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Sealant Process Model for Evaluating Robot Systems in Aerospace Industry
Alan Marcel Erbil and Olof Hill
Department of Industrial and Materials Science
Chalmers University of Technology

Abstract
The aerospace industry in confronted on the one hand with demand regulations
from the EU commission to become cleaner, safer, and cheaper. On the other hand,
is the change of the manufacturing industry toward more automation in order to
pave the way for the next industrial revolution, Industry 4.0. Due to high quality
standards and low production volume the aerospace industry has not been able to
implement much automation in their production systems. In order to cope with the
EU-regulations and to be in the forefront of automation, the aerospace industry now
wants to investigate in possible automation solution.

The aim of the thesis is to provide a model that will enable the aerospace industry to
systematically evaluate robot solutions. The model is built upon three production
efficiency criteria that need to be considered for developing a production system.
The model identifies parameters that need to be considered when developing an au-
tomated production system. The values of the parameters are determined by means
of calculation and simulation. These values are then used to calculate the efficiency
of a certain robot solution. The efficiency is used as means for comparison between
different robot solutions.

An example for calculating the efficiency of a robot solution is presented in the
thesis. The conclusion from the study is that the model can be used for evaluation
purposes. However, it is essential for the user to understand the interdependence of
the parameters as well as possession of the data that are necessary for the calculation.

Keywords: Robot sealant application, Automated sealant application, Sealant ap-
plication parameters, Efficiency calculation.
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1
Introduction

Manufacturing contributes to national employment and to the gross domestic prod-
uct (GDP); and is, therefore, one essential part for a country’s wealth creation [1,2].
Governments propose different strategies and concepts for the future of their man-
ufacturing industry in order to provide right circumstances and directions for a
sustainable growing economy [2]. The United States put forward the concept In-
dustrial Internet, which aims to add advancements in cyber technologies to the
manufacturing industry with the goal of enhancing the processing and exchange of
information and improve the current level of control [2,3]. The German Government
has a strategy called Industry 4.0, and the intent is to integrate cyber network into
the manufacturing environment. Thereby, adding a dimension of intelligent com-
munication between the working cells and making smart manufacturing a trend for
future manufacturing [2, 3]. Other developed countries, Japan and South Korea,
propose comparable visions to improve their competitiveness. However, every coun-
try is just beginning to take their initial steps toward their concepts and strategies
of future manufacturing. Paving the way toward the goal are automated production
lines in which industrial robots communicate and work in sequence [2].

The use of the word automation in a manufacturing context originates back to the
mid-1940s and was first used in the U.S. automobile industry. This phenomenon
illustrated the processing and handling of components by machines with little to no
human intervention [4, 5]. The general definition of automation, is the execution of
a series of predetermined actions with as little human intervention as possible, that
is enabled by necessary specialized equipment (computers, control systems, sensors,
actuators, etc.). These equipment in turn provide sources of information and process
it. The equipment enable the production system to observe, perform, make decisions
and control the series of actions on its own [4,5]. The benefits that automation brings
into a manufacturing environment are numerous: increased productivity, consistent
quality, decreased manufacturing costs and lowered risk for human fatigue [4, 5].

One industry that has not been able to exploit the benefits of automation and is
lagging in implementing automation is the aviation industry [6, 7]. The reason lies
in the low production volume, and therefore, the efforts towards finding automation
solution were not as strongly demanded as in the automotive industry, where a range
of automation solutions can be found [6–8]. Furthermore, the high complexity in
the aerospace structures as well as the high-quality requirements are additional
contributors for the slow advancement of automation solutions in the aerospace
industry [6].
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1. Introduction

1.1 Problem description

Aerospace manufacturers are faced with challenges from governmental future man-
ufacturing strategies [2,3], as well as EU-regulations regarding their vision of future
air travel [9]. Confronted with these challenges, manufacturers in the aerospace in-
dustry are required to adapt to the demands of future air travel to stay competitive
in the market. The advantages of future manufacturing can contribute to fulfill-
ing the demands from EU-regulations. However, as the aerospace industry employs
little automation solutions in their manufacturing today, automation of sealant ap-
plication for aerospace structure remains an uncharted territory [6,7]. Furthermore,
research on automated adhesive dispensing systems are lacking,to the best of the
authors’ knowledge. This indicates that there is a need for analysis of automated so-
lutions in the aerospace industry. The findings in this research intend to contribute
in filling the gap of investigations on automated sealant application processes in the
aerospace industry.

1.2 Research aim and questions

The aim of this thesis is to develop a model that can be used to evaluate robotic
solutions for sealant application processes deployed in the aerospace industry. The
model can serve as a tool for comparing different automation solutions and can assist
in the decision making process when confronted with automation technology invest-
ment choices. This aim is achieved by means of applying a production efficiency
perspective to the components for an automated sealant application process. This
thesis identifies the parameters that characterize an automated sealant application
process. These parameters are then used to develop a simulation model to evaluate
the performance of a possible automated sealant process system. The following re-
search questions are posed to achieve the research aim:

• RQ 1) What parameters can be used to describe an automated sealant applica-
tion process?

• RQ 2) How can these parameters be used to systematically evaluate a sealant
application?

1.3 Brief description of the research project

The aerospace industry is facing challenges and has to respond to the demands from
international regulations [9]. These demands require air travel to become more “af-
fordable, cleaner, quieter and safer” [9]. It is predicted that in the upcoming 20
years air traffic will triple. Consequently, the aviation industry must fulfill these
regulations as soon as possible in order to satisfy future demands [9].

Automation is a potential contributor to solve these challenges in the aviation in-
dustry thanks to its advantages mentioned above. SAAB is active in the aerospace
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1. Introduction

market and additionally it supplies OEM’s in civil aerospace industry with high-
end aerospace structures. SAAB has recognized these advantages and has therefore
commenced a project to automate the process of sealant application in aerospace
structures. At SAAB, the sealant application process is currently performed man-
ually and wants to investigate automated solutions for their sealant application
process. The aim for implementing automated sealant application solutions is to
reduce costs for material and labor as well as improving their own competitiveness
on the market.

1.4 Delimitations
The model created in this thesis implements on a production efficiency perspective
meaning that the robotic solutions are examined for their efficiency in a production
environment. This means that the components that are essential for a robotic so-
lution for sealant application are assessed regarding how efficiently they satisfy the
production criteria. This approach delimits the search to parameters regarding cost,
time and quality aspect.

The evaluation of the workpiece design and its influence in the decision making for
an automation investment is not included in this thesis. This means that the aspects
on how the workpiece design affects the development of the production system and
its efficiencies are excluded. Furthermore, design aspects of the end-effector and its
influence on the production efficiency are not evaluated, although findings regarding
end-effector design are discussed in the theoretical framework of this thesis. The ex-
perimental equipment, in this thesis is limited to the industrial robot KUKA LBR
iiwa 7 R800. Hence, this thesis is delimited to the implementation of manipulators
that are characterized by a serial configuration. The thesis focuses on the kinemat-
ics viewpoints of the manipulator, although relevant concepts are presented in the
frame of reference.

3
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2
Theoretical framework

This chapter provides the necessary background information for understanding the
framework of the project and the obstacles and gaps in the research field.

2.1 Sealant

Sealants are imperative in the industry and are an essential part in the products
we use in our daily lives. Application for sealants reach from clothing to medical
implants, as well as from food to construction structures. It occupies the surfaces
of the product’s joined area and serves as a layer of protection [10]. Thereby, it
prevents external forces and materials to penetrate and cause damage to the united
areas. Failing to apply sealants in a correct manner has severe implications [10].
Petrie [10] mentions that the space shuttle disaster of 1986, regarding Challenger, is
affiliated to a sealant failure and caused the whole shuttle to explode mid-air. In this
section, a description of a sealant is given and its properties as well as application
is discussed.

2.1.1 Sealant description
Sealant is a polymer which is of organic or synthetic base. Further, it can also
be synthetically produced by letting two or more compounds chemically react in
a mixing process [11]. The properties of the base resin in the sealant mix are
modified by mixing it with additives and in this manner, desired properties can be
produced [12]. Most commonly however, sealants are created by mixing only two
compounds [11]. Characteristics of a sealant are that they do not endure high tensile
or shear stress and are therefore not the ideal material for structural reinforcement
[13]. The main key function of a sealant prevents outer impacts from entering and
disturbing the product properties [10, 13]. An alternative application for sealant
is to contain a material – mainly liquids or gases – in a confined space [10]. The
sealant accomplishes this function by clogging the cavities of two or more surfaces
that are joined together and forms a protective layer around these surfaces [10,
13]. Furthermore, sealants can also serve as an insulator, and can even create an
obstruction for fire. Additionally, it can enhance the aesthetics of the product [10].
A significant characteristic of a sealant is the quality, meaning it fulfills its key
function for the remainder of its lifetime. The lifetime of a sealant is determined with
consideration to the environmental impacts that it has to withstand and overhaul
services that apply [10]. Further details regarding sealant properties and application
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2. Theoretical framework

considerations can be found in Appendix A – Sealant properties and considerations.

2.1.2 Sealant application: Quality requirements

Quality is defined as a set of product features that meet stated or implied customer’s
requirements [14,15]. As this definition states, the expectation on quality is depen-
dent on the customer [14]. Within this thesis the requirements are set by SAAB. For
string application SAAB requires the height of the sealant to be between 3-6 mm
or 6-8 mm, and the width between 4-8 mm or 8-16 mm depending on application.
The appearance of the sealant must have an even and consistent form. The qual-
ity requirements regarding sealing of bolts is that the layer that encapsulates the
bolt must be between 2,5-5mm in thickness. The appearance of the sealant must
have an even and consistent form and should not spread out to an excessive area.
These quality requirements must be considered when choosing the components for
the automated sealant application process.

2.1.3 Sealant application: Methods

In this subsection, methods for sealant application are discussed, both robotic and
manual, and the equipment for the respective application method are reviewed.
Sealant properties must be considered in the choice of application method and equip-
ment in order to achieve a successful sealant application [13]. Further criteria points
that influence the choice of application method are the part geometry, including the
accessibility perspective to the application area, and the production rate [13].

In a manual application environment, equipment such as brushes or rollers are com-
monly utilized [13]. Also types of squeeze bottles and tubes, as well as dispensing
guns and spatulas, are equally commonly employed [13]. With the help of these
tools the operator applies the sealant on the components [13].
The robotic or automated application illustrates a far more complex equipment
setup [16]. The complexity factor stands in reference to the number of components
employed, and further, the communication between those elements [16]. Compo-
nents employed in the automated sealant dispensing system are of importance for
the success of the application process [8,16,17]. Bafunno [16] and Tuner [8] have iden-
tified these components. The first component being the cell controller. It initiates
and stops the process in the working cell. Then, it governs the signal communication
from the cell to other monitoring systems [8,16]. It checks if every other component
in the system is up and running. As soon the part is in place it gives the signal to
start [16]. The second component, the workpiece positioning system, is responsible
for holding the work piece in place [16]. This system can have different composi-
tions, either a fixture is utilized to secure the correct positioning of the workpiece
or external visual equipment are employed that measure and calculate the location
of the part in reference to the robot location [16]. The robot manipulator and con-
troller are the third component in the chain, and after receiving the start it applies
the right amount of sealant on the locations [8, 16]. The end-effector which is the
tool on the robot is an additional fourth component. It is designed for the specific
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2. Theoretical framework

application process. The design of end-effector contributes to the reachability of
the robot as well as to the appearance of the sealant bead [8, 16]. Regarding the
design of the end-effector Bafunno [16] has identified the orientation of the nozzle
and the size of the end-effector as critical parameters for the end-effector design.
An additional design parameter is the size of the orifice [8]. For the sealant to have
a continuous flow the velocity signals from the robot are sent to the metering and
dispensing system [8, 16]. The metering and delivery system is the fifth component
in the chain and is mixing the sealant and adjusting the flow rate of the sealant
through the pipes in reference to the application speed [8,16]. As soon as the robot
is finished, it sends a signal to the cell controller that the part can be removed and
a new part can be set up [8, 16].

2.2 Industrial robots

An industrial robot is according to ISO 8373:2012 [18] defined as an:

"automatically controlled, reprogrammable, multipurpose manipulator, programmable
in three or more axes, which can be either fixed in place or mobile for use in indus-
trial automation applications."

The ISO 8373:2012 [18] gives further information on the words used in the defi-
nition. With reprogrammable it is specified that changes in the motion program
or supporting functions can be made without changing the mechanical structure of
the robot [18]. Manipulator refers to the hardware mechanism that is built up by
a chain of bodies, called links, that in turn are connected by joints which intend to
enable operations in different degrees of freedom (DoF) [18]. The word multipurpose
implies the adjustability to various situations by changing the chain of mechanical
structure [18]. The serial and parallel mechanical configuration are the two most
significant amongst the numerous possible mechanical configuration of an industrial
robot [19]. This thesis focuses on serial configurations. The following subsections
address algorithms that are relevant for that configuration. In order to design and
control an industrial robot, fundamental knowledge about kinematics, dynamics
and stiffness are essential [20–22]. In the proceeding subsections, this fundamental
knowledge is presented.

2.2.1 Kinematics

A body’s position and rotation is described by a coordinate frame (brief: frame)
[19,21,23]. Each frame has an origin, O, and three orthogonal unit vectors (x, y, z)
describing the rotation of the body [19, 21,23]. The position and orientation of one
body in space is captured by putting the body’s frame in relation to the reference
frame [19,21,23], see Figure 2.1.
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2. Theoretical framework

Figure 2.1: Location of a body in space in relation to reference frame

The position of the body’s frame in relation to the reference frame is expressed with
a 3x1 vector, see vector p in the Figure 2.1. This vector is called translation vec-
tor and it gives the coordinates of the position of O′ in the reference frame [19,21,23].

The orientation of the body’s frame in relation to the reference frame is declared by
a 3×3 matrix called the rotation matrix. The rotation matrix manifests the relation
of the body’s coordinate system to the reference coordinate system. The orienta-
tion of the body’s frame can be acquired by means of elementary rotations of the
reference frame [19, 21, 23]. Thereby a rotation of the reference frame with angle θ
about the z axis can be illustrated as in Equation (2.1).

Rz(θ) =

⎛
⎜⎝cosθ −sinθ 0

sinθ cosθ 0
0 0 1

⎞
⎟⎠ . (2.1)

Same applies for a rotation about y axis with angleθ and about x axis with angle θ,
respectively illustrated below in Equation (2.2) and Equation (2.3).

Ry(θ) =

⎛
⎜⎝ cosθ 0 sinθ

0 1 0
−sinθ 0 cosθ

⎞
⎟⎠ (2.2)

Rx(θ) =

⎛
⎜⎝1 0 0

0 cosθ −sinθ
0 sinθ cosθ

⎞
⎟⎠ (2.3)

It is of importance to note the direction of the rotations [23]. A combination of con-
secutive rotations is expressed by multiplying the rotation matrices [19]. As there
are numerous possible ways to represent an orientation with rotation matrices, ap-
plying Euler angles minimize the amount of possible representations [19, 23]. Euler

8



2. Theoretical framework

angles consist of a set of three angles and depending on the choice of Euler conven-
tion, the orientation is represented by sequencing these three angle rotations [19,23].

Homogeneous transformation matrices (brief transformation matrices) merge the
translation and rotation matrix [19,21,23]. The formation of a transformation matrix
is illustrated by a 4x4 matrix [19,21,23], see Equation (2.4). The rotation is the 3x3
matrix in the upper left corner of the transformation matrix. The fourth column is
the translation vector [19,21,23]. Equation (2.4) displays the transformation matrix
of the frame N to the reference frame R.

R
NT =

⎛
⎜⎜⎜⎝

r11 r12 r13 px

r21 r22 r23 py

r31 r32 r33 pz

0 0 0 1

⎞
⎟⎟⎟⎠ (2.4)

In robotics, kinematics is used to describe the TCP position and orientation relative
to the robot’s base frame as a function of the robot’s joint angles, θ [20]. There are
two types of kinematics approaches, forward – and inverse kinematics [20, 21, 23].
Forward Kinematics addresses the problem of calculating the tool frame relative to
the base frame of the manipulator when the joint values are known [20,21,23]. The
function for the forward kinematics is generated by calculating the transformations
matrices, from the base frame to the tool frame in accordance with the order of
the frames [19]. For a manipulator with six frames the forward kinematics is as
demonstrated in Equation (2.5) [19].

0
6T = 0

1T + 1
2T + 2

3T + 3
4T + 4

5T + 5
6T (2.5)

The purpose of the inverse kinematics is to determining the joint values given a
known end-effector orientation and position [19]. The approach of solving the in-
verse kinematic is more complicated than forward kinematics [20] and there is no
existing generic algorithm [22]. Compared to forward kinematics, the inverse kine-
matics can have multiple solutions [20,21,23].

2.2.2 Velocity and acceleration
Differentiating the position and joint vector with respect to time gives us the task
velocity vector υ and the joint velocity vector θ̇ [24]. In differential kinematics, the
mathematical relation between υ and θ̇ is accomplished by means of the Jacobian
matrix (brief Jacobian) [19–22,24]. Thus, the application purpose of the Jacobian in
robotics is to define the correlation between the task velocity and the joint velocities
[19–22,24]. The Jacobian is m × n – matrix, the amount of the degrees of freedom
(DoF) that are being considered for the task space determines the value for m and
the amount manipulator joints determines the value for n [20]. The Jacobian consists
of first order derivatives of transitional and angular values regarding the joint values
[19–21]. Given the case in which the joint velocities are known and the velocities of
the task space are to be determined, then the differential equation between υ and θ̇
expressed by Equation (2.6) called forward velocity kinematics [21, 22]:
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2. Theoretical framework

υ = J(θ) θ̇ (2.6)

Whereas, in the inverse case, where the task velocities are known and the joint veloc-
ities are to be determined the equation between υ and θ̇ is acquired with the inverse
Jacobian J−1 [19]. This differential equation is called inverse velocity kinematics,
see Equation (2.7) [22].

θ̇ = J−1(θ) υ (2.7)

The second order of differentials are obtained by differentiating further with respect
to time [24]. The result provides task acceleration, α, and joint acceleration, θ̈ [24].
The relation of these acceleration terms is expressed with means of the Jacobian [24].
The task acceleration is described by the forward acceleration kinematics equation,
see Equation (2.8) [22].

α = J(θ) θ̈ + J̇(θ, θ̇) θ̇ (2.8)

The inverse acceleration kinematics determines the joint acceleration θ̈ and is pre-
sented in Equation (2.9) [22].

θ̈ = J−1(θ) (α − J̇(θ, θ̇) θ̇) (2.9)

2.2.3 Kinematic redundancy
Kinematic redundancy exists when the manipulator’s DoF is greater than the DoF
required to execute the task. In general, the movements of the end-effector in space
for the completion of a task requires six degrees of freedom. If the manipulator has
seven or more joints, then the manipulator is considered redundant. The motive
behind a manipulator design with more joints than necessary is to increase the ma-
nipulator’s range of motion configurations [21,24].

The kinematic redundancy of the manipulator has noteworthy implications for the
inverse kinematics calculus since the range of solutions are infinite [21]. This trait is
based upon the fact that there are multiple configurations of the manipulator that
can reach the same point. Hence, with additional joints the configuration possibil-
ities of the manipulator multiplies and for this reason the solution of the inverse
kinematics for redundant manipulators may be infinite. Nonetheless, the range of
solutions is dependent on the type of joint and the constraints of the joints. As
a consequence, manipulator’s geometrical configurations in space are dependent on
the joint constraints [22].

Determining the inverse velocity kinematics for manipulators requires the inverse
Jacobian. However, because of the extra joint, DoF, the Jacobian becomes a non-
square. As only square matrices can be inverted, the literature makes use of the
pseudoinverse Jacobian, J†. The pseudoinverse Jacobian is obtained Equation (2.10)
[24,25].
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J† = JT (JJT )−1 (2.10)

The inverse velocity kinematics and inverse acceleration kinematics for redundant
manipulators are expressed in the following equations with means of the pseudoin-
verse Jacobian, see Equation (2.11) and Equation (2.12) [24].

θ̇ = J†(θ) υ (2.11)

θ̈ = J†(θ) (α − J̇(θ, θ̇) θ̇) (2.12)

2.2.4 Singularity

When determining the velocities, the Jacobian is utilized to define the correlation
between the joint velocities and task velocities [19–22,24]. The Jacobian is a function
of the manipulators joint values [19–22,24] and for certain joint values a manipulator
reaches a configuration which is called singularity [20]. In a singularity configura-
tion, the task space of the manipulator is affected and it loses one or more degrees of
freedom [20,26]. Moreover, the joint velocities increase drastically as the manipula-
tor approaches a singularity configuration [20,27]. These singularities are discovered
by analyzing when the determinant of the Jacobian is equal to zero [20]. By using
Equation (2.13), it can be seen that the velocity is approaching infinity when the
determinant approximates zero. Since the inverse velocity kinematics is the conven-
tional means for manipulator control, the inverse Jacobian has a significance role in
the manipulator controlling procedure [27].

A−1 = 1
det(A)

(∗ ∗
∗ ∗

)
(2.13)

Therefore, the singularity phenomenon brings implications to the path control of
the manipulator [20,27]. Aboaf and Paul [27] suggest three employed methods that
support the mechanism to control the manipulator when approaching a singularity
configuration. The first method is that the control mechanism sets the joint veloci-
ties to their maximum physical range but the consequence of this mechanism is that
the manipulator executes an unpredictable motion [27]. Second, the manipulator
is restricted to come to the proximity to such configurations [27]. Finally, the con-
trol mechanism reduces the TCP velocity so that the joint velocities remain within
their physical range and without violating the desired straight path [20, 27]. Not
deviating from the desired straight path as well as sustaining the TCP velocity is of
great interest from a quality perspective in the sealant application process of string
sealant application (e.g. string sealant application were deviating from the path
can contribute to quality disturbances). To conclude, a motion of the TCP on a
straight path with desired velocity that comes within the proximity of a singularity
can cause problems that are worth investigating since it can contribute to quality
problems.
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2.2.5 Dynamics
In the kinematics section, the forces acting on the manipulator that result in manip-
ulator motion were disregarded. However, the field of dynamics studies the forces
acting on the mechanism and which thereby generate motion [20,22,28]. Similar to
the forward and inverse kinematics, the field of dynamics considers with the forward
and inverse dynamics. The inverse dynamics refers to the issue of determining the
joint torques required to for a given manipulator trajectory. In the opposite case
in which the joint torques are given and the manipulator trajectory must be calcu-
lated is an issue that is dealt within forward dynamics [20, 28]. Studying the forces
that generate motion requires the equations of motion. The literature derives these
equations by making use of two methods. One is the Lagrange method and the sec-
ond is the Newton-Euler method [21,28]. The thesis makes use of the latter method.

The Newton equation in the Newton-Euler method determines the translational
motion of link-i of a manipulator at its center of mass [23]. The force required to
move link-i is calculated using Newton’s second law of motion, see Equation (2.14)
[20].

F = ma (2.14)

The Newton equation in the Newton-Euler method derives from Equation (2.14)
and is expressed as follows (see Equation (2.15)):

Fi = mυ̇ci
(2.15)

The force Fi generates accelerated motion, υ̇c, and is applied at link-i’s center of
mass. The subscript i refers to the origin of the link-i’s coordinate system [20].

Euler’s equation in the Newton-Euler method determines link-i’s rotational motion
caused by a resulting torque, N [23]. In order to define the rotational motion of the
link-i in space about an axis, the moment of inertia of a link-i must be determined.
Therefore, the inertia tensor I must be defined relative to a reference frame which
provides information of link-i’s mass distribution. The relationship between angular
velocity ω and angular acceleration ω̇and the torque, N , that causes the rotational
motion, is known as the Euler’s equation (see Equation (2.16)) [20].

N = CIω̇ + ω × CIω (2.16)

The superscript refers to reference frame, which in this case has its the origin in
link-i’s center of mass.

2.3 Production efficiency perspective
The thesis applies a production efficiency perspective in the model creation with the
aim to support the evaluation process of automation solutions. The explanation of
such an approach is described in this section.
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Säfsten and Bellgran [29] mention that a production system must be able to satisfy
the customer demands. These demands are cost, time and quality.The company’s
ability to satisfy these demands efficiently determines a company’s capability of
staying competitive. The demand for cost requires the production and the supply of
the product to the market to be at low cost. The demand fore quality refers to the
production’s ability produce products that satisfy customer needs and exceeds cus-
tomer expectations. Lastly, the demand for time requires the production to produce
and supply the market at the shortest time possible. It is critical to the company’s
competitiveness to satisfy these demands efficiently and to fullest satisfaction of the
customer because doing so contributes to a competitive advantage on the market.
This implies that low cost, high quality and short production times determine the
efficiency of a production system. Therefore, are these three demands in this thesis
referred to as production efficiency criteria. These production efficiency criteria are
the utilized for the model creation to establish an evaluation method for the differ-
ent automation solutions. The evaluation is done by comparing how efficient each
automation solution can satisfy the customer demands.
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3
Methods

This chapter describes the authors’ approach to answer the research questions of
this thesis and bring the aim of the thesis to completion.

3.1 Literature study

The literature study was the first step in the research. It was conducted in order to
benefit from past inquiries by learning from established automated sealant applica-
tion processes and design parameters. For the literature study the databases Google
scholar, Scopus, Web of science and Chalmers library search engine were utilized.
The keywords used for the literature study were related to the topics aerospace and
automated or robotic industrial dispensing solutions. A second literature study was
later conducted with a broader scope not limited to aerospace.

3.2 Model building

In this section the creation process and the intention of the conceptual model as
well as of the simulation model are explained.

3.2.1 Conceptual model

The findings in the literature study were used to create a model that represented
the parameters for describing an automated sealant application solution. The in-
clusion of the production efficiency perspective in the research is essential in order
to establish grounds for the evaluation of the efficiency of the automated sealant
application solution in industrial context. The automated sealant application pro-
cess parameters from the literature study were then categorized into cost, time and
quality. The aim of parameter categorization is to display one parameter’s influence
on a specific category.

3.2.2 Simulation model

The method of assessing the sealant application process was made in two stages:
simulation of the robot path and calculation of efficiency values for the process.
First the simulation process is described followed by the efficiency calculation.
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Robot path simulation

To evaluate how well the robot is following a trajectory, a simulation model was
built in MATLAB® and Simulink®. Four major steps are included in the model
to be able to simulate the robot path in a kinematic way. The first step of the
simulation model is to generate a trajectory for the robot to follow. This is done
by using the start point, the desired end-point and the chosen TCP velocity. The
result of the trajectory generation is a trapezoidal TCP velocity profile comprising
of three parts: acceleration, full speed and deceleration (see Figure 3.1).

Figure 3.1: TCP velocity profile

Given the TCP velocity, the current joint angles and the inverse Jacobian function,
the second step is to calculate the corresponding joint velocities for the robot. The
next (third) step is to compute the new joint angles with a numerical integrator.
The integrator yields a small angle displacement, δθ, which is added to the previous
joint angles to get the new joint values. The final step is to calculate the new TCP
position by using the new joint angles in the forward kinematics function. The
algorithm of the simulation model is visualized in Figure 3.2.

Figure 3.2: Simulation structure

At this point the robot trajectory is evaluated in a purely kinematic approach,
meaning that the robot simulation is not impacted by any dynamic effects such as
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external forces, motor torque and gear box friction as well as the stiffness of the
manipulator.

Efficiency calculation

In addition to the kinematic simulation the model also evaluates the efficiency of
the sealant application process in the three previously mentioned process aspects,
cost, time and quality. These efficiencies are calculated using the robot path data
from the simulation in combination with user specific data such as takt time, robot
cost, etc. The quality aspect of the system is difficult to quantify, however, since
quality errors lead to rework the quality is here regarded as a cost instead. Further
calculations are presented in the result section.

3.3 Experiments
In this section the procedure for the experiments are presented. For the experiments,
the robot KUKA LBR iiwa 7 R800 was employed.

3.3.1 Singularity experiment
As mentioned in Section 2.2.4, there are three types of methods to control the manip-
ulator when it is approaching a singularity configuration. In any case of those three
control mechanisms the outcome has implications for the quality for the sealant
application. The possible outcome of a slowdown of the TCP will result in that
more sealant will be applied if the end-effector cannot adjust the sealant material
flow. In case of workspace restriction the manipulator will be hindered from reach-
ing application areas. This implies that the manipulator might have to change its
configuration to continue on the sealant seam. As a result, the sealant seam might
not be consistent which is a quality problem as well. The last control mechanism,
deviation from the path, can lead to that sealant is not applied on the desired ap-
plication area and therefore the product must be reworked. To investigate how the
control mechanism reacts to a linear motion that approaches the proximity of a sin-
gularity configuration this experiment was conducted. In this experiment only the
slowdown of the TCP velocity and the workspace restriction were investigated.

For the experiment the manipulator executes a straight motion that comes close
to a singularity configuration. As the manipulator executes the linear motion, the
data of the joint values are logged via the software KUKA FRI to the computer.
The TCP velocity is restricted to 50 mm/s during the whole motion and a linear
motion type was performed. The data is then analyzed to evaluate the behavior
of the control mechanism. This experiment will help deduce the possible quality
implications that are caused by the slowdown of the TCP and workspace restric-
tion when approaching a singularity configuration. A more detailed description of
the experiment as well as the design of experiment (DoE) can be seen in Appendix B.
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4
Proposed model

This chapter explains the proposed model and introduces the identified parameters
that describe an automated sealant application process. Additionally, an efficiency
calculation for systematical evaluation is presented as well the reasoning behind it.

4.1 Components

Bafunno [16] and Turner [8] identifies key components that are necessary for design-
ing an automated sealant application process, see Section 2.1.3. Figure 4.1 illustrates
these components.

Figure 4.1: Components for the design of automated sealant application process

In Figure 4.1 the cell controller, has a dashed outline since a cell controller is not
an essential component for an automated sealant application process to function;
the process can also be started from the manipulator’s controller and the status
of the components can be checked for all components separately. This makes the
cell controller an auxiliary equipment. In the proceeding chapters each of these
components are analyzed to find the parameters that are critical for designing an
automated sealant application process. The cell controller will be disregarded in the
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analysis process for the reasons mentioned above.

4.2 Parameters
For each of the identified components in the automated sealant application process,
see Section 4.1, there are a set of parameters that are associated with a respective
component. These parameters are categorized as mechanical or control. The first
category includes all the parameters that are related to the machinery and the sys-
tem of the moving parts. The parameters in this category are the physical attributes
related to the machinery. The latter category refers to the system that governs the
machinery. Some of these parameters are classified as constraints which implies
that these parameters are specifications that must be considered when selecting a
manipulator and controller system. Disregarding these parameters when selecting a
manipulator and controller system can result in impairment of the system. Parame-
ters that are not classified as constraints do not set any restrictions on the selection
of component. The last column illustrates the outputs of the parameters. These
outputs are associated with cost, time and quality to demonstrate the respective
parameter’s impact on a production efficiency criteria cost, time and quality.

The parameters that were identified for the manipulator and control component can
be seen in Table 4.1 below. The cross section area refers to the thickness of the
links. The DoF refers to the manipulator’s flexibility. Operational range is associ-
ated with the manipulator’s work envelope. The dimensions of the workpiece sets
requirements for these three parameters. Disregarding the dimensions of the work-
piece in the selection of the manipulator can lead to that the manipulator is not
suitable for the task (e.g. cannot reach application areas or is not flexible enough
to move in the freely in the workspace. Parameter stiffness refers to the manip-
ulator’s capability to endure external and internal loading. The payload capacity
refers to the manipulator’s capability of enduring external loading at the manipu-
lator flange before the positioning accuracy is affected [21, 23]. These parameters
are classified as constraints which means that these parameters must be considered
in order to select a manipulator and controller system that is able to complete the
sealant application task. Velocity and acceleration of the manipulator relate to the
manipulator’s motion speed which combined results in the manipulator’s path. In
the control category the parameter position is listed. This parameter describes the
control of the mechanical links executed by the controller and is associated with
accuracy and repeatability. All of these parameters have an impact in cost, time
and quality. The cost impact of the parameters that are classified as constraints are
summed up as hardware costs CHW . The cost for velocity and acceleration CP ath as
well as the cost for positioning CP osition are expenses that needs to be consider in
order to improve the time and quality output of the system. The parameters that
impacts the quality of the product are stiffness, velocity and acceleration as well as
the position parameter. These are respectively characterized by QP ath and QP osition.
The parameters influences the time needed to complete the task are velocity and
acceleration. The effect of the velocity and acceleration parameters on the time cri-
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teria is denoted by TP ath. It describes how the time for the task execution is affected
by the choice of velocity and acceleration.

Table 4.1: Manipulator & Controller parameters

Manipulator & Controller
Category Constraints Parameters Output

Mechanical

Cross section area
Velocity
Acceleration

CHW , CP ath, TP ath

QStiffness, QP ath

DoF
Operational range
Payload capacity
Stiffness

Control - Position CP osition, QP osition

In the following Equation (4.1), Equation (4.2) and Equation (4.3) suggest how to
formulate a formula for calculating the total cost,time and quality output of the
manipulator and controller system. In Equation (4.4) these outputs are formulated,
OM&C , into a overall output formula for the manipulator and controller component.

CM&C = f(CHW , CP ath, CP osition) (4.1)

TM&C = f(TP ath) (4.2)

QM&C = f(QStiffness, QP ath, QP osition) (4.3)

OM&C = f(CM&C , TM&C , QM&C) (4.4)

Table 4.2 represents the parameters identified for the end-effector component. In this
system the cross section area, mass, inertia and the operational range are constraints
that must be regarded when selecting or designing the end-effector. The cross sec-
tion area and the operational range parameter are restricted by the workspace of
the workpiece. Ignoring these parameter can cause that the end-effector might not
be compatible with the workspace. Mass and inertia must be chosen in regard to
the manipulator’s payload capacity and stiffness. Disregarding these parameters can
lead to that the end-effector can not be mounted on manipulator without impairing
the manipulator’s positioning accuracy [21,23]. The flow parameter refers to the reg-
ulation of the material flow of the sealant. The cost impact of the parameters that
are classified as constraints are summed up as hardware costs CHW . The influence
on the cost of the flow parameter is denoted as Cflow. The mechanism that regulates
the flow has implications on the time TF low and quality QF low, i.e. the faster the
end-effector can regulate the material flow to the workpiece will affect the time for
completing the task, TF low. Further, the force generated from the flow creates forces
on the manipulator’s flange that need to be dealt. These force is characterized as
thrust and depending on its magnitude it can have an effect on the motion of the
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manipulator, see Section 2.2.5.

Table 4.2: End-effector parameters

End-effector
Category Constraints Parameters Output

Mechanical

Cross section area

- CHW
Mass
Inertia
Operational range

Control - Flow CF low, TF low, QT hrust

In the following Equation (4.5), Equation (4.6) and Equation (4.7) suggest how to
formulate a formula for calculating the total cost,time and quality output of the
end-effector system. In Equation (4.8) these outputs are formulated into a overall
output formula, OEE, for the end-effector component.

CEE = f(CHW , CF low) (4.5)

TEE = f(TF low) (4.6)

QEE = f(QT hrust) (4.7)

OEE = f(CEE, TEE, QEE) (4.8)
Table 4.3 represents the parameters identified for the workpiece positioning system.
For this system, only mechanical constraints and parameters are identified, since
active workpiece positioning systems with embedded control functions are not in-
cluded in this thesis. The constraining parameter in this component is the load
capacity of the structure and it refers to the minimum capacity the structure can
endure in order to accommodate the workpiece. The cost output related to the
load capacity constraint is denoted as CHW . The position parameter specifies how
optimal the workpiece is positioned in reference to the manipulator’s capability to
reach all application areas. The cost for the workpiece position, CW P , is the cost
associated with improved time and quality output. The setup parameter is the time
it takes to position a workpiece in the correct place, TSetup. The quality output,
QSetup, of the positioning parameter determines the influence of the position error
of the workpiece from the defined position.

Table 4.3: Workpiece positioning system parameters

Workpiece Positioning System
Category Constraints Parameters Output

Mechanical Load capacity Position
CW P , CHW , TSetup, QSetupSetup
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In the following Equation (4.9), Equation (4.10) and Equation (4.11) suggest how
to formulate a formula for calculating the total cost,time and quality output of the
end-effector system. In Equation (4.12) these outputs are formulated into a overall
output formula, OW P S, for the workpiece positioning system.

CW P S = f(CHW , CW P ) (4.9)

TW P S = f(TSetup) (4.10)

QW P S = f(QSetup) (4.11)

OW P S = f(CW P S, TW P S, QW P S) (4.12)

Table 4.4 presents the parameters identified for the metering and dispensing system.
The parameter that are classified as constraints in this system is the flow parameter
which refers to the force that is required to pump the sealant to the end-effector and
to regulate the material flow to the end-effector. The cost impact this parameter is
denoted as hardware costs CHW . The influence on the cost of the flow parameter is
denoted as CHW . The refill parameter relates to the time required to refill the sys-
tem with sealant. This parameter stand in direct relation to the time output, TRefill.

Table 4.4: Metering & Dispensing parameters

Metering & Dispensing
Category Constraints Parameters Output
Mechanical - Refill TRefill

Control Flow - CHW

In the following Equation (4.13) and Equation (4.14) suggest how to formulate a
formula for calculating the total cost,time and quality output of the end-effector
system. In Equation (4.15) these outputs are formulated into a overall output for-
mula, OM&D, for the metering and dispensing system

CM&D = f(CHW ) (4.13)

TM&D = f(TF low) (4.14)

OM&D = f(CM&D, TM&D) (4.15)
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4.2.1 Influential effect of the parameters
The identified components are in constant communication with each other which
contributes to an interdependence between the components [8, 16]. The communi-
cation and interdependence between the components is imperative for a successful
sealant application [8, 16]. As a results of the interdependence, it can be implied
that some of characteristic parameters of a component have an influence on another
component. These influential effects is worth mentioning since it can give further
input to the decision making when selecting an automated sealant application so-
lution. In this section the influential effect of the considerable parameters will be
described, see Figure 4.2.

Figure 4.2: Influential effects between components

The component, workpiece positioning system, locks the workpiece in place. The
dimensions of the workpiece set a constraint on the mechanical parameters of the
manipulator, specifically on the operational range and DoF. This implies for the
manipulator that the operational range and the DoF (flexibility of the manipula-
tor) must be chosen accordingly in order for the manipulator to reach the sealant
application areas [21,23]. The workspace influences also the design of the of the end-
effector, which determines that the cross section as well as the operational range of
the must be designed so that the end-effector can fit and be moved in the workspace
of the workpiece. The influential effects between the parameters of the end-effector
and the manipulator are several. Beginning with payload capacity of the manip-
ulator, this parameter restricts the permitted external loading on the manipulator
flange caused by end-effector. Therefore, is this parameter a considerable factor for
the mass of the end-effector [21,23].

The parameters of the end-effector, mass, inertia and size, influence the manipulator.
The mass of the end-effector and the inertia caused by the point of center of gravity
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affect the manipulator’s positioning accuracy [21, 23]. Further, the manipulator is
exposed to external forces that act on the end-effector. These forces are generated
by the thrust for pumping out the sealant and create a desired material flow. Both,
the mass and the thrust, create forces that act on the manipulator and those must be
acknowledged when choosing or designing the end-effector [20]. Operational range,
as mentioned by Bafunno [16], affects the reachability of the manipulator. Designing
the end-effector for the manipulator to reach application areas as easy as possible
should be of interest.

4.3 Cost, Time and Quality Efficiency

This section further describes the parameters and constraints derived for each com-
ponent in Section 4.1, by summarizing them into the three production perspectives
- cost, time and quality. In the previous chapter Section 4.1 outputs for parameters
were identified for each component. Subsequently, these outputs were put together
in formulas, see Equations (4.1) to (4.4) as an example.

The summary of the cost driving outputs are visualized in Figure 4.3. Apart from
the former mentioned parameters some additional support functions are included
such as maintenance, electricity and operators. In addition to the cell controller,
described in Section 4.1, sensors are also added as an auxiliary cost element because
neither cell controller nor sensors are necessary equipment for designing an auto-
mated sealant application process.

Figure 4.3: Summary of cost associated outputs

25



4. Proposed model

The cost outputs are grouped in fixed or production related costs respectively. Fixed
costs are those expenditures whose value is independent from production volume and
sales [30]. Within the fixed costs classification, the expenditures denoted as CHW

in the Section 4.2 for each component are listed. These expenditures are required
in order to acquire the necessary components for an automated sealant application
process that is functioning well. Whereas production related costs are the opposite,
these are expenditures whose value is dependent from production volume [31]. In
that classification, applied sealant volume and the operational costs, such as elec-
tricity, maintenance, and cost for the operator, are listed. The fixed and production
related costs are interpreted as an cost efficiency for the whole sealant application
process. The efficiency calculation are presented in Section 4.4. The list for the cost
criteria is adjustable to any configuration of components of an automated sealant
application process. For example, one might want to design a production system in
which the sensor system is so advanced and does therefore not require a workpiece
positioning system, because the locations where sealant must be applied are mea-
sured and calculated with the help of the sensor system.

Figure 4.4 illustrates all time outputs that were determined in Section 4.2. Subse-
quently, these time outputs are condensed into time efficiency for the whole sealant
application process. The time efficiency calculation is presented in Section 4.4.

Figure 4.4: Summary of time associated outputs

Figure 4.5 demonstrates how the the quality outputs are concentrated into the qual-
ity efficiency for the whole sealant system. Apart from the former mentioned pa-
rameters singularity parameter is included since it can cause complications for the
sealant quality, see Section 2.2.4 and Section 5.3. Singularities must therefore be
considered when generating the manipulator trajectory for sealant application. In
Section 4.2 the parameters singularity and accuracy & repeatability were identified
as time influencing parameters. Whereas, for the end-effector it was the thrust pa-
rameter and for the Workpiece positioning system it is the positioning parameter.
The time efficiency calculation is presented in Section 4.4.
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Figure 4.5: Summary of quality associated outputs

4.4 Efficiency calculation
The previous mentioned efficiencies are here presented as equations of the previous
identified parameters. These efficiencies can be used as a measurement, describing
how a sealant application process performs in terms of cost and time. The quality
aspects of the process are included in the cost calculation, since quality errors re-
quire rework, which results in a cost.

The cost is divided into a fixed and production related costs and then merged into a
yearly cost. The total yearly cost is compared to a user defined threshold to achieve
the cost efficiency.

Ec = 1 − Cfixed + Cvariable

CT hreshold

(4.16)

The fixed cost is the sum of the investment costs mentioned in Section 4.3. The fixed
costs is the yearly cost of an equipment derived from using straight-line depreciation,
see Equation (4.17) [30].

Cfixed = CAcquisition − Csal.val

tlife

(4.17)

Where Csal.val is the salvage value of the investment and tlife is the useful life of the
equipment.

The production related costs is dependent on the production rate and quality.
Sealant costs, operational costs and quality costs are associated with production
related costs. Since the unit for the production related cost is often cost/cycle it
needs to be recalculated to cost/year, using Equation (4.18).

Cproduction =
(

Csealant + Cop. + Cquality

ttakt

)
Pyear (4.18)

where ttakt is the takt time set in the system and Pyear is the total amount of pro-
duction hours in a year.
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The time efficiency,Et, is the ratio between the value adding time and the total time
required for the process and is specified in Equation (4.19).

Et = tstring + tfastener

top. + trel. + tcal.

(4.19)

tstring and tfastener are the time needed to complete all sealant strings and fasteners
respectively. The operating time, top., is the total time needed to perform the cycle,
the reload time, trel., is the time required to refill the sealant and the calibration
time, tcal., is the required calibration time associated with positioning the workpiece
in the correct position. The reload time can in some cases be included in the total
operation time but are here separated for clarity.

The total efficiency for the system is the product of these efficiencies and can be
used as a reference when comparing different options for a sealant process.

Etot. = EtEc (4.20)
An example on how to utilize the efficiency equations is presented in Section 5.2.
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5
Results

This chapter presents the key findings and answers to the research questions of this
thesis. First a model is illustrated that displays the parameters for describing an
automated sealant application process. Afterward, a calculation example is shown
how these parameters can be utilized for calculating the efficiency for the investigated
automation solution.

5.1 Parameters of sealant automation process

Analyzing the components of an automated sealant application process from a pro-
duction efficiency perspective – cost, time and quality - helped identifying the pa-
rameters that are critical for the description of a sealant application process see
Section 4.2. The result from applying a production efficiency perspective to the
components generated a model with parameters that need to be considered for an
efficient production process with automated sealant application. This model is called
Conceptual Model, see Table 5.1. Each parameter is categorized in the production
efficiency criteria in order to demonstrate that these parameters influence that spe-
cific production efficiency criteria.

Table 5.1: Conceptual model
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The production efficiency criteria for cost consists of the parameters fixed costs and
variable costs. Fixed costs are those expenditures whose value is independent from
production volume and sales [30]. Whereas, production related costs are the oppo-
site, these are expenditures whose value is dependent from production volume and
sales [31]. Within the fixed costs parameter the individual expenditures for each
component are listed. These components are identified as the necessary compo-
nents for designing of an automated sealant application [8,16,17], see Section 2.1.3.
The production related cost parameter contains the expenditures that are generated
by the activity of the automated sealant application process. In that list, applied
sealant volume and the costs, such as electricity and maintenance, are displayed.
The list for the cost criteria is adjustable to any configuration of components of an
automated sealant application process. Through cost calculation the values for the
parameters can be determined.

The production efficiency criteria for time is determined by the process time of the
manipulator to complete the sealant process. This process time is dependent on the
velocity and acceleration values of the manipulator. The value for the time is ob-
tained through a PLS-based simulation in which the time for the sealant application
process is measured.

Lastly, the production efficiency criteria for quality lists parameters that are af-
fecting the quality of the sealant during application process. From a production
efficiency perspective, the goal is to produce outputs that have minimal deviation
from the defined quality characteristics [29]. The parameter robot singularity refers
to the impact on the TCP caused by the increase of the joint velocities as the ma-
nipulator approaches a near singularity configuration. The parameters accuracy and
repeatability are manipulator specific parameters. According to Atkins and Escud-
ier [32] accuracy refers to the capability to move as close as possible to a specified
point; meaning the preciseness of an obtained measurement. The manipulator re-
peatability on the other hand, is defined as the deviation in obtained measurements
when moving repeatedly to a specific position [33]. These parameters can be ob-
tained from manipulator’s list of technical specifications.The parameter design of
end-effector which is determined by its dimensioning, nozzle orientation, and orifice
size [8, 16]. As Bafunno [16] mentions that the design of the end-effector is critical
for reaching the application points with desired tool orientation in the workpiece,
thereby increasing the manipulator’s workspace. Additionally, the design of the end-
effector is equally critical for the appearance of the sealant bead [8, 16]. Designing
an ideal end-effector requires iterative drawings and simulations of the application
process [16]. In this thesis the design of the end-effector is assumed to be perfect.
Lastly, the parameter workpiece positioning. This parameter determines the influ-
ence on the quality output caused by the position error of the workpiece from the
defined position.
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5.2 Systematical evaluation of solutions

To illustrate how the efficiency of a sealant application system can be calculated, an
example is described utilizing the equations stated in Section 4.4. The efficiency for
this example is calculated when the robot is applying sealant in a straight line at
constant velocity. Some additional simplifications are made to lower the complexity
of the calculations. By combining the end-effector and the metering and dispensing
system into one device these parameters can be consolidated into the end-effector.
The rest of the simplifications are described in the following text. There is a large
amount of input data required to perform this calculation, even for a simplified ex-
ample, these parameters are presented in Table 5.2.

Table 5.2: Example values used to calculate sealant process efficiency

Parameter Value
Useful life Tlife 7 years
Manipulator & controller cost, Cman.&cont. $ 0.5M
End-effector cost, CEE $ 0.1M
Workpiece location system cost, CW P L $ 0.3M
String length, Lstring 2.3 m
String volume, Vstring 15 ml/m
Sealant cost/ml, Cseal.vol. $ 4/ml
Operational cost, Cop. $ 50/cycle
Quality cost, Cquality $ 4/cycle
Takt, ttakt 0.5 hrs/product
yearly production hrs, Pyear 3840 hrs
Threshold cost, Cthreshold $ 2.5M
Robot velocity, υrobot 50 mm/s
Operation time, top. 72 seconds

5.2.1 Example cost calculation
The first part of the cost calculation is to determine the fixed costs for the process.
In order to make the calculations simpler it is assumed that the life span for all
equipment is seven years and that it is used for the entirety of that time with no
salvage value. The calculation is further simplified by assume that no auxiliary hard-
ware is needed. This results in no impact from the salvage value (Equation (4.17))
and auxiliary cost. By putting the values from Table 5.2 in Equation (5.1) the total
cost of the yearly fixed cost is $ 0.1286M/year.

Cfixed = Cman.&cont.

tlife

+ CEE

tlife

+ CW P L

tlife

= $0.1286M/year (5.1)

The second part is to calculate the production related cost by identify the cost of
the sealant. Here, it is assumed that there is no waste of sealant in the process. The
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total cost of the sealant when applying a string of sealant is $ 138/cycle.

Csealant = LstringVstringCseal.vol = $138/cycle (5.2)

To simplify the production related cost the cost for maintenance, electricity and op-
erators are presented as operation cost rather than individual costs. The production
related cost is $ 1.4746M/year.

Cproduction = Csealant + Cop. + Cquality

ttakt

Pyear = $1.4746/year (5.3)

The cost efficiency for this particular example is 35.9 %.

Ec = 1 − Cfixed + Cproduction

Cthreshold

= 0.3587 (5.4)

5.2.2 Example time calculation
The first step in the time calculation is to identify the value adding time, which in
this case is the time required to perform the string sealant application. The value
adding time in this process is 46 seconds.

tstring = 1000 × Lstring

υrobot

= 46sec. (5.5)

When calculation the total process time for the cycle, the reload time for the sealant
and calibration time is assumed to be included in the operation time, top.. The op-
eration time can be acquired by using a PLC simulation or similar. The total time
efficiency for the sealant application process is 63.9 %.

Et = tstring

top.

= 0.6389 (5.6)

Combining the cost and time efficiencies a total efficiency can be determined for the
sealant application process. By using Equation (5.7), the total efficiency is calcu-
lated to be 22.9 %.

Etot = EcEt = 0.2292 (5.7)

5.3 Singularity experiment
The behavior of the manipulator when approaching the singularity point is exam-
ined. The goal is to acquire insights about the reaction of the control mechanism to
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handle such phenomenon.

Figure 5.1 illustrates how the TCP velocity slows down as the determinant of the
Jacobian approaches the zero value. The TCP velocity is shown on the y-axis that is
on the left-hand side and the value of the determinant is shown on the y-axis on the
right-hand side. The TCP velocity is programmed to be at 50 mm/s. As the TCP
approaches the singularity point the determinant starts to get closer to the value
zero. Then, at a certain value of the determinant, the TCP velocity is seriously
affected and reduced to approximately 3-4 mm/s. Interestingly, the determinant
never reaches the value zero.

Figure 5.1: Approaching singularity point - TCP velocity

Figure 5.2 illustrates how the joint velocities are affected by the determinant ap-
proaching the zero value. This figure displays only the joints that are affected by
the singularity. The joint velocities increase exponentially and are then suddenly
stopped. The joint velocities start to decrease again as soon as the determinant
increases.
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Figure 5.2: Approaching singularity point - TCP velocities

To conclude, it was demonstrated that the parameter robot singularity is important
parameter that needs to be considered in the description of a robotic sealant appli-
cation process. This parameter is an influential factor for the production efficiency
criteria quality and should therefore be included in that production efficiency cate-
gory.

5.4 Simulation validation

To be certain that the results of the simulation is good enough data from KUKA
FRI was compared to values obtained from the simulation. The comparison is made
between joints since that is the most relevant data obtained from the FRI. Here,
two comparisons are presented, the full comparison can be found in Appendix C.
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Figure 5.3: Joint value comparison for joint 1 and 6

As seen in Figure 5.3, the simulated values are very similar to the real values ob-
tained from the KUKA FRI. The simulated joint vales does not follow the real values
exactly but the initial and final values are the same as well as the time it takes to
complete the motion.
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Discussion

This section discusses the findings and the overall approach to the thesis. Addition-
ally, it evaluates the answers for the research questions.

6.1 Results

This section discusses the answer for the research questions.

6.1.1 Conceptual model
The conceptual model presents a list of identified parameters for each production
efficiency criteria. The advantage of the model is that the list can be arranged to any
configuration of automated sealant application process. However, these parameters
are interdependent and this requires the process planner to comprehend the inter-
action between the parameters. For instance, it was concluded that the parameter
singularity affects the quality of the sealant application. However, this parame-
ter depends on the technology embedded in the end-effector. If the end-effector is
equipped with a velocity feedback sensor, the end-effector can adjust the flow of the
sealant to the TCP velocity. Thereby the end-effector can apply the right amount
of sealant on the workpiece and fulfill the specified quality characteristics.

6.1.2 Simulation model
The simulation model is a simple way to assess the robot motion. However, being a
simulation the accuracy of the result compared to the real case is always an issue.
Firstly, there is always some inherited accuracy problems associated with numerical
errors in the simulation environment. It is consequently not realistic to expect a 100
% accurate simulation model. Apart from the inherited errors, there are some design
choices that also impact the result of the model, the first being the way the TCP
trajectory is generated as well as the omission of dynamical and stiffness aspects.

Normally, a real robot is calculating the trajectory by utilizing the inverse kinematic
functions for all intermediate points between the current and desired position. The
robot control system then calculates the needed joint torques in order to move the
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respective joints in such a way that the desired TCP is reached. In our model,
the TCP speed profile is first generated and then the resulting joint velocities are
calculated. The big difference is that our model utilizes the task velocity directly
instead of the task position. It is possible that some information is lost during this
simplification, but the simulation and KUKA FRI yields similar results regarding
joint and TCP position. The profile for the joint and TCP positions is not the same
for the simulation and the reality but the simulation end up in the same position as
the real robot. The reason for the difference in behavior can partly be described by
the assumed TCP acceleration when calculating the TCP speed profile. KUKA does
not provide any information regarding the TCP acceleration so data from similar
robots is used instead.

To produce a functional dynamic model, a large amount of data needs to be col-
lected in order for the dynamic calculation to be correct. These are very specific
robot data, such as mass and inertia matrices of each individual link. This data
is normally not given by the manufacturer, consequently have we not been able to
acquire trustworthy data regarding these parameters. In addition to the dynamics of
the links there are several other parameters that needs to be included to construct
a more accurate model, such as friction coefficients in drive units and gearboxes.
These parameters have not been measured and are therefore not included in the
model.

The stiffness is another aspect that can greatly affect the accuracy of the manip-
ulator. Again, the correct stiffness data has not been acquired since it is not only
robot specific but also configuration specific for the manipulator. Meaning that the
stiffness values differs depending on posture of the robot.

The user-friendliness of the model is something that needs to be discussed as well.
A large amount of time need to invested to obtain and calculate the robot specific
parameters, only to be able to simulate the path. Considerable more time is needed
to be able simulate the impact of dynamic and stiffness. The same is true to be able
to calculate the efficiency of the system. Product related data need to be obtain,
such as takt time and maintenance frequency, as well as all the cost aspects related
to the system. The characteristic of this model is that it represents a framework
and equations to be able to calculate the efficiency for the process, but it is required
of the user to gather the necessary data.

6.2 Experiment
To begin with, in all experiments only linear motions of the TCP were performed
since these generate predictable motion paths and because that motion type is rel-
evant for the string sealant application.

Further, the lack of proper of equipment has affected the progress of the exper-
iments. For example, in order to measure the vibration on the TCP during the
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singularity experiment a vibration measuring equipment would have been beneficial
in order to conclude about the path deviation during a motion in the proximity of
a singularity. The lack of equipment did also affect thrust experiment. The air flow
measuring equipment was defect and did not show the magnitude of the air pressure
that was going through the system. Also, the force sensor equipment that was used
for the same experiment did not measure the thrust which was applied through the
air flow. For this reason, a numerical analysis of the thrust experiment could not be
performed. As a consequence, the thrust experiment was canceled.

Regarding the singularity experiment, the determinant of the Jacobian never reached
zero in the experiment. The author’s have tested to go as close as possible to the
singularity point with restricted TCP velocity and a linear motion. However, the
control mechanism does not allow the TCP to go close to the singularity point under
these conditions. It is therefore believed that the control mechanism has a priority
protocol that is triggered as soon as the TCP approaches the singularity point. This
protocol may prevent such motion to a singularity in order to sustain TCP velocity
as well as the TCP position & orientation and the linear motion of the TCP. This
belief is based on illustration of the determinant in Figure 6 and Figure 7. In both
figures the determinant is seemingly prevented from reaching the zero value. In both
graphs the determinant suddenly forms a plateau. Further, it can be seen that as
the determinant approaches zero the joint velocities increase exponentially and are
then suddenly reduced by a small amount in order not to exceed the physical range.
Then, as soon as the determinant increases again the protocol is released and the
joint velocities start to decrease again.

6.3 Verification and validation

As stated in the methodology section of this thesis, the verification and validation
was accomplished mainly by means of peer review. This process depends on the
level of expertise and experience of the reviewers.

The validation for the simulation model on the other hand, was attempted by means
of comparing the simulation results with the data collected from the KUKA FRI.
Since the simulation does not include all the system constraints of the control mech-
anism of the manipulator, the results were not completely the same as the analyzed
data which was gathered from the KUKA FRI.

Some constraints regarding the KUKA FRI also hindered the validation. Software
did not provide crucial data such as joint velocity, joint acceleration TCP velocity.
The lack of comparable data made the validation process more difficult. Further,
KUKA AG did not provide this data either, when the author’s asked to.
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6.4 Future research

It was concluded that the design of the end-effector has an effect on the quality of
the sealant bead, see section 2.1.3. The investigation on how the design parameters
of an end-effector are correlated with the quality sealant bead is not within of the
scope of this research. Regardless, the authors are convinced that the study on
end-effector design parameters that affect the quality of sealant application would
be a contribution to the research field since the aerospace industry has to fulfill high
quality requirements [6].

Furthermore, the design and assembly of workpiece are viewed as constraints for this
research. The authors suggests that the research field would benefit from a study
regarding how design and assembly of aerospace structures can ease the implemen-
tation of robotic automation solutions. The findings and results of such research
can facilitate the industrial robot implementation in the aerospace industry since
the complexity of aerospace structures are an obstacle for the implementation of
robotic automation solutions [6].

In this thesis, the concept of singularity was presented in the context of the quality.
The authors suggest that a more in-depth analysis of the singularity identification
should be made. Possible research questions could be: How close can the TCP path
be to a singularity without affecting the TCP-velocity? Is it possible to generate
an algorithm that generates a path which avoids being close to singularities and
bypasses them totally? How can singularities be taken into consideration in the
algorithm for the path generation?

The parameters presented in the conceptual model list are only referring to the kine-
matic viewpoint of the manipulator. The implication of forces and torques, internal
as external, that are acting on the system are not included in the list. Therefore, the
authors believe that the list can be extended to include parameters of manipulator’s
dynamic viewpoints. For this a study must be conducted on how the manipulator’s
dynamics impact the production efficiency criteria.

Admittedly, it is possible to use different approaches to identify the parameters for
describing the automated sealant application process as well as different approaches
to evaluate the various automation solutions. Therefore, the authors suggest an
area for future research that gathers the different possible approaches for parame-
ter identification and evaluation methods and proposes, through comparison of the
possible approaches, a suitable approach for engaging in the research topic.

6.5 Ethics aspect

The work ethics for this research were followed up by not mentioning the project
members and the confidential aspect of the project.
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7
Conclusion

This thesis presented a model that illustrates the parameters that need to be con-
sidered for describing an automated sealant application process. These parameters
were derived from the the components, which in turn form systems, necessary to cre-
ate an automated sealing application process. These parameters are categorized in
the the categories cost, time and quality. These categories were chosen because they
are production efficiency criteria which means that the efficiency of a production
system can be evaluated by analyzing how efficient a production system is able to
satisfy these criteria. The parameters are categorized in order to demonstrate that
the respective parameter influences the category it is assigned in. In this manner,
the parameters’ influence on the efficiency criteria can be studied.

Secondly, this thesis conveys a method for calculating the efficiency for different au-
tomated sealant application solutions in form of efficiency calculations. The result
of these calculations can be used as means to compare the efficiencies of the different
solution to systematically evaluating these solutions.

With the model and the efficiency calculations the authors proposed a method for
the aerospace industry to evaluate different automated sealant application solutions.
With an example the authors demonstrated the application of the efficiency calcu-
lations.

43



7. Conclusion

44



Bibliography

[1] N. Haraguchi, C. F. C. Cheng, and E. Smeets, "The Importance of Manufac-
turing in Economic Development: Has This Changed?," World Development,
Article vol. 93, pp. 293-315, 2017.

[2] K. Zhou, T. Liu, and L. Liang, "From cyber-physical systems to Industry 4.0:
Make future manufacturing become possible," International Journal of Manu-
facturing Research, Article vol. 11, no. 2, pp. 167-188, 2016.

[3] R. Drath and A. Horch, "Industrie 4.0: Hit or hype?," IEEE Industrial Elec-
tronics Magazine, Review vol. 8, no. 2, pp. 56-58, 2014, Art. no. 6839101.

[4] L. Frank, Industrial Automation: Hands-On, 1 ed. New
York: McGraw-Hill Education, 2013. [Online]. Available:
http://accessengineeringlibrary.com/browse/industrial-automation-hands-
on/c9780071816458ch01.

[5] A. K. A. Gupta, S. K.; Westcott, J. R. , Industrial automation and robotics, 1
ed. (Industrial automation and robotics). Dulles, VA: Mercury Learning, 2017.

[6] L. Tingelstad and O. Egeland, "Robotic assembly of aircraft engine components
using a closed-loop alignment process," in Procedia CIRP, 2014, vol. 23, pp.
110-115.

[7] M. Wilson, "Robots in the Aerospace Industry," Aircraft Engineering and
Aerospace Technology, Review vol. 66, no. 3, pp. 2-3, 1994.

[8] H. Turner, "Robotic Dispensing of Sealants and Adhesives," in Handbook of
adhesives, I. Skeist, Ed. 3 ed. Boston, MA: Springer US., 1990, pp. 743-756.

[9] "European Aeronautics: A Vision For 2020," ed. Luxembourg: European Com-
mission, 2001.

[10] M. P. Edward, Handbook of Adhesives and Sealants, Second Edition. McGraw
Hill Professional, Access Engineering, 2007.

[11] J. Comyn, "What are Adhesives and Sealants and How Do They Work?," in
Adhesive Bonding - Science, Technology and Applications, R. D. Adams, Ed.:
Woodhead Publishing, 2005, pp. 23-51.

[12] E. J. C. Kellar, "Selection of Adhesives," in Handbook of Adhesion Technology,
L. F. M. da Silva, A. Öchsner, and R. D. Adams, Eds. Berlin, Heidelberg:
Springer Berlin Heidelberg, 2011, pp. 373-389.

[13] E. Sancaktar, "Classification of Adhesive and Sealant Materials," in Handbook
of Adhesion Technology, L. F. M. da Silva, A. Öchsner, and R. D. Adams, Eds.
Berlin, Heidelberg: Springer Berlin Heidelberg, 2011, pp. 259-290.

[14] G. T. Kurian, "Quality," in The AMA Dictionary of Business and Management,
G. T. Kurian, Ed., 1 ed. New York: AMACOM – Book Division of American
Management Association, 2013.

45



Bibliography

[15] J. Law, "Quality," in A Dictionary of Business and Management, J. Law, Ed.,
6 ed. Oxford, UK: Oxford University Press, 2016.

[16] F. N. Bafunno, "Robotic sealant application," SAE Technical Papers, Confer-
ence Paper 1987.

[17] H. W. Köhler, "Meter, Mix and Dispensing Equipment: Basic Designs," Hand-
book of adhesives, I. Skeist, Ed., 3 ed. Boston, MA: Springer US., 1990, pp.
736-742. [Online]. Available.

[18] Robots and Robotic devices – Vocabulary, ISO 8373:2012, 2012.
[19] K. J. Waldron and J. Schmiedeler, "Kinematics," in Springer Handbook of

Robotics, B. Siciliano and O. Khatib, Eds. Cham: Springer International Pub-
lishing, 2016, pp. 11-36.

[20] J. J. Craig, Introduction to Robotics: Mechanics and Control, 3 ed. New Jersey:
Pearson Education International, 2005.

[21] B. Siciliano, L. Sciavicco, L. Villani, and G. Oriolo, Robotics: Modelling, Plan-
ning and Control, 1 ed. London: Springer, 2010.

[22] R. N. Jazar, Theory of Applied Robotics: Kinematics, Dynamics, and Control,
2 ed. Boston, MA: Springer US, 2010.

[23] L. Sciavicco and B. Siciliano, Modelling and Control of Robot Manipulators, 1
ed. London: Springer, 2000.

[24] S. Chiaverini, G. Oriolo, and A. A. Maciejewski, "Redundant Robots," in
Springer Handbook of Robotics, B. Siciliano and O. Khatib, Eds. Cham:
Springer International Publishing, 2016, pp. 221-242.

[25] J. Wang, Y. Li, and X. Zhao, "Inverse kinematics and control of a 7-DOF redun-
dant manipulator based on the closed-loop Algorithm," International Journal
of Advanced Robotic Systems, Article vol. 7, no. 4, pp. 1-9, 2010.

[26] S. Chiaverini and O. Egeland, "A solution to the singularity problem for six-joint
manipulators," in Proceedings., IEEE International Conference on Robotics and
Automation, 1990, pp. 644-649 vol.1.

[27] E. Aboaf and R. Paul, "Living with the singularity of robot wrists," in Proceed-
ings. 1987 IEEE International Conference on Robotics and Automation, 1987,
vol. 4, pp. 1713-1717.

[28] R. Featherstone and D. E. Orin, "Dynamics," in Springer Handbook of Robotics,
B. Siciliano and O. Khatib, Eds. Cham: Springer International Publishing,
2016, pp. 37-66.

[29] K. Säfsten and M. Bellgran, Production Development: Design and Operation
of Production Systems, 1 ed. London: Springer, 2010.

[30] J. Law, "Fixed Cost," in A Dictionary of Business and Management, J. Law,
Ed., 6 ed. Oxford, UK: Oxford University Press, 2016.

[31] J. Law, "Variable Cost," in A Dictionary of Business and Management, J. Law,
Ed., 6 ed. Oxford, UK: Oxford University Press, 2016.

[32] T. Atkins and M. Escudier, "Error," in A Dictionary of Mechanical Engineering,
T. Atkins and M. Escudier, Eds., 1 ed. Oxford, UK: Oxford University Press,
2013.

[33] T. Atkins and M. Escudier, "Repeatability," in A Dictionary of Mechanical Engi-
neering, T. Atkins and M. Escudier, Eds., 1 ed. Oxford, UK: Oxford University
Press, 2013.

46



Bibliography

[34] G. L. Anderson, "Design with Sealants," in Handbook of Adhesion Technology,
L. F. M. da Silva, A. Öchsner, and R. D. Adams, Eds. Berlin, Heidelberg:
Springer Berlin Heidelberg, 2011, pp. 725-741.

[35] K. Wakabayashi, "Quality Control of Raw Materials," in Handbook of Adhesion
Technology, L. F. M. da Silva, A. Öchsner, and R. D. Adams, Eds. Berlin,
Heidelberg: Springer Berlin Heidelberg, 2011, pp. 1007-1029.

[36] T. Atkins and M. Escudier, "Rheology," in A Dictionary of Mechanical Engi-
neering,T. Atkins and M. Escudier, Eds., 1 ed. Oxford, UK: Oxford University
Press, 2013.

[37] I. Skeist and J. Mirron, "Introduction to Adhesives," in Handbook of adhesives,
I. Skeist, Ed. 3 ed. Boston, MA: Springer US., 1990, pp. 3-20.

[38] S. Bhowmik, R. Benedictus, and Y. Dan, "Adhesive Bonding Technology," in
Handbook of Manufacturing Engineering and Technology, A. Y. C. Nee, Ed.
London: Springer London, 2015, pp. 765-784.

[39] L. F. M. da Silva, A. Öchsner, and R. D. Adams, "Introduction to Adhesive
Bonding Technology," in Handbook of Adhesion Technology, L. F. M. da Silva,
A. Öchsner, and R. D. Adams, Eds. Berlin, Heidelberg: Springer Berlin Hei-
delberg, 2011, pp. 1-7.

[40] L. J. Hart-Smith, "Adhesively Bonded Joints in Aircraft Structures," in Hand-
book of Adhesion Technology, L. F. M. da Silva, A. Öchsner, and R. D. Adams,
Eds. Berlin, Heidelberg: Springer Berlin Heidelberg, 2011, pp. 1101-1147.

[41] K. W. Allen, R. H. Dahm, J. Comyn, and D. E. Packham, "Mechanical Theory
of Adhesion," in Handbook of Adhesion: Second Edition, 2005, pp. 275-289.

[42] J. Antony, Design of Experiments for Engineers and Scientists, 1 ed. Oxford:
Butterworth-Heinemann, 2003.

47



Bibliography

48



A
Appendix I - Sealant properties

and considerations

A.1 Sealant properties

Sealant properties can be divided into three categories: Chemical, physical and
mechanical properties [10, 34]. These properties constitute a significant role in the
selection of a sealant, as well as in the application procedure of the sealant [10,34].
Sealant properties that have an impact on the application procedure are here studied.

In regard to the chemical properties of a sealant Petrie [10] mentions the cure rate,
the depth of cure, and shrinkage are important for application purposes. The du-
ration it takes for the sealant from being mixed to the state it loses its applicable
condition is referred to as the cure rate [10, 34]. The duration can vary between
minutes and a day [10]. Within the duration the sealant slowly loses the applicable
condition as it hardens gradually [35]. The terms pot life and working life illustrate
the concept cure rate [34]. Pot life is the time from when the sealant leaves the
mixer and is ready for application until the time the sealant’s viscosity measure
doubles [34, 35]. Whereas, working life is the time span in which the sealant still
poses the capability to wet the surface [34]. This property is important in a pro-
duction context because it sets a time limit on when the application of sealant must
occur [34].

Regarding the curing mechanism, certain sealants cure by diffusing moisture. As the
most outer layer of the sealant can transmit moisture easier and thereby cures faster,
it creates a layer of skin which impedes the transmission of moisture for the deeper
layers of the sealant. In consequence, further moisture transmission is restricted
and the complete solidification of sealant is constrained by this phenomenon. This
phenomenon is referred to as the depth of cure [10,34].

During solidification, sealant can shrink up to 10 % in size. For sealants that dif-
fuse moisture on the other hand, the shrinkage is higher [34]. The shrinkage can
contribute to the creation of flaws (e.g. cracks) on the seal which in turn negatively
affects the function and even the durability of the seal [10,34].

Concerning the physical aspects of sealant properties, rheology, is an influential fac-
tor for the sealant application [10]. Rheology is the term that specifies the material’s
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deformation and flow property [10,34,36]. This property defines appropriate appli-
cation methods and application surfaces for the sealant. There are two classes of
rheology: self-leveling and non-sag [10,34]. A sealant that is self-leveling spreads out
evenly on the surface [10,34]. In contrast, a material that is non-sag is a thixotropic
material that can be deformed by applying force [10,34]. For instance, if the mate-
rial is self-leveling then an extrusion gun might be the tool of choice compared to a
spatula, because the material is fluid and spreads out evenly by itself [10,34]. How-
ever, in this case the sealant may not be ideal for vertical or upside-down horizontal
application surfaces [10,34].

A.2 Sealant application considerations
The sealant is applied to the joint surfaces whilst the sealant is in liquid form.
This ensures that the sealant can penetrate through all gaps and cavities of the
joint [11, 13, 37]. The liquid form also wets the surfaces, meaning that the sealant
accomplishes an intermolecular contact with the surface which provides optimal con-
ditions for the sealant to adhere to the surfaces [11,13,38]. The concept of adhesion is
the intermolecular forces that are present between two dissimilar substances [10,39];
in this case the sealant and the surface. Whereas, the intermolecular forces that
exist within a material itself are encapsulated in the concept of cohesion [39]. The
intermolecular forces in both adhesion and cohesion are identified as van der Waals
forces [39]. The sealant is transformed into a liquid state by heating it with proper
equipment or by applying a solvent to dissolve the sealant [13]. Additional alter-
native is that the monomer of the sealant material begins in a liquid state and
undergoes a polymerization process and stays in its liquid form afterwards [13].

A key component for a successful sealant application is the preparation of the sur-
face. Preparation operations on the surface contribute to enhancement of the adhe-
sion mechanism [10, 40]. Beneficial for the adhesion of the sealant are flaws in the
adherent surface, such as cavities and pores. This allows the sealant in its liquid
state to fill these flaws and achieve a mechanical interlocking [41]. By roughening
of the surface with adequate equipment these flaws can be applied to the surface.
Furthermore, a clean surface improves the wetting ability of the sealant [10].

After the sealant has been applied in its liquid form is must harden. Different
sealants require different methods for the hardening process. In its hardened form
the sealant reaches strength and durability [37,39].
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B
Appendix II - Singularity

experiment details

The model of the experimental process is depicted in Figure B.1.

Figure B.1: General Model of the singularity experiment

The process variables for the experiment were identified by means of brainstorming
and screening the experiment [42]. These variables were then classified as either
controllable or uncontrollable [42]. Controllable implies that the variables can be
attuned by the experimenter and uncontrollable implies that variables cannot be
attuned [42]. The disturbance effects caused by uncontrollable variables that might
influence the experiment are averaged out by applying the three principles of de-
signing an experiment; randomizing, replication and blocking [42].

For the experiment the manipulator is needed and the KUKA-FRI. KUKA-FRI is
a software that logs the joint angles. These angles can then be used to calculate
the TCP-velocity as well as the joint velocities. In the experiment, the controllable
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B. Appendix II - Singularity experiment details

variable TCP Cartesian velocity will be limited to 50 mm/s and the motion type of
the manipulator will only be linear. Regarding the configuration, only one singular-
ity configuration was performed since the behavior of the controller will be the same
for all singularity configurations. The proximity of the singularity was controlled by
adjusting the joint angle of the redundant axis (Joint 3). For the selected configu-
ration, the joint angle of the redundant axis was set to 5◦ since this was the closest
we could get to a singularity configuration before the controller would restrict the
workspace. The aim of the experiment is to only investigate the behavior of the
controller and the possible implications for sealant application not to find the sin-
gularities. Uncontrollable variables are the behavior of the controller and the safety
protocol embedded in the program of the controller.
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C
Appendix III - Joint values for

validation

The following figures show the comparison between the simulated joint values and
the real values. As can be seen in the graphs, the simulated values and the real
values are not exactly the same. However, the start-point and end-point are the
same as well as the required time for the motion.

Figure C.1: Joint value comparison for joint 1 and 2

Figure C.2: Joint value comparison for joint 3 and 4
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Figure C.3: Joint value comparison for joint 5 and 6

Figure C.4: Joint value comparison for joint 7
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