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Abstract

Remanufacturing is an important circular economy strategy that prolongs product
life and lowers the consumption of virgin raw materials, thereby offering both eco-
nomic and environmental benefits for companies. However, the process remains
labour-intensive because cores arrive in varying states of wear and damage, which
creates challenges for operators during their tasks.This study aims to analyse and
evaluate the ergonomic risks associated with a labour-intensive remanufacturing
workstation by applying ergonomic assessment methods. A mixed-methods ap-
proach was adopted, combining theoretical insights from the literature, semi-structured
interviews with industry and academic experts, and a simulation-based analysis with
ergonomic evaluations using the Rapid Entire Body Assessment (REBA) method
and a separate Key Indicator Method (KIM) assessment. Based on the findings
from the semi-structured interviews, the disassembly workstation was selected for
the simulation-based ergonomics analysis. Three scenarios were modelled and eval-
uated with REBA in the simulation, while KIM was applied independently to de-
termine the physical workload.The analysis suggests that the disassembly process
presents significant ergonomic challenges. Identified risks include awkward body
postures, high force exertions, repetitive movements, limited accessibility, and the
handling of heavy components. The REBA assessment indicated a moderate er-
gonomic risk for all three postures studied, whereas the KIM results showed higher
physical workload for the bolt removal and trolley transportation tasks. The results
indicate that digital simulation combined with ergonomic evaluation tools such as
REBA and KIM can effectively identify high-risk activities within remanufacturing
workstations.

Keywords: Remanufacturing, Labour-intensive Workstation, Ergonomics, Ergonomic
Assessment methods, Manual Disassembly
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Below is the nomenclature that have been used throughout this thesis.

Nomenclature

Units
Symbol Description
N Newton, unit of force
m Meter, unit of length or distance
Nm Newton meter, unit of torque
kg Kilogram, unit of mass
Abbreviations
Abbreviation  Description
CE Circular Economy
DHM Digital Human Modeling
EAWS Ergonomic Assessment Worksheet
EEE Electrical and Electronic Equipment
EOL End of Life
EOU End of Use
ERN European Remanufacturing Network
HDOR Heavy-Duty and Off-Road Equipment
HF/E Human Factors and Ergonomics
IMMA Intelligently Moving Manikin
IRs Independent Remanufacturers
IT Information Technology
KIM Key Indicator Method
LHC Lifting, Holding, Carrying
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MHO
MRO
MSDs
PP
OEMs
QEC
REBA
RULA
WEEE
WMSDs

Manual Handling Operation

Maintenance, Repair and Operation
Musculoskeletal Disorders

Pushing, Pulling

Original Equipment Manufacturers

Quick Exposure Check

Rapid Entire Body Assessment

Rapid Upper Limb Assessment

Waste Electrical and Electronic Equipment
Work-Related Musculoskeletal Disorders



Contents

Nomenclature

List of Figures

List of Tables

1

3

INTRODUCTION
1.1 Background . .. . ..
1.2 Aim .. ... ...

1.3 Research Questions . .
1.4  Objectives . . . . . ..
1.5 Scope & Limitation . .

THEORY

2.1 Circular Economy & Remanufacturing . . . . .. ... ... ... ..
2.1.1  Circular Economy Principle . . . . . . . ... ... ... ...
2.1.2  Overview of Remanufacturing . . . . .. ... ... ... ...

2.2 Remanufacturing Process . . . . . . . . .. ... oo
2.2.1 Typical Stages Of Remanufacturing . . . . . . .. ... .. ..
2.2.2  Remanufacturing Across Different Industries . . . . . . . . ..

2.3 Ergonomic Risk Factors

In Labour-Intensive Work . . . . . . . . . ..

2.4  FErgonomics In Manufacturing . . . . . . ... .. .. ... .. ...
2.4.1 Ergonomics in the Remanufacturing Industry . . . . . .. ..
2.5 FErgonomic Assessment Methods . . . . . . ... ... ... ... ...

METHODOLOGY

3.1 Visualization & Description of Methodology . . . . . . . .. ... ..

3.2 Research Design . . . .
3.3 Literature Study . . .
3.3.1 Database Search

3.3.2 Inclusion & Exclusion Criteria . . . . . . . . . . . . . .. ...
3.3.3 Screening Strategy . . . . . .. ... ...
3.4  Semi-Structured Interviews . . . . . . . .. ...
3.4.1 Participant Selection . . . . .. ... ... ... ...

3.4.2 Interview Guide

3.4.3 Data Analysis Method . . . . . ... ... ... .. ......

3.5 Simulation-Based Study

ix

xiii

XV

17
17
18
19
20
20
20
21
21
21
22
22

X1



Contents

3.6

3.5.1 Selection of Remanufacturing Workstation and Phase . . . . .
3.5.2  Scenario Description . . . . .. ... ... L.
3.5.3 Task Breakdown . . . ... ... ... ... ... ... ....
Ergonomic Risk Assessment Procedure . . . . . . ... .. ... ...
3.6.1 Tool Selection Criteria . . . . . . .. ... ... ... .....

3.6.2 Scoring and Comparison . . . . . .. ... .. ... ... ...
RESULTS
4.1 Literature Findings . . . . . . . . . . ... .. ... ... ... ...

4.2

4.3

4.4

Outcomes From Interviews . . . . . . . .. ... .. ... ... ....
4.2.1 Interview Participants . . . . . . .. ... ... ...
4.2.2  Summary of Interviews . . . . . . ...
Simulation Analysis . . . . . . . ...
4.3.1 Scenario 1 . . . . .. ...
4.3.1.1  Scenario Description,Assumptions & Calculation
4.3.1.2 Ergonomic Assessment Result . . . . . . ... .. ..
4.3.2 Scenario 2 . . . . . ...
4.3.2.1 Scenario description,Assumptions & Calculation . . .
4.3.2.2 Ergonomic Assessment Result . . . . .. ... .. ..
4.3.3 Scenario 3 . . . . . ...
4.3.3.1 Scenario description,Assumptions & Calculation . . .
4.3.3.2 Ergonomic Assessment Result . . . . .. .. ... ..
Comparing - Simulation Vs KIM Methods . . . . ... ... ... ..
4.4.1 Scenario 1 - KIM :Manual Handling Operation(MHO) . . . .
4.4.2  Scenario 2 - KIM :Manual Handling Operation(MHO) . . . . .

4.4.3 Scenario 3 - KIM: Pushing, Pulling (PP) . . . . ... ... ..
DISCUSSION
5.1 Ergonomic Risks In Remanufacturing Work . . . . . ... .. .. ..

5.2
5.3

5.4
2.5
2.6
2.7

Interpretation of Ergonomic Results . . . . . . . ... ... ... ...
Suitability of Digital Simulation for Ergonomic Analysis . . . . . ..
5.3.1 Practical Challenges in Project Execution . . . .. .. .. ..
Implications for Workstation Improvement . . . . . . . . .. ... ..
Summary ... ...
Limitations . . . . . . . . . ...
Future Work Recommendations . . . . .. . .. .. ... ... ....

6 CONCLUSION

Bibliography

A Appendix A: Interview Guide

xii

27
27
28
28
29
33
33
34
36
37
37
39
41
41
43
45
45
48
o1

55
5}
26
57
o8
99
29
60
61

63

65

69



2.1
2.2

2.3

24

2.5

3.1
3.2

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19
4.20
4.21

List of Figures

Butterfly diagram of the circular Economy. Adapted From [8] . ... 5
Role of remanufacturing within the product life cycle. Adapted from
[10] . . o 6
Comparison of restoration levels across repair, reconditioning, and re-

manufacturing processes - Illustration by Karthik Vettiyattil Sasiku-

mar, basedon [3] . . . ... oL 8
Stages in Remanufacturing wich may vary in order. Illustration by

Karthik Vettiyattil Sasikumar, based on [16,4] . . . . . . . . ... .. 8
Summary of remanufacturing activity across key European sectors

-Adapted from[17] . . . . ..o 10
Visualization of Methodology . . . . . . .. ... .. ... ...... 17
Reference Product for the Scenario . . . . . ... ... ... .. ... 23
Logic structure of literature findings . . . . . . . ... ... ... ... 28
Overall Interview Summary . . . . . . . . . . . .. .. ... 32
Setup of the Workspace and Manikin . . . . . .. ... .. ... ... 33
Manikin near the machine, removing the bolt . . . . . .. .. .. .. 34
Forces in Scenario 1 during the DHM simulation . . . . . . . . . . .. 35
Force inputs assigned to Scenario 1 . . . . . . . ... ... ... ... 35
Scenario 1 : REBA result from the simulation software. . . . . . . .. 36
Manikin Removing the rotor from the stator . . . . . ... .. .. .. 37
Force inputs assigned to Scenario 2 . . . . . . ... ... 38
Forces in the scenario 2 during the DHM simulation . . . . . . . . .. 39
Scenario 2 : REBA result from the simulation software. . . . . . . .. 40
Manikin transporting a heavy part using a trolley . . . . . . . .. .. 41
Forces in scenario 3 during the DHM simulation . . . . . . .. .. .. 42
Force inputs assigned to Scenario 3 . . . . . . . ... ... .. 43
Scenario 3: REBA Result from the simulation software. . . . . . . . . 44
Scenario 1 KIM -MHO: Page 1[37] . . . . . .. ... ... ... ... .. 46
Scenario 1 KIM-MHO: Page 2 with Evaluation Result . . . . . . . .. 47
Scenario 2 KIM -MHO: Page 1[37] . . . . . .. ... ... ... .... 49
Scenario 2 KIM -MHO: Page 2 with Evaluation Result . . . . . . .. 50
Scenario 3 KIM-PP: Page 1[38] . . . . .. .. ... ... ....... 52
Scenario 3 KIM-PP: Page 2 with Evaluation Result . . . . . . . . .. 53

xiii



List of Figures

Xiv



4.1
4.2
4.3
4.4

List of Tables

Interview participants . . . . . . . . ... Lo 28
Parameter inputs and assumptions for Scenario 1 . . . . . . . .. .. 34
Parameter inputs and assumptions for Scenario 2 . . . . .. . .. .. 38
Parameter inputs for Scenario 3 . . . . .. . ... ... L. 42

XV



List of Tables

Xvi



1

INTRODUCTION

This chapter contains a brief description of the background of the Master’s the-
sis “Evaluation of Ergonomic Risks in Labour-Intensive Remanufacturing Worksta-
tions”, in addition to the problem description and purpose. Delimitations and the
research questions will conclude the chapter.

1.1 Background

Nowadays, the transition to circular economy(CE) from linear economy (take- make-
dispose) has become an excellent strategy to address the sustainability challenges
related to the depletion of resources and environmental issues. CE (extend-retain-
recover value) it emphasizes reducing the material resource use , keeping the value
of products or material in the economy through the strategies such as reuse, re-
pair, recycling and remanufacturing, Among these, remanufacturing is one of the
industrial practices that enable the components and products to be restored to new
conditions, minimizing the impact on the environment while maintaining the qual-
ity and functions[1]. These benefits have positioned remanufacturing as a critical
operational strategy for achieving sustainable production within circular economy
frameworks, particularly in sectors like automotive, machinery, and heavy equipment
manufacturing[2]

The remanufacturing process is considered an environmentally motivated concept
(Robert Lund is one of the first researchers who gave remanufacturing advice to
potential remanufacturers in the early 1980s). It has been used for quite some time,
in industries like the automotive industry, construction equipment, and IT equip-
ment. In the remanufacturing market scenario, activities are commonly carried out
by three main types of manufacturers: Original Equipment Manufacturers (OEMs),
Independent Remanufacturers (IRs), and Contracted Remanufacturers. This high-
lights that remanufacturing can be practiced through different organizational ar-
rangements rather than a single industrial model[3].

In the generic remanufacturing process, the following steps are performed: cleaning,
inspection, repair, disassembly, testing, storage, and reassembly [4]. For each reman-
ufacturing company, the strategies or the process will be different, e.g. inspection
will be the first step, or the product will be disassembled, and error detection will
be conducted. Also, the steps in the remanufacturing process could be in a different
order, or some steps may be eliminated, depending on the product type, remanu-
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facturing volume, etc .Considering economic factors, re-manufactured products are
cheaper compared to new product|[5]

In terms of economic and environmental benefits, remanufacturing offers better ad-
vantages to society, but recent studies have shown that remanufacturing is much
more complicated compared to the conventional manufacturing process(because it
depends upon the condition of the returned product/core). In remanufacturing en-
vironments, the level of automation is lower and remains labour-intensive nature,
where worker skill, experience, and decision-making directly influence outcomes [6]

[7]-

1.2 Aim

The aim of the thesis is to analyse and evaluate the ergonomic risks in remanufac-
turing processes (In a single workstation or process) using digital simulation.

1.3 Research Questions

o Which work phase, or what work zone, exposes workers to the maximum
ergonomic risks/errors, and what ergonomic risks exist in current remanufac-
turing tasks?

o Which ergonomic assessment can be applied to identify high-risk activities?

o How suitable are digital simulation methods for analyzing ergonomics in re-
manufacturing operations?

1.4 Objectives

o Draw conclusions from the experts’ interviews to evaluate which work process
or work zone has the highest ergonomic exposure.

o Develop a digital simulation scenario using expert input, interview findings,
and task order at the selected manual remanufacturing workstation.

o Apply ergonomic assessment methods to evaluate the maximum risk elements

o Identify and analyse the ergonomic risks at work zones with higher risk factors

o Propose guidelines for improving ergonomics in the risk-identified workstation

1.5 Scope & Limitation

Included :

o During this thesis, Semi-structured interviews are conducted with industrial
and academic experts to get a clear understanding of the remanufacturing pro-
cess and workstations. The work phases involved are disassembling, cleaning,
reconditioning, and assembling. Out of these work phases, we identify the
phase with maximum ergonomic risks.
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o It is also relevant to acquire some information about the work procedure and
working postures, reach requirements, and workstation conditions needed to
develop the Digital Human Modeling (DHM) simulation case.

o In this thesis, we opt for the most appropriate ergonomic assessment method
within the simulated situation in the identified work phase which could suggest
improvement aspects for the specified work operation.

Excluded:

o The analysis is limited to workstation- and task-level ergonomic risk evaluation
using established assessment methods.

o The simulation is not intended to capture all real-world variability in reman-
ufacturing activities, including differences in product condition or unforeseen
disruptions.

o The research does not assess the entire remanufacturing line; instead, it con-
centrates on the specific workstation that is modeled in the simulation.

e Development or detailed design for automation solutions, such as cobot sys-
tems in the existing process.
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THEORY

This chapter describes the theoretical background for the remanufacturing process
and ergonomics in the manufacturing industry, which are explored throughout the
Master’s thesis.

2.1 Circular Economy & Remanufacturing

2.1.1 Circular Economy Principle

Circular economy (CE) is defined as a framework that aims to minimize the use
of virgin resources, reduce waste generation and close the loop of material and
energy through different strategies.From this perspective CE distinguishes between
biological cycles and technical cycles as in figure 2.1[8].Strategies such as reuse,
repair, refurbish, recycle, and remanufacturing occur in the technical cycle.

RENEWABLES \ é FINITE MATERIALS
STOCK MANAGEMENT

o

PARTS MANUFACTURER

Vool

PRODUCT MANUFACTURER
REGENERATION | o110 i l

FARMING/COLLECTION'

BIOCHEMICAL
FEEDSTOCK

RECYCLE

SERVICE PROVIDER

CASCADES
ANAEROBIC
DIGESTION
.

RBISH/
SHARE REMANUFACTURE
REUSE/REDISTRIBUTE

MAINTAIN/PROLONG

COLLECTION COLLECTION

EXTRACTION OF
BIOCHEMICAL
FEEDSTOCK?

BIOLOGICAL FLOWS TECHNICAL FLOWS

MINIMISE SYSTEMATIC
LEAKAGE AND NEGATIVE
EXTERNALITIES

Figure 2.1: Butterfly diagram of the circular Economy. Adapted From [8]
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The main goal of the circular economy is to achieve a sustainable society by in-
troducing the extend, retain, and recover value rather than the take—-make—dispose
where products and materials are maintained within the economy for as long as
possible[9].

MATERIAL

MANUFACTURING

MANUFACTURE
OF PRODUCT

e

TRANSPORTATION

REMANUFACTURING

-  DIRECT
\\ REUSE

\
\
1

INSTALLATION

USE

WASTE ~
Ay
\
N
\
\

END-OF*LIFK

Figure 2.2: Role of remanufacturing within the product life cycle. Adapted from
[10]

Figure 2.2 shows how remanufacturing functions within the product life cycle as a
closed-loop strategy in CE systems. Through remanufacturing, the functional value
of components is preserved by restoring them to a like-new state and returning them
to the production cycle. In this way, remanufacturing significantly contributes to
feeding materials back into the supply chain without the need for additional raw
materials for existing products [11]. Furthermore, a central aim of CE is sustainable
development by embedding environmental, economic, and social considerations into
production systems.

Social impacts are integrated into production by applying principles of social well-
being, safety, and fairness in labor-intensive settings. This is achieved through a
systems-oriented approach, which supports improvements not only in how material
cycles operate but also in workers’ quality of life, particularly regarding ergonomics
in manufacturing and remanufacturing activities. Grounded in social equity and eco-
nomic development, CE models foster sustainable industrial practices that enhance
working conditions and deliver environmental benefits[12].

6
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2.1.2 Overview of Remanufacturing

Remanufacturing is considered a key strategy for the CE, and it is an approach where
the end-of-life (EOL) and end-of-use (EOU) products are returned to a condition
that is as good as the original version of the product. Its primary purpose is to
recover the value of components and materials from used products. And from a
societal perspective, remanufacturing can reduce the carbon footprint and material
consumption significantly.

From an environmental viewpoint, remanufactured products consume 85% less en-
ergy compared to newly manufactured products. As an example, remanufacturing
an engine can result in a reduction of 565 kg of CO2 and 55 kg of steel. It offers
economic advantages by providing products at a lower price point—often as low as
60% of the cost of new items[9] while generating revenue from materials that would
otherwise be discarded. It also creates social value by employing both non-skilled
and highly experienced labour.

While remanufacturing supports environmental, economic, and social benefits, it
largely relies on manual labour. This is because returned products/cores typically
vary in design, condition, level of wear, and, more generally, exhibit high variability.
Such factors make it challenging to implement fully automated remanufacturing pro-
cesses. In [13], it is shown that, in electronics remanufacturing, human expertise is
combined with intelligent technologies, with operators required to handle uncertain-
ties, evaluate product condition, and make flexible decisions throughout the process.
Consequently, remanufacturing is considered as a human-centered production activ-
ity, in which operator knowledge and ergonomic support are crucial.

2.2 Remanufacturing Process

As Rolf Steinhilper[14] described in the book "Remanufacturing The Ultimate Form
of Recycling", one of the landmark publications in the field, remanufacturing is re-
cycling by manufacturing good as new products from used products and restoring
the used durable products to a “like new” condition. Steinhilper describes remanu-
facturing as the highest tier of recycling because it conserves the added value in the
original product rather than destroying it through shredding or remelting[15].

Figure 2.3 shows that, compared to other product recovery options (Repair and Re-
conditioning), remanufacturing upgrades the product the most in terms of quality,
warranty and work content. In remanufacturing, the product is totally dismantled
and components are restored or replaced; that’s the reason for good quality com-
pared to other options, but it also involves more work compared with conventional
manufacturing[3].
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Work Content

[ )
- Quality
Remanufacturing
— .
Reconditioning
: ¢
Repair
Warranty

Figure 2.3: Comparison of restoration levels across repair, reconditioning, and
remanufacturing processes - [llustration by Karthik Vettiyattil Sasikumar, based on

[3]

Remanufacturing spread across industrial sectors such as automotive components,construction
equipment,aircraft engines, photocopiers, furniture, industrial bearings [4].Due to
the variety of the product types stages of the remanufacturing, levels of manual
intervention also varies across it compare with the conventional manufacturing [14].

2.2.1 Typical Stages Of Remanufacturing

The Remanufacturing process consists of a sequence of stages designed to restore
end-of-life products to a new condition comparable to newly manufactured products.
Figure 2.4 shows operation stages in remanufacturing . The stages generally include:
Inspection , Cleaning , Disassembly , Reprocess , Reassembly , Final testing, Packing
[4] [16]. As also mentioned in the background, the order of operation stages will
depend on the product and industry.

@ Reassembly

Remanufactured
Products

Figure 2.4: Stages in Remanufacturing wich may vary in order. Illustration by

Karthik Vettiyattil Sasikumar, based on [16, 4]

Incoming
Product or Core
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Collection & Material Handling: The whole remanufacturing process begins
with the collection of the used products, referred to as cores. These collections
can be from customers or through reverse logistics services. These returned
products are transported to the remanufacturing facility by OEMs, IRs, or
contracted remanufacturers, and then sorted and prepared for further process-
ing [17].

Inspection: In this step, remanufacturers will identify whether the returned
core is suitable for remanufacturing and type of defect or failure present in the
product/core. Sometimes, the core comes with a failure report that indicates
the reason. An early critical inspection is important, to avoid unnecessary
work on the core [4].

Disassembly: In this stage, the core is dismantled into parts, modules, and
components, separating and distinguishing reusable parts from damaged ones,
and preparing the core for the upcoming stages of cleaning and further restora-
tion. The time and labour intensity of the stage depend on the product design,
joining methods, and condition of the component[18].

Cleaning: Essential stage in the remanufacturing because it removes the dirt,
oil, or other types of residues from the product, accumalated during the prod-
uct’s usage life cycle. This improves the visibility of the component surface and
the assessment of the condition of the product. The selection of the cleaning
method depends on material type, product geometry, and contamination level,
and also involves mechanical and chemical cleaning techniques depending on
the industrial application[4].

Reprocessing: In the reprocessing stage, the product or parts are restored to
their needed functionality, which involves repairing, machining, or changing
the worn parts to meet the required specifications. The purpose of this stage
is to recover the value of the product while ensuring technical and quality
performance.

Reassembly: After the reprocessing is complete, the next step is to reassemble
the components into the final product. Reassembly in remanufacturing re-
sembles traditional manufacturing assembly, but it must account for the vari-
ability and specific conditions of the recovered parts. As a result, reassembly
operations in remanufacturing settings are generally more flexible and more
knowledge-intensive than in conventional production. Consequently, they de-
mand substantial technical expertise to ensure that the finished product sat-
isfies its original performance requirements.

Final quality test: As the last stage of the process, the product undergoes
testing to verify that it complies with all technical, functional, and quality
requirements. At this point, it is confirmed that the remanufactured product
achieves the same performance level as the original product and is provided
with an equivalent warranty to that of new products (subject to the company’s

policy)[10].
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2.2.2 Remanufacturing Across Different Industries

Remanufacturing is a well-established industrial activity for extending the product
life-cycle used in a wide range of sectors, as outlined in the previous sections.

Figure 2.5: Summary of remanufacturing activity across key FEuropean sectors -
Adapted from[17]

As illustrated in figure. 2.5, according to the European Remanufacturing Network
(ERN)[17], remanufacturing activities within the European Union span a wide range
of industrial sectors, such as aerospace, automotive, heavy-duty and off-road equip-
ment (HDOR), electrical and electronic equipment (EEE), machinery, medical de-
vices, rail, marine, and furniture. Collectively, these sectors generate an estimated
turnover of 29.8 billion euros, employ around 192,000 people across the EU, and pro-
cess approximately 132,405 million returned core products. Among these industries,
the aerospace, automotive, and EEE sectors constitute some of the most significant
contributors in terms of both economic output and employment, underscoring the
critical role of remanufacturing across diverse industrial fields.[17]

Within this landscape, the automotive sector accounts for one of the largest propor-
tions of remanufacturing activities [15][17], particularly involving components such
as alternators, engines, and transmissions. These components are remanufactured
to restore their operational performance while reducing material and energy con-
sumption compared to manufacturing new parts. The high volume of standardized
components, together with mature and efficient reverse logistics networks, makes
automotive remanufacturing economically viable.

The aerospace sector is also identified by the ERN as one of the largest remanufactur-
ing sectors, primarily through maintenance, repair, and overhaul (MRO) operations.
Because of the long service life and high economic value of aerospace products,the
processes facilitate the recovery and reuse of high-value components, including en-
gines, avionics systems, and landing gear. Remanufacturing in this sector extends
product life cycles while ensuring adherence to stringent safety and certification re-

10
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quirements. The ERN report [17] further notes that aerospace remanufacturing is
deeply embedded in the supply chains managed by OEMs. and service providers,
thereby enhancing resource efficiency and reducing overall costs.

In the heavy-duty and off-road (HDOR) equipment sector [19] , another of the
largest shares of remanufacturing activity is for components used in construction,
agriculture, lifting, handling, and mining operations. Remanufactured parts are
extended to forklift trucks, cranes, hydraulic pumps, transmissions, and drivetrain
modules. Comparably, these are heavy in size and have longer service lifetimes,
which emphasizes the importance of component recovery and life extension of the
product. Also, considering the size and technical complexity HDOR , equipment
creates challenges for remanufacturing processes -related to disassembly, inspection,
safety assurance, and component inventory management.

In the remanufacturing of machinery and industrial components, bearings [10] con-
stitute a key area of application. Bearing remanufacturing generally involves two
principal stages: analysis and remanufacturing. The analysis stage includes clean-
ing, inspection, documentation, and the formulation of remanufacturing recommen-
dations, while the remanufacturing stage covers machining, quality inspection, as-
sembly, final inspection, packing, and shipping. The primary goal is to return the
bearing to a like-new state, offering comparable quality and warranty to a newly
produced component. From an economic standpoint, this approach also helps lower
energy consumption and shorten production lead times, thereby reducing manufac-
turing costs and enhancing resource efficiency, which explains its growing adoption
as a viable strategy.

Within the Waste Electrical and Electronic Equipment (WEEE) sector [20], reman-
ufacturing is a core circular-economy practice that focuses on extending product life
through reuse. The typical remanufacturing process in this field usually comprises
disassembly, cleaning, inspection, sorting, refurbishment, reassembly, testing, and
final shipment. Since returned products or cores arrive in varied and often non-
standard conditions, these activities are typically very labour-intensive .

In the railway sector [21], remanufacturing is essential for restoring key components
such as bogies, axles, and transformers to like a like-new state that meets safety, per-
formance, and reliability standards. These components are typically remanufactured
after about 15 to 20 years of operation. The remanufacturing workflow depends
largely on the expertise of the operator. The operator assesses the condition of the
parts and estimates their remaining service life following remanufacturing. Typical
stages in the process include evaluation of returned products, thorough inspection of
the cores, and final compliance checks. Since railway components are safety-critical,
the operator’s judgment is crucial for deciding whether repair is feasible and for
ensuring reliability throughout the component’s second life cycle.
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2.3 Ergonomic Risk Factors In Labour-Intensive
Work

Even though Industry 4.0 is increasingly being implemented across industrial sectors,
it is still relying on manual operations for some of the stations or work phases, like
assembly, material handling, maintenance, and disassembly. In these operations, the
operator may be exposed to the risks due to the physical demands of tasks, which
negatively affect cognitive performance, physical health, and long-term productivity,
which may lead to discomfort and work-related musculoskeletal disorders (WMSDs).
So, continuously identifying and evaluating the risk in the workplace contributes to
improving workplace safety in manufacturing environments.

The most common ergonomic risk factors in labour-intensive environments are awk-
ward working postures, repetitive motions, application of excessive force, and man-
ual handling[22]. Awkward postures include frequent bending, twisting, reaching
above shoulder height, and working in confined spaces, all of which increase biome-
chanical stress on the muscles and joints of the back, shoulders, and upper limbs.
Maintaining these postures for extended periods can lead to a heightened risk of
musculoskeletal strain and injury. In addition, repetitive movements sustained over
long durations impose cumulative loads on muscles, which can reduce work capacity
and elevate the likelihood of injury over time.

Manual handling activities represent another ergonomic challenge in labour-intensive
production systems. Tasks involving lifting, carrying, or positioning components of-
ten require considerable physical effort, particularly when components are heavy or
handled without mechanical assistance. Poorly designed manual material handling
systems may therefore contribute to reduced task accuracy and increased injury oc-
currence, ultimately affecting both worker well-being and operational performance.

In the battery industry [23], the shift toward electric vehicles and e-mobility has
increased, as the need for end-of-life treatment of batteries, which can’t be fully
automated because the returned products are complex and highly variable, makes
it challenging to introduce automation, so manual work is still heavily involved
in dismantling operations. Consequently, these workplaces are typically labour-
intensive and require operators to perform substantial physical loads and awkward
body positions, which raises the risk of WMSD. Model-based ergonomic analyses
using digital human modeling tools and evaluation methods such as the Ergonomic
Assessment Work Sheet (EAWS) have shown that specific dismantling activities,
for instance, tray-cover removal, place considerable strain on the upper limbs and
could be improved through assistive technologies like industrial exoskeletons [23].
Such solutions can act as interim ergonomic support measures until more advanced
automation can be realized.

2.4 Ergonomics In Manufacturing

In manufacturing, ergonomics is an essential approach for optimizing how machines,
tools, and workers interact. This leads to higher productivity and a safer work
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environment. The primary objective of ergonomic design is therefore to improve
workplaces and work processes to human physical and cognitive abilities, and to
prevent work-related musculoskeletal disorders(MSDs) by minimizing exposure to
risk factors such as awkward postures, repetitive motions, and manual material
handling, all while sustaining the production process[24].

Nowadays, in the Industry 4.0 context, the implementation of automation and dig-
itization has made manual labour activities still necessary[13]for some of the work-
stations and operations. In such operations, workstation layout, operator working
postures, and movement patterns affect worker’s well-being and operation efficiency.
While ergonomic assessment methods are applied to evaluate the worker’s posture
and movement patterns to reduce the risk in the workstation and improve perfor-
mance [25].

In the context of sustainable manufacturing, Human Factors and Ergonomics (HF /E)
represents a key component, shifting industrial priorities in Industry 5.0 toward a
human-centered approach rather than a technology and an efficiency-driven one by
balancing the environmental, economic, and social well-being across the produc-
tion.[22].

2.4.1 Ergonomics in the Remanufacturing Industry

The remanufacturing process is distinct from conventional manufacturing primarily
because the condition of returned products is uncertain. The returned components
arrive with different levels of wear, damage, corrosion, and contamination. Because
of this variation, it is very difficult to follow one fixed work procedure as the operators
may need to change the task sequence, use different tools and equipment, apply
varying levels of force, or adjust their working posture depending on the product’s
condition[18]. Since many remanufacturing activities still depend heavily on manual
work with an operator’s cognitive skills and judgment, ergonomic conditions become
a crucial factor[21].

The body of literature that directly explores the relationship between remanufac-
turing and ergonomics is relatively small. Most studies focus on specific products,
industries, technologies, or individual tasks. There is still limited research that
compares ergonomic exposure across different remanufacturing work phases, such
as disassembly, cleaning, inspection, reprocessing, and reassembly. There are also
relatively few studies that combine real remanufacturing task conditions with struc-
tured ergonomic assessment methods and digital human modelling. This creates a
need for further research to identify which work phases are most physically demand-
ing, what types of ergonomic risks are present, and how digital assessment methods
can support safer and more human-centred remanufacturing workstations. Existing
studies typically concentrate on particular tasks, including manual remanufactur-
ing operations, workcell configuration, or the processing of returned parts and their
restoration techniques[20]. Also in contrast to the broader field of manufacturing
ergonomics, only a limited number of investigations discuss how the inherent un-
certainty and variability of remanufacturing activities influence workers’ posture,
physical demands, and long-term well-being|[26].

Among the existing studies, manual disassembly is identified as one of the main areas
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of ergonomic risk concern within the remanufacturing work phases. The returned
products may contain damaged, corroded, or difficult-to-access and extract parts,
which can make component removal more demanding. Operators may need to bend,
stretch, reach, use hand tools repeatedly, or apply additional force to separate these
parts. The physical demands can become even higher when the product was not
originally designed for easy disassembly and the absence of a standard working
procedure, or when suitable tools and fixtures are not available[18].

Based on the studies about WEEE remanufacturing, it is emphasized that ergonomic
analysis should be considered during the design of remanufacturing workcells. Dig-
ital mock-up methods using CAD and human modeling software to be used for
disassembly sequences, to study how the operators interact with fixtures and com-
ponents, and to support changes that improve performance and accessibility within
safe working conditions[20]. This indicates that ergonomic risks in remanufacturing
are linked not only to the nature of the task itself, but also to improved work-
station layout, how components are positioned, and how the product is supported
during manual operations. Taking ergonomic aspects into account during the disas-
sembly phase, when components are dismantled, can affect body posture, reaching
distances, necessary exertion of force, and overall physical workload, thereby helping
to lessen operator strain before issues arise in the workplace[23].

2.5 Ergonomic Assessment Methods

Ergonomic assessment methods are essential instruments used to identify and quan-
tify physical workload and postural stress in workplaces such as manufacturing and
healthcare. They support the analysis of work tasks, facilitate the identification of
risks associated with specific activities performed during those tasks, and assist in
implementing preventive measures to reduce WMSDs and enhance workplace safety

[24].

Ergonomic assessment methods are generally divided into three categories:
o Observational
o Biomechanical
« Digital simulation-based [24]

Among these, observational methods are the most frequently applied in industrial
or manufacturing settings because they are straightforward and easy to use. Tools
such as the Rapid Upper Limb Assessment (RULA)[27] and the Rapid Entire Body
Assessment (REBA)[28] are widely employed to evaluate postural risk by examining
body positions, applied forces, and movement repetition. These methods offer a fast
estimation of ergonomic risk levels and are particularly effective for identifying high-
risk tasks in manual operations. Furthermore, the Key Indicator Method (KIM)[29]

is utilized to evaluate manual handling activities, including lifting, pushing, pulling,
and carrying. In KIM, factors such as load weight, posture, frequency, and dura-
tion are taken into account. The Ergonomic Assessment Work Sheet (EAWS)[30]
provides a comprehensive evaluation by integrating various risk factors, including
body postures, action forces, manual material handling, and upper-limb activities.
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EAWS is extensively used in manufacturing environments because it delivers a de-
tailed assessment of physical workload and is well-suited to industrial applications,
but it requires competent training and a license[30] .

These assessment techniques are highly relevant to labour-intensive remanufacturing
processes, where tasks such as disassembly and the handling of heavy components
expose workers to considerable physical demands. In remanufacturing, the variation
in products and the high level of manual work mean that operators are often ex-
posed to awkward postures, repetitive motions, and substantial force exertions. The
application of e.g, RULA, REBA, KIM, and EAWS enables practitioners to identify
high-risk activities and supports the development of targeted ergonomic interven-
tions, including workstation redesign, process improvements, and the adoption of
assistive technologies.

However, these ergonomic assessment methods largely depend on observational judg-
ments and relatively simple scoring schemes, which may not fully represent com-
plex working conditions. Consequently, combining several assessment approaches
and incorporating advanced tools such as digital human modelling can enhance the
precision and overall comprehensiveness of ergonomic evaluations in contemporary
manufacturing systems.
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3

METHODOLOGY

This chapter describes the methodology in this study, outlining the techniques cho-
sen and their implementation to address the research case. It provides a clear
overview of how each phase was systematically planned and executed.

3.1 Visualization & Description of Methodology

Figure 3.1 shows a visualization of the methodology that was followed in the thesis
research. At the beginning of the research, a knowledge foundation was established
with an literature study, combined with prior knowledge, which helped help under-
stand the existing body of work and identify key gaps that the research aims to
address[15]. While the thesis focuses on the connection between remanufacturing
and ergonomics, the literature study was used to understand both areas and for the
development of a suitable research methodology.

‘ Theoretical Background ‘

4

‘ Literature Study ‘

4

‘ Empirical Data Collection ‘ &= ‘ Semi Structured Interviews

4

‘ Selection of Critical Workstation ‘

L

‘ Digital Human-Based Simulation ‘

1

Selection and Application of
Ergonomic Assessment Method

il

Conclusions Drawn

L

Development of Improvement
Suggestions

Figure 3.1: Visualization of Methodology
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The next step was data collection, relevant data were gathered by conducting semi-
structured interviews[31] with industry-based experts and other external stakehold-
ers, such as Professors, Ph.D. students related to remanufacturing and ergonomics.
This allowed for more understanding of the issues by capturing different perspectives.
The interviews were designed to explore remanufacturing workstations, challenges,
and insights of the stakeholders, contributing valuable qualitative data to the study.
After the data collection, the next phase was to analyse the information to extract
valuable insights. The data collected from the literature study and interviews are
helpful for key findings relevant to the research objectives.

After identifying the critical workstation, a simulation scenario was designed using
the software Intelligently Moving Manikin (IMMA)[32]. The simulation scenario
was designed on the basis of expert interviews, and the critical remanufacturing
workstation was selected. The simulation scenario included manual disassembly
tasks, which involves gaining access to the product and disassembling components.
So, through this simulation scenario, the operators were studied digitally.

Once the simulation scenario was designed, an ergonomics assessment approach was
selected and used to identify and analyze the critical risk factors associated with the
selected workstation. The aim of the ergonomic assessment was to determine and
analyze the ergonomic risks involved in the workstations having high risk factors
associated with them.

The findings of the ergonomics evaluation and simulation evaluated and a conclusion
was derived. Guidelines for ergonomic improvements we suggested for the worksta-
tion risks. The objective of these guidelines is to improve the ergonomic situation
for manual remanufacturing operations.

3.2 Research Design

The study used a sequential mixed-method[33] approach, beginning with qualitative
exploration to understand current remanufacturing operations and ergonomic con-
ditions in workstations, followed by quantitative assessment to measure identified
risks and support improvement strategies.

o Data collection Phase: The initial phase involved conducting a literature study
and semi-structured interviews to gather comprehensive data on the current
state and to understand how remanufacturing works and ergonomic conditions
in remanufacturing workstations.

« Simulation Phase: This phase involves developing a Digital Human Modeling
simulation case for the selected remanufacturing workstation. This was done
on the basis of expert input, task descriptions, and working postures.

o Analysis Phase: The second phase applies ergonomic risk assessment meth-
ods[24] (e.g., RULA, REBA, KIM ,EAWS[27, 28, 29, 30]) to quantify identified
risks and develop corresponding improvement strategies.
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3.3 Literature Study

The literature study established the thesis’s theoretical foundation, and it focused
on knowledge about circular economy, remanufacturing processes, workplace er-
gonomics, risk factors in manual work, and ergonomic assessment methods, partic-
ularly in remanufacturing workstations.

Consequently, the review was not limited only to directly matching studies. Instead,
it was structured around related areas that were relevant to the topic. This approach
was necessary because human participation, workstation conditions, and ergonomic
constraints were all associated with manual disassembly and remanufacturing activ-
ities, where manual disassembly was affected by both environmental and ergonomic
limitations.[34]

The first part of the literature study focused on remanufacturing to understand
its main characteristics, work phases, and operational challenges. This helped ex-
plain how remanufacturing differed from conventional manufacturing, especially due
to the uncertainty or variability of returned products and the labour-intensive[14]
nature of activities such as disassembly, inspection, cleaning, repair, and reassem-
bly. Understanding these characteristics was important because they influenced the
physical demands placed on workers.

The second part of the literature study focused on ergonomics in manufacturing
and other manual industrial environments. Even if literature was not specifically
carried out in remanufacturing settings, it was considered relevant because many
of the work-related physical demands were similar. Tasks involving awkward pos-
tures, repetitive movements, manual handling, forceful exertion, and tool use were
common in many industrial environments and were also expected in remanufactur-
ing workstations. Therefore, this body of literature provided useful knowledge for
identifying possible ergonomic risks in the studied context.

The third part of the literature study focused on ergonomic risk assessment methods
that were suitable for analysing industrial work tasks. In this study, particular
attention was given to assessment tools such as RULA, REBA, and KIM, since
these methods are commonly used to evaluate posture-related risks, whole-body
loading, and manual handling activities. Reviewing this literature was necessary to
support the selection of an appropriate ergonomic assessment method for the thesis.
Overall, the literature study was based on combining these related areas of knowl-
edge rather than relying only on studies that directly matched the exact thesis topic.
This approach was necessary because of the limited number of studies at the inter-
section of remanufacturing and ergonomics. At the same time, this limitation also
highlighted a research gap, which further supported the relevance of the present
study.
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3.3.1 Database Search

The literature study was carried out using a search strategy across scientific databases
and search platforms such as Scopus and Google Scholar, while the Chalmers library
was used as a resource, ensuring access to relevant and peer-reviewed research ar-
ticles, conference papers, books, and other scholarly sources. These databases were
selected because they covered literature related to remanufacturing, production en-
gineering, ergonomics, and manufacturing systems. To identify relevant studies, dif-
ferent combinations of keywords were used during the search process. These included
terms related to remanufacturing, ergonomics, workstation risk factors, manual han-
dling, awkward posture, repetitive work, and ergonomic assessment methods. Since
the direct overlap between remanufacturing and ergonomics turned out to be lim-
ited, broader keyword combinations were also used to capture studies from related
industrial contexts.[26]

3.3.2 Inclusion & Exclusion Criteria

To ensure the relevance of the selected literature, inclusion and exclusion criteria
were applied during the review process. Studies were included if they addressed re-
manufacturing processes, labour-intensive industrial tasks, ergonomic risks in man-
ual work, or ergonomic assessment methods applicable to industrial settings. Litera-
ture related to manufacturing, assembly, disassembly, and other comparable manual
work environments was also included when it contributed useful knowledge for un-
derstanding ergonomic exposure.

Studies were excluded if they focused on areas that were not relevant to the research
scope. Sources with limited methodological clarity or weak relevance to workstation
analysis were also excluded. In addition, emphasis was placed on sources available
in English and in full-text form.

3.3.3 Screening Strategy

The screening of literature was carried out in a step-by-step manner in order to
maintain a structured review process. First, search results were collected from the
selected databases based on the chosen keywords. Second, titles and abstracts were
reviewed to identify whether the studies were relevant to the research topic. At
this stage, clearly unrelated studies were removed. Third, the remaining sources
were assessed through full-text reading in order to evaluate their contribution to the
thesis and their suitability for the study.

After the screening process, the selected literature was organized into thematic ar-
eas. These themes included remanufacturing process characteristics, ergonomic risk
factors in manual industrial work, and ergonomic assessment tools. Organizing the
literature in this way made it easier to connect the theoretical foundation to the
research problem and to justify the methods used later in the study.
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3.4 Semi-Structured Interviews

Semi-structured interviews[31] were used as one of the qualitative methods in this
study to get a deeper understanding of remanufacturing work practices and the er-
gonomic challenges experienced in daily operations in the workstations. Since the
purpose of the thesis was to identify ergonomic risks in labour-intensive remanu-
facturing workstations and develop improvement strategies, it was important first
to understand how the work was actually performed, how workers experienced it,
and which tasks were perceived as the most physically demanding. The interviews
were intended to provide insights into real remanufacturing tasks, work routines,
awkward postures, repetitive movements, manual handling, and the influence of op-
erational pressures such as time constraints and productivity targets. This made
the interview phase an important step in building a practical understanding of the
work environment before moving into direct observation and risk assessment.

The interviews were conducted offline or onsite and online, depending on the stake-
holder’s convenience. The information was extracted and documented through per-
mitted audio recordings and associated transcripts.

3.4.1 Participant Selection

Participants for the interviews were selected based on their relevance to the reman-
ufacturing process and their practical knowledge of the work under study. In this
case, the most suitable participants were managers and personnel directly involved
in remanufacturing activities, such as disassembly, cleaning, inspection, recondition-
ing, and assembly[4]. In addition to operators, other relevant participants included
supervisors, team leaders, engineers, researchers, ergonomists, or other stakeholders
who had a broader understanding of the workstations and their challenges. The
participants were chosen because they could contribute relevant information to the
research questions. Since the study aimed to identify which work phase or work
zone contained the highest ergonomic risks, it was useful to speak with people from
different stages of the remanufacturing process so that comparisons could be made
across tasks and workstations.

The intention was to include participants who could provide both hands-on and
process-level perspectives on how the work was carried out and where ergonomic
problems were most likely to occur. This followed the direction where interviews
were used to collect perspectives from company personnel and other knowledgeable
stakeholders in order to identify the work phase with the highest ergonomic risk
exposure.In this way, the interviews helped ensure that the later simulation-based
study focused on the most relevant area.

3.4.2 Interview Guide

The interview guide was developed around the overall aim and research questions.
Instead of using a fixed list of questions, the interviews followed a semi-structured
format, as in Appendix A. This meant that key themes were prepared in advance,
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but follow-up questions were also asked depending on the participant’s role and
responses. This approach was suitable because it allowed participants to speak
more about their work and experiences, while still keeping the discussion focused on
the topics that were important for the thesis.

The guide covered areas such as the participant’s role and experience, the tasks
performed during a typical work shift, the most physically demanding or time-
consuming activities, and the work phases that were perceived as the most ergonomi-
cally challenging. Questions also explored awkward postures, repetitive movements,
lifting and handling activities, the use of tools, workstation layout, and any dis-
comfort or fatigue experienced during work. In addition, the interviews examined
whether operational pressures such as deadlines, productivity demands, or lack of
time influenced how work was performed.

3.4.3 Data Analysis Method

The collected interview data were subjected to a qualitative analysis approach to
attain insights into the remanufacturing process, workstations, and ergonomic issues.
The collected information was analyzed to make proper alignment with the research
study and classified into c ategories. These related to ergonomic considerations such
as awkward postures, repetitive work tasks, and also to the process included.

3.5 Simulation-Based Study

Digital human simulation has been emphasized as a valuable tool for workplace
design and ergonomics validation, especially for assessing ergonomic risks during
the design of assembly and disassembly operations. Following the literature review
and the semi-structured interviews, a simulation-based study was conducted. The
insights gained guided the selection of the specific work phase to be modeled with
Digital Human Modeling, based on its anticipated ergonomic risks. Accord-ingly,
the ergonomic analysis was performed using Digital Human Modeling (DHM) in
[PS-Intelligently Moving Manikin (IMMA) software[32] and the associated er-
gonomic risks were assessed in a structured manner in the software. The interviews
clarified t he key p hases o f r emanufacturing w ork, i ncluding d isassembly, cleaning,

inspection, repair, and assembly.

3.5.1 Selection of Remanufacturing Workstation and Phase

Among the phases detailed in Chapter 2, the disassembly phase was chosen for
the simulation study. This decision was based on findings from the semi-structured
interviews and its strong link to manual tasks that are subject to ergonomic risks.
A key reason is the variability of returned cores (which differ in wear, condition,
and damage). The literature [14, 34] also supports this conclusion, indicating that
traditional disassem-bly processes are predominantly manual and labour-intensive.
Consequently, disas-sembly was well-suited for a simulation-based assessment, as
it frequently involves awkward postures, bending, tool use, and manual material
handling. The selected
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disassembly task was therefore used as a simplified yet realistic case for identifying
ergonomic risks.

3.5.2 Scenario Description

For the simulation, the manual disassembly of an industrial demolition robot was
chosen. The simulation scenario was designed using information obtained from
the industry expert (case scenario developed from Husqvarna[35]) and the reference
product as in Figure 3.2. The scenario and related details highlighted disassembly as
a physically demanding task in remanufacturing. During this process, the operator
frequently had to handle heavy components, work at a low height, and reach into
tight spaces within the machine. In addition, components were often difficult to
remove due to prolonged use.

Figure 3.2: Reference Product for the Scenario

The simulated workstation was designed to mirror a realistic remanufacturing set-
ting. The industrial demolition robot as in Figure 3.2 was assumed to be placed at a
low working height, with restricted space surrounding the work area. Tools were as-
sumed to be located on a nearby side table. The simulation included uncomfortable
working postures, manual lifting and carrying, high force requirements, repetitive
motions, long reaching distances, reduced accessibility in the workspace, and poten-
tial work errors resulting from fatigue, poor visibility, or constrained workstation
layout.

3.5.3 Task Breakdown

In the task breakdown, the disassembly simulation scenario is divided into smaller
sub-tasks. This was necessary to identify the movements, reach requirements, and
handling actions that needed to be represented in the simulation.

The scenario described here was not derived from direct workplace observation,
but was instead based on details gathered during semi-structured interviews and
subsequent follow-up questions with industry experts. During these interviews, it
was repeatedly emphasized that the disassembly phase is physically demanding and
should therefore be used as the basis for the simulation.
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The scenario outlined below concentrates on the following key activities: remov-
ing the front cover, disassembling the motor and associated parts, and lifting and
transporting heavy components.

« Removing bolts: This task was selected because, before reaching into the in-
ternal parts like the motor, the operator needs to exert a significant force to
remove the external cover. It involves the loosening of the nuts with allowable
torque combined with handheld tools. Here, the possibility of repetitive tasks
while loosening the bolts and awkward postures was examined on the asym-
metric loading when the operator supports a panel cover, leaning body weight
on the panel cover.

« Extraction of heavy components and dismantling parts: After removal of panel
covers, the operator eases up small internal connections fitted with certain
components such as motor, valve blocks, and accumulators by disconnecting
their respective hydraulic hoses, clamp fittings, and similar joints. The main
heavy components are extracted. As in the case of a motor, after extraction,
its sub-components, such as seized or damaged rotors, are manually removed
from the stator body with forceful exertion in the operator’s wrists, arms,
shoulders, and back.

o Lifting and transporting of heavy parts: The extracted and dismantled parts
are transported from the disassembly station for inspection and cleaning. Trol-
leys were utilized by the operator for this task, with extra force added for trans-
ferring the heavy components. Handling a load far from the body subjects
workers to a physical strain in the lower back and shoulders.

3.6 Ergonomic Risk Assessment Procedure

The ergonomic risk assessment procedure can be considered the quantitative compo-
nent of the methodology. DHM was developed and then evaluated using
established ergonomic assessment tools (REBA and RULA).

In addition, the study contrasts the simulation-based assessments with those from
KIM, where this comparison was feasible. KIM was selected as the ergonomic as-
sessment approach because the Swedish Work Environment Authority provides and
recommends KIM for evaluating risks related to manual handling and physical work-
load. In particular, KIM:LHC [36], KIM:MHO[37], and KIM:PP[38] address lifting
and carrying and repetitive manual handling tasks. Consequently, KIM was well
suited for comparing manual handling risks against the DHM-based assessments
used in this thesis.

3.6.1 Tool Selection Criteria

The right selection of ergonomic assessment tools will depend on the type of each
simulated task. The task breakdown, force assumptions, and posture conditions
were used to decide which assessment method was most suitable for each scenario.
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REBA was used for tasks involving whole-body posture, applied force, grip condi-
tion, and body stability, like pulling or handling components. RULA was mainly
for tasks involving upper-limb posture. Although the method EAWS was included
in the software, correct usage requires extensive training and a license, which were
considered out of scope for this thesis.

KIM methods consider a wider range of workplace-related factors than RULA or
REBA do, and the lower level of detail in assessing posture in KIM is compensated
for by also assessing the proportion of time spent on the task during a work shift,
repetitiveness, environmental conditions, and separate scores are calculated for men
and women respectively.

3.6.2 Scoring and Comparison

The scoring depends on the postures, force inputs, grip conditions, and task charac-
teristics from the DHM scenarios. For RULA and REBA, we looked at the
relevant body parts—Iike the neck, trunk, legs, upper and lower arms, wrists,
and shoul-ders—in the simulated posture.

With KIM, the focus shifted to factors related to manual handling, such as load, pos-
ture, movement conditions, how long tasks took, and whether they were repetitive.
Afterward, KIM results got compared with those from the DHM-based assessments
when possible.

Finally, these scores helped classify the ergonomic risk level for every task. This
process helped spot problem areas in the body, see how posture-based risks compared
to those from a wider analysis with KIM, and suggest ways to make improvements
at the remanufacturing workstation.
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RESULTS

This chapter highlights the findings of this thesis work.

4.1 Literature Findings
The detailed result of the Literature review summarized throughout the chapter 2.

The literature study summarized below:

Remanufacturing plays an important role under current conditions, as it prolongs the
service life of used products. Instead of being discarded after use, they are restored
through remanufacturing to a condition that is close to new. This process helps
reduce the consumption of resources and energy, while preserving product value
[15]. Remanufacturing typically consists of a series of steps, including disassembly,
cleaning, inspection, repair, replacement, and reassembly [15, 4].

The process is inherently labour-intensive, as it begins with used products or core
that vary in condition and types of damage, which means a substantial share of the
work must be performed manually. This aspect underscores that people and human
labour are central elements of the remanufacturing process [15].

In some remanufacturing settings, decision-making is delegated directly to the op-
erator [21]. The operator’s diagnostic skills are employed to assess components and
decide whether they can be repaired or should be reintegrated in their current state
into the remanufacturing flow. This shows that remanufacturing activities place
demands not only on physical effort, but also on cognitive capabilities.
Disassembly is widely regarded as a critical and challenging phase of remanufactur-
ing due to the variability of returned products. This variability affects operational
planning in various industrial environments and across different product categories.
Disassembly is generally labour-intensive and time-consuming, especially given the
diverse states in which cores are returned. As a result, ergonomic issues may arise
during the execution of these tasks [20, 34].

The main ergonomic risk factors reported in the literature include awkward work-
ing postures, manual material handling, high force exertions, and repetitive mo-
tions. These risks are linked both to the variability of the returned cores and to the
inherent characteristics of disassembly and component evaluation throughout the
remanufacturing process [34, 20, 23, 4].

Therefore, the findings indicate the need for ergonomic assessment to identify and
evaluate the physical risks associated with manual and labour-intensive remanufac-

27



4. RESULTS

turing tasks.
The findings from the literature can be outlined in the following way, showing how
the conclusions were developed and linked together, as shown in Figure 4.1

A

Circular ; Manual
Manufacturing # Reftoniactliog » Work »

Physically

Labour- i
Intensive » Di[:taici(:;ng

Ergonomic
Risks

\\/

Figure 4.1: Logic structure of literature findings

4.2 Outcomes From Interviews

4.2.1

Interview Participants

The participants comprise a blend of academic and industry professionals, includ-
ing staff from remanufacturing companies, an ergonomics specialist, and university
researchers. All participants were informed that it was for academic purposes and
consented to the use of their responses.

Table 4.1: Interview participants

Code  Organisation Role/Background Relevance to the Study Interview
Type
Il SKF-Reman Business Development Remanufacturing process On-site
Manager knowledge
12 Feelgood Ergonomics represen- Ergonomic risk and worker Online
tative safety knowledge
13 Husqvarna Application Specialist Workstation and process Online
Light Demolition knowledge
I4 Chalmers Univer- Academic Professor Remanufacturing and er- On-site
sity Of Technology gonomics perspective
15 Chalmers Univer- PhD candidate Research knowledge in reman- On-site
sity Of Technology ufacturing
Ie KTH Royal Insti- Postdoctoral Re- Remanufacturing perspective Online
tute of Technology searcher
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4.2.2 Summary of Interviews

The interview responses were summarized below. The summaries present the
main points from each interview while keeping the participants identities
protected.

Interview (I1) - Business Development Manager/SKF-Reman

The interview and onsite visit offered valuable insight into the industrial remanu-
facturing background. The interviewee explained that bearing remanufacturing is
a multi-stage process that includes cleaning, washing, analysis or inspection (diag-
nosing the bearing to determine whether remanufacturing is feasible), disassembly,
machining (such as honing and hard turning), repair, and final assembly. An im-
portant takeaway from the interview was that the most physically demanding stage
differs depending on the specific product and process conditions.

In SKF’s bearing remanufacturing, machining was highlighted as a particularly
labour-intensive step, illustrating that ergonomic risks cannot be assumed to be
uniform across all remanufacturing activities. The interview also outlined exist-
ing ergonomic management practices, such as internal guidelines developed by SKF
and the workers’ union, daily morning meetings, issue reporting by employees, and
collaboration with an external ergonomics partner. This indicates that structured
ergonomic routines may be embedded at the organizational level in mature reman-
ufacturing environments.

At the same time, the interview revealed that formal, task-level ergonomic assess-
ment tools like RULA, REBA, or KIM had not been systematically implemented at
remanufacturing workstations. Ergonomics was explicitly linked to operational out-
comes: improved ergonomic conditions were associated with lower sick leave, higher
quality, and increased productivity. Automation and digitization were also identified
as long-term strategies for enhancing and expanding remanufacturing operations.

Interview (I2) — Ergonomics Representative

The interview offered insights from a professional ergonomist. The interviewee high-
lighted repetitive motions, awkward working positions, and manual handling of ma-
terials as the main ergonomic risk factors. They also pointed out that workstation
layout, the placement of tools, ease of access to components, and a lack of task
variation all play significant roles in creating physical strain.

An important message from the interview was that working correctly should be
made easy for employees. In practice, this means that safe postures should not rely
solely on individual behavior, but must be actively supported by the design of the
workstation. The interview further stressed that ergonomic evaluations should be
integrated early in the process, rather than being carried out only after issues have
already appeared.

The interviewee referred to QEC (Quick Exposure Check) and the latest versions of
KIM as relevant tools for ergonomic assessment, noting that the choice of method
should be guided by the type of task, how it is performed, and its frequency. Vari-
ation in posture was underscored as a key principle for improvement. Employees
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should be able to alternate between standing, sitting, walking, resting, and mov-
ing throughout the workday. This variability was linked to lower fatigue, improved
alertness, fewer quality defects, less rework, and reduced sick leave.

Interview (I3) - Application Specialist Demolition /Husqvarna

The interview offered practical industrial perspectives on refurbishment activities
related to remanufacturing. The interviewee outlined robot remanufacturing re-
furbishment as a multi-stage process that includes inspection (diagnosing to assess
whether remanufacturing is viable and identifying the required work), disassembly,
cleaning, repair, restoration, assembly, testing, and quality control.

The interviewee characterized disassembly and assembly as challenging, physically
demanding phases. Disassembly may involve corroded or hard-to-reach parts, which
can demand repeated use of tools and considerable physical effort. Such conditions
can cause strain and discomfort in the back, shoulders, and wrists. Cleaning was
also described as a time-intensive task. In some situations, cleaning must be car-
ried out multiple times when additional contaminated areas become visible as the
process progresses. The interview further highlighted that time pressure can affect
ergonomic behavior: under tight deadlines, workers may opt for quicker methods
that are not always ergonomically appropriate.

The interview indicated that ergonomic evaluations are systematically carried out
at workstations through internal safety procedures, observational checks, and team
discussions. Ergonomics was presented as a long-term investment in operations.
Suggested measures to reduce fatigue and enhance work quality included better
tools, height-adjustable workstations or tables, improved task planning, and com-
bined disassembly—cleaning stations. Ergonomic enhancements were also associated
with lower error rates, improved lead times, and overall better operational perfor-
mance.

Interview (I4) - Academic Professor /Chalmers

This interview provided an academic point of view on remanufacturing. Drawing
on observations made during site visits, the interviewee emphasized that disassem-
bly represents a major ergonomic challenge in remanufacturing. A primary reason
given was that operators frequently rely on general-purpose hand tools that are not
tailored to the geometry of specific components or products. As a result, higher
exertion of force is often required, which can promote awkward working postures.
The interview reinforced the understanding that ergonomic risks in remanufacturing
are shaped by the characteristics of the task, the suitability of the tools, and how
easily products can be accessed. When tools are not well matched to the task,
operators may compensate by exerting more force or by working in suboptimal
postures.

The discussion also underscored the importance of investigating ergonomics specif-
ically within the context of remanufacturing. The link between ergonomics and
remanufacturing was characterized as an area that still requires further attention.
Improving tooling emerged as a key practical avenue, as task-specific tools could
lower force demands and enhance working conditions.
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Interview (I5) - PhD Candidate in Chalmers

This interview provided a research-oriented perspective on remanufacturing and its
connection to ergonomics and sustainability. The interviewee described remanu-
facturing as a process that relies heavily on manual work and has a lower level of
automation compared with conventional manufacturing. A key point was that re-
turned products often vary in condition, which makes the work less predictable and
requires operators to adapt their posture, tools, and working method.

Disassembly was highlighted as one of the most physically demanding phases. The
interviewee explained that operators may need to bend, stretch, reach, or work
in awkward positions depending on the product condition and workstation setup.
Variability was also identified as an important reason why ergonomic standardization
is difficult in remanufacturing.

The interview also connected ergonomics with the long-term sustainability of re-
manufacturing. Skilled workers and tacit knowledge were described as important
for successful remanufacturing operations. Poor ergonomic conditions may increase
fatigue, discomfort, and staff turnover, which can weaken the long-term capability
of remanufacturing systems.

Interview (I6) - Postdoctoral Researcher /KTH

This interview provided a research oriented perspective on remanufacturing, with
emphasis on digitalisation, workflow maturity, and product lifecycle information.
The interviewee explained that remanufacturing often lacks the automation, stan-
dardisation, and data support available in new manufacturing. This creates uncer-
tainty during inspection, disassembly, and repair because operators may not know
the previous use history or condition of returned products.

A major point was that ergonomic risks are not caused only by workstation design.
They are also influenced by the structure of the remanufacturing process itself.
When product information is missing and workflows are unstable, operators are
forced to perform reactive and improvised work. This can lead to unpredictable
manual handling, awkward postures, and additional physical effort.

The interview also emphasized digitalisation and lifecycle data as long-term im-
provement opportunities. Better information about returned products could re-
duce uncertainty before work begins and make the remanufacturing process more
predictable. This can support safer work methods, better planning, and reduced
physical strain.
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Overall - Interview Summary

Overall Interview
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Figure 4.2: Overall Interview Summary

As summarized in figure 4.2, across the interviews, remanufacturing was described
as a labour-intensive and variable process. Disassembly was identified as the most
high-risk station, although the SKF interview showed that machining can also be-
come highly labour-intensive depending on product type and process context. The
main ergonomic risks identified were awkward postures, repetitive movements, force-
ful exertion, poor accessibility, unsuitable working height, and task variation. The
interviews also showed that ergonomic issues are often recognized through experi-
ence, internal routines, or general safety practices, while formal task-level ergonomic
assessment is limited. This supports the need for more structured assessments of
remanufacturing workstations using assessment tools for posture, repetition, and
other activities.

Finally, the interviews connected ergonomics with both worker well-being and opera-
tional performance. Better ergonomic conditions can reduce fatigue, reduce rework,
lower sick leave, improve productivity, and strengthen the long-term sustainabil-
ity of remanufacturing operations. Ergonomics should therefore be treated as an
important improvement area for labour-intensive remanufacturing systems.
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4.3 Simulation Analysis

Simulation was used for modeling the manual disassembly process in a remanufac-
turing station using IPS-IMMA[32] software. This disassembly process entailed an
operator disassembling a demolition robot located on a table. The work steps that
were modeled through the simulation process included removing bolts for dismount-
ing the front cover, accessing the interior part, removing the rotor from the stator,
and manually transporting a heavy part. The image 4.3 shows the setup of the
workspace and manikin.

Figure 4.3: Setup of the Workspace and Manikin

The manikin was given assumed gender, weight, and height values. To run the
simulation software, it is essential to add a few parameters with certain functions,
motion constraints, and validate the operation sequence conditions to make a creed-
ible simulation case, followed by evaluating with appropriate ergonomic assessment
methods built into the software - in this case, RULA or REBA.

4.3.1 Scenario 1

Figure 4.4 illustrates the manikin positioned beside the machine as it begins to
remove the bolt. The machine is situated on the worktable, while the tools are
arranged on a separate table.
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Figure 4.4: Manikin near the machine, removing the bolt

4.3.1.1 Scenario Description,Assumptions & Calculation

While creating the scenario, the manikin’s movements and actions were constructed
for loosening the bolts of the panel cover with a torque in correlation with the
bolt size, as mentioned in the European standard metric bolts under ISO 898-1
and DIN standards [39]. The values for the forces acting on the right-hand tool
operation and left hand supporting the panel cover are calculated based on the
force and torque relations as described in EN 1005-3:20024 A1:2008, which explains
the guidelines to manufacturers for the safety of machinery and its parts, human
physical performance, and recommended force limits for actions during machinery

operation[40].

Table 4.2: Parameter inputs and assumptions for Scenario 1

Parameter input Value Description

Bolt size M12 Assumed the bolt used for tightening
the cover

Spanner length 0.24 m Assumed lever arm length of the span-
ner

Right hand: Constant 110 N Force applied by the right hand on the

force 2 spanner during task

Equivalent loosening 26.4 Nm Calculated using ' = F'x L, where F' =

torque 110 Nand L =0.24 m

Left hand: Constant 50 N Assumed force applied by the left hand

force 2 on the machine body for stabilizing the
posture

Force application One-hand tool The right hand was used during oper-

operation ation, while the left hand was only for

support
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Figure 4.5: Forces in Scenario 1 during the DHM simulation
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Figure 4.6: Force inputs assigned to Scenario 1

35



4. RESULTS

4.3.1.2 Ergonomic Assessment Result

For scenario 1, the REBA-based assessment method was the most suitable option,
as it considers whole-body posture and movement when manually using a spanner
to loosen components, requiring additional force in the arms and wrists for gripping,
followed by a shift in body posture and balance.

E Reba Score

[[1 Tactivity score [ [ 2 Jrablec | [ 5 [rebascore

Table C score using
values from Table C + Activity
Score A and Score

ScoreB

What is the activity?

Neck, Trunk and Leg Analysis

[[ 2 [Neck position | [t Trrunk Position J 1 Teess |
0 10
107 g
- bR
[TINeck or Twisted | | Trunk or Twisted | | [ Legs Bend
[ Trablea | [[1 JForcertoad score | [2 Jscorea

Table A score using
values from
Trunk Position, 10kg
Meck Position
and Legs

Table A+ Force/Load

[Q]Shock or rapid

E Arm and Wrist Analysis

[[ 3 Teeft Upperarm Position | [ 3 [Right Upperarm Position | [[ 2 [Lower Amm Position Left

90 907 907 90°
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15 || 157
|15= 15=|
[0 Left Wrist Bent [TIRight Wrist Bent

[5 [Table B Combined 0_|Coupling Score [ JscoreB

Max score for left What is the quality Table B + Coupling
and right of the grip?

Figure 4.7: Scenario 1 : REBA result from the simulation software.

Figure 4.7 shows the final score as 5, indicating a medium ergonomic risk. Although
the task is not critical, it can lead to an increased risk of physical strain when it
is prolonged over time with repetition. The score highlights the strained conditions
while keeping the arm raised; the waist gets bent when loosening the bolts with the
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right hand using a spanner, and inclining the upper body forward to reach the bolts.
These account for force exertion over the wrist, arm, shoulders, and neck.

The ergonomic risk can be lowered by using a pneumatic or battery-charged tool in
place of a manual handheld tool, and adjusting the work height, and reducing the
sub-activity duration.

Modifications help lower the REBA scores associated with: neck, upper arms, and
wrist, as well as force/load and activity. Correcting working height would reduce
trunk forward bending of neck and make it possible for the arm above the elbow
to get closer to a neutral position. Pneumatic or battery-actuated tools would
lessen the manual force required from the right hand and reduce load on the wrist
and arm. Reducing the time and frequency of the task would cause scores for the
activity component to decrease.

4.3.2 Scenario 2

Figure 4.8 shows the workspace for Scenario 2. In this scenario, the manikin is in
front of the worktable removing the rotor from the stator. The whole component is
placed on the table surface, and the operator uses both hands to grip and pull the
component during the simulated operation. This setup was used to evaluate whole
body posture, hand grip, and force application during the pulling task.

Figure 4.8: Manikin Removing the rotor from the stator

4.3.2.1 Scenario description, Assumptions & Calculation

The task requires the operator to grip the component with both hands and apply
pulling force to separate or remove it from its fitted position.

The force values and assumptions used for Scenario 2 are in Table 4.3 .Figure 4.9 and
Figure 4.10 shows the force applied in the scenario. These values are assumptions
for the DHM simulation. The actual force required during real disassembly may
vary depending on component fit and the condition of the returned product.
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Table 4.3: Parameter inputs and assumptions for Scenario 2

Parameter input Value Description
Rotor mass 12 kg Assumption in the simulation
Total rotor gravita- 117.8 N Calculated using F' = mx g, where m =
tional force 12 kg and g = 9.81 m/s* [11]
Force distribution Equal Assumption rotor force was equally dis-
tributed to both hands-While Pulling

Right hand: Constant 50 N[40] Force applied by the right hand during
force 1 the pulling/removal task
Right hand: Constant 58.8 N Assumed right-hand share of the rotor
force 3 gravitational force
Left hand: Constant 50 N[40] Force applied by the left hand during
force 2 the pulling task
Left hand: Constant 58.8 N Assumed left-hand share of the rotor
force 4 gravitational force
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Figure 4.9: Force inputs assigned to Scenario 2
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Pulling Eorces Direction

Grayitational Force
Direction

Figure 4.10: Forces in the scenario 2 during the DHM simulation

4.3.2.2 FErgonomic Assessment Result

For scenario 2, REBA was selected to assess the loading result because the rotor
pulling task involves whole body posture and manual force exertion. This was
characterized by the arm positioning of the worker, his wrist positioning, gripping
ability, and the amount of force exerted during the operation. Even though there
were small changes in neck, trunk, and legs positioning, it mainly involved the use
of both hands to pull while standing.
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Figure 4.11: Scenario 2 : REBA result from the simulation software.

As shown in Figure 4.11 -the overall REBA score was 4. The score indicated moder-
ate ergonomic risk associated with the task of rotor-stator pulling. Such a score was
achieved due to the influence of the posture adopted by the arms of the operator,
wrist posture, grip and force exerted. In spite of the relatively neutral posture of
the neck, trunk and legs, the pulling activity required the use of both hands.

The REBA analysis indicates that there is no extreme level of hazard for the oper-
ation, but it is possible that it might induce ergonomic issues when done frequently
or if the resistance to pull increases in actual disassembly. In this case, correc-
tive actions can be applied through better gripping surfaces, a fixture to hold the
part steady, proper worktable adjustment, or use of an assisting mechanical pulling
mechanism.
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The changes would significantly decrease REBA scores for upper arms, wrists, cou-
pling, and force. The new gripping surfaces would help the hands to connect with
the rotor and decrease coupling, and the new assisting mechanical device would
lessen the input of manual force required by both hands and subsequently lessen the
force. The fixture used to hold the component would also eliminate the need for
awkward arm and wrist positioning.

4.3.3 Scenario 3

Figure 4.12 illustrates the manikin positioned to push a reinforced, lightweight trol-
ley to transport a heavy machine part, in this case a motor. The manikin holds and
supports the trolley with both hands and slightly leans forward to create a balance.
This setup was used to evaluate whole-body posture, hand grip, balance, and force
application during the transportation task.

Figure 4.12: Manikin transporting a heavy part using a trolley

4.3.3.1 Scenario description, Assumptions & Calculation

In this scenario, the operator grips both hands on the trolley to push ahead, adding
a subsequent force. The force values and assumptions used for Scenario 3 are
in Table 4.4 and the Figure 4.14 & Figure 4.13 shows that these forces applied in
the scenario. In real conditions, the required pushing force may vary depending on
the trolley maneuvrability, floor ¢ ondition a nd t he ¢ ondition o f t he h andled
machine part.
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Table 4.4: Parameter inputs for Scenario 3

Parameter input Value Description

Trolley type Light-Weight A lightweight trolley was assumed for
trolley transporting the machine part.

Trolley mass 8 kg Assumption for the trolley -Mass

Machine part mass 25 kg Assumed mass of the machine part in

the trolley.

Total-transported 33 kg Combined mass of the trolley and the

mass machine part.

Total-gravitational 324 N Calculated using F' = mx g, where m =

force 12 kg and g = 9.81 m/s* [11]

Force distribution Equal Assumption-Total force was be equally

distributed between both hands while
guiding the trolley.

Right hand: Constant 162 N Force applied by the right hand while

force guiding the trolley during transporta-
tion.

Left hand: Constant 162 N Force applied by the left hand while

force guiding the trolley during transporta-
tion.

Pushing Force Direction

Figure 4.13: Forces in scenario 3 during the DHM simulation
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Figure 4.14:
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Force inputs assigned to Scenario 3

4.3.3.2 Ergonomic Assessment Result

For scenario 3, REBA was chosen since in this case, the task involves whole-body
motion with the trunk slightly inclined forward, the hands are in a closed grip but
the wrists are extended, and forceful exertion is utilized for moving the trolley and
the machine part on top of it.

The task also reflectst he b ody b alance ¢ ondition i n ¢ orrelation w ith t he trunk
posture when adding an external force for transporting the load. From the 4.15,
the total REBA score is displayed as 4, which accounts for moderate ergonomic
risks. The score reflects t he w hole b ody p ostural 1 oading, 1 oad, or f orce coupled
with activity conditions.
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Figure 4.15: Scenario 3: REBA Result from the simulation software.

In real cases, transporting heavy components may occur multiple times in a day,
exposing workers to repetitive movements affecting the trunk posture and body
balance. Hence, it can be recommended to use hoist cranes and mono rails to
transport heavy objects and maintain safety while working on cranes.

The changes would significantly d ecrease R EBA s cores a ssociated w ith t he back,
arms, and wrists. Utilizing a lifting crane or monorail system would eliminate the
requirement for manual pushing and enable the operator to maintain an upright
back position. The upper arms and wrists would also work less because the load
would not need to be controlled in the same way. Finally, the reduction in the
number of times the load is moved manually might mean that the activity score is
also reduced.
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4.4 Comparing - Simulation Vs KIM Methods

According to the Swedish Work Environment Authority [41], it is recommended to
use the ergonomic assessment method KIM to ensure a systematic and standardized
evaluation of physical workload [41]. The KIM methods involve different
assessment factors to reveal the ergonomic risks from a wider perspective in any
workplace environment.  The following KIM methods are specifically
recommended by the authority.

« KIM-Manual Handling Operation (MHO)
o KIM-Lifting, Holding, Carrying (LHC)
« KIM-Pushing,Pulling (PP) [29]

In the simulation-based interpretation of results, the REBA and RULA assessment
methods are implemented in the software to provide an evaluation of postural risks.
The RULA method is useful to determine upper-limb postural load in tool-related
tasks involving the wrist, arm, shoulders, and neck. In contrast, the REBA method
has a greater focus on whole-body loading and includes more assessment factors than
RULA. Tasks that primarily feature trunk flexion, leg support, standing positions,
load handling, and repetitive actions are suitable to assess with REBA, and these
were predominant in the simulation scenarios. The KIM methods are primarily
employed to detect ergonomic risks arising from other factors than posture,
such as work-environmental conditions, force application, gender differences
and time factors, which are not as well covered by RULA and REBA.

Upon assessing the simulation scenarios using REBA, corrective actions were
suggested that would affect the partial scores of the method. Still, REBA
method does mnot cover all imaginable factors that could matter for
improving er-gonomics; hence, a complementary analysis with a method that
considers additional factors makes KIM an ideal option.

4.4.1 Scenario 1 - KIM :Manual Handling Operation(MHO)

In scenario 1, we conduct a manual assessment using KIM-MHO, which makes a
more abbreviated posture evaluation, but also addresses manual physical workload
factors such as force exertion, grip conditions, repetitive actions, duration of expo-
sure, and the surrounding work environment. The KIM-MHO is explicitly designed
for manual handling operations and accommodates different levels of force applica-
tion when using hand tools and assistive devices weighing less than 3 kg. Therefore,
it is well-suited to and correctly aligned with the panel removal scenario.
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KIM for assessing and designing physical workloads during Manual Handling Operations (KIM-MHO) |
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small inols
High Torces (Up i 50% F M)
2.q. tuming / winding / packaging § grasping / holding or
joining parts ¢ pressing In | cutting / 14 T 3.3 1 3 G 12 18
warking with small powered hand fools
Very high forces (up 10 80% Fa.M)
2.g. cutting Involving major element of force § working with 22 1M 3.3 1.3 3 10 18
small staple guns / moving of holding parts or tools
Peak forces™ |maore han 0% FraM) ™
e.g. tightening, loosening bolis / separating J pressing In e 33 8 L._Eu, e
high Powertul hiting® with ball of the thumb, paim of the hand 8 10
or fist
The work cytle must be observed and the rating points for the farce
cafegaries marked. Added (Tei and right hands separaiely), these Rating points of force exartion: [ Left hand Right hand
produce e force rating pond. To calcwate the olal score (sep J), he i
higher value must be wsed. [} 5'::

" The amount of time of holdlng work Is only considensd a5 such in the assessment ¥ one arm is held continuowsly statically for at least 4 second's!
# Piease note: i one of hese categories was chosen, If s recommended fo evaluale this sub-acivity 5o using the KIM-BFT

Thess forces might nat be exerted at all or might na longer be exerfed reNably. This appliles fo women In pardicilar.
# In case of even higher TeqUENncies, e reswitng Msk SCOME MUSt De extrapolated neany or the E Version (Kikd-MHO-E) must be appied.

Force transfer [ gripping conditions Rating
Optimum force transferfapplication / working objects are easy to grip (e_g. bar-shaped. gripping groowes) | 0
good ergonomic gripping design (grips, buttons, tools)

Restricted force transferfapplication / greater holding forces required / no shaped grips A\ 2™
Force transferlapplication considerably hindered [ working objects hardly possible to grip :‘
({shippery. soft, sharp edges) / ne or only unsuitable grips
Handiarm position and movement! Ra‘_ting

points

\ Good: position or movements of joints in the middle (relaxed) mange. o

i only rare deviations / no continuous static arm posture /| hand-arm rest possible as reguired

h ‘ Restricted: cccasional positions or movements of the joints at the lmit of the movement 1

ranges ! occasional long continuous static arm posture

\ r Unfavourable: frequent positions or movements of the joints at the limit of the movement I."z"

ranges ! frequent long continuous static am posture e L=

v N Poor: constant positions or movements of the joints at the limit of the movement ranges / 3

constant long continuous static arm posture
4 Typical positians are fo be considered. Rare deviations can be ignored.
. - § . Rating

Unfavourable working conditions (specify only where applicable) points
Good: there are no unfavowrable working conditions, i.e. reliable recognition of detail / no dazzle / good dimatic 0
conditions
Restricted: occasionally impaired detad recognition due te dazzle or excessively small details 1
difficult conditions such as draught, cold, moisture and/or disturbed concentration due fo noise
Unfavourable: frequently impaired detail recognition due to dazzle or excessively small detads 2
frequently difficult conditions such as draught, cold, moisture andior disturbed concentration due to noise

Indicators Rot mentioned in the fable are fo be faken Into account accaraingly.

Figure 4.16: Scenario 1 KIM -MHO: Page 1[37]
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Body posture/movement® & s:?nr‘lg
- ARemation between sitting and standing, altemation between standing and walking, dynamic sitting
possible
- Trunk inclined foraard only very slightly 0
- Mo twisting andior lateral inclination of the trunk identfiable
- Head posture: varable, head not indined backward andfor severely inclined forward or constantly moving
- Mo gripping above shoulder height | no gripping at a distance from the bady

- Predominantly sitting or standing with cccasional walking
% —1 - Trunk with slight inclination of the body towards the work area

- Decasional twisting andior Iateral inciination of the trunk identifiable 2
- Occasional deviations from good “nevtral” head posture/movement
- Oececasional gripping above shoulder height | occasienal gripping at a distance from the body

- Exclusively standing or sitting without walking

- Trunk t!ea‘lgrm ined forward andlor frequent twisting andior lateral inclination of the trunk identifiable A
- [Frequent deviations from good “neutral” head posturefmovement ; G J
f% - Head posture hunched forward for detail recognition / restricted freedom of movement L !
- [Frequent gripping abowe shoulder hesght [ frequent gripping at a distance from the body
- Trunk severely nclined forward [ frequent or longHasting bending

- Work being camried cut in a knesling, squatting, lying position
R - Constant twisting andior lateral indination of the trunk identfiable gn

- Body posture stricly fized [ visual check of action through magnifying glasses or microscopes
- GConstant deviations from good “neutral” head posture/movement
- Constant gripping abowe shoulder height / constant gripping at a distance from the body
& Typlcal bady postures ae to be taken ito account. Rare dewlations can be ignorad.
® I the manua! handiing operations are not camed out In & sfatanary sitng, standing, kneeling, squatting, /ying posiion, but In modon
{waiking, crawiing), ¥ Is recommended fo evailuate the sub-acthily als0 using the KIW-BM.
o Please note: I tis Calegory Was chosen, It s recommended [0 evaiiate s sub-actiily arso using e Ki-ABP!

. M Rating
Work organisation | temporal distribution points
Good: frequent variation of the physical workload situation due to other activities (including other types of physical
workload) | without a tight sequence of higher physical workloads within one type of physical workload dunng a single 0
working day.
Restricted: rare variation of the physical workload situation due to other activities (incheding other types of physical ..
workload) | occasional tight sequence of higher physical workloads within one type of physical workload |:Ium|;| a single (_2/;
working day.
Unfavourable: nofhardly any variation of the physical workload situation due to other activities (including other types of
physical workload) / frequent tight sequence of higher physical workloads within one type of physical workload during a 4
single working day with concurrent high load peaks.

Jrd step: Evaluation and assessment

Type of force exertion in the fingerfhand area 20
Force transfer [ gripping conditions  + =
Hand!arm position and movement + 2
Unfavourable working conditions  + Q
Body posture  + 4_,
Work organisation | temporal distribution  + =
Time rating Total of - _ "
points = X indicator rating points: 4-'[-’ Resu
The risk score calculated and the table below can be used as the basls for a rough evaluation:
Intenslty of |a) Probabliity of physical overioad
Riak Rlzk rangs load"  |p) P health q Mazaurss
<20 a) Physical overioad |s unilkety.
T points 9%l Mo health risk Is to be expected. Nane
For less reslllent persons,
5| 20-<50 | sighty :} ﬁ“ﬂ“:';‘:_‘;ﬁ:;;%’;ﬂ%ﬁﬁ“mmpem“"" workplacs redesign and other
poinis | McrEased which can be compensated for during leksure ime E‘m""" measlres may be
511 - < 100 | 5w paiy |1 Pysical overioad |s also passibie for normally resilent persons.  (Workplace regesign and other
3 s n‘““ H” )  Disorders (pain), possibly INClLding dysTunclions, reversible In |prevention measures shoukd oe
pain Eas most cases, withowt morphoiogical mantfastation considered.
=100 3]  Physical overioad |s laly. Workplace redesign Measwes
4 iz high o) More pronounced disorders andior dysfunchions, structural are necessary. Other prevention
pa damage wih pathaloglcal significance measures should be considered.

° The baundarkes between fhe risk reages are Mukd becawse of the ndividual warking fechnigues and performance conditions. The classifcation
may therefare oniy be regarded as an arienfation ald. Basically, it must be assumed that the probabiity of physical overoad wil Increase 85 the
risk SCOTES Mise.

Figure 4.17: Scenario 1 KIM-MHO: Page 2 with Evaluation Result

47
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For scenario 1, the KIM-MHO assessment gives a final score of 80, which highlights
at the higher end of the second-highest risk range and indicates a substantially
increased physical workload . According to the KIM guidance, workplace redesign
and other preventive measures should therefore be considered. The high score was
mainly influenced by the two-hour task duration, the peak force applied by the
right hand, restricted grip conditions, forward leaning, and awkward body posture.
This result indicates a more serious workload concern than the REBA score of 5,
which classified the task as medium risk and recommended further investigation and
changes soon. Possible improvements include using powered tools, improving grip
conditions, reducing the required manual force, and limiting the operator’s exposure
time to the task.

4.4.2 Scenario 2 - KIM:Manual Handling Operation (MHO)

In scenario 2, manual assessment using KIM-MHO is used again due to the matching
task situation and physical workload condition. The force exertion and material
handling are involved with the task, with strain acting on wrist grip, arms, shoulders,
and alteration in body posture by slightly inclining forward for reaching the rotor
body while extraction.

From figure 4.16, the KIM-MHO assessment gives a final score of 18, which falls
under risk range 1, which means the task has a low physical workload within the
simulated conditions. The risk remained low due to both supporting hands and
better gripping and equal force distribution on the wrist and arms. Even though
the task involved manual pulling and handling, the body posture did not show
severe awkwardness, and overall physical work load remains low, and the task can
be ergonomically ideal. The scores can get a high risk range if the rotor weights are
heavy combined with a lower height for the work table.
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KIM for assessing and designing physical workloads during Manual Handling Operations (KIM-MHO) ‘

Workplace/sub-activity: SCENARIO- 2 : REMOVING, ROTOR. fRoM STHHOR
Duration of the working day: Ehog Evaluator:
Duration of the sub-activity: 2hBS Date: o3 Josf202.¢

1st step: Determination of time rating points

Total duration of this sub-activity per working day [upto ... | upto
1 2 3 4 5 6 7 8 9 10

hours]

Time rating points: 1 | 273 | 4|5 |6 |7 8 9 | 10

2nd step: Determination of the rating points for other indicators

Holding" " Moving
Type of force exertion in the average holding time average movement frequencies
finger/hand area within a “standard minute” [sec. per minute] [number per minute]
31-60 ‘ 16-30 | =15 | <5 ‘ 515 ‘ 16-30 ‘ 31-60 ‘ g&;,
Level Description, typical examples Rating points Rating points
low Very low / low forces (up to 15% Fpa:M)
e.g. button actuation / shifting / ordering / material guidance 5.5 3 1.5 ]| 0.5 1 2.5 5 7
! insertion of small parts
Moderate forces (up to 30% FaM) \_/
e.g. gripping / jeining small work pieces by hand or with 9 4.5 25 | 05 2 4 7.5 1
small tools
High forces (up to 50% FmadM)
e.g. turning / winding / packaging / grasping / holding or
joining parts / pressing in / cutting / 14 7 35 ! 3 6 12 13
working with small powered hand tools
Very high forces (up to 80% Fa.M)
e.g. cutting involving major element of force / working with 22 11 5.5 1.5 5 10 19
small staple guns / moving or holding parts or tools
2)

Peak forces? (more than 80% F M) 100 a5 8 10 100

e.g. tightening, loosening bolts / separating / pressing in
high Powerful hitting® with ball of the thumb, palm of the hand

or fist 8 30
The work cycle must be observed and the rating points for the force
categories marked. Added (left and right hands separately), these Rating points of force exertion: |Left hand Right hand
produce the force rating point. To calculate the total score (step 3), the a
higher value must be used. a.

) The amount of time of holding work is only considered as such in the assessment if one arm is held continuously statically for at least 4 seconds!
? Please note: If one of these categories was chosen, it is recommended to evaluate this sub-activity also using the KIM-BF!

These forces might not be exerted at all or might no longer be exerted reliably. This applies to women in particular.
¥ In case of even higher frequencies, the resulting risk score must be extrapolated linearly or the E version (KIM-MHO-E) must be applied.

Force transfer / gripping conditions Rating
Optimum force transfer/application / working objects are easy to grip (e.g. bar-shaped, gripping grooves) / 0
good ergonomic gripping design (grips, buttons, tools)

Restricted force transfer/application / greater holding forces required / no shaped grips w2
Force transfer/application considerably hindered / working objects hardly possible to grip 4
(slippery, soft, sharp edges) / no or only unsuitable grips
Hand/arm position and movement® ::::‘r:g

\ Good: position or movements of joints in the middle (relaxed) range, 0

only rare deviations / no continuous static arm posture / hand-arm rest possible as required

h \ Restricted: occasional positions or movements of the joints at the limit of the movement 1

ranges / occasional long continuous static arm posture

\ F Unfavourable: frequent positions or movements of the joints at the limit of the movement 2

ranges / frequent long continuous static arm posture

v N Poor: constant positions or movements of the joints at the limit of the movement ranges / 3

constant long continuous static arm posture
¥ Typical positions are to be considered. Rare deviations can be ignored.

U " - . . Rating

nfavourable working conditions (specify only where applicable) points

Good: there are no unfavourable working conditions, i.e. reliable recognition of detail / no dazzle / good climatic
conditions A
Restricted: occasionally impaired detail recognition due to dazzle or excessively small details 1
difficult conditions such as draught, cold, moisture and/or disturbed concentration due to noise
Unfavourable: frequently impaired detail recognition due to dazzle or excessively small details 2
frequently difficult conditions such as draught, cold, moisture and/or disturbed concentration due to noise

Indicators not mentioned in the table are to be taken into account accordingly.

Figure 4.18: Scenario 2 KIM -MHO: Page 1[37]
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Body posture/movement® ® 2::_:3.
- Altemation between sitting and standing. altemation between standing and walking, dynamic sitting
possible
Trunk incliined foraard only very slightly 0

gN

ﬂ/} - Mo twisting andior lateral inclination of the trunk identfiable
- Head posture: vanable, head not indined backward andior severely inclined forward or constantly moving
- Mo grinping above shoulder height | ne gripping at a distance from the body
Trunk with slight inclination of the body towands the work area
Occasional twisting andfor lateral incination of the trunk identifiable
Oecasional deviations from good “nevtral” head posture/movemeant
- Exciusively standing or sitting without walking
- Trunk clearfy inciined forward andfor freguent twisting and/or ateral inclination of the trunk identifiable
- Frequent deviations from “neutral” head postureimovement
- Frequent gripping abowe shoulder hesght [ frequent gripping at a distance from the body
- Trunk severely nclined forward [ frequent or longHasting bending
Constant teisting andior lateral inclination of the trunk identfiable
Body posture stricty fied § visual check of action through magnifying glasses or microscopes
Constant deviations from good "neufral” head postureimovement
& Typical nodyposrum.s are to be taken info accownt Rare deviations can be ignored.
 [f the manual handing operations are not camed out In & statlnary sittng, standing, knealing, squatting, /ying postion, but In mofion
(walking, crawiing), K Is recommended o evaluale the sub-aciivily aiso using e KIW-BM.

: Predominanty sitting or standing with occasional walking
% —1 E Oeccasional gnpping above shoulder height / occasional gripping at a distance from the body
Head posture hunched forward for detail recognition / restricted freedom of movement
ﬂ R - Work being camied out in a knesling, squatting, lying position
: Constant gripping abowe shoulder height / constant gripping at a distance from the body
o Please note: I this calegory was chosen, It s recommended fo evaluate s sub—acmﬁyarsn using fhe KIW-ABP!

Work organisation ! temporal distribution

Rating
points

Good: frequent wariation of the physical workload situation due te other activities (including other types of physical
workload) [ without a tight sequence of higher physical workloads within one type of physical workload during a single
working day.

Restricted: rare vanation of the physical workload situation due to other activities (incheding other types of physical
workload) / occasional tight sequence of higher physical workloads within one type of physical workload during a single
working day.

Unfavourable: novhardly any variation of the physical workload situation due to other activities (induding other types of
physical workload) / frequent tight sequence of higher physical workloads within one type of physical workload during 3

single warking day with concurrent high load peaks.

Jrd step: Evaluation and assessment

Type of force exertion in the fingerfhand area =
Force transfer [ gripping conditions  + =
Hand/arm position and movement + ]
Unfawourable working conditions  + Q
Body posture  + =2
Work organisation ! temporal distribution  + =
';E;lii;;a‘ting x2 indicator raﬁngﬁtia}:fsuf q = H.est:%
Tha risk scors calculated and the table below can be used s the basls for a rough svaluation:
Rigk Risk rangs Intl::;dﬂx of la]]' ?muat:llt:;:mhwlutnvmnad [—
IR — e
|| gy [ EYSSISER S oo e e

which can e compensated for during lefsure ime helpfis.

@) Physical overioad Is also possible for normally reslllent persans.
bj Disorders {pain), possibly Including dysfunciions, reversibie In
most cases, withowt rnorpnunglca manifestaton

50 - = 100 | substantally
points | increased

[*]

consldered.

'Workplace redesign and ather
prevention measures should be

Physical overioad |s kaly.
Morg FI'IH"IDI.I'IMG disorders andiar ﬂ&'Eﬂ.II'IIm{II'IE. structural
gamage win pamological significancs

3]
M=) - F

'Workplace redesign measimes
are necessary. Other prevention
measures should be consldered.

* The boundaries befween ihe fisk ranges are Muld because of the IndWidual warking fechniques and performance condiions. The ciassifcation
may therefore only be regarded as an orienfation alg. Basically, f must be assumed that the probablity of physical overoad wil Increase 35 the

risk scores mse.

Figure 4.19: Scenario 2 KIM -MHO: Page 2 with Evaluation Result
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From the above figure4.16,the KIM-MHO a s sessment givesa finalscoreof
which falls under risk range 1, which means the task has a low physical workload
within the simulated conditions. The risk remained low due to both supporting
hands and better gripping and equal force distribution on the wrist and arms. Even
though the task involved manual pulling and handling, the body posture did not
show severe awkwardness, and overall physical work load remains low, and the task
can be ergonomically ideal. The scores can get a high risk range if the rotor weights
are heavy combined with a lower height for the work table.

4.4.3 Scenario 3 - KIM: Pushing, Pulling (PP)

In Scenario 3, Manual assessment usig KIM-PP(Push Pull) is used as it is more
relevant for the simulative scenario of transporting a heavy machine part in a trolley
and moving along a path.

From figure 4.20, the KIM-PP assessment gives a final score of 57, which places the
task in a risk range of 3, which means a substantial increase in physical workload.
Even though the trolley avoids the physical material handling and lifting, it still
allocates a noticeable physical force demand while pushing the trolley ahead with
body postures inclining more forward to exert force and movement. The high
scores are due to the contribution of weight transportation, body postures, and
limited variation in the work action. Overall, the trolley transport task attains
a substantially increased risk and is still ergonomically demanding, and needs to
undergo corrective actions by using remotely operated overhead hoists to
transport heavy parts above the floor and using a lighter trolley with suitable
wheels and handles to reduce the force required for transportation.
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KIM for assessing and designing physical workloads with respect to manual Pushing and Pulling of

loads (KIM-PP)

Workplace/sub-activity:

SCEMPBEm-2. TEAHSSHORTING THE HEMY PRET (B1rEG TRolLEY

Duration of the working day- B | Evaluator: ]

Duration of the sub-activity: s | Date: [

cifog [Pure

1st step: Determination of time rating points (distance, duration of the PP)

Distanca" up to ...m* 40 | 200 | 400 | 800 | 1200 | 1800 | 2500 | 4200 | &2300 | 8400 | 11000 | 15000 | 20000
Duration" upto...min® | <1 | =5 | =10 | <20 | <30 | =45 | =60 [ =100 €150 [ <210 | =270 | =380 | =480
Time rating points 1 15 2 25 3 35 4 {E 7 8 9 10
" An approximate walking speed of 0.7 mE (2.5 kmh) when pushing and puiing loads )5 assumed. °) Per sub-sctivity and working day.
2nd step: Determination of the rating points for other indicators
Transport device Owverhead | Owerhead
- CONYEYOrs | cranes
Carriages
Load weight to only swivel with fized castors or pedestrian-
be moved BamowsE4! castors lockable swivel castors controlied
trani;mulzrlur‘;I :‘n?\rine i I Uy 1 rI Il i I| I -
P P rar oo l[q "‘5
[kal i i e T \\4\'.,.--/:’.
b Sl = - ™ :
u 5 ﬁ't"ﬁ 5 o 3 ‘J."',"I"‘l !
up to 50 3 2 2.3 -\_?5 3 1 1 1 1 2
= 50 up to 100 3 3 4 3 4 1 1 1 1 23
> 100 up to 200 10 [ T 4 [ 2 1.5 15 15 35
» 200 up to 300 30 12 30 3 ] 3 2 2 2 4.3
> 300 up to 400 50 T 12 4 3 25 25 B
» 400 up to 600 12 a0 L] 3 4 4 10
> 300 up to 800 30 10 8 T 7 135
= 800 up to 100 100 50
1000 100 15 12 10 10
> 1000 up t 100 100
up to
1300 50 50 50 20 -
= 1300 100 100 100 50

# In addition (o the propeling force, the (0ad rating points alse consider Ing, tiing, balancing and lowering fores.

wheals, sfair ciimbing carfs and ofher special designs cannot be diferenfisted using the KIM-PP. % E.g. waste confalners in outdoor areas with
Grey fleids: These laad weights can no fonger be maved refably.

simpie wheel bearings, which might be exposed to the weather.

“ Barows with suppart

Rating points
Driveway conditions | Flr i
? l Camiages
L .
Driveway completely level, smooth. sofid, dry, without inclinations 0 o (o]
Driveway mostly smaoth and level, with small damaged spotsifaults, without inclnations 0 1] 1
Mixture of cobbles, concrete, asphalt, slight inclinations*, dropped kerb 0 1 2
Mixture of roughly cobbled, hard sand. slight inclinations”, small edges/sills 1 2 3
Earth or roughly cobbled driveway, potholes, heavy soding. slight inclinabons, landings, sills 3 3 3
Inclinations of 2 up to 47 (4 up to B%) 5 . .
Additional points in case of Inclinations of 5 up to 10° (Y up to 10 thggd?hm e
significant inclinations or stairs | 18%) — pomts
Stairs7, inclinations > 10° (18%) 23 Tatal
® Sight incination: up fo 2° (4%) ™ oniy for using stalr cimbing carts
Intermediate rating Total IRP
Unfavourable working conditions {specify only where applicable) points \
IRP {max. 4)
Regularly significantly increased starting forces, because transport devices sink 3
inte the ground or get wedged
Frequent stops with braking / without braking E
Many changes of direction or curves, freguent manoeuvring 3 o
Load must be positioned precisely and stopped, driveway must be adhered to 1
precisely
Increased movement speed (approx. 1.0 up to 1.3 mis) 2
Mone: there are no unfavourable working conditions [

Figure 4.20: Scenario 3 KIM-PP: Page 1[3§]
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Aﬂ 1t = Predominantly pulli

Direction of force 2

= Mo hindrance for the legs

Unfavourable properties of the transport deviceloverhead Immx:x rating Total IRP
conveyorioverhead crane IRP (max. 4)
Mo suitable handles or construction parts for applying force 2
Mo brake when driving on inclinations = 2° (= 3%) 3
Unadjusted casiors (e.g. too small on soft or uneven floor) 2 W
Defective castors (worn-out, rubbing, stiff, air pressure too low) 2
Mone: there are no unfavourable properties of the transport devices I
Body posture | body movement 8 Rating points
R &. »  Trunk wpright or slightly inclined forward, no twisting
K »  Force application height can be selected freely 3

pulling the load on one side
Fixed force application height ranging from 08 -12m
Mo or only slight hindrance for the legs

=+  Body inclined towards the direction of movement or slight twisting when

Ve O

Awkward body postures caused by
Fized force application height <08 or=12m
Lateral force application on one side
Significantly obstructed view

?Afi E + Significant hindrance for the legs

=  Frequent’constant twisting and/or lateral mclination of the frunk

identifiable

 The typical bocly Posture I o Be taken info SSCOUNE. ¥ the trunk 5 GNNEd & @ greater extent when starting, braking and manoewvring, this s
fzken Indo account undar unfsvouraiie WUI'KNQ conaifions.

working day.

Work organisation | temporal distribution I;:T:E
Good: frequent variation of the physical workload situation due to other activities (including other types of physical
workload) [ without a tight sequence of higher physical workloads within one type of physical workload during a single 0

single working day.

Restricted: rare vaniation of the physical workload situation due to other activities (incleding other types of physical
workload) | occasional tight sequence of higher physical workloads within one type of physical workload during a

CResmicTen  VERETRN PESLMED |

G

Unfavourable: nomhardly any variation of the physical workload situation due to other activities (indluding other types
of physical workload) / frequent tight sequence of higher physical workloads within one type of physical workload 4
during a single working day with concument high load peaks.

3rd step: Evaluation and assessment

Load weight [ transport device =25
Driveway conditions + [
Unfavourable working conditions (¥ IRP}) + L] ComSio eI
Properties of transport device (E IRP) + L] =5 WIRLE EFMPLYEE
Body posture + = rd
_— e E In case of female
Work organisation [ temporal distribution  + 2 employees:
Time ratin, Total of _ . = El
points s X E’ indicator rating points: .5 x13 Result
Pushing and Fulling in pairs: | x 0.7
The risk score and the table below can be used a8 the basls for a rough evaluati
Intel of |a) Probabliity of physical owarioad
Rizk Risk ranga Io b) Possibie health conasquences Maazures

<20 3) Physical overioad Is uniikely.

T paints ow b) Mo health sk Is o be expecied. Hone
20- <50 J— 3) Physical overioad Is possible for less reslient persons. For less resllient persons, workplace

2 | imaraehg |®1 Fallgue, low-grade adapiation prodlems redesign and other prevention

Fa which can be compensated for during lefsure tme measres may be helptul.

—, 3) Physical overioad I also possibia for normaly rasiient
g |50 - < 100, substantialy persans. - ;‘:gﬁ",emgﬁ R e
—> paints || increased o) Disorders jpain). possiody Inchuding dysftuncionis, reversible £ -0 =
\\_h_ y In most cases, whhout morphoiogical manHestation -
100 3] Physical overioad Is IKely. Workplace regesign MEasures are
- 4 o high B) More pronounced disorders andior dysfuncions, structural |necessary. Other prevention
pa damage with pathological slgnifcance meases Should De conslidered.

7 The boundarkes befween e risk ranges are fiuld bacause of the individual working fechniques and performance condiions. The classification
may therefare only be regarded a5 an arlenfation alkd. Basically, If must be Sssumed thal the probabWity of physical ovenoad will ntrease s the

risk sCoves Mse.

Figure 4.21: Scenario 3 KIM-PP: Page 2 with Evaluation Result
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DISCUSSION

In the following chapter, the main findings of the study are discussed.

5.1 Ergonomic Risks In Remanufacturing Work

The study’s findings address the first research question, identifying which remanu-
facturing work phase carries the greatest ergonomic risks and specifying the types
of risks involved. Among the evaluated phases, the disassembly stage exhibits the
highest level of ergonomic risk in the chosen remanufacturing workstation. Accord-
ing to the interview results, remanufacturing involves highly labor-intensive tasks
with complex work patterns, which generate unpredictable ergonomic risks and ex-
tend the duration of repetitive activities and physical strain required to meet the
objective of returning the product within the designated time frame. The simu-
lation study was subsequently employed to analyze the ergonomic risks associated
with this selected phase in greater depth.

The disassembly work stage consists of activities and tasks undergoing high to mod-
erate ergonomic risks due to the higher complexity in the workflow. There are
situations in which the operator’s physical workload exceeds what is normal while
dismantling any seized or corroded machine part, which requires extra manual ef-
fort and physical strain, which may involve repetitive actions with physical forces,
strains, and wide alterations in the physical body posture, awkwardness, and af-
fected body balance. As a result of complexity and increased lead time of work,
operators’ physical and mental stress builds up to cope with the target objectives,
which could lead to the bypassing of safety protocols and an increase in near-miss
incidents and accidents.

The main ergonomic risks observed in the study were awkward postures, forceful
exertion, upper body physical strains at the wrist, arms, and shoulders, along with
whole body postures, trunk activity, repetitive work, prolonged time occurrence,
material handling of heavy object parts, and poor accessibility. These risks were
correctly aligned with the disassembly tasks within the remanufacturing workstation.
The overview of interview findings also emphasized that other work phases have more
serious ergonomic problems, such as cleaning and assembling all of which are time-
consuming and involve physical overloads for the laborers in the process and product
conditioning. However, these processes tend to follow more standardized approaches
and have safer operating procedures, whereas disassembly involves deformed and
deteriorated components and parts, requiring significant physical involvement and
posing a higher risk.
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The simulation analysis further strengthened the qualitative findings. While evalu-
ating the results of three simulation scenarios with REBA and KIM methods, there
is a combination of ergonomic risks observed based on force, manual material han-
dling, body posture and balance, repetition, accessibility, and task duration. The
disassembly work phase is identified with maximum ergonomic risks, and the promi-
nent risks are forceful exertion, awkward body postures, upper body inclinations,
trunk activity, manual handling, working with physical overload conditions, repeti-
tions, unsuitable working heights, and less accessibility.

5.2 Interpretation of Ergonomic Results

In the research, the second research question focuses on which ergonomic assessment
method can be applied to identify high-risk activities in remanufacturing worksta-
tions. Using a single assessment method is not sufficient to understand or identify
the ergonomic risks in the selected disassembly workstation. So the combination of
the posture-based assessment and workload-based assessment gives a clearer under-
standing of the physical demands involved in remanufacturing tasks.

The simulation-based assessment primarily has RULA and REBA built into the
software for the assessment of the manikin during three scenarios. Since the tasks
involved full-body movements, trunk positions, arm and wrist placements, grip situa-
tions, and force application, the REBA was ideally preferred for evaluation because
the disassembly tasks were not just about moving upper limbs; operators had to
lean, reach, stand, pull, and maintain their posture while applying force. Therefore,
REBA was chosen over RULA for interpreting these simulations. Still, RULA could
be helpful for tasks focused solely on upper-limb positions, like detailed hand-tool
work.

The REBA results showed a moderate ergonomic risk level in the three scenarios.

e Scenario 1 : REBA score of 5

e Scenario 2 : REBA score of 4

e Scenario 3 : REBA score of 4
This indicates that none of the simulated scenarios showed an extreme ergonomic
risk under the assumed conditions, but all tasks still require attention if they are
performed repeatedly or for a long duration. Scenario 1 showed the highest REBA
score because bolt loosening required manual force, forward leaning, arm elevation,
wrist involvement, and grip effort. This means that even a common task such as
removing bolts can become ergonomically demanding when it includes awkward
posture, restricted access, and repeated tool use.
Although REBA includes force/load as part of the assessment, it mainly focuses on
body posture and gives only a simplified consideration of physical workload. There-
fore, REBA alone was not sufficient to fully explain factors such as task duration,
repetition, transportation conditions, and pushing or pulling demands. As Scenario
2 and 3 both got the same REBA score. Still, both have different activities- in
Scenario 2, operator was pulling a rotor and in the scenario 3, operator was moving
a heavy part with a trolley. So, while REBA does well at spotting postural risks, it
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clearly needs a different approach to properly cover manual tasks, repetitive forceful
actions, and push-pull duties.

KIM was useful for this purpose because it evaluates physical workload in relation
to the specific type of task. KIM-MHO was applied to Scenarios 1 and 2 because
these tasks involved manual handling, force exertion, gripping, and hand-arm ac-
tivity. KIM-PP was applied to Scenario 3 because the task involved pushing and
pulling a trolley. This helped to complement the ergonomic risks from a perspective
other than posture alone. Section 3.6 also explains that KIM can be included to as-
sess manual handling tasks such as lifting, carrying, pushing, pulling, and repetitive
manual handling, while REBA and RULA can be used mainly for posture-based
evaluation in the digital simulation.

The KIM results showed differences; S cenario 1 received a KIM-MHO s core of 80,
indicating an increased physical workload. This higher score was mainly influenced
by peak force, forward leaning, and awkward posture. This result shows that the
bolt-removal task is not only a posture-related issue but also a workload issue, es-
pecially when it is repeated over time.

In Scenario 2, the KIM-MHO score was 18, putting it in a lower risk range for the
simulated situation. This score makes sense due to the use of both hands, an even
force distribution, and a better body posture while pulling. But just because the
risk seems low here doesn’t guarantee safety in real scenarios. Risks go up if the
rotor is heavier, or the part is stuck. So, one needs to be careful when interpreting
these results since they're heavily dependent on the simulation’s assumptions.

Scenario 3 had a KIM-PP score of 57, showing an increase in physical workload
during trolley transport. Though the trolley cuts down on direct lifting, it doesn’t
eliminate all risks. Pushing, pulling, gripping, and repetitive motions are still part
of it. So, while this equipment makes some tasks easier, it introduces other chal-
lenges. The findings show t hat using a trolley reduces one kind of risk but creates
the physical effort in different ways.

This leads us to think that using different methods is key when looking at ergonomics
in remanufacturing. By combining approaches, we get a good grasp of both obvious
posture issues and less noticeable workload problems.

5.3 Suitability of Digital Simulation for Ergonomic
Analysis

Based on the study’s results, digital simulation proves to be an effective approach for

assessing ergonomic risks in remanufacturing workstations. A successful interaction

and coordination with IPS-IMMA helped in creating a digital version of selected
manual disassembly scenarios, learning the scope of innovation in digitalized er-
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gonomic prospects, and exploring how well it can be implemented for future aspects.
Working with the simulation software allowed us to create and manipulate workplace
scenarios with operators’ body postures, movements, and force applications, and to
add special constraints and effects for realistic rendering and simulation. The tools,
machine parts, equipment, and other background accessories were designed using the
CATTA V5 software within the correct scale, representing the operator’s physical
conditions and tolerance. By using a digital manikin, the work can be designed and
planned in a controlled environment, and the possible ergonomic risks and solutions
can be identified before implementing changes into real-world scenarios.

Usually, in remanufacturing facilities, returned products have different characteris-
tics based on wear, corrosion, damage, and contamination, and the work pattern
becomes unpredictable with more variations. Hence, the operator may be unable
to follow a standardized working procedure, which leads to extra physical strain,
force exertion, and overload due to bending and awkward postures, totally depend-
ing upon the product and time limit aspects. The digital simulation version helps
to identify these unpredictable situations and showcases the moderate to extreme
conditions in which these tasks affect the operator’s health and safety.

In this thesis, we choose the theoretically simplest sequence of randomized tasks
associated with the disassembly work phase, categorized as scenario 1, scenario 2,
and scenario 3. Creating a simulation sequence for these work tasks provides a final
evaluation using REBA assessments. As the chosen scenarios primarily involved
whole-body risk exposures—such as inclination, trunk movement, wrist and arm
loading with force exertion, leg activity during bolt removal, changes in posture,
material handling during rotor removal, and finally body balance, posture, and
hand force during the transportation task—the digital ergonomic simulation makes
these risks more transparent and easier to identify.

5.3.1 Practical Challenges in Project Execution

During the course of the project, difficulties arose in obtaining access to empirical
data for the quantitative phase, particularly in securing detailed visual observations
and analyses of working conditions at the targeted stations, which limited the pos-
sibility of expanding the study’s overall scope. The scenarios were therefore mainly
developed from semi-structured interviews, follow-up discussions with industry ex-
perts, available product information, and calculated or assumed values. This made
it possible to create realistic task examples, but some factors, such as the actual
force required to remove damaged components, task duration, repetition, and dif-
ferences between operators, could not be measured directly.

Another challenge was representing the variability that is common in remanufactur-
ing. Returned products can differ considerably in their condition, which means that
the same task may require different levels of force, different postures, or different
tools. A single simulation scenario cannot represent all of these possible conditions.
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5.4 Implications for Workstation Improvement

The results from the simulation-based analysis and the KIM assessment indicate
that ergonomic enhancements at the workstation should prioritize: reducing exces-
sive manual force, optimizing working posture, improving accessibility, and facili-
tating the handling of heavy components.

In scenario 1, manual bolt removal should place less strain on the wrist, avoid awk-
ward leaning positions, and reduce repetitive force. These improvements can be
achieved by using power tools instead of manual tools, improving grip ergonomics,
elevating work surfaces, and minimizing time-consuming bolt-loosening tasks.

For scenario 2, the component extraction task indicated a lower risk level based on
the simulation assumptions; however, under real operating conditions, the situation
may be more complex and physically demanding. The setup should provide more
support for components that must be separated. Using fixtures, clamps, improved
gripping surfaces, and simple mechanical aids can reduce strain on the wrists, arms,
shoulders, and back.

In scenario 3, using a trolley for transporting heavy components reduces the amount
of direct lifting, though it does not fully remove the physical workload. Therefore, in
addition to optimizing the trolley design and ensuring that the wheels roll smoothly,
it is important to consider shorter transport distances and better floor conditions.
Introducing mechanical aids such as hoists or monorails for heavier items can further
decrease the need for repeated manual pushing and pulling.

The workstation should enable operators to work with less exertion, improved pos-
ture, and safer movement patterns. Adjustable worktables and tools, combined with
stable fixtures and mechanical assistance can help to reduce ergonomic risks. This
also contributes to making remanufacturing tasks significantly safer.

5.5 Summary

This study indicates that ergonomic risks in remanufacturing are largely linked to its
labor-intensive nature and the variability of tasks. Disassembly emerges as the most
physically demanding stage because it involves manual tool handling, the exertion
of force, awkward working postures, difficult-to-access components, and frequent
manual handling of parts.

Through the simulation-based REBA assessment, posture-related hazards were iden-
tified. In parallel, the KIM assessment highlighted additional aspects, considering
factors such as force exertion, repetitive movements, task duration, and push—pull
operations. A comparison of the two methods shows that their combined use is more
effective than relying on either one in isolation.

The discussion shows that making ergonomic improvements is justified. These
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should reduce excess manual force and improve posture and accessibility. We also
need to support better component handling and lessen repetitive physical tasks.
Overall, the findings support using digital simulation along with other ergonomic
methods. This helps to spot and improve risky activities in remanufacturing work-
stations.

5.6 Limitations

This thesis has some limitations that should be considered when interpreting the
findings.
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The study examined only a specific remanufacturing workstation at disassem-
bly stage, and therefore does not capture all remanufacturing processes or
workstation types.

The simulation scenarios were created using expert interviews, available prod-
uct data, and several assumptions.

There was no direct observation of actual operators performing the exact tasks,
meaning the simulation reflects a simplified representation of reality.

The forces, weights, working postures, and task durations used in the simula-
tion were derived from assumptions and existing reference data. In practice,
these parameters may vary depending on the condition of the returned prod-
uct.

The suggested ergonomic improvement measures were not physically imple-
mented or evaluated in an actual workstation. Consequently, their real-world
impact on lowering ergonomic risk, fatigue, or work-related musculoskeletal
strain could not be confirmed within the scope of this thesis.
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5.7 Future Work Recommendations

In future research, operators should be observed directly at real remanufacturing
workstations. This would enable the collection of detailed data on posture, body
movements, task duration, repetition rates, exerted forces, and the actual conditions
at the workstation.

A broader range of remanufacturing workstations should be included, such as clean-
ing, inspection, reprocessing, and assembly. Although disassembly emerged as the
most ergonomically demanding phase in this study, other stages can also present
substantial ergonomic risks depending on the specific product and process charac-
teristics.

The outcomes of the digital simulations should be verified against real-world data
from the workplace, including video analysis, operator feedback, and force measure-
ments. Such validation increases the credibility of the simulations and ensures that
ergonomic evaluations more closely reflect real working conditions.

Subsequent steps should emphasize testing the proposed interventions in practice.
This could involve evaluating powered tools, height-adjustable worktables, and other
assistive devices to determine their impact on reducing ergonomic risk.

Finally, companies involved need to integrate digital human modeling with scoring
approaches such as REBA and KIM; high-risk tasks can be identified in advance,
helping to prevent worker fatigue, discomfort, reduced work quality, and muscu-
loskeletal disorders.
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CONCLUSION

Our thesis study aimed to analyse and evaluate ergonomic risks in a labour-intensive
remanufacturing work station using digital human simulation and ergonomic assess-
ment methods. The study combined the findings from the literature, semi-structured
interviews with industrial and academic experts, and a simulation-based analysis of
selected manual disassembly tasks.

The first research question focused on identifying which work phase was most ex-
posed to ergonomic risk and what types of risks were present. The findings show that
disassembly was one of the most ergonomically demanding phases in the selected
remanufacturing context. The literature review, interview results, and simulation
analysis all corroborated the identified conditions and factors. Across these find-
ings, it was highlighted how strongly remanufacturing operations rely on manual
labour and the necessity to cope with high product variability. The labour-intensive
handling of returned products leads to more complex work routines and unpre-
dictable operating procedures, caused by wear, degradation, and seizure of product
components. As a result, operators must constantly adjust to changing conditions,
modifying their body postures, applying additional physical force, and selecting dif-
ferent tools for each specific task. This is particularly evident when working in
confined spaces, dismantling machine subassemblies, and exerting extra effort to
properly extract components with special tools—activities that require more time
and repetition and lead to heightened physical and mental strain within a restricted
work environment.

The second research question focused on which ergonomic assessment methods could
be used to identify high-risk activities. The study found that the most suitable
method depends on the type of task which was being assessed. REBA was selected
as the primary assessment method in the IPS-IMMA simulation because the sce-
narios involved the whole body, including the trunk, arms, wrists, standing posture,
balance, grip, and force application. The REBA results showed moderate ergonomic
risk in all three scenarios, with bolt removal receiving the highest score. The study
suggests that REBA alone was not enough to fully describe the physical workload of
the tasks. Factors such as frequency and time duration, repetition, manual handling
conditions, and pushing or pulling demands were not captured in the same level of
detail. For this reason, KIM was applied separately as a complementary method.
KIM-MHO was used for the bolt-removal and rotor-extraction tasks, while KIM-PP
was used for the trolley-transportation task.KIM method was manually deployed,
finding it a more ideal option. The results from REBA and KIM give different scores
for each task with a complementary perspective. When REBA added insights on the
body posture-related risk, KIM provided a clear idea of physical load and constraints
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aligned to the tasks.

The third research question focused on the suitability of digital simulation for er-
gonomic analysis in remanufacturing. The study found that digital human simula-
tion is a useful tool for identifying and analysing possible ergonomic risks, especially
during the early stages of workstation assessment and improvement. IPS-IMMA
software made it possible to model operator postures, degree-of-freedom movements,
reach conditions, force application, and task sequences in a controlled digital envi-
ronment. This highlights the opportunity to examine and assess the tasks, identify
better solutions and corrective measures, and only then apply them in real-world
implementation.

In this thesis, the simulation scenarios were developed from expert interview sessions,
product information, and standard measurements based on classification societies,
force calculations, and assumptions related to component weight, task duration,
working posture, and workplace conditions. Therefore, the results should be under-
stood as indicators of possible ergonomic risks rather than exact measurements of
real workplace exposure.

The findings indicate that ergonomic improvements should focus on reducing exces-
sive manual force, improving working height, body postures, and accessibility, using
suitable tools and fixtures, reducing repetitive exposure, and introducing mechan-
ical assistance when handling or transporting the heavy components. The digital
simulation can provide valuable support for ergonomic assessment in remanufactur-
ing when it is combined with appropriate assessment methods and practical expert
knowledge. This approach can help identify high-risk activities earlier and support
the development of safer and more human-centred remanufacturing workstations.
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Appendix A: Interview Guide

Since the interviews were semi-structured in the research type, the authors have
altered a few questions and asked several follow-up questions. However, the nature
of questions has remained the same.The interview questions were developed and
refined to allow participants to answer in line with their specific professional respon-
sibilities and their engagement in remanufacturing activities. This strategy made
it possible to gather perspectives from individuals involved in various stages of the
remanufacturing.
The interview responses were thoroughly examined and synthesized in the Results
section of this report. In certain instances, minor language edits were applied to en-
hance clarity and readability, and the intentions of the interviewees were consistently
maintained throughout the analysis.
Question addressed to the Industrial Professionals in Remanufacturing
o What is your current role within the remanufacturing process? How long have
you been working in this position?
o Which specific work phases are you primarily involved in (e.g., inspection,
disassembly, cleaning, reconditioning, assembly)?
o Can you describe the tasks you perform during a typical shift for remanufac-
turing?
o Which tasks are the most time-consuming and the most physically demanding?
e During which work phase have the greatest physical strain? or experience
discomfort, fatigue, or pain related to specific tasks?
o How are work-related ergonomic risks currently identified or reported?
o Have any ergonomic assessments previously been conducted at this worksta-
tion?
e Are you aware of any formal ergonomic evaluation tools being used ? Or does
your company use any specific?
o Which tasks would require a detailed ergonomic evaluation to be taken seri-
ously?
e Do you believe improvements in workstation design could reduce physical
strain? If yes, how?
o How might improved ergonomics affect productivity, workflow stability, or
quality performance?
e In your opinion, how should worker safety and production efficiency be effec-
tively balanced?

69



A. Appendix A: Interview Guide

Question addressed to the Academic Experts in Remanufacturing and
Manufacturing

e Could you briefly describe your research focus in remanufacturing systems,
and your current role in the industry, which is related to remanufacturing?

« How long have you been in the field of remanufacturing or circular manufac-
turing systems?

o From your observations or collaborations, what types of manual tasks are
commonly involved in remanufacturing operations?

o From your experience working with remanufacturing systems, which work
phases tend to expose operators to the highest physical workload or strain?

o What operational challenges do companies face when managing remanufactur-
ing processes?

o When operators perform remanufacturing tasks, what kinds of physical chal-
lenges do they usually experience—for example, awkward postures, repetitive
movements, lifting heavy components?

o In your opinion, what key factors should researchers consider when analysing
working conditions in remanufacturing operations?

o In real industrial settings, how do production deadlines or productivity targets
influence how operators perform remanufacturing tasks?

e In your opinion, do human factors—such as operator skills, and ergonomics—play
an important role in making remanufacturing systems sustainable in the long
term?

e One common challenge in remanufacturing is the variability of returned prod-
ucts. Does the variability influence the way operators perform tasks ?

o From your research perspective, what areas related to human factors or work-
force conditions in remanufacturing still require further research?

e Is there any advice you would give to researchers studying labour-intensive
remanufacturing environments?

Question addressed to the Ergonomist

e Could you briefly describe your role and responsibilities related to ergonomic
risk evaluation in remanufacturing environments?

o How long have you been working with ergonomic assessment in industrial
systems?

o To what extent are you involved in workstation design or improvement activ-
ities across manufacturing or remanufacturing operations?

« Based on your experience, which types of tasks in remanufacturing operations
typically present the highest ergonomic risks?

o What physical risk factors (for example, awkward postures, repetitive move-
ments) are most commonly observed in labour-intensive remanufacturing work-
stations?

o Are there differences in ergonomic risk exposure between manufacturing and
remanufacturing processes? If yes, how would you describe them?

o How do workstation layout, component accessibility, and tool positioning in-
fluence operator posture and movement patterns in remanufacturing environ-
ments?
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Which environmental conditions most influence ergonomic exposure in such
operations?

How do you decide which assessment method (eg, RULA, REBA) is most
appropriate for analysing specific manufacturing or remanufacturing tasks?
How are ergonomic risks usually identified, documented, and communicated
within remanufacturing organizations?

At what stage of workstation design, redesign, or process improvement should
ergonomic assessment ideally be introduced?

how do ergonomic improvements influence worker safety and long-term health
outcomes in remanufacturing environments?

How can ergonomic improvements affect productivity or quality performance
in labour-intensive remanufacturing systems?

In your experience, can ergonomic interventions help reduce errors, rework, or
process delays in remanufacturing operations?

What types of workstation redesign strategies are usually most effective in
reducing operator strain in environments?

Is there any additional recommendation you would suggest when selecting a
workstation for ergonomic risk evaluation in remanufacturing studies like ours?
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