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ABSTRACT:

Mass customization and complex products have challenged the automobile industry in terms of
quality, process capability, and efficiency. This evolution has made automotive assembly process
a highly complex and human-centric. Compared to other shops in automobile manufacturing,
assembly shop requires human skills such as cognitive decision making, dexterity, and adaptabil-
ity as the product complexity is at its peak in that part of the process.

A Human-Robot Collaborative System (HRCS) provides a framework through which automation
can be increased in automobile assembly domain. Simultaneously, productivity and quality per-
formance can be improved with human-robot collaboration. A collaborative robot (commonly
referred to as a cobot) is an integral part of the human-robot collaborative system. As a technol-
ogy, it offers enhanced capabilities in efficiency and quality. It also promotes improved safety
and ergonomics through inherent safety features. However, due to its reduced size and limited
capabilities, especially in reach and payload, its applicability is not straight forward.

This study examined the opportunities and challenges of cobots in a human-centric automotive
assembly line using qualitative methods through a literature review and an empirically study
exploiting the Task-Technology-Fit (TTF) approach. The empirical part included a six-step ap-
proach to assess cobot capabilities with assembly task characteristics, identifying potential ap-
plications. Additionally, the study evaluated the characteristics of cobots and compared them to
conventional industrial robots through expert interviews. Finally, the utilization evaluation for
cobots were assessed based on the combination of findings in literature review and empirical
study. The research was conducted at a Finnish automotive company, focusing on a single prod-
uct and a low-volume assembly line.

As aresult, the biggest opportunities for cobots can be found from operating collaboratively with
humans at the same workstation without the need for external safety measures. According to
the study, the feasible activities for collaborative robots include fastening operations, quality in-
spections, and lifting and moving parts. Despite their safety capabilities, convenient exploitation
and mobilization, cobots tend to lose their competitive advantage if external safety measures
are required, as lightweight industrial robots can perform collaborative processes with external
safety measures while offering better payload capacity and more cost-effective system.

KEYWORDS: Collaborative Robot, Human Robot Collaboration, Human Centric Assembly line,
Automobile Manufacturing
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TIVISTELMA

Viime vuodet autoteollisuuden kokoonpanotuotannon laaduntuottokykya kuin prosessien te-
hokkuutta on haastanut ajan saatossa monimutkaistuneet tuotteet seka yleistynyt massakusto-
mointi. Tama on tehnyt auton valmistuksesta hyvin kompleksisen prosessin, jossa ihminen on
vield keskiossa. Verrattuna muihin osastoihin, auton kokoonpanotuotannossa vaaditaan viela ih-
miselle ominaisia taitoja kuten paattelykykya, sormindpparyytta, seka kykya joustavuuteen. Ih-
miskeskeisessa tuotannossa on tarkeaa ottaa huomioon ihmisen tuomat rajoitteet seka mahdol-
lisuudet.

Ihmisen ja robotin valinen yhteistoiminnallinen jarjestelméa (englanniksi HRCS) tarjoaa viiteke-
hyksen, jonka avulla automaatioastetta voidaan kasvattaa kokoonpanotuotannossa. Samaan ai-
kaan yhteistoiminnalla voidaan parantaa tuottavuutta ja laaduntuottokykya. Yhteistyorobotti
(englanniksi collaborative robot) eli cobotti on olennainen osa ihmisen ja robotin vélista yhteis-
toiminnallista jarjestelmaa. Teknologiana se kykenee tarjoamaan tehokkaampaa ja laadukkaam-
paa tyoskentelya ja niiden paranneltu turvallisuus mahdollistaa turvallisemman tyoympariston
sekd parantaa tyontekijoiden ergonomiaa. Kuitenkin kokonsa ja rajoitettujen toimintojensa
vuoksi cobottia ei pystyta taysin hyddyntamaan kaikissa prosesseissa ja tyotehtdvissa. Erityisesti
laitteen kantokyky sekd pienempi koko vaikuttavat cobotin soveltuvuuteen.

Tassa tyossa tutkittiin laadullisin menetelmin cobotin mahdollisia hydtyja ja haittoja ihmiskeskei-
sessd autoteollisuuden kokoonpanotuotannossa. Tutkimus yhdisti kirjallisuutta sekd empiirisesta
tietoa hyddyntamalla Task-Technology-Fit (TTF) menetelmaa. Empiirinen osuus perustui kuusi-
portaiseen lahestymistapaa, jossa cobottien kyvykkyyksia vertailtiin kokoonpanotuotannon tyo-
elementteihin ja niiden perusteella suoritettiin soveltuvuus analyysi. Lisdksi cobottien hyotyja
arvioitiin vertaamalla niita tavallisiin kevyisiin teollisuusrobotteihin. Lopuksi maariteltiin soveltu-
vimmat kdyttokohteet coboteille kirjallisuuskatsauksen ja empiiristen |6yd6sten perusteella. Tut-
kimus suoritettiin tapausyrityksessa, joka oli suomalainen autoteollisuuden yritys. Yrityksen si-
salla tutkimus rajattiin yhteen tuotantolinjaan, jossa valmistetaan yhta tuotetta matalalla volyy-
milla. Muut tuotantolinjat seka linjat, joissa kasitelladn useita tuotteita, rajattiin pois tutkimuk-
sen piirista.

Cobotit ovat parhaimmillaan silloin kun ne toimivat yhteistoiminnallisesti ihmisen kanssa samalla
tyopisteelld ilman erillisia turvalaitteita. Naita toimia ovat tutkimuksen mukaan erityisesti auto-
teollisuuden kokoonpanossa tietyt kiristystoimenpiteet laaduntarkastukset seka tavaroiden pai-
koitus ja siirtely. Cobotti kuitenkin havidaa perinteiselle robotille, jos ylimaaraisia turvatoimia jou-
dutaan asentamaan, silla kevyet teollisuusrobotit pystyvat toimimaan yhteistoiminnallisessa pro-
sessissa ulkoisten turvallistamistoimien avulla. Samalla robotit omaavat paremmat kyvykkyydet
kantokyvyn seka koon puolesta verrattuna cobotteihin.

AVAINSANAT: Collaborative Robot, Human Robot Collaboration, Human Centric Assembly

line, Automobile Manufacturing
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1 Introduction

1.1 Background

In the early 2010s, the Fourth Industrial Revolution, also known as Industry 4.0, was pre-
sented in Europe. Theimpact of the revolution was considered to be so highly significant,
that few governments declared it to be part of their national strategies (Sergi, B.S. 2019,
pages 3-7). Industry 4.0 established a framework for intelligent and interactive systems
which are built upon seamless communication, data utilization, and human-to-machine
interaction (Ustundag, A. 2018, page 5). The main objective of Industry 4.0 was to com-
bine physical and digital world with concepts such as Internet of Things, Big data, Cloud
Computing, Artificial Intelligence, and Advanced Robotics. These technologies can be
seen as pivotal aspects of today’s manufacturing development (André, J-C. 2019, pages

1-5).

Asthe 2020s approached, Industry 4.0 technologically oriented approach did not appear
inviting due to its limited capability to incorporate the human element. Thus, sustaina-
bility and worker well-being have been elevated to top priority inindustrial organizations
together with technological development. The Human Robot Collaboration (HRC) is seen
as a great technological approach to this matter. (Liu, X. et al. 2022) HRC as a term refers
to an environment where human and robot share workspace by working together effec-

tively and safely (Bauer, W et. al. 2016).

With the interest towards HRC, collaborative robots, often referred to as cobots, have
gained attention in recent years due to their potential impact on the manufacturing and
industrial processes. (Keshvarparast, A. et al. 2023) These robots are designed to work
alongside humans, enhancing productivity and efficiency while promoting safety in var-
ious industries. (Javaid, M. 2022) Cobots also play a crucial role in the digital transfor-

mation of industries. (Weiss, A. Wortmeier, A. K. & Kubicek, B. 2021)



Simultaneously, the global market trend has driven automotive manufacturers towards
mass customization which creates a need for increased flexibility in manufacturing pro-
cesses. Generally, roughly two thirds of the automobile manufacturing processes are au-
tomated, but the final assembly system has remained human-intensive since most of the
product complexity concentrates on that part of the process. In this framework, the im-
plementation of HRC can be seen as an effective approach and an opportunity to in-

crease automation. (Michalos, G. 2010; Liu, X. et al. 2022)

This research is conducted by exploiting a Finnish automobile manufacturer as a re-
search platform for the empirical study. The company faces challenges to increase the
automation degree in their assembly process due to limited shop floor capacity and
product complexity and within this research framework, they aim to identify possible
implementation strategies to deploy cobots to increase flexibility, improve product qual-

ity and increase operational efficiency.

1.2 Research gap, questions, and objectives

Human Robot Collaboration (HRC) and Collaborative robots are contemporary, and over-
all, widely studied topics that have been researched with a wide range of methods. Var-
ious industrial disciplines are interested in exploring the capabilities and possibilities of
deriving benefits from collaborative technology. The identification of the research gap
was to understand the requirements of the case company, understanding the proper
limitations of the study, and investigating contemporary source literature, which act a

crucial role for setting up the research gap.

The gap analysis was conducted based on the source literature by searching literature
with the keywords of this study from different databases. The time spam was limited to
the research published after 2020. As a result of the gap analysis, numerous research is
conducted around this topic. By examining the premises and end results of different
studies and comparing how they align with the objectives of this thesis, more compre-

hensive outlook was gained.
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Table 1 Research Gap analysis

Research Existing Identified
area Studies Gaps
Automotive Industry Stecke, K.E. & Mokhtarza- | Limited research on subas-
deh, M. (2022) sembly system, material han-

dling, transportation, or the
feeding system.

Safety & Ergonomicsin | Chigbu, B & Nekhwevha, F, | Limited research on the bene-
Human Centric Assem- | (2020); Huang, C. et al, fits in safety and ergonomics
bly (2023) in Human Robot Collabora-
tion Systems.

Case studies: Salunkhe, O. et al. (2023); | Limited to a specific case
Applications for specific | International Federation without pursuing a holistic
use cases of Robotics (January 16", | understanding of an assembly

2024) system by providing specific

case studies.

General studies of Col- | Huang, C. et al. (2023); Se- | Researching the topic on a
laborative robotics or gura, P. et. al. (2021); general level and not targeted
HRC Chutima, P. (2023) for any specific industry and
therefore do not consider au-
tomotive factor.

Holistic review of auto- | Johnson, P.A. (2023) Limited research on automo-
mobile system tive subassembly systemsin a
heavy automobile industry.

Based on the gap analysis presented in table 1, it appears that studies with a holistic
approach to research possibilities and challenges for an assembly system in automobile
industry are rare and most of the studies focus onto research the topic from either a very
general or from very specific perspectives. Some studies pursuit to find specific applica-
tion for specific issues within a distinguished case framework. Also, the benefits were
often searched from the safety and ergonomics. If the holistic approach was performed,
as Johnson, P. A. (2023) had, the study was not conducted directly in an automobile as-

sembly system, but rather covering only a subassembly process.
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This study aims to create a holistic view of the case company’s assembly system by map-
ping the process, analysing the results, and identifying the assembly requirements.
Thereafter, the study evaluates the possibilities and challenges of utilizing existing cobot
technology available in the market for automobile assembly system purposes. Conse-
qguently, the study applies qualitative research methods to achieve its main objectives

and answer the research question.

The research question derives from the main objectives and the case company’s targets

for future manufacturing. The research question is presented as follows:

What are the opportunities and challenges of collaborative robots in a human-centric

automobile assembly line?

The main objectives of this study are:
1. To identify contemporary collaborative robot technologies suitable for an auto-
mobile assembly line.
2. Toidentify key factors, criteria and challenges that influence collaborative robot
integration to a human-centric assembly.
3. Todiscoverthe benefits that collaborative robots can provide for the automobile

assembly process.

1.3 Definitions and limitations

Human robot collaboration (HRC) can be defined as collaborative actions between a hu-
man and a robot. In HRC environment, a human and a robot work together in the same
area, either on a shared or separated workspace by performing tasks sequentially or
simultaneously. (Bauer, W et. al. 2016). HRC solutions have gotten attention in organiza-
tions where the automation level is low, or the process capabilities require maximized

flexibility.
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A collaborative robot is an industrial robot that has been designed with inherent safety
features to comply with relevant standards and legislation. Therefore, cobots are often
reduced in size and speed. Evenif the cobots and robots share similar features, ultimately,
overall design sets them apart. Collaborative robots are often utilized in a Human Ro-
botic Collaborative environment; however, they can be applied outside that framework
too. A collaborative robot is a diverse concept and thus it has its own technological tax-
onomy based on certain features. This taxonomy is based on the level of autonomy and

mobilization, safety features, and interaction capabilities.

A human centric assembly process refers to a principle of working and designing a system
which meets basic human requirementsincluding factors like ergonomics and safety (In-
ternational Organization for Standardization, 2019). With the increased competition on
automobile industry through mass customization, manufacturers are phasing difficult di-
lemma by choosing to invest and increase the automation or sustain the level to mini-
mize the risk. In highly automated process quality is stabilized, cognitive ergonomics of
workers are improved, and therefore more revenue can be earned. Although increasing
automation can yield favourable outcomes, certain work is not feasible to automate,
which then keeps the human in the picture. (International Organization for Standardiza-

tion, 2019b)

Automobile manufacturing consists of three part-process: welding, painting, and general
assembly where the assembly is the last in order. At the fundamental level, all remaining
parts are assembled to the car body in sequential order in that part of the process, and
thus it is the most human centric and complex process due to the nature of the product.
(Han, Y-H. et al. 2003) Nonetheless, the final assembly line system can be divided into
three different functions: main assembly, subassemblies, and transportation. The main
assembly actions refer to all the tasks performed to the product which increases the
value or assists on doing so, such as screwing, inserting, or tightening. Subassemblies

prepare the utilized parts in a separate system to be assembled to the product in the
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main line. Transportation refers to a system that delivers materials within the assembly

system with variative methods and technologies. (Omar, M.A. 2011)

The study is focused on the automotive manufacturing framework and the research
takes place in an automobile manufacturer in Finland. The case organization's primary
focus is exclusively on a low volume assembly line system which is currently capable of
producing a single-model product with numerous highly customized variants. Therefore,
this study focuses solely on this single line and limits all the other processes in-house or
externally out of scope. In terms of the assembly tasks, the study focuses on comparing
the technology characteristics to those task characteristics from production system that
are not seen feasible for robots according to the classification provided by Scholer, M.
Vette, M. & Rainer, M (2015). In addition, the global cobot market is wide with variative
options on suppliers and models. The study does not turn to account on all models but
focuses on suppliers with technology meeting the automobile manufacturing process

requirements and are valid players on the European market.

1.4 Thesis structure

The thesisis structured with five different chapters each supporting the thesis statement
and follow the academical standard. The thesis starts with abstracts in Finnish and in
English, table of contents and list of figures, tables, and abbreviations. The thesis is then
organized as follows: Chapter 1 works as an introduction presenting the background of
the study, providing insight of the key objectives and gap analysis, and lastly establishing
a good overview on definitions and limitations of the study. The second chapter, the lit-
erature review, establish the central foundation of the study by combining the
knowledge on collaborative robotics in automobile manufacturing. It defines and ex-
plores key terminology and themes within the study's framework up to the point where
empirical study is needed. Chapter 3 is dedicated to research methods which all origi-
nates to the theory by Goodhue, D. L., & Thompson, R. L. (1995) on task technology fit.
Chapter 4 presents the results based on qualitative research methods and displays three

differentiating analysis methods for establishing a holistic understanding on
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collaborative robots and their capabilities. This chapter aims to bring out author’s voice
by displaying a brief discussion based on the acquired data and analysed results. Lastly,
Chapter 5 concludes the thesis by summarizing the work, concluding the findings, and
providing insight of author’s perspective on future research around the topic. Ultimately,

all the references and appendix are located at the end of the thesis.
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2 Literature review

Automobile industry is one of the most studied fields from the perspective of business,
manufacturing, and technological innovations, as the internet, libraries, and archives of-
fer overflowing supply of digital and physically written research in various languages
from various countries and sectors. A literature review is a useful tool on exploiting ex-
isting knowledge by harnessing it into information for serve the purposes of a particular
study. This approach allows the thesis to focus on the areas of empirical study that either
have not been adequately addressed by existing literature or by not finding sufficient
research. Therefore, it prevents the author from duplicating existing research and rather
drive to seek only essential information from literature and put focus on pertinent topics

empirical study scope. (Inyang, E, 2017 p. 89)

The literature review in this study takes an outlook on the collaborative robotsin human
centric automobile assembly system. It also aims to discuss human robot collaboration
systems, which is vital for understanding collaborative actions between human and op-
erator. The first subchapter discusses how automobile assembly systems are conven-
tionally constructed and then reviewing the characteristics of a human centric assembly
system. The second subchapter explains the basics of human robot collaboration system
and describes the taxonomic classification of different settings. The last subchapter dis-
cusses of basic characteristics of collaborative robots, what are driving safety require-
ments, benefits and challenges, and what should be taken into consideration when

cobots are integrated to the production setting.

2.1 Characteristics of an automobile assembly in a human-centric do-

main

Generally, in automobile manufacturing, all brands, especially models and variants un-
der the brand have unique product structures which leads to varying production do-
mains and systems with unanimous assembly settings and configurations. Yet they all

have common characteristics as the basic principle is shared of the manufacturing
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system is shared (Han, Y-H. et. al. 2003; Krzywdzinski, M. 2020; Omar, M. A. 2011). Alt-
hough the automotive industry has been the forerunner of technological innovation and
development, an increased consumer demand on individualized options to choose from
has gradually made the product more complex over the time which has driven the pro-
duction towards more mass customization, sustaining the automobile assembly systems
strongly human-intensive to enable flexible manufacturing. Thus, despite the strong mo-
tivation to increase automation degree in the assembly system, human centric design
approach remains strong in automobile industry. (Krzywdzinski, M. 2020; Leng, J. et al.

2022)

Human centricity is not a newfound concept, but the focus of the key challenges has
shifted from the conventional approach more towards search the human potential in
manufacturing by establishing a collaborative system with machines. This type of process
integration offers flexibility, and robustness enables handling of more complex systems.
It also offers an alternative when balancing between safety, ergonomics, feasibility, and
production resiliency. (Suomen Robotiikkayhdistys ry, 2023 p. 78-80; Leng, J. et al. 2022)
In this subchapter, the fundamentals of automobile assembly systems are explained, and
it is explored how the human-centric design can be integrated into the automobile as-

sembly system through exiting literature and secondary data sources.

2.1.1 Fundamentals of an automobile assembly system

The automobile assembly system is an industrial process consisting of three main pro-
cesses, commonly referred to as shops in a sequential order: body shop, paint shop and
general assembly. Each of these shops serve a certain purpose for building and assem-
bling the vehicle in the most efficient and cost-effective way possible. Body shop, first in
order within the process, serves the purpose of joining metallic stamped parts together
to formalize a body frame of the car. The joining methods vary based on the purpose and
criticality of the joining, and the material which is joined. The most common joining
methods in automobile building are welding, adhesive cluing, and riveting, but are not

limited to these.
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Paint shop, the second part of the process, serves the purpose of applying a protective
coating to the body frame, thereby extending the product's lifecycle and providing aston-
ishing outlook for the product. The paint shop process treats the body with protection
materials such as paint, cavity wax, and sealing material and additionally provides an
esthetical appearance forthe product based on the customers demand and preferences.
(Omar, M. A. 2011) Last in order comes the general assembly, wherein a substantial por-
tion of components is installed to the welded and painted body frame. The process
complexity stands out in this phase of the process especially as the product structure,
design, and customization options vary between customer preferences. The higher the
options for the customer to choose from, the higher the product and the process com-
plexity. Thus, it forces the manufacturers to comply with the complexity by coming up

with as flexible assembly domain as possible. (Han, Y-H. et al. 2003)

So generally, in automobile manufacturing, as the product maturity grows, the product
complexity increases hand in hand, and thus the need for dexterity multiply. Therefore,
the degree of automationincreases over the course of the process which leaves the body
shop as the most automated process by almost achieving the complete automation de-
gree. The paint shop follows close behind, achieving automation degree of almost two
thirds of the whole shop process. Lastly, the general assembly has the lowest automation
degree as a significant share of the assembly tasks require dexterity. (Krzywdzinski, M.
2020) Overall, the complete automobile production process is designed upon the Lean
principles that originates from the Toyota Production System. The operation model is a
pull production which is an integral part of the Just-in-Time (JIT) management system.
The main strategy of JIT is to increase efficiency and reduce waste by producing an exact
guantity of products with an exact timing based on the direct customer demand.

(Monden, Y. & Ohno, T. 2011)

As this thesis concentrates on examining collaborative robots within general assembly
processes, a detailed review in this chapter is exclusively conducted within perspective

of a general assembly domain which can be organized into several subsets. The core of
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the general assembly system is the main assembly line where all directly value adding
activities take place and all other activities focus to support the function on that line.
The sequential main line process is typically separated into three sections based on the
product maturity. These three sections are referred to as a trim line, chassis line, and
final assembly, each carrying out different types of tasks in the automobile assembly.
Trim line activities encompass both interior and exterior installations of such parts as
electronic components, wire harness, windshields, insulations, dashboard, and cockpit.
The chassis line involves the installation of underfloor components, as well as some in-
terior and exterior installations. This phase includes the most critical part of the assem-
bly process, the chassis assembly, where the engine is attached to the car body, com-
monly referred to as the marriage point, which derives its name from the merging of two
distinct ensembles. The last part of the system is the final assembly process where all
the remaining installations will be performed before preparing the product for the final
tests. In final assembly, the rest of the interior and exterior parts such as tires, doors,
and moldings are assembled. Also, essential fluids (gas, brake fluids, windshield washer)
are inserted into the vehicle. As the tires are assembled, which usually takes place in the
beginning of the final assembly, the car will be laid down on the ground. Henceforth, the
car stands on its own and is ready to be started for the first time after required fluids are
inserted into the system. Ultimately, after the final assembly process, the product will be

transported into the testing area. (Omar, M. A. 2011)

Besides the main line, a good share of tasks is also executed in subassembly systems.
These separate processes are synchronized with the main line to prepare and preprocess
subassembly parts for more convenient assembly in the main line. Conventionally, a sub-
assembly is often a larger entity which is, for instance time consuming reasons, more
beneficial to preassemble aside from the main process. An engine preassembly is a
prominent example of a subassembly process where the complete structure of the en-
gine is built in a separate line before installing it to the body in the main line. Also, parts
such as doors, bumpers, and dashboards are preassembled in different subassembly sys-

tems for the same reasons. (Omar, M. A. 2011) An example outline for an assembly



system with main line, subassemblies and transportations systems are presented in fig-
ure 1. It visualizes the outlines of the linear assembly process and the dependencies be-

tween the different subsets of the process.

Trim line

o — — m— —

Subassemblies

—_— e —— T

[ Roll conveyor Hanging conveyor Belt conveyor (:z‘:ip;:::;::r:l }

Figure 1 Automobile assembly system outline (Omar, M. A. 2011)

Transportation system is the third and last part of the assembly subset. Its purpose is to
efficiently transport various materials between two locations within the assembly set-
ting, employing the most feasible method. It should not be considered as a part of inter-
nal logistics as it has no interface with other assembly subsets but rather is an integrated
system within the assembly domain. Transportation methods vary between different
subsets as they are adjusted for different purposes and needs. Typically, the same pat-
tern is being followed when implementing transportation systems to the assembly sys-
tem. Overall, a roll conveyor is exploited in the trim line whereas a hanging conveyor is
more commonly seen in the chassis line. In the final assembly, the car can stand on its
own wheels and, therefore a belt conveyor is commonly utilized. Also, the car can be
driven after the first ignition at the end of the final assembly. The materials between the
main line and the subassemblies are conventionally transported with different conveyors

or automated guided vehicles (AGVs). (Omar, M.A. 2011)
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Recently original equipment manufacturers (OEM) have started to challenge the conven-
tional assembly system to operate in a more agile, flexible, and cost-effective way to
produce increasingly customized products for customers increasing individualized needs.
Emerging trends such as smart manufacturing have been fore runner of this phenomena.
Many OEM have their own program to enhance this change. For instance, Volvo Group
has established Factory 4 Tomorrow program to find solutions to answer the market’s
demand by providing automation to support manual labor and seeking solutions for ad-
vanced assembly technologies (Volvo Group, 2021). German OEM Mercedes Benz has
already concretely demonstrated the change by replacing conventional roll conveyors
with AGVs to transport the product not only linearly, but also laterally if needed. With
this they strive to gain flexibility by getting rid of the limitations of conventional convey-

ors. (Mercedes Benz AG, 2020)

2.1.2 A human-centric assembly system in automobile industry

The term human-centricis acommonly used word and often mixed with the term human
intensive and therefore should be clearly separated by definition from one another. A
word intensive “indicate that an industry or activity involves the use of a lot of a partic-
ular thing.” (Collins Dictionary, n.d.). Therefore, assigning a great number of humans in
the assembly system does not establish a human-centric assembly system if the funda-
mental of the system is not built upon the human-centric features. This means that hu-
man-centric assembly systems and domains place a human at the center of the design

and planning (Lachvajderova, L et. al. 2023).

Human-centric features conventionally in industrial setting have indicated to a combina-
tion of occupational health and safety factors which are regulated and surveilled by na-
tional legislation and common interest of the manufacturers. Nonetheless, human -cen-
tricity is not limited to previously mentioned factors. A gradually growing complexity in
automobile assembly domain shifts the manufacturers to reconsider human potential as
a resource, where conventionally it has been seen as an expense. (Lachvajderova, L et.

al. 2023) An important part of human-centric design is to recognize the needs of an
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individual employee and ensure their health and safety. It should also, however, parallel
consider the benefits of larger entities such as specific groups (workers, supervisors etc.)
and larger pool of different stakeholders or functions (safety staff, management etc). (In-
ternational Organization for Standardization, 2019) So to practice holistic human-centric

design, both individual and common needs should be considered.

To properly understand the origin of human-centric design, it is beneficial to review the
factors superficially. Occupational health and safety (OHS) procedures focus on prevent-
ing mainly health and safety risks occurring in a working place. (European Agency for
Safety and Health at Work, 2020) The Finnish Occupational Safety law provides a foun-
dation for the occupational safety operations in Finland by generally stating that the
working conditions should be healthy for all employees regardless of the task or job de-
scription. Working conditions risk factors in the manufacturing process encompass ele-
ments of noise, air quality, and harsh environmental conditions like high temperature. It
is specifically stated in the 29§ of this particular law that industrial machinery and sys-
tems need to be designed so that direct safety injury risk towards humans is not only
mitigated but prevented. As the Finnish law act as a basis for the OHS practices compa-
nies need to obey the rules. Interestingly, companies in Finland do not only settle to the
level of legislation but apply different standards and own regulations supplement safety

design boundaries.

The law and standards protect workers from physical risks in the workplace, but besides
these risks, cognitive ergonomics and mental health are constantly arising threats in the
workplace, and correspondingly considered big decreasing factor of health and safety in
Europe. (European Agency for Safety and Health at Work, 2020) A complex work envi-
ronment challenges the cognitive ergonomics of an assembly worker in everyday opera-
tions. Work in an automobile assembly line is demanding, repeating, and high paced.
These factors have a debilitating effect on cognitive ergonomics of shop floor workers in

the automobile industry. Furthermore, workers have stated that poor resource
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management is considered to add to the negative cognitive load in addition to the other

factors. (Wollter Bergman, M et al. 2021)

Ideally a human-centric system design considers both physical and cognitive ergonomic
factors. Western OEM have worked towards better physical and cognitive ergonomics
for decades, but the issue has still remained. A prominent example for driving ergonomic
development was the case from Ford Motor Company when they established two dec-
ades ago an ergonomics development process to manage occupational safety related
issues. These topics are carried out in joint labor and management teams to solve these
topics. (Bradley, J.S. 2003) German OEM BMW has announced beginning the use of exo-
skeletons and lightweight collaborative robots where work tasks negatively impact the
employee's physical health due to a challenging or loading working posture to improve
worker ergonomics and productivity (BMW Group, 2017). Mercedes Benz, the domestic
competitor for BMW, pursuits to improve cognitive ergonomics by involving factory
workers to influence resource management. Mercedes Benz announced that factory
workers are part of the decision-making process to influence working shifts to improve
work life balance. (Mercedes Benz AG, 2020) All of these previous examples imply that
the human-centric design is practiced both in the individual level and common entity

level to achieve better working environment in terms of health and safety.

Due to a complex dexterity task, an automobile assembly system remains a human in-
tensive process and therefore a lot of human labour is required in that process. An au-
tomobile assembly system requires high flexibility with complex products which provide
a need for tolerance capabilities in the assembly that robots cannot achieve unlike hu-
mans. Therefore, humans cannot be replaced completely by robots on the assembly line.
In contrast to conventional consensus, a human-centric design does not consider human
labour only as an expense, but it establishes a framework where the best features from
both human and robot capabilities are combined. (Leng, J. et al. 2022) Thus, rather than
focusing on fully automating complex processes and separating machines from humans,

process planners focus on to identify and separate the tasks which are efficient to
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execute by robots and which tasks should be allocated to operators. Besides the task
allocation, operators should be given more advanced tools to maximize operational effi-

ciency. (Lachvajderova, L et. al. 2023; Scholer, M., Vette, M., & Rainer, M. 2015)

2.2 Human Robot Collaboration system and taxonomy

Humans and robots are conventionally perceived to operate apart from one another due
to the problematic dilemma to maintain prescribed level of safety and performance in
balance. Until recent years, robots and humans have been kept separated and with mi-
nor allowed interaction in carefully monitored process. As technology has been devel-
oping, subsequentially the collaboration between humans and robots have gradually in-
creased in the manufacturing domain. (Bauer, W et. al. 2016). This change has estab-
lished a fruitful baseline for advancing the automation degree in assembly systems
where it was not feasible before. The aim of this subchapter is to explain to open up
Human Robot Collaboration in general terms and provide insight of the collaboration
taxonomy in theoretical level. It also opens the factors behind the system design, which

type of engagement within this taxonomy could be feasible through different scenarios.

Collaboration is an operation to work towards a common goal. In the context of this
thesis, humans and robots are the ones operating together which indicates more pre-
cisely to an operative task performed together or separately by an operator and a robot
in a predefined, commonly shared, workspace. (International Organization for Standard-
ization, 2011a; Bauer, W et. al. 2016; International Organization for Standardization,
2021) The Human Robot Collaboration System (HRCS) is built upon the basis of the col-
laborative operations between the machine and a human. In theory, HRCS is well de-
signed manufacturing domain with human robot engagement where both entities oper-
ate safely and efficiently. The in an individual system design, the baselines are the pur-
pose of the system, safety, technological maturity, defined task, and allocated workspace.

(Bauer, W et. al. 2016; Segura, P, 2022)



24

The first and the biggest threshold for defining the HRCS is safety. The basic principle in
designing the HRCS isto comprehend the fact that the higher the degree of collaboration
within the system, the more rigorous are the inherent safety requirements addressed
towards technological characteristics. This implies that if the technology does not com-
prehend the safety regulations and standards, the human needs to be protected with
external manners by for instance isolating the two entities from one another to prevent
unintentional interaction. On the contrary, the highest forms of interactions require
technological features which will not therefore expose humans to any safety risks. Cur-
rent standardization underlines (International Organization for Standardization, 2011a;
International Organization for Standardization, 2016) the features which are then recog-
nized to be safe or unsafe, but practical implementation responsibility remains with the
system designers. ISO standardization (2011a) provides four prerequisites for designers,
which at least one needs to be integrated if the system and the device can have the
permission for collaborative activities. These four prerequisites are safety rated monitor-
ing stop, hand guiding, speed and separation monitoring, and force and torque limitation.

(Bauer, W et. al. 2016; International Organization for Standardization, 2011a)

As people collaborate with each other in several different ways, also machines can col-
laborate with humans in various ways and domains. As described earlier, the type of
collaboration between a robot and an operator can be defined as an operative activity
in a workstation during a task or a process towards a common goal. The collaboration
can be either direct or indirect, but the goal needs to be shared. Moreover, the executed
tasks should occur in close proximity within a predetermined space and not well apart,
for instance in a separate workstation. Mainly collaborative tasks can be performed in-
dependently, parallel, sequentially, or simultaneously. A robot and an operator work in-
dependently when they execute completely different tasks separated from one and
other yet in the same workstation. Sequential work is when an operator and a robot
execute task to a same object after one and other. Parallel activity is where both perform

different tasks for different objects at the same time in close proximity. And lastly, the
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simultaneous activity is when both perform tasks at the same time to the same object.

(Bauer, W et. al. 2016; Segura, P, 2022)

As some of the previously reviewed characteristics might overlap with one another, the
predefined workspace watershed to establish HRCS taxonomy. In automobile manufac-
turing, a workstation is a core piece and important component of the complete process
where the assembly operative tasks are performed. However, these workstations are of-
ten divided into more detailed individual workspaces where all different resources oper-
ate. (Omar, M.A. 2011) To evaluate collaboration in the workspace, different dynamic
elements should be considered. Firstly, a workspace can be eitherindependent or shared
between the two entities, human and robot. After, the evaluation focus shifts assess
whether the space is completely shared or just partly. (Bauer, W et. al. 2016; Segura, P,
2022) This means that the operator and robot can either share a workspace within a

workstation or they have separate workspaces, but which collide.

In assessing the proper level of collaboration, the three previously mentioned character-
istics create a framework for collaborative taxonomy. The taxonomy is visualized in figure
2. The first class in the figure is cell production and it has the lowest rate of engagement
and requires heavy safety measures. Therefore, it is not necessary to be considered as
part of HRCS. Gradually, while the rate of collaboration increases, more activities will be
performed in shared workspace. It then consists of four taxonomical categories of en-
gagement: co-existence, synchronized, co-operation, and collaboration (Bauer, W et. al.

2016)
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Figure 2 Human Robot Collaboration taxonomy (Bauer, W et. al. 2016)

In a co-existence engagement, the interaction level between an operator and a robot is
very limited. They both operate completely independently in their own workspaces
within the same workstation without crossing paths. The main difference between the
co-existence engagement and cell productionis that there are no heavy safety measures.
The system is made safe with other manners. So, either the technology should include
certain safety features necessary to ensure safety in the robot workspace or the system
is externally made safe. In a synchronized engagement, both a robot and an operator
have independent workspaces partly collide in certain point of the production cycle.
Thus, the two operate sequentially by taking turns to execute tasks in that area. This
system similar has safety measures similar to co-existence engagement, but the main
differenceis that the common goal is found from the product itself. (Bauer, W et. al. 2016;

Segura, P. 2022; Suomen Robotiikkayhdistys ry, 2023 p. 75)

The third and fourth taxonomical categories differs from the previous two by having a
completely unified workspace between human and robot. In the co-operative engage-
ment, both a robot and an operator share workspace, as said, completely. In this space
they both perform parallel tasks in shared space to different items. This type of engage-
ment requires already inherent safety features from the robot due to the shared space.
The collaborative engagement can be considered highest rate of engagement. In a sys-
tem that obtains collaborative engagement, a robot and an operator execute tasks sim-
ultaneously to the same item in a completely mutually shared space. (Bauer, W et. al.

2016; Segura, P. 2022) In such system the robot ideally should adapt to the moves of the
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human by redirecting its path while executing the task. (Suomen Robotiikkayhdistys ry,
2023 p. 75). Therefore, the robot should be always a collaborative robot in this type of
system. It is noteworthy that current technological maturity in an industrial setting can-
not reach full collaborative engagement as adaptivity is not available in the market. How-
ever, with careful system design, collaborative engagement can be reached. Nonetheless,
with improving collaborative robot technology the engagement will increase in industry

overtime. (Industrial Federation of Robotics, 2020)

Finding the most suitable type for collaborative engagement can pose significant diffi-
culties. Tasks in the workstations are typically designed to serve a very detailed purpose,
and multiple tasks are performed within a single production cycle. Also, several re-
sources perform multiple tasks simultaneously in the same workspace or station. This
setting establishes an extremely difficult framework for an engagement assessment with
holistic perspective. Defining the level of engagement for each task is a doable assign-
ment but is not, however, considered feasible when discussing complete assembly pro-
cess from holistic perspective. Nonetheless, assessing the engagement on workstation
level can be a more feasible option and perceived achievable. In this type of evaluation,
the sum of individual tasks and resources establish the engagement framework which
can be reviewed at a system level. Only then it is possible to define the systems engage-
ment based on the taxonomy. (Mdiller, R. Vette, M & Scholer, M. 2016; Salunkhe, O. et
al. 2023).

2.3 An overview of cobots in automobile assembly processes

Currently known mass and lean production cannot be achieved without automation sys-
tems which robots are fundamental part of by enhancing efficiency and quality, while
reducing operating costs (Singh, B. 2012). Most robots in factories are industrial robots
which are defined according to the ISO 10218-1 (2011a) standard an “automatically con-
trolled, reprogrammable multipurpose manipulator, programmable in three or more
axes, which can be either fixed in place or mobile for use in industrial automation appli-

cations”. A collaborative robot is classified as an industrial robot due to the matching
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structure to the ISO 10218-1 definition which is supplemented later in the same standard
with a distinct definition by referring it as a “robot designed for direct interaction with a

human within a defined collaborative workspace”.

According to the International Federation of Robotics (2020), collaborative robots can
be divided into two categories: the ones that comprehend with the inherent safety
measures outlined in ISO 10218-1 standard, and the second ones which do not compre-
hend with the standard, but follow the guidelines and regulations determined by the
company owning the operating process. Interestingly, not all robots which comply with
the safety regulations of ISO 10218-1 are accountable as collaborative robots. A promi-
nent example of this misconception is to categorize AGV as a collaborative robot. AGVs
are service robots, which fail to meet the defining criteria of an industrial robot due to
lacking robotic features outlined in the standard such as the requirement for axes. (In-

ternational Federation of Robotics, 2020)

Typically, cobots are designed into an anthropomorphic model, but different options are
available at market for variative purposes. As both cobots and robots share a similar
characteristic, there can be found fundamental differences between both of them. The
substantial difference between the two are the inherent safety features, which robots
does not possess. (International Organization for Standardization, 2011a). Unlike robots,
cobots can be easily exploited in human-centric assembly domains as their purpose is
necessarily not to replace humans, but to assist operators and increase their perfor-
mance by performing simple and repetitive tasks in a standardized environment. This
offers a possibility for human operators to focus on more detail oriented, complex, and
cognitively challenging tasks in a variative circumstances. (Scholer, M. Vette, M. & Rainer,

M. 2015; Vido, M. et al. 2020)

The literature sources provide numerous cases where cobots can be exploited in auto-
mobile industry. Mostly they can be seen in material handling or lightweight tasks within

an automobile assembly domain (Stecke, K.E. & Mokhtarzadeh, M. 2022). Dependingon



29

the working environment and process requirements line tasks such as assembly, screw-
ing, inserting, positioning, adhesive cluing, fastening, scanning, and serving could be typ-
ical for cobots to execute in the automobile assembly. (Taesi, C. Aggogeri, F. & Pellegrini,

N. 2023; Omar, M. A. 2011; Matusova, M. Buc¢anyova, M. & Hruskova, E. 2019)

TM5-700 TM5-900

Figure 3 Collaborative robots ([Omron data sheets on TM series], n.d.; Universal robotics,
n.d.)

2.3.1 Safety requirements

The fundamental of collaborative robots derives from their perspective to enable the
technology to operate near human proximity without additional separation. Thus, it is
important to understand what safety is and where does the regulation on safety derives
from. Safety as a termis “the state of being safe from harm or danger.” (Collins Dictionary,
n.d. b) which refers to a domain where no humans are exposed to harmful or danger
situations. What comes to the safety measures or features, the ultimate goal is to de-
crease the capability to cause harm to surroundings (Collins Dictionary, n.d. b). Gradually,
safety can be perceived differently by individuals. This establishes an environment with
individual perspectives on safety. Hence, legislation and regulations exist to avoid vary-

ing perceptions and ensure a standardized approach. (Hale, A. 2000)

As previously discussed, the Finnish legislation work as a foundation of OHS in Finnish

industrial sector. Thus, the machine and robot system safety requirements are under this
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legislation in terms of system design. The Finnish legislation is derived from the Euro-
pean Union Machinery and Amending Directive (2006/42/EC) which states appliance
manufacturers are responsible for the safety assurance of their own devices by conduct-
ing a risk assessment and mitigation for all the manufactured devices. The ISO 10218-1
and -2 provide advanced additive regulations and guidelines to the EU directive to en-
sure system level safety and risk assessments. Besides ISO 10218-1, ISO/TS 15066 spec-
ifies the requirements and guidelines for the collaborative systems and devices when

operating near human proximity without separation.

The safety requirements for collaborative robots aligns with same prerequisites as HRCS
which is derived from ISO/TS 15066 (2016). It presents the four inherent safety require-
ments for collaborative systems where at least one needs to be complied with before
collaborative operations can be conducted in production facilities. The first requirement
is a safety rated monitored stop which ensures immediate stop of the machine actions
after a human has entered a predefined operation zone. The second is hand guiding
which provides human operators with a possibility for safe handling of the robotic device
while simultaneously operating with it. The third is speed and separation monitoring
method where a safety system is built so that as human approaches robotic devices, the
speed reduces gradually and ultimately stops when a human gets immediate proximity.
The fourth and last is power and force limiting which limits the force of the device to the
degree where it is not possible to get injured from a collision between a human and a

machine.

As EU directive (2006/42/EC) and standards declare, both robot systems and individual
devices require risk assessment and mitigation. For a single collaborative device, ISO/TS
15066 (2016) specifies the safety requirements and provides comprehensive guidelines
on where to limit the force generation capacity in terms of cobots. The guideline distin-
guishes limits according to the type and the body part affected by the collision. The first
form of collision is an open contact between a human and a robot, and the second is a

body part compression between the robot and a fixed obstacle. ISO/TS 15066 also
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categorizes different body parts based on the vulnerability for serious injury. Forinstance,
regions of the upper body, including the head, neck, and back, are considered more vul-
nerable and thus require less force exposure, whereas lower body regions such as the

legs can withstand greater force.

2.3.2 Capabilities, benefits, and challenges of cobots

Since cobots are required to follow the safety standards and regulations discussed in the
previous subchapter, capabilities of cobots are remarkably reduced. Different manufac-
turers value different performance factors based on the purposes the devices are de-
signed for. Generally, cobots are lightweight and designed for handling small and light
parts and execute moderately simple tasks. The current development is, however, fast-
paced, and heavier machines can be seen in the market in coming years. The weight and
size have a huge effect on the device’s payload and reach capabilities, which are the most
critical factors. The payload of cobots varies between different modelsin around 5-20 kg
and the reach of the arm 500-2000 mm. The maximum tool point velocity can vary be-
tween 0.5-6.0 m/s. (Matusova, M. Buéanyova, M. & Hruskova, E. 2019) but in collabora-
tive systems it does not necessarily provide any benefit due to the top speed limit is 0,25
m/s for humans to work near the device. (Taesi, C. Aggogeri, F. & Pellegrini, N. 2023).
Interestingly, the accuracy of a cobot is relatively high and can vary between 0,02-0,5mm.
An exclusive capability only for cobots is the integrated sensors to detect external forces

in the shell of the device (Matusovda, M. Bu¢anyova, M. & Hruskova, E. 2019).

Overall, cobots are safety focused devices with limited speed, force, and reach capabili-
ties when designed to operate in near human proximity. Therefore, the biggest benefit
is the have minimal injury risk when operating together with humans. This enables pro-
duction designers to free their shop floor capacity for different purposes when the
cobots can be directly implemented into the production system. (Matusovd, M.
Bucanyova, M. & Hruskova, E. 2019) In this case, the size of a cobot has a huge impact.
Cobots’ relatively small size offers more facile and quicker production implementation

and integration compared to conventional robots. Because of the light weight, cobots
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can be also mobilized which enables flexible utilization and provides alternative options
for production balancing. (International Federation of Robotics, 2020) When operating
effectively alongside humans, collaboration can yield into holistic process improvements
in quality capability, process performance efficiency, and ergonomics. The cobotization
also increases flexibility capability and decreases need for additional rework. (Scholer,

M., Vette, M., & Rainer, M, 2015)

The biggest challenge cobots have is the capability to answer the process requirements.
Cobots are not seen to provide improvements in cycle time and combining this together
with limited capacity in the payload, reach, and reduced speed prevents cobots from
performing various tasks. Therefore, alternative options can show up more favourable.
As safety was the driving factor, it can have unfavourable effects on the process require-
ments. An automobile process is a high paced process with very limited cycle time. A
collision between a human and a cobot or unintentional disturbance in the safety area
will freeze the cobot from moving which might lead to an unwanted downtime. Collab-
orative spaces have higher possibility for these types of interruptions, effecting process
uptime time which can consume all the benefits. This dilemma can lead to a conclusion
where cobots are seen as an unintentional expense compared to human operators in-
stead of beneficial investment to enhance process capabilities. (Matusova, M.

Bucanyova, M. & Hruskova, E. 2019; Scholer, M., Vette, M., & Rainer, M. 2015)

2.3.3 Basic principles of workstation cobotization in an automobile assembly

An automobile assembly system is a combination of different tasks performed sequen-
tially in predefined spaces in a predefined order. A workstation is an area where prede-
termined tasks are executed in a predefined order with an efficient number of resources.
(Battini, D. Finco, S. & Sgarbossa, F. 2020) The aim for cobotization is to automate certain
manufacturing processes to decrease operative costs, enhance productivity, increase
quality, and produce less waste. Together with operating factors, ergonomic conditions
for the factory workers can lead also to a decision for automating processes. (Suomen

Robotiikkayhdistys ry, 2023 p. 78-80)
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Workstation cobotization is a process where certain activities, individual tasks or com-
plete processes are automated with collaborative robots. It is considered a similar pro-
cess to workstation robotization, but instead of separating the machines from the hu-
mans, cobots are mainly integrated within the human operators on the shop floor level.
(Bauer, W et. al. 2016) The workstation cobotization project starts with a top-down ap-
proach by understanding what is in fact automated (Suomen Robotiikkayhdistys, 2023 p.
78-82). In their study, Salunkhe, O et al. (2023) begins the evaluation process by recog-
nizing the workstation level activities which could be intendent for automation. After the
workstation level processes are recognized, these activities, such as wire harness assem-
bly, is split into main tasks such as assembling, connecting, and lifting the wire harness.
The main tasks are then divided into smaller subtasks, including detailed step-by-step
description of what is then performed in order to achieve the target of the main process.
In the wire harness case, this refers to accurately describing where the part is assembled
or moved in every step. After recognizing the detailed tasks, cobotization process re-
quires task allocation between a human and a cobot where complex, dexterity tasks
which require cognitive decision making or senses, are allocated for human and simple,
repetitive tasks should be allocated for cobots. In the wire harness case, the cobot took
care of the simple tasks such as carrying the wire harness sockets near the couplings and
human operator executed the dexterity intense task by attaching the sockets together.

(Scholer, M., Vette, M., & Rainer, M., 2015; Salunkhe, O et al. 2023)

Automobile assembly consists of numerous diverse tasks and processes which vary
based on the product, model, and brand. It can be difficult to recognize which tasks are
suitable for automation, especially when considering cobots. In theory, all the activities
can be automated, but it requires a lot of capital investments and research and develop-
ment work and collaboration from manufacturing engineering, process engineers and
product engineers. The main constraints are product complexity, process capability and
tolerance demand which in an automated process can lead to severe quality issues and

thus arising costs if poorly designed. (Dong, J. Xia, Z. & Zhao, Q. 2021; Omar, M. A. 2011)
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Understanding the technological limits is the first step towards understanding the inte-
gration feasibility. If the technology is not proficient enough to execute given tasks orthe
product or part is not designed for automated activity, the task cannot be executed by
collaborative robot. Then if the product is suitable for the action, can the technology
answer the process requirements (uptime, cycle time, quality rate). Only after process
feasibility calculations, the cost-benefit analysis can be conducted. It gives an overview
of the fact if the investment is worth compared to the gained benefit. (Suomen Robot-
iikkayhdistys ry, 2023 p. 78-82) The benefits can be economical, ergonomic, or safety

related, but also promoting green impact.

2.4 Summary of the theoretical framework

The literature review primarily focuses on the integration of collaborative robots in the
human-centric automobile assembly systems by explaining the basic principles of auto-
mobile assembly system, dynamics between human and cobots within the industrial set-
ting, and exploring the benefits, challenges, and criteria for cobot integration. The liter-
ature review established a clear correlation of the consolidating factors between human
centricity and safety as they go hand in hand in regards of system and device design.
Human presence in industrial domain triggers the safety requirements although the
business-related characteristics such as efficiency, quality, and operational uptime re-
main as valid in daily operations. Still safety remains as the definitive factor on HRCS
design and implementation. The literature review highlights the ideology of collabora-
tive robots to support safety besides enabling operation in near human proximity. Thus,

they can be seen as promising and prominent technology for HRCS.

Despite the favourable characteristics for HRCS, integrating collaborative robots for var-
ious assembly tasks within automobile assembly domain can be found challenging.
Maintaining safety and improving ergonomic conditions, which are the targets for Euro-
pean OEMs, lower threshold for deployment and mobilization and advocated the cobot
exploitation in future. However, the findings imply that the reduced payload, reach and

size hinders development in the opposite direction. Also, not all the tasks are suitable
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for automation in automobile assembly domain. Therefore, understanding the con-
straints and success factors by performing task optimization will be key enabler for suc-

cessful workstation cobotization.

Collaborative robots are seen having pivotal role in every level of HRCS design and they
can be exploited in every level of engagement taxonomy. Cobotization of workstations
orassembly processes consist of multivariable analysis from product design to manufac-
turing engineering solutions. As investigating the feasibility of cobotization, literature did
not provide any direct answer on particular feasible assembly tasks. However, protocols
and frameworks in which collaborative robots would be feasible in operational and fi-

nancial terms were provided.

Interestingly, the literature does not provide clear identification of specific types of tasks
suitable for collaborative robots within automobile assembly but can only provide cer-
tain framework for the task optimization. Also, the feasibility threshold between cobot
and conventional robot is still unclear after investigating the literature. To properly un-
derstand these criteria and complete study objectives, this threshold in terms of safety,

efficiency, and adaptability will be further studied in the empirical part of the study.

As a conclusion, while collaborative robots provide great potential to enhance safety and
efficiency in HRCS framework, the integration can be complex due limitationsin the tech-
nical capability. For a successful implementation, an expertise in process planning and

design is essential together with a high knowledge of safety design in industrial domain.
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3 Research method

The exploitation of robust methodologies in research is critical as it ensures the reliability
and validity of the findings by providing a clear framework within which the study oper-
ates, and which can be additionally critically assessed. This thesis is conducted as quali-
tative research by collecting data from several sources both internally in case company
and externally from experts from the field in question to strengthen the narrative and
generalization. The empirical part pursuits to supplement the literature review by offer-
ing a real life setting to explain the phenomena and strengthen the factors behind the

benefits and challenges of the discussed technology. (Inyang, E. 2017 p. 7 & 90)

This study exploits qualitative tools of a descriptive, explanatory, and thematic approach
to understanding real-life phenomena and provide an outlook on the subjectin hand, by
utilizing data collection methods such as interviews and observations which serve as pri-
mary means of data collection. Nonetheless, the study exploits numerical data to pro-
vide insight into the context of the phenomenon. However, this data is invariably sec-
ondary data and therefore it is not used in a quantified manner. (Golafshani, N. 2015)
The study adopts a deductive approach by looking for a validation from existing theory.
Deductive reasoning starts with a hypothesis testing it against empirical evidence, pur-
suing to confirm existing theory. (Seale, C. et. al. 2004 p. 91) The main hypothesis of the
study states that integrating collaborative robots will derive improvements in productiv-
ity and quality together with safety and ergonomics within automobile assembly domain.
The empirical implications will be studied through a theoretical framework task technol-
ogy fit (TTF) which is a sufficient tool to be exploited to explain the phenomenain a real-

life setting in an automobile assembly process.

Task technology fit (TTF) is a theoretical framework to fulfil the research objectives and
answer the research question. The concept of TTF compares task characteristics with
technology characteristics by evaluating performance capabilities for decision-making
purposes to determine whether a certain technology is suitable for executing assigned

tasks. Task characteristics are the factors and methods needed to turn inputs into
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outputs and therefore can be seen as process requirements in an automobile assembly
domain. The consideration of technology in this context limits to a tool, machine or robot,
which enables process to perform more efficiently with task execution. In TTF, these two
characteristics are exploited to assess performance impact and utilization. Performance
impact indicates which factors, in terms of technology, have the most significant impact
on execution of particular tasks. Utilization measures the practical ability of the technol-
ogy to meet the requirements that the technology can provide but is limited by the task

requirements. (Goodhue, D. L., & Thompson, R. L. 1995)

Task
Characteristics \
Task-
Performance
Technology | ¢
Fit mpacts
Technology

Characteristics

Utilization

Figure 4 Task Technology Fit (Goodhue, D. L., & Thompson, R. L., 1995)

Hartelt, R. Wohlfeil, F & Terezidis, O (2015) applied TTF in their study by testing it empir-
ically with multi-case study model. They utilized a systematic six-step approach to prove
a potential technology to be fit with the use case tasks. This study is conducted with a
similar six-step structure visualized in figure 4 and will work as a core of the data collec-
tion and analysis. The first two steps identify the technology and task characteristics
which contain searching and analysing contemporary collaborative robot technologies
and capabilities together with the task and process requirements within the case com-
pany. The third step, a selection of evaluation criteria, contains an assessment of select-
ing only relevant criteria for decision making. In the fourth step, technology assessment,
the aimis to evaluate alternative technology for executing the presented tasks. Fifth step,

the performance impact, assess which task would have the highest impact in respect to



38

the evaluation criteria. The sixth and the last step, utilization evaluation, analyses the
concrete feasibility on which the technology should be integrated into the process based
on the information offered by the previous five steps. (Goodhue, D. L., & Thompson, R.

L., 1995)

STEP 1: Technology Characteristics

\—l

STEP 2: Task Characteristics

‘—l

STEP 3: Selection of Evaluation
Criteria

\—l

STEP 4: Technology Assessment

\—l

STEP 5: Performance Impacts

\—1

STEP 6: Utilization Evaluation

Figure 5 TTF Systematic approach (Hartelt, R. Wohlfeil, F.& Terezidis, O 2015)

3.1 Data collection and analysis

Data collection is a core part of the study and without it, the objectives of the thesis
cannot be achieved. To reach these objectives, data collection and analysis are utilized
with different methods. (Inyang, E. 2017, p. 16). This study’s main data sources are the
case company’s materials, technology manufacturer catalogues, and interviews. The in-
terview data will work as the primary data of the study which refers to a definition of
“raw data collected from the field” (Inyang, E. 2017, p. 37). Technology and task charac-
teristics stand as secondary data as they are already pre-existing data created and stored

for other purposes than serving the objectives to this study. (Inyang, E. 2017, p. 12)
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Typically, data without any analysis is irrelevant. In most cases the dataset alone does
not provide any valuable information. To achieve rigorous and reliable results in a quali-
tative study, proper data analysis is an essential task to extract necessary information
from the raw data and present it in an understandable format. Thematic analysis is an
effective and flexible tool for exploring patterns and confirming theories in an industrial
domain. It enables a systematic approach by categorizing explanatory results from the
qualitative data. (Seale, C. et. al. 2004 p. 57-61) In addition to the thematic analysis, this
study applies both descriptive, explanatory, and SWOT analysis methods by firstly de-
scribing technology and task characteristics. It also aims to present the technology as-
sessment and performance impacts though data collected from the interviews. (Inyang,
E. 2017 p. 20-21) Ultimately, both primary data and secondary data are converged into
a comprehensive discussion where information from literature review is combined with
the empirical results. Then the SWOT analysis is utilized as a supportive method for sum-

marizing the studied phenomena.

3.1.1 Technology characteristics

Technology characteristics express the technical attributes and capabilities of a particu-
lar technology for certain purposes. However, these features are not only limited to nu-
merical capabilities, but also logical experienced based assessments and assumptions.
(Goodhue, D. L., & Thompson, R. L., 1995) For this study, it is not relevant to research all
available technology in market, but rather select the commonly known brands and rec-
ognized European and Asian suppliers to ensure proper data reliability as the study relies
on freely available market catalogues. Therefore, the sample size was limited to five sup-
pliers and their products: ABB Robotics, KUKA AG, Universal Robots, Omron Automation,

and Fanuc Ltd.

Taesi, C. Aggogeri, F. & Pellegrini, N. (2023) have recently investigated the capabilities of
nearly hundred different models and variants. This thesis exploited the knowledge of
their study in the literature review but yet is simultaneously forced to conduct a similar

collection once again due to rapid development of technological capabilities. As Taesi, C.
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Aggogeri, F. & Pellegrini, N. (2023), this study will utilize the same key attributes to study
collaborative robots as they are the most relevant ones when compared to conventional
robots. In addition, considering the fact that fastening tasks are common activities in
automobile assembly systems, torque parameters should be considered as well. The
data collection focused on investigating technical catalogues provided by the manufac-

turers and was limited only to anthropomorphic models.

The data processing and analysis aims to provide descriptive outlook of the technological
characteristics and establish a baseline for further analysis in this study. Therefore, the
individual attributes are not significant, and the focus is to recognize broader patterns.
(Inyang, E. 2017, p. 16 & 20) Firstly, a systematic descriptive analysis is carried over based
on the collected data to establish a framework of the current technological capabilities
of cobots. The main attributes investigated are payload, reach, and torque capabilities.
Interestingly, velocity should not be considered as a technological factor due to the 1ISO
10218 standard limits the maximum tool point velocity in a collaborative systems, where
humans operate in a near proximity, to a 0,25 m/s. While all cobots will bypass this
threshold of 0,25 m/s, the velocity was excluded from the categorization criteria. (Taesi,
C. Aggogeri, F. & Pellegrini, N. 2023) Secondly, the data will be pre-processed into a more
compact format to simplify analysis process. The data was categorized into three differ-
ent categories based on the payload capacity as the information was available for every
device and variant. The criteria based on the payload capacity is described in table 2.
Category 1 is considering all devices with payload capacity under 10kg, category 2 with

capacity between 10 to 20kg, and ultimately category 3 with capacity for over 20kg.

Table 2 Determination of technology characteristic categorization

Category 1 Category 2 Category 3

Payload x<10kg 10 kg<x<20kg x>20kg
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3.1.2 Task characteristics

Task characteristics are a set of requirements necessary to be attained to achieve a cer-
tain predefined goal. Tasks are straightforwardly linked with the process by turning in-
puts to outputs and thus task characteristics are also perceived as process characteristics.
In TTF, task characteristics are compared with technology characteristics by assessing
technology compatibility in respect to existing process. Therefore, the task characteris-
ticsneeds to be predefined and aligned with the study’s scope and objectives. (Goodhue,
D. L., & Thompson, R. L., 1995) In this study, the set of task characteristics will be sorted
out from the existing database of the case company and refined through observation
and evaluation narrowing the scope to align with study objectives. The raw data is ex-
tracted in a tabular format by entailing a detailed explanation of each individual task
performed in the line including such attributes as a description of the actual activities
performed, the time required for task execution, the necessary tools, and the relevant
parametric prerequisites. Additionally, it is possible to obtain an understanding on which

section of the line particular tasks are executed on.

An individual automobile assembly process is a combination of thousands of distinct
tasks, each of which contributes to the overall construction of the automobile vehicle.
(Omar, M. A. 2011) The internal database contains very detailed descriptions of all of this
activity, but not all individual pieces of information are useful for the study. In order to
extract the relevant data for upcoming analysis, the raw data will be pre-processed and
reduced to correspond to the objectives of the study and avoid distorting the results.
The main principle behind the data exclusion was to consider whether the task is appli-
cable to be performed by a collaborative robot. The assessment stemmed from the task
distribution evaluation presented by Scholer, M. Vette, M. and Rainer, M (2015). Their
methodology allocated all assembly tasks between a human operator and a cobot based
on the criteria described in table 3. The most prominent factors were the need for hu-

man dexterity, capability for flexibility, and need for cognitive decision making.
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Table 3 Task distribution (Scholer, M. Vette, M. & Rainer, M. 2015)

Cobot tasks ‘ Operator tasks
e Repetitive, less ergonomic tasks e Complex movements
e Simple standardized movements e Flexibility and cognitive decision
e Minor cognitive or sense depend- making
ent tasks with little decision mak- e Dexterity requirements
ing e Individualized movements speci-
fied tasks

Once the irrelevant tasks have been eliminated from the raw data, the remaining pro-
portion is still too fragmented for qualitative analysis and therefore requires additional
preprocessing by categorizing the remaining data based on the shared patterns. A nested
categorization is an effective tool for distributing different attributes into smaller cate-
gories based on the shared features without excluding any important data. (Lee, S., Adair,
W. L., Mannix, E. A., & Kim, J. 2012). To strengthen the holistic approach in this study, the
first step was to identify the location in which an individual task is executed. The standard
division of automobile assembly into a trim line, chassis line, or finishing line will be ex-
ploited for locating the tasks (Omar, M. A. 2011). After, the tasks were categorized ac-
cording to their shared operational characteristics, which reflect the different nature of
activities involved such as fastening. The third nest address the need for documentation
after the task is completed, which is a crucial factor, especially from a quality perspective.
For the final nest, the remaining tasks will be organized based on specific requirements,
such as minimum torque specifications for fastening processes. This is nesting was con-
ducted only if necessary. Figure 5 visualises the nesting categorization and description

of each nest.
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15t nest Line section -- Trim line, Chassi line, Finishing line

2nd nest Operational task _- Fastening, assembly and similar

3 nest Documentation —- Documentation required or not required

4™ nest Additional specification _‘- Special requirements such as torque specifications

Figure 6 An illustration of a nested categorization

After pre-processing the task characteristic data by extracting unnecessary information
and formulating holistic pattern with a nested categorization, a descriptive analysis is
considered to discover the types of tasks cobots should be capable to perform within
the case company’s assembly domain. The aim of the analysis is to study the data
through these predefined evaluation criteria and formulate a descriptive outlook on the

tasks and find reasoning behind the phenomenon.

3.1.3 Selection of evaluation criteria

At this stage, technology and task characteristics were considered independently from
one another. In the task technology fit framework, these two sets of data are essential
to be compared to convert raw data into valuable information (Goodhue, D. L., & Thomp-
son, R. L., 1995). For a large and multivariable data source, it is not feasible to compare
these two attributes without establishing an evaluation criterion. It delivers the thresh-
old for the analysis to assess whether the data supports the hypothesis or not. The cri-
teria should be decided based on the parameters and measurable significance for the
automobile industry and especially human-centric manufacturing system. (Scholer, M.

Vette, M. & Rainer, M, 2015)
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The most significant factors are focused on the process, safety, and ergonomics. Proces-
sual factors consist of the attributes from process performance and quality capabilities.
Common parameters in an automobile assembly for process performance parameters
are the cycle time, takt time, and productivity. (Munro, R. A., Ramu, G., & Zrymiak, D. J.
2015) When considering cobots, they have reduced capabilities in payload and size.
Therefore, these factors should be investigated in respect to the process. From quality
perspective, the focus is on control and assurance, both aiming to maintain visibility,
produce high-quality products, and reduce costs (Monden, Y. & Ohno, T. 2011 p. 6). From
safety and ergonomics perspective, attributes such as physical and cognitive safety and
ergonomics of an individual human are considered important. In this study the baseline
is established on occupational health and safety legislation and regulation together with
relevant standards considering cobots such as ISO 10218 and ISO/TS15066. Lastly, the
case company is interested increasingly in sustainability and green initiatives. Therefore,
the green impact will be considered as one criterion in terms of the positive or negative

impact from sustainable perspective when integrating collaborative robots.

As a conclusion the criteria is established based on the basic characteristics of automo-
bile manufacturing and the case company which relies heavily on firstly on process ca-
pability, secondly quality, and thirdly safety. In addition, discovering possible enhance-

ments in green initiative will be evaluated as a suggestion from the case company.

3.1.4 Technology assessment

Comparing technology capabilities with process requirements establish a profound base
for evaluating whether certain technologies are suitable for operating within a desired
process. (Goodhue, D. L., & Thompson, R. L., 1995) However, it does not consider if the
studied technologyis an optimal choice effectively completing the presented tasks. Tech-
nology assessment aims to critically analyse the feasibility of the technology in question
by comparing alternative applications for perform given tasks. (Hartelt, R. Wohlfeil, F.&

Terezidis, O 2015)
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In the framework of qualitative research, it is difficult to concretely compare the capa-
bilities between collaborative robots and conventional robots without utilizing quantita-
tive methods. Thus, the explanatory analysis is a sufficient and suitable method for con-
ducting the assessment and carry out adequate analysis to fulfil the objectives The data
collection in this step was carried out through interviews with internal and external ex-
perts. Internal experts were chosen based on their long and profound experience in
manufacturing, especially in automobile assembly process, automation and manufactur-
ing engineering development within the case company. External experts were chosen to
fulfil the extend the knowledge on collaborative robots and bring more general perspec-

tive to the study.

The interviews were conducted as semi-structured method which follows a predeter-
mined structure established by the interviewer. The interviews were based on the eval-
uation criteria defined in the previous subchapter. Nevertheless, a basic characteristic of
a semi-structured interview is the given freedom for interviewees to discuss the topic
more casually from different aspects around and not limit their answers to strictly follow
only the questions asked. (Inyang, E. 2017 p. 28) All the interviews were conducted in
Finnish and documented in Finnish. All the questions are translated in English and are

presented in table 4. The interview notes are visible in appendix 3 at the end of the study.
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Table 4 Technology assessment interview questions

Nr. ‘ Question description
1. What are the positive and negative characteristics of collaborative robots in respect

of automobile assembly process requirements?

2. When comparing collaborative robots to conventional robots, what are the biggest
benefits and challenges in respect to:

a) Process performance capabilities

b) Quality capabilities

c) Safety and ergonomics

d) Green impact

3. In which domain conventional robot is seen more beneficial compared to the collab-
orative robot in respect to:

a) Process performance capabilities

b) Quality capabilities

c) Safety and ergonomics

d) Green impact

By combining the output of the two interviews, a comprehensive explanatory analysis is
exploited to describe which type of tasks are seen difficult to execute with contemporary
technology according to the interviewees. The data analysis pursuit to explore the rea-
sons behind the reasons behind statements of the interviewees. (Inyang, E. 2017, p. 21)
The interview questions and structure were intended to be designed so that the analysis
is possible without acquiring extended data or further investigation. Notable is that with
the internal experts, the interviews focus was on case company’s assembly system,
whereas with externals the focused on generally discussing the automobile manufactur-

ing and assembly processes.

3.1.5 Performance impacts

Task technology fi (TTF) aims to discover the tasks which are the most suitable for tech-
nology integration by comparing two characteristics together. Performance impact

measures this by aiming to discover the tasks where collaborative robot integration will
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have the biggest positive impact based on the factors defined by the predetermined cri-
teria. (Goodhue, D. L., & Thompson, R. L., 1995) This evaluation will shift the focus onto
tasks and condition on the collaborative robots can thrive in an automobile assembly
domain. The evaluation will be carried out through data collection by conducting a semi-
structured interview. Same people and setting were utilized in in this step as in previous
ones. This time the sample size was extended by bringing in an internal specialist with
comprehension on practical production activities. This aimed to enrich the data analysis
by bringing up the perspective of an end user. The questions to these interviews are
presented in table 5. The notes from all interviews are attached and found in Appendix
3. The aim of the analysis is to discover and describe the type of tasks within the case
company’s assembly process which have the highest impact on the influence of collabo-
rative robot integration. The analysis is designed to conduct as an explanatory analysis

as the previous step analysis to delve deeper into the reasons.

Table 5 Performance impact interview questions

Nr. ‘ Question description
1. | Considering technological constraints of collaborative cobots, which tasks
would have the highest impact with the implementation of a collaborative ro-
bot in respect of:

a) Process performance capabilities

b) Quality capabilities

c) Safety and ergonomics

d) Greenimpact

2. | On which of these four criteria, the cobots would have the biggest impact on

in generally?
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3.1.6 Utilization evaluation

In previous steps, data have been collected and analysed to construct a holistic under-
standing of the capabilities of collaborative robots in context of automobile manufactur-
ing. Each and every step has deepened the knowledge by piling additional information
from carefully selected samples. However, none of the steps will provide a proper holistic
analysis, but rather discuss the relevant topics independently with an influence of the
previous steps. The last part of the six-step approach is the utilization evaluation which
aims to evaluate the concrete usability of the technology within the defined framework
by making a well-reasoned assumption on which processes within the assembly pro-

cesses are feasible to cobotize. (Hartelt, R. Wohlfeil, F.& Terezidis, O. 2015)

The utilization impact assessment in this study exploits triangularization method by com-
bining primary (empirical findings and interviews) and secondary data (technology and
tasks characteristics) together with the findings in the literature review to finally testing
the theory and provide holistic answer for the research question and objectives. (Inyang,
E. 2017 p. 34) Thematic analysis is a prominent method for executing the triangulation
method with study having the consistent and strong theme built around well-structured
research question and objectives. The data collected before utilization evaluation will
answer to the research objectives and question, but utilization evaluation brings every-
thing together. The analysis will be carried out to discover the deeper meaning behind

the data and portray it into a holistic analytical result. (Braun, V. & Clarke, V. 2006)

3.2 Validity and reliability of the study

Successful scientific study relies on results that can be classified as reliable and valid not
only from the author’s perspective but also from the peers in academic field and in in-
dustry (Inyang, E. 2017 p. 5-6). There are various methodologies and approaches to en-
sure validity and reliability of the study, each depending on the research strategy and

methods exploited (Golafshani, N. 2015). This chapter focuses on explaining and
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clarifying the characteristics of validity and reliability in general and in addition provide

an outlook on how validity and reliability are maintained and carried through this study.

Whereas systematic research planning and obeying academical standards are perceived
as main principles of research quality in general, validity and reliability can be considered
the tools or methods to maintain and assure the research quality over the course of re-
search execution. (Inyang, E. 2017 p. 7) In aresearch, validity can be perceived as a ques-
tion “whether the research truly measures that which it was intended to measure” and

“how truthful the research results are” (Golafshani, N. 2015).

The validity in qualitative study is considered through two different perspectives: inter-
nal, and external. By ensuring internal validity of the study, the research should under-
stand the goals and objectives of the study and design the research so that a clear con-
clusion can be derived from the research data without providing false information mis-
takenly. For instance, the data should be collected from variative sources in order to de-
clare the results to be truth. External validity ensures that the study can be generalized
so that the results can be perceived generally valid in a scientific context. (Inyang, E. 2017
p. 7-9) This means that when, for example, if an author study declares that collaborative
robots can be used for certain purpose in automobile manufacturing process, high ex-
ternal validity of the study shows that this statement imply every time and not only in a
particular case studied. The high external validity is not essential necessarily in study, but

it should be at least very well acknowledged by the author (Inyang, E. 2017 p. 7-9).

To ensure high validity of the study, firstly the study structure is planned to follow aca-
demic standards. Secondly, the theoretical framework and research methods are consid-
ered to fulfil the objectives of the study well and serve purpose of the qualitative re-
search. In addition, a triangulation was employed to analyze multiple sources of data,
including both internal data (task characteristics) and external data (technology charac-
teristics), interviews, and a comprehensive literature review. To strengthen the general-

ization, the interviews were extended to external experts besides internal ones to
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provide more robust and comprehensive data for studied phenomena. Additionally, se-
lecting interview questions and evaluation criteria together with internal experts was
crucial to properly aligning the results with the main research question and objectives.
Lastly, interviewees had the opportunity to check and counter interview notes to avoid

factual or subjective errors.

Reliability of the study refers to a degree which academic peers can trust the study re-
sults after precise and well-designed research methods and documentation is exploited
to provide results. Hence, the study should be repeatable without difficulties and end
up with moderately similar results over again. Therefore, in a qualitative study, if relia-
bility is carefully considered, results will have a significant impact on author’s subjective
perspective which can lead biased intention or unintentional biased results. (Inyang, E.
2017 p. 8) Reliability in this study has been ensured through several key methods. Fore-
most, mostly peer-reviewed academic sources were mostly utilized to ensure the credi-
bility and consistency of the information. Also, academic standards of conducting re-
search were followed throughout the whole study. Additionally, the conducted inter-
views had time after time the same structure with every interviewee, ensuring con-

sistency in data collection.

The biggest challenge of the study in terms of reliability and validity are the case com-
pany setting and missing quantitative analysis. A case company is a unique entity and in
this study the author is only conducting study within one assembly line. Therefore, gen-
eralization can be difficult which directly has an effect on the external validity as well.
Thus, the research setting creates a figurative curtain between the public and private
information, and it was not possible to publish all the utilized data but only an overview,
summaries, and insights was published. To mitigate this issue, the methodologies are
very carefully described in chapter 3 so that the study is at least repeatable. Asthe study
is conducted with quantitative methods, it enables the authors to utilize more their own
interpretation. As the quantitative methods are missing the findings can be questioned.

Taking experts perceptions into account to support the assumptions and observations
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derived on the raw data can be seen as sufficient validation in this study. Also, examples
of author’s interpretation are given in chapter 4 to provide more transparency to the

research process itself.
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4 Results and analysis

Presenting results and analysis is critical for every research and study. It allows a system-
atic examination of the collected data by aiming for comprehensive, accessible, and co-
hesive data analysis and presentation (Inyang, E. 2017 p.17). The presentation of results
in a qualitative study typically exploits a descriptive and thematic explanation of the pre-
vailing phenomena, which help to summarize the data and test the research hypotheses
(Braun, V. & Clarke, V. 2006). Tables, figures, and charts are utilized to enhance the clarity
of the results, providing visual representations and supporting the written description.
Results and analysis reflect the six-step approach presented in the previous chapter to
ensure clarity and increase comprehension. (Inyang, E. 2017 p.17). This structured ap-
proach allows a detailed and comprehensive discussion between empirical findings and
the context of the literature review. Combining a theoretical perspective with empirical
findings, a robust evaluation of TTF, in a contextual framework, presents key insights and

delivers a baseline for future research (Inyang, E. 2017 p. 89-90).

4.1 Analysing technology capabilities in respect to task requirements

In this study, comparing the relevant technology and task characteristics forms the foun-
dation of the task technology fit (TTF) framework. This approach is particularly essential
for identifying activities that are suitable for collaborative robots to perform in the auto-
mobile assembly domain. The initial step in this process is conducting a thorough com-
parison between the technological capabilities of cobots and the nature of the tasks
within automotive settings, aiming to uncover feasible opportunities for cobot integra-
tion. This chapter is divided into three sections by first presenting the results in terms of
key attributes of contemporary technology of collaborative robots in market and task
requirements utilizing source material harnessed from the case company database.
Lastly, the technological capabilities of cobots will be assessed and analyzed in relation

to the task requirements in automobile assembly.
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4.1.1 Technological maturity of collaborative robots

The technological characteristics in the TTF framework are considered of different tech-
nical attributes. In this study, these characteristics refer to technical capabilities of col-
laborative robots. The attributes were collected from open-source catalogues provided
by five major cobot manufacturers in Europe and Asia, narrowing the sample size focus
exclusively on anthropomorphic models. The data collection revealed in total 41 devices
which established the baseline of the data sample. Out of the 41 devices, each manufac-
turer entailed approximately 5 to 10 different models and variants with variative capa-

bilities. All relevant data related to collaborative robots is presented in appendix 2.

As described in chapter 3.1.1, the primary objective was to develop a preliminary classi-
fication into three groups based on the predetermined criteria, enabling more conven-
ient data analysis. As a result of the data preprocessing, 54 % of the devices were dis-
tributed into category 1 (0.5-10 kg payload), 32 % to category 2 (10-20 kg payload), and
the remaining 14 % was left for category 3 which was generally the heaviest and strong-
est with payload ranging between 20 to 35 kg. As interpreting the data (figure 7) the
manufacturers clearly focus on smaller devices dedicated for lighter tasks operating
within a close proximity of the cobot’s centre point. Although the heavier and stronger
models were moderately rare, the maturity of the technology is not yet at its peak and
the development is clearly in progress, as more capable models appear to the market

yearly (Taesi, C. Aggogeri, F. & Pellegrini, N. 2023).
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Distribution of Cobots by Category out

m Categoryl = Category2 = Category3

Figure 7 Distribution of cobots by category

The payload, as used for the main attribute, provides only a certain understanding of the
cobot capabilities. It is not the single most critical factor, and proper evaluation requires
studying various other attributes in parallel with payload capabilities. Therefore, other
significant characteristics, such as reach, torque, and weight, in all categories were in-
vestigated. Additionally, to demonstrate deeper perception, peak (highest and lowest)
and average values were defined in all attributes for each category. These three attrib-
utes were selected by assessing the importance for the final evaluation of cobot utiliza-
tion. Forinstance, the reach as a parameter becomes interesting as the assembly domain
is predefined and so are the workspace dimensions. Therefore, the reach can come up
as a limiting factor for technology integration and implementation. Secondly, the torque
ability is crucial to understand as the automobile assembly process is heavily reliant on
fastening tasks (Omar, M.A 2011). If the technology is not capable of comprehending the
given specification, integrating such technology to perform the given task is ineffective.
Lastly, weight as parameter is interesting as it might indicate the relation between the

power generation capability and size. Table 6 provides the information categorized.



Table 6 Summary of the technological characteristics

Category 1 Category 2 Category 3

Avg. reach 0,95 m 1,19m 1,55m
Lowest reach 0,47 m 0,9m 1,3m
Highest reach 1,42 m 1,62 m 1,9m
Avg. torque 19 Nm 19 Nm 64 Nm
Lowest torque 9 Nm 10 Nm 20 Nm

Highest torque 35Nm 31 Nm 110 Nm
Avg. weight 39 kg 84 kg 137 kg
Lowest weight 9,5 kg 33,1kg 36 kg
Highest weight 79 kg 255 kg 386 kg

The data set above demonstrates that reach and payload capabilities go nearly hand in
hand with the size of the cobot in terms of weight. Hence, a bigger device grants certain
extended capabilities in respect of reach and payload. Even though the data argues
against the evidence of linear consistency in this manner, the general pattern can be
recognized. As seen from the list of torque capabilities, categories 1 and 2 demonstrate
relatively similar average values, and the data does not provide a direct understanding
of the reasons behind the difference. However, it's clear that category 3 stands out again
as the strongest in terms of torque, by having significantly higher average and maximum
torque capabilities compared to the other categories. Nonetheless, all categories were

unexpectedly capable of providing a decent level of torque resistance.

4.1.2 Task requirements in automobile assembly line

The tasks within the case company’s assembly line were investigated by collecting, pro-
cessing, and analysing data from the company’s internal and classified database. The
extracted data included roughly over 1800 different individual tasks listed in a tabular
format and it entailed all the performed tasks within the assembly line. As previously
discussed in chapter 3.2.1, not all tasks are relevant for automation and especially for

cobotization. Therefore, a significant number of tasks were pre-processed out from the
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original number of 1800. The preprocessing was conducted through an assessment
based on a detailed investigation of the data set, relying on the task allocation presented
by Scholer, M. Vette, M. & Rainer, M (2015) as mentioned in table 4 in chapter 3.1.2. The
assessment was supported and supplemented by observations collected during line
walks within the case assembly line. Unfortunately, a more detailed level description
cannot be provided in this study as the information is classified, but results are presented

through examples and rough generalizations based on the source material.

To establish a better image of tasks under assessment, three archetype examples were
provided to clarify the analysis. Through these archetypes, different varieties of tasks
found in the data set are illustrated, offering the reader a clearer understanding of the
basis for the evaluation. The first type of tasks can be referred to as a single level task
entailing only a simple one step process. Usually, these tasks were straightforward and
little time consuming and tended to be repetitive. Also, these types of tasks required
only one or fewer tools. The second archetype can be considered as a dual level task,
entailing clearly two different process phases. As an example, described in table 7, the
dual level tasks had clearly two separate steps with different tooling and attributes. Typ-
ically, within this research scope, they required not only assembly but also another ac-
tivity which was often a fastening activity. Therefore, these tasks required usually one or
more tools. The last and third archetype was considered as a multilevel task typically
containing activities like task preparation, material handling, assembly, installing, and
possibly a quality inspection. As archetype 2, type three usually required one or more
tools, and in some cases attained more than one resource for finishing the task. As the
datais classified, the examples are not directly copied from the data set. Therefore, table
7 contains only generalized examples of real types of tasks and provides only a promi-
nent reflection of real-life activities. Nonetheless, it establishes a framework where
reader can better understand the analysis process, author’s interpretation, and the data

source.
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Table 7 Task arch types based on the source material

Documen- Type Description

tation

Take 6 screws (certain type) and fasten
1 Fastening 6 screws No Fastening | them to a dedicated location described

in work instructions.

Take the plastic cover and position it to
Assembling a its dedicated position as described in
2 Yes Assembly
plastic cover work instructions. Fasten it with 4 (cer-

tain type) screws.

Pick the wire harness out of the material
crate. Place the wire in the middle and
spread the connectors near to their ded-
Wire harness
3 Yes Assembly | icated positions. Install the connectors to
assembly
the sockets. Check that all the connect-
ors are connected with pull push

method.

In the beginning of the preprocessing, the first step was to identify only relevant tasks
for cobots according to the classification presented by Scholer, M. Vette, M. & Rainer, M
(2015) and exclude the excessive tasks out of the study. The preprocessing revealed that
only 399 out of 1800 relevant tasks remained feasible, which is merely 22 % out of the
total quantity. As a result, all of the three archetypes were found from the sample of 399
tasks. The excluded activities typically entailed a certain degree of dexterity, need for
flexibility, or complex assembly postures resembling human capabilities. In this case, pre-
senting an example can be valuable for the reader to retrospectively understand the
evaluation approach. For instance, several tasks required the assembly of a connector
into a socket which itself requires a certain level of dexterity. In addition, these tasks
involved a verification check relying on the operator's somatosensory sense to confirm
task completion. Therefore, this task currently is too reliable on human senses and dex-
terity abilities that they needed to be limited out of the scope. Furthermore, tasks that
were potentially too focused on specific, individual movements were excluded as there

could not been found a case to automate or it was not seen feasible in the case assembly
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framework. For instance, picking and placing lightweight objects difficult to handle, like
certain accessories such as charging cables, were not seen as prominent tasks for auto-

mation.

To complete the comparison between technology capabilities and task characteristics in
the TTF framework, the remaining 399 tasks were further analysed. As the data was still
highly scattered, a nested categorization was conducted to discover patterns to simplify
the analysis process by offering a holistic overview of the assembly line activities (Lee,
S., Adair, W. L., Mannix, E. A., & Kim, J. 2012). Nested categorization established a base
for understanding of automobile assembly line characteristics in terms of cobotization.
The first nest represented the automobile assembly line sections in which the tasks take
place. The categorization was embraced from the basic structure of an automobile as-
sembly: trim line, chassis line, and finishing line (Omar, M.A. 2011). The second category
focused on the type of activity ladled in the dataset. The three main categories were
assembly tasks, checking tasks, and assisting tasks. Besides these three types, fastening,
applying (adhesives/primer), and sifting parts were chosen as main types among the
dataset as they have a significant role in automobile assembly (Omar, M.A. 2011). Lastly,
it was important to understand whether the action was documentative or not documen-
tative, as documentative actions entailed specifications relevant for the activity and thus

had an obligating impact on task execution.

The nested categorization revealed that the third main part of the assembly, the finishing
line, was not applicable in this study due to the study limitation excluding mixed model
lines out of the scope, which the finishing line in the case company was at the time. Also,
a complete extraction of subassembly, transportation, or other specific tasks were not
found feasible as the data did not provide extensive information. Only information pro-
vided by source data was an understanding if the tasks is performed either on the trim

line or on the chassis line.
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To offer proper data presentation, both table 8 and table 9 gives a prominent outlook on
the nested categorization and illustrates the current setting in quantitative format. Table
8 represents the tasks on the trim line and table 9 on the chassis line. Data interpretation
clearly demonstrates that assembly and fastening tasks are the most dominating activi-
tiesin terms of quantity in both sections of the line. From a quality assurance perspective,
checking activities seem to focus mainly on the chassis line and nearly all of them were
documentative tasks. Same number of tasks entailed description of shifting and moving
parts feasible for collaborative robots. The last and smallest share of tasks were applying
and assisting tasks. Nonetheless, no applying and assisting tasks were found from the
chassis line. These tasks were usually gluing applications for windshields or other bigger

parts.

Table 8 Trim line task categorization

Trim line
120 M Total
100 Documentated
80 B Non documented
60
40
20
- _— —_—
. - Hl m =
Assembly Fastening Checks Sifting and moving Applying (adhesive/  Assisting tasks
(visual/measuring) parts primer etc.)
Table 9 Chassis line task categorization
Chassis line
100 H Total
Documented
80 B Non documented
60
40
. I i N
O —
Assembly Fastening Checks Sifting and moving Applying (adhesive/  Assisting tasks

(visual/measuring) parts primer etc.)
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To properly understand technological requirementsin an automobile assembly line, spe-
cial characteristics for tasks need to be evaluated. These special characteristics can be
equated to process capability parameters, of which the most crucial parameters are up-
time, cycle time, payload, and other task specific requirements typical for the automo-
bile assembly process, for instance torque specifications. (Matusova, M. Bucanyova, M.
& Hruskova, E. 2019; Scholer, M., Vette, M., & Rainer, M. 2015; Suomen Robotiik-
kayhdistys ry, 2023 p. 78-80)

When discussing assembly tasks, the most limiting factors are the cycle time require-
ment and the payload. As the payload could not been provided for each individual task
by the source material, the remaining parameter was the cycle time. In the industrial
domain, the cycle time requirements are measured by using different units. While the
study successfully addressed the research question and achieved its objectives, certain
challenges—such as the incomplete and classified nature of the dataset—highlight areas
where further work is needed to ensure greater robustness the commonly known sexa-
gesimal system. This commonly unknown unit Time Measurement Unit (TMU) provides
accurate results as measuring time requirements for certain individual tasks. In compar-
ison, 1 TMU represents 0.036 seconds and approximately 1 second equals 28 TMU.
(Hanash, E. A. H et al. 2017) For each individual task the TMU is defined in the source
material. According to that, the calculated cycle time requirements varied from 35-8000
TMU, which ranges approximately from 1,2s to 285.7s (4min 45s). Typically, the tasks
with lowest TMU values were archetype 1 single level tasks with simple one step actions.
In contrast, the highest TMU values were multilevel tasks including several varying steps.
Ideally all operations should pursue that theoretically defined cycle time otherwise the
ideal process capability is not achieved. Therefore, if the technology does not achieve
the established limitations and requirements, it cannot be a feasible solution for the as-

sembly process.
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Fastening was considered as the second largest nest in terms of quantity of the task. For
fastening operations, torque requirements were defined for each and every individual
activity. According to the source material, there werein total 206 fastening activities with
torque specifications. Out of these 206 fastening operations, 125 tasks were dedicated
only for fastening as perceived from table 8 and 9. The rest 81 fastening tasks were dual
level activities embedded to assembly activities as described in table 7. These 81 tasks
take over 42% of all assembly tasks being the most frequent task category to be consid-

ered feasible for collaborative robots.

The fastening activities are performed in all line sections both in trim line and in chassis
line with a high frequency rate. Tables 10 and 11 provide a descriptive outlook between
these two assembly lines in terms of torque requirements. According to the data analysis,
the torque specifications vary between 1,5Nm to 180Nm and the most frequently ap-
pearing requirement was 10Nm which appeared in 17 tasks in total as a specification.
Nonetheless, the major share of the fastening activities had the specification up to 20Nm.
In trim line the average torque requirement was 16 Nm and as seen from the table 10,
75% of the tasks are below that specification. On the other hand, in chassis line the av-
erage value was around 43Nm which covers 67% of all fastening tasks in that line. As
comparing the lines, the torque generation capability specifications in trim line are not
as high as in chassis line due to the heavy fastening installations in chassis line. All oper-

ations with the specification over 100Nm were located to that part of the line.

Table 10 Torque specifications for fastening activities in trim line

Torque specifications by each task for
fastening activties in trim line
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Table 11 Torque specifications for fastening activities in chassis line

Torque specifications by each task for
fastening activities in chassis line

200

150
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Lastly, as cobots are widely exploited in material handling operations outside of the di-

10

o

(%)
o

rect assembly line domain, they are seen as prominent devices for shifting and moving
the parts within the assembly process activities as well. Most of the sifting and moving
tasks are considered as dual level tasks including assembly and installation activities as
well. Also, some assisting tasks were considered as part handling. An example was lifting
the task to lift and lay down a hood for operator to work underneath it. The feasibility of
shifting, moving, and placing parts derives single handily from the payload requirement
and thus from the weight of the part. As stated above, the dataset did not provide any
information regarding the payloads of each individual task. Also, feasibility of the mate-
rial handling is a considerable factor for evaluating the competence of the technology.

This, however, should be considered case by case together with the weight of the part.

4.1.3 Descriptive analysis of cobots' technological capabilities aligned with task re-

quirements in automobile assembly

Descriptive analysis aims to achieve the level of systematic description of the phenom-
enain question. By interpreting collected data from two different sources and describing
interrelationships between the two data sets, a sufficient description is achievable. (In-
yang, E. 2017 p. 21) The objective is to discover appropriate tasks suitable for collabora-

tive robots in a holistic framework. In this subchapter, the main task attributes,
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presented in chapter 4.1.2, will be brought along side with the technology capabilities
presented in chapter 4.1.1 to establish an understanding of cobot capabilities in the au-
tomobile manufacturing framework. In chapter 4.1.1, collaborative robots are divided
into three categories based on their payload capabilities as it gives prominent perception

on their general capabilities in terms of torque, reach, and tool point velocity.

Based on table 6, payload capabilities are clearly defined per each category. The aim was
to firstly understand the capability to execute the task based on that attribute. However,
when assessing the feasibility of the technology on task execution, the case company’s
data sample could not provide any values regarding the weight of the parts. The data
interpretation demonstrates that stronger devices enable extended capabilities in vari-
ous forms despite the different manufacturers. It also showed that cobots are capable
of operating with objects maximum weight of 35kg and heavier objects are not feasible
for current technological maturity. Itis considerable that even knowing the weight of the
part could not solely provide full understanding of the feasibility. The total payload re-
quirement derives from the combination of the part itself added to the weight of the
tool or additional equipment installed and attached to cobot’s arm. These factors need
to be taken into consideration in evaluation as they might exclude heavier tasks such as

tire assembly, wind shield placing, and door handling.

Nonetheless, not all tasks are limited to payload capacity. Fastening activities hardly re-
quire endurance for carrying heavy loads, but in contrast, they require a certain degree
of torque resistance capacity. The technology sample had fairly effective torque genera-
tion capacity varying from 9Nm up to 110Nm. Table 12 presents torque capacity require-
ment by each task in respect to the average values of different categories. Categories 1
and 2 share the same average value of 1I9Nm and category 3 has an average value of
64Nm. As perceived from the table 12, devices in category 1 and 2, which are the small-
est and the weakest devices, could theoretically perform in 48 % of all fastening task in
terms of torque capacity. Instead, category 3 on average has the theoretical capacity to

operate in 86% of all fastening tasks. The maximum value of an individual device in
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category 3 reaches up to 110Nm. Tasks with higher requirements are out of the scope of
cobotization with current technology. Nonetheless, cobots are quite capable of operat-

ing with fastening tasks.

Table 12 Torque specifications in respect to technology capabilities by category

Torque specifications in respect to technology
capabilities by category

200
180
160
140
120
100

80

60
20

I ——

I Torque capacity Average of category 1 and 2 Average of category 3 |

As fastening tasks appear quite feasible for collaborative robots in terms of torque re-
sistance capacity, the challenge comes with the other activities of the fastening opera-
tions. Based on the observation in the line and according to the data source material,
fastening tasks include steps from picking the screw, placing it to the threat, and fas-
tening it for specified torque. Hence, either human assistance or visual detection is
needed for successfully positioning the screw into the threat hole. This could be applied,
for instance, as a sequential work where operators place the screws to the threads and
a cobot finish the task. Alternatively, the task could be completed as a collaborative work
where the operator utilizes the hand guiding feature of the cobot to position the device.
(Bauer, W et. al. 2016; Gisginis, A. 2021; Brera, G. 2022) The second issue with fastening
tasks, besides the inaccurate positioning, is the screw infeed. Based on the observation
on the line, the screws are typically delivered mixed inside containers to the assembly

line. It is not currently feasible for cobots to pick individual screws from a container one



65

by one (Brera, G. 2022). Therefore, a screw infeed system should be designed so that
cobot can pick them up. A prominent case example is to utilize feeding machine where
cobot picks the positioned screw one by one or automatically feeding the screw directly
to the robot’s tool with a blow-feeding machine asillustrated in picture 1. (Brera, G. 2022;
Johnson, P. A, 2023)

Flex feeder Tape feeder

Vibratory feeders
'_‘_l - > ‘:.Q."

Shaker-tray feeder

Picture 1 Examples of screw feeder systems (Brera, G. 2022)

Quality inspection and checking tasks represent some of the most practical applications
for cobots in assembly lines. These tasks typically involve visual inspection but may also
include other types of inspections. Replacing human operators with robotic visual in-
spection not only streamlines the process but also improves the robustness of quality
control. (Gisginis, A. 2021) For human operators, the ability to perform visual checks de-
creases over time with numerous repeated tasks whereas robots maintain consistence
performance. (Simundic, A. M. et al. 2009) In tasks such as assembly, fastening, shifting,
and moving parts have strict specifications for payload and torque. In contrast, quality
activities rarely constrain cobotization, as visual detection and sensor systems are rela-

tively lightweight.
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The reach is a significant limiting attribute for cobotizatization as the devices are rela-
tively reduced in size. Especially in the first category where the lowest value of reach is
merely 0,5m. Category 3 devices already offer a significant reach capability, ranging from
1.5m to nearly 2m. Nonetheless, evaluating the feasibility of cobots for each individual
tasks is challenging due to the lack of relevant information in the source material. How-
ever, a general comparison is possible by exposing typical characteristics in each line.
According to Omar, M.A (2011), activities in trim line focus on mainly to vehicle interior
whereas chassis line activities focus on vehicle exterior. To get an image, picture 2 pro-
vides a prominent overview of the reach capabilities on each category. In each section,
there are presented a minimum, maximum, and average value of reach in respect to the
workstation. Blue colour represents the minimum value, green represents the average
value, and red the maximum value. The vehicle is not in correct dimensions but gives
good perception on the real-life phenomena. The workstation and the reach sections are,
on the other hand, in scale. Asinterpreted from the picture, devicesin each category are
struggling to reach inside the vehicle when installed on the side of the workstation. Prac-
tically, without extended manufacturing engineering solutions, only category 3 devices
with longest reach are capable of operating inside the interior, yet still to a limited degree.
Since chassis line activities primarily focus on the vehicle's exterior, chassis line activities
can be perceived more inviting for collaborative robots. Also in chassis line, the vehicle
is positioned on a hanging conveyor where cobots can also operate beneath the vehicle.
Despite these advantages, it is difficult to see applications for small devices in category
1 and 2. However, by investigating individual tasks, a beneficial use case can be found.
Nonetheless, category 3 cobots can be seen as feasible for both trim and chassis lines,

offering the most applicable reach capabilities among the three categories.



67

Category 1 Category 2 Category 3

Picture 2 Comparison on cobots in a workstation setting by category

Ultimately, collaborative robots face a fundamental issue that affects their performance
in every task. As the system level standard limits the tool point velocity maximum to
0,25m/s, cobots might face difficulties complying with the cycle time and uptime crite-
rion. (Taesi, C. Aggogeri, F. & Pellegrini, N. 2023) As the dataset contained Time Meas-
urement Unit (TMU) for each task, it is possible to assess the feasibility for each task. For
this study it is more important to understand that the given TMU indicated the time
reserved for each task to be performed. By converting the Time Measurement Unit
(TMU) into seconds, the duration of each task could be evaluated in relation to the
cobot's tool point velocity of 0.25 m/s. Longer-duration tasks, such as those tasks over
4000 TMU which is approximately 143 seconds, are generally more suitable for cobots.
These tasks allow for slower, precise movements that align well with the cobot's tool
point velocity limitations. In contrary, shorter tasks especially those with durations
around 100-200 TMU which is approximately 3.6- 7.1s cause significant challenges for
cobots. These tasks typically require more rapid movements, often within a predefined
workspace. This can make it difficult for cobots to meet the cycle time requirements
especially under the 0,25m/s limitation. The ability of cobots to perform such rapid, re-
petitive tasks efficiently would require either a redesign of the task sequence or the use

of alternative automation technologies better suited for faster operations.
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In conclusion, there can be found numerous possible use case tasks for collaborative
robots to operate in automobile assembly domain. As discussed, not all tasks are rele-
vant for cobotization as some of them suits better human operators. Among the tasks
feasible for collaborative robots, the majority are heavily focused on fastening. Accord-
ing to the data analysis, cobots are capable of complying with a major share of the torque
specifications. Only the heaviest chassis fastenings were beyond the capacity of current
technology. Also, quality inspections and checks were identified as prominent applica-
tions for cobotization as the critical evaluation factors did not limit these tasks. Ulti-
matelly, all tasks come together with the reach and tool point velocity. In trim line reach
is limiting cobots form operating inside the vehicle almost completely, butin chassis line
all devices are seen feasible. After all, if the cycle time requirement is not matched, the

feasibility is lost, and no integration is suggested.

4.2 Interviews

This chapter presents the results of the interviews conducted with experts both from
internally and externally. These specialists were chosen based on their expertise on the
topic and long experience in industry, manufacturing engineering, and robotics. In total
five people were interviewed: three internal experts and two external esperts. Two ex-
perts internally had long experience within the case company, one with nearly 20 years
of experience in automobile assembly production and manufacturing engineering and
the other one with nearly 20 years of experience in automation where 10 years of expe-
rience in automobile manufacturing automation and advanced engineering technologies.
Additionally, the two external experts, both from a major robot supplier, provided more
detailed insight on collaborative robots as they had also nearly 20 years of experience in
robotics, some of which they recently spent working with the collaborative robots. Ulti-
mately, to provide a more nuanced perspective of the topic, third internal expert was
involved. The expert has over 10 years of experience in the automobile industry by acting
currently as a production supervisor of the case assembly process. The reason behind
the choice was to get deeper insight of the assembly line tasks and to exploit the

knowledge of the end user.
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All the interviews were held separately from one and other. The interview setting varied
between internal and external colleagues. Internally, the interview was held in a meeting
room together with participants, but externally it was arranged via video call. The inter-
views were semi-structured and were carried out as described in chapter3.1.4 and 3.1.5
by following the structure but not limiting the discussion to predefined questions. This
chapter works as a consolidating reference of these three interviews. All of them were
recorded to simplify the documentation, avoid bias and subjective interpretation. Ulti-
mately, all of the interviewees were given a change to proofread the notes for minimizing

the author’s own interpretation.

In previous chapters, the discussion has focused on comparing tasks requirements for
collaborative robots’ capabilities in automobile an assembly line. Following subchapters
will comprehend steps four and five in TTF approach. Chapter 4.2.1 will conduct a tech-
nology assessment derived through interviews with experts, which will supplement the
analysis with concrete comparison between collaborative robots and conventional ro-
bots. Chapter 4.2.2 on the other hand will evaluate the performance impacts through
the predefined evaluation criteria and therefore strengthens the understanding for

cobot exploitation especially in automobile assembly.

4.2.1 Expert derived technology assessment

The technology assessment in this study offers both supporting and opposing arguments
for collaborative robots to establish a thorough understanding of which processes are
currently considered feasible for cobotization and where to turn for an alternative option
(Hartelt, R. Wohlfeil, F.& Terezidis, O 2015). Collaborative robots, like any other technol-
ogy, has their strengths and weaknesses, and are designed for certain purposes (Ma-
tusova, M. Bucanyova, M. & Hruskova, E. 2019). The definition for collaborative robot is
not clear and often it is used in cases where human and robot work collaboratively in
assembly system (International Federation of Robotics, 2020). The external experts of-

fered their insight on the definition of collaborative robots by clearly separating them
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from the conventional industrial robots. Based on their statement, cobot is a device de-
signed and manufactured with inherent safety measures which prevent humans from
injuring while operating collaboratively without limited access. This means that collabo-
rative robots are devices that has the ISO 10218 defined safety measures internally built
and it can be integrated into a process without causing harm to operating people around

and does not need additional safety measures to comply with the safety requirements.

When discussing the strength of collaborative robots, according to Matusova, M.
Bucanyova, M. & Hruskova, E. (2019), it comes from the flexibility and safety. Both inter-
nal and external experts confirm these statements describing cobots to be quick and
effortless to integrate due to their small size and absence additional external safety
measure installations. Consequently, cobots can be installed without further exertion
into different postures while conventional robots always require careful evaluation es-
pecially in terms of installation bed. The biggest challenge integrating collaborative ro-
bots’, according to all experts, arise from the concern of insufficient competence on a
comprehensive workstation design. The issue is not directly related to the technology
itself, but the experts highlighted that lack of competence on understanding especially
the safety requirements which will create conditions that lead to inefficient application
of the technology. At this stage, the technology loses its advantage. Furthermore, tech-
nological maturity of collaborative robots was identified as a limiting factor, and internal
experts raised their concern that cobots are still in the middle of their technological de-
velopment. They speculated, is it too early to invest for cobots at this stage and believe
them to meet the expectations as following quote by one of the internal experts demon-

strates:

“Cobots were branded and marketed as a miraculous solution with high expecta-
tions solving all assembly automation related problems, but the reality was quite
different when the safety requirements revealed the true capacity of the technol-

7”7

ogy

Even if the cobots have offered this type of image, according to the internal experts,

cobots have still already exceeded certain expectation regarding for example the speed
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of development. They emphasized that cobots will have their place in industry and the
amount of cobots will increase progressively in the near future. They saw also that in
automobile assembly domains with the current maturity level of cobots the focus re-

mains in processes with lower volumes and slower cycle time requirements.

When comparing conventional industrial robots with collaborative robots, both internal
and external experts highlighted the differences on investment costs. Internal experts
addressed the cobots as more expensive to invest in. They mentioned that the cost dif-
ference can vary from only a few percentages up to three times per device depending
on the model and manufacturer. External experts however argued for the collaborative
robots would become more cost-efficient option as the complete project and implemen-
tation costs will be taken into consideration. They highlighted that planning, ordering,
and installing conventional robots’ system will eventually come more expensive as the
collaborative robots do not require external safety measures and thus consume less

shop floor capacity as the conventional counterpart offering also indirect savings.

The first of the four evaluation criteria was the ability to comprehend process require-
ments. Process requirements consist of several factors, with quality and process capabil-
ity standing out as the most critical ones. In automobile manufacturing, robust quality
assurance is essential for maintaining low costs and product quality. (Monden, Y. & Ohno,
T. 2011 p. 6) Experts identified only a few significant differences between collaborative
robots and conventional robots in terms of quality yield capability. Both technologies are
considerably precise and capable of achieving adequate quality output. As both technol-
ogies were considered equal on quality yield, experts were unanimous on cobots trailing
on process capability capacity. It is an important performance indicator in automobile
assembly to measure the capability of the line (Omar, M.A, 2011). If the technology does
not meet the process capability requirements, it cannot align with process capacity and,
therefore, is not considered a feasible solution. Then, an alternative solution should be
considered. (Suomen Robotiikkayhdistys ry, 2023 p. 78-80) The basic characteristic of a

cobot is the ability to operate without external safety measures which the conventional
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robot is not designed for. Due to those factors, the payload and velocity are reduced
which directly reflects on the process capability. When discussing suitable tasks for
cobotsin terms of process capability in automobile assembly, experts offered operations
with light parts and performed in a low pace best fit for collaborative robots. They also
perceived the current case study assembly domain, being a low volume line, as a distin-

guishing platform for cobot integrations in automobile industry.

The second criteria, safety, fits well in this evaluation as collaborative robots are known
for being safety intensive devices. (Matusova, M. Bucanyova, M. & Hruskova, E. 2019) To
support this argument, both internal and external experts addressed safety as the most
significant factor for collaborative robots compared to other similar applications. One of
the external experts even explained the fundamental of collaborative robot design is

reaching for ultimate safety operating with humans. The expert quoted as followed:

“First of all, the cobot is safer in terms of design and structure as it has been de-
signed specifically with a rounded and in some cases with a soft exterior. Also, with
the design all pinch points have been eliminated to avoid injuries.”

Also, both robots and cobots are capable of operating in collaborative systems offering
an environment with enhanced ergonomics. However, without external safety measures
robot systems will remain unprotected and risky for humans. Even with certain degree
safety measures, according to experts, there is a possibility for human operators not fully
operate simultaneously with the robots in shared workspace. Therefore, as the collabo-
rative robot isinherently safer it has extended opportunity to operate fully with humans

in shared workspace simultaneously.

If evaluating green impact of the collaborative robots, external experts wanted to clarify
that only lightweight robots should be assessed when conducting the comparison as be-
ing even in size and other specifications. Otherwise, the green impact evaluation be-
tween cobots and robots might be irrelevant. Internal experts raised the importance of

reusability. According to the technology waste is a significant concern, and reusability
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can mitigate the issue. The remobilization with effortless commissioning through rein-
stallation and reconfiguration provided evidence for cobots green impact over robots.
The internal experts raised a concern with wearing out parts and ageing software. Are
collaborative robots updatable or does extra safety features provide additional mainte-

nance requirements?

As a final consideration, the experts pointed out that when assessing the benefits and
challenges of a cobot, the opinion on negative and positive effects can be subjective.
Selected technology should always serve the automated process and in this case, the
optimal solution can vary between several different options. A noteworthy finding is that
even within the automobile assembly process, there are several individual subsystems,
processes, and tasks so a very precise comparison itself becomes difficult without a con-
crete context. Therefore, finding an optimal solution requires deep analysis of multiple
variables case by case. Generally, collaborative robots have competitive advantage when
searching automation for light tasks with moderately high cycle time requirements with

minimal amount of external safety measures.

4.2.2 Evaluation on performance impact through predefined criteria

The intention of performance impact is to study the case assembly line and evaluate in
which type of processes collaborative robots would provide the biggest positive impact
in respect of the evaluation criteria defined, process capabilities, quality, safety and er-
gonomics, and green impact. This subchapter describes the findings similarly by present-
ing findings collected from interviews. Same internal and external interviewees were ex-
ploited, and interview questions are presented in chapter 3.1.5. Additionally, to these
four experts, another internal expert was involved to get deeper insight of the assembly

line tasks and to exploit the knowledge of the end user.

When considering the performance impact of collaborative robots, especially in auto-
mobile assembly, all experts addressed the similar question: what added value is

achieved by automating the processes with collaborative robots? Performance impact
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evaluation was reviewed through the concept of added value into the process. The eval-
uation was carried out through four criteria. It was interesting to see divergence in an-

swers when discussed biggest impact compared to assessment in the last chapter.

As discussing on process capabilities, internal engineering experts considered that the
cobots do not improve the process capability significantly or at all. They argued that the
volume and the cycle time is too low as the benefit is there lost. The real benefits on the
other hand could be found in a high-volume process. They then considered the perfor-
mance impact advantage coming from other attributes. In contrast, the production su-
pervisor emphasized that if the same output is reached with less human resources, the
process capability increases. The external experts searched for different angles on this
topic. They emphasized the significance of finding the right tasks for the right technology
and highlighted that in terms of process capability, it might not be feasible to fully auto-
mate processes but rather allocate correct tasks for correct resource. By then benefits of
resource utilization are maximized and process capability to be improved. Unfortunately,
experts could not provide real life examples on which tasks could directly improve the
process capabilities but offered the concept where process capabilities could be im-

proved.

From the perspective of quality capacity, the experts gave direct examples of tasks where
the technology is seen feasible and have a significant impact on performance. According
to experts, cobots are capable of maintaining quality both directly and indirectly. The
internal experts raise up tasks where an operator has difficulties producing a standard-
ized procedure directly impact the quality. Tasks such as adhesive insertion, windshield
or glass installations, or similar tasks where certain parameters need to remain stable
are prominent case examples. In adhesive insertion the precision and stability of the
movement was key according to the internal experts. Therefore, cobots could maintain
this process stable better than human operator. The windshield or glass installations re-
quire stable force generation. According to the internal experts, if applied manually, ac-

tual forces applied cannot be traced. Indirect quality impact considers all checks and
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measurement activities that requires documentation. These types of tasks are visual
checks, different measurements, and fastening activities. Experts aligned with the state-
ment that although a human is capable of executing these types of tasks, over time hu-
man lose consistency and precision whereas cobot does not. In terms of traceability, all
activities executed by cobot can be documented and therefore traced back to its origin
if needed. This was considered as a great impact based on the answers by the internal

experts.

The experts offered various examples where cobots could have a great impact on safety
and ergonomics of shop floor operators. Cobots could improve both factors by assisting
in various tasks where operators have a difficult assembly posture especially with heavy
or relevantly large instruments and parts. or repetitive task routine. A monotonous pro-
cess with repetitive task routine was recognized by the experts as the biggest threat to
cognitive ergonomics. It was seen beneficial that by eliminating the stressful tasks for
body and also for mind, sick leaves could be prevented. Especially activities inside the
car body stressful significantly stressful for the physical ergonomics perspective. Accord-
ing to the interviewed production supervisor, there are very few tasks which by replacing
could positively affect cognitive ergonomics as the low volume line offers variative tasks.
Then operators obtain a balanced working environment with proper level of cognitively
challenging tasks. As internal experts were keen to discuss the ergonomic impact of the
cobots, only external experts were able to identify value-adding features in terms of
safety. According to the externals, if considering a human centric assembly process as a
system level, each individual is a variable. Despite guidelines, instructions, rules, and leg-
islation humans have individual behaviour and this random behaviour can derive into a
safety risk. External experts saw this as a possibility to enhance safety by stabilizing the
environment where tasks are performed always in a standardized manner which reduces
the number of unexcepted variables and increases the ability for predicating the envi-

ronmental risks on safety.
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The performance impact on moving towards more sustainable ways to work can be re-
ferred to in this chapter as green impacts of the collaborative robots. External experts
provided insight into their product development process and how they have taken sus-
tainability and green impact into account. The first step is to provide extended infor-
mation to the customers of the life cycle assessment of the devices. Thus, the customer
can make more transparent analysis on the products. The manufacturers have started to
focus on energy consumption and production material reduction. Notable is that these
does not only consider cobots but all the robots provided by the organization. Internal
experts did not see any direct impact on the cobot integration. They were aligned with
the argument that a major part of the green impact is on the product life cycle manage-

ment.

Lastly, it is valuable to discuss separately one individual task type which was raised in
almost every criterion and thus it needs to be considered as a separate point. Experts
were all aligned with that by automating fastening tasks. According to them, the carefully
considered and high-quality automation design of fastening tasks could have large im-
pact on the ability of the process capabilities, produce better quality, and enable im-
proved ergonomics. To maximize the benefit, the expert perceived the fastening task to

be conducted in conjunction between cobot and the human operator.

4.3 Thematic analysis to establish utilization evaluation

Thematic analysis is founded around the formulative themes derived from the interests
of the research or data. Inductive thematic analysis search patterned themes from the
source material and formulate a comprehensive analysis based on only acquired data
within the research. Deductive thematic analysis establishes the themes beforehand to
bind the analysis within that framework. The identification of patterns and themes is
referred to as coding and it is a key characteristic of thematic analysis. (Braun, V. & Clarke,
V. 2006) As this research is a deductive study, the coding should be carried out before
the analysis. To reach the goal of utilization evaluation for understanding of overall ben-

efits and challenges for cobot deployment, the codes should comprehend with the study
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objectives (Hartelt, R. Wohlfeil, F.& Terezidis, O. 2015). Therefore, the keywords of the
study can be effectively utilized as the codes of the analysis. The analysis will be carried
out through the keywords by firstly defining and understanding the main characteristics
of the researched system. Only after defining the system, analysis will delve deeper into
human robot collaboration and factors which enable collaborative robots to thrive in the
discussed assembly domain. Thereafter, a proper conclusion can be made. Main princi-
ple is not to repeat and summarize once discussed topics but establish a holistic image

of possibilities and challenges of collaborative robotics in automobile assembly domain.

Human centric assembly line

Collaboration in industrial domain is built around human centricity as collaborative ac-
tions require a human for either acting with humans or with machines in this case. The
manufacturing processes can be perceived as fully automated without any human activ-
ities. After placing a human in the center of a process, it immediately changes the do-
main by extending the focus from considering not only process and quality capabilities
to but to think both safety and ergonomics too. (Lachvajderova, L et. al. 2023) It is es-
sential to distinguish prerequisites of human centricity when beginning a collaborative
process concept design. In a system level, humans should be seen as a valuable resource
and value adding components in the process, despite the belief for being a less value
adding component in industry. Although it requires additional effort on design level, an
effective human centric system level design might lead to reducing head count in certain
processes, by optimizing task allocation, proper process engineering, and cost-benefit
analysis. However, after proper analysis, some processes might still appear more feasible
for humans to operate, and the most efficient option is to allocate resources to the exe-
cute the process. In the end, through a poor process design, some automated processes
will lose their efficiency as well. Consequently, a human centric assembly line is an effec-
tive system providing value by balancing the quality and capacity. This system can be a
human intensive system or highly automated system, but ultimately it needs to be de-

signed so that exploiting human labour is as efficient as possible.



78

Automobile manufacturing

Automobile manufacturing aims to assemble a complete vehicle from different individ-
ual parts as efficiently and as high quality as possible. The three-part manufacturing sys-
tem varies from shop to shop based on their basic characteristics. (Omar, A. 2011) As-
sembly line is the most diverse process with numerous individual tasks performed in a
high paced environment where tasks are focused on assembling and installing different
parts and components. Also, screwing and fastening is widely utilized method to install
the parts to the car frame. Automobile manufacturing is phasing the increased degree
of mass customization which has led to complex products and processes. These types of
processes require a high-level human centricity. Western OEM'’s has pursuit to improve
human efficiency by involving the in decision making, improving their ergonomic condi-

tions, and working environment.

The automobile manufacturing industry is known for the high competition. To gain com-
petitive advantage within that industry, a high level of efficiency, and quality capacity
should be achieved. The improved efficiency is searched in every process and especially
through human robot collaboration from the assembly line in terms of automation as
other shops are less human intensive and highly automated. The current assembly pro-
cess is limited with opportunities in regards of automation as the mass customization
has led to a high product and process complexity, which remain as the limiting factors
for automation. Also, demanding cycle time, safety requirements, and reduced shopfloor
capacity prevents full process automation in assembly domain. The automobile assem-
bly process together with subassemblies contains almost 2000 individual tasks only for
a single product. Among these 2000 tasks at least 400 of them are to some degree suit-
able for robotization. By robotizing all tasks 400 tasks is not possible as not all tasks
within a workstation or assembly phase share similar characteristics. For successful
workstation automation, collaboration between human and robot needs to be hen con-

sidered as humans cannot be removed out of the scope. This requires human robot
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collaboration to successfully fulfil the challenges depending on the cycle time, safety,

and shop floor capacity.

Human robot collaboration

Automobile assembly systems, with their human centric characteristics, are difficult do-
mains for increasing automation. As stated, limited shop floor capacity, unsuitable tasks,
and strict safety regulations are very demanding towards process and manufacturing en-
gineers. Human robot collaboration can be considered as a catalyst for change in this
regard (Bauer, W et. al. 2016). HRCS taxonomy offers variative different platforms where
humans and robots can work collaboratively which serves both issues the human cen-

tricity and process capabilities.

In automobile assembly domain, the pool of tasks is enormous and thus, there are nu-
merous possibilities for collaborative applications. Ultimately it depends on the cumula-
tive effect on the task allocation and technology utilization. Therefore, a human robot
collaboration as its best can yield beneficial results in various terms. Human robot col-
laboration taxonomy offers possibility for applying different collaborative forms based

on the considered task and technology.

As for the automobile assembly system, the product and process design establish the
framework for task requirements. Ultimately, the technological capabilities of the ap-
plied devices should comprehend with these requirements. Nonetheless, the designed
and implemented system must be first of all safe, yet efficient. Safety in automobile as-
sembly workstation is an essential factor as human operators perform tasks there con-
tinuously. As in human centric assembly systems, the tasks of human operators are pri-
oritized and after other possibilities could be investigated. Lightweight robots can be
seen as prominent applications for executing tasks within the assembly line together
with operator due to their size. Nevertheless, robots always require external safety

measures to comprehend safety regulations and standards. This puts pressure on limited
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shopfloor capacity and limits the possibility for humans operating simultaneously in the
workstation with the robot. Collaborative robots have the potential to thrive in this type

of environment as promoting safety and ergonomics with inherently designed features.

Collaborative robots

The integration of collaborative robots (cobots) into automobile manufacturing pro-
cesses has created new opportunities by offering a versatile and efficient solution to au-
tomate various tasks that was not possible previously to be automated. Collaborative
robots entail internal safety measures and thus can directly comply with the safety
standards and embrace safety with additional safety features related for example to the
exterior design. Also, offering a possibility for mobilization together with the absence of
heavy safety measures, collaborative robots can appear inviting for implementation
when workstations can remain open for operators to complete their tasks simultane-
ously with cobots. Simultaneously shop floor capacity can be preserved. The determina-
tion of cobot feasibility for specific tasks necessitated a comprehensive examination of

both task requirements and technological capabilities.

According to the findings of this study, despite its reduced capabilities, collaborative ro-
bot as atechnology has turned out as a prominent attributor for executing different tasks
in ahuman robot collaborative system (HRCS). Cobots have vast opportunities to operate
in automobile assembly as significant contributors claiming responsibility for light, sim-
ple, and mostly repetitive tasks that require maintaining a stable process. Fastening,
quality inspections, and moving and placing the parts can be perceived as he most prom-
inent applications for cobots. These activities allow them to leverage their strengths.
Common factors for these tasks were the lightweight parts, exploited tools, repetitive
and monotonous characteristics, and documentation requirement. In addition, most of
the fastening or inspections tasks were either dual or multi-level tasks. By automating
the one step in dual or multi-level tasks, human resources can be freed for other activi-

ties or assigned workstation activities can be executed with fewer resources. Freeing
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humans from monotonous and repetitive tasks has a big impact on especially from the

perspective of physical and cognitive ergonomics.

Through literature review, task-technology comparison, and interviews a holistic under-
standing of collaborative robots’ opportunities and challenges was possible to be estab-
lished. To bring all the knowledge together in summarized and illustrative format, SWOT
(strengths, weaknesses, opportunities, and threats) analysis was conducted. In a SWOT
analysis, a four-quadrant grid is utilized based on the word: strengths, weaknesses, op-
portunities, and threats. These quadrants are further split into internal factors (strengths
and weaknesses) and external factors (opportunities and threats). (Inyang, E. 2017 p. 38

& 128)

Strengths Weaknesses

Opportunities Threats

Figure 8 lllustration of SWOT analysis matrix (Inyang, E. 2017 p. 38 & 128)

One of the key strengths of cobots is the flexibility which. Flexibility comes to the capa-
bility for feasible reconfiguration which means that cobots can be easily relocated or
adjusted to new tasks conveniently. They are also very convenient for integration into
existing systems and processes. In addition, inherent safety measures enable cobots to
work alongside human operators without extended safety measures. These strengths

collectively make cobots a valuable asset in automobile manufacturing.

Despite their many strengths, cobots, like every technology, has their weaknesses. The

biggest weakness is the reduced operating capability in terms of payload and velocity.
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Compared to conventional robots, cobots are designed to handle lighter parts, which
directly prevents them executing certain tasks and limits the number of applications it
can be exploited. Especially in automobile assembly where parts can be relatively heavy,
it is a huge limitation. Another weakness is their reduced velocity. Cobots needs to op-
erate at slower speed when working alongside human operators. This reduced speed
leads to the situation where cobots can compromise the process capability. One partic-
ular attribute that has not been discussed properly is the reach. Especially when working
in a car interior reach becomes crucial attribute. Considering current technology dis-
cussed, in categories 1 and 2 have relevantly short reach and it is hard to see the devices

with lowest range of reach operate with interior tasks.

Cobots have significant opportunities for enhancing efficiency, productivity, and ergo-
nomics. Working alongside humans in collaborative environment remains the biggest
opportunity of technology discussed. Cobots are considered to execute tasks inde-
pendently but also with humans assisting executing main tasks within the assembly line.
By handling subtasks in a dual level task, cobots can release resources enabling realloca-
tion of operators to execute assembly tasks where they are essentially needed. In con-
clusion, awell implemented cobot improves process efficiency and quality together with
ergonomics. Typically, this will be achieved when they operate alongside with humans.
The cobot could carry the bigger ergonomic load of the tasks and provide enhanced

quality and efficiency by maintaining stable process.

Lastly, like any technology, cobots also present potential threats. A significant threat for
successful cobot exploitation is the lack of competence in system design. Without un-
derstanding all the requirements and capabilities of cobots, the risk of deploying a cobot
insufficiently can lead to using the technology in a suboptimal domain. If cobots are de-
ployed in settings that do not match with their capabilities, the competence of the tech-
nology is compromised and misused. This misalignment can lead to insufficient perfor-
mance and integration of unwanted additional safety measures. The threats take on

greater significance as conventional lightweight robots compete with them. As
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collaborative robots become more expensive as an individual device, if implemented in-
correctly and system level enhancements, such as external safety measures are needed,
collaborative robots lose their advantage. This type of lack of competence might lead to
repelling the technology and not being able to harness the full potential of the it in a
system level. If cobots are integrated and utilized properly, the biggest threats can be

avoided.

( Strengths \ ( Weaknesses \

* Inherent safety measures * Payload
* Flexibility * Reduced tool point velocity
* Mobility and reconfiguration * Reduced size

* Convenient integration

\ J
Opportunities ( Threats \

* Lack of competence in terms of
system design
* Notdeployed in optimal domain
* In sufficient performance
* Excessive safety measures
« Additional costs

. J

* Assisting human operators in
assembly activities
* Enhanced capabilities:
* Process and quality
* Safety and ergonomics
* Improved efficiency

Figure 9 SWOT analysis for collaborative robots in automobile assembly
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5 Conclusion

This concluding chapter provides a comprehensive wrap-up of the thesis by presenting
a summary, addressing the research questions, and outlining opportunities for future
research. Firstly, the summary briefly revisits the key objectives, methodologies, and
findings of the study, offering a prominent overview of the complete thesis. The conclu-
sion then evaluates the results in the context of the research questions by utilizing main
insights from the analysis. Finally, the future research section proposes areas for further
investigation, highlighting potential topics and directions that could benefit both aca-

demic research and industrial applications within the case company.

5.1 Summary

The main objective and the research question of the study was to discover opportunities
and challenges of collaborative robots in a human centric automobile assembly domain
by investigating contemporary cobot technology and assessing their capabilities in a ho-
listic perspective. In order to answer the research question, the study came up with the

following three main objectives:

1. To identify contemporary collaborative robot technologies suitable for an auto-
mobile assembly line.

2. To identify key factors, criteria and challenges that influence collaborative robot
integration to a human-centric assembly.

3. Todiscoverthe benefits that collaborative robots can provide for the automobile

assembly process.

As a summary, chapter 2 provided a literature review for establishing solid foundation
for empirical study to understand a human centric automobile assembly system, human
robot collaboration, and basic principles of collaborative robots. This chapter gave gen-
eral understanding of how automobile assembly systems operate, what are the main

components of the system and what are the characteristics for automobile assembly
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tasks. It focused also on explaining the basic principles of human robot collaboration and
describing different forms of it in terms of taxonomical categories. This review opened
up the correlation between the requirements of human centric assembly system and
human robot collaboration. Lastly in literature review the collaborative robots were in-
vestigated by trying to understand cobots, their capabilities, benefits and challenges
through existing research. Also, workstation cobotization was reviewed for initializing

the discussion in empirical study.

Chapter 3 presented the research methods for the empirical part of the study. The study
obtained a deductive approach by utilizing a theoretical framework of task technology
fit (TTF). The main tested hyphothesis of the deductive study was that integrating col-
laborative robots will derive improvements in productivity and quality together with
safety and ergonomics within automobile assembly domain. To test this, a six-step ap-
proach was applied to compare the technological capabilities of cobots to automobile
task requirements, assess the technology to a prominent alternative option, and con-
ducting a utilization evaluation. Lastly, the validity and reliability of the study was dis-
cussed first by defining the validity and reliability in research and then reflecting them

to the study’s targets and methods.

Chapter 4 presented the results and analysis of the empirical findings. The main struc-
ture of the chapter follows the principle of TTF. The first part of the chapter represented
the first two steps of TTF approach providing the results on technological and task at-
tributes and comparing them together. The main target was to discover contemporary
cobot technology capabilities, assess suitable tasks for cobotization, and conduct feasi-
bility assessment by comparing the task and technology attributes together. The second
part of the chapter represented the steps of 3, 4, and 5 by setting the evaluation criteria,
conducting technological assessment, and evaluation performance impact through
these criteria. This was conducted through interviews with experts internally and exter-
nally. The interviews gave a profound understanding of the strengths and weaknesses of

collaborative robots and where they can be utilized with biggest impact in terms of



86

improved process capabilities, safety and ergonomics, quality, and green impact. The last
part of the chapter brought empirical findings alongside the literature review providing
the targeted holistic review on the topic. It was carried through with thematic analysis
by using keywords as the theme codes, supported by SWOT analysis to summarize the

strengths, weaknesses, opportunities, and threats.

5.2 Findings

The study set three clear research objectives to get the answer for one main research
question. The key goal was to find opportunities and challenges of collaborative robots
in @ human-centric automobile assembly line and by getting there, study required to
identify contemporary available technology, suitable for automobile assembly tasks.
Then come up with key factors, criteria, and challenges for cobot integration into human

centric assembly system. Lastly, to understand the benefits for collaborative robots.

The task technology fit (TTF) was a prominent tool for establishing firstly identify the
contemporary technological attributes, and secondly test the feasibility of the technol-
ogy in a human centric automobile assembly domain. Despite TTF sitting well for holistic
approach, it appeared a moderately difficult apply especially with large and scattered
dataset. As the data set was incomplete and partly classified, the importance of inter-
views grew to get valid and reliable study results. While the study successfully addressed
the research question and achieved its objectives, certain challenges such as the incom-
plete and classified nature of the dataset and highlight areas where further work is

needed to ensure greater robustness.

The study identified and presented contemporary collaborative robot technologies and
tested their feasibility in automobile assembly system. As a result, all categories were
seen feasible for integrating to automobile assembly line, but from a holistic perspective
only category 3 devices were comprehend fulfil all established criteria for the technology.
The second objective was to identify these criteria, factors, and challenges which will

affect the integration decision. The criteria were set by the TTF methodology and key
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factors and challenges were identified within the SWOT analysis. The biggest challenge
is the reduced capabilities in terms of payload, speed, and reach. Lastly, the benefits of
collaborative robots were to be discovered. The study detected the benefits through lit-
erature review and empirical study by generally understand the benefits and then nar-
row the scope to the automobile assembly line within the case company. The benefits

are found from the inherent safety features and light and flexible deployment.

Even though the targets were achieved, the study’s external validity in terms of general-
ity can be considered challenging. A strongly limited and case specific research consid-
ered only a single product low volume assembly line within a one particular case com-
pany. Also, purposefully only qualitative methods were exploited as it aligned well with
the holistic framework. As the result, the topic should be further investigated with quan-
titative methods and expand to different externally within the industry and internally
within the case company because the external validity will remain low even though in-

terviews, especially with the external experts, attempted to enhanced it.

In conclusion, collaborative robots are flexible devices with inherent safety features.
They are much effortless to deploy compared to conventional robots. The most feasible
tasks for cobots are the repeatable, monotonous, precision intense, and ergonomically
challenging tasks which can be performed with moderately low payload and speed ca-
pabilities. In automobile assembly systems, these task types are typically fastening, qual-
ity inspection, placing and sifting. The biggest challenges of cobots comes from their re-
duced size and capabilities as a compromise for the inherent safety features. Cobots are
not capable of handling heavier parts and also are sensitive to external disturbances
which have a direct impact on the assembly process capability in terms of uptime. In
respect to conventional lightweight industrial robots, cobots lose their competitive ad-
vantage if external safety measures need to be applied. Therefore, an optimal domain
for cobots to operate in a human-centric automobile assembly are together with humans
without heavy external safety measures, performing tasks independently or together

with the human operator.
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5.3 Future research

This section outlines potential areas for future research based on the findings and limi-
tations of this study. While the results offer valuable insights, they also reveal gaps and
opportunities for further investigation and research. This chapter addresses these areas
from the author’s perception which could be beneficial to be investigated and applied in

academia and in industry.

Future research within the case company should take lessons learned from this study
and advance to a case-level investigation. The primary goal could be to enhance the un-
derstanding of human-robot collaboration system design and the effective deployment
of cobots. Itis recommended that the company focuses on identifying specific processes
for deeper analysis. By leveraging the knowledge gained in this study, the company can
then work on integration projects within the assembly domain, aiming to conduct thor-

ough workstation evaluations and assess the potential for efficient utilization of cobots.

The scope of this study was limited to a low-volume assembly line with relatively low
takt time requirements, which may not fully reflect the challenges in high-volume auto-
mobile assembly environment. Therefore, future research could extend the analysis to
high-volume lines with stricter requirements on takt time and uptime. It also requires
much more rosources for a one station. In high-volume line, the task characteristics can
also come up with different opportunities and constraints for cobot integration. In addi-
tion, finishing line activities were excluded from this study as they were part of the
mixed-model line. From the finishing line there could rise prominent use cases for
deeper understanding of the assembly as a whole. According to the author's perception
based on this study and observation within the case company, the main impact on pro-
cess attributes and task requirements appears to be more significant than the differ-
ences between single-model and mixed-model lines. Although mixed-model lines were
outside the study's scope, they were observed to have minimal process variation com-

pared to single-model lines, with differences primarily arising from individual processes.
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Consequently, at a holistic level, the broader impact of mixed-model production is lim-
ited, suggesting that future research should focus instead on specific process attributes

and task requirements.

Lastly this study did not consider task characteristics from a product and part design
aspects of automobile manufacturing. Designing a part or product has significantimpact
on the manufacturability of the part which could the play a crucial role in HRCS domain.
If the investigation is started the from product design table instead of manufacturing
engineering design table, assembly tasks could be adjusted to suit better collaborative
actions, potentially improving efficiency and integration outcomes. Although part design

was not explored in this research, it is an intriguing area for future investigation.



90

References

ABB Robotics. (n.d.). GoFa™ CRP15000: Go far with your new helping hand. searched
March 12™, 2024, from https://search.abb.com/library/Download.aspx?Docu-
mentID=9AKK107991A8564&LanguageCode=en&DocumentPartld=&Ac-
tion=Launch

ABB Robotics. (n.d.). Swifti™ CRB 1100 catalogue. searched March 12%, 2024, from
https://search.abb.com/library/Download.aspx?Documen-
tID=9AKK107991A8562&LanguageCode=en&DocumentPartld=&Action=Launch

ABB Robotics. (n.d.). Swifti™ CRB 1300 catalogue. searched March 12, 2024, from
https://search.abb.com/library/Download.aspx?Documen-
tID=9AKK108467A5483 &LanguageCode=en&DocumentPartld=&Action=Launch

ABB Robotics. (n.d.). YuMi IRB 14050 catalogue. searched Macrh 12, 2024, from
https://search.abb.com/library/Download.aspx?Documen-
tID=9AKK107046A3807 &LanguageCode=en&DocumentPartld=&Action=Launch

André, J-C. (2019). Industry 4.0: Paradoxes and Conflicts, John Wiley & Sons, Incorpo-
rated, 2019. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/tri-
tonia-ebooks/detail.action?docID=5825593.

Bauer, W. Bender, M. Braun, M. Rally, P & Scholtz, O. (2016). Lightweight robots in man-
ual assembly — best to start simply!. Fraunhofer IAO.

Battini, D., Finco, S., & Sgarbossa, F. (2020). Human-Oriented assembly line balancing
and sequencing model in the industry 4.0 era. Scheduling in Industry 4.0 and
Cloud Manufacturing, 141-165.

BMW Group.(2.3.2017). BMW Group Harnesses Potential of Innovative Automation and
Flexible Assistance Systems in Production. Press release. Searched May 9th, 2024,
from: https://www.press.omwgroup.com/global/article/de-
tail/T0268199EN/bmw-group-harnesses-potential-of-innovative-automation-
and-flexible-assistance-systems-in-production

Bradley, J.S. (2003). Corporate ergonomics programme at Ford Motor Company. Ap-plied
Ergonomics. Volume 34. Pages 23-28. ISSN 0003-6870.
https://doi.org/10.1016/S0003-6870(02)00080-7



91

Braun, V. & Clarke, V. (2006). Using thematic analysis in psychology. Qualitative research
in psychology, 3(2), 77-101. https://doi.org/10.1191/1478088706qp0630a

Brera, G. (2022). Collaborative Screwdriving: Integrating Robot Optimal Sequence Algo-
rithms for Increased Efficiency.

Chigbu, B & Nekhwevha, F. (2020). The collaborative work experience of robotics and
human workers in the automobile industry in South Africa. African Journal of Sci-
ence, Technology, Innovation and Development. 14. 1-8.
10.1080/20421338.2020.1837446.

Chutima, P. (2023). Assembly line balancing with cobots: An extensive review and cri-
tiques. International Journal of Industrial Engineering Computations, 14(4), 785-
804.

Collins Dictionary. (n.d. a). Searched January 31st, 2024, from https://www.collinsdic-
tionary.com/dictionary/english/intensive.

Collins Dictionary. (n.d. b). Searched May 11", 2024, from https://www.collinsdiction-
ary.com/dictionary/english/safety

Dong, J., Xia, Z., & Zhao, Q. (2021). Augmented reality assisted assembly training ori-
ented dynamic gesture recognition and prediction. Applied Sciences, 11(21),
9789.

European Agency for Safety and Health at Work. (2020). Healthy Workplaces Lighten the
Load - Campaign Guide. doi:10.2802/00689

[FANUC web page for collaborative robots]. (n.d.). searched March 13%, 2024, from
https://www.fanuc.eu/dk/en/robots/robot-filter-page/collaborative-robots

Gisginis, A. (2021). Production line optimization featuring cobots and visual inspection
system.

Golafshani, N. (2015). Understanding Reliability and Validity in Qualitative Research.
Qualitative report. https://doi.org/10.46743/2160-3715/2003.1870

Goodhue, D. L., & Thompson, R. L. (1995). Task-Technology Fit and Individual Perfor-
mance. MIS quarterly, 19(2), 213-236. https://doi.org/10.2307/249689

Hale, A. (2000). Culture's confusions. Safety science, 34(1), 1-14.
https://doi.org/10.1016/S0925-7535(00)00003-5



92

Han, Y-H. Zhou, C. Bras, B. McGinnis, L. Carmichael, C. & Newcomb, PJ. (2003, December).
Paint line color change reduction in automobile assembly through simulation. In
Proceedings of the 2003 Winter Simulation Conference, 2003. (Vol. 2, pp. 1204-
1209). IEEE.

Hanash, E. A. H, Karim, A. N. M, Tuan, S. T & Mohiuddin, A. K. M. (2017). Throughput
Enhancement of Car Exhaust Fabrication Line by Applying MOST. IOP Conference
Series: Materials Science and Engineering (Vol. 184, No. 1, p. 012022)

Hartelt, R. Wohlfeil , F.& Terezidis, O. (2015). Process Model for Technology-Push utilizing
the Task-Technology-Fit Approach. DOI:10.13140/RG.2.1.4952.7767

Huang, C. Zhou, S. Li, J & Radwin, R.G. (2023). Allocating Robots/Cobots to Production
Systems for Productivity and Ergonomics Optimization. IEEE Transactions on Au-
toma-tion Science and Engineering, doi: 10.1109/TASE.2023.3270207.

International Federation of Robotics. (2020). Demystifying Collaborative Industrial Ro-
bots. https://ifr.org/papers/demystifying-collaborative-industrial-robots-up-
dated-version

International Federation of Robotics. (n.d.). Case Studies - Collaborative Robots searched
January 16th, 2024, from: https://ifr.org/case-studies/case-studies-collabora-
tive-robots/page.

International Organization for Standardization. (2011b). ISO 10218-2:2011 Robots and
robotic devices — Safety requirements for industrial robots — Part 2: Robot sys-
tems and integration

International Organization for Standardization. (2011b). ISO 10218-2:2011 Robots and
robotic devices — Safety requirements for industrial robots — Part 2: Robot sys-
tems and integration

International Organization for Standardization. (2016). ISO/TS 15066:2016 Robots and
robotic devices — Collaborative robots

International Organization for Standardization. (2019). ISO 9241-210:2019

Ergonomics of human-system interaction — Part 210: Human-centred design for

inter-active systems



93

International Organization for Standardization. (2021). I1ISO 8373:2021 Robotics — Vo-
cabulary

Inyang, E. (2017). Doing Academic Research. Cambridge Scholars Publisher.

Javaid, M. Haleem, A. Singh, R. P. Rab S. Suman, R. (2022) Significant applications of
Cobotsin the field of manufacturing. Cognitive Robotics. Volume 2. Pages 222233.
ISSN 2667-2413. https://doi.org/10.1016/j.cogr.2022.10.001.

Johnson, P. A. (2023). Automation of Screwing Technology in Moving Assembly Line: A
case study in automotive manufacturing industry.

Kern, W. Rusitschka, F & Bauernhansl, T. (2016). Planning of Workstations in a Modular
Automotive Assembly System. Procedia CIRP. Volume 57. Pages 327-332.
https://doi.org/10.1016/j.procir.2016.11.057.

Keshvarparast, A. Battini, D. Battaia, O. et al. (2023). Collaborative robots in manufactur-
ing and assembly systems: literature review and future research agenda. J Intell
Manuf. https://doi.org/10.1007/s10845-023-02137-w

[KUKA robotics website catalogue]. (n.d.). searched March 13%, 2024, from
https://my.kuka.com/s/category/robots/cobots/0ZG1i000000XZsoGAG?lan-
guage=en_US

Krzywdzinski, M. (2020). Automation, Digitalization, and Changes in Occupational Struc-
tures in the Automobile Industry in Germany, the United States, and Japan. A
Brief History from the Early 1990s Until 2018. 10.34669/wi.ws/10.

Lachvajderova, L. Kadarova, J. Julid Sanchis, E. & Rybdarova, D. (2023). Industry 5.0 - A
Sustainable Human-Centric Solution.

Lee, S., Adair, W. L., Mannix, E. A., & Kim, J. (2012). The relational versus collective “We”
and intergroup allocation: The role of nested group categorization. Journal of ex-
peri-mental social psychology, 48(5), 1132-1138.
https://doi.org/10.1016/j.jesp.2012.04.008

Leng, J. Sha, W. Wang, B. Zheng, P. Zhuang, C. Liu, Q. Wuest, T. Mourtzis, D. & Wang, L.
(2022). Industry 5.0: Prospect and retrospect. Journal of Manufacturing Systems,
65, 279-295.



94

Liu, X. Zheng, L. Wang, Y. Yang, W. Jiang, Z. Wang, B. Tao, F. & Li, Y. (2022). Human-centric
collaborative assembly system for large-scale space deployable mechanism
driven by Digital Twins and wearable AR devices. Journal of Manufacturing Sys-
tems, 65, 720-742.

Magrini, E. Ferraguti, F. Ronga, A. J. Pini, F. De Luca, A. & Leali, F. (2020). Human-robot
coexistence and interaction in open industrial cells. Robotics and computer-inte-
grated manufacturing, 61, 101846. https://doi.org/10.1016/j.rcim.2019.101846

Matusova, M. Bucanyova, M. & Hruskova, E. (2019). The future of industry with collabo-
rative robots. MATEC Web of Conferences. 299. 02008. 10.1051/matec-
conf/201929902008.

Mercedes Benz AG. (September 29, 2020). Factory 56. searched on January 25", 2024,
from: https://group.mercedes-benz.com/innovation/digitalisation/industry-4-
0/opening-factory-56.html.

Michalos, G., Makris, S., Papakostas, N., Mourtzis, D., & Chryssolouris, G. (2010). Auto-
motive assembly technologies review: challenges and outlook for a flexible and
adaptive approach. CIRP Journal of Manufacturing Science and Technology, 2(2),
81-91.

Munro, R. A., Ramu, G., & Zrymiak, D. J. (2015). The certified six sigma green belt hand-
book (Second edition.). ASQ Quality Press.

Monden, Y., & Ohno, T. (2011). Toyota Production System: An Integrated Approach to
Just-In-Time, 4th Edition.

Midiller, R. Vette, M & Scholer, M. (2016). Robot Workmate: A Trustworthy Coworker for
the Continuous Automotive Assembly Line and its Implementation. Procedia CIRP.
Volume 44. Pages 263-268, ISSN 2212-8271.
https://doi.org/10.1016/j.procir.2016.02.077.

Omar, M. A. (2011). The Automotive Body Manufacturing Systems and Processes.
https://doi.org/10.1002/9781119990888

[Omron data sheets on TM series]. (n.d.) searched March 12th, 2024, from

https://www.ia.omron.com/products/family/3739/download/catalog.html



95

Salunkhe, O. Stahre, J. Romero, D. Li, D & Johansson, B. (2023). Specifying task alloca-
tion in automotive wire harness assembly stations for Human-Robot Collabora-
tion. Computers & Industrial Engineering. Volume 184. 109572.ISSN 0360-8352.
https://doi.org/10.1016/j.cie.2023.109572.

Scholer, M., Vette, M., & Rainer, M. (2015). A lightweight robot system designed for the
optimisation of an automotive end-off line process station. Industrial Robot: An
Inter-national Journal, 42(4), 296-305.

Seale, C. Gobo, G. Gubrium, J. F. & Silverman, D. (2004). Qualitative research practice.
Sage Publications.

Segura, P. Lobato-Calleros, O. Ramirez-Serrano, A & Soria, I. (2021). Human-robot col-
laborative systems: Structural components for current manufacturing applica-
tions, Ad-vances in Industrial and Manufacturing Engineering. Volume 3. 100060,
ISSN 2666-9129. https://doi.org/10.1016/j.aime.2021.100060.

Sergi, B.S. Bogoviz, AV. Popkova, E.G. & Litvinova, T. N. (2019). Understanding Industry
4.0. Emerald Publishing Limited.

Simundic, A. M., Nikolac, N., Ivankovic, V., Ferenec-Ruzic, D., Magdic, B., Kvaternik, M., &
Topic, E. (2009). Comparison of visual vs. automated detection of lipemic, icteric
and hemolyzed specimens: can we rely on a human eye?. Clinical chemistry and
laboratory medicine, 47(11), 1361-1365

Singh, B. (2012). Role of Industrial Robots in Lean Manufacturing System

Stecke, K. E., & Mokhtarzadeh, M. (2022). Balancing collaborative human—robot assem-
bly lines to optimise cycle time and ergonomic risk. International Journal of Pro-
duction Research, 60(1), 25-47.
https://doi.org/10.1080/00207543.2021.1989077

Taesi, C., Aggogeri, F., & Pellegrini, N. (2023). COBOT Applications—Recent Advances and
Challenges. Robotics (Basel), 12(3), 79. https://doi.org/10.3390/robot-
ics12030079

Universal Robotics. (n.d.). Robot arm Technical specification. searched March 13, 2024,
from https://www.universal-robots.com/media/1829346/11 2023 collec-

tive_data-sheet.pdf



96

Ustundag, A. (2018). Industry 4.0: Managing The Digital Transformation. Springer Inter-
national Publishing.

Vido, M. Scur, G. Massote, A. A. & Lima, F. (2020). The impact of the collaborative ro-bot
on competitive priorities: case study of an automotive supplier. Gestdo &
Producado, 27, e5358.

Volvo Group. (2021). Volvo CE delivers its vision of the Factory 4 Tomorrow. Press re-
lease searched May 22nd, 2024, from https://www.vol-
voce.com/global/en/news-and-events/news-and-stories/2021/volvo-ce-deliv-
ers-its-vision-of-the-factory-4-tomorrow/.

Weiss, A. Wortmeier, A. K. & Kubicek, B. (2021). Cobots in industry 4.0: A roadmap for
future practice studies on human—robot collaboration. IEEE Transactions on Hu-
man-Machine Systems, 51(4), 335-345.

Wollter Bergman, M. Berlin, C. Babapour Chafi, M. Falck, AC & Ortengren, R. (2021). Cog-
nitive Ergonomics of Assembly Work from aJob Demands-Resources Perspective:
Three Qualitative Case Studies. Int J Environ Res Public Health. doi:

10.3390/ijerph182312282.



97

Appendices

Appendix 1 Nested categorization

OoOogdn

Location

Type of task

Documentation requirements

Special requirements

44

7

7 Torque specification

17

Weight of the part

17 Torgue specification
21

18

Trim line
Fastening Assembly Applying Check Sifting and Assisting tasks
51 101 (Adhesive, (visual or moving parts 2
primer etc.) measuring) 18
10 5
Documentation No Documentation No /
requirements decumentation reguirements documentation - No
44 requirements 17 requirements Dun:_..nm:E:o: T
7 84 requirements .
requirements
Weight of the part
Torque Specification Torgue Specifcitation 84 Weight of the part fivelent nM R

As!



98

Chassis line

Finishing line N.A.

Assisting tasks
0

Sifting and
moving parts
18

documentation

requirements

documentation

requirements

Check Applying Assembly Fastening
(visual or (Adhesive, 91 74
measuring) primer etc.)
29 0
No Documentation No Documentation No Documentation

documentation

requirements

requirements 28 requirements 20 requirements 31
1 71 43
Weight of the part
71
QASIEC M.Mﬂsm part Weight of the part 7 Torque Specifications Torque Specifications Torque Specifications
Torque Specifications 20 20 43 31
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Manufacturar Saries Model Length (cm) Weight|kg) Payload (kg) Reach (m) Velocity Torgue (Mm|Force (M)
ABB Switti CRE 1100-470,475 172 21 4 0475 4,33
CRE 1100-410,58 172 21 4 058 505
CRE 1300- 11/0.9 20 73 11 0.8
CRE 1300-10/1.15 220 ir 10 115
CRE 1300-771.4 220 Ta 7 14
CHE 15000 GoFa 5 165 28 3 162 22
GoFa 10 200 48 10 162 Z
GoFa 12 200 ol 12 162 Z
single arm Yomi IRE 14050 160 9.5 a5 0.558 15
KLUEA LER iisy IR0 33 0,76
B RA30 8.6 083
15 REE0 1641 083
BR300 6.3 13
11 R1300 11.72 1.3
Universal robotics |UR 3 11,2 3 0.5 1 10 ki
Se A6 3 085 1 10 a0
10e a5 125 1.3 1 10 100
15e 3,1 15 0.8 1 10 150
20 B4 20 175 1 20 200
30 .5 30 1.3 F 20 200
Omron M5 5 5 0.9 14
i) & 0.7 11
a0o 4 0.8 14
M7 5 ¥ 07 11
T 12 12 1.3 13
5 12 1.3 13
TM 14 14 11 11
5 14 11 11
T 16 16 0.8 11
TMa0 20 1.3 13
Fanuc CR diA AR 4 0,55 1 g
AA 55 7 0.717 1 16
AAL 55 7 04911 1 16
14iAL 55 14 04911 0.5 31
15i4 255 15 1441 1.5 i}
Hie 36 35 1843 075 110
CHE SiA 25 5 0,994 1 19
10i4 40 10 1248 1 35
10iAL 40 10 1418 1 35
AL 41 0 1418 1 mm
Sia 135 23 1,888 1 100




100

Appendix 3 Interview notes

Haastattelu 14.5.2024

XY XX Production Supervisor

Otto Runola haastattelija

Haastattelu toteutettiin tuotannon esihenkildn kanssa. yhteistydrobottien implementoinnin vaikutuksia
teoreettisessa kontekstissa. Tarkoituksena oli pohtiza missd kohtaa prosessia, mitd tydtehtavia

suorittaessaan ja milld perustein yhteistyGrobotilla on  suurin wvaikutus  perustuen tutkimuksen
kriteeristddn: (process capability, guality, safety and ergonomics, and greenimpact). Haastattelu oli semi-

strukturoitu ja se rakentui alla olevin kysymysten ympérille, mutta keskustelu oli vapsamuoctoista

1.

los yhteistydroboth implementoidaan tapauksen kokoonpanolinjalle, mitkd ovat ne prosessin
vaiheet ja tybtehtivat, joilla on suurin vaikutus alla cleviin kriteereihin:

a. Prosessin kywykkyyteen

b. Laatuun

c. Turvallisuuteen ja ergonomiaan

d. Greenimpact

Yhteenveto haastattelusta:

1.

Haastattelija esitteli tydn aiheen, taustan sekd tutkimusmenetelmat, jonka jalkeen han kivi l3pi
haastattelun kulun ja tavoitieet.

Haastattelua ei nauhoitetiu, mutta dokumentoitiin muistiinpanoin

Yhteenveto:

Prosessin kywykkyyksien kannalta on merkityksellistda ymmartdd mitd automatisoinnilla
saavutetaan. Lihtokohtaisesti tahtiaika maarittaa linjan taveitieellisen suorituskywyn. Talldin mita
vahemman pystytdan kdyttdmad ihmisten tekemdd tyotd autoa kohden samalla padsten
tahtiaikaan sitd tuottavampi ja kyvykkd&mpi prosessi on. Siksi asiantuntija nostaa esille tehtévat,
jotka ovat ihmiskeskeisid, mutta mahdollisesti suoritettavissa cobotilla. M3itd ovat muun muassa
marriage point seks lasisolu.

Asiantuntijan oli vaikea arvioida laaduntuottokykyd edistdviad tekijditd tuotantolinjalla, mutta han
nosti esiin prosessin, jossa on tdrkedsd, ettd voimantuottokyky pysyy vakiona koko tydn ajan.
Ihmisen tuottama epdtasainen voima prosessin ajan johtaa laatuvirheiziin ja sitd kautta
kasvaneeseen korjaustarpeeseen.

Turvallisuutta ja ergonomiaa kdsiteltdessd suurin painoarvo ndhtiin fyysisessd ergonomiassa.
Pienvolyymi linjalla kognitiivisen ergonomian taso an hyvd johtuen vaihtelevasta tydstd useiden
eri tuotevarianttien ansiosta. Siksi kyseiseltd linjalla svoritetut tehtdvdt eivét kuormita
kognitiivisesti yhtd paljon kuin linjalla, jossa volyymit ovat korkeita. Fyysizesti taas tehtavat joissa
siirretddn, kdsitellddn, nostetaan tai asennetaan painavia osia tai huonossa asennossa ovat
fyysisesti kuormittavia. Ndiden cobotisoinnista kokonaan tai osittain olisi iso hySty asiantuntijan
mukaan linjan ergonomiselle kehitykselle.

Green impact kohdalla asiantuntija ei ndhnyt coboteilla suoraa '.ral'kutusta.|
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Haastattelu 20.5.2024

XY XX Lead Project Engineer, Advanced Engineering

¥¥. XX ME Lead Project Engineer, General Assembly

Otto Runaola haastattelija

Haastattelu toteutettin kahdessa osassa. Ensimmaisessd osassa tarkasteltin kriithsest yhieistydrobotten
mahdollisuuksia neljin kriteerin kautta (process capability, quality, safety and ergonomics, and
greenimpact). Haastattelu toteutettin semi-strukturoituna, jolloin keskustelu oli vapaamuotoista, mutta
rakentui alla olevin kysymysten ympérille:

1.

Mitkd ovat yhieistyGrobottien yleisimmat hyddyt ja haitat autotecllisuuden
kokoonpanotuotannon nikdkulmasta?
Vertailtaessa yhteistydrobotteja (cobotteja) teollisuusrobotteihin, missa tilanteissa
yhteistydrobotit ndyttaytyvat edukseen ja milloin teollisuusrobott on kannattavampi vaihtiehto
tarkasteltaessa asiaa seuraavien kriteerien kautta:

a. Proszessin kywyklkyyteen

b. Laatuun

c. Turvallisuuteen ja ergonomizan

d. Greenimpact

Haastattelun toisessa osassa suoritethin  yhteistydrobotten  implementoinnin vaikutusarvioint
teoreettisessa kontekstissa. Tamakin osuus toteutettiin semi-struktuurisena haastatteluna, jonka runkona

toimi seuraavat kysymykset:

1.

Ottaen huomioon edellisessd kohdassa tehdyt huomiot, minkdlaisiin tehtaviin yvhteistydrobotit
soveltuvat parhaiten ja kuinka suuri vaikutus =illd om alla oleviin kriteersihin:

a. Proszessin kywyklkyyteen

b. Laatuun

c. Turvallisuuteen ja ergonomiaan

d. Greenimpact

Yhteenveto haastatielusta:

1.

Haastattelija esitteli tytin aiheen, taustan sekd tutkimusmenetelmat, jonka jélkeen han kivi [&pi
haastattelun kulun ja tavoitteet.

Haastattelu nauhoitettin

Ensimmainen osa:

Megatiivisiksi ominaisuuksiksi lausuttiin nopeus sekd wvoima. LisSksi cobottien hinta nahtin
vaikuttavan negatiivisesti. Asiantuntijoiden mukzan hinnat wvaihtelevat eri mallien valilla
valmistajista riippuen marginaalisista eroista aina kolmin kertaiseen hintaan robotteihin
verrattuna. Positiivisiksi ominaisuuksiksi lausuttiin laitteen siro ulkomuoto ja mahdallisuus
tydskennelld ihmisen kanssa linjalla ilman isompia turvajdrjestelyja. Ongelmana asiantuntijat
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nakivat kuitenkin sen, ettd merkityksellistd ei ole se onko coboth itsessdan turvallinen vaan
kokonaizuus ratkaisee, esimerkiksi cobottiin kiinni tulevan tyékalu turvallinen ithmiselle, joka toimii
toimia samassa tilassa cobotin kanssa. Yhieistyorobottia pidettin myds joustavana silld se on
liikuteltavisza ja se pystytddn asentamaan useaan eri asentoon kuten ilman, ettd asento on
ennakolta tarkoin madritely.

Haastateltavien mukaan cobottien kehitys on  wvield kesken, ja kdytdnnén ratkaisut
kokoonpanotoiminnassa ovat t3lla hetkelld hyvin rajattuja. Cobotteja on l§hivuosing markkinoitu
ankarast, mutta kiytdnnidszd ne eivat ole yltdneet kywykloyyksiltdan asiantuntijoiden mielesta
vaadittavalle tasolle. He sanovatkin cobotin teknologiana olevan innovaatiokdyran pohjalla, mutta
odotettavissa on, ettd teknologian kehittyessd  se  |Gytdd  paikkansa paremmin
kokoonpanotuotannossa. Vaikka cobott on hitaampi kuin normaali robott, pienvolyymiszella
linjalla sen ei pitdisi olla este vaan etu, silld turvalaitteiden tai aitojen rakennuttaminen syd
lattizpinta-alaa ja vdhentaa linjan joustavuutta.

Prosessin kyvykkyyden kannalta merkittdva tekijé on cobotin kantokyky. Autoteollisuudessa osat
ovat suhteellisen paihavia ja suurin prosessia rajoittava tekijaksi muodostuu cobotin kywyklorys
kannatella osia, tydkaluja tai niiden vhdistelmid. Siksi cobotit kannattaa sijoittaa suorittamaan
kewyitd tehtavia, erityisesti toistotarkkuutta vaativissa toimenpiteissd. Toistotarkkuus i ocle
kuitenkaan yksistddn cobotin ominaisuus vaan myés normaali robofti on erittdin toistotarkka.
Laaduntuottokyvyssd robotii ja cobotti eivat eroa toistotarkkuudeltaan ja suorituskywyiltdan, jos
tydasema on suunniteltu huolellisesti ja laadukkaasti. Cobotti voi kuitenkin toimia tiloissa, jossa
teollisuusrobotin on vaikea toimia ilman erillistd turvallistamista tai sunja-aitoja.

Turvallisuuden ndkdkulmasta cobotit owvat |Ghtékohtaisest turvallisernpia kuin  tavallizet
teollisuusrobotit. On  kuitenkin  huomattava, ettd tecllisuus robotteja pystytddn nykydan
turvallistamaan ulkoisilla menetelmilld, kuten skannereilla, joka mahdollistaa myds
kollaboratiivisen jarjestelman perustamisen ilman cobottia. Téssd tapauksessa ihmisen ja robotin
on asiantuntijoiden mukaan tydskenneltdvd eri aikaan asemalla. Huomioitavaa on myds se, ettd
ozalla coboteista saattaa olla asennettuna pehmustetut kdsivarret, joiden tarkoituksena on
suojata ihmistd kolhuilta. Ergonomian kannalta ei cobottien tai teollisuus rohottien valilld ole
asiantuntijeiden mielestd suuria eroja.

Green impact osalta nousi esiin vain kriteereja joita olisi hyva tarkastella vertailtasssa cobotteja ja
teollisuus  robotteja keskenddn. Ensimmainen  oli  uudelleenkdytettdvyys; onko  laite
uudelleenkdytivd wai i ja jos on niin kuinka helposti se on uudelleen konfiguroitavissa eri
kayttotarkoitusta wvarten. Cobottien puclesta puhui sen helppe uwudelleenasentaminen,
mobilisointi  sekd uwudelleen  konfigurointi  perinteiseen werrattuna. lsoina  riskeing
uudelleenkiytettdvyydelle ndhtiin ohjelmistojen vanhentumisen tai osien kulumisen osalta.
Tamidn lisdksi esiin nostettiin energiatehokkuus. Myas rakennusmateriaalit tulisi ottaa huomioon.
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4. Toinen osa:

Asiantuntijoiden mielestd |&htdkohtana oli se, ettd pienvolyymi linjalla on mahdollista
kiyttitnottaa cobotteja, mutta useat tehtdvdt ovat prosessin kywwkkyyksien parantamisen
kannalta kuitenkin merkityksettdmid. Heiddn mukaan vasta volyymien kasvaessa saavutetaan
piste, jossa robotisoinnista saattaz olla hydtyd. Kun isommilla volyymeilla operoivan linjan
tahtiaika kiristyy, cobotin rajoitettu nopeus ei endd kykene vastaamaan prosessin vaateisiin.
Asiantuntijat ndkevat siis vahwvuuedet muualla kuin prosessin kywykkyyksien parantamisessa.
Kuitenkin esikokoonpanotoiminnassa on tehtavid, joissa kokoonpanodynamiikka on erilainen ja
siten sielld on mahdollista kehittdd prosessin kyvykkyyttd coboteille allokoiduilla tehtdvilla.

Asiantuntijat nostavat laaduntuottokywyn kasvattamisen merkittdviksi tekijdksi cobottien
implementoinnille. Paljon painoarvoa saavat ne tehtavat, joista laatu kasvaa suoraan tai valillisesti.
Tehtdvat joissa ihmiselld on wvaikeus tuottaa standardisoitua toimenpidettd voisivat suoraan
parantaa tuotteen lzatua. Maitd ovat muun muassa liimausprosessit tai voimantuottoa vaativat
prosessit, kuten tuulilasin t2i muun ikkunan asennus. Lisdksi suoraan vaikuttavia ovat myds
lagduntarkastukset, joihin luetaan muun muassa dokumentoitavat wvisuaaliset tarkastukset
Vilillisesti vaikuttavat tehtdvat eivat suoraan paranna laatua, mutta sijaan merkittdvasti parantavat
koko prosessin laaduntuottokykyyn. Esimerkiksi jdljitettdwyys kiristystoimenpiteistd koettiin
merkittdvana tekijdng, jos on mahdollisuus tietds aina kiristysjarjestys.

Turvallisuuden ja ergonomian kannalta asiantuntijat esittivét, ettd fyysisen ergonomian hydtyjen
sgavuttaminen cobofilla olevan merkittdvampi tekijd kuin kognitiivisen tai turvallisuuden
nakdkulmasta. Fyysistd ergonomiaa voidaan parantadaa muun muassa auttamalla operaattoria
kasittelemddn ja siirtdmaan tavaroita isoja painavia osia kuten ovia, asentamaan ergonomisest
hankaliin paikkoihin osia tai avustaa tehtdvissd, jotka kerta toisensa jélkeen toistettuna sasttavat
giheuttaa sairaspoissacloja. Asiantuntijat painottivat erityisesti auton sisdlld tehtdvien tdiden
olevan erittéin haasteellisia ergonomian kannalta.

Green impact wvaikutuksen kerrotdin olevan hywin pieni, jos cobotdi implementoidaan
tuotantolinjalle. Oleellisempaa on tarkastella sen vaikutusta muihin vastaaviin tuotteisiin aina
materiazlin, energiakulutuksen tai valmistusmenetelmien puolesta.

Kiristystydt nousivat erityisend luokkana esiin haastattelussa.  Asiantuntijoiden mielests
kiristystoimenpiteiden huolellisella ja laadukkaalla automatisoinnilla olisi suuri vaikutus laaja-
alaisesti niin prosessin kywykkyyteen, laaduntuottokykyyn sekd mahdollisesti kohteesta riippuen
fyysizeen ergonomiaan. Prosessin kywykkyyteen kiristystdiden automatizointi  wvaikuttaisi
pddasiassa ihmisen tydn korvaamisella cobotilla, jolloin pystyttdisiin tuottarmaan vahemmalla
resursseilla sama maard. Kiristystdiden automatisointi mahdollistaisi paremman jdljitettdwyyden,
jolla pystytddn muun muassa lyhentdmadn korjausaikaa sekd suorittamaan dokumentoitavia
laaduntarkastuksia ihmistd wvarmemmin. Kiristystdissd kannattavinta on  kwitenkin  toimia
yhteistydssd ihmisen kanssa, jossa tydvaiheissa ihminen suorittaa ndpparyyttd vaativat tehtavit ja
cobotti suorittaa manuaalisen ja laadunvarmistusta vaativan tyon.
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Haastattelu 20.5.2024
XM XK Key Account Manager
XN XX Area Sales Manager

Otto Runcla haastattelija

Haastattelu toteutettiin yhdessd osassa sivuten kahta aihetta: teknologian kriittistd tarkastelua seka
valkutusarviointia autoteollisuuden kontekstissa. Haasiatielu toteutettin semi-strukturoituna, jolloin
keskustelu oli vapaamuotoista, mutta rakentui alla olevin kysymysten ymparille:

Aihe 1: Technology assessment

1. Mitkd ovat yhteistydrobottien yleisimmat hyoddyt ja haasteet autoteollisuuden
kokoonpanotuotannon nZkdkulmasta?

2. Vertailtaessa yhteistydrobotteja (cobotteja) teollisuusrobottaihin, missa tilanteissa
yhteistydrobotit ngytiaytyvat edukseen ja milloin teollisuusrobott on kannattavampi vaihtiehto
tarkasteltaessa asiaa seuraavien kriteerien kautta:

a. Prosessin kywykkyyteen

b. Laatuun

. Turvallisuuteen ja ergonomizan
d. Greenimpact

Aihe 2: Performance impact

3. Oraen huormiocon edellisessd kohdassa tehdyt huomiot, minkélaisiin tehtdviin yhteistyGrobotit
{cobotit) soveltuvat parhaiten ja kuinka suuri vaikutus silld on allz oleviin kriteeraihin:
a.  Prosessin kywykkyyteen
b. Laatuun
. Turvallisuutesn ja ergonomizan
d. Greenimpact

Yhteemveto haastattelusta:

1. Haastattelija esitieli tydn aiheen, taustan sekd tutkimusmenetelmat, jonka jdlkeen han kavi [5pi
haastatielun kulun ja tavoittest.

2. Haastattelu nauhoitettin

3. Aihel:

Coboteiksi luetaan lahinna ne robotit, jotka on jo tuotteen suunnittelu vaiheessa tehty turvalliseksi
sisdan rakennetuilla turvatoiminnoilla, joilla pyritdan turvaamazn ja estdamdan ihmisen
loukkaantuminen samassa tilassa toimiessa. Coboteilla suurimmat haasteet autotecllisuuden
kokoonpanotuotannon nikékulmasta kulminoituvat kykyyn vastata prosessin kywykkyyksien ja
vaatimuksiin, joita ovat muun muassa erittdin riped tahtiaika. Suurimmat mahdollisuudet [Sytywat
teknologian tarjoamasta joustavuudesta. Cobotli on vaivattomampi Ja kokonaiskustannuksiltaan
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halvempi k&yttddnotiaz kuin perinteinen robotd, sillé perinteisen robotin implementoinnin
jarjesteleman turvallistaminen tuo lisgkustannuksia. Asiantuntijat mainitsevat myds yhtena
suurena  haasteena  puutteellisen  tal  rittimattéman  osaamisen  jarjestelmatason
turvallisuussuunnittelussa, jonka takia woidaan ajautua tilanteeseen, missa optimaalista
teknologiaa ei voida hyddyntda. Silloin myds cobotin ympdristdd voidaan joutua turvallistamaan
tai pahimmassa tapauksessa aitaamaan, jolloin sen hwddyt katoavat. Huomattavaa on se, ttd mita
avoimempas tuctanto on, 5itd enemmidn se vaatii suunnitteluosaamista.

Asiantuntijoiden mukaan yhteistoiminnallista  wvalmistamista  voidaan  harjoittaa niin
teollisuusroboteilla  kuin coboteillakin,  Teollisuusrobettien  kohdalla turvallizuus  saatetaan
vaadittavalle tasolle ulkoisilla turvallistamistoimilla, kun taas cobottien kohdallz turvallisuus on
luotu sisadm rakennetuilla turvatoiminnoilla. 3isdan rakennetuista turvatoimista hyva esimerkki on
cobotin muotoilu, joka on selkeast normaalia robottia pydredmpl ja mahdollisesti pehmeampi.
Lisgksi cobotin rakenne on suunniteltu siten, 238 on pyrittddn minimoimaan {pinch points).

Kun arvicidaan cobotin yOtyja ja haittoja, asiantuntija huomauttaa, ettd ndkemykset negativisista
ja positiivisista vaikutuksista ovat subjektivisia k3sitteitd ja automatizoitavalle kohteelle tulisi
Iéytdd aina sopiva ratkaisw. TallGin optimaalinen ratkaisu voi vaihdella usean eri vaihtoehdonvalilla
gina cobotista, robotdin tai muihin teknologichin. Huomion arvoista on myds se, ettd jopa
autoteollisuuden  kokoonpanoprosessissa  on wseita  yksitt3isid, toisistaan  poikkeavia
kokonaizuuksia, joilla on merkitystd prosessin kyvykkyyksien, ergonomian, ja laaduntuottokyvyn
kannalta. Siksi vertailu itsessadn on hankalaa ilman konkreettista kontekstia silld optimaalisen
ratkaisun |&ytaminen vaatii useamman muuttujan analyysia.

Aihe 2:

Asiantuntijoiden mukaan suunnittelun |3htdékohtana tulisi olla kysymys, mitd lisgarvoa
yhtzistoiminnallizen prosessin automatizoinnilla saavutetaan. Talloin voidaan 16ytEa suurimmat
suoritumiseen vaikutiavat tekijat. Asiantuntijoiden mislestd yhteistydtoiminta ei nojaa puhtaast
silhen, ettd olisi kannattavaa taysin automatisoida prosesseja vaan on mietittavé mitkad tydt on
hyva allokoida ihmiselle ja mitkd coboteille. Ihmiselle sopii erityisesti tarkkuutta (dexterity) ja
ongelman ratkaisua vaativat tehtdvat, jolloin cobotti pddsee keskittyd prosessiltaan monotonisin
ja toistuviin tdikin.

Kokoonpanoprosessin kywykkyvksien kannalta huomioconotettavaa on useiden tehtdvien tarve
ulottuville laitteille. Autoteollisuuden kokoonpanoprosessissa ulottuvuus korostuu, sillé harvoin
asennustoimintaa suoritetaan aivan auton kyljessa. Lisaksi cobotin on hywd pystya kasittelemain
painavampia osia, silld auton osat ovat suhteellisen raskaita. Yhteistoiminnallisessa prosessissa
cobottien turvanopeus, joka myds rajoittaa niiden prosessin kywykkyytid. Cobottien kohdalla
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prosessin kywykkyyksien sijaan olisi takaisinmaksun laskennassa hyvd tarkastella myds muita
vaihtoehtoja.

Kun keskustellaan kyvykkyyksistd, laaduntuottokyky on parannettavissa cobotden avulla.
Aziantuntjat ndkivit cobotten tuovan laadullisest hydtyd muun muassa jaljitettdvyyden ja
tarkastustoiminnan osa-alusilla. Toistuvat prosessit haastavat thmisen havainnointikykyd muun
muassa visuaalisissa tarkastuksissa. Cobotd suorittaa tehtdvan aina samalla tavalla, jolloin laatu
an aina sama.

Asiantuntijat nakivit cobotten edistivan turvallisuutta ja ergonomiaa, mutta vain oikein
implementoituna. Kuluttavimmat tyot, kuten kiristystoimenpiteet olisi hywa automatisoida, silla
ne kuormittavat ihmisen fyysistda ergonomiaa ajan kuluesza ja ndin woidaan valtEd useat
zairaspoissaclot. Samalla kun Mseddn toistavia yksinkertaisia tehtdviad allokoidaan cobotille,
voidaan olettaa ergonomian parantuvan silld se on yksi merkittdva tekijd osaltaan edistamaan
parempaa kognitiivista ergonomiza. Turvallisuoden ndkokulmasta on tarkedd mieltdd, etta
yhigistyGrobotti suorittaa tydtehtavat aina samalla tavalla. Asiantuntijoiden mukaan, kun
ymiparistd vakiotuu, stabillissa ymparistdssa clevien arvaamattomien muuttujien maara vahenes,
joka on omiaan lisdgamaan tecllisuus ympariston turvallisuutta.

GGreen impact osalta asiantuntijat eivat [Sydd suurta vaikutusta yksittdisten laitteiden kohdalta.
Asiantuntijat kertovat toimittajien enenevissd madarin alkaa tuottaa tarkempaa dataa asiakkaille
saataville. Tama life cycle assessment data kertoo muun muassa valmistuksen hiilijalanjdljests seka
elinkaaren aikaisesta arvioidusta kulutuksesta. Cobottien osalta asiantuntijat osasivat kertoa muun
muassa sen, emd nyvkyisell§En cobotit talteen otavat jarrutus/pysdytysenengiansa, jota ei ole
gikaisemmin tehty. Lisdksi asiantuntijat vakuuttavat, ettd cobottien valmistamiseen kuluu
vahemman energiaa ja materiaalia, kuin ennen. Huomioitavaa on kuitenkin s2, ettd vertailtasssa
GGreen impact vaikutuksia, koko on suurempi maaritteleva tekija. Siksi pienet teollisuusrobotit ovat
vertailussa rinnastettavissa cobottien kanssa.



