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Editors’ Preface

In times of global challenges, such as climate change, the transformation of mobility, and an
ongoing demographic change, production engineering is crucial for the sustainable advance-
ment of our industrial society. The impact of manufacturing companies on the environment and
society 1s highly dependent on the equipment and resources employed, the production processes
applied, and the established manufacturing organization. The company's full potential for cor-
porate success can only be taken advantage of by optimizing the interaction between humans,
operational structures, and technologies. The greatest attention must be paid to becoming as
resource-saving, efficient, and resilient as possible to operate flexibly in the volatile production
environment.

Remaining competitive while balancing the varying and often conflicting priorities of sustain-
ability, complexity, cost, time, and quality requires constant thought, adaptation, and the devel-
opment of new manufacturing structures. Thus, there is an essential need to reduce the com-
plexity of products, manufacturing processes, and systems. Yet, at the same time, it is also vital
to gain a better understanding and command of these aspects.

The research activities at the Institute for Machine Tools and Industrial Management (iwb) aim
to continuously improve product development and manufacturing planning systems, manufac-
turing processes, and production facilities. A company's organizational, manufacturing, and
work structures, as well as the underlying systems for order processing, are developed under
strict consideration of employee-related requirements and sustainability issues. However, the
use of computer-aided and artificial intelligence-based methods and the necessary increasing
degree of automation must not lead to inflexible and rigid work organization structures. Thus,
questions concerning the optimal integration of ecological and social aspects in all planning
and development processes are of utmost importance.

The volumes published in this book series reflect and report the results from the research con-
ducted at the iwb. Research areas covered span from the design and development of manufac-
turing systems to the application of technologies in manufacturing and assembly. The manage-
ment and operation of manufacturing systems, quality assurance, availability, and autonomy
are overarching topics affecting all areas of our research. In this series, the latest results and
insights from our application-oriented research are published, and it is intended to improve
knowledge transfer between academia and a wide industrial sector.

Ruediger Daub Gunther Reinhart Michael Zaeh
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1 Introduction

“Those who are in love with learning are in love with life.
For them change is never a problem, [...] just another exciting opportunity.”

Charles Handy (Professor and Co-Founder of London Business School)

As Charles Handy emphasizes, learning is fundamental to perceiving change as an opportunity
(WILSON 2005, p. v). In manufacturing, change is a constant factor that necessitates the contin-
uous adaptation of skills among production employees. To remain competitive — whether in
product quality or attracting skilled employees — companies must strategically manage this ad-
aptation through focused human learning initiatives. However, the growing emphasis on learn-
ing introduces new challenges, underscoring the need for structured approaches to planning and
controlling learning processes within manufacturing environments.

1.1 Current Situation

German manufacturing companies face changing conditions regarding globalization, market
shift, demographic change, and shortage of skilled workers (REINHART & ZUHLKE 2017, BRE-
QUEET AL. 2021).

Globalization leads to expanding global trade, which extends the number of competitors in in-
ternational competition. To remain competitive in Germany as a high-wage country, the de-
mands on the productivity for manufacturing processes to be economically profitable are in-
creasing. (REINHART & ZUHLKE 2017)

Another change is transitioning from a seller's to a buyer's market, characterized by an over-
supply of products that allows buyers to select both the products and producers that best meet
their needs. As a result, companies must identify and fulfill consumer demands while differen-
tiating themselves from their competitors to retain current customers and attract new ones. In
response, products are often designed and produced to individual customer specifications, lead-
ing to a rise in production variants and higher product complexity. (GROS ET AL. 2019)

To manage the complexity and high flexibility of the product mix, individualization is imple-
mented as late as possible in the production process, typically during the assembly stage. Unlike
machines, human operators can adapt swiftly and cost-effectively to changing conditions. Con-
sequently, assembly tasks are predominantly performed by people, who are well-suited to meet
the demands of flexibility and complexity inherent in this production stage. (LOCK ET AL. 2015)

In addition, demographic shifts and the shortage of skilled workers in Germany impact the
availability of human resources, resulting in fewer skilled workers in manufacturing. Figure 1-1
presents the results of annual company surveys conducted by the GERMAN CHAMBER OF INDUS-
TRY AND COMMERCE (2023a) regarding workforce availability. The industry comprises
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manufacturing companies and remains one of the sectors facing the greatest challenges in re-
cruiting suitable personnel. The shortage of skilled workers further underscores the need for
competence development within production. Companies must enable their semi-skilled and un-
skilled employees for multiple complex tasks, as hiring individuals with pre-existing compe-
tencies is no longer sufficient (GERMAN CHAMBER OF INDUSTRY AND COMMERCE 2023b,
RuUDY 2022). Additionally, employees are changing jobs more frequently within companies to
avoid physical impairments and minimize strain (ABELE & REINHART 2011). To address these
challenges, companies must prioritize and plan workplace learning properly to sustain efficient
production and ensure long-term competitiveness (BUCK & WITZGALL 2012, NIXDORF ET
AL. 2022).

Are there currently long-term unfilled positions in your company because
you cannot find suitable workers?

Services 2020 52
Services 2022 37
& Trade 2021 45 14 41
——
Trade 2022 44 11 45
Construction 2020 55 12 33
@h Construction 2021 66 9 25
axo
Construction 2022 58 9 33
Industry 2020 49
h Industry 2021 53 19, 27,
Industry 2022 58 13 29
Total 2020 51
it Total 2021 34
Total 2022 53 11 36
>
0 20 40 60 80 100

W Positions cannot be filled ®No problems in filling positions = Currently no staffing needs

Figure 1-1: Unfilled positions in Germany due to labor shortage
(GERMAN CHAMBER OF INDUSTRY AND COMMERCE 2023a)
The increasing flexibility and complexity resulting from the changes present new challenges
not only for companies but also for assembly employees. Employees are required to remember
and process various product variants specific to their workstation, necessitating the use of mul-
tiple tools and different procedures (BENGLER ET AL. 2017). Consequently, employees must ac-
quire a broader range of tasks. Currently, leaming new tasks usually takes place informally at
the workplace (GROB ET AL. 2019). This process involves assigning an employee to a work-
station where they observe an experienced colleague, followed by collaborative work, during
which the experienced worker shares insights and explains critical steps based on their own
experience. This informal learning approach can lead to inefficiencies, such as a lack of struc-
tured feedback, the potential for errors, and variable learning times depending on the interaction
between the two employees (BUCK & WITZGALL 2012). In summary, this current practice is
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msufficient, negatively impacting production planning and productivity. Systematic planning
of learning introduces a structured approach that enables targeted competence transfer and the
use of methods with the potential to enhance the learning process (BUCK & WITZGALL 2012).
As aresult, errors can be minimized, and employees can become fully productive more quickly
(GROBET AL. 2019).

1.2 Problem Statement

Currently, learning approaches are insufficiently implemented to meet the challenges outlined
in section 1.1. BURGGRAF ET AL. (2021) illustrate that the learning time required for new as-
sembly processes can vary widely, from several days up to five months (see Figure 1-2), with
nearly 70 % of cases requiring less than 20 days. In the same survey, companies reported pro-
cess times ranging from under 10 minutes to over 480 minutes, with most responses indicating
process times of less than 60 minutes. This contrast underscores that learning new assembly
tasks often requires significantly more time than executing them. This discrepancy can be mit-
igated by implementing methods and technologies designed to address the specific learning
demands of the work situation. (BURGGRAF ET AL. 2021)

Learning times in assembly

10 % l I
0% .

<5 5-20 21-50 51-100 >100

Relative share

Days

Process times in assembly

40 %

es in %

E s B

<10 10-60 61180 181—-480 > 480

Minutes

Figure 1-2: Learning and process times in assembly (BURGGRAF ET AL. 2021)
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Digitalization has introduced new opportunities for technology-supported learning (e.g., OES-
TREICH ET AL. (2019), APOSTOLOPOULOS ET AL. (2022), MONETTI ET AL. (2022)). Digital assis-
tance systems are increasingly utilized to aid employees in their daily tasks and support struc-
tured learning processes (FINK 2020). BURGGRAF ET AL. (2021) provide an example, demon-
strating efforts to reduce learning time through the use of adaptive assistance systems. However,
they noted that employee acceptance of these systems is influenced by factors such as the level
of interaction via gesture or voice control and the extent of work performance monitoring, with
64% of survey participants reporting low or very low acceptance. This example underscores
that implementing digital assistance systems alone does not automatically improve learning
processes. In another study, FINK (2020) surveyed 68 companies regarding using cognitive as-
sistance systems for employee training, knowledge enhancement, and training time reduction.
The findings indicated that cognitive assistance systems are not widely used for training or
knowledge development, and the reduction in training time was not statistically significant,
leaving the question of effectiveness unresolved.

In summary, new assistance systems are currently not the preferred solution for improving
learning processes in companies. However, organizations face increasing pressure to introduce
new learning opportunities in assembly to address the challenges outlined in section 1.1. FAST-
BERGLUND (2016) emphasizes the need to prioritize the design of human-centered learning pro-
cesses over purely technological solutions. In a human-centered approach, the organizational,
technical, and socio-cultural aspects of the learning situation must be considered, as these ele-
ments significantly influence both the learners and their learning processes (RANGRAZ & PA-
RETO 2021, TROPSCHUH ET AL. 2022). To develop an individualized learning process, it must
be tailored to the specific needs of the employee, the learning task, the company, and the pro-
duction environment, as illustrated in Figure 1-3 (TROPSCHUH ET AL. 2022).

Areas to form an individual learning process

5 &
Ecg

Figure 1-3: Individual learning process (TROPSCHUH ET AL. 2022)

In summary, the need for continuous learning within organizations increases steadily. Manu-
facturing companies focus more on learning, as efficient and error-free learning processes con-
tribute to cost savings and quality improvements (LOTTER & WIENDAHL 2012). However, com-
panies encounter challenges in finding effective methods for initiating and implementing learn-
ing for assembly employees.
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1.3 Objective and Framework

As the problem statement outlines, managing individualized learning processes in manual as-
sembly presents significant challenges for manufacturing companies. Nevertheless, effective
learning remains essential for producing complex, customized products with the required flex-
ibility in manual assembly. To achieve this, an approach is needed that empowers company
managers to design individualized learning processes systematically and efficiently. This man-
agement approach must integrate individuals' needs and established knowledge of human leamn-
ing and assembly processes. By doing so, effective learning processes no longer rely on a single
experienced individual but are tailored to fit the specific learning context.

Objective

The overall objective of the dissertation is to enable companies to manage individualized learn-
ing processes in manual assembly. The scientific work results in a methodology for planning
and controlling individualized learning processes in manual assembly, helping companies ad-
dress industry challenges such as product individualization and skills shortages.

To create the methodology, the following three research questions (RQ) are answered:

RQ1: How can learning measures be systematically selected to plan individualized leaming
processes in manual assembly?

RQ2: Which evaluation measures check learning processes in manual assembly, and how can
a suitable evaluation measure be selected?

RQ3: How can learning processes in manual assembly be individually managed, incorporating
active employee involvement?

Framework

The manufacturing industry has been a major contributor to Germany's economic strength for
decades, forming a crucial foundation of national wealth (ABELE & REINHART 2011). Since
2017, order volumes in the manufacturing sector have increased significantly domestically and
internationally (DESTATIS 2023). Within the manufacturing industry, assembly represents a
core component of production, with assembly steps accounting for approximately 15 % to 70 %
of the total production time (LOTTER & WIENDAHL 2012) and contributing up to 70 % of the
value added in the overall production process (ABELE & REINHART 2011). These figures high-
light the critical role of assembly within the production cycle. Consequently, this dissertation
focuses on assembly, specifically manual assembly, where the significance of human involve-
ment and the associated challenges are most pronounced. It is important to note that this disser-
tation considers manual assembly solely within the context of industrial production, explicitly
excluding assembly in trade. A detailed description of assembly processes and the relevant
framework conditions for this dissertation is provided in section 2.1.
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1.4 Scientific Procedure and Structure of the Work

According to ULRICH & HILL (1976), science encompasses both formal and real sciences, with
real sciences further divided into fundamental and applied sciences. Fundamental sciences seek
to explain empirical segments of reality, while applied sciences examine alternative courses of
human action. Engineering sciences bridge fundamental and applied sciences by providing sci-
entifically grounded explanations and descriptions for complex systems and deriving practical
guidelines addressing societal challenges. This dissertation aligns with engineering sciences,
incorporating aspects of social science from applied sciences. It aims to deliver a methodology
for instruction, grounded in scientific descriptions of the complex learning processes in manual
assembly.

A core element of engineering science, based on its scientific position, is the integration of
analytical and conceptual components within the research process, fostering a problem-based
analytical perspective. To ensure comprehensive and objective outcomes, it is essential to de-
fine both the heuristic framework guiding the research and the scientific approach it follows.
This framework draws from KUBICEK (1976), while the scientific approach relies on the Design
Research Methodology (DRM) by BLESSING & CHAKRABARTI (2009).

A heuristic framework delineates the system and its contextual factors essential for structured
problem-solving and supports an iterative scientific approach to gaining new insights. This ap-
proach underscores the integration of diverse stakeholders and expertise throughout the re-
search process (KUBICEK 1976, ULRICH & HILL 1976). Reflecting the interdisciplinary nature
of engineering sciences, this dissertation draws on multiple research areas, as illustrated in Fig-
ure 1-4, which influence the management of individualized leaming processes in manual as-
sembly. Industrial engineering provides the economic context relevant to manufacturing com-
panies, while assembly encompasses the organizational and structural factors critical to man-
aging individualized learning. The increasing use of assistance systems in assembly necessitates
their consideration in planning learning processes. Finally, individualized learning processes
center on human factors, thereby drawing on occupational psychology and ergonomics to in-
form the initiation and implementation of tailored learning processes.

-

Industrial
Engineering

e

Occupational
Psychology

-

Assembly

}

in Manual Assembly

Assistance
Systems

Managing Individualized Learning Processes

™~

Human Factors

~

/

Figure 1-4: Heuristic framework for the dissertation
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As outlined in section 1.3, the objective of this dissertation is to develop a methodology that
supports the design of learning processes. To achieve this, the dissertation follows the DRM by
BLESSING & CHAKRABARTI (2009), a structured methodology comprising four goal-oriented
phases adaptable to varying degrees of depth and iteration. DRM is specifically tailored for
research projects, aiming to support or elucidate existing issues rather than producing commer-
cially viable solutions. The four DRM phases are: Research Clarification, Descriptive Study I,
Prescriptive Study, and Descriptive Study II, each of which can be conducted with an initial,
review-based, or comprehensive scope. Depending on the sequence and depth of each phase,
BLESSING & CHAKRABARTI (2009) define seven distinct research types. This dissertation aligns
with type 3, starting with a review-based Research Clarification and Descriptive Study I, fol-
lowed by a comprehensive Prescriptive Study, and concluding with an initial Descriptive
Study II (Figure 1-5).

1 1
Phases Results : Structure of the Work : Publications

: : P1 P2| | P3 P4
1 1
1 1
Research L. a Chapter 1 ;
1 1

Clarification > OhiEchEs 1 Section 4.1 1 X X x X
1 1
1 1
1 1
1 1
1 1
1 1
Descriptive . ! Chapter 2 !

Study T > Understanding : Tz 5 : b3 X X X
1 1
1 1
1 1
1 1
1 1
1 1
Prescriptive . ! Section 4.2 !

Study > Rl : Section 4.3 : * * * ¥
— | 1
1 1
1 1
1 1
1 1
1 1
Descriptive . ! Chapter 5 1

Study IT > Evaluation : Chapter 6 : * *
1 1
1 1

Figure 1-5: Structure of the thesis, based on BLESSING & CHAKRABARTI (2009)

The Research Clarification is primarily presented in chapter 1, which summarizes the current
situation and challenges surrounding learning processes in manual assembly. This review-based
phase also outlines the requirements in section 4.1. Descriptive Study I, conducted through
literature reviews, identifies the existing research gap related to the objectives defined in the
Research Clarification, with results detailed in chapters 2 and 3. Based on these findings, the
Prescriptive Study encompasses the development of the methodology, as described in
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sections 4.2 and 4.3. Chapters 5 and 6 primarily present Descriptive Study II, focusing on eval-
uating the research outcomes of the Prescriptive Study. Due to the publication-based structure
of this dissertation, each publication applies the DRM phases individually: Publications 1 and
3 follow DRM type 2, covering Research Clarification, Descriptive Study I, and Prescriptive
Study. Publication 1 introduces the methodology concept, while Publication 3 defines litera-
ture-based requirements for digital learning tools. Publications 2 and 4 align with DRM type 3,
mirroring the dissertation's structure by concentrating on specific aspects of the methodology,
as elaborated in section 4.2.



2 Fundamentals

The following chapter presents the foundational concepts relevant to this dissertation. Aligned
with the DRM framework, this chapter constitutes part of Descriptive Study I, providing an
overview of assembly and manual work (section 2.1) as well as competence development and
learning within the context of manual assembly (section 2.2).

2.1 Assembly and Manual Work

Assembly constitutes a crucial part of production, employing many individuals due to the high
proportion of manual work involved. Section 2.1.1 provides an in-depth assembly description,
emphasizing its technical and organizational aspects. This is followed by a definition of manual
assembly in section 2.1.2 and an exploration of the relationship between humans and manual
assembly in section 2.1.3.

2.1.1 Assembly Systems

Production refers to “physically making a product from its material constituents” (CIRP 2004,
p- 6). This definition encompasses sectors such as manufacturing industries, crafts, agriculture,
forestry, and the arts (ABELE & REINHART 2011)!. This dissertation focuses on the manufactur-
ing industries, particularly the metalworking, mechanical, and electrical engineering sectors, as
outlined in CIRP (2020c), due to the significance of assembly processes in these areas. Produc-
tion within these sectors includes material and components processing, and assembly (CAG-
GIANO 2019).

In assembly, individual parts are combined to create a unit or a product (HU 2019), typically
resulting in a more complex function than the individual components alone (WARNECKE ET
AL. 1975). Assembly processes encompass joining, part handling, adjustment, and inspection
tasks (HU 2019). The assembly process is defined by the specific actions performed and the
time required to execute them. The primary function of assembly—joining—involves “creating
a connection between two or more solid objects with a geometrically defined shape or between
such objects and shapeless material” (CIRP 2020c, p. 41), representing the value-adding actions
within an assembly. Other processes support this value-adding function as needed.

Within this general framework, assembly systems are primarily distinguished by their organi-
zational structure (see Figure 2-1). Three key criteria define these structures: the movement of
the assembly product, the movement of the workstation, and the degree of work division. Both
the assembly product and workstation may be either stationary or mobile. The combination of
these attributes yields five main organizational forms: fixed-position, group, sequential, flow,

! Definitions of German references are translated according to CIRP (2020b).
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and single-workplace assembly. (CIRP 2020a, ALEXOPOULOS ET AL. 2019, WIENDAHL ET
AL. 2014, WARNECKE 1995)

Fixed-position assembly is used for large and complex products that are difficult to move. In
this approach, both the product and workstation remain stationary, while multiple employees
work on the product simultaneously (EVERSHEIM 1989). Group assembly involves mobile prod-
ucts and workstations within a team of employees who collectively carry out all tasks (LOTTER
& WIENDAHL 2006). In both sequential and flow assembly, the product is mobile while the
workstations remain stationary, with tasks divided among different workstations. Flow assem-
bly features a continuous product movement from one workstation to the next, whereas sequen-
tial assembly allows for intermittent movement (EVERSHEIM 1989). In single-workplace assem-
bly, both the product and workstation are stationary, and one employee completes all tasks
independently, resulting in no division of labor as seen in the other forms (CIRP 2020a, LOTTER
& WIENDAHL 2006). Among systems with divided tasks, the degree of interdependence be-
tween employees varies. For instance, in flow assembly, employees are highly dependent on
one another due to the continuous product movement, which allows each worker only a specific
timeframe to complete their task before the product advances to the next position. This setup
directly influences the performance expectations of each employee.

Fixed position assembly D

& = ﬁﬂﬂg

O —
0* [

Group assembly Sequential assembly

Flow assembly Single workplace assembly

o o o
o o o
EEE[IRS -

Figure 2-1: Different organizational forms of assembly according to CIRP (2020a)
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2.1.2 Manual Assembly

In manual assembly, employees execute tasks using their hands, dexterity, sensory perception,
and intelligence with the assistance of tools and devices (LOTTER & WIENDAHL 2012). This
process can be broadly characterized as sensorimotor activity. Assembly is considered manual
when it requires a substantial amount of human labor, contrasting with automated assembly
(LIEN 2019, WARNECKE ET AL. 1975). Manual assembly proves advantageous for products with
low sales volumes, numerous variants, a high number of components, short product life cycles,
or complex assembly processes. While it demands lower capital investment, it necessitates a
larger workforce, leading to higher ongoing labor costs. (HINRICHSEN & RIEDIGER 2016)

Manual assembly requires coordinating human labor and technical production resources to
manufacture products. A central challenge lies in organizing these two elements within a socio-
technical framework (EMERY & THORSRUD 1982). Socio-technical systems integrate social sys-
tems — describing human interactions — and technical systems, necessitating a thorough exam-
ination of both and their respective characteristics to understand the dynamics of their interac-
tion (EMERY & THORSRUD 1982). This dissertation focuses on socio-technical systems within
manual assembly settings, where human operators at the manual workstation interact with the
technical equipment essential for executing assembly tasks. Together, these components con-
stitute the work and assembly systems, which shape the environmental factors influencing the
manual workplace, as illustrated in Figure 2-2 (REFA 1978).

Assembly Task

The assembly task refers to a set of defined procedures executed by one or more employees
within a predefined time. This dissertation uses the terms assembly task and work task inter-
changeably. (REFA 1978)

Manual Workplace
The manual workplace is a designated area where one or more employees perform predefined
work tasks. In this setting, operations are executed manually, incorporating human-controlled
equipment such as power screwdrivers. (LIEN 2019) The manual workplace is determined by
the working employees, equipment, the work environment, and the specific work task
(DIN EN ISO 6385).

Assembly System including Work System

An assembly system consists of the arrangements and facilities necessary to complete assembly
tasks (REINHART 2019). Within a manual assembly system, numerous work systems are orga-
nized. A work system is defined as the “overall system to fulfill a task, characterized by oper-
ating procedures, resources, inputs, outputs, and environmental influences” (CIRP 2020d, p. 8).

As the primary resource in manual assembly, employees face new challenges, as outlined in
chapter 1. They are critical in determining product quality and assembly time (SELIGER 2020).
Performing these tasks requires a range of competencies, which may need adjustment due to
variations in products, parts, or new tools and processes (HOLTEWERT 2012). The next section
provides an overview of the role of employees in manual assembly.

11
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——Assembly System

Arrangement of facilities for the assembly of one or more products

— Work System

Operating procedures, resources, inputs, outputs, and environmental influences

— Assembly Task
Defined procedure and time

influences

— Manual Workplace

Environmental

Task
procedure

Iniut

Figure 2-2: Overview of the sociotechnical work system as part of the assembly systems,
according to REFA (1978)

2.1.3 Humans and Manual Assembly

This dissertation defines two primary groups: assembly employees and production-related man-
agers.

Assembly employees, also referred to as workers, perform direct production tasks that contribute
to value creation. This group does not include Managers and logistics employees. (TEUBNER ET
AL. 2016)

The term manager refers to an individual who “control[s] or organize[s] someone or some-
thing” (CAMBRIDGE UNIVERSITY PRESS & ASSESSMENT 2024). Production-related managers
organize the activities of production employees and manage tasks directly affecting the work
of assembly employees. This group includes foremen, team leaders, and, depending on the con-
text, relevant production engineers, quality experts, and human resources managers.

In section 2.1.2, several attributes that define each workplace are outlined. Based on these at-
tributes, companies perform assessments to determine key requirements for an employee at a
particular workplace. Various assessments, such as ergonomic and competence assessments,
are described in the literature and form the basis for assigning employees to workplaces, defin-
ing both physical and cognitive requirements. Given the focus of this dissertation, this section
emphasizes competence assessments, which are essential for informed decisions regarding em-
ployee competence development. To conduct competence assessments effectively, specific em-
ployee attributes must first be defined. (BUCK & WITZGALL 2012, REFA 1976)

According to DIN EN ISO 6385, an employee possesses skills and abilities. Skills refer to psy-
cho-physical actions rooted in an individual’s psychological and physical attributes that,
through practice, become automated and develop into abilities. Skills and abilities build on pre-
vious experiences and knowledge and can be cultivated over time (ERPENBECK & SAU-
TER 2013). Knowledge, as described by NORTH (2016), is individual-dependent, formed in
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context through a process that transforms data (raw symbols) and information (contextualized
data) into meaningful insights. ERPENBECK (2008) differentiates between knowledge in the nar-
row sense —information, expertise, and factual knowledge based on data, also known as explicit
knowledge (BECKER-CARUS & WENDT 2016) — and knowledge in the broad sense, or implicit
knowledge, which integrates values, norms, emotions, and experiences. While people may not
always consciously recognize implicit knowledge, it underpins perceptual, motor, and cognitive
skills acquired through experience (BECKER-CARUS & WENDT 2016, SCHILLING &
KLUGE 2013, TENBERG 2011). Within organizations, knowledge can be further categorized into
activity, process, and job knowledge, with activity and process knowledge being most relevant
to assembly. Activity knowledge encompasses fundamental operations such as fastening, while
process knowledge includes understanding the operations' sequence and interdependencies
(DOMBROWSKI ET AL. 2002). Qualifications emerge when knowledge, skills, and abilities are
recorded and certified for performing specific tasks (ERPENBECK & SAUTER 2013).

Knowledge, skills, abilities, and qualifications form the basis of competencies, as shown in
Figure 2-3 (ERPENBECK & SAUTER 2013). Competencies represent the mental or physical ca-
pacities to act independently and creatively in uncertain situations (ERPENBECK ET AL. 2017).
They are acquired through practice based on knowledge, skills, abilities, and qualifications and
cannot be directly taught (ERPENBECK & SAUTER 2013). In the industrial context, competencies
are performance-based (SIEGERT ET AL. 2020), with performance representing the observable
application of competencies, providing a basis for evaluating how effectively competencies
meet objectives in complex scenarios (NORTH ET AL. 2018, EULER 2020).

Competency

Qualification

Figure 2-3: Relationship between competency, qualification, knowledge, skill, and ability

Competence structure and level models are used to describe employees' competencies. Struc-
ture models outline the competencies required for specific workplaces based on the assembly
task description and emphasize the connection between competencies, the job, equipment, and
product, noting that competencies cannot easily transfer to different workplaces with changing
circumstances. Competence level models, by contrast, enable the ranking of competencies, de-
picting them as scalable attributes. (BREITKOPF 2018)

The four-level ILUO model, developed by BUCK & WITZGALL (2012), is widely applied in as-
sembly. In this model, ‘I’ represents a beginner with minimal knowledge and skill in the com-
petency area. ‘L’ denotes basic qualification, where the employee possesses the necessary task
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knowledge but limited experience, resulting in low skill. An advanced employee, or level ‘U,
has significant knowledge and application experience, with the skills and abilities required for
the task. The expert level, ‘O’, indicates routine proficiency, with broad knowledge, skills, and
abilities, enabling the employee to fully master the competency. Experts can technically explain
their work and mentor novice workers in the assembly task.(BREITKOPF 2018)

2.2 Learning in Manual Assembly

As outlined above, competencies are essential for employees to effectively perform work tasks
at their respective workplaces. However, employees must be given the opportunity and time to
develop these competencies. To enhance understanding of the competence development and
learning process, section 2.2.1 examines the relationships between key concepts in competence
development, section 2.2.2 provides an overview of relevant models and methods for learning,
and section 2.2.3 addresses the evaluation of learning within manual assembly.

2.2.1 Definitions

MAIER & SCHULZ (2023) noted that numerous terms are used interchangeably to describe com-
petence development processes. A literature review of English and German books and research
articles examined how researchers and industry professionals define concepts related to com-
petence development in manual assembly. Over 200 definitions and concepts were compared
and distilled into the Arrow of Human Resources Development, illustrated in Figure 2-4. The
arrow shape represents how human resources development (HRD) processes build on prior
stages and enable future ones.

Competence Development

.

1Apprenticeship! R Acquisition
of experience

Learning

Practicing Acquisition

of experience
Training

Stripped: Relevant aspects for company perspective Dotted: core process
Color filled: Relevant aspects for individual employee development of sensorimotor activities

Figure 2-4: Arrow of human resources development (MAIER & SCHULZ 2023)
Human Resources Development

HRD encompasses corporate strategies for education and “the organization of corporate teach-
ing processes” (MAIER & SCHULZ 2023, p. 1483). It implements approaches to “close
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190 Seiten - ISBN 978-3-8316-0249-0
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Kausystems

132 Seiten - ISBN 978-3-8316-0251-3

Joachim Berlak: Methodik zur strukturierten Auswahl von

Auftragsabwicklungssystemen

244 Seiten - 1SBN 978-3-8316-0258-2
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181 Seiten - ISBN 978-3-8316-0292-6

Volker Weber: Dynamisches Kostenmanagement in
I entrierten Unterneh werken

230 Seiten - ISBN 978-3-8316-0330-5

Thomas Bongardt: Methode zur Kompensation betriebsabhangiger

Einfliisse auf die Absolutgenauigkeit von Industrierobotern

170 Seiten - ISBN 978-3-8316-0332-9

Tim Angerer: Effizienzsteigerung in der automatisierten Montage

durch aktive Nutzung mechatronischer Produktkomponenten

180 Seiten - ISBN 978-3-8316-0336-7

Alexander Kriiger: Planung und Kapazitdtsabstimmung

stiickzahlflexibler Montagesysteme

197 Seiten - ISBN 978-3-8316-0371-8

Matthias Meindl: Beitrag zur Entwicklung generativer

Fertigungsverfahren fiir das Rapid Manufacturing

236 Seiten - ISBN 978-3-8316-0465-4
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Montage mit Hilfe der Virtuellen Produktion am Beispiel der

Automobilindustrie

190 Seiten - ISBN 978-3-8316-0467-8

Thomas Mosandl: Qualitétssteigerung bei automatisiertem

Klebstoffauftrag durch den Einsatz optischer Konturfolgesysteme

182 Seiten - ISBN 978-3-8316-0471-5

(hristian Patron: Konzept fiir den Einsatz von Augmented Reality in

der Montageplanung

150 Seiten - ISBN 978-3-8316-0474-6

Robert Cisek: Planung und Bewertung von Rekonfigurationsprozessen
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200 Seiten - ISBN 978-3-8316-0475-3

Florian Auer: Methode zur Simulation des Laserstrahlsct

unter Beriicksichtigung der Ergebnisse vorangegangener

Umformsimulationen
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Carsten Selke: Entwicklung von Methoden zur automatischen
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137 Seiten - ISBN 978-3-8316-0495-1
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Markus Seefried: Simulation des Prozessschrittes der
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Michael Schilp: Auslegung und Gestaltung von Werkzeugen zum
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Sven Roeren: Komplexitatsvariable Einflussgrofen fiir die
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Telepresence Systems with Prediction and Inertia
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Michael Ehrenstrafer: Sensoreinsatz in der teleprasenten
Mikromontage
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Digitalen Fabrik
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Mobilitét in der Produktion
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planungsbegleitende Generierung und Bewertung von
Produktionsalternativen
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Planung produktionstechnischer Systeme

246 Seiten - ISBN 978-3-8316-0753-2

Klaus Schlickenrieder: Methodik zur Prozessoptimierung beim
automatisierten elastischen Kleben groBflachiger Bauteile

204 Seiten - ISBN 978-3-8316-0776-1

Niklas Moller: Bestimmung der Wirtschaftlichkeit wandlungsfahiger
Produktionssysteme

260 Seiten - ISBN 978-3-8316-0778-5

Daniel Siedl: Simulation des dynamischen Verhaltens von
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Dirk Ansorge: Auftragsabwicklung in heterogenen
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automatisierter Produktionssysteme
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Thomas Oertli: Strukturmechanische Berechnung und
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die Ablauf- und Strukturgestaltung in Fabrikplanungsprojekten
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Tobias Hornfeck: Laserstrahlbiegen komplexer Aluminiumstrukturen
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150 Seiten - ISBN 978-3-8316-0826-3

Hans Egermeier: Entwicklung eines Virtual-Reality-Systems fiir die
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Matthdus Sigl: Ein Beitrag zur Entwicklung des
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Florian Hagemann: Ein formflexibles Werkzeug fiir das Rapid Tooling
beim SpritzgieBen

244 Seiten - ISBN 978-3-8316-0861-4

Haitham Rashidy: Knowledge-based quality control in manufacturing
processes with application to the automotive industry

226 Seiten - ISBN 978-3-8316-0862-1

Wolfgang Vogl: Eine interaktive raumliche Benutzerschnittstelle fiir
die Prog ierung von Industrierok

248 Seiten - 15BN 978-3-8316-0869-0

Sonja Schedl: Integration von Anforderungsmanagement in den
mechatronischen Entwicklungsprozess

176 Seiten - ISBN 978-3-8316-0874-4

Andreas Trautmann: Bifocal Hybrid Laser Welding - A Technology for
Welding of Aluminium and Zinc-Coated Steels

314 Seiten - ISBN 978-3-8316-0876-8

Patrick Neise: Managing Quality and Delivery Reliability of Suppliers
by Using Incentives and Simulation Models

226 Seiten - ISBN 978-3-8316-0878-2

Christian Habicht: Einsatz und Auslegung zeitfensterbasierter
Planungssysteme in iiberbetrieblichen Wertschopfungsketten

204 Seiten - ISBN 978-3-8316-0891-1

Michael Spitzweg: Methode und Konzept fiir den Einsatz eines
physikalischen Modells in der Entwicklung von Produktionsanlagen
180 Seiten - ISBN 978-3-8316-0931-4

Ulrich Munzert: Bahnplanungsalgorithmen fiir das robotergestiitzte
Remote-LaserstrahlschweiBen

176 Seiten - ISBN 978-3-8316-0948-2

Georg Vollner: RiihrreibschweiBen mit Schwerlast-Industrierobotern
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Nils Miiller: Modell fiir die Beherrschung und Reduktion von
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286 Seiten - ISBN 978-3-8316-0992-5
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Produktion als permanente Aufgabe
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Christian Lau: Methodik fiir eine selbstoptimierend
Produktionssteuerung

204 Seiten - ISBN 978-3-8316-4012-6

Christoph Rimpau: Wissensbasierte Risikobewertung in der
Angebotskalkulation fiir hochgradig individualisierte Produkte
268 Seiten - ISBN 978-3-8316-4015-7

Michael Loy: Modulare Vibrationswendelforderer zur flexiblen
Teilezufiihrung

190 Seiten - [SBN 978-3-8316-4027-0

Andreas Eursch: Konzept eines immersiven Assistenzsystems mit
Augmented Reality zur Unterstiitzung manueller Aktivitaten in
radioaktiven Produktionsumgebungen

226 Seiten - ISBN 978-3-8316-4029-4

Florian Schwarz: Simulation der Wechselwirkungen zwischen Prozess
und Struktur bei der Drehbearbeitung

282 Seiten - ISBN 978-3-8316-4030-0

Martin Georg Prasch: Integration leistungsgewandelter Mitarbeiter in
die variantenreiche Serienmontage

261 Seiten - ISBN 978-3-8316-4033-1

Johannes Schilp: Adaptive Montagesysteme fiir hybride Mikrosysteme
unter Einsatz von Teleprasenz

192 Seiten - ISBN 978-3-8316-4063-8

Stefan Lutzmann: Beitrag zur Prozessheherrschung des
Elektronenstrahlschmelzens

242 Seiten - ISBN 978-3-8316-4070-6

Gregor Branner: Modellierung transienter Effekte in der
Struktursimulation von Schichtbauverfahren

230 Seiten - ISBN 978-3-8316-4071-3
Josef Ludwig Zi Eine Method|
beriihrungslos arbeitender H
186 Seiten - ISBN 978-3-8316-4091-1

(Clemens Pornbacher: Modellgetriebene Entwicklung der
Steuerungssoftware automatisierter Fertigungssysteme

280 Seiten - ISBN 978-3-8316-4108-6

Alexander Lindworsky: Teil ische Generierung von
Simulationsmodellen fiir den entwicklungsbegleitenden
Steuerungstest

294 Seiten - ISBN 978-3-8316-4125-3

Michael Mauderer: Ein Beitrag zur Planung und Entwicklung von
rekonfigurierbaren mechatronischen Systemen — am Beispiel von
starren Fertigungssystemen

148 Seiten - 15BN 978-3-8316-4126-0

Roland Mork: Qualitatsbewertung und -regelung fiir die Fertigung
von Karosserieteilen in Presswerken auf Basis Neuronaler Netze
228 Seiten - ISBN 978-3-8316-4127-7

Florian Reichl: Methode zum Management der Kooperation von
Fabrik- und Technologieplanung

224 Seiten - 15BN 978-3-8316-4128-4

Paul Gebhard: Dynamisches Verhalten von Werkzeugmaschinen bei
Anwendung fiir das RiihrreibschweiBen

220 Seiten - ISBN 978-3-8316-4129-1

Michael Heinz: Modellunterstiitzte Auslegung beriihrungsloser
Ultraschallgreifsysteme fiir die Mikrosystemtechnik

302 Seiten - ISBN 978-3-8316-4147-5

Pascal Krebs: Bewertung vernetzter Produktionsstandorte unter
Beriicksichtigung multidimensionaler Unsicherheiten

244 Seiten - ISBN 978-3-8316-4156-7

Gerhard StrafSer: Greiftechnologie fiir die automatisierte Handhabung
von technischen Textilien in der Faserverbundfertigung

290 Seiten - ISBN 978-3-8316-4161-1
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Frédéric-Felix Lacour: Modellbildung fiir die physikbasierte Virtuelle
Inbetriel materialflussi iver Produktionsanlagen
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Thomas Hensel: Modellbasierter Entwicklungsprozess fiir
Automatisierungslosungen

184 Seiten - ISBN 978-3-8316-4167-3

Sherif Zaidan: A Work-Piece Based Approach for Programming
Cooperating Industrial Robots

212 Seiten - 1SBN 978-3-8316-4175-8

Hendrik Schellmann: Bewertung kundenspezifischer

M flexibilitat im Wertschor
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Marwan Radi: Workspace scaling and haptic feedback for industrial
telepresence and teleaction systems with heavy-duty teleoperators
172 Seiten - ISBN 978-3-8316-4195-6

Markus Ruhstorfer: RiihrreibschweiBen von Rohren

206 Seiten - ISBN 978-3-8316-4197-0

Riidiger Daub: Erhohung der Nahttiefe beim Laserstrahl-
WarmeleitungsschweiRen von Stahlen

182 Seiten - ISBN 978-3-8316-4199-4

Michael Ott: Multimaterialverarbeitung bei der additiven strahl- und
pulverbettbasierten Fertigung

220 Seiten - ISBN 978-3-8316-4201-4

Martin Ostgathe: System zur produktbasierten Steuerung von
Ablaufen in der auftragsbezogenen Fertigung und Montage

278 Seiten - ISBN 978-3-8316-4206-9

Imke Nora Kellner: Materialsysteme fiir das pulverbettbasierte
3D-Drucken

208 Seiten - ISBN 978-3-8316-4223-6

Florian Oefele: Remote-Laserstrahlschweien mit brillanten
Laserstrahlquellen

238 Seiten - ISBN 978-3-8316-4224-3

(laudia Anna Ehinger: Automatisierte Montage von Faserverbund-
Vorformlingen

252 Seiten - ISBN 978-3-8316-4233-5

Tobias Zeilinger: Laserbasierte Bauteillagebestimmung bei der
Montage optischer Mikrokomponenten

220 Seiten - ISBN 978-3-8316-4234-2

Stefan Krug: Automatische Konfiguration von Robotersystemen
(Plug&Produce)

208 Seiten - ISBN 978-3-8316-4243-4

Marc Lotz: Erhdhung der Fertigung: igkeit beim Schwung
ReibschweiBen durch modellbasierte Regelungsverfahren
220 Seiten - ISBN 978-3-8316-4245-8

William Brice Tekouo Moutchiho: A New Programming Approach for
Robot-based Flexible Inspection systems

226 Seiten - ISBN 978-3-8316-4247-2

Matthias Waibel: Aktive Zusatzsysteme zur Schwingungsreduktion an
Werkzeugmaschinen

158 Seiten - ISBN 978-3-8316-4250-2

Christian Eschey: Maschinenspezifische Erhdhung der Prozessfahigkeit
in der additiven Fertigung

216 Seiten - ISBN 978-3-8316-4270-0

Florian Aull: Modell zur Ableitung effizienter
Implementierungsstrategien fiir Lean-Production-Methoden

270 Seiten - ISBN 978-3-8316-4283-0

Marcus Hennauer: Entwicklungsbegleitende Prognose der
mechatronischen Eigenschaften von Werkzeugmaschinen

214 Seiten - 15BN 978-3-8316-4306-6

Alexander Gotzfried: Analyse und Vergleich fertigungstechnischer
Prozessketten fiir Flugzeugtriebwerks-Rotoren

220 Seiten - 15BN 978-3-8316-4310-3

Saskia Reinhardt: Bewertung der Ressourceneffizienz in der
Fertigung

232 Seiten - ISBN 978-3-8316-4317-2
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Fabian J. Meling: Methodik fiir die Rekombination von
Anlagentechnik

192 Seiten - ISBN 978-3-8316-4319-6

Jorg Egbers: |dentifikation und Adaption von Arbeitsplatzen

fiir leistungsgewandelte Mitarbeiter entlang des
Montageplanungsprozesses

192 Seiten - ISBN 978-3-8316-4328-8

Max von Bredow: Methode zur Bewertung der
Wirtschaftlichkeit und des Risikos unternehmensiibergreifender

Wertschopf jonen in der A rie

204 Seiten - ISBN 978-3-8316-4337-0

Tobias Philipp: RFID-gestiitzte Produktionssteuerungsverfahren fiir
die Herstellung von Bauteilen aus Faserverbundk ff

142 Seiten - 15BN 978-3-8316-4346-2

Stefan Rainer Johann Braunreuther: Untersuchungen zur
Lasersicherheit fiir Materialbearbeitungsanwendungen mit
brillanten Laserstrahlquellen

232 Seiten - ISBN 978-3-8316-4348-6

Johannes Pohl: Adaption von Produktionsstrukturen unter
Beriicksichtigung von Lebenszyklen

202 Seiten - ISBN 978-3-8316-4358-5

Mathey Wiesbeck: Struktur zur Reprasentation von

Mont: ] fiir die si ientierte Werkerfiihrung
194 Seiten - [SBN 978-3-8316-4369-1

Sonja Huber: In-situ-Legierungshestimmung beim
LaserstrahlschweiRen

206 Seiten - ISBN 978-3-8316-4370-7

Robert Wiedenmann: Prozessmodell und Systemtechnik fiir das
laserunterstiitzte Frasen

220 Seiten - ISBN 978-3-8316-4384-4

Thomas Irrenhauser: Bewertung der Wirtschaftlichkeit von RFID im
Wertschdpfungsnetz

242 Seiten - ISBN 978-3-8316-4404-9

Jens Hatwig: Automatisierte Bahnplanung fiir Industrieroboter und
Scanneroptiken bei der Remote-Laserstrahlbearbeitung

196 Seiten - [SBN 978-3-8316-4405-6

Matthias Baur: Aktives Dampfungssystem zur Ratterunterdriickung
an spanenden Werkzeugmaschinen

210 Seiten - ISBN 978-3-8316-4408-7

Alexander Schober: Eine Methode zur Warmequellenkalibrierung in
der SchweiBstrukursimulation

198 Seiten - ISBN 978-3-8316-4415-5

Matthias Glonegger: Beriicksichtigung menschlicher
Leistungsschwankungen bei der Planung von
VariantenflieBmontagesystemen

214 Seiten - ISBN 978-3-8316-4419-3

Markus Kahnert: Scanstrategien zur verbesserten Prozessfilhrung
beim Elektronenstrahlschmelzen (EBM)

228 Seiten - ISBN 978-3-8316-4416-2

Sebastian Schindler: Strategische Planung von Technologieketten fiir

die Produktion

220 Seiten - ISBN 978-3-8316-4434-6

Tobias Fickerer: Methode zur rechnergestiitzten Prozessgestaltung
des Schleifhértens

128 Seiten - ISBN 978-3-8316-4448-3

Riidiger Spillner: Einsatz und Planung von Roboterassistenz zur
Beriicksichtigung von Leistungswandlungen in der Produktion
286 Seiten - ISBN 978-3-8316-4450-6

Daniel Schmid: RiihrreibschweiBen von Aluminiumlegierungen mit
Stahlen fiir die Automobilindustrie

300 Seiten - ISBN 978-3-8316-4452-0

Florian Karl: Bedarfsermittlung und Planung von Rekonfigurationen

an Betriebsmitteln
222 Seiten - ISBN 978-3-8316-4458-2
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Philipp Ronald Engelhardt: System fiir die RFID-gestiltzte
ituationshasierte Produktionssteuerung in der auftragsbezogenen
Fertigung und Montage

246 Seiten - ISBN 978-3-8316-4472-8

Markus Graf3l: Bewertung der Energieflexibilitat in der Produktion
202 Seiten - ISBN 978-3-8316-4476-6

Thomas Kirchmeier: Methode zur Anwendung der beriihrungslosen
Handhabung mittels Ultraschall im automatisierten Montageprozess
196 Seiten - ISBN 978-3-8316-4478-0

Oliver Rdsch: Steigerung der Arbeitsgenauigkeit bei der
Fréshearbeitung metallischer Werkstoffe mit Industrierobotern
214 Seiten - ISBN 978-3-8316-4486-5

Christoph Sieben: Entwicklung eines Prognosemodells zur
prozesshegleitenden Beurteilung der Montagequalitét von
Kolbendichtungen

194 Seiten - ISBN 978-3-8316-4510-7

Philipp Alexander Schmidt: LaserstrahlschweiBen elektrischer
Kontakte von Lithium-lonen-Batterien in Elektro- und
Hybridfahrzeugen

190 Seiten - ISBN 978-3-8316-4519-0

Yi Shen: System fiir die Mensch-Roboter-Koexistenz in der
FlieBmontage

230 Seiten - ISBN 978-3-8316-4520-6

Thomas Bonin: Moderne Ordnungsreduktionsverfahren fiir die
Simulation des dynamischen Verhaltens von Werkzeugmaschinen
274 Seiten - 1SBN 978-3-8316-4522-0

Jan Daniel Musiol: Remote-Laserstrahl-Abtragschneiden

168 Seiten - ISBN 978-3-8316-4523-7

Emin Genc: Friit fiir ein adaptives Sto

234 Seiten - 15BN 978-3-8316-4525-1

Mirko Langhorst: Beherrschung von SchweiBverzug und
SchweiBeigenspannungen

252 Seiten - 1SBN 978-3-8316-4524-2

Markus Schweier: Simulative und experimentelle Untersuchungen

zum LaserschweiBen mit Strahloszillation

284 Seiten - ISBN 978-3-8316-4536-7

Florian Geiger: System zur wissensbasierten
Maschinenbelegungsplanung auf Basis produktspezifischer
Auftragsdaten

224 Seiten - ISBN 978-3-8316-4537-4

Peter Schnellbach: Methodik zur Reduzierung von
Energieverschwendung unter Beriicksichtigung von Zielgroen
Ganzheitlicher Produktionssysteme

236 Seiten - ISBN 978-3-8316-4540-4

Stefan Schwarz: Prognosefahigkeit dynamischer Simulationen von

Werkzeugmaschinenstrukturen

244 Seiten - 15BN 978-3-8316-4542-8

Markus Propster: Methodik zur kurzfristigen Austaktung

variantenreicher Montagelinien am Beispiel des Nutzfahrzeughaus
238 Seiten - ISBN 978-3-8316-4547-3

Dominik David Simon: A isierte flexible Werk um
Umformen und Spannen von Kunststoffscheiben und -schalen

234 Seiten - 1SBN 978-3-8316-4548-0

Stefan Maurer: Friihaufklarung kritischer Situati in
Versorgungsprozessen

247 Seiten - 15BN 978-3-8316-4554-1
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Beschreibung des thermoelastischen Verhaltens von
Werkzeugmaschinen
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