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The aim of this thesis was to describe how a manual assembly process of
polycarbonate sheets for heat exchangers can be automated with an industrial robot.
The objectives were to design suitable robot cell concepts and simulate them to
describe how the automated process could be done and to present which machines
and equipment that could be used. Additionally, productivity rates and investment
costs was to be calculated.
The project started with a situation assessment and a literature review. Experts and
suppliers of robotic equipment were consulted, and the results served as a basis for
the concept generation process. Several concept ideas were evaluated, and three
ideas using adhesive for the assembly were chosen for further studies and simulation.
Existing products and machines were used in the designs when possible. By modeling
and simulating the cells in simulation software, feasible cell designs was created, and
cycle times were measured.
The three proposed solutions all utilize an industrial robot, a vacuum gripper and
adhesive as the assembly method. Two of the concepts has the robot attending
different adhesive dispensing machines; one gantry and one conveyor. In the third
concept, the robot applies the adhesive. The cell design that achieved the lowest cycle
time in the simulations was the conveyor concept, with a cycle time of 21 seconds
per sheet. The conclusion of the study is that investing in a robot cell would increase
productivity.
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Sammanfattning
Syftet med detta arbete var att designa en robotcell anpassad för tillverkning av
värmeväxlarpaket i moduler. Målet var att besvara hur tillverkningen av värmeväxlare
kan automatiseras samt vilken robot och övriga verktyg och maskiner som kan
användas. Vidare skulle den möjliga produktionstakten och investeringskostnaden för
designförslagen beräknas.
Arbetet inleddes med en nulägesanalys och en litteraturstudie. Ett flertal experter och
leverantörer inom automationsområdet konsulterades. Resultaten från detta låg till
grund för en konceptgenereringsprocess i vilken ett flertal designidéer togs fram. Tre av
dessa designförslag valdes ut för vidare studier och simulering. Genom att modellera
och simulera robotcellerna kunde de utformas realistiskt och möjliga cykeltider
beräknas.
De tre designförslagen använder alla en robotarm, ett vakuumgripdon samt lim som
metod för monteringen. Två av koncepten består av en medelstor robotarm som betjänar
en limappliceringsmaskin. I ena konceptet är det en kartesisk robot med limbord som
används för limappliceringen, i det andra är det ett transportband som för plastskivan
under ett antal limpistoler. Det tredje designförslaget låter en större robot, utrustad med
verktygsväxlare, utföra alla moment i processen genom att den byter verktyg mellan
vakuumgripdon och limpistol. Det koncept som uppnådde den lägsta cykeltiden i
simuleringarna var lösningen med rullbandet, med en cykeltid på 21 sekunder per skiva.
Studiens slutsats är att en investering i en robotcell skulle leda till ökad produktivitet
jämfört med manuell produktion.

Keywords: Automation, Simulation, Robot cell design, Adhesive dispensing, Vacuum gripper

i

Acknowledgements
This thesis work has been conducted by two mechanical engineer students at Uppsala
University for Energy Machines, with support from Robotdalen.
We would like to thank our supervisor Anders Thunell at Robotdalen who has been
providing usable knowledge about robotics and automated processes. Also, a big thanks
to Kenneth Andersson and Martin Stålnacke at Energy Machines for all feedback and
help during the process, as providing information.
We are also very grateful to our subject reader Matías Urenda Moris at Uppsala
University, for valuable advice on both automation and report writing.
Finally, we would like to thank all the helpful people at different companies who had
the patience to answer all our questions.

Uppsala, June 2017

Niklas Brusén, Jon Kristoffersson

ii

Table of contents
1.

2.

3.

Introduction ................................................................................................................ 1
1.1

Background ........................................................................................................ 1

1.2

Problem description ............................................................................................ 1

1.3

Aim and objectives ............................................................................................. 2

1.4

Delimitations ...................................................................................................... 2

1.5

Disposition.......................................................................................................... 3

Method ....................................................................................................................... 4
2.1

Planning .............................................................................................................. 4

2.2

Situation assessment ........................................................................................... 4

2.3

Literature review ................................................................................................ 5

2.4

Concept generation ............................................................................................. 5

2.5

Concept development ......................................................................................... 6

Frame of reference ..................................................................................................... 7
3.1

Automation ......................................................................................................... 7

3.2

Robot .................................................................................................................. 8

3.2.1
3.3

Manipulator arm/Industrial robot ................................................................ 8

Robot cell ......................................................................................................... 10

3.3.1

Robot cell configuration and automation level ......................................... 12

3.3.2

Safety requirements ................................................................................... 13

3.4

Gripping tools ................................................................................................... 14

3.4.1

Suction cups .............................................................................................. 14

3.4.2

Designing vacuum gripping tools ............................................................. 15

3.4.3

Ejectors ...................................................................................................... 17

3.5

Object localization ............................................................................................ 17

3.5.1

Positioning table ........................................................................................ 18

3.5.2

Sensors ...................................................................................................... 18

3.5.3

Machine vision .......................................................................................... 19

3.6

Assembly methods for polycarbonate sheets ................................................... 20

3.6.1

Adhesive .................................................................................................... 20

3.6.2

Double-sided adhesive foam tape ............................................................. 21

3.6.3

Other methods ........................................................................................... 21

3.7

Adhesive dispensing ......................................................................................... 21
iii

4.

3.8

Tool changers ................................................................................................... 23

3.9

Simulation ........................................................................................................ 23

3.10

RobotStudio Simulation ................................................................................... 24

Empiricism ............................................................................................................... 25
4.1

Business description ......................................................................................... 25

4.2

Process and problem description ...................................................................... 25

4.3

Current assembly process ................................................................................. 26

4.4

Future process ................................................................................................... 27

4.4.1
5.

Concept generation .................................................................................................. 30
5.1

The simulated concepts .................................................................................... 30

5.1.1

Concept 1 – Gantry ................................................................................... 30

5.1.2

Concept 2 – Tool changer ......................................................................... 30

5.1.3

Concept 3 – Conveyor ............................................................................... 30

5.2
6.

Required specifications ............................................................................. 28

Concept evaluation and selection ..................................................................... 31

Concept development .............................................................................................. 32
6.1

Introduction ...................................................................................................... 32

6.2

Gripper tool ...................................................................................................... 32

6.2.1

Suction cups .............................................................................................. 33

6.2.2

Ejector ....................................................................................................... 34

6.2.3

Modular tool system .................................................................................. 34

6.2.4

Tool changer.............................................................................................. 35

6.2.5

Finished design ......................................................................................... 35

6.3

Assembly method ............................................................................................. 36

6.3.1

Chosen method .......................................................................................... 36

6.3.2

Adhesive .................................................................................................... 37

6.3.3

Dispensing equipment ............................................................................... 38

6.4

Protection around the robot cell ....................................................................... 38

6.5

Modeling and simulations ................................................................................ 38

6.6

Pallets ............................................................................................................... 39

6.7

Economic calculations ...................................................................................... 40

6.8

Concept 1 - Gantry ........................................................................................... 41

6.8.1

Robot ......................................................................................................... 41
iv

6.8.2

Process description .................................................................................... 42

6.8.3

Required machines and equipment ........................................................... 43

6.9

Concept 2 – Tool Changer................................................................................ 43

6.9.1

Robot ......................................................................................................... 44

6.9.2

Process description .................................................................................... 45

6.9.3

Required machines and equipment ........................................................... 46

6.10

Concept 3 – Conveyor ...................................................................................... 46

6.10.1

Robot ......................................................................................................... 46

6.10.2

Process description .................................................................................... 46

6.10.3

Required machines and equipment ........................................................... 47

6.11

Economy ........................................................................................................... 48

7.

Simulation results .................................................................................................... 49

8.

Analysis ................................................................................................................... 50

9.

8.1

Aim and objectives ........................................................................................... 50

8.2

Fundamental for all concepts ........................................................................... 51

8.3

Concept 1 .......................................................................................................... 51

8.4

Concept 2 .......................................................................................................... 52

8.5

Concept 3 .......................................................................................................... 53

Discussion ................................................................................................................ 55
9.1

Gripper.............................................................................................................. 55

9.2

Positioning methods ......................................................................................... 55

9.3

Adhesive application ........................................................................................ 56

9.4

Labor and configurations .................................................................................. 56

9.5

Practical ............................................................................................................ 57

9.5.1

Using two pallets ....................................................................................... 57

10. Conclusions and further work .................................................................................. 60
10.1

Introduction ...................................................................................................... 60

10.2

Main results ...................................................................................................... 60

10.3

Further work ..................................................................................................... 61

11. References ................................................................................................................ 62

v

List of Figures
Figure 1: Planned work procedure .................................................................................... 4
Figure 2: Process description of concept generation......................................................... 5
Figure 3: An illustration of how a six-degrees of freedom articulated arm can move.
(Motion Control Robotics, 2017) ...................................................................................... 9
Figure 4: Cylindrical arm. ............................................................................................... 10
Figure 5: Cartesian arm. .................................................................................................. 10
Figure 6: Load case A - Vertical direction of force, suction cup horizontal (Schmalz,
2017). .............................................................................................................................. 15
Figure 7: Load case B - Horizontal direction of force, suction cup horizontal (Schmalz,
2017). .............................................................................................................................. 15
Figure 8: Load case C - Horizontal direction of force, suction cup vertical (Schmalz,
2017). .............................................................................................................................. 16
Figure 9: Vacuum Gripper Tool Configurations ............................................................. 17
Figure 10: An illustration of a polycarbonate sheet. Design may vary. .......................... 26
Figure 11: Different stages of a manually assembled heat exchanger. ........................... 27
Figure 12: Suction cup placement ................................................................................... 35
Figure 13: CAD rendering of the chosen tool changer ................................................... 35
Figure 14: CAD rendering of the designed vacuum gripper. .......................................... 36
Figure 15: Adhesive gun (Aplicator Group, 2017) ......................................................... 38
Figure 16: Pallet with stops, which the pallet would be placed against. ......................... 40
Figure 17: Illustration of IRB4600-40 reachability. (ABB, used with permission)........ 41
Figure 18: IRB4600-40 robot. (ABB, used with permission) ......................................... 42
Figure 19: Design of Concept 1. IRB4600-40 is placed in the middle.1: Pallet loaded
with boards, 2: Positioning table, 3: Adhesive-/Worktable, 4: Pallet for building the
module. ............................................................................................................................ 43
Figure 20: Concept 2, illustration rendered in RobotStudio ........................................... 44
Figure 21: IRB 6650S (ABB, used with permission) ..................................................... 44
Figure 22: Reach of IRB 6650S (ABB, used with permission) ...................................... 45
Figure 23: Concept 3, yellow line represents track of robot. .......................................... 47
Figure 24: Concept 1 including two pallets with sheets and positioning table. .............. 58
Figure 25: Concept 1 including two pallets with sheets and machine vision. ................ 58
Figure 26: Concept 3 including two pallets with sheets. ................................................ 59

List of Tables
Table 1: Initial concept evaluation results ...................................................................... 31
Table 2: Lifting force performance of the chosen suction cups (piab.com) ................... 33
Table 3: Results of the concept development and simulations ....................................... 49

vi

Abbrevations and definitions
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joint and two linear, PPP Three linear joints.
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1. Introduction
This chapter describes some benefits and hurdles that comes with the implementation of
industrial robots, and advantages with automation. The assigned problem to be solved
with an automated cell is presented, followed by the aim, objectives and delimitations of
the study.

1.1 Background
In recent years, automated production with industrial robots has increased greatly. The
International Federation of Robotics (IFR) predicts that the annual number of robot
units sold will reach a record breaking 400,000 during 2018 (Tobe, 2015). Robots are
no longer exclusive for large automotive factories; small businesses are also joining the
trend.
Industrial robots (IRB) are often the best choice when the goal is to reach high
productivity and flexibility in an automated manufacturing system. These two
production system traits are crucial to optimize in many small and medium sized
enterprises (SME) to be competitive in today's globalized market. The first step to
automation is difficult to take. One of the major hurdles preventing robotic automation
for SMEs is the complexity of robot programming (Zengxi, 2012). In recent years, as
offline programming has become more popular and attainable, this has become easier to
overcome. With offline programming, the design or programming of robot cells can be
performed without having to stop production, or even before purchasing the robot and
equipment. This can result in significant cost reduction, and time saving when it comes
to installation time and delays in production.
Industrial robotics are often introduced when to solved monotonous task that can easily
be automated. This to increase productivity, gain cheaper production, prevent personal
injuries and uncomfortable work habits (acieta, 2017). Along with implementation, it
often brings the need or simplicity to build the products in modules. Manufacturing in
modules often result in increased efficacy and reduced complexity (Golfmann &
Lammers, 2015). It can also provide faster installation while on site, since a major part
of the assembly is already exerted, and simplify the automation implementation.

1.2 Problem description
A manual process consisting of merging polycarbonate plastic sheets, that is a part of a
heat exchanger, is studied. This to examine the possibility of using industrial robots
instead, and thereby turn it into an automated manufacturing process. The manual
operation is monotonous and repetitious, and is therefore considered to be an
appropriate process that can be performed by IRB.
Heat exchangers can be designed in various formats, use different techniques and
mediums. For example, water or air is most commonly used, but it can also be other
fluids or solid particles. The main idea is to use the thermal energy of the exhaust air to
1

change the temperature of the incoming air. For this process, it is possible to use Crossflow heat exchanger, Counter flow heat exchanger and Co-current heat exchanger
(Värmeväxlare, n.d.). The company of interest delivers heat exchangers that consist of
a substantial number of polycarbonate channel sheets that, when merged together, form
perpendicular air channels. They are currently being manually assembled on location,
since the air treatment units are custom built to fit each building. One sheet at the time
must be applicated with several double-sided adhesive tapes, that work as distances, to
join them with the next sheet. The manual assembly process is very monotonous and
inefficient, which makes it expensive and time consuming. It also requires providing
temporary supply air to the buildings while the installation is in progress. This
temporary solution is often costly.
Since the product is made to order, it is of great value to reduce manufacturing time and
cost. Therefore, the company is now planning to produce the heat exchangers in preassembled modules to greatly reduce the installation work time on site. The sheets will
be assembled in a module framework that provides stability during transport as well as
easy and quick installation in the air treatment unit. Because of the negatives traits about
manual process above mentioned, the company is looking to invest in a robot cell that
automates this new production method. The automatic process to be achieved involves
localization of the sheets, merging them together and deliver a finished module
containing a certain number of sheets. This work serves as a pre-study for the
investment.

1.3 Aim and objectives
The aim of this study is to identify and present how a manufacturing process of the air
to air heat exchanger modules can be automated with an industrial robot, and the results
of the study are to serve as a basis for future investments.
The objectives of the study are to design one or more robot cell concepts automating the
manual assembly process and implementing modular product design. The designs are to
be simulated in ABB’s simulation and offline programming software RobotStudio (RS),
in order to answer the following questions;
•
•
•

How can the manufacturing process of air to air heat exchanger modules be
automated with an industrial robot?
Which robot, additional machines and tools could be used?
For each concept; What production rate could be achieved, and how large would
the estimated investment be if the proposed robot cell is implemented?

1.4 Delimitations
The actual implementation of the proposal is not involved in this work, but the project is
to conduct a feasibility study to create a basis for a potential future investment and
implementation. Likewise, no robot / PLC programming will be done. ABB's RS will be
used for simulation and programming. Functionality of software programming in RS
2

will not be explained in this report, and using RS also limits the range of choosing robot
manufacturer to ABB.
The design of a complete robot cell is a large and complicated task which typically
requires a large project, with a team of experts each responsible for different fields like
production, maintenance, engineering/design, facilities, finance, programming, safety
etc. (Glaser, 2009). This pre-study does not go into detail into any of these fields, and is
limited to presenting some realistic concept ideas. Therefore, automation as whole will
only be described briefly. Similarly, the robots and equipment chosen for the concepts
may not be the optimal choices, since local suppliers were mostly consulted due to ease
of communication. All empirical tests were carried out in the simulation software, no
physical tools or products were tested.
The cost of the current assembly process used in the payback calculations was estimated
to a large degree. Also, the cost of operating the cells, such as electricity, maintenance,
rent, materials, spare parts, etc. are not included in the price estimates.

1.5 Disposition
The report consists of ten main chapters along with List of Tables, List of Contents and
List of Figures. Every chapter starts off with a brief explanation regarding the content of
the current chapter. Chapter one gives a broad background and explains the underlaying
problem, aim and objectives for this work. Chapter two describes the situation
assessment, method used for conducting the work and answering the issue.
Further on, in the main part of the report that consists of chapter 3, 4, 5 and 6, Frame of
Reference, which explain underlying theories relevant for conduction the thesis work,
Empiricism for current manufacturing and what to be achieved is presented. Including
the Concept generation and Concept development is explained.
Chapter 7 presents the simulations results and estimated costs of the Concepts
generated. In chapter 8 and 9 an analysis and a discussion is carried out to establish and
validate how well aim and objectives are answered with the frame of reference as
ground, and discuss the different techniques and method used in concept development.
Finally, the report ends with a conclusion with respect to results, analysis and
discussion.
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2. Method
This chapter describe briefly the method used as working process in the study.
Furthermore, the approach and design is presented, along with data acquisition and
analysis. Finally, the chapter ends with further explanation around development of the
concepts.

2.1 Planning
In the beginning of the thesis project, the problem, aims and objectives of the study was
described in a project plan, and an overview of the suggested work procedure was
created (Figure 1). The result was the basis of the scheduling, and made sure that no key
stage of the process was overlooked.

Figure 1: Planned work procedure

The thesis work was a collaboration between academic and industrial partners located at
separate cities with a considerable geographical distance, which demanded a special
effort in order to maintain continuous communication and to keep up with the project
plan.
This case study was mainly based on both qualitative and quantitative data with the
main objective of designing a suitable automated process for this problem.

2.2 Situation assessment
Qualitative data was collected through observations, interviews and document studies.
This data included dimensions of the channel sheets and process requirements, and
provided the basis for the compilation of the specification.
A study visit was carried out to an existing air treatment unit. This visit gave a deeper
understanding of the current production process and the functionality of the final
4

product. The current assembly process was studied through observations and interviews
with key persons from the company with knowledge of the process.
A study visit on an air treatment unit under production was also planned but due to
delays in that project, the visit had to be cancelled. Instead, the process was described
more thoroughly in an additional interview, supported by documents illustrating the
different process steps.

2.3 Literature review
A literature review was performed in order to collect and evaluate relevant methods,
tools and processes to be used in the design of the resulting automated solutions. In this
review, publications like patents, books, graduate theses, product specifications and
articles were studied. The plan was to mainly perform literature studies in the first half
of the process, but this became instead an ongoing process throughout the whole
project. Due to the large scope of the problem, it was relevant to collect information
from many different fields, and some of them became interesting in a later stage.
The review was not solely dependent on literature. To achieve the best possible result,
several people with experience in the automation and tooling business were consulted.
This was mainly done through consultations and semi-structured interviews via e-mail
correspondence and telephone conversations.

2.4 Concept generation
Based on the results and knowledge gathered in the literature review, the concept
generation process started. Used process is illustrated in Figure 2.

Figure 2: Process description of concept generation

Data Acquisition: Information from the literature review and consultations regarding
robots, adhesive application and positioning methods was first gathered. Mainly to
easier understand how the different concepts could be developed and engineered.
Brainstorming: To get various layouts of the cells, a brainstorming session was
performed where different equipment and tools was used for the design.
Design: Several robot cell concept ideas were conceived and presented in simple
sketches. The sketches included cell size, type of robot and suggested equipment.
Evaluation: Together with the supervisor at Robotdalen an evaluation, in terms of pros
and cons, was made to distinguish what seemed to be the best solutions and not. The
traits evaluated was flexibility, cell size, complexity, estimated costs and cycle times.
Concept Selection: The most promising ideas were chosen for further study,
calculations and simulation.
5

2.5 Concept development
The concept development process was the main part of the project, and was carried out
to help achieve the aims and objectives. The process consisted of four parts; choice of
machines and equipment, modeling, animation and finally simulation. The plan was to
perform the stages in the order above, but the process proved to be iterative to a high
degree, so they were instead performed simultaneously. A lot of time and effort also had
to be spent on learning how to use the simulation software.
To get the results of the study reliable and feasible, as many existing products as
possible were used in the design of the concepts. To achieve this, many suppliers of
products within the automation industry were contacted. Throughout the project, they
were consulted via e-mail correspondence and telephone interviews, and the
information gathered from this proved imperative in the development of the concepts.
The products and features had to be represented by 3D-models. Some of these were
provided by the suppliers, the rest were modeled in CAD software. When the models
were completed, the concepts were visualized by constructing and dimensioning each
robot cell. By utilizing the correct dimensions in the modeling of the tools and
equipment, some insights were gained on how to design the cells with suitable layouts
in an early stage. As was mentioned earlier, the process was iterative, so new models
had to be created and the layout had to be changed several times throughout the project.
With the robot cells of the concepts modeled, the moving parts could be animated. By
manually moving the robot model in the program, further insights were made. This was
done to learn which movements that were possible for the robot to perform. By
attaching the sheet to the tool, more required layout changes were made as collisions
between parts could easily be detected.
By using the programming language of the simulation software, the production process
was simulated. Since RS simulations utilizes the same Robot Controller Systems used
for the actual robots, it was used to semi-practically test the functionality of the
concepts. The simulations were done in order to test different ideas, layouts, tools and
robot trajectories.
The final designs were presented through detailed simulations, proposals of suitable
tools, machines and other equipment needed along with economic calculations of the
investment.
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3. Frame of reference
In this chapter, current knowledge in the broad field of industrial robot automation is
briefly presented to establish context to this study. The frame of reference focuses on
information relevant to the objective of the project: industrial robots, simulation
software, sheet assembly methods, tools, robot cell design and how to decide if
automation is the right choice for a process.

3.1 Automation
There are some different approaches commonly used for dealing with automation
projects. The USA principle is one example of a simple and memorable method. By
following this method, it provides a good first step in any automation project (Groover,
2001). The abbreviation USA in this case stands for the three steps of the method
(Groover, 2001):
1. Understand the process.
2. Simplify the process.
3. Automate the process.
The first step of the USA method is to understand all the details of the current process.
What happens to the product between input and output, and how does it add value to it
(Groover, 2001)?
Step two is to simplify the process. Consider the purpose of the process and eliminate
all operations unnecessary for the value of the product and simplify or combine the rest
if possible. Investigate which technology is best suitable for the task (Groover, 2001).
Step three is to consider automation, once the process has been reduced to its simplest
form. This step may reveal that simplifying the process is enough, and that automation
is no longer needed (Groover, 2001).
The following process, similar to the USA principle, is effective for evaluating if
robotics is the best choice for a small company (Glaser, 2009):
Step 1: A problem is identified in the process.
Step 2: Define the process.
Step 3: Develop concept.
Step 4: Decide whether the project is economically and technically feasible.
Naturally, the company must first have a reliable process to be automated, and have
identified a problem somewhere in the process that may be solved by implementing an
automated process. Additionally, in this first step return of investments (ROI), hurdle
rate and payback period requirements should be identified.
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The next step is to define the process and product to be automated. If this is the pioneer
robot project of the company, a low-risk process should be chosen. Project design
criteria should then be generated.
A concept should then be developed to investigate the feasibility of the project. A
preliminary automated solution should be defined, and a rough costing estimate
established. Then it should be identified where the system will be located and how
much resources will be needed to operate it.
The fourth and final step is to decide if the project is technically possible and worth
investing in. Here, all factors identified in the evaluation process are considered, in
order to come to the right conclusion.

3.2 Robot
The word robot comes from the Czech word robota, which means “forced labor”, and it
contains many different definitions and embodiments. According to (Oxford, 2017) it is
defined by “A machine capable of carrying out a complex series of actions
automatically, especially one programmable by a computer”. However, in this report
there is only one type of robot that is interesting, which is an industrial kind. “An
industrial robot is a manipulator designed to move materials, parts and tools, and
perform a variety of programmed tasks in manufacturing and production settings”
(RobotWorx, 2017), or according to ISO 8373:1994, “Manipulating industrial robot is
an automatically controlled, reprogrammable, multipurpose manipulator
programmable in three or more axes which may be either fixed in place or mobile for
use in industrial applications”. Further on in this report, industrial robot will be referred
to as robot.
3.2.1 Manipulator arm/Industrial robot
Various robots can be used for the same or different tasks. Depending on the process to
be automated – one is better fitted than the other. Some allows for better product- and
manufacturing flexibility while others allows for wider capacity flexibility and greater
work area. Product flexibility describes how well a robot can handle detail variation, upand down scaling, different size of an object etc. Manufacturing flexibility is about
dealing with new processes and objects, when previous ones become obsolete (Groover,
2001). An example of a robot that has high flexibility of manufacturing and product
variations is a six-axis articulated arm, in relation to a cartesian robot or cylindrical arm.
The negative aspects of using a six-axis robot can be limited workspace and work load.
However, the limited workspace problem can be solved by using a travel track for the
robot. Configurations of each link can either be of type P (Prismatic joint) or R (Rotary
joint). Prismatic joint refers to a sliding joint, which can move linear and Rotary joint
refers to a rotational, twisting or revolving joint (Groover, 2010). Following, an
explanation of four different industrial robot types, that could be relevant to this work,
will be explained briefly. Each robot presented have different configurations, design and
degrees of freedom (DoF). DoF describes how a robot can reach a specific target in
8

space (in the x-, y-, z-plane). Most often one axis, if the movement is not similar to
another axis, entails one degree of freedom – which means that six DoF allows the robot
to reach a specific point in the robot’s workspace with a chosen orientation.
Six-axis articulated arm (RRR)
A six-axis articulated, with six DoF has a various axis configuration and are among the
most common ones of articulated arms. Six DoF allow great flexibility and the
opportunity to perform a wider variety of applications than robots with fewer axis and
DoF (RobotWorx, 2017). Figure 3 illustrate in which directions the robotic arm can
move. Each axis configuration is briefly explained below (Motion Control Robotics,
2017).

Figure 3: An illustration of how a six-degrees of freedom articulated arm can move. (Motion Control Robotics, 2017)

•
•

•

•
•
•
•

One axis: able to pick and move an object along a straight line
Two axis: able to pick up an object, move the object horizontally and vertically
– set it down or present it on one x/y plane. Cannot change the object’s
orientation.
Three axis: as previous axis, but also set it down and present it anywhere in x,
y, z space that is within the reach of the robot. Cannot change the object’s
orientation
Four axis: as previous axis while able to change the object’s orientation along
one axis (yaw for example)
Five axis: as previous axis while able to change the object’s orientation along
two axis (yaw and pitch for example)
Six axis: as previous axis while able to change the object’s orientation along
three axes (yaw, pitch and roll).
Seven axis: all of the movement capability of a six-axis robot, along with the
ability to move the robot in a linear direction (typically horizontal) on a rail.

Spherical arm (RRP)
A spherical or polar arm configuration is constructed with a linear sliding arm mounted
on two rotational joints, allowing for movement in a polar coordinate system (Groover,
2010).
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Cylindrical arm (RPP)
This manipulator configuration consists of two linear joints and one rotational joint. It is
designed with a vertical column as the first joint providing rotational movement. The
linear joints allow movement vertically along this column and radially to and from its
axis (Figure 4).

Figure 4: Cylindrical arm.

Cartesian (PPP)
A cartesian robot is constructed with three linear joints. The movement occurs in the
same direction as of the axis in a cartesian-coordinate system. Cartesian arms are often
engineered as gantry, that work from above against a work table. This result in effective
use of floor area and using this type of construction allow big variation of size and work
load (Bolmsjö, 2006). An example is illustrated in Figure 5. Furthermore, they can also
be referred to as linear robots.

Figure 5: Cartesian arm.

3.3 Robot cell
A robot cell is a complete system that includes the robot, operator and other peripherals
required for the process to function. Robot cells can also be referred to as work cells
(industriautomation.tips, 2017).
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One crucial part of making a robot cell efficient, is its layout. According to (Greg, 2015)
there are five stages that can simplify and ensure you to get the most efficient layout of
the cell; Requirements, Concepts, Constraints, Strategies and Results.
•

Requirements

The first step is to understand the product flow requirements and understand the space
for eligibility. It is highly important to minimize the system footprint, while not
constricting operator access, forklift travel, material transport, or egress routes. Typical
requirements that is mention are:
-

Product infeed locations
Raw material delivery locations
Forlift travel aisle ways
Sutrctural obstructions to avoid
Desired cell access points
Existing equipment tie-in points

By understanding these requirements, it will allow the engineer to design the robot cell
in an efficient way.
•

The concept

There are many tools for an engineer to use when designing a robot cell. Among else, 2Dimensional CAD, 3-Dimensional SolidWorks renderings and simulations, such as RS.
All mentioned represent different visualization and level of complexity, and allow better
understanding of the operation and space requirements needed for construction the cell.
Typically, conceptual designs starts with a 2-D layout that later develops to a 3-D
representation after discussion and evaluation between the customer and the engineer.
By starting with a 2-D layout, the location of the robot and all the peripherals are easy
manipulated and optimized. A 3-D representation provide better understanding how the
system will fit into the civility where the installation is supposed to occur.
•

The constrains

There are many perspectives and viewpoints represented when engineering a cell. A key
factor is not to limit layout to a few of those. Instead, contemplate all viewpoints and
consideration for best possible outcome. Some tend to have different focus on what may
be the challenge for implementation. Nevertheless, problems and challenges will occur
during the project, even though a lot of effort is put in to foresee these. This is almost
inevitable. When they present themselves, there are different methods useable for
tackling them.
•

The strategies

A various of strategies can be applied to modify the layout of the cell in order to reduce
footprint, change the flow of the material or provide enhanced accessibility for the
operators. This can for example be reducing the conveyor width to match pallet or
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product manufactured, only provide custom-made automation especially for given
problem or using the height in the facilities as much as possible.
•

The results

For designing a fully functional robotic cell the process requires attention and input
from several customers and supplier representatives, from first to last stage. Managers,
operators, maintenance personnel among other must also contribute in order to
accomplish the goals of the project. It is important that all involved understands the
existing process (if there is an existing process) and what to be achieved. There will be
different opinions and viewpoints, it is of high value to keep communication open,
respect that, and follow a routine step-by-step process to obtain a solution best fitted for
everyone involved.
3.3.1 Robot cell configuration and automation level
When designing an automatic manufacturing system there is a variety of things to keep
in mind. The system can be engineered as flexible or in a more fixed manner. Flexible
manufacturing systems (FML) are often complex computer controlled material handling
systems. These includes different machinery, like NC (numerically controlled) machine
tools, and they can simultaneously handle medium-sized volume of different part types.
Machines in such systems are unproductive if they are not provided with parts from
material handler, conveyor or AGV (Automated guided vehicle). Therefore, it is
important that the material-handling system can transport and provide the cell within
timely manner. The simplest component in an FMS is a flexible assembly cell (FAC),
which often consist of one or few robots along with other machinery, input/output
buffer and automated material handling. (Chryssolouris, 1992).
To make a cell effective it requires information about logistics adjacent where the cell is
supposed to be installed and what tasks are possible to perform with robots. A lot
depends on how the work object and material is delivered to the robot cell; is it a
constant flow of materials to and from the cell or must manually work be performed by
a person? A semi-automatic robot cell is partly handled by a person. The robot relies on
the person to perform task needed to complete the process – and the other way around.
Semi-automatic cells can bring many advantages compared to only manual or fully
automatic manufacturing. For example, (MESH Automation, n.d.)
•
•
•
•
•
•

Reduce Amount of waste
Saving labor costs by freeing employees to handle other tasks
Reducing investment costs associated with fully automatic cells
Improving quality
Speeding up production cycle
Decrease lead times

The size of the robot affects the size of the cell. Since the cell need a protection fence
around the robot that includes the scope of the robot plus load, information about how
12

much space that can be utilized in the factory is required. What type of task shall be
performed? Depending on how the process looks, it can easiest be handle by diverse
types of robots. Does it require one or more robots? What can be automated and not?
3.3.2 Safety requirements
For installing a robot cell, a lot of care is required when planning the protection system.
It is a complex unit and there are certain standards to follow. Since 2006 it exists a
standard according to EN ISO 10218-1, that put certain requirements on the industrial
robot (ABB - Jokab Safety, 2017). Furthermore, a few points can be listed:
•
•
•
•
•
•
•

Safe area limitation
Three-position device
Speed limits and their safety levels
Safety in the control system – protective functions according to EN ISO 138491/EN 62061
Stopping distance/stop times
Requirements for the robot when used in collaborative operations
The manual

Since 2011 it also exists a standard for the robot cell, according EN ISO 10218-2.
Above this, safety requirements include (ABB - Jokab Safety, 2017):
•
•
•
•
•
•
•
•

Safe area limitation
Protection distance for protection device
Protection device
Requirements and solutions for import and export of the material to the robot
cell
Safety in the control system – protective functions according to 13849-1/EN
62061
Requirements to prevent a person from remaining in the risk area
Robotic cell requirement in collaborative operation
The manual

For preventing human injuries and machine damage, a robot cell must be provided with
different safety mechanisms such as above. The requirements are extensive and most be
followed to counteract injuries and to create a safe working environment. Safety
requirements may be different depending in which country the cell is installed.
Ability to come close to the robot, when operating, should not be possible – this can
directly lead to severe personal injuries. For protection around the cell, different method
can be used, most frequently used is fence. There are two types of protection fence that
are discussed in this report, both provided by ABB - Jokab safety. Metal mesh and
polycarbonate plastic. Polycarbonate plastic fence has proven to be as strong as metal
mesh (ABB - Jobab Safety, 2012) and provides better vision in and out from the cell.
Both can be used and mixed when designing a robot cell. When engineered and
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installation, a minimum distance of 500 mm should exist between the moving machine
part, which reaches furthest, and the protection fence (according to EN 349). During test
runs there must be space between fence and moving parts that prevent the operator of
being clamped between these (ABB Jokab Safety, 2014, p. 389).
For open areas, where light beams are used instead of fence, it must exist according to
EN ISO 13855, a safety distance between the opening and the dangerous area/machines
in motion. This is calculated with a formula defined in EN ISO 13855.
𝑆 = (𝐾 ∗ 𝑇) + 𝐶

(8)

where S = protection distance in mm, K = the body/body-part movement speed in mm/s.
T = T1 + T2 where T1 = the reaction time of the protection device, T2 = the reaction time
of the machine, C = further distance in mm based on body infringement towards the
danger zone before the safety mechanism is actuated (ABB Jokab Safety, 2014, p. 219).
Normal walking speed is 1.6 m/s (ABB Jokab Safety, 2014, p. 183).

3.4 Gripping tools
For gripping and handling of sheet-like objects, tools equipped with either
electromagnets or rubber suction cups are the most common choices in the automated
industry (Bolmsjö, 2006). Since the sheets in this assignment are non-ferritic, this study
focuses on solutions with vacuum based gripping tools.
Gripping tools with suction cups are generally not as precise as mechanical grippers.
Therefore, it might be necessary to use a positioning method to achieve sufficient
precision in the production process (See 3.5).
3.4.1 Suction cups
Suction cups are available in a large variety of different shapes and sizes. These can be
categorized into four general types, universal cups, flat cups with cleats, cups with
bellows and deep cups (Bolmsjö, 2006).
Universal suction cups are used on flat or slightly curved surfaces. These are simple and
cheap but sensitive to wear and not as effective as the more elaborate designs described
below.
Flat suction cups with cleats is a good choice when handling flat or flexible objects in
need of extra support during the operation. This design minimizes unwanted movement
of the cups and object in the picking operation. In addition to this stabilizing effect, the
cleats provide a larger area of friction between the cup and the object, which allows for
faster robot movements (Bolmsjö, 2006).
Suction cups with bellows are suitable for separating thin objects and for gripping
curved surfaces. This makes them useful when handling workpieces with flexible
surfaces. Also, the bellows enables gripping of non-smooth surfaces. The bellows also
protects sensitive work objects and does not leave marks.
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In addition to choosing the suction cup best suited for a specific task, the size of cups
needed can be calculated with the following equation:
𝐹𝑇𝐻 = 𝐶 × 𝑃

(1)

where 𝐹𝑇𝐻 [N] is the theoretical suction force of an ideal suction cup, C [m2] the suction
cup pad area and P [Pa] is the pressure outside the cup, usually 100 kPa, the
atmospheric pressure (Arzanpour, et al., 2006).
3.4.2 Designing vacuum gripping tools
To properly dimensioning vacuum grippers, the basic load cases should be considered.
Load case A – Suction cup horizontal, direction of force vertical

Figure 6: Load case A - Vertical direction of force, suction cup horizontal (Schmalz, 2017).

The theoretical holding force 𝐹𝑇𝐻 [N] needed for lifting horizontally aligned sheets in a
vertical direction is given by:
𝐹𝑇𝐻 = 𝑚 × (𝑔 + 𝑎) × 𝑆

(2)

where m is the sheet’s mass[𝑘𝑔], g is the gravitational acceleration [9.82 𝑚/𝑠 2 ], a is the
acceleration of the system [𝑚/𝑠 2 ] and S is the safety factor (Schmalz, 2017). When
dimensioning suction cups for a gripping tool it is advised to use a safety margin of 2-4,
to ensure safety and function even after wear (Bolmsjö, 2006).
Load case B – Suction cup horizontal, direction of force horizontal

Figure 7: Load case B - Horizontal direction of force, suction cup horizontal (Schmalz, 2017).

The theoretical holding force needed for lifting horizontally aligned sheets in a
horizontal direction is given by:
𝐹𝑇𝐻 = 𝑚 × (𝑔 + 𝑎/𝜇) × 𝑆

(3)

where 𝜇 is the friction coefficient between the suction cup and the surface of the lifted
object (Arzanpour, et al., 2006). This constant should be approximated empirically
through testing, but as a guideline the approximate value for friction between suction
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cups and dry plastic is 0.5 (Katz, 2011). Fa is the acceleration force, i.e. (m×a).
Load case C – Suction cup vertical, direction of force horizontal

Figure 8: Load case C - Horizontal direction of force, suction cup vertical (Schmalz, 2017).

The most demanding load case occurs when the sheets are vertically aligned and the
direction of force is horizontal, e.g. when the sheets are moved in a rotating motion ().
The theoretical holding force needed in this case is:
𝐹𝑇𝐻 = (𝑚/𝜇) × (𝑔 + 𝑎) × 𝑆

(4)

The number of suction cups 𝑛 needed is given by:
𝑛 = 𝐹𝑇𝐻 / 𝐶𝑇𝐻

(5)

where CTH [N] is the horizontal lifting force of the suction cup.
Equations (4) and (5) gives the number of suction cups needed for load case III:
𝑛=

(𝑚/𝜇) × (𝑔+𝑎) × 𝑆
𝐶𝑇𝐻

(6)

Also, important to consider when designing gripper tool is dimensioning not only for
the most demanding operations during the regular process, the tool must provide
sufficient holding force during emergency stops, since they often could subject the
system to higher accelerations than the regular routine. The emergency stop acceleration
A [m/s2] can be determined by:
𝐴=

(𝑉𝑓 −𝑉𝑖 )
𝑡

(7)

where Vf [m/s] is the final speed, Vi [m/s] the initial speed, and t [s] is the time it takes
for the system to come to a full stop. (Karbassi, 2009)
In an experimental study of gripper tools, it was found that configuration a was an
optimal choice over configuration b when lifting large objects (Figure 9). For
configuration a, the minimum friction coefficient needed to avoid skidding was less
than for b (Mantriota, 2005).
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Figure 9: Vacuum Gripper Tool Configurations

3.4.3 Ejectors
Ejectors are used to control the airflow in and out from the suction cups. They are often
used instead of a vacuum pump, since they are lighter, smaller and cheaper to use. A
small ejector can be mounted directly on the suction cup for single control, or one larger
ejector is mounted on the tool for control of multiple suctions cups. The ejector can
either be controlled by an electrical signal from the robot control system, or by a
mechanical control system (Carter Pumps, Inc, 2008).
The functional mechanism of an ejector is very simple and reliable. A constant air
pressure is connected to the ejector, and a nozzle increases the flow velocity of the air.
After exiting the nozzle, the air expands and flow through a receiver nozzle and into the
outlet port, also called silencer. During this process, vacuum is created in a chamber
between the inlet and the receiver nozzle. Moreover, this procedure causes air to be
drawn in from the vacuum port, which can be a suction cup. Both the air from the
vacuum port and the exhaust air leaves through the outlet port (silencer) (FESTO,
2013). The ejector can work in various stages to set the amount of preferred air pressure
(Bolmsjö, 2006).
When choosing ejector not only must the desired vacuum level be considered, the air
leakage between the cup and object is also a factor. In the case of smooth objects there
is minimal leakage, and the ejector only needs to evacuate the air in the suction cups
(Bolmsjö, 2006).

3.5 Object localization
To locate, determine dimensions and center of an object using a robot can be difficult
and require extra components. By using external sensors this process can however be
simplified. External sensors can greatly improve the flexibility of the robot system.
Some examples of external sensors are tactile, proximity, optical or machine vision.
There are two types of tactile sensors; touch sensor and force sensor. Both can be used
to determine whether if connection is made or not between the sensor and an object.
Force sensor has however the ability to measure magnitude of the force between the
object and the sensor. Optical sensors are often used to determine the presence or
absence of an object, while proximity sensors can be used for measuring the distance
between the sensor and an object (Groover, 2010).
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Depending on the object being located some methods are more suitable than others.
Other methods can also be used, that is not analog or digital, like a positioning table that
is explained below in chapter 3.5.1. What method that should be used mainly depends
on the dimensions and the appearance of the object, but also on the surrounding
environment e.g. illumination. Keeping track of the position of the object, throughout
the entire process, is a key factor for almost every automatic manufacturing (Thunell,
2017).
3.5.1 Positioning table
A positioning table is a simple way for the robot to find the center of a flat object. The
object is released by the robot onto a leaning table with stop lugs in the end. The object
is being dropped a few millimeters above, which makes the object slide down and stop
against the stop lugs, hence the object will always have the center point at the exact
same position. Once the flat object is in position, the robot picks it up. It is important
that the robot/system knows the dimension of the object to be able to use this method.
Furthermore, no requirements are made on the environment around the robot, like
illumination, temperature or electrical interference (Thunell, 2017).
3.5.2 Sensors
There are multiple sensors to use when it comes to detecting an object. To mention a
few; inductive, capacitive, ultrasonic, photoelectric and magnetic. However, when the
object is made of plastic, there are only a few that are suitable. Ultrasonic, photoelectric
and capacitive sensors can all be used for detecting plastic. Nevertheless, they are best
fitted for different tasks.
Photoelectric sensors can be divided into three categories – through beam, diffuse and
retro-reflective. All photoelectric sensors operate under the same principles – light. A
transmitter is sending out light that a receiver detects. Through beam and reflective
sensors must be installed at two points. Through beam sensors are installed with a
transmitter in one case and a receiver in another case. Retro-Reflective sensors can use
the same housing for transmitter and receiver but need to have a special built reflector
for returning the light beam. Furthermore, they are reliable but expensive. Diffuse
sensors can be installed at one point as the target acts like the reflector, but is less
accurate (ISA, International Society of Automation, 2017),
Ultrasonic and Photoelectric apply better for long-range detection and Capacitive sensor
apply best for short range (as short as 10μm (LION Precision, 2017)) with high
accuracy when the object is flat, at least 30% larger than the sensing area (LION
Precision, 2012) (of the sensor) and the target is parallel to the sensing area. If the target
to detect is oddly shaped or have a rough surface – error can be introduced (Kinney,
2001).
When determine the location and dimensions of an object, the sensors can be mounted
on the tool; the tool then sweeps the edges of the object. Since the software knows the
position of the robot it can calculate the position and dimensions of the object.
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3.5.3 Machine vision
Machine vision can be divided into three stages: Image Acquisition and Digitization,
Image processing and Analysis and Interpretation of data. The technique is rapidly
growing and vision-systems can either be designed in 2D or 3D. 3D is becoming
increasingly common due to technology development, albeit most industrial application
can be solved using a two-dimensional system, since many situations involve a 2D
scene. A 2D machine vision system can for example be used for dimensional measuring
of an object, dimensional gaging, verify the presence of components or checking for
features on a flat (or semiflat) surface as detection of flaws and defects. Surrounding
environment like glare, contrast and lighting plays a key part of making machine vision
effective (Groover, 2001, pp. 738-745)
Image Acquisition and Digitization
A video camera is used to capture an image of the scene and object. A digitizing system
is used for storage of the image and subsequent analysis. The image captured is divided
into a matrix of discrete picture elements, also called pixels. Each pixel is processed and
evaluated regarding light intensity in relation to the scene and other pixels. Every pixel
is then converted, by an ADC (Analog-to-Digital Conversion), that assigns it with a
digital value equivalent to the light intensity of each pixel. The vision system can either
be developed as binary or a grey-scale system, depending on factor of difficulty the
scene or process requires.
A binary system can be compared to an on and off lever. It reduces the light intensity of
each pixel to a level where it can either be distinguished as I or O, or graphically black
or white. A grey-scale system is more advanced and can be used to sense many different
intensity levels, typically system used has 4, 6 or 8 bits of memory. For an 8-bit
memory, it can distinguish up to 256 levels of light intensity. This allows the system to
determine the surface characteristics, such as texture and color. Furthermore, the system
requires constant and steady lighting over time, hence illumination is a crucial factor
while the system operating (Groover, 2010, pp. 739-741).
Image Processing and Analysis
Different techniques can be used for the second step of the process in machine vision,
image processing. One of them is called segmentation. Segmentation techniques are
about divide and define regions of the image taken, two methods that are commonly
used are thresholding and edge detection.
Edge detection can, by using specially developed software algorithms, find and compare
pixel intensity adjacent to each other, and therefore determine the shape of an object. An
important requirement for using this technique is that the object is projected against a
background with contrasting light intensity, for example white against black.
Thresholding defines a certain value that, by examine the light intensity of the pixel, can
either be less or greater. This means that the operation is binary, and the value either
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becomes I or O. For example, I represent black and O white. This often simplifies
identification of objects (Groover, 2010, p. 743).
Interpretation of Data
All images taken by the camera needs to be interpreted, this requires any given
application used in machine vision. Pattern recognition are used for object
identification, were predefined models or standard values are stored in the system.
Pattern recognition can be divided in various methods, most commonly used are
Template matching and Feature weighting. Template matching is about comparing
image taken, versus a stored image in the computer memory. Features, like objects,
must statistically match the corresponding image that is stored. One basic method often
used compare pixel by pixel to determine the similarity of the data template and the
image that is being processed. Alignment, and make sure objects and features matches
the same orientation they have in the template, is often an issue using this method.
Feature weighting is another basic method often used. This technique involves
allocating a certain weight to various parameters, for example, length, distance, area or
diameter, and therefore be able to identify the object. This is achieved by comparing
score of the object with respect to the allocated score representing an ideal object
(Groover, 2010, p. 744).

3.6 Assembly methods for polycarbonate sheets
For merging plastic sheets of polycarbonate there are multiple methods to choose from.
The decision of which joining method to use should be based on several factors like
product requirements, equipment availability and costs (Throughton, 2008).
3.6.1 Adhesive
Adhesive bonding is one of the most versatile merging techniques. It is an efficient,
inexpensive and durable method for creating permanent bonds. It creates a continuous
and uniform seal, impenetrable by gases and liquids. This also spreads stresses over the
bond area, as opposed to mechanical fasteners. Aesthetically, adhesives are often a good
choice, since no fasteners are visible. Adhesives can join objects of different materials,
and does not require any extra components. It is lightweight and easily applied with
automated systems.
Different techniques allow different adhesive applications. There are multiple factors to
reconsider before choosing a dispense system. For example, (Smithers Rapra
Technology, 2010)
•
•
•
•
•
•

Single-part or two-part adhesive
Viscosity of the adhesive
Dispense quantity
Cycle time to achieve production
Cure method
Open time of adhesive
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•
•

Health and safety considerations
Cost

Some disadvantages with adhesives are the curing times and limited temperature ranges.
If disassembly of the joined parts is required, it’s not the best method, since the parts
joined often are damaged if the bond is broken. When using solvent-based adhesives the
vapors may be harmful and/or flammable (Throughton, 2008). Adhesive joints are
usually not as strong as mechanical or welded joints. The adherends (the parts to be
joined) must also be clean, free of dirt, oil, release agents for the adhesive to be
effective. Some additional surface treatment is sometimes required, e.g. smooth surfaces
may need to be slightly roughened to increase the effective contact area and allow
mechanical interlocking (Groover, 2010).
Adhesive exists in many different bond strengths, from sealant to high performance
construction adhesive in aerospace industry, and can be applied hot or cold. For hot
adhesive dispensing a melt system is required. In an adhesive bonding, attractive forces
between the adhesive and objects are created. Type of attractive force varies due to
adhesive and material of the adherend, but is often one or more of following forces:
adsorptive, electrostatic or diffusive (Throughton, 2008).
3.6.2 Double-sided adhesive foam tape
The conventional method of assembling polycarbonate channel sheets for heat
exchangers is by using thick double-sided foam tape to connect the sheets at the
distances necessary for functionality (Helmenius & Eriksson, 2011). More on that
method in 4.2, where the current assembly method is described.
3.6.3 Other methods
In Handbook of Plastics Joining (Throughton, 2008), several joining methods for solid
polycarbonate sheets are compared and rated 1-10 in different categories like speed,
labor, part size and cost.
Welding techniques like, ultrasonic welding, different kinds of hot welding, vibration
welding and spin welding all receive the grade 10 in tensile strength, which is the
highest grade possible. It is also a fast method. However, they are among the most
expensive and labor-intensive methods. They are limited to joining smaller parts and the
design of the parts to be joined are usually complex (Throughton, 2008).
Mechanical joining with rivets or screws also have great tensile strength and is often the
least expensive choice (Throughton, 2008). Like adhesive bonding, it is a slower
method than welding but can be used to join parts of unlimited size.

3.7 Adhesive dispensing
There are several options available when choosing adhesive dispensing equipment.
Some are specifically designed for use with industrial robots, but it is also possible to
adapt equipment originally intended for manual use. The use of robots for adhesive
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application guarantees repeated tracking accuracy and constant speed of delivery
(Mortimer, 2004).
Selecting the wrong dispensing equipment can lead to problems like delays, cost
overruns and misapplied equipment. When choosing equipment and designing the
adhesive dispensing solution for an automated process it is therefore essential to plan
well and to consult an experienced team. The system integrator, dispensing equipment
manufacturer as well as the suppliers of machines and materials should cooperate to
find the optimal solution. Each team member should have insight in the complete
process specification (Tudor, 2008).
A typical automatic adhesive dispensing equipment consists of a pump, hose and an
applicating valve with a nozzle, which can be called an adhesive gun. Depending if the
adhesive is solid or liquid, hot or cold, a melting system may be required. Systems
receive a start or stop signal that indicates if the machinery should applicate adhesive or
not. Which means that any desirable pattern can be applicated. For example, if a solid
line is not needed, dots or beads can be used. These systems can also be designed with
more than one adhesive gun, which only required multiple start/stop signals, if they
should work independently.
The application valve is controlled by pneumatics or electric signals. Some equipment
allows adjustment of the material and the air connection, which means it can be
customized to fit desirable application angle. For example, the air connection for the
valve can be put in all directions, depending on what best suits the robot and hoses. In
many automatic adhesive applications, the adhesive guns are often mounted on a robot
– any kind that allows attachment. To enable the handling of large or long objects, the
robot can be given additional reach by equipping the arm with an extension for holding
the valve (Mortimer, 2004).
Effective fixturing is essential to achieve precise robot dispensing of adhesives. As a
simple solution, fixturing can be done by having an operator manually load and unload
the work object. The fixturing may also be done automatically using indexing to
position the object correctly (Tudor, 2008). One solution is to have the robot holding
and moving the object beneath a static adhesive dispenser. An option to fixturing is
using vision technology to enable the robot to adapt its path when the work object is
incorrectly placed (Tudor, 2008). There is an example of a cartesian adhesive
dispensing table for polycarbonate channel sheets where the sheets are held in place on
a perforated surface with vacuum underneath (Helmenius & Eriksson, 2011).
Possible speed for adhesive dispensing varies depending on viscosity properties of the
adhesive, equipment used and type of adhesive. For polyurethane adhesive, speeds up to
2m/s is possible (Stokes, 1996). However, speed is most often limited for several
reasons. Firstly, the faster application occurs, the more it enhances the risk of errors
appearing on the adhesive string. Secondly, equipment used often get lower accuracy at
higher speeds. Lastly, robots with higher possible speed are often more expensive and
require more advanced melting systems for adhesive, which provide higher melting rate.
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Therefore, around 1m/s should be more suitable, if the process requires high reliability
(Karlsson, 2017).

3.8 Tool changers
One of the largest perks with industrial robots is their flexibility. Their
reprogrammability combined with the possibility of performing all kinds of different
movements, with high demands on strength, precision and/or speed, makes them
extremely versatile. However, a robot’s flexibility is often limited by its end effector,
since each specific task often requires special End of Arm Tooling (EOAT).
For a robot, designed only to perform a single task, the end effector can be directly
fastened to the arm. To make full use of the robot and have it performing several tasks
usually requires a way to quickly change the end effector. A tool changer enables just
that, with high precision, strength and durability. Tool changers are designed to
withstand millions of cycles with high repeatability, without sacrificing functionality
(Little, 2003).
Since the tool changer essentially is an extension of the robot arm, it is required to be
strong and durable, to avoid it being the weakest link in the system. Because of this, tool
changers generally are expensive and heavy.
Robot tool changers consists of two main components, the robot-sided flange, and the
tool holder. These two components are designed to fit and connect to each other
effectively using some type of locking device, like a pin-type, ball notch or bayonettype locking mechanism. The robot-sided flange is an adapter mounted on the end
effector, and this component fits into the tool holder guided by centering devices like
alignment pins (Brillowski, 1996).
Tool changers can be equipped with optional coupling modules enabling connection of
electrical signals or media like air or water between the robot and the tool. It is not
possible however to transfer adhesive in this way, according to a supplier of tool
changers.

3.9 Simulation
Online programming, or teach-in programming has been the most common
programming method, and still is. Online programming has become easier to perform in
recent years, due to the introduction of operator assisted and sensor guided
programming (Zengxi, 2012). Conventionally, the lead-through method is used. The
robot is jogged through the desired path, recording coordinate points in the robot
controller and using them to define movement commands. The method is simple and
intuitive but limited by the competence of the operator and only suitable for
programming simpler processes. It also has a serious disadvantage; the robot cell cannot
be used for other tasks during the online programming. And since using this method for
programming a 16 h arc-welding production process of vehicle hulls can take as long as
eight months or more, it can prove very expensive (Zengxi, 2012).
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Offline programming is based on a 3D model of the complete robot cell and often robotspecific code. The method does not remove the long programming times needed, but
shifts the work from the robot operator to the software engineer. This enables the robot
cell to be used for other tasks during the programming, which is a huge advantage.
Offline programming also has proved more reliable as well as more flexible to changes
of the product design, and is suitable when programming more complex processes. It
has some disadvantages; it requires a large capital investment and difficult
programming. It is therefore most useful for larger companies with experience and
resources (Zengxi, 2012).

3.10 RobotStudio Simulation
RobotStudio is a software provided by ABB robotics that utilizes online and offline
programming and is unique in the way that the actual robot controller language is used
in the simulation. This enables direct downloading to the controller without any
translations, which makes it possible to simulate the exact process that will occur in
practice – if using a robot from ABB's assortment and the right measurements of all the
objects. Using any other robot than manufactured by ABB will not allow direct
downloading of the code to the controller. It might however be possible by the use of a
converter. Using RS enables easier understanding of the limitations of the robot, which
can be controlled in a various way in the graphic interface or by code, and illustrates
how the process and cell could be designed.
RS is used throughout all stages of the life cycle for a robot, from design to
reprogramming and troubleshooting (Connolly, 2009). The first version of RS was
released in 1998, and it is the leading simulation software of industrial robots. There are
similar alternatives available from other robot manufacturers, Fanuc RoboGuide,
Motoman and MotoSim, to name a few. There are also a couple of programs not tied to
specific robot brands, that can be used to simulate solutions with robots from all
established robot manufacturers.
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4. Empiricism
This chapter briefly describes the object of the case study. The company is presented,
followed by a description of the process to be automated, and the required
specifications that served as a basis for the design of the robot cells. Some assumptions
had to be made and these are also presented.

4.1 Business description
Energy Machines Sweden is a new and expanding company that supplies its customers
with integrated system solutions that generates heat and cooling. The company has
around 20 employees in Malmö, Gothenburg, Stockholm, Umeå, Sundsvall and Gävle.
Their business mission is to minimize the energy consumption in the real estate sector,
to lower energy costs and climate impact (Energy Machines, 2016). ClimateMachinesTM
is the name of one of their products; an air handling system that delivers a reliable
indoor climate with a low operating cost, all year round. The heart of the system is an
air to air heat exchanger.
Robotdalen is an institution created, and whose main goal is, to encourage automation
and develop innovative robot solutions within different sectors. By cooperation between
the academy, business community and public actors, Robotdalen creates the
prerequisites for successful development and commercialization of new robot solutions
for industry, services and healthcare. They are partly financed by VINNOVA and the
European union, as well as county administrative boards and county councils in the
county of Sörmland and Västmanland. Energy Machines is one, of many others
companies, that have contacted Robotdalen for advice and help to automate their
manufacturing process of their heat exchanger.

4.2 Process and problem description
Currently, the heat exchangers are being produced manually. This is a method that
EnergyMachines wants to change into an automatic manufacturing process, using
robotics. Mainly to reduce manufacturing cost, deliver products in a shorter time rate
and maintain a good and even quality regarding their products. The process of
manufacture and install one air handling system is today time consuming. If the
production of the heat exchanger could be produces automatically, built in modules, the
manufacturing and installation time could be reduced, which the company and their
customers would benefit from in a various of ways.
Their heat exchanger, is for now, a two-step cross-flow heat exchanger and consists of
large number of polycarbonate sheets which has to be merged together. This is now
made manually by two people and the assembly method is based on placing one sheet at
the time using tape as joining technique. Using tape in an automatic manufacturing
operation might create the need of many mechanical parts and components, therefore
adhesive methods are examined. It is also desirable to merge the sheets in a different
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pattern than vertical or straight joints. This to have the ability to manufacture, for
example, co-current heat exchangers.

4.3 Current assembly process
In the currently used manual assembly process, the material used as connecting ribs
between the polycarbonate sheets is the linear low density polyethylene (LDPE) foam
Sensaten R150. The strips have adhesive on both sides and are 15 mm wide and 3 mm
thick. The length of the strips varies with the height of the sheets. Using this type of
double-sided adhesive foam tape is the conventional method for assembling heat
exchangers made from polycarbonate channel sheets. (Helmenius & Eriksson, 2011)
The polycarbonate sheets are placed, one by one, standing in a position that can be seen
in the upper right photo in Figure 11. On each sheet, a certain amount (depending of the
sheet size) of the adhesive tape strips is placed vertically to form the air channels – and
for the next sheet to be mounted on. Figure 10 shows an illustration of how a
polycarbonate sheet with airflow channels can be designed. The tape strips are placed
close enough to each other to create a stable connection between the sheets and at the
same time form large air channels perpendicular to the channels in the sheets.
The manual assembly process is very time consuming. The time it takes to assemble one
heat exchanger depends on several factors, like the skills of the assembler, location, size
of the sheets, transportation, clean up time etc. The time needed for two assemblers to
assemble one sheet is estimated to an average of five minutes. This means that a heat
exchanger with one thousand sheets would require 166.7 work hours (83,35 hours for
two people), slightly more than four 40-hour working weeks, to assemble.

Figure 10: An illustration of a polycarbonate sheet. Design may vary.
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Figure 11: Different stages of a manually assembled heat exchanger.

4.4 Future process
The process to be achieved contains multiple tasks, among else handling the
polycarbonate sheets and gluing them. This creates the need of multiple tools, robots
and equipment. Since the polycarbonate boards varies a lot in size, it might become
difficult to handle them with one tool that can keep them stable and prevent damage
during lifting. The density of the polycarbonate boards is 0.8 kg/m2, which means that
the largest sheets (2.0m×2.1m) weigh 3.36 kg. The robot must also be able to reach the
center of each board, and strong enough to carry them plus the weight of the tool. To
merge polycarbonate there are several methods that can be used. To find the most
suitable method for this task, different methods must be examined – to obtain a firm and
reliable connection between the sheets.
Since it is desired to manufacture the sheets in modules, a manufacturing method that
comes with many practical advantages when implemented, called modular product
design (MPD), is taken heed. This method divides large or complicated products into
components, and thereby reducing complexity and enabling mass customization. In
recent research, it has been proven that MPD can increase manufacturing efficiency,
reduce inventory costs and save distribution time (Ma & Kremer, 2016). From an
industry perspective, it also has a positive impact on sustainability. By implementing
MPD, the lead time of the final assembly process can be significantly decreased. In
certain lines of business, like the construction industry, this can be very valuable for
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both the company and its customers. The costs are reduced, and the final product can be
delivered faster, which boosts competitiveness.
4.4.1 Required specifications
The following specifications was required for the concepts. In addition, some
requirements and assumptions were specific for a certain concept. These are presented
in their respective concept chapters.
The robot cell functionality requirements:
•
•
•

•

Assemble heat exchanger modules with a width of 0.15-1.0 m.
Ability to handle sheets of sizes ranging from 1.0m – 2.0 m (length), 0.7-2.1
(height) and a weight of 0.8 kg/m2.
The task of the automated cell is to move the sheets from the pallet, place them
in the module framework and attach them to each other. The sealing part of the
module framework is assumed to be attached manually outside of the cell, after
the process.
The plastic sheets will be delivered to and collected from the cell on pallet by a
forklift.

Polycarbonate sheets
•

•
•

The channel sheets used in the product are made of polycarbonate. The sheets
have a thickness of 4 mm and a mass of 0.8 kg/m2. At the integrated distances,
the channel sheets have a thickness of 7 mm.
The sizes of the sheets to be handled by the robotic cell range between 0.7×1.0m
– 2.1×2.0m. The largest sheets have a mass of 3.36 kg.
The 3-5 integrated distances on the sheets are assumed to have a width of 15
mm, a thickness of 1.5 mm and the same length as the sheet is wide. They are
also assumed to be straight and evenly spread over the sheets from the edges.

Robot specifications
•
•

Ability to lift, move and place sheets of all specified sizes, and all tools needed
for the process.
Enough reach to perform all the steps included in the process.

Gripper
•
•
•

Ability to lift, move and place one sheet at a time, of all the specified sizes.
Must not lose grip of the sheet during the normal work process.
Must not lose grip of the sheet during emergency stops.

Sheet assembly method
•
•
•

The seams must be impervious to air and fluids to ensure functionality.
Must be nontoxic and non-harmful.
If adhesive is used, it must be one-component.
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Module framework
•
•
•

Completed modules have the width of 0.15 – 1.0m, including the framework
itself.
Provide stability during transport and assembly.
Must enable easy assembly.

Logistics
•
•

The sheets are delivered to the cell on a pallet. Approximately 120 sheets/pallet.
The modules are collected from the cell on a pallet.

29

5. Concept generation
This chapter starts with a presentation of the specifications and assumptions that served
as a base for the study. A brief explanation of the concept generation and evaluation
process follows, and finally the resulting concepts chosen for simulation is described.

5.1 The simulated concepts
Meeting the cell requirements can be achieved in many ways e.g. – with different
robots, cell design, different technologies and with or without manual operations. To
generate solution ideas, a brainstorming session was held, that resulted in ten robot cell
concepts described in simple sketches and short explanations of the processes. These
ideas were presented to the thesis supervisor at Robotdalen, discussed and analyzed.
Some of the ideas were ruled out for various reasons, like being flawed or too similar to
other concepts. The remaining three concepts are briefly introduced below and more
thoroughly described in chapter 6.
5.1.1 Concept 1 – Gantry
The robot’s task will be machine tending and assembly, and will not need to change
tools in between. Tool for handling the boards will be a pneumatic gripper that create
vacuum between suction cups and the sheet. The robot will grab the sheets from a pallet
and drop them on a leaning table that, by using gravity, always place the sheet in the
same position. Then the robot picks up the sheet and places it on a work table. A
cartesian robot will be mounted on this work table. The cartesian robot will be equipped
with an adhesive gun that sweeps across the board and apply the adhesive. After
application, the robot will assembly boards together by placing them on a pallet, where
the module will be built.
5.1.2 Concept 2 – Tool changer
In this solution one larger robot performs all the steps of the process, by changing tools
after each step. The robot, equipped with a vacuum gripper tool, picks the sheet up,
places it on a positioning table, picks it up again to place it on top of the previously
applicated sheet. Then the robot changes tools to the adhesive dispensing gun and
applies the strings before changing back and repeating the process.
5.1.3 Concept 3 – Conveyor
A robot grabs the boards from a pallet and places them, one at the time, on a conveyor
using a vacuum gripper. The conveyor leads the board under a certain amount of
adhesive guns that will apply the adhesive. After the board has been applied with
adhesive, the robot will grab and assemble the boards on a pallet, table or conveyor.
This means that the robot’s task is machine tending and assembly.
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5.2 Concept evaluation and selection
In the last step of the concept generation process, the three concepts were evaluated and
assigned grades from 1 to 3, 3 being the best, in the traits deemed most important:
flexibility, cell size, complexity and the estimated costs and cycle times (Table 1).
Table 1: Initial concept evaluation results

Evaluation criteria

Gantry

Tool Changer

Conveyor

Flexibility

2

3

1

3 = Most flexible

Cell size

3

1

3

3 = Smallest cell

Complexity

3

2

1

3 = Least complex

Estimated cost

3

2

1

3 = Least expensive

Estimated cycle time
Total

2
13

1
9

3
9

3 = Shortest cycle time

Concept 1, with a gantry performing the adhesive application, seemed like the most
promising concept. However, to avoid the risk of overseeing good concept ideas, it was
decided that all three concepts would go on to the concept development stage, and be
simulated in RobotStudio. In that way, the concepts could be evaluated based on more
than speculations, since the simulations would give more reliable evidence of the
realism and potential of the different robot cell designs.
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6. Concept development
This chapter describes the choices made in the development of the robot cell concepts.
The results are explained with the theoretical frame of reference as a basis. The choice
of tools and equipment are presented, followed by the chosen method of assembly and
the design and security of the robot cells. Finally, the design and development of each
concept is presented.

6.1 Introduction
All concepts are designed to be semi-automatic. They are designed with different
settings, robots and equipment, although they are aimed to solve the same task. This
chapter declares the functionality of tools and the equipment used in every concept,
including economic calculations for each concept. Furthermore, in every cell a pedestal
is used, for mounting the robot on, which provide better reach and use of the robot’s
workspace. Every concept allows using either machine vision, positioning table or
sensor to locate and determine position of the sheets, but they are however engineered
with one chosen method. Below follows five chapters that concerns all concepts, such
as gripping tool for the sheets, assembly method, simulation and economic calculations.
Concept 1, 2 and 3 are explained in chapter 6.7, 6.8 and 6.9.

6.2 Gripper tool
Every concept requires lifting and handling the polycarbonate sheets. Therefore, a
suitable tool needs to be used that can grab flat objects easily, without damaging them
and without fail. A vacuum gripper tool with suctions cups will handle this operation
smoothly. Using a pneumatic system that creates a suction between the sheet and
suction cups, will generate the holding force. This is a common method used in industry
and provides a solid grip that can easily handle the weight.
Since the sheets to be handled in the process has a wide variety of sizes, the tool needs
to be constructed in a way that allows gripping sheets of all sizes without risking the
sheets being bent or damaged in any way.
Load case C (equation 3) is the most demanding of the load case equations, so by
calculating the theoretical force needed for the suction cups the equation gives the
sufficient holding force for the gripper tool.
The largest polycarbonate sheets have a mass of 3.36 kg and their friction coefficient is
estimated to 0.5 (see ) With a maximum acceleration of the TCP of 10 m/s2, equation 3
gives:
𝐹𝑇𝐻 =

3.36 𝑘𝑔
×(9.82 𝑚⁄𝑠 2 + 10 𝑚⁄𝑠 2 ) × 𝑆
0.5

𝐹𝑇𝐻 = 6.72 𝑘𝑔 × (19.82 𝑁⁄𝑘𝑔) × 𝑆
𝐹𝑇𝐻 = 133.19 𝑁 × 𝑆
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With the recommended safety factors 2, 3 and 4, respectively, the theoretical suction
forces needed to lift the sheets according to load case C are as follows:
𝐹𝑇𝐻 (𝑆 = 2) = 266.4 𝑁
𝐹𝑇𝐻 (𝑆 = 3) = 399 𝑁
𝐹𝑇𝐻 (𝑆 = 4) = 532 𝑁
For this tool, a safety factor of 2 has been chosen. It should be enough, but since the
sheets are large the tool might need some extra lifting force to compensate for wind
resistance. This must be tried empirically.
In all simulations, the maximal TCP velocity during lifting of the sheets is 2 m/s. If the
emergency stop is activated, the sheet must not be dropped. It is assumed that it takes
the robot 0,25 s to come to a full stop. With these values, the acceleration A [m/s2]
during emergency stops can be calculated using equation 7:
𝐴=

(0 𝑚/𝑠 − 2 𝑚/𝑠)
0.25 𝑠
𝐴 = −8 𝑚/𝑠 2

Since the magnitude of the emergency stop acceleration is lower than 10 𝑚/𝑠 2 used in
the dimensioning of the tool, no alterations of the tool are required.
6.2.1 Suction cups
The suction cups chosen for the gripping tool is B35XP, a bellow suction cup made of
polyurethane (see appendix). It was recommended for this application by a supplier of
vacuum systems (Wegebrand, 2017). According to its datasheets, it has excellent
gripping performance, even on porous or textured surfaces. The bellow has a higher
hardness than the lip of the cup, which makes the cup both strong and stable, and at the
same time flexible enough to not lose its grip on the slightly curved surface the
polycarbonate sheets is likely to get when handled. Should this cup be placed on the
edge of one of the raised distances by mistake, it would not lose its grip. Table 2 shows
the lifting force performance of the chosen cup at different vacuum levels.
Another possible choice of suction cup is a suction cup with cleats, which is often used
to provide extra friction when handling sheets of metal and glass. For this application,
the additional friction should not be necessary, since the sheets are relatively light.
Table 2: Lifting force performance of the chosen suction cups (piab.com)

Vacuum level

10 -kPa
60 -kPa
90 -kPa

CTH
17 N
39 N
50 N

Ca
15 N
30 N
40 N
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6.2.2 Ejector
The chosen ejector for mounting on the tool is piCompact23 SX42, a configurable and
compact unit sufficient for all suction cups. Its design is optimized for high reliability
and fast cycle times. It has a mass of 523 g and can generate a vacuum level of -90kPa.
Using a safety factor of 2, a theoretical holding force of 266.4 N is needed. The
horizontal holding force of the suction cup is 40 N. Using equation 5, the number of
suction cups n needed was calculated:
𝑛 = 266.4 𝑁 / 40 𝑁
𝑛 = 6.66
A safety factor of 3 gives:
𝑛 = 9.975
With a safety factor of 2, at least seven suction cups are needed. To make the gripper
symmetrical, eight cups were used. This configuration was the one modeled and used in
the simulations. To reach a safety factor of 3, ten cups are required. As an alternative to
using more suction cups, larger cups can be utilized.
6.2.3 Modular tool system
Since the chosen gripper system can provide enough lifting force to lift the largest
sheets, it is theoretically possible to design a gripper tool that could handle the smallest
as well as the largest sheets.
For optimal flexibility, a modular tool gripper system from FEBA Automation was
chosen. The tubular 16 mm aluminum rods provide rigidness while being lightweight.
In this case, a modular tool is to prefer over a standard tool solution since the tool
should be optimized to fit as many different sheet sizes as possible, and may need some
alterations after testing. Since the suction cups provide better friction when placed near
the corners of the object according to an empirical study (Mantriota, 2005), the suction
cups were placed as close as possible to the corners of the smallest sheet size (Figure
12). The chosen cup pattern may have to be changed slightly inwards depending on the
precision of placement of the sheet stacks delivered to the robot cell.
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Figure 12: Suction cup placement

The weight of the tool, with framework, suction cups, adapter plate and ejector is 6,5
kg, hoses excluded.
6.2.4 Tool changer
The tool changer chosen for concept 2 is TC240-1 (Figure 13), a model from Robot
System Products suitable for use with the chosen robot. The tool changer has optional
modules for extra water/air, electrical signal connections and an adapter plate for
connecting to the robot arm.
The tool changer has a locking device utilizing
balls pressed into spherical grooves when
connecting, which gives a practically absolute
positioning repeatability and uniform distribution
of load. This enables substantially larger positional
tolerances during docking (Robot System Products
AB, 2017). The tool changer with tool attachment
has a combined mass of 13.4 kg, excluding the
modules. One tool attachment per tool used in the
process is needed.
Figure 13: CAD rendering of the chosen tool
changer
A corresponding tool changer for the smaller
robot, chosen for concept 1 and 3, is also
available if needed. It weighs 5.2 kg, excluding modules.

6.2.5 Finished design
A rendered picture of the finished design of the vacuum gripper can be seen in Figure
14. The hoses and the ejector are not included in the rendering. The tool weighs 19,9 kg
including both tool changer parts, but excluding hoses.
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Figure 14: CAD rendering of the designed vacuum gripper.

6.3 Assembly method
The assembly method currently used, with double-sided adhesive LDPE distances, was
early abandoned as a suitable method for the project, due to the difficulty of automating
the process. Some other methods were considered but proved to be unsuitable as well.
Ultrasonic welding forms very strong joints, but is best for assembling small parts. An
ultrasonic welding machine large enough for the sheets could not be found, and if it
could, it would be very expensive and the pressure required to be applied on the parts
would likely be too high and risk damage the sheets. Mechanical fasteners like screws
and rivets were also ruled out since the joints are not impervious to air or water.
6.3.1 Chosen method
Adhesive dispensing is a common and reliable assembly method for automated
processes and was therefore deemed superior to the double-sided adhesive. Since no
method was found that could rival it, adhesive was chosen as assembly method in all
concept designs.
A commonly used method for applying adhesives using an IRB is by having the robot
holding the adherend and move it beneath a static adhesive dispenser. This solution was
deemed unsuitable for the project due to the large size of the sheets. A somewhat similar
solution is used in one of the concepts however; in concept 3, to apply the adhesive, a
conveyor transports the sheet beneath five static adhesive guns.
To make the most out of the flexibility that comes with IRB’s, it was decided that one
of the concepts would have the robot applying the adhesive, as well as handling the
sheets. This required the use of tool changer equipment. This in turn, made a
requirement that the adhesive dispensing tubing was not mounted on the robot, since it
is not possible to transfer adhesive via tool changers.
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6.3.2 Adhesive
Two companies were contacted for advice and suggestions for what adhesive is best
fitted for this process. Both company recommended adhesive of type Polyurethane or
MS Polymer. Polyurethane has normally an open time between 2-20 minutes which
seems like an appropriate choice for all three concepts, and is therefore chosen. It
applicates hot and hardens between 2-4mm/day depending on the air humidity
(Jacobson, 2017).
The polyurethane TE040 is a low viscosity adhesive with a fast set time and according
to the product information it is ideal for bonding most plastics, as well as wood, glass
and metal. It is important that it is applicated on clean and dry surfaces to function
properly. Therefore, it is a requirement that the sheets delivered to the cell are clean and
free from any release agents. This applies to all concepts.
The amount of adhesive that is required to make a firm and strong joining of the sheets,
is hard to estimate without practical tries. For similar processes, where merging
polycarbonate sheets with MS polymer, a 3mm nozzle is used (Karlsson, 2017) as
adhesive and distances between the sheets. An example of polyurethane provided by
3M called “3MTM Scotch-WeldTM Polyurethane Reactive Adhesive - TE040”, with open
time 2 minutes, set time 40 seconds provide tensile strength of 2750 psi which is
equivalent to 193kg/cm2 (3M Industrial Adhesive and Tapes Division, 2006). Therefore,
an estimation is made that a nozzle between 2 and 3mm can be used, to obtain a firm
and reliable joint between the sheets.
Amount of adhesive per sheet is then estimated, using a 2.5mm nozzle. The amount of
adhesive will be the area of the nozzle times the length of the strings. The estimate will
be done with intent on the sheet with largest dimension (2×2.1m), and since every sheet
is applied with a maximum of five adhesive strings , it results in
0.00125𝑚2 × 𝜋 × 5 × 2.1𝑚 = 0.0000515𝑚3
of adhesive per sheet. Furthermore, the melt capacity needed for every concept will
depend on the cycle time. It will however result in 51,5 liters of adhesive per 1000
sheets.
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6.3.3 Dispensing equipment
Different dispensing equipment solutions were needed for the
three concepts. The solution with the tool changing robot
needed a free-standing adhesive dispensing tool not suspended
on the robot arm, since the transferring of adhesives is not
possible via tool changers. The chosen adhesive dispenser is a
manual adhesive gun, but it can also be handled by an
industrial robot (Figure 15). The air and adhesive connections
on the gun are moveable and can be customized for a good fit
on the robot and with other hoses or parts.
For concept one and two, two types of adhesive guns were
suggested from two different companies, both automatic and
controlled by pneumatic. It is a simple system including hose,
melt machine, pump and adhesive gun. The trigger signal, for
on and off, would be acquired from the robot control system.
For the third concept, a system of five adhesive guns were
Figure 15: Adhesive gun
(Aplicator Group, 2017)
suggested by one of the companies. This suggestion included
five hoses, five adhesive guns and a molten aggregate that can
melt 15kg of adhesive per hour. Company number two, offered a solution that included
two adhesive guns along with a ramp with five outlets. This solution could also be
moveable in the z-axis, in five different steps.
The nozzle size chosen for all concepts is 2.5mm. It is recommended that empirical tests
are made to find the best combination of nozzle size and dispensing speed.

6.4 Protection around the robot cell
To provide a physical barrier around the cell there are two main types of fencing, metal
mesh and polycarbonate plastic. The latter enables better vision into the cell, but is
slightly more expensive (Wikström, 2017).
Since all concepts requires at least one accessible area of the cell, that allows a forklift
to pick and retrieve pallets, safety light beams will be used. According to (Wikström,
2017), one optical safety device is sufficient to cover an entire side of the cell, if the
opening does not exceed operating distance of the product that is used. Orion3 is an
example of such light beam that can be used and it reaches up to 8m (ABB - Jokab
Safety, 2017).

6.5 Modeling and simulations
All products and features used in the final simulations had to be represented by 3D
models. Some important models were available in the software, mainly robots, but also
some additional objects like security fencing. Some CAD-models of the chosen
products were provided by the suppliers, but most of the models had to be specifically
created for this project using CAD software. Some models were created from technical
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drawings provided by the suppliers, and some less important features like tables and
tool stands were created from scratch. The sheets were modeled with the largest of the
specified dimensions to enable the cells to be modeled with suitable dimensioning.
To make the models easy to use in the simulations, they were assigned suitable
coordinate systems. This often had to be done on the provided CAD models as well as
the ones created. Some tools and equipment had mechanical parts and had to be
modeled accordingly to enable the feature programming of moving parts.
In order to simulate all concept in RS, a significant amount of time needed to be spent
on learning the software’s functionality. A few tutorials, found online and given by our
thesis supervisor, were conducted for quicker learning and easier understanding. Even
though the tutorials helped with understanding the software, it was difficult to find
accurate and relevant logic that was needed to be able to perform the concept
simulations. Therefore, a lot of experiments were exerted to determine what methods
and functions that should be used in the software, in order to maintain the best result
regarding functionality of the simulations – which turned out to be very time
consuming.
By simulation, reflection and speculations were easier done regarding design of each
and every function in the cells. This which led to several ideas and modifications. For
example, the placement of the robot, to understand its reachability, which is a key factor
in order to engineer the cell and make it operate in a possible way.
Since the programming language in RS is the same used in the real robots, and the robot
models has the accurate dimensions and features, the simulations could be used to
calculate the cycle times in a realistic way. It is still theoretical, and does not properly
simulate the slightly slower speed of the robot due to moment of inertia of the tools and
objects for example. On the other hand, the programming of the robot paths cell could
also be optimized more, so the obtained cycle times should be relatively accurate.
When the simulation was finished, the progress had led to three concepts that had been
developed with focus on three different fields of abilities – flexibility, high productivity
and affordability. All of which had realistic cycle times and a doable design that could
be achieved in practice.

6.6 Pallets
To place and retrieve pallets, all concepts are required to have at least one opening that
allow a forklift to enter. Depending on factory layout, one or two openings can be used
whether the logistics in the factory demands a straight throughput, or if the pallets can
be picked from the same side of the robot cell.
Both pallets will be placed in a fixture that allows the robot control system to acquire
the right position of the sheets to retrieve, and where to place them. It would be enough
if the fixture contained of two stop lugs that the pallet is places against, in the corner.
An illustration is provided in Figure 16. Other alternatives, such as markings in the floor
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or special made pallets with four spikes underneath and matching holes in the floor, that
places the pallet in the right position, are also possible. Spikes on the pallet with
matching holes in the floor is most likely the most complex alternative. This due to
every pallet must be built with spikes and he floor needs to have premade holes, which
will be time consuming and more expensive to calculate and execute. Just using
markings in the floor forces the fork lift driver to be very precise. This will make it hard
to place the pallets in the exact right position.

Figure 16: Pallet with stops, which the pallet would be placed against.

6.7 Economic calculations
The total cost of the robot cells is an important factor when choosing which cell to
invest in. However, actual costs for robots, equipment, installation, maintenance,
factory space etc. are hard to find or correctly estimate in these early planning stages. It
is unusual for suppliers of industrial automation machines and accessories to display
prices for their products, most companies require an actual deal before providing
accurate quotations. Suppliers were consulted as far as possible to estimate the costs of
the robot cells. The following figures are rough estimations and should be reviewed as
such; the actual costs for investing will vary. They should however be in the right order
of magnitude and suffice as a reference when comparing the concepts. The purchasing
cost for the robots could be reduced substantially by investing in a used robot instead of
a new one. All calculations are made with prices of new products in SEK at full price,
and all cost estimates are presented excl. VAT.
The total cost for a new robot cell is substantially higher than the cost of the hardware.
In addition to the hardware cost, the investment budget must cover the complete work
process from design of the cell to delivery. The process includes construction,
production, programming, assembly, installation, test running etc. It also includes the
essential CE marking, risk analysis, education and guarantee. The cost of these latter
parts of the implementing process are often underestimated by companies investing in
their first robotic cells. As a rule of thumb, the total cost of a robot cell can be estimated
by multiplying the cost of the hardware with 2 or 2.5. The cost estimations presented in
this report make use of the 2.5 factor. The cost of operation, such as electricity,
maintenance, rent, materials, spare parts, etc. are not included in the price estimates.
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6.8 Concept 1 - Gantry
Robot cell one consists of one 6-axis articulated arm and a linear robot with one
adhesive gun attached, mounted on a work table. A positioning table is also used, to
enable correct alignment of the sheets.
Since this concept require moving the sheets after the dispensing of polyurethane
adhesive, it is important that the suction cups are not placed on the distances with
adhesive, when grabbing the sheet, as they normally can. This is depending on
placement of the distances on the sheets and the design of the gripper. Therefore, design
of the gripper may be a key factor to prevent this from happening. However, there are
other ways this can be solved if the problem occurs. Firstly, use an offset, in relation to
TCP, on the sheets. This means that the gripper would not grab the sheets in center, but
slightly towards one side just enough to miss the distances with adhesive. Secondly,
adjust the suctions cups on the tool. This require that the tool is engineered in a way that
allow adjustment. For the gripping tool that is chosen in this work, this is possible.
6.8.1 Robot
By examine the cell of concept 1, a medium robot is chosen from ABB’s assortment
called IRB 4600-40. This robot has work load 40kg and range 2.55m. Figure 17 and
Figure 18 show the robots range and the design. One advantage of using IRB4600-40
against a bigger robot is that the robot cell can be smaller. Scope of the robot plus
workload and safety distance result in 4.1m radius – which means that the cell need to
be 8.2m x 8.2m.

Figure 17: Illustration of IRB4600-40 reachability. (ABB, used with permission)

41

Figure 18: IRB4600-40 robot. (ABB, used with permission)

6.8.2 Process description
Concept one is engineered with an adhesive application table with a linear robot and a
adhesive gun attached. This allow the adhesive gun to sweep over the board in any
desirable pattern. Following, this concept is engineered with a positioning table, and by
implementing equipment above mentioned and IRB 4600-40 in the robot cell along with
sheets, an illustration of how the process would operate is shown in Figure 19. The
process is divided into 4 stages and is explained below.
Step 1:

A fork lift places a pallet on the floor, loaded with plastic sheets.

Step 2:

IRB4600-40 grabs one sheet, using the vacuum gripper, and drops it at the
positioning table

Step 3:

After the sheet is grabbed by its center, it is placed on a work table. On the
work table, a cartesian robot is mounted, equipped with an adhesive gun,
that sweeps over the board and applicate the adhesive in any desirable
pattern. While application occurs, the robot grabs a second sheet, from the
pallet with sheets, and place it in the positioning table. This sheet is left on
the positioning table while the robot goes back to the work table to
continue with the first sheet. This will result in faster cycle time.

Step 4:

Once the adhesive is applied, IRB4600-40 grabs the sheet and assembly
the sheets on a pallet into a module, and the process starts over.
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Figure 19: Design of Concept 1. IRB4600-40 is placed in the middle.1: Pallet loaded with boards, 2: Positioning
table, 3: Adhesive-/Worktable, 4: Pallet for building the module.

6.8.3 Required machines and equipment
•
•
•
•
•
•
•

IRB 4600-40/2.55
Gantry robot – linear in x- and y-axis
Adhesive equipment – adhesive gun, hoses, tank and pump
Miscellaneous equipment (Positioning table etc.)
Vacuum gripper
Fencing and security equipment
68 m2 floor space

The estimated cost of this solution is SEK 0,8 – 0,9 million for the hardware or SEK 2,0
– 2,3 million for the complete robot cell from design to installation (see Appendix for
more details).

6.9 Concept 2 – Tool Changer
In this cell concept (Figure 20), a large manipulator equipped with a tool changer
performs all the steps of the process.
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Figure 20: Concept 2, illustration rendered in RobotStudio

6.9.1 Robot
This concept requires a robot with sufficient reach to apply adhesive on the complete
surface of the largest sheets as well as performing all picking and placing operations.
The cell also needs extra space for the tool changing operations. Additionally, the tool
changers add considerable weight to the operations and since the tools will demand
extra tubing and accessories, a robot with high handling capacity is necessary.
Therefore, IRB 6650S, one of ABB’s largest robots, was chosen for this solution
(Figure 21).

Figure 21: IRB 6650S (ABB, used with permission)

The reach on this robot is great, as illustrated in Figure 22. The chosen configuration,
IRB 6650S-90/3.9 has a maximum reach of 3.9 m, the longest reach out of the robots
available in the simulation software (from ABB). It makes the most use of its reach
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when it is shelf-mounted. One limitation could however be the reach the robot has
towards itself.

Figure 22: Reach of IRB 6650S (ABB, used with permission)

To achieve the security distance of 0.5 meter between moving parts and fences this cell
needs a lot of space, since the reach is long and the handled sheets are large. 120 m2 is
needed to sufficiently secure the cell in all directions. However, not all floor space is
used in this basic design, so by limiting the movement in one direction by attaching a
mechanical stop to joint 1 (the base joint), the cell size can be reduced to 100 m2.
6.9.2 Process description
Step 0:

The sheet pallet is delivered to the cell with the sheet stack placed with ±5
cm tolerance within a square. The module frame for the assembled sheets
is fixtured or its coordinates must be determined.

Step 1:

The manipulator, equipped with the vacuum gripper picks up the top sheet
of the stack. (1, Figure 20) If this is the first sheet picked from the stack,
the gripper is slowly lowered with the vacuum activated until the it is
detected that a sheet has connected. The coordinates of the rest of the
sheets are calculated automatically by offsetting the coordinates of the
first.

Step 2:

The sheet is released on to a positioning table (2) in order to make it
possible for the robot to find the center of the sheet.

Step 3:

Now centered, the sheet is picked up again and placed in the module frame
(3), on top of any previously adhesived sheet.

Step 4:

The vacuum tool is disconnected on to a stand/tool fixture (4).

Step 5:

The robot moves to the stand holding the adhesive gun (5) and attaches it.
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Step 6:

The robot applies the adhesive strings along the distances on the top sheet
in the module frame.

Step 7:

The adhesive gun is disconnected.

Step 8:

The vacuum tool is attached again.

Steps 1 to 8 are repeated until all the sheets are assembled. The final step of the
process is to remove the module from the robot cell and attach the top module cover.
This is done manually.
6.9.3 Required machines and equipment
•
•
•
•
•
•
•

IRB 6650S-90/3.9 robot system
Vacuum gripper
Adhesive dispenser gun, with tank, motor and hosing
Tool changer equipment
Fencing and security equipment
Miscellaneous equipment (fixtures, tool stands, table)
100-120 m2 floor space

The estimated cost of this solution is SEK 1,1 million for the hardware or SEK 2,7
million for the complete robot cell from design to installation (see Appendix for more
details).

6.10 Concept 3 – Conveyor
Robot cell 3 consist of one 6-axis articulated arm, a conveyor, multiple adhesive guns
and a vision system to determine the location of each board. As in concept 1, this
concept also require that the suction cups do not grab the sheet at the distances, after
adhesive is applied.
6.10.1 Robot
One robot of type IRB-4600, same as in Concept 1, along with a conveyor belt that has
five fixed adhesive guns mounted above.
6.10.2 Process description
See Figure 23.
Step 1:

A fork lift places a pallet on the floor, loaded with plastic sheets

Step 2:

Sheet is picked with a vacuum gripper and placed slightly above the
conveyor belt. Before IRB4600-40 release the sheet, a vision system
processes the exact position of the sheet, with a black or white conveyor
belt as background, which allow the robot to adjust the sheet to the
position it needs to be in for adhesive application.

Step 3:

The conveyor carries the sheet in one direction (from 2 to 3), under
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multiple adhesive guns that apply the adhesive in one sweep.
Detector/Sensor or motor control, allows the system to know when the
dispensing system should start and stop to applicate adhesive, and when to
stop the sheets.
Step 4:

Once the adhesive is applied and the sheet stops in the right position,
which is done by either motor control or sensor, the robot picks the sheet
from the conveyor and assembly them on a pallet. Step 2 to 4 are then
repeated until module is fully assembled.

Step 5:

Once the pallet is complete, a fork lift retrieves it, and the process starts
over.

Figure 23: Concept 3, yellow line represents track of robot.

6.10.3 Required machines and equipment
•
•
•
•
•
•
•
•

IRB 4600-40/2.55
Vacuum gripper
Conveyor (including motor control or detecting sensor)
5 adhesive guns
Machine vision
Fencing and security equipment
68 m2 floor space
Miscellaneous equipment

The estimated cost of this solution is SEK 1,0 million for the hardware or SEK 2,6
million for the complete cell, from design to installation (see Appendix for details).
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6.11 Economy
To calculate the time and monetary economics, some estimations had to be done. All
robot cells are estimated to require one operator working full time with attending the
cell. This is however hard to estimate due to multiple factors that affects this. For
example, rules within the company, rules issued by the government or Work
Environment Act, ability for the employee to exert other work duties around the cell and
what type of module that is being produces. Full time for one worker is chosen in order
to be in the upper limit of the calculations.
The time for the manual assembly currently used is estimated to an average of 5 minutes
per sheet for two persons. The salary costs are estimated to SEK 400/hour for operators
and manual assemblers alike. To be able to compare the robot cells and the manual
labor, the time it would take in operator work hours to complete 1000 sheets were
calculated like this:
(𝐶𝑦𝑐𝑙𝑒 𝑡𝑖𝑚𝑒/𝑠ℎ𝑒𝑒𝑡)×1000
= 𝑤𝑜𝑟𝑘 ℎ𝑜𝑢𝑟𝑠
60 𝑠
To make up for the time added to the automated production due to the production time
the pallet changing time for each module was estimated to 10 minutes. Depending on
the width of the module, this meant that between 80 and 500 minutes is added to the
operator work hours. In all calculations, 500 minutes was added, which represents the
smallest module width (15 cm). The sum of savings in SEK per 1000 sheets was then
calculated:
(𝑀𝑎𝑛𝑢𝑎𝑙 𝑤𝑜𝑟𝑘 ℎ𝑜𝑢𝑟𝑠 − 𝑜𝑝𝑒𝑟𝑎𝑡𝑜𝑟 𝑤𝑜𝑟𝑘 ℎ𝑜𝑢𝑟𝑠)×400 = 𝑠𝑎𝑣𝑖𝑛𝑔𝑠
And to calculate the payback time, since the number of produced heat exchanger units
yearly is not known, the payback is measured in the number of produced sheets needed
to get the invested money back. The number of thousand sheets needed for payback is:
(Investment cost / 𝑠𝑎𝑣𝑖𝑛𝑔𝑠) = 𝑃𝑎𝑦𝑏𝑎𝑐𝑘
The results of the calculations are collected in Table 3.
If a 2,5 mm nozzle and 51,5 liters of adhesive is used for 1000 sheets, it needs to
compares against the cost of 5000 tape strips in order to calculate the savings or costs. It
could not be conducted in this thesis work due to the companies that were contacted,
could not deliver an estimation or approximated price for adhesive. Using adhesive
should however result in a cheaper manufacturing method.
Since the installation time is not known, when using this type of modules and for this
type of process, it will not be included in the calculations. However, the entire process
should be executed much faster by using automated manufacturing along with building
the sheets in premade modules. Which also means that temporary air supply would be
reduced, and therefore a lot of savings.
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7. Simulation results
The results of the simulations; the cycle times and cell sizes - are here presented in a
table together with the results from the concept development; the estimated costs and
labor needs - for easy comparison between the cells.
The data is carefully compiled by consulting companies and experts within their subject,
literature retrieval and simulation – but is to some extent estimated.
The cycle times for the simulations were clocked in RS and are presented in Table 3
below, along with the estimated cell sizes, pricing and labor needs. Since the labor
needs are hard to estimate and due to the relatively high need of attendance for the
proposed robot cells, all concepts are estimated to require one operator working full
time with attending the cell.
Table 3: Results of the concept development and simulations

Cycle time/
Largest sheets
Cycle time/
Smallest sheets
0.15 m module
(20 sheets)
1 m module
(140 sheets)
Cell size
work hours
(operator)
total work
hours
(operator)
Savings
Pay-back
Estimated
price

Unit

Concept 1:
Gantry

Concept 2:
Tool
changer

Concept 3:
Conveyor

[s]

31

49.6

21.2

[s]

24

38.5

21.2

[min]

10.3

16.5

7

[min]

72.3

115.7

49.5

[m2]
[h/1000 sheets]

68
8.6

100
13.8

68
5.9

[h/1000 sheets]

16.9

22.1

14.2

[SEK/1000
sheets]
[1000 sheets]
[SEK]

59,876

57,812

60,960

33.4 - 38.4
2.03-2.30
million

47.2
2.73 million

42.5
2.59 million
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8. Analysis
To make sure the purpose of the project is fulfilled, an analysis of each concept will be
presented – firstly to answer our aim and objective, with respect to our frame of
reference. Secondly, to gain knowledge about what could have been changed, made
differently or better for every concept.

8.1 Aim and objectives
The aim of this project was to describe how the manufacturing process of the heat
exchanger modules could be automated with an industrial robot. Three different
solutions have been proposed. These robot cell designs have been simulated in RS and
suppliers have been consulted. The conclusion is that all three are possible to
implement. The concepts have different strengths and weaknesses, which are explained
in their corresponding headings below, along with some ideas on how each robot cell
design could be improved or optimized. All of them could likely be optimized slightly
by some changes in layout and robot trajectories.
One objective of this work was to show which robots and additional machines and
equipment could be used in the solutions. Suitable existing products and machines have
been presented for each concept. They are all satisfactory choices according to this
study, but since the scope of the problem gives room for an nearly infinite number of
possible solutions, there are likely other and possibly better choices than the ones
suggested. As mentioned earlier, the design of a robot cell is a complicated process and
experts in each field should be involved in the final project to find the most optimal
products for the design.
Another objective was to show what production rates could be achieved with the
proposed solutions. According to the results of the simulations, all three concepts would
greatly increase the production rates, if compared to the estimated five minutes per sheet
for the manual assembly. The assembly of 1000 sheets would only need 5.9 hours in the
fastest solution (concept 3), compared to the (roughly) estimated 166.6 hours (or 83,35
hours for two employees) for the current manual assembly process. The actual
production time would of course be longer, since production must be stopped for pallet
collection and delivery, material refills, service operations etc. If these operations are
estimated to need an average of 10 minutes per module, it means that a minimum of 80
minutes and a maximum of 500 minutes must be added to the production time to
produce the largest and smallest modules, respectively. This means that the total
production time for modules for a heat exchanger consisting of 1000 sheets would sum
up to 7.2-14.2 hours.
Concept 3 would produce sheet assemblies over 11 times faster than the manual
production. It would also need 152.4 work hours less, so if the operator of the cell has
the same salary as the manual assemblers, SEK 61 000 would be saved in salary costs
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per 1000 sheets. This is not the only gain, the reduced installation time also raises the
competitiveness and goodwill of the company, and potentially enables it to sell and
install more air treatment units per year.
The final objective was to present how large the investments would be for the different
concepts. The least expensive robot cell was concept 1, with a calculated cost of SEK
2.03-2.30 million. The cost for concept 3 is 2.59 million, and 2.70 million for concept 2.

8.2 Fundamental for all concepts
Large and flat objects like the plastic sheets may prove difficult to handle with most
mechanical gripper tools, which lead us to using a vacuum gripper. Using any other
gripper was not a suitable option. In theory and in many other robot applications,
vacuum is a reliable and cheap way that surely generates enough lifting force. The tool,
attached to a robot, can easily grip, lift and move the sheets to any position that is
needed in the process.
Adhesive application is now set to 1m/s for all concepts. It could however be applied in
speeds up to 2m/s, but is not recommended unless highly needed. This due to it is more
likely that handling errors are introduced and the process become less reliable.
Moreover, the production process does most likely not require as fast application as 2
m/s because of current demand. Therefore, 1 m/s should be enough and result in a good
and reliable joint between the sheets.
Two companies recommended Polyurethane or MS Polymer as adhesive for the
adhesive application. Polyurethane is proved to have good traits that would fit well in an
automatic manufacturing process, and a patent using MS Polymer for the same type of
process was discovered, hence the selection of Polyurethane. This method should
however be examined and evaluated to determine its reliability.
Positioning methods for the sheets, as Machine vision, Positioning table and Sensor, can
all be used for suggested concepts. Positioning table is a straightforward method, that
shows a very good reliability and is cheap. Machine vision is a fast operation, little bit
more expensive and tend to have good reliability if right illumination is obtained.
Sensor is probably the slowest operation. For every cycle, the robot, with sensor
attached to the tool, needs to search and locate the exact position of the sheet. This is an
operation that will result in an additional time, estimated to between 2-4 seconds, for
every cycle. Therefore, it is recommended to either use Machine vision or a Positioning
table. The cost should however be about the same, for a sensor, as a positioning table

8.3 Concept 1
Concept 1 – Gantry, generates high production rate, and comes to a decent price with
respect to all concepts and manual assembly. IRB4600-40 allow a small cell
surrounding the robot, which brings down the yearly cost. The cell can use different
methods finding center of each sheet, but is limited regarding handling different sheet
51

sizes because of the gantry table. Using gantry robot for adhesive application prevents
usage of tool changer, which results in faster cycle time.
Gantry/Adhesive dispensing table allow great flexibility in adhesive application. Any
desirable pattern is possible, and application will be exerted while IRB4600-40 fetches
the next sheet and place at the positioning table.
Depending on if Machine vision or Positioning table is chosen, as method for centering
the sheets, the process will have different cycle time. Machine vision indicates to be a
slightly faster operation, than dropping and centering the sheet at a positioning table.
For machine vision to be effective, a work table or similar is still required instead of the
positioning table in this concept. This because IRB4600-40 retrieves the next sheet,
while adhesive is being applicated on existing sheet, and need somewhere to place it
meanwhile.
Another adhesive table would be something to consider if machine vision is chosen, it
would result in even faster cycle times. The robot should be having no trouble at serving
two adhesive tables. However, machine vision is more expensive and put requirements
on surrounding environment, like illumination and glare. Therefore, a special lighting
may be required. It is of grave importance to examine this before use, thus the
polycarbonate sheet tends to be transparent and cause some glare in certain lightning. If
special lightning is not enough, a black or white board can hopefully be used as
background. Additionally, if machine vision is used, it fits better of having two pallets
to retrieve sheets from than of using a positioning table (this if one adhesive table is
used). Using positioning table and two pallets to retrieve sheets from is plausible and
explained in chapter 9, but will most likely result in a very space limited cell. This
might be an important aspect to take into consideration, since it might be desirable of
having two pallets with different sheets on.

8.4 Concept 2
The tool changer concept has the longest cycle time, and the largest cell size. It is also
the most expensive solution, according to the calculations.
The flexibility of the cell is an asset. The long reach of the robot makes larger sheet
sizes than the ones specified possible, which is relevant since the company sometimes
uses larger sheets in the current production. The tool changer enables additional tools to
be added to the cell if needed. By enhancing the cell size from 100 to 120 m2, there
would be room for at least two more pallets within the robots reach. This would not
change the amount of manual attending needed, but would reduce the number of pallet
changes per day. This concept could also be improved by using another positioning
method than the positioning table.
Should this concept be chosen for further studies? it is recommended that the
possibilities of choosing a smaller robot is investigated. The IRB 6650S was chosen for
its combination of long reachability and high work load capacity. However, the vacuum
tool and tool changer equipment proved lighter than expected, which means it might be
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possible to use the IRB 4600 in this concept as well. The critical step is the adhesive
dispensing, it must be ensured that the reach of the robot is long enough. This could be
solved by constructing a special tool holder for the dispensing gun to extend the robot’s
reach.

8.5 Concept 3
Concept 3 – Conveyor, generates very high production rate, but comes with a higher
investment cost than concept 1. Adhesive application is accomplished by five separate
adhesive guns mounted over a conveyor. Using this method for adhesive application
allows the process to be very fast, due to all strings of adhesive is applicated at the same
time – in one single sweep. Same robot, as in concept 1 is used, which allow a small
cell.
Since the adhesive application in this cell is performed in one sweep, the process is very
fast. This concept also has the major advantage of having the same low cycle time for
all sheet sizes, unlike the other designs where the adhesive application step takes longer
time for the larger sheets. To be able to applicate an alternative pattern than straight
lines, the adhesive guns must be automatically moveable in one axis. The price for this
concept does not include this possible feature, it only allows an operator to manually
adjust the placement of the adhesive guns, which is important for different sheet size.
Either can a type of sensor be used for starting the application process, when the sheets
pass the adhesive guns. Otherwise, the motor that controls the conveyor, needs to have
full control of its speed, position and know the sheet size, to start and stop at an exact
time.
The low flexibility of this cell is its largest flaw. Since the conveyor and adhesive
dispensing solution is custom built for the specified sheet sizes, it would not be possible
to use larger sheet sizes in the production without exchanging the complete conveyor
and adhesive application system. This may be a problem, since Energy Machines
sometimes uses sheets of up to twice the size of the largest sheets specified for these
cells, and may want to implement assembly of these in the future as well. With this
concept, that would be more expensive since the conveyor would need to be at least 4 m
wide.
The conveyor must have good accuracy and tolerance for this concept, since the system
determines position for the sheet before the conveyor carries the sheets under the
adhesive guns. If position of the sheet is lost, it could result in devastating results for the
assembly operation.
Machine vision would probably the best option for this cell, since its space limited
around the robot and it would most likely work well when projecting the sheet against
the conveyor – if the conveyor belt is having a distinct difference in appearance in
relation to the sheets. The vision system/camera would be placed above the conveyor
and aimed at where the sheet is placed. While IRB4600-40 is holding the sheet, above
the conveyor, a vision system would process the dimensions and position of the sheet
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and make sure that the robot corrects its position before releasing it. Therefore, the sheet
would be correctly placed; where it needs to be for the adhesive application. Using a
sensor mounted on the tool, that sweeps the ends at every sheet, would be ineffective
and result in longer cycle time. One advantage that the sensor brings is that it could be
used to determine the exact position of the pallet, that the module is being built on,
which exclude the need to place the pallet manually in an exact position. This is
something that can be exerted by machine vision as well, but not in this concept since
the vision system will be firmly mounted above the conveyor.
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9. Discussion
In this chapter, the validity of results of the study is discussed, together with some
reflections on aspects of the solutions that may be problematic. Further work and
studies that could prove rewarding are proposed.

9.1 Gripper
In theory, the designed vacuum tool manages the weight of the largest sheets. It should
however be tested empirically. Since the suction cups of the tool are placed far from the
edges of the largest sheets it may not provide enough stability to the sheets to place
them on the adhesived surfaces in the module framework with sufficient precision. It is
therefore recommended that the tool design is tested empirically before it is
implemented in a robot cell. Should two different tools prove to be required to handle
the different sheet sizes, the larger tool can be designed the same way, only with the
suction cups placed closer to the edges of the largest sheets. In this case, the tool
designed for the smaller sheets will not require eight suction cups, four or six will
suffice.

9.2 Positioning methods
Three options are suggested – sensor, positioning table and machine vision. All
concepts can use these methods when finding center of the sheets, although it will be
tight using positioning table in concept 3.
Positioning table should be the cheapest, most straightforward and uncomplicated
centering method for the robot system. Therefore, errors become very limited. The only
negative thing we can think of, is the space consumption, compared to if sensor or
machine vision is used. It will roughly occupy one quarter of the space around the robot,
depending on angle of the table. If the table has a steep angle, it would require much
less space.
On the other hand, if a sensor is used, errors in form of electrical, surrounding impacts
like illumination and component failure is introduced. Yet, sensors can also be used for
acquiring the exact position of the empty pallet, which the modules will be built on.
This would otherwise be done by a person, through placement of the pallet carefully
against stop lugs – to obtain a position known by the robot system. Cycle time would
also be increased by use of sensor, since the robot need to “search” for the sheet in
every cycle. Nevertheless, sensor system should have about equal investment cost as the
positioning table.
Machine vision is more expensive but is becoming more common, as machine vision
technology and processing capability advances (Connolly, 2007). This solution also
avoids the use of a positioning table, which allow more space in the cell, and is perhaps
a more common method used instead of sensors according to our supervisor. Since
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machine vision operate very fast, once the board is projected against a black/white
background, it would just add a very small amount of extra time for every cycle.

9.3 Adhesive application
Since no empirical tests has been done, it is hard to say if the sheet will keep its position
when released by the vacuum tool and adhesive is applied. This mostly concerns
Concept 1 and Concept 3 but it can also most likely be solved in both concepts – using
vacuum holes on the work table (Helmenius & Eriksson, 2011) in concept 1 – and for
concept 3, use rubber with high friction on the conveyor. For concept 2, the adhesive
beneath the sheet, on the previous sheet, should keep the position of the sheet placed on
top. Furthermore, after the adhesive has been applied, and the next board is supposed to
be mounted on top, it is hard to say how much pressure that is needed to get a firm and
reliable joint. It might be enough with only the weight of the sheets, this should at least
be valid for the sheets in the bottom of the module. The last sheet mounted will only
have its own weight that pressures the adhesive, which might not be enough. However,
if a framework is mounted on top, the weight could be enough. Size of adhesive nozzle
is something that need to be tested practically, since it is hard to predict how the
adhesive flattens out between the sheets when merged. Between 2 and 3 mm nozzle
should provide a steady and reliable joint, but should be examined and maybe
optimized.

9.4 Labor and configurations
Since the robot cell concepts are semi-automatic, they suffer from the flaw of having to
stop production to deliver and collect pallets from the cell. This requires manpower and
makes the robot cell very dependent on human labor, which defeats part of its purpose.
Since the smallest modules are completed in under 10 minutes with the fastest solution,
it basically requires an operator working full time just to attend the cell when these are
produced. However, with small adjustments the concepts could be optimized in this
regard. The tool changer concept does have extra workspace available within the reach
of the robot, which means that the cell area can be increased to make room for two more
pallets. That would reduce the number of times per day manual attending was needed by
half. (But the manual operations would take longer per operation). A better solution
would be to make the robot cells fully automatic instead of semi-automatic.
With a fully automated process, the potential of enhancing productivity rates is better.
With some alterations, anyone of the three robot cells could be used in a fully
automated solution; Having sheets arriving one by one on a conveyor, and the finished
module collected automatically, the operator man hours needed would be drastically
reduced. This would however require a lot more logistically around the cell and be quite
expensive. However, if hard automation was implemented instead of IRB, it would not
necessarily be much more expensive than the proposed robot concepts. It is
recommended that these options are considered and investigated before investing in a
robotic solution.
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9.5 Practical
Is automation the right choice for Energy Machines? Many factors point that it is the
right choice, but there are many unclear aspects that needs consideration. It is difficult
to determine an exact cycle time, price etc. before an actual investment is made and cell
is installed. This is mainly dependent on choice of supplier, space for eligibility in the
factory, accuracy and reliability of the process. Not all four steps of evaluating
automation (see 3.1) are sufficiently fulfilled yet. According to Glaser (2009), a welldefined low-risk process should be chosen. This is not the case here, since the proposed
assembly method using adhesive to join the channel sheets has not been tested
practically. The new channel sheets with integrated distances has not yet been designed,
which introduces yet another unclear factor. The adhesive chosen for automation seems
to be an appropriate choice, but it is strongly recommended that the adhesive should be
tested empirically for this application before investing in an automated robot cell. To
function properly, it is required that the sheets are clean and free from any release
agents. This may lead to extra production time and costs in the total process.
When the complete assembly process is tested manually with the new framework,
adhesive and sheets, and proven to be of sufficient quality, an automated robot cell will
be an effective way to reach a higher productivity.
9.5.1 Using two pallets
Regarding using two pallets to pick sheets from, that could be desirable if every other
sheet must have different design on the finishing module, it is possible for concept 1
and 3 to be designed in such way. What to keep in mind is that the cells can be
incapacious, and must therefore be optimized to the utmost.
In Figure 24, concept one is designed with two pallets loaded with sheets, instead of
one. This design should provide the same cycle time as the original concept 1 that was
engineered in chapter 6, Concept development. For loading the pallets into the cell it
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might be necessary to rotate equipment or cell opening, in relation to what can be seen
in this figure, so the pallets can be easier placed and retrieved by a forklift.

Figure 24: Concept 1 including two pallets with sheets and positioning table.

In Figure 25, concept 1 is developed with machine vision and two pallets instead of
postitioning table. Machine vision alone, tend to be a slightly faster operation than using
positioning table. However, since there is no place to leave the second sheet, while
adhesive is applied on the first sheet, the robot needs to finish the cycle completely
before reaching for the next sheet. This will result in slower cycle time for the process.

Figure 25: Concept 1 including two pallets with sheets and machine vision.
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In Figure 26, concept 3 can be seen with two pallets to pick sheets from. The illustration
show that it is possible, but yet again, it is important to examine available space in the
cell further.

Figure 26: Concept 3 including two pallets with sheets.
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10.

Conclusions and further work

This chapter first reviews the background, method and aim of the study. It then
summarizes the main results, analysis, discussions and conclusions. Further on, the
concepts are presented and summarized. Finally, some recommendations for further
work are presented.

10.1 Introduction
In recent years, automated production with industrial robots has increased. Investing in
industrial robots can be a good way for a company to boost competitiveness. Another
efficient manufacturing method is modular product design (MPD). In this thesis, the
aim was to present how a manual manufacturing process of heat exchangers can benefit
from automated manufacturing with an industrial robot.
The company in this case study supplies its customers with large air treatment systems,
uniquely fitted to each building for optimal efficiency. The heart of the system, the air
to air heat exchangers, are made of a large number of connected polycarbonate channel
sheets. The manual assembly of these heat exchangers is a monotonous and timeconsuming task and the company is now planning to produce the heat exchangers in
pre-assembled modules. The objective of this thesis was to design a robot cell that
automates the new process.
The work started with a situation assessment; a visit to an existing air treatment unit and
meetings with the company offered insight into the current process. A literature review
was carried out to collect and evaluate suitable methods, tools and processes for the
robot cell concepts. The concept generation process, a brainstorming session followed
by evaluation, was performed to find and select the most promising concept ideas for
further development.
The concept development process was the main part of the work. To achieve reliable
results and feasible robot cell designs, the aim was to use as many existing products as
possible. Many suppliers of products within the automation industry was consulted to
find suitable products. The chosen robot cell concepts were modelled and simulated in
simulation software to optimize the designs and trajectories and to calculate cycle times.

10.2 Main results
The aim of the study was to present possible solutions for how the production of heat
exchanger modules can be automated with a robot cell. The goal was to show which
robots and tools could be used, what production rate could be achieved, and how large
the investment would be.
The concept development resulted in three proposed robot cell designs, and all three are
deemed feasible. All three concepts would accomplish the goal of automating the
assembly process, which would help reducing the heat exchanger installation times
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drastically, with up to an estimated 152.4 hours per 1000 sheets. It would also reduce
the production time and the cost of producing the heat exchanger modules.
Concept 3, a medium sized robot and a conveyor beneath five adhesive guns moveable
along one axis had the lowest cycle time according to the simulations, 21 s/sheet. If high
production rates are the top priority, this robot cell is the best investment of the three
designs, and is estimated to cost SEK 2.6 million. It is however the least flexible, and
cannot be used for larger sheets than the specified.
Concept 2, a large robot with a tool changer, is the best choice if flexibility is more
important than fast cycle times, and if floor space and price is not an issue. The cell has
a cycle time of 49 s/sheet, needs 100 – 120 m2 floor space and costs an estimated SEK
2,7 million.
Concept 1, a medium sized robot and a gantry robot applying adhesive, is the best
choice if decent cycle times and low cost is priority. Flexibility is a bit lower than
concept 2. Cycle time is around 31 seconds for the largest sheets, and estimated cost is
around SEK 2,0 million, depending on centering method. If space is available in the
cell, a positioning table should be a good choice. Otherwise a vision system would be
the way to go. This concept has the shortest payback time.

10.3 Further work
Before investing in one of the proposed robotic cells, it is recommended that the
alternative adhesive and the assembly method are empirically tested to verify that
sufficient quality is attained. If this is proved, the conclusion of this study is that one of
the three proposed concepts is a valid investment. Which design to choose depends on
which traits are deemed most important, but concept 3 is likely the best choice and the
one recommended. Other solutions, like fully automated robot cells or hard automation
should however also be considered before investing in one of these proposals. If fullyor hard-automation is desirable after an investment is made, concept 3 is also most
likely best fitted to be changed into fully-automatic.
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Appendix
List of appendices
1.
2.
3.
4.

Concept 1
Concept 2
Concept 3
Brief calculations

1. Concept 1
Product
Robot system
- IRB4600-40
- Control system I/O card - 16 digital in and out connections
Vacuum gripper
- Suction cups
- Framework
- Ejectors
Two alternatives of hot adhesive dispensing system
Alt. 1
- One adhesive gun
- Pump
- Hose
- Melt machine
Alt. 2
- One adhesive gun
- Pump
- Hose
- Melt machine 7KG/h
Cartesian/Linear robot
- Servo Engines
- Linear component along x-axis
- Linear component along y-axis
Three alternatives of centering method of sheet
Positioning table – centering sheet
Sensor – locate position of sheet and pallet
Machine vision– locate position of sheet and pallet
Safety fence
- Metal mesh
- PC
Safety light beam Orion3 ABB Jokab Safety
- Orion3-4-K1C-050-B – Aktive unit
- Orion3-4-M1C-050 - Passive unit
- RT9 24DC Safety relay
- Smile 11 RA Reset button
- M12-C102 10m cable 5x034 male straight
- M12-C103 10m cable 8x0,34 female
Total
Door
- Safety sensor, cables
Size
- 67,24m2
Total hardware price:
Design and installation (Roughly estimated cost Hardware x 1.5)
- Construction
- Start-up & Test run
- Documentation & CE marking
- Education
- Guarantee
Total price: (depending on layout)

Price
495 000 SEK

10-15000 SEK

80 000 SEK

100 000 SEK

150 000 –
200 000 SEK

10 000 SEK
10 000 SEK
50 000 SEK
34 580 SEK
45 220 SEK
4930 SEK
1970 SEK
1070 SEK
545 SEK
342 SEK
500 SEK
9 357 SEK
3800 SEK

812 737 –
918 377 SEK
1 219 105 –
1 377 565 SEK

2 031 842 –
2 295 942 SEK

2. Concept 2
Product/Service
Robot System
- IRB 6650S Robot
- Control System
Vacuum Gripper Tool
- Framework
- Suction cups
- Ejector
- Hoses
Tool changer equipment
- Tool changer
- 2 Tool attachments
- Option Water/Air Modules
- Option Signal interfaces
Adhesive dispensing equipment
- Application system type 1900 manual
- Pump and 200-liter tank
- Air motor
- Adhesive gun
- Pneumatic start/stop
- Hosing
Fencing and security
- Metal mesh safety fence 35 m
- 2 Light Beams
Miscellaneous equipment
- Fixtures
- Positioning table
- Tool changer stands
Total hardware price Concept 2
Design and installation (Roughly estimated cost Hardware x 1.5)
-Construction
-Start-up & Test run
-Documentation & CE marking
-Education
-Guarantee
Total price

Price (SEK)
795,000

20,000

90,000

80,000

45,500
20,000
~40,000

1,090,500
1,635,750

2,726,250

3. Concept 3
Product
Robot system
- IRB4600-40
- Control system I/O card - 16 digital in and out connections
Vacuum gripper
- Suction cups
- Framework
- Ejectors
Two alternatives of hot adhesive dispensing system
Alt. 1
- 2 adhesive guns, 5 outlets
- Water Spray system*
- Pump & hoses
- Moveable in z-axis. 5 steps
- Melt machine
Alt. 2
- 5 adhesive guns
- Pump & 5 Hoses 3M
- Melt machine 15KG/h
Conveyor (Estimated cost)
Three alternative of centering method of sheet
Positioning table – centering sheet
Sensor – locate position of sheet and pallet
Machine Vision – locate position of sheet and pallet
Safety fence
- Metal mesh
- PC
Safety light beam Orion3 ABB Jokab Safety
- Orion3-4-K1C-050-B - Active unit
- Orion3-4-M1C-050 - Passive unit
- RT9 24DC Safety relay
- Smile 11 RA Reset button
- M12-C102 10m cable 5x034 male straight
- M12-C103 10m cable 8x0,34 female
Total
Door
- Safety sensor, cables
Size
- 68,24m2
TOTAL (hardware)
Design and installation (Roughly estimated cost Hardware x 1.5)
- Construction
- Start-up & Test run
- Documentation & CE marking
- Education
- Guarantee
TOTAL
*Water spray system reduces the cure time and may be required for some adhesives.

Price
495 000 SEK

10-15000 SEK

210 000 SEK

280 000 SEK

150 000 SEK
10 000 SEK
10 000 SEK
50 000 SEK
34 580 SEK
45 220 SEK
4930 SEK
1970 SEK
1070 SEK
545 SEK
342 SEK
500 SEK
9 357 SEK
3800 SEK

1037 737 SEK
1 556 106 SEK

2 593 843 SEK

4. Brief calculations
Concept 1
8.61 h / 1000 sheets
+8.3 h = 16.91 h
Saved hours/1000 sheets = 166.6 - 16.91 = 149.69
149.69 x 400 = SEK 59,876
Amount of (k) sheets for payback:
2000000 / 59876 = 33.40
SEK 2 300 000 / SEK 59876= 38.41
Concept 2
20.16h for 1000 sheets
+8.3 h = 28.46 h
Saved hours/1000 sheets = 166.6 - 22,07 = 144.53
144.53 x SEK 400 = SEK 57,812
Amount of (k) sheets for payback:
SEK 2,730,000 / SEK 57,812 = 47.22
Concept 3
5.9 h for 1000 sheets
+8.3 h = 14.2 h
Saved hours/1000 sheets = 166.6-14.2 = 152.4
152.4 x SEK 400 = SEK 60 960 kr
Amount (k) sheets for payback:
SEK 2,730,000 / SEK 60,960 = 44.78

