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Introduction

This Ph.D. was carried out within the framework of a cotutelle program between Mines
Saint-Etienne in France and the University of Padua in Italy. The research is a part
of the main themes of research in the Laboratoire d’Informatique de Modélisation et
d’Optimisation des Systémes (LIMOS) in France and the Industrial plants and Logistics
in Italy. Linked to the central theme of research in LIMOS and the research department
in Padua, our research focuses on the design and management of industrial systems
and goods production. More specifically aim to develop realistic models and efficient

optimization methods for manufacturing systems design.

Concerned with the design and control of the production process, operations
management has generated a large number of tools and methods (e.g., operations
research, lean manufacturing) for addressing manufacturing systems problems, These
tools and methods often aim to optimize performance-related objectives, such as the
maximization of performance and the minimization of production costs. Despite the
advance observed in the last decades in safety and ergonomics of workplaces, workers are
still exposed to work-related musculoskeletal disorders (MSDs) and injuries, particularly
in fully-manual and semi-automatic manufacturing systems. Prevention of MSDs
depends upon the identification and the control of risk factors in the workplace and on
the application of good ergonomic practices. According to (Bevan, 2015), the cost of
MSDs is consuming almost 2% of the European Union’s (EU) gross domestic product
(GDP). Likewise, the U.S. Bureau of Labor Statistics reported that in 2016 MSDs
counted for 32% of private-sector days away from work in the USA. Furthermore,
according to the 6th European Working Conditions Survey, the proportion of workers
over 50 years grown from 24% to 31% between 2005 and 2015 (Parent-Thirion et al.,
2016). By 2030, workers over 60 years old should represent almost a quarter of the total
workforce of the European Union. A similar aging trend is also observed in the U.S.
(Calzavara et al., 2020).

Usually, the primary objective in the design stage of manufacturing systems is the
optimization of economic efficiency with the sole consideration of cost and profit.
Ergonomics considerations are taken into account later on existing systems with
adjustment of posture or investment on equipment to mitigate risks of injury. In

production systems, the original approach of considering ergonomics from the design



phase through decision support tools and methods provides more leeway for
decision-makers and helps to prevent costly interventions later on already existing

systems.

The issue of ergonomics is related to the design of efficient, productive, profitable, and
safe production systems for workers. Keeping in mind that both performance and
human health are central to sustainable manufacturing systems design, this thesis
proposes methods to build production systems designed around productivity and
ergonomics criteria. The issue of criteria which reflect the ergonomics of workstations

from the design stage will also be addressed.

More specifically, we focus on assembly lines, which are production lines used to
manufacture products, ranging from mass-production products to mass-customization
with low unit products, varying from big-size products such as aircraft to medium and
small size products such as electronic goods. Also, these assembly lines not only
consume the largest parts of investment funds but also involve the largest proportion of
companies’ labor force. Hence, the understanding and improvement of assembly systems
would enhance the production firms’ performance, with positive effects on the global

economy and safety and health of the labor force.

The assignment of operations in assembly lines plays a significant role in ergonomics,
even with a fixed cost. Furthermore, in some situations, the balancing of operations
is not enough to obtain good ergonomics. Engineers and designers face the problem
of equipment selection, to keep productivity and throughput as high as possible and
lower the ergonomic risks. Proposing a trade-off between conflicting objectives such as
productivity, cost, safety, and ergonomics is discussed in this thesis, with models and
algorithms to consider the different alternatives of solutions. The general and specific

objectives of the present thesis are:

General objective: Propose a design method for manufacturing systems, with the joint

consideration of ergonomics, productivity, and cost.

Specific objective 1: Define relevant ergonomics criteria suitable for the design stage

of manufacturing systems.

Specific objective 2: Propose operations research methods and algorithms for the

consideration of ergonomics and productivity for manufacturing systems design.

Specific objective 3: Propose a methodology to help decision-makers to improve the

ergonomics of production systems at the design stage.

This manuscript is organized as follows:
Chapter 1 highlights the importance of ergonomics, particularly in operations

management and production systems. We discussed the importance of operations
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research in improving the production conditions and ergonomics by presenting the main
qualitative, quantitative, and semi-quantitative methods used to evaluate ergonomics in

production systems.

Line design and balancing problems studied in this work are described in chapter 2.
We present in this chapter a literature review of the essential elements relative to line
design and balancing. Without seeking to be exhaustive, the presented elements are
necessary for the understanding of production line and optimization problems dealt with

in this thesis.

Chapter 3 develops the first contribution of the thesis. We present a new modeling
approach for the assembly line balancing problem with the optimization of workers
ergonomics. Using a quantitative criterion, we examine ergonomics applying a model of
fatigue and recovery of workers. However, the quantitative criterion is non-linear; for
that, we propose a technique of linearization using an Integer Linear Programming
(ILP) and an Iterative Dichotomic Search (IDS) algorithm. We also present in this
chapter, a constrained-based local search metaheuristic, designed to solve the problem

quickly, and based on the ubiquitous Iterative Local Search (ILS) framework.

To validate the modeling approach and solving algorithms, we carry out in chapter 3
numerical experiments. Also, we report in this chapter all the results and analysis of
the different algorithms. The objective is to evaluate the performance of algorithms and

assess the quality of solutions and computational times.

In chapter 4, we present a generalization of the modeling approach proposed in chapter
3 to line design problem with the consideration of ergonomics. As the problem involves a
trade-off between the investment cost and the level of ergonomics, we propose a multiple
criteria decision-making approach with a Mixed-Integer Linear Programming (MILP) and
an e-constraint algorithm to provide decision-makers and line designers with a Pareto
front. After that, we propose numerical experiments to assess the performance of the

formulation and the solving algorithm.

Finally, in chapter 5, we present the overall methodology for line design with
ergonomics, and we illustrate the use of different optimization methods on two industrial
applications. Firstly, with an assembly line of agricultural mulchers from a company
specialized in the production of agricultural equipment. Secondly, with an industrial
case study concerning an assembly line of condensing boiler. We describe in this chapter
concrete applications of our contribution to industrial cases, with conclusions and means

of action to improve the ergonomics of workers.

In conclusion, we summarize the key ideas discussed in this thesis and highlight future

perspectives and possibilities offered by this work.

Mohammed-Amine ABDOUS






Chapter 1

Ergonomics in manufacturing

systems

Contents
1.1 Introduction .. .. ... ... .00, 6
1.2 Ergonomics . . . . .. ...t ittt 8
1.2.1 Ergonomics in Operation Management . . . . . . . .. 8

1.2.2 Corporate Social Responsibility and financial
performance . . . . . ... ..o 9

1.3 Importance of ergonomics in manufacturing systems 9
1.3.1 Ergonomics and performance of manufacturing systems 10

1.3.2 The level of automation . . .. ... ... ....... 11
1.3.3 Ergonomics in the Industry 4.0 . . . . ... ... ... 11
1.3.4 Contribution of operations research . . . . . . . . . .. 13
1.4 Ergonomic assessment methods . . . ... ... .... 14
1.4.1 Qualitative assessment methods . . . . . . . .. .. .. 15
1.4.2 Semi-quantitative assessment methods . . . . . . . .. 15
1.4.3 Quantitative assessment methods . . . . . . .. .. .. 17
1.5 Conclusion . .. . . ... .ttt oo 23

1.1 Introduction

Henry Ford is often credited with being the inventor of assembly lines, or the first
complex and technically advanced assembly lines (Christoph, 2016). By implementing
the assembly line to produce the Ford Model T around 1910, Ford Motor Company set
the foundation of the mass-production or flow production method. This mass production
is the manufacturing of large amounts of standardized products, and the keys of mass
production are the interchangeability of parts, and the possibility to assemble them quickly
(Womack et al., 2007).

At that time, the trend on management theory was scientific management (Taylor,

1911), when Frederick Taylor applied science and analytical methods for the production
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process for the sake of efficiency. Scientific management recommends dissociating the

manager’s decision, who plans and organizes, and the workers performing the tasks.

Scientific management has lost traction after 1930. However, it still influences the
design of assembly lines and production systems until now. A significant criticism of
Taylorism and Fordism is the alienation of the workforce and the sole consideration of
the performance in production systems (Womack et al., 2007). Indeed, the early mass
production systems, not only interchanged parts of the product to assemble but also
interchanged their workforce, with workers performing single and specialized operations.
The division of operations assigns a specific and restricted part of the job to the workers.
For example, cleaning operation was performed by specialized workers and quality issues
fixed at the end of the production line. With this production configuration, workers did
not require long-term training and were most of the time freshly hired, and inefficient
workers were replaced. In this production configuration, management does not expect
any voluntary information from the worker on the production systems or ways to solve

malfunctions.

Later, lean management tried to provide an improved way of production. The lean
manufacturing revolution, thought by Kiichiro Toyoda and Taiichi Ohno, comes more
than 50 years after Ford Model T. Toyota Motor Company in Japan held the birthplace
of the Toyota Production System, which paved the road to lean manufacturing or lean
management. The lean focus on the product and on what customers value while
systematically identify and eliminate all waste from the production process. In a
nutshell, as described by Womack and Jones (1996), lean is doing more of what the
customers want with less time, human effort, and cost (Arnheiter and Maleyeff, 2005;
Salah et al., 2010).

The information and telecommunications began a third industrial revolution, and there
has been an advent of computer science and automation in manufacturing systems,
with more programmable logic controllers and robots processing operations which were
performed by humans. There was also a trend in the production system to become more
flexible. A Flexible Manufacturing System (FMS) is a flexible system that allows reaction

in case of changes, whether the changes are predicted or unpredicted.

Many programs were initiated in several countries to attempt to make the work more
human and reduce exposing workers to work-related risks. Besides, humans are a central
component for flexibility of manufacturing systems (Kriiger et al., 2009), and the
efficiency of lean management (Cirjaliu and Draghici, 2016), when the workforce is
supposed to communicate problems and is part of the process of problem-solving in a
manufacturing environment. Many scientific fields have been transposed into
management, for example, operations research and analytics, statistical quality control,
and, more generally, management science. Much modern practices concerned the studies,

and the optimization of complex production systems are grouped in the umbrella
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inter-disciplinary industrial engineering field and Operations Management (OM).

In this chapter, first and foremost, we define FErgonomics in a broad sense and
specifically in operation management. Then, in Section 1.3, we discuss the importance
of ergonomics and its relationship with the system performance in manufacturing
systems, especially fully-manual and semi-automatic lines. After that, in Section 1.4, we
present ergonomics qualitative, quantitative, and semi-quantitative assessment methods

present in the literature.

1.2 Ergonomics

Ergonomics is composed of the Greek words ergon, which means work and nomos, which
means law. Ergonomics means the interaction between humans and their environment,
to improve their well-being and effectiveness. As a field that studies the physical
interaction between humans and systems, ergonomics aims to optimize the system
performance by reducing human error, improving productivity and safety with a focus on
the human-machine physical and cognitive interaction. Ergonomics came as an answer
to workers’ operational and strategic problems in manufacturing systems and aimed to
mitigate the system inefficiency and to improve the safety of the workplace and fit the
system to the needs of the workers, i.e., Fitting the Job to the Man (FJM) (Bridger,
2008). FJM takes into account worker capabilities and limitations and seeks to ensure

that operations, workstations, and environment are accepted and suitable for them.

Humans are the most critical resource in production systems (Boudreau et al., 2003).
Workers perform physical operations such as assembling parts in an assembly line,
handling materials in the picking area, ensuring maintenance and follow-up operations,
and so on. Besides physical operations, workers also ensure cognitive operations such as
product quality monitoring, supervision, and data collection, and analysis. Most

production systems cannot operate without human intervention and input.

1.2.1 Ergonomics in Operation Management

Operations Management or OM deals with the design and control of production systems of
goods and services. More specifically, the contribution of ergonomics to OM is reflected in
the design and assignment of operations that are compatible with workers’ characteristics
and needs, the selection of equipment that is useful and safe for workers in the workplace,

and the overall policy of aligning the system characteristics to human needs.

In recent years, more publications and interests are observed concerning ergonomics
in OM (Kalkis and Roja, 2016; Neumann and Dul, 2010; Neumann et al., 2016). Most
ergonomics related issues such as fatigue, learning and forgetting, motivation, and many
others should be included in quantitative optimization and simulation models. Several
authors including Boudreau et al. (2003); Kalkis and Roja (2016); Neumann and Dul
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(2010); Otto (2012); Otto and Battaia (2017) recommend an integrated approach with
the joint consideration of ergonomics and OM. However, these researchers pointed to the
difficulty of defining suitable analytical ergonomics measures that integrates with existing

OM analytical and decision models.

Current Lean Manufacturing practices are also more driven toward fitting the work
to the workers with clear working standard, adjustable workstations, and precise value
stream mapping along the production lines. Key Performance Indicator (KPI) and
performance measure simplify the monitoring of the production activity and the work

of workers in the production line.

1.2.2 Corporate Social Responsibility and financial performance

Corporate Social Responsibility or CSR is internal organizational self-regulation that aims
to contribute to societal objectives. CSR is nowadays considered a strategic issue for all
organizations, regardless of their size and activity sector (Berger-Douce, 2015). Besides,
researchers have established the positive effect of Corporate Social Responsibility (CSR)
on Corporate Financial Performance (CFP) (Berger-Douce, 2008; Callan and Thomas,
2009; Flammer, 2015; Orlitzky et al., 2003). Both social and financial performance is
essential for the sustainability and the growth of companies, as stated in the article of
Walsh et al. (2003): “we must find a way to satisfy the economic and social objectives that

provide the raison d’étre for corporations”.

Ergonomics have both implications on the social and the performance of the production
system (Distelhorst et al.; 2016; Flammer, 2015; Gérny, 2012; Zink and Fischer, 2013).
However, ergonomics and OM research streams and applications tend to be separated.
Indeed, Dul and Neumann (2009) argue that if ergonomics is only seen from the social and
ethical perspective, without financial and profit issues, then it will be isolated from OM
researchers and limit the attention accorded to ergonomics in OM model and optimization
methods. The joint consideration of ergonomics as a social and CSR issue with cost and
profit optimization is a promising approach to integrate OM into CSR and ergonomics

research and application stream (Abdous et al., 2018).

1.3 Importance of ergonomics in manufacturing
systems

Humans are involved in most manufacturing systems at different levels. When human
workers are more present in the system, this makes ergonomics more critical. Indeed,
the more humans are actively present in the system, the more there is a need for better
ergonomics. In this section, we discuss the contribution of ergonomics to systems’
performance. Then, we discuss the involvement of the workforce and the automation

level. Later on, we shed light on the new trend of ergonomics in Industry 4.0.
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1.3.1 Ergonomics and performance of manufacturing systems

Despite the advances observed in the last decades in the safety and ergonomics of
workplaces. Workers are still exposed to work-related musculoskeletal disorders (MSDs).
MSDs are injuries and pain in the musculoskeletal system (e.g., muscles, ligaments,
joints, nerves, tendons). Prevention of MSDs depends upon the identification and control

of risk factors in the workplace and on the application of good ergonomic practices.

The estimation of costs of ergonomic risks in manufacturing systems is hard, mainly
because of the indirect and long-term effects related to workers’ absenteeism, turn-over,
permanent injuries, disabilities, and non-quality. An estimation of the cost of MSDs in the
European Union (EU) is up to 2% of the gross domestic product (GDP) (Bevan, 2015).
In the US, according to the U.S. Bureau of Labor Statistics, MSDs were still counted for
32% of private-sector days away from work in the USA in 2016 with median days away
from work of 8 days annually in 2017. Besides, according to the U.S. Bureau of Labor

Statistics, annual compensation cost for MSDs in 2009 was up to 20 billion $.

An analysis of 250 case studies by Goggins et al. (2008) concluded that ergonomics
intervention includes a reduction in the number of reported MSDs as well as related
lost workdays and workers’ compensation cost. Additional benefits reported were mostly
positive on the systems productivity, turn-over, and absenteeism, with a typical payback

period of less than one year.

In addition to the high level of MSDs and the cost associated directly with workers’
injuries, bad ergonomics is also associated with a high rate of workers’ errors (Thun et al.,
2007). Errors in manufacturing systems are a deviation from the required standard and
result in non-conformity and non-quality (Yung et al., 2020). Studies suggested a causal
relationship between ergonomics and product quality, Falck and Rosenqvist (2014) showed
that the cost of quality errors due to poor ergonomics is 12 times more than the cost of
ergonomics investment. Lin et al. (2001) investigate quality in paced assembly lines. Time
pressure and postural deficiencies directly predicted 50% of quality variances. A recent
systematic review of more than 70 empirical studies by Kolus et al. (2018) linked poor

ergonomics and low product quality in the manufacturing process.

Numerous studies showed a direct link between poor work environment and ergonomics
with the under-performance of manufacturing systems (Rose et al.; 2013; Yung et al.,
2020). In the work of Thun et al. (2011), 55 companies in the automotive industry are

analyzed, and companies with ergonomic practices show a better economic performance.

The workforce aging phenomenon is recently affecting most of the developed countries.
According to the 6th European Working Conditions Survey, the proportion of workers
over 50 years grown from 24% to 31% between 2005 and 2015 (Parent-Thirion et al.,
2016). According to the European Commission, by 2030, workers over 60 years old should

represent almost a quarter of the total workforce of the European Union. Therefore,
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managers and production researchers, as well as policymakers, have to take into account

the needs of changing and aging workforces (Calzavara et al., 2020).

1.3.2 The level of automation

The importance of ergonomics grows as the human presence grows. The involvement of
humans depends on the Level of Automation (LoA), which is the percentage of automated
operations. While many complex and challenging operations have been automated in

production systems, there are still manual and semi-manual workers involved.

We distinguish mainly three Level of Automation in manufacturing systems:

e Fully-manual lines, with the only intervention of workers in operations;
e Fully-automatic lines without workers intervention in operations;

e Semi-automatic lines with cooperation between workers and automatic systems.

The current industrial context is characterized by more and more demand for
mass-customized products through high agility and flexibility of manufacturing systems.
Besides, product complexity has resulted in more complex manufacturing systems
(Frohm et al., 2008). Flexibility and quick changes have become a critical factor in the
design of complex manufacturing systems to adapt to the highly competitive global

competition and changing markets.

Even if a fully manual system is highly flexible and offers a better ability for complex
products, it requires a high level of ergonomics and safety. On the other hand, a
fully-automated production line provides advantages such as work without break and
systems without ergonomic risks. However, Gorlach and Wessel (2008) points out that
the flexibility of fully-automated systems is low due to programming issues and the
difficulty in handling complex and small parts; furthermore, a fully-automatic system

cost evolves exponentially compared to manual labor cost.

Semi-automatic systems could benefit from the advantages and strengths of both manual
and automated systems, and it has been shown that such Human-Machine cooperation
has the most significant economic benefits compared to fully-automatic or fully-manual
systems (Kriiger et al., 2009). In other words, both highly skilled and trained workers,
along with automatic equipment, are needed to achieve a high level of performance
and flexibility in manufacturing systems. Semi-automatic systems are more present in
today’s manufacturing system than before, especially with the rise of the fourth industrial
revolution or Industry 4.0 (Cohen et al., 2019; Kadir et al., 2019; Mattsson et al., 2018).

1.3.3 Ergonomics in the Industry 4.0

Industry 4.0 is the name given to the current trend of using modern hardware and

software technologies in manufacturing systems. Industry 4.0 brings many changes to
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the manufacturing systems, including the use of software technologies such as
cyber-physical systems, Internet of Things (IoT), cloud computing, machine learning,
and hardware technologies such as augmented reality, cobot, and additive
manufacturing.  These technologies are expected to transform the manufacturing
systems in the next few years, and since humans are an essential part of the system,
Industry 4.0 is presumed to improve the ergonomics positively and contribute to making
the workplace safer for humans (Cohen et al.,; 2019). Related to this trend, the emerging
concept of Operator 4.0 is anticipated to improve Human-Machine work systems for

better ergonomics and sustainability in the industry environment (Romero et al., 2016).

Industry 4.0 is the name given to the current trend of using modern hardware and
software technologies in manufacturing systems. Industry 4.0 brings many changes to the
manufacturing systems, including the use of software technologies such as cyber-physical
systems, Internet of Things (IoT), cloud computing, machine learning, and hardware
technologies such as augmented reality, cobot, and additive manufacturing. It is expected
to transform the manufacturing systems in the next few years, and since humans are an
essential part of the system, Industry 4.0 is expected to improve the ergonomics positively
and contribute to making the workplace safer for humans (Cohen et al., 2019). There is
also an emerging concept of Operator 4.0 (Romero et al., 2016), Operator 4.0 concept in
the context of Industry 4.0 push towards better Human-Machine work systems for better

ergonomics and sustainability:.

Industry 4.0 is linked with the emergence of new technological advances or the
enhancement of existing equipment to improve ergonomics and assess workers in their
work at the production systems. Information flows across the production between
humans, machines, parts, and products. Connected workforce provides devices to ease
internal communication and human resource management. The Digital Workplace
enables sufficient working conditions and provides operational information, reducing
processing time, and enhancing quality check. The digital workplace also helps workers
to update on-line workstation information and KPI. Another advance in augmented
reality enhances workers’ perception by the use of virtual objects and represents relevant

information in production lines.

Collaborative robot (cobot) is designed to interact with the worker in a shared workspace
to enhance its capability and performance. The cobot adds flexibility in the workstation
by serving the human in the workplace. They are safe to interact with and bring more
options for the assignment of work to workstations. A cobot can enhance interaction
with humans and reduce the ergonomic risks due to physical and cognitive loading while
improving the safety of the workplace and the quality of the products. Furthermore,
Automated Guided Vehicle (AGV) are used to transport parts and substitute the human
in heavy material handling jobs. AGV reduces the ergonomic risks in the parts feeding

in assembly lines and warehouse systems.
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Exoskeletons are also used to enhance workplace safety and mitigate ergonomic risks.
Exoskeletons are mechanical structures designed to enhance workers’ ability and
muscular capacity and are classified as active and passive (de Looze et al., 2016). Active
exoskeletons contain actuators to provide power to the workers (powered, e.g., with
electrical energy, pneumatic or hydraulic energy), while passive structure provides

mechanical support for workers’ motion and posture, without being powered externally.

The wide range of Industry 4.0 equipment and their different effects on the nature of
the work and the ergonomics level challenge the ability of decision-makers to choose the
adequate equipment for their production systems while designing cost-effective production
systems. While there’s a risk of being an early adopter of Industry 4.0, especially
for medium and small companies, industries can mitigate these risks by making smart

investment and equipment selection.

1.3.4 Contribution of operations research

Operations Research (OR) was born in England during the Second World War. It was
used first in the military, then expanded into an increasingly wide range of civilian sectors,
including industry and OM. This discipline develops advanced mathematics, analytical,
and optimization methods for decision making and provides optimal or near-optimal

solutions for a broad set of problems.

OR is well used in several fields of OM, such as network optimization (e.g.,
telecommunications, electrical network distribution system); Supply chain optimization;
Facility location; Scheduling (e.g., allocate plant, allocate personnel, economic
production quantity model); Assembly Line Balancing and Design and so on. So far,
operations research models contribute to advanced analytical methods to help make
better decisions in the industry to maximize sales, profits, and to minimize costs and
risks. Further, in manufacturing sectors, OR brought quantitative decision support to

improve decision-making in different areas.

Today, OR is a well-established discipline. However, a real gap in the literature is
observed concerning the consideration of ergonomics in OM or industrial companies’
strategic planning (Dul and Neumann, 2009; Neumann and Dul; 2010).  Usually,
ergonomics in manufacturing systems are considered at operational planning with
adjustment of postures or equipment and workers assignment on existing systems.
There are already some attempts to incorporate ergonomics in the design stage of
manufacturing systems (Battini et al., 2017, 2016; Carnahan et al., 2001; Finco et al.,
2019). However, there is much to be done to define relevant ergonomic criteria and to
integrate them into OR models effectively, and to change the conventional of improving

working conditions and ergonomics only on existing systems.

One of the critical issues for the consideration of ergonomics in OR analytical models
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is the ability to provide a clear definition of ergonomics assessment methods in decision
support tools and OR. Besides, the efficiency of optimization models relies on the use of
criteria and assessment methods that include the ergonomics of manufacturing systems

during the design stage.

1.4 Ergonomic assessment methods

Ergonomics studies the factors that affect the interaction between humans and their
working environment. Its purpose is the improvement of the working conditions and the
mitigation of risks. Ultimately, the ergonomics target an efficient and safe

Human-Machine interaction in manufacturing systems.

Ergonomics can be improved by the consideration of each aspect in the Human-Machine
interaction, i.e., the aspects that surround workers in their workplace and environment.

Mainly, three aspects are essential in such interaction:

e Physical ergonomics: refers to the repetitiveness of workload, operations physical
burden, the risk associated with the layout of the workplace and the working
environment such as noise, temperature, lighting, and equipment vibration. Physical

ergonomics is an answer to improve health in the workplace and reduce MSDs;

e Cognitive ergonomics: refers to the worker’s cognitive abilities and limitations, and
focuses on the cognitive and behavioral aspects of the work, such as the design of
human-machine interface HMI, the user acceptance of technology, and their
perception of how and when they are used. Furthermore, cognitive ergonomics
investigate the compatibility between operations and worker cognitive capabilities.
Another essential aspect is the learning and forgetting phenomenon and their

incidence on the work;

e Organizational, environmental, and managerial ergonomics: refers to the managerial
aspects, communication, team-work, and operational decisions and the place of

ergonomics in environmental and organizational improvement.

While following an integrated approach that takes into account the physical, cognitive,
and managerial dimensions of ergonomics, is likely to be more productive, the absence of
quantitative criteria for these dimensions remains a challenge. Although these dimensions
of strongly linked to each other: for example, improving the physical dimension improves

the cognitive and managerial dimensions indirectly.

Given the importance of physical ergonomics for labor force health and the poor
ergonomics of workstations in manufacturing systems, we decided to focus on physical
ergonomics in this thesis. This dimension of ergonomics is more related to occupational

health and safety legislation. The majority of works on ergonomics criteria and
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development of assessment methods focus on the physical component of the ergonomics
(Otto and Battaia, 2017).

Several assessment tools and methods are developed to investigate the physical
ergonomic risks and the identification of work-related MSDs. We use the classification of
Chengalur (2004) that classify the physical ergonomic assessment methods into three

categories: qualitative, semi-quantitative, and quantitative.

1.4.1 Qualitative assessment methods

Qualitative assessment methods consist of subjective evaluations of physical ergonomic
risks. They are based on verbal estimation given by workers during the performance
of industrial operations. The advantages of using such techniques are the absence of
investment (i.e., most of the time, qualitative methods do not require equipment and
tools to assess ergonomics’ risks). Furthermore, the necessary time for the understanding
and the effective use of these methods in manufacturing systems is often short, which

makes them practical.

Qualitative methods gather necessary information and data about the operations. These
methods, such as job safety and job hazard analysis and checklists, are quick to deploy by
practitioners. For example, a job analysis is done on each elementary operation. For each
elementary operation, possible hazards associated with its execution are listed, and for
each hazard, a solution is proposed. Job analysis relies on the experience of practitioners

and their subjective judgments.

Borg (1998) reported that subjective evaluation gives feedback regarding the stress of
the muscles and joints and also for the central nervous system. However, qualitative
assessment methods are influenced by subjectivity and the difficulty of assessing the
accuracy and the variability of the measure between different workers. Qualitative
methods with a predefined checklist for the job hazards and risk factors analysis are
efficient in gathering data and collecting information and interview workers in
manufacturing systems.  However, it relies on the practitioners’ judgment, and
appreciation and the results could be inconsistent (Chengalur, 2004).  Ultimately,
qualitative assessment methods are easy to use and practical, but they over-simplify the
assessment process. They are usually only suitable for quick estimation of the level of

ergonomics in manufacturing systems.

1.4.2 Semi-quantitative assessment methods

Semi-quantitative assessment methods use both simple judgment information and
quantitative information. These methods complement the qualitative collection of data
with other quantitative elements, which require a minimum of processing to conclude

and make decisions.
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The use of semi-quantitative methods begins with a qualitative collection of data on
operations and labor, before moving to a data processing to draw relevant information on
the physical difficulty of a job and its level of risk. In the following subsection, we review

some of the most common semi-quantitative ergonomics assessment methods.

1.4.2.1 Rapid Upper Limb Assessment (RULA)

The RULA (McAtamney and Corlett, 1993) is a physical ergonomics assessment method
for the use of ergonomics investigation in workplaces. The method focuses on the risks in
the upper part of the worker’s body (neck, trunk, upper limbs, muscle function, external

loads) and provides a screening tool for a working situation.

The method uses a diagram of body postures and scoring tables. The practitioner
reports score related to each segment, working time, and the scale of the load of the body,
and all the collected data are then processed with the scoring tables generating a final
score that represents the level of risks. Engineering controls or work activity changes to

improve the situation are extracted from the final score.

RULA was developed for a paper-pencil analysis and does not require any special

equipment or work disruption.

1.4.2.2 Rapid Entire Body Assessment (REBA)

The basic idea of the method is similar to the RULA method. REBA (Hignett and
McAtamney, 2000) is a postural analysis tool, classified as a semi-quantitative method.
REBA has been developed to quantify the risk of working static and dynamic postures
of the entire body found in health care and industries. The methods divide the body
into segments and provide a scoring system to reflect the level of risk and to identify its
gravity. The method provides an action level with an insight of the urgency, and like in
the RULA method, REBA requires minimal tools (only pen and paper) to assess the final

score.

1.4.2.3 Occupational Repetitive Action (OCRA)

OCRA (Occhipinti, 1998) is a widely used method for the evaluation of risks of exposure
to repetitive operations of the upper limbs. OCRA assesses the upper limb load of
body exposure to load, forces, and exposure time. OCRA process the ratio between
the daily number of actions performed by the upper limb and the corresponding number
of recommended actions. OCRA can be used to assess in an integrated method the various

risk factors in a work environment.

A similar semi-quantitative method to OCRA 1is the Job Strain Index (JSI)
(Steven Moore and Garg, 1995). JSI uses additional parameters such as the speed of

work and duration of strain.
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1.4.2.4 Rating of perceived exertion and discomfort

The rating of perceived exertion (RPE), proposed by Borg (1982) is a rating scale of
perceived exertion (i.e., RPE scale). The Borg RPE is a widely and reliable method to

assess effort intensity used as a semi-quantitative measure of perceived exertion.

The Borg RPE scale allows workers to note their level of effort on a numerical scale
subjectively. We refer to the work of Borg (1982) and Borg (1998) that provides the scales

and the instructions for use and interpretation.

1.4.2.5 Snook Tables

Materials handling, pushing, and pulling, and carrying jobs contain risk factors and expose
workers to MSDs. Snook Tables in their revised version based on the work of Snook and
Ciriello (1991), highlight the design goals (accepted level of exertion) for various lifting,

lowering, pushing, pulling, and carrying operations.

Snook and Ciriello tables provide a maximum acceptable load for lifting and material
handling and force for the design of push/pull operations for a specific percentile of the

working population.

1.4.3 Quantitative assessment methods

Quantitative assessment methods require an effort to collect and process the input data.
These input data are used to assess the level of ergonomics. Quantitative methods
provide objective ergonomics evaluation of industrial operations and operations
concerning physical fatigue and strain. They involve advanced analytical models such as
biomechanics models, metabolic rate, and NIOSH equation. According to Chengalur

(2004), quantitative methods are more objective and reliable to design jobs.

1.4.3.1 NIOSH equation

The National Institute for Occupational Safety and Health (NIOSH) developed the NIOSH
equation that helps to determine acceptable weight limits for lifting operations (Waters
et al,, 1993). NIOSH equation assesses the manual material handling risks of lifting
and lowering operations in the workplace. Since the input data of the NIOSH equation
are objective measures, NIOSH is considered as quantitative assessment methods, as in
(Chengalur, 2004).

The critical values are the RW L or Recommended Weight Limit, which defines the
maximum acceptable weight over a shift time and the Lifting Index (L) that determines

the relative value of the level of physical stress and gravity.

The RW L is computed with information relative to horizontal, vertical, and traveling

distances, as well as coupling, frequency, and other lifting data that the practitioner
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could collect from the lifting situation. RW L determines if the weight is heavy and the
LI assesses the level of risk. The RWL is expressed as:

RWL=LCHMVM.DM.AM.FM.CM (1.1)

e L(C": a constant equal to 23 kg;

e HM: horizontal multiplier, obtained from the horizontal location of the load relative
to the body;

e V M: Vertical multiplier, obtained from the vertical location of the load relative to
the floor;

e DM: Vertical travel distance multiplier, obtained from a distance the load is moved

vertically;
o AM: Asymmetry angle multiplier, obtained from the angle of the body;
e ['M: Frequency multiplier, obtained from the duration of the load-lifting;
e C'M: Coupling multiplier, obtained from the grip quality of the load.

The LI is expressed as:
LI =W/RWL (1.2)

With W the weight of the load. RW L and LI are used to guide the design of lifting
activity. The higher the LI value, the higher the risk of developing MSDs while performing
the lifting activities. Furthermore, multipliers values give insight into the engineering

control methods and strategies to mitigate the risks.

By examining the value of each multiplier, the smallest values are associated with higher
risk, thereby determining their relative importance in alternate the lifting redesign of the
operation. NIOSH equation provides general design/redesign suggestions for the manual

lifting depending on the lowest multiplier.

1.4.3.2 Energy expenditure and metabolic rate

The work-energy expenditure and metabolic rate may be used to determine the
workload and physical ergonomics of industrial jobs. Several works have been developed
to assess the physical ergonomics with energy expenditure and metabolic rate and
oxygen consumption. The physical demands of operations could be measured or
estimated using macro-studies using literature tables, observational methods, or
predictive equations (Battini et al., 2016; Chengalur, 2004; Garg et al., 1978).

Garg et al. (1978) proposes a predictive equation for the metabolic rates for manual

materials handling operations. The metabolic rate or energy expenditure index for manual
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operations and body movements is composed of two terms. The first one represents the
energy required to maintain a body posture, while the second one represents the energy
required to perform a specific activity. High energy expenditure is associated with a high
risk of MSDs. The model proposed in Garg et al. (1978) relies on the assumption that
a job can be divided into simple elementary operations or activities. The model defines
the energy expenditure of each elementary operation and time duration. The average
metabolic energy expenditure is defined with the sum of each elementary energy demands

of operations.

1.4.3.3 Rest allowance

As stated in Elahrache and Imbeau (2009), manufacturing processes and assembly work
usually involve the use of static and intermittent muscular work. The static muscular
excretion and the duration of shifts affect the fatigue and improve the risk of MSDs. A
practical solution to reduce muscular fatigue is the allocation of adequate rest allowance

and break time or the so-called work-rest schedule.

In industrial work, the assignment of adequate rest allowance after the completion of
the work passes by the determination of the level of fatigue by adequate metrics or some
scale. The most important method to measure fatigue is the reduction in the maximum
working capacity or strength (Rohmert, 1973). The static exerting in the duration of
operation with a high level of heaviness decrease the maximum strength. On the other

hand, an adequate period of rest helps to reverse fatigue and recover muscle capacity.

Rohmert (1973) uses the relative intensity of exertion expressed relative to the
percentage of the maximum voluntary contraction %MV C (MVC represents the
maximum possible effort). The model by Rohmert (1973) is among the most cited

model in the industrial ergonomics textbook (Elahrache and Imbeau, 2009).

The model is expressed as following with the notation of Elahrache and Imbeau (2009):
RA(%) = 18.(t/T)**.((% MV C/100) — 0.15)*5.100 (1.3)

With RA(%) the rest allowance expressed as a percentage of the working time ¢. In
Equation (1.3), ¢ is the duration of contraction or working time in minutes and 7" the
maximum holding time, %MV C represents the percentage of the load or the level of
exertion expressed relative to the MV C.

Other similar models exist to assess the rest allowance. We refer to the work of Bystrom
and Fransson-Hall (1994); Milner (1986); Price (1990); Rose et al. (2014) and Elahrache
and Imbeau (2009) for a comparison of different models.

To sum up, muscular recovery could be evaluated through the definition of rest
allowances, which is a practical way to reduce the risk of work-related MSDs. The rest

allowance in static work represents the time needed for adequate recovery following a
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static exertion and is expressed as a percentage of holding time, i.e., the time during
which a static exertion, static posture, or a combination of both is maintained without
interruption (Rohmert, 1973).

1.4.3.4 Fatigue and recovery models

Physical fatigue resulting from industrial work in manufacturing systems is one of the
risk factors for MSDs. There is also growing evidence that MSDs can result from fatigue
in muscle tissues (Gallagher and Jr., 2017). In Occupational Biomechanics, Chaffin et al.
(1999) stated that muscle fatigue reduces muscle power, results in discomfort, pain, and in
the long run, contribute to cumulative trauma disorders. Chaffin et al. (1999) highlighted
the importance of quantification of fatigue and acceptable loads. Overexertion of muscles
in a frequent and high force level is the main reason for muscle fatigue. Furthermore,
worker characteristics and anthropometry are essential in defining muscular fatigue. In
rest and break periods, the workers could benefit from the idle time and in activities times

to recover from fatigue.

For the objective evaluation of muscular fatigue, several works attempt to develop
models and frameworks to quantify and represent the evolution of muscular fatigue.
Wexler et al. (1997) proposes a mathematical model based on the physiological mechanism
that predicts the force generated by muscles during effort and contraction and verifies
the model with experiments. The applicability of the model remains inconvenient due
to the number of model parameters. Liu et al. (2002) proposes a dynamic model for
muscle fatigue and recovery phenomenon based on the motor unit pattern of muscle. The
authors do not further investigate the model application and parameters, and there was

no application of the model in ergonomics studies.

A method developed by Ma et al. (2009) proposes a model for the evaluation of the
evolution of muscular capacity and fatigue with a dynamic model. The evolution of muscle
capacity is expressed in the differential equation (see (Equation (1.4))) and is based on the
motor mechanism pattern of muscles (Liu et al., 2002; Ma et al., 2009). According to these
authors, there are three motor units, type I, type Ila, and type IIb. Each type has a force
generation capability and fatigue and recovery properties. Type I has small force capacity
but high fatigue resistance; type Ila has reduced capacity and fatigability; while type IIb
has high force capacity but fast fatigability. The sequence recruitment of the different
types of motor units explains the phenomena expressed in equation (1.4). The discussion
of the exact mechanism of muscle fatigue is beyond the scope of this manuscript. The
fatigue evolution may change according to individual factors (highly trained, aged) and
to the type of activity. Nevertheless, the model of fatigue of Ma et al. (2009) is validated

for the case of workers in industrial assembly lines.

OF cem(t) K
= — F F 1.4
o YilZe cem(t) Fload(t) (1.4)
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Femm(t) presents the current capacity of muscle at time t; Fload(t) operations load and
K is the fatigue rate or fatigability constant that represent the worker personal
characteristics and MV (C. The maximum voluntary contraction is defined as the
maximum force generation with the maximum will, when the workers perform a
maximal effort.

The solution of (1.4) is (1.5):

Feem(t) = MV Cemve Jo Fload(u)du (1.5)

This model considers the intensity of the dynamic external load of industrial operations
Fload(t) and repetitiveness along with the exertion. In addition to an external factor such
as load, the individual factors (K, MV (') are considered to vary according to workers’

characteristics.

Later, Ma et al. (2010) published a recovery model, based on the work of Wood et al.
(1997) and described the recovery phase in inactivity and rest time. The recovery model
is also based on the muscle motor mechanism. The recovery rate denoted R represents
the speed of recovery of workers” muscle or group of muscles. The recovery depends on
the starting state at the beginning of the recovery process and is expressed in (1.6) and
the solution in (1.7).

OFcem(t
T() - —R (Fma:c - Fcem(t)) (16)
Fcem(t) = MVC + (MVOG_(% ﬁi‘iﬁi Fload(u)du) 1)e—R(t—tend) (17)

ten
With MV Ce=(ave Jeiug, Fload(w)du) represents the fatigue level from Equation (1.5) from

the beginning of the exertion ¢, until the end of the exerting period t.,4, which is the
starting point of the recovery process, with ¢ — t.,q the length of recovery time. Fcem(t)
represents the level of muscular strength at the end of the recovery period, F,.. the

maximal level of muscular strength, or MV C.

The mathematical formulation of the fatigue and recovery model remains valid if we
consider torque instead of force. This fatigue and recovery model was validated with the
existing static and dynamic endurance time models and rest allowance models from the
literature. Several articles investigate the model and give further details on parameters
(K, MVC,R) and experimental validation (see, e.g., Liu et al. (2018); Ma et al. (2010,
2011c, 2015); Zhang et al. (2014)).

1.4.3.5 Virtual and digital human simulation

Digital human modeling and virtual human simulation have been developed to assess the
physical ergonomics and perform ergonomics analysis. The primary purposes of digital

human modeling tools are the postural analysis, work visualization, forces, and kinematics
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data assessment. The visualization and simulation of the work allow determining the
degree of risk a worker is exposed to in the working environment and to simulate a
real working situation to prevent ergonomic risks. Motion Time Methods MTM and
conventional time measurement methods are incorporated into digital simulation tools to

simulate real working situations.

Among the virtual and digital human simulation software and tools to assess the work
objectively, there are for example 3DSSPP, Santos, ErgoMAN, AnyBody, and Siemens
Jack.

1.4.3.6 Vibration assessment

The high level of vibrations at which workers can be exposed when some manual operations
are executed with automatic tools could lead to MSDs (Finco et al., 2019, 2020). In a
working environment, tools and equipment could be light and handy, but they could

produce a high level of vibrations with some negative aspects for the worker’s health.

An excessive vibration level may cause work-related MSDs in the upper part of the body,
such as white finger disorder, neurological disorders, and muscular weakness. Around 1.7%
to 5.8 % of workers in Europe, the U.S., and Canada are exposed to hand-arm vibration
(HAV) syndrome (Radwin et al., 1990).

The ISO 5349 norm (1SO, 2001a,b) defines the threshold of risk and vibration assessment
method. The vibration exposure depends on its frequency spectrum, its magnitude, and
its duration. As defined in the ISO 5349 (ISO, 2001a) norm, the daily vibration exposure

duration requires an evaluation of the exposure duration associated with each work phase.

Equation (1.8) defines the vibration level of a tool or equipment expressed in m/s* and
it integrates the vibration values in the three directions: z, y and z in a single value. The
different components of the (1.8) are obtained with direct measure with an accelerometer

or they are already provided by the equipment manufacturer.

e = @R + 0y + (1.8)

The ISO 5349 norm defines the daily exposure through the total vibration value and

A = | £ (19)

Where T represents the total daily exposure to ay, while Ty represents the working time

its daily duration expressed as:

(shift time, e.g., 8h). Considering a typical working day of 8h, the ISO 5349 norm defines
two threshold values of daily vibration exposure which are respectively equal to 2.5 m/s?

for moderate risk threshold and 5 m/s? for the maximum admissible threshold.
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1.5 Conclusion

Ergonomics is an important issue in manufacturing systems (c.f. Section 1.3)<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>