wear of the components. It should be noted that ISJ R can also be
used as a minimisation objective during optimisation.

2.4.6

Energy Efficiency

Energy efficiency has become an important issue for the manufacturing industry. It is especially popular when energy savings can be obtained without equipment changes or other
further investments, which is the case with motion planning optimisation [4]. It should also
be noted that in production systems used for high-volume manufacturing, a relatively small
reduction in energy consumption during a single cycle leads to substantial savings over time.
A robot’s energy consumption is affected by the planned path and generated trajectory. The
energy efficiency aspect for the motion planning is represented in the problem formulation
as follows
Z

EC R = gEC θJR (t), ωJR (t), αJR (t) dt
(2.14)
where EC R is the energy consumption of all robots in R, and gEC is the function that
gives the energy consumption of the robots in R for their joints’ positions (θJR (t)), velocities
(ωJR (t)), and accelerations (αJR (t)). It should be noted that this can also be used as a constraint
R
to ensure EC R to be less than a predefined maximum value ECmax
.
Several research works in literature investigate how the energy consumption can be reduced by specialised motion planning for industrial robots [6, 50–52]. Vergnano et al. [53]
propose modelling the energy consumption of robotic operations that is parametrised in
terms of execution-time in order to subsequentially derive an energy-optimal schedule for the
manufacturing system. Chen and Fung [54] investigate generating energy-saving trajectories
for mechatronic lift-systems. Pellicciari et al. [55,56] propose designing energy-optimal pointto-point motions for servo-actuated mechanisms. Wang et al. [57] present two approaches
for energy-optimal motions for a robot that performs point-to-point motions. An energy
minimisation method specifically for industrial material handling robots with given paths is
proposed by Pellicciari et al. [4].
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Typically, an accurate dynamic model of the robot is required to estimate the energy
consumption along a trajectory. This is however sometimes problematic since the required
information for such a model is often not directly available. Therefore, optimising the trajectories using a Non-Linear Programming (NLP) model, without requiring a dynamic model
of the robot, to minimise the energy consumption has been investigated by Riazi et al. [58].

2.4.7

Part Deformations and Stresses

When handling a compliant part, it will deform during the handling operations and the
deformation induces mechanical stress. The force on the part that causes it to deform is
affected by the planned path and trajectory of the robot, which can be modelled as follows

F r (t) = gf orce θJr (t), ωJr (t), αJr (t)
(2.15)
where gf orce is the function that gives the force on the part F r (t) during handling based
on the robot joints’ position θJr (t), velocities (ωJr ), and accelerations (αJr ). Hence, there is a
relationship between the motion planning and the deformation of the part, and consequently
the induced stress in the part. These can be formulated as follows

ur (t) = gdef ormation F r (t)

(2.16)
σ r (t) = gstress ur (t)
where gdef ormation is the function that gives the part deformation ur (t) that results from the
force on the part F r (t), and gstress is the function that gives the stress σ r (t) that results
from the part deformation ur (t). The induced stress can be used as an indicator for whether
the deformation is elastic or plastic (permanent). The latter, i.e. plastic deformations typically need to be avoided because these can damage the part, and potentially result in having
to scrap it [12]. For example, for the manufacturing of sheet-metal parts, having to scrap
damaged parts is very costly and has a large environmental impact [59]. Nevertheless, even
plastic deformations of the part can also be detrimental since these can lead to increase shape
variations, which affect the dimensional quality [10, 12]. It can thus be concluded that the
deformation of the handled parts and the resulting stress can be a relevant aspect for the motion planning problem. Few research works in literature consider this problem aspect of the
motion planning problem for these scenarios [13, 14].
The deformation of the part during handling is included in the problem formulation for
these scenarios, focussing on avoiding deformations that would damage the part (i.e. mainly
plastic deformation). There are two different ways to formulate this, either restricting the
magnitude of deformation of the part, or restricting the stress resulting from the deformations. For the former, this is formulated for each robot as follows
∀ t ∈ [tpick , tplace ] : |ur (t)| ≤ urmax

(2.17)

where urmax is the maximum allowed deformation for the part handled by Robot r. When
restricting the induced stress in the deformed part, the limit typically is the yield stress of
the material since this is the stress at which the material will start deforming plastically.
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Hence, by avoiding that the induced stress exceeds the yield stress, permanent plastic part
deformations of the part will not occur. This is formulated for each robot as follows
∀ t ∈ [tpick , tplace ] : σ r (t) ≤ σyr

(2.18)

where σyr is the yield stress of the material of the handled part by Robot r. This constraint
obviously only applies during the transfer mode, i.e. the time-interval from tpick until tplace
when the robot handles a part.
Using Finite Element Analysis (FEA), the dynamic part deformations during handling are
modelled by performing a transient response analysis of the deformations/vibrations [60].
Integrating FEA directly in the problem model for the optimisation can make it become
computationally expensive, which would drastically increase the optimisation time. This
is an issue that typically needs to be addressed in order to maintain a practically feasible
optimisation time. For the press line tending case studies in this thesis, vacuum-cups are used
on end-effectors for handling sheet metal plates. These can then be represented for the FEA
by a rigid points model [12] or a dexterous spring model [10].

2.4.8

End-Effector Design

The design of the end-effector is indirectly also a critical aspect for the motion planning problem. It subsequently influences two other aspects of the motion planning problem, which
are the part deformation (Subsection 2.4.7) and multi-robot coordination (Subsection 2.4.2).
The end-effector design will affect the multi-robot coordination, or in other words it
affects the collision-avoidance between the different robots as the end-effectors are often the
first to interfere with other robots in case of a collision. Figure 2.4 shows an example of this
for a sheet metal press line, where the upper die of the press is moving downwards to stamp
the plate, and the end-effector is moving to the left to retract after it has placed a plate onto the
lower die. Two scenarios are illustrated in Figure 2.4, where the robot is in exactly the same
position but the dimensions of the end-effector is different. In Figure 2.4a, the end-effector
is larger compared to Figure 2.4b. It can be seen that the position of the press is higher in
Figure 2.4a because it has to wait longer until the robot has cleared its workspace. This will
result in a longer cycle-time compared to Figure 2.4b.
However, a smaller end-effector possibly grips/holds the part in a less firm manner, which
results in larger deformations for the same robot motion (i.e. same velocity and/or acceleration). The design of the end-effector determines how the part is held (e.g. number and location of supports, clamps, grasping fingers, shovels, etc.) during handling and this influences
the shape and magnitude of the deformations of the part when it is held and transferred by
that end-effector. Smaller end-effectors could thus ultimately require slower robot motion(s)
in order to avoid plastic deformations, and thereby increase the cycle-time.
Hence, it is necessary to find an optimal balance between “small” or ”large” end-effector
designs; on the one hand to reduce the multi-robot coordination’s time-delays between the
robot operation, while on the other hand to allow fast robot motions. This is the motivation for research question RQ3, for investigating co-adaptive optimisation of the end-effector
designs and the multi-robot motion planning to find this optimal balance.
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Figure 2.4: Retracting robot after loading sheet metal plate into press (a) large (b) small endeffector
Previous research on end-effector design optimisation focusses mainly on end-effectors
for rigid parts [18, 19, 32, 44, 45]. However, Ceglarek et al. [12] propose an end-effector design methodology to minimise part deformation during handling. This is extended by Li
et al. [10] with a dexterous part-holding model in order to predict part deformations more
accurately. Hoffmann and Kohnhäuser [13] propose a generic methodology to calculate the
ideal position of vacuum-cups for sheet metal part holding taking into account the dynamic
behaviour of the part transfer during handling. These works take into account the compliance of sheet metal parts, but consider the material handling operations isolated and not as a
part of a production system. The design of the end-effectors is thus focussed on minimising
the part deformations during handling, while the influence on the collision-avoidance with
other robots in the production system is not included.
On the other hand, robot motion planning research works for material handling of sheet
metal parts typically consider only predefined end-effector designs, and often assume that
the handled sheet metal parts are rigid [14, 17, 34, 61, 62]. The resulting motion planning
might include time-delays and/or slow robot motions that can be avoided with an optimal
end-effector design. Due to the indirect relationship with other aspects of the motion planning problem, the optimisation of the end-effector designs cannot be considered as separate
problem from the motion planning.

2.5

Problem Formulation - Trajectory Optimisation

Research question RQ4 focusses on optimising the velocity and acceleration profiles of coordination trajectories for multi-robot material handling systems of sheet metal parts. The
goal is to generate tailored velocity and acceleration profiles for each specific operation in the
considered system, instead of using trajectories with velocity and acceleration profiles that are
generated according to generic procedures (i.e. implemented in the robot controller). This
section presents the formulation of the trajectory optimisation problem, which is the same
in many of the aspects discussed in Section 2.4. However, there are several key differences in
the trajectory optimisation problem that need to be highlighted.
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Firstly, the trajectories are not generated according to the logic of the motion control
software of the robot’s controller. These are instead parametrised to be tuned by the optimisation. This enables the optimisation to generate a tailored trajectory (i.e. velocity and
acceleration profile) for each operation in the multi-robot material handling system.
Secondly, the robot paths for the material handling robots are predefined, and therefore
the path planning aspect is thus not relevant for the trajectory optimisation problem. Consequently, it is not necessary to verify that there are no collisions between the robots and the
obstacles in the workspace. Instead, it can be assumed that the predefined paths are collisionfree, even for the deforming shape of the handled parts.
Thirdly, the designs of the robots’ end-effectors are predefined, and cannot be modified.
This means that trajectories are optimised for these predefined end-effector designs. The
maximum holding force of the end-effectors still is considered for trajectory optimisation
problem to avoid that parts are dropped during handling.
The other aspects of the motion planning problem discussed in Section 2.4 do not change.
These are relevant in the same way for the trajectory optimisation problem. The included
aspects thus are the boundary conditions for the velocity and acceleration (2.1-2.5), required
smoothness of the robot motions (2.6), multi-robot coordination (2.10), the end-effectors’
maximum holding force (2.11), productivity (2.12), robot wear (2.13), energy efficiency (2.14),
and finally the part deformations and induced stresses in the parts (2.17-2.18).

2.6

Problem Scope and Limitations

It is necessary to make a note on the scope of the identified relevant aspects of the formulated
motion planning problem, and the trajectory optimisation problem. Several assumptions are
made and additionally certain aspects are neglected. In general, these assumptions are necessary to simplify the considered real-world motion planning problem in order to represent
as an abstract optimisation problem. Neglecting certain aspects is motivated by that their
influence on the outcome of the motion planning would be insignificant.
It is assumed that the sequence of operations is predefined and cannot be changed. Additionally, it is also assumed that each operation is assigned to a single robot in the considered
system. Operation scheduling or sequencing is thus not included in the considered problem. It is also assumed that the accuracy and repeatability of the robot positioning is ideal,
meaning that for every operation it is assumed that it precisely follows the predefined path
and trajectory. Another assumption is that the end-effectors are rigid, since the end-effectors’
deformations are typically negligible compared to the deformations of the handled parts. For
the end-effector design optimisation, it is assumed that the end-effectors are always mechanically sufficiently strong to handle the parts. It is also assumed that the position of the part
relative to the end-effector remains the same during the material handling operation. The
initial dimensions and shape of the handled parts (before being picked) are assumed to be
ideal, since these are relatively small and therefore can be ignored.
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2.7

Summary Problem Formulation

The motion planning problem for multi-robot material handling systems of sheet metal parts
includes several aspects that are relevant for certain scenarios. The problem formulation that
has been presented in this chapter identifies and discusses these relevant aspects within the
scope of the thesis. This answers research question RQ1. The related research works in
literature concerning these aspects are discussed. However, it could be concluded that there is
a general lack of systematic approaches and methodologies to efficiently consider the relevant
aspects simultaneously in one optimisation problem for the motion planning problem of
multi-robot material handling systems of sheet metal parts.
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Chapter 3
Sheet Metal Press Line Tending
This chapter discusses sheet metal press line tending as a typical application of multi-robot
material handling of sheet metal parts, and looks at its motion planning problem. A general
description of tandem multi-stage sheet metal press lines is given first, followed by a more detailed explanation of the press line that is considered in the case studies in this thesis. Finally,
the current industrial practice for the multi-robot motion planning and relevant research
works are discussed.

3.1

Tandem Multi-Stage Sheet Metal Press Lines

The material handling in multi-stage tandem press lines is a typical example of multi-robot
material handling of sheet metal parts. It is therefore considered as the industrial application
in the case studies for verifications and investigations in this thesis. Press lines for multistage stamping are widely used in for example the automotive industry. The multiple stages
facilitate the drawing, redrawing, flanging, and trimming operations that form the sheet metal
plates in their desired shape. Press lines are deployed on a large scale for the production of
the sheet-metal body panels for vehicles in the automotive industry.
When the dimensions of the handled sheet metal plates are relatively large, these will be
compliant and thus deform during handling. In particular, the blank sheet metal plate that is
loaded into the first press in the line might undergo large deformations during handling. It is
for these scenarios that the part deformations become an important aspect for the multi-robot
motion planning problem and the design of the robots’ end-effectors.
A specific type of press lines for multi-stage stamping is considered for case studies in this
thesis, i.e. tandem press lines, as it includes multi-robot material handling of compliant parts.
Figure 3.1 shows an illustration of a tandem multi-stage sheet metal press line. A tandem
press line is a line of individual presses and these perform the different stages of the stamping
process for a sheet metal part. In between each of the consecutive presses, a material handling
device (commonly a robot) transfers the sheet metal parts from one press to the next. An
alternative type of press line is the transfer press line where a single press holds multiple dies.
It thereby allows it to incorporate all stages of the stamping process. The press will typically
include mechanisms for the automated material handling.
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Figure 3.1: Illustration of a multi-stage tandem sheet metal press line

Figure 3.2 shows the lower and upper die of a press in a tandem press line. At the start of
the stamping operation by the press, the to-be-stamped blank plate is placed onto the lower
die. During the stamping operation, the upper die moves down (closing the press), until it
completely presses the plate onto the lower die to perform the stamping and forms the plate.
Thereafter, the upper die moves up again (opening the press) to allow the stamped plate to
be unloaded. This process, i.e. closing and opening of the press, is referred to as a stroke.
The key performance measure for the productivity of a press line is often expressed as the
number of strokes per minute instead of the cycle-time. It must be noted that the sequence
of operations in these systems is thus predefined and cannot be changed.
The control for the operation of the press (i.e. upper die moving down and up) is designed
to facilitate the stamping process according to required specifications for forming the plates.
This cannot be modified for the purpose of the robot motion planning and is thus considered
as a given. The industry typically has a very high interest in improving the productivity of
these systems. The main remaining opportunity to improve the productivity of these systems is to reduce the cycle-time by optimising the motion planning of the material handling
operations.
The material handling operations for loading and unloading plates in the presses are referred to as press line tending in this thesis. In order to avoid any unnecessary delays, the
unloading and loading are performed as fast as possible, to quickly start the next stroke of
the press and obtain the highest productivity. The robots executing these material handling
operations will therefore operate in close proximity in a shared workspace, while the upper
die of the press is also moving, as can be seen in Figure 3.2. Hence, this is considered as a
multi-robot material handling system.
Furthermore, the presses are included in the motion planning problem as special types of
robots, i.e. with one dof. The path and the trajectory for these “special” robots that represent
the presses are predefined and cannot be changed. The presses are in this way incorporated
in the multi-robot system in order to include the presses’ stamping operations for the multirobot coordination.
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Figure 3.2: Upper and lower die of a single press of a tandem press line, the handled blank and
stamped sheet metal plates, and the end-effectors of loading (i.e. end-effector 1) and unloading
(end-effector 2) robots

3.2

Case Study

This section discusses the specific tandem sheet metal press line that is considered in the case
studies in this thesis. The sequence of operations for the material handling and stamping is
presented. This also gives insights into the challenges for the motion planning. The motion
control of the material handling robots is described, together with how the motion planning
for the multi-robot material handling robots is implemented and how it can be tuned.
The material handling robots in the considered tandem press line are the specialised 2Dbelt robots, or also called H-bots [63], which is a robot with two dofs that is driven by two
motors via a synchronous timing belt. Figure 3.3, shows a drawing of the used 2D-belt robots,
which specifically is the Binar Unifeeder robot [64].
Sequence of Operations
The sequence of operations in the considered tandem press line is concerned with the loading
and unloading of plates into the presses, and the presses’ stamping operations. In between
the presses, there is an intermediate repositioning table, onto which the unloaded plates are
placed before these are loaded into the next press. If necessary, the unloaded plate is reoriented and/or positioned before it is picked up to be loaded into the next press.
The tool that is mounted on the 2D-belt robots in the considered tandem press line includes two end-effectors, which grip/hold the sheet metal plate using vacuum-cups. These
are indicated as end-effector 1 and end-effector 2 on in Figure 3.3. The robots can thereby
pick up two plates simultaneously. Looking at the illustration of the tandem press line shown
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Figure 3.3: Drawing of the 2D-belt Binar Unifeeder robot (or H-bot)
in Figure 3.1, Robot r simultaneously picks up the stamped plate from Press r-1 with endeffector 1 and the plate from Table r with end-effector 2. Next, the plate in end-effector 1
is then placed on Table r, while at the same time the plate in end-effector 2 is loaded into
Press r. The advantage of this is that Robot r unloads Press r-1 and loads Press r in a single
motion. More specifically, the operation sequence for a cycle of Press r in Figure 3.1 is as
follows:
1. Robot r loads Press r (after unloading Press r-1),
2. Press r performs the stamping operation,
3. Robot r+1 unloads Press r (and loads Press r+1),
and this is repeated in the next cycle, for the next plate. It is important to note that an
operation can only be started after the robot or press has completed its previous operation(s).
This can result in additional time-delays between operations and cycles.
Motion Control
The robots and presses in the press line are grouped in press stations, so that Robot r and
Press r belong to one press station in Figure 3.1. The whole press line is fully automated,
controlled by Programmable Logic Controllers (PLCs), one for each press station. Each PLC
handles all control functions for the robot and the press, including discrete events, continuous
feedbacks, motion control, communications, safety signals, etc. The same PLC program is
reused in each press station in the line because the operations to perform are conceptually
the same.
Motion Planning
Considering the material handling operations in the tandem multi-stage press line, it can be
seen that the identified aspects in Chapter 2 for the motion planning are relevant. The path
planning needs to avoid that the robots, its end-effectors and the handled part collide with
the dies of the presses, as formulated in (2.9). The motions of the robots and the presses need
to be coordinated, as discussed when formulating (2.10). To avoid that plates are dropped
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during handling, the maximum holding force of the end-effectors needs to be taken into account when the trajectories are generated, as in (2.11). When the dimensions of the handled
sheet metal parts are relatively large, these will be compliant. In this case, the plates will deform during handling and it becomes relevant to consider the part deformations and induced
stresses in the parts to maintain the desired dimensional quality, as formulated in (2.17-2.18).
The end-effectors have a considerable influence on the multi-robot coordination, as these are
the first to interfere with the upper die of the presses when colliding. Hence, their design is
a relevant aspect for the motion planning problem. Depending on the scenario, one or more
of the discussed objectives will be relevant for these material handling systems, including
the productivity (2.12), robot wear (2.13), energy efficiency (2.14), and/or part deformations
(2.16).
The motion planning framework is also integrated in the PLC program for the automation of the press stations, and it is parametrised to tune the motion planning individually for
each robot in the line. The available parameters include the robot path’s locations, segmentation of the trajectory, robot speeds, multi-robot coordination time-delays, wait-positions,
etc. Specific tuning is necessary to modify the path, trajectory and multi-robot coordination
because several elements are different for each robot, such as the plates’ shape, compliance
of the handled part, the geometry of upper/lower dies, design of the end-effector, stamping
motion of the upper die, etc.
The source code that implements the motion planning in the PLC program was made
available by the supplier of the 2D-belt Binar Unifeeder robots for this thesis. This was
necessary to construct an accurate simulation model of the control and motion planning of
the material handling operations in considered tandem sheet metal press lines.

Multi-Robot Coordination
To obtain the shortest cycle-time for the considered tandem sheet metal press line, the timedelays between the operations and cycles must be kept minimal by executing the operations
(nearly) simultaneously, as much as possible, without collisions between the robots and upper
die of the presses. For the tandem press line, this means that:

1. stamping starts during loading
2. unloading starts during stamping
3. loading starts during unloading

(see Figure 3.4a),
(see Figure 3.4b),
(see Figure 3.4c),

and that the robots and presses operate in close proximity. The paths, trajectories and multirobot coordination of all robots and presses will affect each other (in)directly, due to that the
robots perform the unloading and loading operation in a single motion. Hence, there are
tight inter-dependencies between the motion planning of the press stations. It is therefore
necessary that all presses and robots in the line are considered together as one problem for
the motion planning.
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Figure 3.4: (a) Coordination between the loading robot and the press, (b) Coordination between the unloading robot and the press, (c) Coordination between the unloading and loading
robot (the arrows show the direction of the motion on the robot path).

Parametrisation
An overview of the available motion planning parameters in the control system of the considered multi-stage sheet metal press line is given in Table 3.1. The robot path of the 2D-belt
Binar Unifeeder robot is specified by target- and via-locations, by which the y, z-coordinates
and zone radius (rzone ) are parametrised. The generated trajectory is divided into different
segments (usually around five) and this division is also specified by parameters. For each segment, there is a parameter that sets the transversal speed of the robot along its path. This is
a relative speed parameter that specifies the speed as a percentage of the maximum speed for
that trajectory. This allows to control the robot’s velocity during the specific segments that
typically correspond with the tasks, e.g. pick, place, transfer, and transit. In the case studies, there usually are two segments for moving from the pick to the place location (transfer
mode), and three for moving back to the pick location (transit).
The parametrisation of the initial time-delays for the multi-robot coordination is implemented indirectly in a relative position-based manner. More precisely, a robot is not allowed
to start its operations until the previous operation’s robot has reached a certain position
along its trajectory. The position at which the robot waits before starting its operation is
also parametrised, and this position also corresponds with a division of trajectory-segments.
This, together with the relative positions for the initial time-delays, are thus the parameters
that indirectly specify the multi-robot coordination for the motion planning of the material
handling operations in the considered tandem sheet metal press line.
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Table 3.1: Motion planning parameters available in the control system of the considered
tandem sheet metal press line
parameter

3.3

amount

target/via-location (y, z, rzone )

18

segment position

5

speed value
coordination position

5
3

Current Industrial Practice

This section discusses the current industrial practice for planning the motions of the material
handling robots for sheet metal press line tending. For the considered press line, each press
station has a separate operator panel. Through this panel, the parameters for the motion
planning in the PLC program can be modified online.
The current practice in industry is that the operators tune the parameters of the PLC
program manually, online by trial-and-error, during production through the operator panels.
Manual tuning often leads to relatively good results. It is however not reliable as a methodology because it is highly dependent on the operators’ expertise and experience. It is also a
time-consuming cumbersome task since it is based on trial-and-error. Furthermore, the operators have a restricted overview of the entire press line due to its sheer size (> 20 metres
in length). Another drawback with online manual tuning is the risk of causing collisions and
damaging the dies of a press. These are usually one-of-a-kind, and time-consuming to produce
or repair. Damaging a die would thus result in delays in production which is nearly unacceptable in for example the automotive industry. Operators will thus avoid damaging the dies at
all costs, which prevents them from finding the optimal multi-robot motion planning.
It is rather obvious that this practice can be improved by using computer models and
simulations so that the robot motions can safely be planned offline, since this excludes the
risk of damaging the line’s equipment during the tuning. There is also need for systematic
methodologies that are based on computational intelligence to automate the motion planning
process and obtain reliable results.

3.4

Related Research

This section discusses research in literature works related to robot motion planning for sheet
metal press line tending. Trajectory planning optimisation of a single isolated press station
has been investigated by Svensson et al. [20] to increase the production rate using a specialised optimisation procedure. The proposed optimisation procedure is based on hardwarein-the-loop Simulation-based Optimisation (SBO). A drawback is the resulting long simulation time, which makes it practically more or less inapplicable for large multi-robot systems.
Nia et al. [16] therefore propose a faster collision detection simulation method for the press
line tending problem to reduce the simulation time, and consequently make it capable to sim-
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ulate an entire press line. This faster collision detection method is integrated in the previous
mentioned SBO approach proposed by Svensson et al. [20]. When the hardware-in-the-loop
simulation model is replaced by a computer simulation models of the press line’s control
systems, the simulation time is significantly reduced and it becomes practically feasible for
SBO. However, the used optimisation algorithms under-perform since they are not suitable
for large-scale optimisation that is necessary for the motion planning of the press line tending problem. Furthermore, the robot wear, holding force, part deformations and stresses
are not considered in these previous works. On the other hand, a methodology for timeoptimal trajectory planning for material handling robots of compliant sheet metal parts has
been proposed by Li and Ceglarek [14]. This was applied on a press tending robot. The compliance of the handled sheet metal plate is considered to avoid large deformation in order to
maintain the dimensional quality. The objective of the trajectory optimisation is to improve
the productivity. Petterson et al. [21] investigated optimising the motion control of press
tending robots with as objective reducing the duration of the material handling operation,
while respecting limits for the thermal and fatigue load on the robots’ drive-train. However,
only a single isolated material handling robot is considered, and the influence of the motion
planning for the multi-robot coordination with the press and other robots is not taken into
account.

3.5

Summary

It is established in this chapter that robotic press line tending in multi-stage tandem sheet
metal press lines is an industrial application of multi-robot material handling systems of
sheet metal parts. The motion planning for the press line tending is therefore considered in
the case studies for the investigations in this thesis to evaluate the proposed modelling and
optimisation methodologies. The specific details of the considered tandem sheet metal press
line are presented including the sequence of operations, motion control and planning, and its
parametrisation. Considering the current industrial practice to plan the robot motions for
these multi-robot material handling systems, it could be concluded that there is a relatively
large potential for improvements by using offline simulation/model-based motion planning
methodologies. The investigations and proposed methodologies in related research works
from literature typically only consider single isolated press tending robots, and the results are
thus not applicable for multi-robot material handling systems.
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Chapter 4
Motion Planning Optimisation
This chapter focusses first on research question RQ2, i.e. on how to model the motion planning for multi-robot material handling systems of sheet metal parts in order to optimise its
performance. The goal is that the modelled problem shall include the relevant aspects formulated in Chapter 2. Furthermore, research question RQ3 concerning the compliance of the
handled parts is also considered in this chapter. It must be noted that the robot trajectories are
tuned during the optimisation of the motion planning problem by the available parameters
in the robot controller. However, the trajectory generation and its tuning follows the logic
of the supplier’s robot controller, and this chapter does not look at research question RQ4.

4.1

Simulation-based Optimisation

Based on the previous work by Svensson et al. [20] and Nia et al. [35], it was found that
Simulation-based Optimisation (SBO) is a suitable approach for solving the motion planning
problem of multi-robot material handling systems of sheet metal parts. An overview of
different SBO techniques is compiled by Andradóttir [65, 66]. SBO is typically used when
the considered optimisation problem is so complex to be modelled exactly and it becomes
necessary to approximate it using computer simulation modelling techniques.
Concept of SBO
With SBO, an optimisation algorithm works in concert with a computer simulation model
of the optimisation problem, as illustrated in Figure 4.1. The optimisation algorithm will
then iteratively generate new values for the optimisation variables. A set of such values, one
for each optimisation variable is referred to as a solution. The cost (or fitness) values indicate
“how good” a solution is according to the objectives (e.g. productivity, energy efficiency,
etc.), which allows the algorithm to compare different solutions. The simulation model’s
purpose is thus to evaluate the solutions generated by the optimisation algorithm. It is therefore parametrised for these optimisation variables of the solutions. By running the simulation
model, the cost (or fitness) value(s) of the solution under evaluation is calculated. Cost values
are applicable for minimisation of optimisation problems, and fitness values for maximisa-
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Figure 4.1: Simulation-based Optimisation (SBO) framework [20]
tion of optimisation problems. The former type is used for the objective functions in this
thesis. Based on the cost value(s) of the evaluated solutions, the algorithm generates the next
solution(s). This is repeated until predefined termination criteria are reached, e.g. maximum
number of evaluations.
A drawback with SBO is that the optimisation time can be significantly longer compared
to other optimisation techniques. This is due to that the computer simulation(s) quickly becomes computationally expensive compared to analytical mathematical models, which makes
the optimisation time increase rapidly. Different strategies to circumvent this issue are discussed by Shan and Wang [67].
The Optimisation Process
When optimisation techniques are used to approach real-world problems, a specific process
is generally used. This process is referred to as the optimisation process [68] and is illustrated
in Figure 4.2. In this thesis, it starts with analysing the operations of considered material
handling systems and studying the relevant aspects for the motion planning problem. A
simplified formulation of the motion planning problem is then established based on the identified aspects that are relevant for the motion planning.
This simplified problem can be used to construct a computer simulation model. This is
usually done by using a commercial simulation software, but can also be done using a generalpurpose modelling software/language. It must be verified and validated that the simulation
model represents the simplified problem correctly and simulates its behaviour accurately [69].
Next, the details of the optimisation problem are defined, which includes the specific optimisation variables, their allowed range, the objective function(s) and the other constraints.
Additionally, a suitable optimisation algorithm needs to be selected, the algorithm’s settings
must be tuned and termination criteria must be set.
The optimal solution is obtained when the termination criteria are reached by the algorithm. It can be worthy to verify and analyse the optimised solution(s) to gain insight and
knowledge that is resourceful for similar problems. For example, innovization [70] has been
proposed for multi-objective optimisation. This includes applying data mining techniques on
the evaluated solutions to discover rules and principles concerning the optimisation variables
and objectives to gain a deeper understanding of underlying problem. However, this is not
pursued in this thesis since the goal is not system analysis [71] or knowledge discovery [72].

34

4.2. SIMULATION MODEL

real problem
problem identification
simplified
problem
computer
simulation model

modelling
verification & validation
study optimisation variables
select optimisation algorithm

optimisation
problem

optimisation

optimal solution
visualisation & verification
analyse

apply optimal
solution

Figure 4.2: Schematic illustration of the optimisation process [68]

4.2

Simulation Model

This section presents the proposed methodology to construct the simulation model of the
motion planning problem that is formulated in Chapter 2. The resulting simulation model
consists of three separate modules that are responsible for respectively the path planning,
trajectory generation, and multi-robot coordination, as shown in Figure 4.3.
Since the three modules together form the optimisation model of the problem, and the
relevant aspects are parametrised together in respect to the optimisation algorithm, these
aspects are optimised together as one problem. This is not the case when the aspects are
considered as individual optimisation problems that are solved sequentially (using the optimal solutions of one as input for the next). For this sequential approach, “intermediate”
objectives are required for each of these individual optimisation problems, and these are then
typically based on (strong) assumptions that are sub-optimal. The advantage of the proposed
methodology, is that the final objective(s) are directly considered and there is no need for
intermediate objectives. This ensures that the resulting optimal solution is co-adapted for
inter-dependencies among the multiple aspects of the problem. This property is a novelty of
the proposed modelling methodology.
The model’s input is the “to-be-evaluated” solution with the values for the optimisation
variables that are generated by the algorithm. The output of the model is the cost value(s) for
that solution that is calculated by the model, which is communicated back to the optimisation
algorithm, as shown in the diagram in Figure 4.3.
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Figure 4.3: Diagram of the model, its modules, the communication of information, and the
optimisation algorithm
Next, a detailed description of the proposed methodology to construct a model of the
motion planning problem for SBO is discussed. More details about the proposed modelling
methodology that is used during the investigations to answer research question RQ2 can
be found in Paper 1, Paper 3, Paper 5. The formulation and development of the proposed
modelling methodology answers the problem modelling element in research question RQ2.

4.2.1

Path Planning

The path planning module is the first in the model, as shown in Figure 4.3. Its purpose is
to generate the robot paths according to the solution’s optimisation variables. The relevant
optimisation variables for the path planning are the locations that specify the target- and
via-locations for the robot paths, in the same way as in a robot program that is uploaded
to the robot. In order to realistically model the real robot path between these locations,
the implementation of the path planning module is based on the robot’s controller, and can
usually be done using a simulation model of the robot controller that is provided by the
robot supplier, i.e. for Realistic Robot Simulation (RRS) [73].
The planned paths are verified according to the constraints in this module. This includes
the constraint from (2.1) to verify that the path reaches the predefined pick and place location.
Furthermore, the constraint from (2.9) verifies that there are no collisions between the robot
(robot structure and end-effector) and the static obstacles in the workspace. In the case that
it is assumed that the handled parts are rigid, the collisions between the handled part and the
static obstacles is also verified. If the constraints are not met, the solution is considered as
infeasible.
The obstacle regions for the collision detection, which represent the lower and upper die
of a press, for a press tending robot are shown as an example in Figure 4.4. The collisionfree verification is done efficiently using the precomputed C-space representation of the
workspace wherein the obstacles are represented. When the robots have two translational
dofs, the C-space and the obstacle regions can easily be calculated using the Minkowski
sum [38].
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Figure 4.4: Example obstacle regions in “side-view” of the 2-dimensional workspace of a press
tending robot, the obstacles are the upper and lower die of the press
For the press line tending case study, the implementation of the path planning module is
directly based on the source code of the PLC program that implements the controller of the
2D-belt Binar Unifeeder robot [64], which was made available for this thesis.

4.2.2

Trajectory Generation

The next module performs the trajectory generation, as shown in Figure 4.3. Generating a
trajectory means determining the timing function that specifies the velocities and accelerations of the robots’ joints, over time, so that the movements of the robot’s joints make the
end-effector follow the planned path.
The solution’s optimisation variables specify the segmentation of the trajectory, and the
relative robot speed for each of the resulting trajectory segments. In order to accurately
simulate the generated trajectory, the model is based on the robot controller. This can usually
be done by using a simulation model provided by the robot supplier, i.e. for Realistic Robot
Simulation (RRS) [73]. For the press line tending case studies in this thesis, this is based on
the source code of the PLC-program that implements the trajectory generation for the robot
supplier’s controller.
After generating the trajectories, this module also verifies the aspects that are concerned
with the trajectories, and thus with the velocities and accelerations of the robots. This includes checking whether the velocities and accelerations of the robot joints are within the
allowed ranges, as formulated in (2.4) and (2.5), and verifying that the jerk along the trajectory does not exceed the maximum allowed jerk, as in (2.6). The start and end conditions at
the start and end of the trajectory are also verified, for example that the robot is stationary as
formulated in (2.2) and (2.3). Furthermore, it is verified that the robot stands-still at the pick
and place location to safely grab and release the handled part, as formulated in (2.7) and (2.8).
If the constraints are not met, the solution is considered as infeasible.
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Based on the velocity and acceleration of the robot joints, the force on the part during
handling is also calculated according to (2.15). Since the velocity, acceleration, and jerk of
the robot joints and the force on the part during handling are now known, several constraints for the problem aspects are verified for the generated trajectory, including the endeffector’s holding force (2.11), robot wear (2.13), energy efficiency (2.14), part deformations
and stresses (2.17-2.18)
Holding Force
The maximum holding forces of the end-effectors are required to implement the constraints
for preventing that parts are dropped during handling. These constraints are integrated in this
module since these are concerned with the generated trajectories. As formulated in (2.11), it
calculates the required force to hold the part based on the robot’s pose, velocity and acceleration along the trajectory. These constraints verify that the required force to hold the part
does not exceed the maximum holding force of the end-effector.
In the press line tending case studies, the end-effectors use vacuum-cups, which allows to
use the work by Tuleja and Sidlovskà [45], and Mantriota and Messina [44] to calculate the
maximum holding force. As mentioned earlier, only the vertical forces on the part, including
the acceleration induced inertia force and the air resistance force, are taken into account. A
detailed description of this can be found in Paper 5.
Robot Wear
The robot wear aspect formulated in (2.13) uses the Integrated Squared Jerk (ISJ) as an indicator
for how the generated trajectory affects the robot wear rate. The ISJ indicator has been
proposed and validated by Gasparetto and Zanotto [3]. In order to verify the robot wear
constraint according to (2.13), the ISJ is calculated based on the jerk of the robot joints’
motions for the trajectory that is generated in this module.
The constraint is implemented so that the trajectory’s ISJ is compared with the predefined
maximum limit that is specified to restrict the robot wear. The trajectory agrees with this
constraint if the ISJ is less than this maximum limit. In other scenarios the robot wear is an
objective instead of a constraint. In that case, the ISJ of the trajectories is a cost value in the
optimisation’s objective function. A detailed description of this can be found in Paper 3.
Energy Efficiency
In order to address the energy efficiency aspect for the motion planning problem as formulated in (2.14), this module includes calculations to estimate the robots’ energy consumption
based on the generated trajectory. This provides a cost value to compare the robots’ energy
efficiency for the trajectories of different solutions. However, this can also be used in a constraint to restrict the robots’ energy consumption. In this scenario, a solution is considered as
infeasible if the estimation of the robots’ energy consumption exceeds a predefined maximum
value.
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Figure 4.5: Deformed sheet metal part held by end-effector
Based on the model of 2D-belt robots presented by da Silva et al. [63], an energy model
for the 2D-belt robots is developed in this work. This model is experimentally veriﬁed on a
2D-belt Binar Unifeeder robot in a lab setup. A detailed description of this is given in Paper 4.
Part deformations and Stresses
Figure 4.5 shows the deformation of a sheet metal part when it is held by an end-effector to
illustrate that this is often a relevant aspect of the motion planning problem. The dynamic
deformations of the handled parts are calculated in this module, since these are determined
by the force on the part and the robot’s pose, which are in turn determined by the generated
trajectory (and planned path). The dynamic part deformations are calculated based on a
transient response analysis using FEA [60]. When the dynamic part deformations are known,
the path can be veriﬁed on whether there are collisions between the deforming part and
the obstacles in the workspace, as formulated in (2.9). This constraint is then veriﬁed by
integrating the calculated dynamic part deformations in the collision detection simulation.
A detailed description about the proposed methodology that enables to verify this efﬁciently
for the purpose of SBO can be found in Paper 5.
Furthermore, the constraint to avoid plastic deformation of the handled parts is also
veriﬁed in this module. As discussed in the problem formulation, this can be done according
to two alternatives, based on the part deformation as in (2.17) or based on the maximum
induced stress as in (2.18). For the latter, the maximum induced stress needs to be calculated
based on the deformation of the part, or indirectly the force on the part. In this thesis, this
is integrated in this module by using a Response Surface Model (RSM) that represents the
relationship between the force on the part and the maximum induced stress, as proposed by
Li and Ceglarek [14]. A detailed description of the modelling of the part deformation and
stresses to verify this constraint in the trajectory generation module can be found in Paper 5.

4.2.3

Multi-Robot Coordination

As shown in Figure 4.3, the third and last module in the model looks at the multi-robot
coordination aspect, as formulated in (2.10). The multi-robot coordination’s purpose is to
determine the relative timing to synchronise the operations of the different robots and avoid
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robot-robot collisions. The multi-robot coordination in the considered systems is implemented by an initial time-delay to make a robot wait to start until the shared workspace is
available for its specific operation.
These initial time-delays are calculated as proposed by Bien and Lee [30], which utilises
the Coordination-Space (CS). The Collision-Region (CR), which represents the possible collisions in CS, is constructed based on the planned paths and this is afterwards transformed
based on the trajectories to calculate the initial time-delays. The productivity problem aspect
is resolved based on the multi-robot coordination since this gives the resulting cycle time
for the evaluated solution, as formulated in (2.12). Paper 5 describes how this is efficiently
integrated in this module to keep the simulation-time short enough for SBO.

4.2.4

Verification and Validation

The simulation model of the motion planning problem needs to be verified and validated in
order to check that it is accurate enough for SBO. The specific approach that is adopted for
this has been presented by Sargent [69]. A schematic illustration of this is given in Figure4.6.
It exists of three entities, i.e. the real system, a conceptual model, and the simulation model.
Analysis of the real system provides the information for constructing a conceptual model of
the system. This is validated by performing extra analysis steps.
The simulation model can be created, based on the conceptual model. This step requires
tools and methods from the computer engineering field to implement the simulation model.
This implementation is verified against the conceptual model, which is done by checking the
intermediate output signals/values, and comparing these with the conceptual model.
For the validation, certain intermediate outputs of the model’s modules are measured on
the physical press line and compared with the model’s outputs. For example, to validate the
path planning and trajectory generation, it is necessary to measure the paths, velocity, and
accelerations of the robots in the press line. The collision-avoidance (2.9) is validated based
on accurate 3D simulation with detailed CAD models of the geometries that make up the
robots and obstacles in the workspace. This is also done specifically for the collisions between
the different robots in order to validate the multi-robot coordination (2.10). The productivity
objective (2.12) is checked by validating the cycle-time calculation by the model by measuring
and comparing the press line’s cycle-time. The energy model for the 2D-belt Binar Unifeeder
robot for the energy efficiency aspect (2.14) is presented in Paper 4. The validation of the ISJ
indicator for the robot wear aspect (2.13) is presented by Gasparetto and Zanotto [3], and
the part deformation aspect (2.16) is validated using the VRM physics-driven modeller with
FEA-kernel developed by Franciosa and Ceglarek [74].
When there are deviations between the simulation model’s outputs and the measurements, the cause of this error is investigated to correct the model. Once, the cause is known,
appropriate remedies are implemented, and the validation is continued. When this is done
for all outputs, and for the final output values, the simulation model is validated. The maximum difference between the robots’ position along the trajectory of the simulation and the
measurement was around 40 millimetres for the different stations. This is a permissible error
because the collision detection security distance is around 50 millimetres.
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Figure 4.6: Schematic illustration verification and validation approach [69]

4.3

Single-Objective Optimisation

This section presents the single-objective optimisation for solving the motion planning problem for multi-robot material handling systems. The investigation for a suitable optimisation
algorithm is described first, followed by its evaluation with the proposed model. This work
presented in this section provides the answer for the single-objective optimisation element of
research question RQ2.

4.3.1

C3 Optimisation Algorithm

Early on during the work of this thesis, the Cooperative Coevolution Algorithm (CCEA) was
found to be very suitable for optimising the multi-robot motion planning. This is because
it is effective for handling large-scale global optimisation problems, i.e. high dimensionality
(or many optimisation variables). CCEA adopts a divide-and-conquer strategy by treating the
considered optimisation problem as a combination of multiple smaller individual problems,
which are then cooperatively optimised.
CCEA was initially proposed by Potter and De Jong [23]. Its divide-and-conquer strategy
requires that the problem is decomposed into subproblems, which are optimised separately
using an Evolutionary Algorithm (EA) that is embedded in the CCEA. The decomposition
groups the optimisation variables into separate sets, one for each subproblem. Decomposing the multi-robot motion planning problem can be done by considering each robot in the
system as a subproblem. It is thus necessary to co-adapt the subproblems’ solutions by optimising them cooperatively. In CCEA, this is realised by cooperative evaluation of the subproblems’ solutions, i.e. subproblem solutions are combined into a solution for the complete
problem that is then evaluated for the complete problem. The resulting cost value indicates
how well the subproblem solutions work together for the complete problem. In this way,
the individual subproblems are optimised cooperatively to guarantee that their solutions are
together optimal for the complete problem, instead of being optimal for the isolated subproblem.
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In this thesis, an opportunity for improving the CCEA is explored, which led to the
proposed extended version of CCEA, named the Constructive Cooperative Coevolution Algorithm (C3 ). The novel element of C3 is the advanced constructive initialisation of the
subpopulations in a partially cooperative fashion by a constructive heuristic [75, 76], which
considers a stepwise increasing subset of subproblems. The purpose is to expedite the search
of the algorithm. Later, an improved version of C3 was proposed by Glorieux et al. [77]
that removes several of the limitations of the initial version that makes it applicable to a
wider range of problems. The improvements are concerned with the scalability in number
of subproblems, controllable greediness, fewer user-settings, and simplified implementation.
A detailed description of the proposed Constructive Cooperative Coevolution Algorithm
(C3 ), its evaluation on large-scale benchmark problems, and comparison with state-of-the-art
CCEAs can be found in Paper 2. Two versions of C3 are tested with different embedded algorithms for the subproblem optimisation, which are (C3 DE) and (C3 PSO) with respectively
Differential Evolution Algorithm (DE) [78] and Particle Swarm Optimiser (PSO) [79] as embedded algorithms. It is shown that Constructive Cooperative Coevolution Algorithm (C3 )
is a competitive optimisation algorithm that is very suitable for solving large-scale global optimisation problems, in particular non-fully-separable optimisation problems. This answers
the single-objective optimisation element of research question RQ2.

4.3.2

C3 for Motion Planning Optimisation

The proposed C3 algorithm is also evaluated for optimising multi-robot motion planning
problems. C3 is thus used for SBO with the earlier described model of the motion planning
problem. This is done for the press line tending case study with five robots and four presses.
The objective during this optimisation is to improve the productivity of the material handling system by minimising the cycle-time as formulated in (2.12). The dimensions of the
handled sheet metal plates are relatively small. Due to this, and the end-effector design, the
part deformations during handling are relatively small, and do not significantly impact the
motion planning. The plates are therefore represented as rigid parts for the motion planning.
Furthermore, there are no restrictions on the energy consumption and robot wear.
Three version of C3 , i.e. C3 DE, C3 PSO, C3 CoLiS, which have different embedded
optimisation algorithms (respectively Differential Evolution Algorithm (DE) [80], Particle
Swarm Optimiser (PSO) [79], Combined Lipschitzian and Simplex Algorithm (CoLiS) [20])
to optimise the subproblems are tested for press line tending case studies. These are compared
with stand-alone versions of these embedded algorithms to investigate C3 ’s performance.
Figure 4.7 compares the convergence graphs of two algorithms (i.e. DE and C3 DE). The
productivity is expressed as production rate [plates/minutes], instead of cycle-time, to better
illustrate the differences in the comparison. It is clear that C3 DE outperforms the other
algorithms. The productivity of the optimised solution by DE is 14.9 plates per minute,
whereas with C3 DE it is 15.1 plates/minute. The difference of 0.2 plates/minute (1.3%)
might seem insignificant, however it corresponds to 96 produced plates over eight hours of
production. Due to the relatively high production rate, a rather small increase (in percentage)
of the productivity gives a significant amount of extra produced plates over time.
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Figure 4.7: Comparison of the convergence curves of the different single-objective optimisation algorithms on the case study of the press line tending application
Furthermore, these optimisation results are compared with manual online tuning, which
is the current industrial practice. For the considered case study, manual tuning results in a
production rate of around 10 to 11 plates per minute. It hereby could be concluded that the
productivity can be significantly improved by using the proposed modelling and optimisation
methodologies. The obtained results show that the proposed model and C3 efficiently provide
optimised solutions for the robot motion planning problem of multi-robot material handling.
A detailed description of this investigation can be found in Paper 1. This investigation
demonstrates that the proposed modelling methodology and the proposed C3 optimisation
algorithm answers research question RQ2 in this thesis.

4.4

Multi-Objective Optimisation

For certain scenarios, considering only one objective when optimising the motion planning
does not give the desired optimal solution. This is because in fact multiple objectives need to
be addressed, which are typically in conflict with each other. It is instead necessary to find an
optimal compromise or trade-off between those multiple objectives. Multi-objective optimisation techniques address this issue with specialised optimisation algorithms that are able to
consider multiple objectives simultaneously while taking into account the trade-off [81].
It is often necessary to address multiple objectives when optimising the motion planning
problem of multi-robot material handling systems. The objectives that need to be considered
are furthermore often in conflict with each other. As discussed in the problem formulation
in Section 2.4, the possible objectives are productivity, robot wear, energy efficiency, part
deformations and induced stresses in the part. It is obvious that the productivity is in conflict
with the other objectives listed, and it is nearly always relevant for industrial production
systems. Hence, there is a need for a reliable multi-objective optimisation methodology for
solving the motion planning problem of multi-robot material handling systems of sheet metal
parts.
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The press line tending case study is an example of a scenario where often multiple objectives need to be considered during the motion planning optimisation [82]. In the case that
the overall goal is to plan the robot motions to improve the productivity, the optimisation
should minimise the cycle-time from (2.12), but also by the wear of the robot components
from (2.13). The robot wear is the main cause for unplanned production interruptions for
maintenance to address breakages. Frequent maintenance interruptions delay the production
and consequently over time reduce the productivity of the system. These two objectives in
this scenario, i.e. cycle-time and wear, are in conflict with each other, since fast robot motions
can increase the robot wear rate. It is thus necessary to find an optimal trade-off to obtain a
suitable compromise between the cycle-time and the wear of the robots that gives the highest
productivity.
Two multi-objective optimisation techniques are investigated in this thesis for motion
planning optimisation, the first uses scalarising single-objective functions [81], and the second uses Pareto-based multi-objective optimisation [83]. For the latter, the investigation resulted in the proposed Pareto-based multi-objective optimisation algorithm, called the MultiObjective Constructive Cooperative Coevolutionary Algorithm (mo C3 ), which is based on
the single-objective C3 algorithm proposed in Section 4.3.
A complete detailed description of this investigation can be found in Paper 3. The main
conclusion is that Pareto-based optimisation techniques are preferable, compared to using
scalarising single-objective functions. Especially, the proposed mo C3 shows significantly better results for optimising the motion planning of multi-robot material handling systems compared to most scalarising single-objective functions, and also to other Pareto-based multiobjective evolutionary algorithms. This provides the answer for research question RQ2. A
summary of the investigation and comparison of these two approaches is given next.

4.4.1

Scalarisation

Scalarisation transforms the multi-objective problem into a single-objective problem by using some parameters or additional constraints. This makes it possible to treat it as a singleobjective optimisation problem. An overview of different scalarising function is given by
Miettinen and Mäkelä [81]. Preference information from a human decision maker is typically required in advance to determine the values of those parameters or constraints that
combine the multiple objectives into one for the scalarisation. This information concerns
for example the desired trade-off, objective values, etc. There exist different scalarisation
functions to combine multiple objectives into one scalar value, and commonly there is no
specific motivation to prefer one over the others [81]. The following three well-established
scalarisation functions are selected for the investigation in this thesis [84]:
1. ε-constraint scalarisation (fsoo1 and fsoo2 ),
2. linear scalarisation (weighted sum) (fsoo3 ),
3. achievement scalarisation (fsoo4 ),
where each uses different parameters or constraints to combine the objectives into one scalar
value of the resulting single-objective.
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This investigation is done for optimising the motion planning problem of multi-robot
material handling systems of sheet metal parts, and therefore considers the press line tending case study in this thesis. The considered press line includes four presses and five robots.
The handled plates are assumed to be rigid during handling as these have relatively small
dimensions and their deformations do not affect the motion planning significantly. Furthermore, there is no restriction on the robots’ energy consumption. The considered conflicting
objectives are minimising the cycle-time (2.12) and the robot wear (2.13). The proposed
single-objective C3 algorithm is used for the optimisations.
An overview of the results with these different scalarisation functions is shown in Figure 4.8, where ISJ is the Integrated Square Jerk measure for the robot wear. The difference
between fsoo1 and fsoo2 , is that the wear is constrained in fsoo1 , and the cycle-time in fsoo2 . A
detailed description of the performed tests for this investigation can be found in Paper 3.

4.4.2

Pareto-based Algorithm

A Pareto-based multi-objective optimisation algorithm collects a set of solutions, where each
is optimal for a different trade-off between the objectives [85]. A solution is called Paretooptimal when there are no other solutions that are superior in all objectives. In other words,
a Pareto-optimal solution is the problem’s optimal solution for the specific corresponding
trade-off between the objectives. The goal of a Pareto-based algorithm is then to find the
Pareto-optimal solutions for all feasible trade-offs between the objectives. After the optimisation, a decision-maker can consider all these Pareto-optimal solutions and the corresponding
trade-offs in order to select the one that is most suitable for the considered problem.
The investigation for a Pareto-based multi-objective algorithm for the motion planning
problem started with the multi-objective CCEA, based on the investigation for the singleobjective optimisation algorithm (Section 4.3). In this way, the divide-and-conquer strategy
of the cooperative optimisation of the subproblems is also utilised for the multi-objective
optimisation. Several multi-objective CCEA algorithms have been proposed by other researchers [86, 87].
This led to the development of a new algorithm, named Multi-Objective Constructive
Cooperative Coevolutionary Algorithm (mo C3 ), which extends the multi-objective CCEA
with an advanced constructive heuristic for the partially cooperative initialisation by optimising a stepwise increasing subset of subproblems. The mechanisms that integrate the cooperative multi-objective optimisation of the subproblems are based on the multi-objective
CCEA proposed by Antonio and Coello Coello [87].
On the one hand, the novel element of mo C3 compared to other multi-objective CCEAs
is that each subpopulation is initially optimised while cooperating with a stepwise increasing subset of the other subproblems, whereas other multi-objective CCEAs randomly initialise all subpopulations. On the other hand, the novel element with mo C3 compared to
the single-objective C3 is that it can optimise multi-objective problems with a Pareto-based
approach. A multi-objective evolutionary algorithm is embedded for the subpopulation optimisations. The selection of the collaborator solutions is adaptive for multi-objective optimisation, i.e. a collaborator is selected from the solutions that make up the subpopulations’
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Figure 4.8: Resulting Pareto-fronts of moc3 and mocc, the manually tuned solution (MT) and
the solutions of the scalarising single-objective optimisations (fsoo1 , fsoo2 , fsoo3 , fsoo4 )
Pareto-front. The embedded algorithm for the subproblem optimisation is a multi-objective
evolutionary algorithm. The Differential Evolution for Multi-Objective Optimisation with
Self-Adaptation algorithm (DEMOwSA) [88] is proposed as embedded algorithm for the subproblem optimisations in mo C3 .
A detailed description of the design and evaluation of mo C3 can be found in Paper 3. mo C3
is evaluated on a set of theoretical multi-objective benchmark problems and compared with
state-of-the-art multi-objective evolutionary algorithms. The selected benchmark problems
are of a similar nature compared to the multi-robot motion planning problem for the press
line tending case study. The description and results of this evaluation can also be found
in Paper 3. The main conclusion is that mo C3 shows an improved performance for these
problems compared to the multi-objective evolutionary algorithm.

4.4.3

Multi-Objective Motion Planning Optimisation

The discussed multi-objective optimisation techniques are evaluated for optimising the motion planning of multi-robot material handling systems, i.e. the different scalarising functions
with C3 versus Pareto-based multi-objective optimisation with mo C3 . These techniques are deployed for SBO, using the proposed modelling methodology from Section 4.2 to construct
the problem’s model. The purpose of this evaluation is to identify the most-suitable and reliable multi-objective optimisation technique to plan optimal robot motions while assessing
the trade-off between multiple conflicting objectives. Based on the result of this, a systematic
multi-objective optimisation methodology for the motion planning problem of multi-robot
material handling is proposed, which answers research question RQ2.
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This investigation is done for the press line tending case study. The considered press line
includes four presses and five robots. The objectives are minimising the cycle-time (2.12)
and robot wear (2.13). It is assumed that the handled parts are rigid during handling and no
constraint for the energy efficiency is included in the model. Since the press line tending case
study is based directly on a physical press-line and the production of a specific sheet metal
plate, it was possible to also evaluate the optimisations’ results against the current industrial
practice, which is manual online tuning as discussed in Section 3.3.
The results of this comparison are summarised in Figure 4.8. It can be seen that the proposed mo C3 algorithm outperforms the multi-objective CCEA. This thus demonstrates that
mo 3
C ’s extension with the constructive heuristic improves the algorithm, since the extension
is the only difference between the two algorithms.
In Figure 4.8, mo C3 is compared against the optimisations with the scalarising objective
functions. This shows that the mo C3 Pareto-optimal solutions are better than the optimised
solutions with the scalarising functions. Except for one test with the linear scalarisation function, the proposed Pareto-based mo C3 algorithm performs better than the scalarising functions. Another disadvantage of the scalarising functions is need for preference information
to tune the parameters/constraints that combine the multiple objectives into one. Such information is often not available a priori, or/and translating this information into values for
those parameters/constraints is often flawed due to the indirect relationship. The conclusion of this is that mo C3 is most suitable for these problems compared to the CCEA and the
scalarising functions in this comparison.
It can also be seen in Figure 4.8 that the multi-objective SBO results are significantly better
than manual online tuning, which is the current industrial practice for the motion planning
of the press line tending case study. The difference in ISJ for the robot motions obtained by
manual tuning and multi-objective SBO is visualised by the jerk profiles shown in Figure 4.9.
The left and right solution refers to the most left (i.e. lowest production rate and lowest ISJ)
and right solution (i.e. highest production rate and highest ISJ) of the Pareto-front from
Figure 4.8. It can be seen that the jerk profiles are clearly lower for the SBO solutions with
mo 3
C than for the manually tuned solution, which means fewer vibrations and lower stresses
on the robot’s structure and components as discussed for (2.13).
A detailed description of the performed tests and the comparisons can be found in Paper 3.
This demonstratively evaluates that the proposed methodology of mo C3 , together with the
earlier described modelling methodology in Section 4.2. This answers the multi-objective
optimisation element of research question RQ2 in this thesis.
The proposed multi-objective optimisation methodology to optimise the motion planning of multi-robot material handling systems is also applicable for scenarios with other
objectives than cycle-time and robot wear. For example, the robots’ energy efficiency is an
objective that is also often relevant for production systems. To consider this with the proposed multi-objective optimisation methodology, an objective function that calculates the
cost value for the robots’ energy efficiency is integrated in the problem model. Such a model
is proposed in Paper 4 for the press line tending case study. Similarly, for the scenario where
minimising the part deformations during handling is also an objective, the modelling approach from Paper 5 can be used.
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4.5

Compliant Sheet Metal Parts

In the previous investigations in this chapter, the dimensions of the handled sheet metal
plates in the press line tending case studies are relatively small. Hence, the deformations of
the plates during handling are relatively small so that these do not have a significant effect
on the motion planning. Due to this, the plates are assumed to be rigid in the model of the
optimisation problem.
This section looks at the motion planning problem for handling larger sheet metal parts
that are compliant, and the deformations during handling become relevant for the motion
planning problem. As discussed in Section 2.4, the part deformations are relevant since these
will play a role for two other aspects of the motion planning problem, i.e. collision avoidance
and parts’ dimensional quality.

Collision Avoidance
The first affected aspect is the collision avoidance, both with static obstacles and in the multirobot coordination. It is thus necessary to consider the dynamically deforming shape of
the part in the collision detection simulation to anticipate for all possible collisions of the
handled part with the obstacles and the other robots in the workspace. The dynamic part
deformations are based on the transient response analysis of the vibrations/deformations of
the part during handling, which is based on Finite Element Analysis (FEA) [60].
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FEA is typically computationally expensive, and integrating it directly into the simulation
model for SBO could drastically increase the optimisation time beyond what is practically
feasible. It is proposed to focus the part deformation calculations on critical points of the
part’s geometry. These critical points are the first to interfere with the obstacles or other
robots in the case of a collision. To further reduce the simulation time, the 3D models of
the obstacles are also simplified to only include the geometrical features that are relevant for
the collision detection simulation. A detailed description of the proposed methodology for
modelling the parts’ deformation and the collision detection simulation with the deforming
part can be found in Paper 5.
Dimensional Quality
The second affected aspect is maintaining the part’s dimensional quality by avoiding large
(plastic) deformations that result in shape variations and/or cause damage. The motions
of the robots need to be planned to limit the force on the part that make it deform, for
example acceleration induced inertia force and air resistance force. Limiting the force on the
part during handling avoids that the resulting maximum part deformation or induced stress
remains below the safe limit, as formulated respectively in (2.17) and (2.18). The latter is used
in the performed tests in this investigation.
As discussed earlier, integrating FEA in the model for SBO would most likely drastically
increase the simulation time, and thereby also the optimisation time. It is therefore proposed
to approximate the relationship between the force on the part, and the maximum deformations or maximum induced stresses by a Response Surface Model (RSM). The explanatory
variable of the RSM is then the force on the part, and the response variable is either the
maximum deformation of the part, or the maximum induced stress.
The construction of the RSM is done in advance, and is based on a generated set of data
samples where each sample has a different value for the input parameter, i.e. the force on the
part. Depending on the application range for this parameter, the samples are obtained by
for example random (in this investigation) or uniform sampling, or by using advanced space
mapping methods [67, 89, 90]. A physics-driven model with a FEA-based kernel is solved for
each sample to calculate the corresponding output value for the maximum deformation of
the part or the maximum induced stress [91].
The RSM is constructed by performing a regression analysis of the data samples. The
selection of the regression technique varies depending on the complexity and non-linearity
of the problem. Non-linear polynomial fitting is used in this work, as proposed by Li and
Ceglarek [14], and the accuracy is verified by non-exhaustive leave-p-out cross validation.
Evaluation
It should be noted that the used FEA software needs to be able to directly parametrise the
specifications of the analysis. The Variation Response Method (VRM) [74], a physics-driven
modeller with FEA-based kernel, is used in this work because of its advanced capabilities
to parametrise key specifications including the loading force, part’s compliance, end-effector,
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Figure 4.10: Parametrisation of the end-effector design for optimisation
and vacuum-cups [92, 93]. The vacuum-cups are modelled as a set of rigid points in a circular
pattern. It is assumed that the positions of the vacuum-cups on the plate are identical for each
cycle.
The proposed methodology for the modelling compliant sheet metal parts for the motion planning problem is evaluated in this investigation considering the press line tending
case study. The press line includes one press and two robots (one for loading and one for
unloading) and there is no restriction on the robots’ energy consumption.
The results show that the proposed methodology is effective for taking into account the
part deformations for the motion planning. Collisions, that would have remained undetected
when considering that parts are rigid, are now detected. These can thereby be avoided and
trajectory generation respects the maximum allowed part deformations and induced stresses
in the parts. A detailed description of this investigation can be found in Paper 5. The proposed
methodology addresses how to anticipate for the part compliance during the motion planning
to answer research question RQ3 of this thesis.

4.6

End-Effector Design Optimisation

The end-effector design is also an important aspect for the motion planning as discussed
during the problem formulation in Section 2.4. It has been established that the design of
the end-effectors play an important role for the motion planning of multi-robot material
handling systems of sheet metal parts. This section presents the proposed methodology to
simultaneously optimise the end-effectors’ design and the multi-robot motion planning, so
that these are co-adapted for each individual operation.
The proposed methodology in Section 4.5 for modelling compliant parts is extended for
the parametrisation of the end-effector design, and the resulting additional parameters are
then also optimised by the algorithm in the SBO framework from Figure 4.1. The parametrisation of the end-effector determines the location of the end-effector’s vacuum-cups on the
handled plate, as shown in Figure 4.10. It can be seen that these parameters are concerned
with the positioning of the end-effector’s vacuum-cups on the handled sheet metal part. It
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Figure 4.11: Comparison of part deformation with the (a) default and (b) optimised endeffector design, and the induced stresses with the (c) default and (d) optimised end-effector
design, (red dots indicate the vacuum-cup constraints)

must be noted that it is assumed that the structure of end-effectors is always mechanically
sufficiently strong to handle the parts within the allowed range for the parameters.
Another extension is necessary in the calculation of the maximum holding force of the
end-effectors in order to consider the changing designs of the end-effectors. Furthermore,
other extensions are necessary in order to consider the changing end-effector designs for the
collision detection simulation, and the part deformation modelling. A detailed description
of this can be found in Paper 5.
The extended modelling methodology, together with the proposed C3 algorithm, is evaluated for the press line tending case study. The considered press line includes one press and
two robots, and there is no restriction on the robots’ energy consumption. The results of this
evaluation show that significant improvements in productivity can be achieved by optimising
the end-effector design co-adaptively with the motion planning. Further analysis shows that
this is mainly due to the role of the end-effectors in the collision-avoidance for the multi-robot
coordination, as explained in Section 2.4. The difference in the part deformations and the
stress with the original and optimised end-effector design is shown in Figure 4.11. A detailed
description of this investigation can be found in Paper 5. This contributes to the answer of
research question RQ3 in this thesis.
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4.7

Summary

This chapter investigates optimising the motion planning problem for multi-robot material
handling systems of sheet metal parts. Due to its complexity, it becomes necessary to use
computer models to approximate the multiple aspects of the problem for the optimisation.
Based on literature, it was established that using SBO is most suitable for tackling this. However, whereas previous works on this typically focus on only a few of the identified relevant
aspects of the motion planning problem, the goal in this thesis is to solve the motion planning problem while considering the identified relevant aspects together as one optimisation
problem.
This led to the proposed multi-disciplinary modelling methodology that keeps the simulation time short enough for SBO to avoid impractically long optimisation time. Furthermore,
the proposed C3 and mo C3 algorithms, respectively for single- and multi-objective optimisation are presented in this chapter. The evaluations show that C3 and mo C3 are competitive
compared to the state-of-the-art, and that these are well-suited for optimising multi-robot
motion planning problems.
Furthermore, it is described how the proposed modelling methodology for the motion
planning problem is extended to take into account the deformations of compliant parts during handling. This is then also further extended to enable simultaneously optimising the endeffector designs. The novelty of this is that end-effector designs are co-adaptively optimised
with the multi-robot motion planning. The results of its evaluation for the press line tending
case study, which demonstrate the resulting improved productivity, are also discussed.
In general, this chapter investigates and proposes methodologies to successfully model and
optimise the motion planning problem for multi-robot material handling systems of sheet
metal parts. It is shown that the proposed optimisation algorithms enable efficient SBO, for
both single- and multiple objectives such as productivity, robot wear, energy efficiency, and
part deformations/stresses. The proposed modelling methodologies for the different relevant
problem aspects are compatible and can be used together within the SBO framework. This
chapter thereby answers research questions RQ2 and RQ3 in this thesis.
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Chapter 5
Trajectory Optimisation
This chapter focusses on research question RQ4, i.e. on how to optimise coordinated trajectories for multi-robot material handling systems of sheet metal parts. In the previous chapter
on motion planning optimisation, the robot’s velocity and acceleration profiles of the trajectories are determined according to the motion control software of the robot controller.
However, the robot controller generates generic velocity and accelerations profiles for the
trajectories since it is designed to be suitable for a wider range of operations. Therefore,
the goal of the investigation for research question RQ4 in this chapter is to propose a suitable methodology to generate optimal trajectories that have tailored velocity and acceleration
profiles for each specific operation in multi-robot material handling systems of sheet metal
parts. As discussed in the trajectory optimisation problem formulation in Section 2.5, this is
investigated under the assumption that the robot paths are predefined and are not modified
during the optimisation. This assumption includes that the predefined paths are collision-free
concerning the obstacles in the workspace, including the deformed shape of the handled part.

5.1

Non-Linear Programming Model

Early on, it was found in literature that Non-Linear Programming (NLP) is very suitable.
The advantages are the simplicity of the model and the short optimisation time. This approach requires that the considered problem is modelled by a set of equality and inequality
constraints, and an objective function. How this is done is presented in this chapter.
The proposed modelling methodology of the trajectory optimisation problem, as a NLP
problem, is partially based on the work by Li and Ceglarek [14] and Riazi et al. [94]. However,
these works do not consider multi-robot systems, but look at a single robot or multiple robots
with reserved workspaces. In the latter case, the robots are forced to wait until their entire
workspace is cleared by the other robots, which results in longer time-delays between the
operations.
In this thesis, this work is extended by integrating a multi-robot coordination method in
the model to shorten the time-delays between the operations. This enables it to obtain the
highest productivity by allowing that the robots operate in close proximity. This extension
is one of the contributions of the proposed NLP model.
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5.1.1

Parametrisation

In order to formulate the trajectory optimisation problem for the multi-robot material handling of sheet metal parts as NLP problem, the predefined robot paths are discretised into
r
n segments. This gives the robot positions θj,i
, for each Joint j ∈ J of each Robot r ∈ R,
for each Segment i ∈ N = {1, . . . , n} of the discretised path. The paths of the end-effectors
(xri , yir , zir ) that results from the predefined positions of the robot joints is also predefined and
discretised correspondingly. Time variables tri are introduced for each Robot r that specify
the duration for the robot to transfer path Segment i ∈ N . The set H ⊂ N is the subset with
the indices of the path segments during which a part is held by the robot. For pick-and-place
operations, a part is handled from the pick to the place location, and the corresponding path
segment indices are in the set H (transfer mode). The segments from the place to the pick
location are not included in H (transit mode).
The optimisation variables for the proposed optimisation model are the duration-time tri ,
r
r
and angular acceleration αj,i
of each Joint j ∈
and thus subsequently the angular velocity ωj,i
J of Robot r, for each path Segment i. For the modelling, the trajectories are approximated
as having piece-wise constant acceleration that can only change (stepwise) at the end of a
segment [14]. This is implemented in the model using the following equations
r
r
r
ωj,i+1
= ωj,i
+ αj,i
· tri
r
r
r
r
θj,i+1
= θj,i
+ ωj,i
· tri + αj,i
· (tri )2 /2

(5.1)

r
r
where ωj,i
and αj,i
are respectively the velocity and acceleration of Joint j of Robot r during
r
r
r
path Segment i. The end-effector velocities (vx,i
, vy,i
, vz,i
) and accelerations (arx,i , ary,i , arz,i ) are
then derived based on the predefined end-effector paths (xri , yir , zir ) and the duration-time (tri )
for the segments.

At the start and end of an operation, the robot is stationary. The model therefore includes
boundary conditions to ensure that the robot joints’ velocity and acceleration are zero at the
beginning and end of the trajectory. These are implemented for each Joint J of Robot r as
follows
r
ωj,1
= 0;

r
ωj,n
= 0;

r
αj,1
= 0;

r
αj,n
= 0;

(5.2)

where i = 1 refers to the beginning of the trajectory and i = n to the end. Similar boundary
conditions are used to ensure that the robots stand still at the pick and place positions along
the path
r
ωj,pick
= 0;

r
ωj,place
= 0;

r
αj,pick

r
αj,place
= 0;

= 0;

(5.3)

where i = pick refers to the joint position for picking the part, and i = place to the joint
position for placing the part handled by Robot r.
The following boundary conditions are implemented in the model to specify the allowed
range for the optimisation variables (i.e. duration times, velocities and accelerations per
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segment)
tmin ≤ tri ≤ tmax
r
r
r
ωj,min
≤ ωj,i
≤ ωj,max
r
αj,min

≤

r
αj,i

≤

(5.4)

r
αj,max

r
where tmin and tmax are respectively the minimum and maximum duration time, and ωj,min
,
r
r
r
ωj,max and αj,min , αj,max are the lower and upper limits for the velocity and acceleration,
respectively, of the Joint J of Robot r.

The robot motions need to be reasonably smooth, which means that there should therefore be a good continuity in terms of acceleration of the robot joints. This is achieved by
restricting the jerk (i.e. the derivative of the acceleration) of the generated trajectories. The
following constraint specifies the bound on the jerk to control the smoothness of the trajectory
r
r
r
|α̇j,i+1
− α̇j,i
| · tri ≤ ∆α̇j,max
(5.5)
r
where ∆α̇j,max
is the maximum allowed jerk for the Joint j of Robot r. This constraint is
referred to as the smoothness constraint.

Force
It is also required to estimate the force on the part during handling in order to verify the
holding force constraint, part deformations, and induced stresses. The force on the part that
makes it deform is generally proportional to the end-effector’s velocity, the gravitational and
end-effector’s acceleration. The velocity and acceleration of the end-effector are determined
by the robot joints’ velocities and accelerations. The implementation for modelling the force
on the part is as follows

r
r
Fir = fF ORCE ωJ,i
, αJ,i
,g
(5.6)
where fF ORCE estimates the force on the part Fir based on the robot joints’ velocity, accelerations, and the gravitational acceleration. A detailed description of the force calculation can
be found in Paper 7.

5.1.2

Multi-Robot Coordination and Cycle-Time

The model needs to calculate the cycle-time of the considered multi-robot material handling
system, as formulated in (2.10). This is necessary because the cycle-time is usually involved
in a constraint or in the objective function. The cycle-time is determined by time-delays for
the multi-robot coordination of the trajectories. A novelty of the proposed model is that the
multi-robot coordination is directly adjusted when the trajectories are modified during the
optimisation. This consequently allows the model to calculate the cycle-time.
The multi-robot coordination is based on the fixed path coordination method proposed
by Bien and Lee [30]. The multi-robot coordination is still based on initial time-delays to
make the robot wait to start its operation so it will not interfere with the other robots. The
calculation of these time-delays is based on the Coordination-Space (CS) representation of
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the robot-to-robot collisions. A detailed description of the implementation of the multirobot coordination method in the proposed NLP model for trajectory optimisation can be
found in Paper 6.
The calculated initial time-delays are adjusted to take into account the availability of the
robot. This anticipates for that a robot must complete its previous operation(s) before it can
start its next. Consequently, the cycle-time of the system is calculated by combining these
adjusted initial time-delays of all robots. This is also a novelty of the proposed NLP model
for trajectory optimisation, which is described in detail in Paper 6.
The goal for the trajectory optimisation can be to improve the productivity of the multirobot material handling system. For this scenario, the objective function implemented in the
model focusses on minimising the cycle-time, which is implemented as follows
min CT

(5.7)

where CT is the cycle-time of the material handling system. For other scenarios, where the
productivity is not the objective of the optimisation, it is often required that a certain level
of productivity is guaranteed with the optimised trajectories. This is done by implementing
the following constraint in the model that restricts the cycle-time of the material handling
system
CT ≤ CTpre
(5.8)
where CTpre is the predefined cycle-time for the required productivity. Trajectories that do
not meet this constraint, i.e. the resulting cycle-time is longer than the predefined cycle-time,
are considered as infeasible trajectories by the optimisation model.

5.1.3

Energy Efficiency

In order to address the energy efficiency aspect as formulated in (2.14), the proposed model
needs to directly consider the robots’ energy consumption for the trajectories during the
optimisation. The proposed NLP model does however not include a dynamic model of the
robots. Instead, the energy consumption is approximated using the “pseudo-power” measure
proposed by Riazi et al. [58]. The pseudo-power is defined as the product of the angular
velocity and acceleration of the robot joints. It was shown that minimising the integral
of the squared pseudo power along the trajectory reduces the energy consumption and the
required peak power [94]. There is however one limitation when using the pseudo-power,
which is that it should only be compared for trajectories with an equal time-duration. The
objective function in the model to optimise the energy efficiency is then as follows
min

R X
J X
N
X

r
r 2
(ωj,i
· αj,i
) · tri

(5.9)

r=1 j=1 i=1

because the integral becomes the sum of the pseudo-power during each trajectory segment.
A requirement for using this objective function is that the model includes a constraint to
guarantee that the duration of the trajectories is always the same. Due to this limitation, this
objective function should thus only be used in combination with the predefined cycle-time
constraint in (5.8).
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5.1.4

Holding Force

The trajectory optimisation needs to take into account the maximum holding force of the
end-effector to avoid that a part is dropped during handling, as formulated in (2.11). Based
on its design and components, the maximum holding force of the end-effector is calculated as
proposed by Mantriota and Messina [44], and Tuleja and Ŝidlovská [45]. The required force
to hold a part is usually equal to the force on the part as calculated in (5.6). This constraint is
then implemented in the model as follows
r
Fir ≤ Fhold
,

∀i ∈ H

(5.10)

r
where Fhold
is the maximum holding force of the end-effector, and Fir is the required force to
hold the part. This constraint is only relevant when the robot is handling a part, hence it is
only applied on the segment indices i ∈ H.

5.1.5

Part Deformations

Minimising or limiting the part deformations during handling is an important aspect of the
motion planning problem in order to maintain the dimensional quality of compliant sheet
metal parts, as formulated in (2.17). It must be noted that only the maximum deformation
of the part is relevant when integrating an objective or constraint to address this in the optimisation model. The force on the part during handling determines the deformation of the
part as formulated in (2.16). Therefore, the maximum part deformations can be written as
the following function
uri,max = fDEF (Fir ), ∀i ∈ H
(5.11)
where fDEF is a function that gives the part deformation for the force Fir during segment
i ∈ H.
Since it is not possible to integrate the FEA in the NLP model, a Response Surface Model
(RSM) is used instead for which this can be done. The RSM is then implemented in the
model to represent the relationship between the force on the part and its deformation, i.e. to
replace fDEF in (5.11). This is then implemented in the model as follows
uri,max = RSMu (Fir ), ∀i ∈ H

(5.12)

where RSMu (Fir ) is a function that represents the RSM.
The RSM is constructed in advance based on a sampled set of FEA results, which give the
part deformation for a specific force on the handled part. Each sample has a different value for
the input parameter of the force on the part. Depending on the application range for the force
on the part, the input values are determined by for example random (done in this work) or
uniform sampling. A physics-driven model with a FEA-based kernel is solved for each sample
to calculate the corresponding output value for the maximum part deformation [91]. The
Variation Response Method (VRM) [74], is used as physics-driven modeller with FEA-based
kernel to evaluated the samples for constructing RSMu in (5.12) because of its advanced
capabilities to parametrise key aspects including the force, part’s compliance, end-effector,
and vacuum-cups [92, 93].
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The RSM is constructed by performing a regression analysis of the generated set of samples. The selection of the regression technique can vary depending on the complexity and
non-linearity of the problem. Non-linear polynomial fitting is used in this work, as proposed by Li and Ceglarek [14], and the accuracy is verified by performing a non-exhaustive
leave-p-out cross validation. The resulting non-linear polynomial function is then directly
implemented in the NLP model.
For certain scenarios, the part deformations during handling are restricted to maintain
the parts dimensional quality. The model then implements a constraint that directly restricts
the allowed maximum deformation of the part, as formulated in (2.17). For other scenarios,
the objective is to minimise the part deformations during handling. The objective function
in the model is then as follows
XX
min
(uri,max )2
(5.13)
r∈R i∈H

where uri,max gives the maximum deformation for the part held by Robot r during Segment i ∈ H. A detailed description of this objective function can be found in Paper 7.

5.1.6

Induced Stress

The purpose of the induced stress constraint is to avoid plastic deformation by ensuring
that the induced stress in the handled part does not exceed the material’s yield stress, as
in (2.18). This is necessary to protect the parts’ dimensional quality and avoid excessive
shape variations.
The maximum von Mises stress is used for comparing the induced stress in the part with
the yield stress. As it is an equivalent stress, the von Mises stress does not relate linearly to the
force on the part [14]. Therefore, FEA is used for representing the relationship between the
force on the part and the induced stress. The FEA estimates the von Mises stress in the part
that results from its deformation, which is in turn caused by the force on the part. In this
work, only the maximum stress in the part is relevant for verifying the yield stress constraint.
In order to approximate the relationship between the force on the part and the induced
stress that is formulated indirectly in (2.16), a RSM is constructed in the same way as for the
part deformation. This results in the following function

r
σi,max
= RSMσ Fir
(5.14)
where RSMσ (Fir ) is a function that represents the RSM. In order to integrate this in the
optimisation model, the allowed maximum force on the part to not exceed the yield stress is
calculated. This can be done easily based on the inverse function as follows

r
Fyield
= RSM−1
σyr
(5.15)
σ
r
where Fyield
is the force on the part which results in a maximum von Mises stress equal to the
yield stress of the material. In this way, the constraint can be reformulated as follows
r
Fir ≤ Fyield
, ∀i ∈ H
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where Fir is the force on the part held by robot r during segment i that is calculated in (5.6).
This constraint is only relevant when the robot is handling a part, hence it is only applied on
the segment indices in i ∈ H.

5.1.7

Optimal Solution Post-Processing

The optimisation model is implemented using the software package AMPL [95] and the optimisation is performed using the Knitro non-linear solver [96]. The output of the solved
optimisation model is a list of optimised duration-times tri , one for each path Segment i of
each Robot r in the considered system. Post-processing is necessary to obtain the corresponding optimised trajectories. Interpolation can be used to get the robot positions for isochronal
time-steps to reformulate the optimised trajectories. Isochronal time-steps mean that they
have an equal time-duration, which implies that the interpolation of the trajectory gives new
segments that now have an equal duration-time. In this format, the interpolated trajectory
can be programmed and uploaded to a robot or an industrial material handling device.

5.1.8

Verification and Validation

The regression analysis to construct the deformation and stress response surface model, i.e.
RSMu and RSMσ , are based on 100 random samples. For the deformations, it was found that
this number of samples is sufficient to construct an accurate 3rd order polynomial regression
model for the RSMu with a root-mean-square error less than 1 mm. For the induced stress,
this gave a 3rd order polynomial regression model for the RSMσ with a root-mean-square error
is less than 2.50 MPa. These errors of both polynomial regression models are acceptable for
the purpose of the optimisation.
The proposed NLP model for trajectory optimisation of multi-robot material handling
systems is verified in this work. The optimised trajectory generated by this model is tested
by comparing it with measurements on a robot in a lab setup. Comparing the modelled
and measured trajectory provides an indication of the reliability of the optimised trajectories
generated with the proposed NLP model.
These tests are done for the 2D-belt Binar Unifeeder robot [64] that is used for the material
handling in the press line tending case studies in this thesis. Monitoring the position of the
two joint motors that drive the belt of the robot provides a measurement of the trajectory of
the robot. Figure 5.1 shows the comparison of the modelled and measured position profiles.
It can be seen that there is a good correspondence between the modelled and measured joints’
position profiles. This shows that the optimised trajectories with the proposed model are
reliable.
A detailed description of the modelling methodology and its evaluation can be found
in Paper 6 and Paper 7. This investigation verifies that the proposed NLP model answers the
trajectory optimisation element of research question RQ4 in this thesis.
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Figure 5.1: Comparison modelled and measured joints’ position profiles (θj ) for the 2D-belt
Binar Unifeeder robot, (a) Joint 1, (b) Joint 2

5.2

Productivity and Smoothness

In this first investigation for the trajectory optimisation with the proposed NLP model, the
focus is on optimising the productivity. Since the optimisation variables affect the robots’
velocity and acceleration profiles, special attention is given to the robot motions’ smoothness.
The ability of the proposed model to generate trajectories with the productivity objective
function, while respecting the smoothness constraint, is investigated by performing multiple
optimisations with a decreasing jerk bound value of the jerk constraint in (5.5). This is done
for the press line tending case study, which included six robots and five presses, and there
is no restriction on the robots’ energy consumption. To improve the presentation of the
results, the cycle-time and jerk bound values are normalised with the original trajectories as
reference. Since this normalised jerk bound value is thus relative, a single value is thereby
applicable for all robots.
In total 10 different experiments are performed for this investigation. For each experiment, the trajectories are optimised with a different the jerk bound value in (5.5). The
r
normalised jerk bound values (∆α̇j,max
) for the experiments are [0.01, 0.02, 0.04, 0.08, 0.16,
0.32, 0.49, 0.65, 0.81, 1]. The optimisation uses the objective function that minimises the
cycle-time. For each experiment, the optimised trajectories are tested on the 2D-belt Binar
Unifeeder robot.
These tests on the 2D-belt robot confirmed for all 10 experiments that the optimised
trajectories can successfully be run on the robot. The minimal cycle-times found by the
optimisations with the 10 different jerk bound values are presented in Figure 5.2. This shows
that for the higher jerk bound value from 0.32 and above, the cycle-time for the optimised
trajectories is the same. The cycle-time only starts to increase when jerk bound value is below
0.32. It can be concluded that the proposed model, not only improves the productivity,
but also can address the smoothness of the robot motions. A detailed description of this
investigation can be found in Paper 6. This contributes to answering research question RQ4
in this thesis.
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Figure 5.2: Cycle-time (CT ) results of the 10 productivity optimisation experiments with
r
different jerk bound values (∆α̇j,max
)

5.3

Energy Optimisation

The next investigation evaluates the proposed model for optimising the trajectories of the
multi-robot material handling system in order to improve the productivity. The robot trajectories are optimised with the proposed NLP model and using the energy efficiency objective
function from (5.9). As noted earlier that due to its limitation, this objective function should
be used in combination with the predefined cycle-time constraint from (5.8).
In this investigation, the multi-robot material handling system of the press line tending
case study in considered that includes six robots and five presses. Multiple experiments are
performed for this investigation. In each experiment, a different predefined cycle-time is
used in the constraint from (5.8). This is to analyse and compare the corresponding possible
improvement in energy efficiency.
The energy efficiency improvement is experimentally evaluated by testing the optimised
trajectories on the 2D-belt robot and measuring the robots’ energy consumption. In each
experiment, the same measurements are done for trajectories generated by the robot controller that give the same cycle-time as the predefined cycle-time for the experiment. The
total energy consumption, i.e. the sum of all robots, is then compared for the optimised
and controller’s trajectories to investigate the improvement in energy efficiency. In total, six
experiments are performed for this investigation with the following predefined normalised
cycle-times (CTpre ) [1, 1.25, 1.875, 2.5, 3.125, 3.75].
The comparison of the measured total energy consumption between the optimised and
controller’s trajectories for the different predefined cycle-times is shown in Figure 5.3. For
all experiments, the results show that the energy consumption of the robots is lower with
the optimised trajectories, compared to the controller’s trajectories. The magnitude of the
reduction differs across the experiments due to the influence of the predefined cycle-time as
investigated by Vergnano et al. [53]. It can be concluded that the trajectory optimisation
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Figure 5.3: Comparison of the measured total energy consumption (EC R ) of optimised and
controller’s trajectories for the predefined cycle-times (CTpre ) of the different experiments
using the proposed NLP model significantly improves the energy efficiency of the material
handling robots, i.e. up to 14.5% reduction in energy consumption for the press line tending
case study. The position, velocity, acceleration, jerk and power profiles of the controller’s and
optimised trajectories, for both joint motors of the 2D-belt robot, are compared in Figure 5.4.
This illustrates how the optimisation with the proposed model modifies the trajectories in
order to reduce the energy consumption of a robot. It can be seen that high accelerations
only occur when the velocity is low and vice versa, since these give a low pseudo-power in
the energy minimisation objective function in (5.9).
A detailed description of the energy optimisation for the trajectories and the experimental
evaluation can be found in Paper 6. This investigation answers the energy-optimal trajectory
generation element of research question RQ4 in this thesis.

5.4

Part Deformation Minimisation

Generating specialised trajectories that minimise the deformations of the part during handling with the proposed model is also investigated. The optimisation model already includes
a constraint to avoid plastic part deformations during handling, as described in (5.16). However, this investigation focusses on minimising the deformations of the part during handling,
beyond avoiding plastic deformations, to protect the parts’ dimensional quality.
Even elastic deformation of the part can deteriorate its dimensional quality, by for example causing distortions when it comes in contact with the surface on which it is dropped at
the place position [10]. In the case of large elastic deformations, the contact force when it
falls on the surface can be unevenly distributed and damage it. Another issue with large part
deformations is that it can cause positioning errors of the part on the place location. This is
often problematic for certain material handling applications [10]. When this is a critical issue,
it is important to reduce even elastic part deformations during handling in order to maintain
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Figure 5.4: Position, velocity, acceleration, jerk and power profiles for the original and optimised trajectories of the two motors of one of the six robots in the press line for the unloading
operation
63

CHAPTER 5. TRAJECTORY OPTIMISATION

the dimensional quality, reduce shape variations and avoid positioning errors. In this investigation, the proposed trajectory optimisation model with the deformation-minimisation
objective function from (5.13) is evaluated for this purpose.
Experiments are performed for the trajectory optimisation of the press line tending case
study. The considered press line includes a single press and two robots, i.e. one for loading
the press, and one for unloading. The predefined cycle-time constraint from (5.8) is included
in the model but there is no restriction on the energy consumption of the robots.
The trajectories are optimised with the proposed model and deformation-minimisation
objective function from (5.13), which is based on the deformation RSM. The optimised trajectories are then executed on the 2D-belt Binar UniFeeder robot, and the joint motors’
positions are monitored during this to measure the optimised trajectories. These measured
trajectories are analysed to calculate the force on the part during handling. The calculated
force is then used as input for the physics-based modeller with FEA-kernel to estimate the
dynamic part deformations during handling. The same is done for trajectories generated by
the robot controller to perform a comparative evaluation.
The results show that the part deformations with the optimised trajectories are around
12% smaller compared to the controller’s trajectory. This is visualised by the profiles of the
force on the part shown in Figure 5.5 for both the optimised and controller’s trajectories for
Robot 1 and 2 in the case study. It can be seen that force on the part during handling is
lower for the optimised trajectories. It could be concluded that optimising the coordinated
trajectories of multi-robot material handling systems by using the proposed NLP model and
deformation-minimisation objective function can significantly reduce the part deformations
during handling.
A detailed description of the trajectory optimisation model, the objective function to
minimise the part deformations, and the experimental verification can be found in Paper 7.
This investigation answers the trajectory optimisation for deformation-minimisation element
of research question RQ4 in this thesis.

5.5

Summary

The trajectories generated by the robot controller are typically generic, to be suitable for a
wide range of applications. Consequently, these are thus not optimal for material handling
operation, which can affect important aspects for the motion planning of multi-robot material handling systems such as productivity, energy efficiency, or parts’ dimensional quality.
The investigations in this chapter focus on addressing this issue by optimising the trajectories for material handling operations with predefined paths, as formulated in research question RQ4.
The proposed NLP model for trajectory optimisation is presented, which novelty is the
integrated multi-robot coordination that directly adjusts the initial time-delays for the operations for the trajectory modifications by the optimisation. Objective functions and/or
constraints for controlling the identified relevant aspects are also proposed, including productivity, end-effector holding force, motion smoothness, energy efficiency, induced stress,
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Figure 5.5: Profiles of vertical force on the part, shaded areas indicate when robot handles
a part , for (a) Robot 1 original, (b) Robot 2 original, (c) Robot 1 optimised, (d) Robot 2
optimised trajectory
and part deformations.
The proposed NLP model is evaluated for optimising the trajectories to improve the productivity, motion smoothness, energy efficiency and parts’ dimensional quality. This is done
considering the press line tending case study. The results show that significant improvements
can be obtained in terms of productivity, robot motion smoothness, or energy efficiency, or
maintaining the part dimensional quality. It can thus be concluded that the proposed NLP
model is capable of optimising the velocity and acceleration profiles of coordinated trajectories for predefined paths. This chapter thus answers research question RQ4 of this thesis.
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Chapter 6
Summary of Appended Papers
This chapter presents summaries of the appended papers.
Paper 1
E. Glorieux, F. Danielsson, B. Svensson, B. Lennartson, “Constructive Cooperative Coevolutionary Optimisation for Interacting Production Stations”, in International Journal of Advanced Manufacturing Technology, vol. 80, no. 1, pp. 673-688, 2015
Paper addresses research questions RQ1, RQ2
This paper presents the Constructive Cooperative Coevolution Algorithm (C3 ) and the
modelling methodology that enables efficient SBO of the motion planning for multi-robot
material handling systems within a practical time-frame. The sole objective for the optimisation is minimising the cycle-time to improve the productivity. The robot wear, energy
consumption and part deformations are not considered in the optimisation model. C3 is
compared against other algorithms on both theoretical benchmark problems two case studies
concerning multi-robot material handling in multi-stage sheet metal press lines.
Paper 2
E. Glorieux, B. Svensson, F. Danielsson, B. Lennartson, “Constructive Cooperative Coevolution for Large-Scale Global Optimisation”, under review for publication in Journal of Heuristics, second revision submitted in September 2016.
Paper addresses research question RQ2
This paper proposes the C3 algorithm for continuous large-scale global optimisation problems, in a general context. Two versions of C3 are evaluated on high-dimensional benchmark
optimisation problems, including the CEC’2013 test suite for large-scale global optimisation.
C3 is compared against several state-of-the-art algorithms, which shows that C3 is among the
most competitive. This paper demonstrates the enhanced performance by using constructive
heuristics for generating initial feasible solutions for CCEAs.
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Paper 3
E. Glorieux, B. Svensson, F. Danielsson, B. Lennartson, “Multi-Objective Constructive Cooperative Coevolutionary Optimization of Robotic Press-Line Tending”, in Engineering Optimization, pp. 1-19, 2016
Paper addresses research questions RQ1, RQ2
This paper investigates multi-objective optimisation of the motion planning problem for
multi-robot material handling systems by evaluating both scalarisation methods and Paretobased multi-objective optimisation. The Multi-Objective Constructive Cooperative Coevolutionary Algorithm (mo C3 ) is proposed for Pareto-based optimisation, which uses a novel
constructive heuristic for the stepwise co-adaptive initialisation of the subproblems populations. mo C3 is compared against state-of-the-art Pareto-based multi-objective algorithms on
benchmark optimisation problems. The press line tending case study is considered to evaluate mo C3 for motion planning optimisation. The objectives are minimising the cycle-time and
the wear of the robots’ components. The latter is based on usnig the ISJ indicator proposed
by Gasparetto and Zanotto [3]. The results show that Pareto-based optimisation with mo C3
performs better than most scalarising single-objective functions, and gives substantially better results than manual online tuning, which is currently used in industry for the considered
case study.
Paper 4
E. Glorieux, B. Svensson, P. Parthasarathy, F. Danielsson, “An Energy Model for Press Line
Tending Robots”, in Proceedings of the 30th European Simulation and Modelling Conference
(EUROSIS ESM’16), pp. 377-383, November 2016
Paper addresses research questions RQ1, RQ2
This paper presents a generic energy model for 2D-belt robots, which is based on robot’s
components and specifications (e.g. dimensions, masses, inertia). An implementation and validation against measurements on a physical 2D-belt Binar Unifeeder robot is performed and
presented. The purpose and usefulness of the proposed energy model is also demonstrated by
two application cases for the press line tending case study; the investigation of potential energy savings achieved by reducing the weight of gripper tools, and by using mechanical brakes
when the robot is idle. The proposed energy model can be used for the purpose of SBO to
solve the motion planning problem for improve the energy efficiency. Since it is modular, it
can be integrated in the optimisation model of the considered multi-robot material handling
system.
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Paper 5
E. Glorieux, P. Franciosa, D. Celgarek, “End-Effector Design Optimisation and Multi-Robot
Manipulation Planning of Compliant Part”, under review for publication in Structural and
Multi-Disciplinary Optimization, initial submission in March 2017
Paper addresses research questions RQ1, RQ3
This paper presents a methodology to optimise the design of end-effectors co-adaptively
with the motion planning for multi-robot material handling systems of compliant sheet metal
parts. Preventing excessive part deformations during handling is a critical aspect of the problem. The proposed methodology tunes the robots’ motion planning so that excessive part
deformations are prevented. The optimisation model considers the dynamic part deformations during handling for the generated trajectories to guarantee collision-free path planning
and multi-robot coordination. This is integrated in the model using pre-calculated regression models to reduce the model’s execution-time for SBO. The primary objective of the
optimisation is minimising the cycle-time, and secondarily minimise the deformations of the
parts during handling. The proposed methodology is evaluated for the press line tending case
study.

Paper 6
E. Glorieux, S. Riazi, B. Lennartson, “Productivity/Energy-Optimal Trajectories and Coordination for Cyclic Multi-Robot Systems”, under review for publication in Robotics and
Computer-Integrated-Manufacturing, second revision submitted in February 2017
Paper addresses research question RQ4
This paper presents a novel methodology for trajectory optimisation with predefined
paths to solve the motion planning problem for cyclic multi-robot systems. Both velocity
tuning and initial time-delays are used to coordinate the multiple robots that operate in close
proximity and avoid robot-robot collisions in the shared workspace. The novelty is that the
Non-Linear Programming (NLP) model directly adjusts the multi-robot coordination during the trajectory optimisation, which allows to optimise the coordinated trajectories as one
problem. The methodology is evaluated for both productivity/smoothness, and energy efficiency optimisation. This is done for the press line tending case study. The deformations
of the handled parts are not considered, since these have relatively small dimensions and can
therefore be considered as rigid parts. The optimised trajectories are experimentally verified
on a robot by measuring its energy consumptions. The results confirm the reliability of the
methodology and that substantial improvements can be achieved for the system’s productivity, robot motions’ smoothness, and the energy efficiency.
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Paper 7
E. Glorieux, P. Franciosa, D. Celgarek, “Deformation-Minimal Trajectories for Material Handling of Compliant Parts”, to be submitted to Robotics and Computer-Integrated-Manufacturing
in April 2017
Paper addresses research question RQ4
This paper investigates trajectory optimisation to solve the motion planning problem
with predefined paths for multi-robot material handling systems of compliant sheet metal
parts to minimise the parts’ deformations during handling. This is an important issue to
maintain the part’s dimensional quality and reduce shape variations. A Non-Linear Programming (NLP) model is presented that includes an objective function for generating deformationminimal coordinated trajectories for predefined paths and cycle-time. The part deformations
are estimated using a precomputed RSM, whose regression analysis is based on FEA of the
handled part and end-effector. The end-effectors’ part holding force, plastic part deformations
and collision-avoidance for the multi-robot coordination are considered in the constraints of
the proposed optimisation model. The optimised trajectories are experimentally verified and
the results show that the proposed methodology reduces the deformations of part during
handling significantly.
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Chapter 7
Conclusions and Future Work
Optimising the motion planning problem for multi-robot material handling systems of sheet
metal parts is the core objective of this thesis. This is refined into the four more detailed
research questions that were presented in Section 1.4. The performed research work and
investigations for answering these have been presented throughout the different chapters in
this thesis. The appended papers provide detailed descriptions of these. This final chapter
presents a summary of the answers to the research questions, formulates the conclusions, and
also discusses future work.

RQ1: What are the relevant aspects for the motion planning of real-world
industrial multi-robot material handling systems of sheet metal parts?
The thesis focusses on identifying the main relevant aspects of the motion planning problem
for multi-robot material handling systems of sheet metal parts. This is necessary since a
key contribution of the research work is to consider these relevant aspects together as one
problem for the optimisation.
Chapter 2 formulates the motion planning problem for multi-robot material handling
systems of sheet metal parts and discusses the different relevant aspects of the problem that
have been identified. There are three main aspects to the motion planning problem, which are
the path planning, trajectory generation, and multi-robot coordination. Other (potentially)
relevant aspects, depending on the specific scenario, are concerned with collision avoidance,
productivity, holding force verification, robot wear, energy efficiency, part deformations,
induced stresses, and end-effector design.
The identification of these relevant aspects is part of the work presented in several of the
appended papers including Paper 1, Paper 3, Paper 4 and Paper 5. The problem formulation
and the discussion of its relevant aspects answer research question RQ1 in this thesis.
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RQ2: How can the motion planning problem be modelled and optimised in the
relevant aspects from RQ1, considering single and multiple objectives?

Chapter 4 looks into modelling and optimisation of the motion planning problem in order
to answer this research question. Simulation-based Optimisation (SBO) is put forward as the
most suitable approach based on literature. A modelling methodology is proposed for constructing the simulation model of the motion planning problem and the identified relevant
aspects for multi-robot material handling systems. It must be noted that the trajectory generation is done according to the robot supplier’s controller in the presented work for answering
this research question.
The main challenge is to efficiently integrate the identified aspects together into one model
without drastically increasing the simulation-time beyond what is practical for SBO. This element of this research question in the main focus of Paper 1. It is shown that this becomes
particularly challenging for integrating the collision-avoidance and the multi-robot coordination. The proposed modelling methodology suggests suitable abstract representations for
these aspects including C-space (collisions) and coordination-space (coordination). In this way,
the simulation-time of the model is kept sufficiently short for efficient SBO. The methodology to model the motion planning problem for SBO corresponds to contribution C1 in this
thesis.
It is established in Chapter 2 that the different aspects for the motion planning problem are inter-dependent. This is the motivation for integrating the identified aspects into
one model in order to consider them together as one optimisation problem. The alternative
would be to modify the motion planning stepwise, considering the aspects individually, using
the (intermediate) result of one as input for the next. The disadvantage with this is that it
requires objective functions for those intermediate results, which are often based on strong
assumptions that are typically not generic for multi-robot material handling systems. With
the proposed methodologies, a single optimisation problem that integrates the different relevant aspects together is used instead, and the “final” objective is directly considered during the
optimisation. There is thereby no need for intermediate objective functions, and the aspects
are parametrised together for the optimisation.
It is also important to use a suitable optimisation algorithm for SBO in order to answer
research question RQ2. It was found that Cooperative Coevolution Algorithm (CCEA) is
well-suited due to its divide-and-conquer strategy. This algorithm requires that the problem is
decomposed into individual subproblems, which are then optimised separately in a cooperative fashion. However, a new optimisation algorithm, called the Constructive Cooperative
Coevolution Algorithm (C3 ), that extends the existing CCEA is proposed. C3 ’s extension includes an advanced constructive heuristic to optimise a stepwise increasing subset of subproblems cooperatively during the initialisation. C3 is tested on large-scale optimisation benchmark problems, which showed that its performance is competitive with other state-of-the-art
algorithms, specifically on large-scale non-separable optimisation problems. The detailed presentation and evaluation of the proposed C3 algorithm on theoretical optimisation problems
can be found in Paper 2. The proposed single-objective optimisation algorithm is one of the
central elements of contribution C2 in this thesis.
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Multiple objectives are often relevant in the motion planning problem for multi-robot
material handling of sheet metal parts. Therefore, a Pareto-based multi-objective version of
C3 is proposed, which is called the Multi-Objective Constructive Cooperative Coevolutionary Algorithm (mo C3 ). The presentation and evaluation of mo C3 is presented in Paper 3.
Chapter 4 evaluates C3 and mo C3 for optimising the motion planning problem for multirobot material handling of sheet metal parts. The single-objective optimisation of the motion
planning problem with C3 gives significantly better solutions compared to CCEA, which is
one of the main conclusions in Paper 1. Furthermore, the multi-objective optimisation with
mo 3
C outperforms the multi-objective CCEA for the motion planning problem.
Two different approaches for multi-objective optimisation are comparatively evaluated
for the motion planning problem for multi-robot material handling, i.e. scalarisation methods and Pareto-based optimisation (with mo C3 ). This investigation is presented in detail in
Paper 3. It was found that for most tests, the proposed mo C3 gives better solutions than
these scalarisation methods for multi-objective optimisation. A major drawback with the
scalarisation methods is that preference information is required in advance to determine its
parameters/constraints that combine the multiple objectives in one scalar.
The proposed SBO methodology for the motion planning is also compared with the current industrial practice for the press line tending case study. As discussed in Chapter 3, the
current practice for planning the robot motions is trial-and-error, by online manual tuning of
the control systems’ parameters. When comparing the results of the optimisations with manually tuned solutions by experienced operators, it could be concluded that the optimisation
results are significantly better.

RQ3: How can the answer to RQ2 be extended to also model the handled parts’
compliance, as well as together with end-effector design optimisation?
The next research question focusses on handling compliant sheet metal parts and the parts’
deformations during the handling operations. This research question is the central problem
for the work presented in Paper 5. It is established in the problem formulation in Chapter 2
that considering the deformations during handling can be crucial in order to anticipate for
all possible collisions, i.e. between the deformed shape of the part and the obstacles. Furthermore, the trajectory affects the magnitude of the deformations since it determines the force
on the part during handling. The motion planning must therefore prevent that the force on
the part becomes too large such that the part deforms plastically. This is particularly relevant
for applications when the dimensional quality of the sheet metal parts is critical.
Chapter 4 describes how the proposed modelling methodology for research question RQ2
is extended to model the compliance of handled parts. Using Finite Element Analysis (FEA),
the dynamic deformations of the handled parts are integrated in the simulation model of the
problem for SBO. The deformed shape of the part can thereby be considered for the collision
avoidance and the multi-robot coordination. The deformation modelling specifically focuses
on “critical” points of the part, which are the first to interfere with the obstacles in the case
of a collision. The simulation-time of the model is thereby shorter and remains practical for
SBO. For the same reason, it is also proposed to use a Response Surface Model (RSM) to

73

CHAPTER 7. CONCLUSIONS AND FUTURE WORK

represent the relationship between the force on the part, and the maximum induced stress
due to the resulting deformation. This RSM is integrated in the model to efficiently avoid
plastic deformations of the part during handling. The extended modelling methodology is
evaluated for the press line tending case study, which shows that it is crucial to consider the
deformations of compliant sheet metal parts in the motion planning problem. The details of
this investigation can be found Paper 5. The proposed modelling methodology for SBO that
considers the part compliance in the motion planning problem is an element of contribution
C3.
It is furthermore also proposed to simultaneously optimise the design of the end-effectors
of the material handling robots co-adaptively with the motion planning. The proposed
methodology for this is the main contribution of the work presented in Paper 5. As described in the problem formulation presented in Chapter 2, this is motivated by the fact
that the end-effectors’ design plays a significant role for several aspects of the motion planning problem, including the part deformations and the multi-robot coordination. A strength
of the proposed modelling methodology is that this can straightforwardly be integrated by
parametrising the end-effector design in the motion planning model. This is evaluated for
the press line tending case study, which shows that the co-adaptive optimisation of the endeffectors’ design and multi-robot motion planning gives a significant improvement in productivity. The methodology to co-adaptively optimise the design of the end-effectors and the
motion planning is the second element of contribution C3.

RQ4: How can coordinated trajectories for predefined paths be optimised to
improve productivity, energy efficiency, or minimise part deformations?
The final research question in this thesis looks at trajectory optimisation with predefined
paths for the multi-robot material handling operations. Chapter 5 presents the performed
research work to answer research question RQ4. It is established that this problem can be
modelled mathematically, as a Non-Linear Programming (NLP) model, for the optimisation.
Most of the motion planning problem aspects remain relevant, except the path planning
aspect and the collision avoidance with the obstacles become unnecessary since the robot
paths are predefined. However, the trajectory generation becomes an additional problem
aspect since these are now not generated any more according to the robot controller, which
was the case in the SBO problem model used for answering the previous research questions.
The trajectory optimisation problem is considered in Paper 6 and Paper 7.
The goal behind this research question is to methodically generate tailored trajectories for
each specific material handling operation in the considered system, taking into account the
problem aspects such as the multi-robot coordination, motion smoothness, energy efficiency,
part deformations, etc. Chapter 5 discusses the NLP model for the trajectory optimisation
proposed in Paper 6, including modelling of these different relevant aspects. Furthermore,
multiple objective functions are proposed that enable optimising the trajectories according
to the different criteria from research question RQ4. The resulting trajectory optimisation
methodology corresponds to contribution C4.
The proposed model is evaluated for the press line tending case study. This includes the
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verification of the resulting optimised trajectories, which shows that the proposed methodology is reliable. Furthermore, the proposed model has also been investigated for optimising
the trajectories for improving the productivity, energy efficiency, and minimising part deformations during handling in order to maintain the dimensional quality. The former two
objectives are considered in Paper 6 and the latter of the three in Paper 7.
General remarks
The quantitative aspects of the obtained results are of course specific for the case study.
Hence, the magnitude of the obtained improvements of the objective will obviously always
differ for each system and application. However, the obtained results do illustrate the potential for significant improvements by using the proposed methodologies to optimise the
motion planning and/or the trajectories.
On the other hand, it is also important to note that the applicability of the proposed
methodologies does not rely on any specific aspects of the press line tending case studies.
As discussed in Chapter 3, the material handling system in the press line tending case study
can be considered as a multi-robot material handling system, in which the press is then a
“special” type of robot. Hence, the methodological-oriented contributions of this thesis can
be generalised to multi-robot material handling of sheet metal parts.
It should be noted that when the robots in the considered system have more than 2 dofs,
as in the case studies, sampling the C-space when generating the collision regions becomes a
challenging task, due to the high number of dimensions. Nevertheless, more efficient methods have been proposed in the literature for this scenario [24, 97, 98]
Future Work
In future work, parallel computing can be evaluated for the SBO methodology to reduce the
optimisation-time even further. This could increase the applicability of the proposed SBO
methodology, since this would allow using even more elaborate computationally expensive
simulation models and/or considering even more complex large-scale problems.
Further work could include investigating how to apply the proposed methodologies for
systems where the sequence of operations is not predefined and the operations are not assigned to specific robots but can be performed by multiple candidates. This would make the
proposed methodologies applicable to a wider range of systems.
Another aspect for future work is to evaluate and improve the robustness of the optimised motion planning and trajectories. An evaluation of the robustness could be integrated
in the models in order to take this into account during the optimisation. Future work could
also include investigating a more advanced representation of the collision and how to avoid
them during the path planning, trajectory generation, and multi-robot coordination, especially concerning dynamic environments and deformable parts, end-effectors, robot structures. This would enhance the capabilities and efficiency of the proposed work, for both
SBO and NLP.
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Multi-Robot Motion Planning Optimisation
for Handling Sheet Metal Parts
Sheet metal parts are widely used for different products such as car bodies, aircraft
fuselages, white goods, beverage cans, etc. In the production systems to manufac- ture
these products, the sheet metal parts are often handled by multiple robots. Planning the
motions for these material handling robots is an important task since it determines the
productivity and it can also affect the dimensional quality of the parts. This thesis investigates how to optimise the motion planning for the material handling robots according
to systematic methodology. The relevant aspects are identiﬁed and the motion planning
problem is modelled so that these are considered together as one optimisation problem. Several objectives are investigated including the productivity, robot wear, energy
efficiency and parts’ dimensional quality and the results show that signiﬁcant improvements can be obtained in these objective with the proposed methodologies.
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